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ABSTRACT 
 

Currently, ion recognition and detection by artificial receptors has attracted increasing 

attention because of the important roles played by ions in both environment and biological 

systems. Among these detection approaches, fluorescence spectroscopy is widely used 

because of its high sensitivity, simple application, and low cost. Thus, against this 

background, several kinds of fluorescent chemosensors for heavy metal ions and anions 

were designed and synthesized based on calixarene in this dissertation. The sensitivity and 

selectivity properties of these receptors to the target analyte were carefully evaluated.  

 

Fluorescent chemosensors with pyrenyl-appended triazole based on thiacalix[4]arene 

were first synthesized. The fluorescence spectra changes suggested that chemosensors fixed 

by thiacalix[4]arene are highly selective for Ag
+
 over other metal ions by enhancing the 

monomer emission of pyrene in neutral solution. Then, following the same interest, a new 

type of fluorescent chemosensor based on homooxacalix[3]arene was developed. The 

fluorescent sensor was highly selective for Pb
2+

 in comparison with other metal ions tested 

by enhancement of the monomer emission of pyrene by utilizing the C3 symmetric structure 

of homooxacalix[3]arene. Meanwhile, this system exhibited an interesting ratiometric 

detection signal output for H2PO4
− 

through switching the excimer emission of pyrene from 

the “on-off” to the “off-on” type in neutral organic solution. Fluorescence spectra and 
1
H 

NMR titration results suggested that the Zn
2+

 center provided an excellent pathway of 

organizing anion binding groups for optimal host–guest interactions.  

 

It is thus believed that the design strategy and the remarkable photophysical properties of 

these receptors in the present dissertation would have potential application in sensing, 

detection, and recognition of both cation and anion with different optical signals. 
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Chapter 1 

Development of Fluorescent Chemosensors  

Recently Based on Calixarene 

 

 

 

 

 

 

 

 

 

 

 

In this chapter a shortly review of the recently development of fluorescent receptors for 

cations and anions based on calixarene are introduced 
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1.1 General Introduction 

Cations and anions recognition by artificial receptors has attracted increasing attention 

because of the important roles played by ions in both environment and biological systems
1-2

. 

For example, Heavy metal ions are attracted great attention, not only for the fact that some 

heavy metal ions play important roles in living systems, but also due to they are very toxic 

and easy capable of causing serious environmental and health problems.
3-6

 Some heavy metal 

ions, such as Zn(II), Cu(II), Fe(III), Mn(II), Co(II), and Mo(VI), are essential for the 

maintenance of human metabolism. However, high concentrations of these cations can lead 

to many adverse health effects.
3-6

 It is also a fact that others such as Pb(II), Hg(II), Cd(II), 

and As(III) are among the most toxic ions known that lack any vital or beneficial effects. 

Accumulation of these over time in the bodies of humans and animals can lead to serious 

debilitating illnesses.
4
 Therefore; the development of increasingly selective and sensitive 

methods for the determination of heavy metal ions is currently very important research topic. 

As a result, many approaches such as atomic absorption, ICP atomic emission, UV-vis 

absorption, and fluorescence spectroscopy have been employed to detect low limits.
7-10

 

Among these methods, fluorescence spectroscopy is widely used because of its high 

sensitivity, facile operation, and low cost.
10

 Furthermore, the photophysical properties of a 

fluorophore can be easily tuned using a range of routes: charge transfer, electron transfer, 

energy transfer, the influence of the heavy metal ions, and the destabilization of nonemissive 

n-π* excited states.
11

 

Fluorescent chemosensors for anions and cations have proven efficiency, but those for 

many heavy metal ions such as Pb(II), Hg(II), Fe(III), Cu(II), and Ag(I) still retain some 

challenges because these cations often act as fluorescence quenchers. For example, Cu(II) is 

a typical ion that causes the chemosensor to decrease fluorescent emissions due to quenching 

of the fluorescence by mechanisms inherent to the paramagnetic species.
12-14

 Such decreased 

emissions are impractical for analytical purposes because of their low signal outputs upon 

complexation. In addition, temporal separation of spectrally similar complexes by time-

resolved fluorimetry is subsequently prevented.
15

 

Calixarenes are one of the macrocyclic receptors known to date besides crown ethers, 

cyclodextrins, cryptands, and cucurbiturils,
16-22

 which was introduced by Gustche
23

 for cyclic 

oligomers, which were obtained from the condensation of formaldehyde with p-alkylphenols 
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under alkaline conditions. The use of this word “calix” means “beaker” in Latin and Greek, 

Figure 1, was suggested in particular by the shape of the tetramer, which can (and generally 

goes) adopt a bowl- or beaker-like conformation which indicates the possibility of the 

inclusion of “guest” molecules. Calixarenes are macrocyclic molecules, like crown ether and 

cyclodextrin. 

 

 

Figure 1. p-tert-Butyl-calix[4]arene resembles a calix crater vase in shape 
23.

 

 

Calixarenes made up the phenol and methylene units have many conformational isomers 

because of two possible rotational modes of the phenol unit, shown in Figure 2, the oxygen-

through-the annulus rotation and the para-substituent-through-the annulus rotation. 

 

 

Figure 2. Two different modes for inversion of the phenyl units. 

 

Two regions can be distinguished in calixarenes, viz. the phenolic OH groups and the para 

positions of the aromatic rings, which are called respectively the “lower rim” and the “upper 
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rim” of the calix (both rims can easily be selectively functionalized) as shown in Figure 3. In 

calix[4]arene, adjacent nuclei have been named “proximal” or (1,2) whereas the opposite 

ones are in “distal” or diametrical” (1,3) positions. 

 

 

Figure 3. Anatomy of a calix[4]arene in the cone conformation. 

 

One of the most fascinating aspects of calixarenes lies in the variety of conformations 

which results from the (more or less) free rotation about the  bonds of Ar-C-Ar groups. In 

the case of calix[4]arenes, four relative orientations of the phenol units shown in Figure 4 can 

be assumed. Gustche has introduced the terms “cone”, “partial cone”, “1,2-alternate”, and 

“1,3-alternate” which are generally accepted today, to these basis conformation. They differ 

with respect to the position of the phenolic OH groups (and the p-positions) with respect to 

the molecular plane (here easily define by the C, atoms of the methylene bridges). A 

reference of plane of the type is also clearly defined in the case of calix[5]arene, but not for 

larger oligomers: the conformation of the latter has been described in the literature in a 

correspondingly bewildering manner. 
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Figure 4. Four stable conformations of calix[4]arenes. 

 

Although each phenol unit can rotate according to the oxygen-through-the annulus rotation 

mechanism, they favorably adopt a cone conformation because of the stabilization by 

intramolecular hydrogen-bonding interactions among OH groups.
24

 Therefore, the p-tert-

butylcalix[4]arene adopts C4 symmetry and has a -basic cavity in the upper rim. The 

conformation in which calix[4]arene is fixed upon derivation depends on the temperature, the 

solvent, the base, the para substituents of the calixarenes, and the reactivity of the 

electrophile. 

Calixarenes are extremely versatile host framework and, depending on their degree of 

functionalization, may act as host for cations, anions and neutral molecules, are represented 

in Figure 5. Cation selectivity and ionophoric activity of calixarene-based receptors and 

carriers have been shown to depend on several factors, including the ring size of the 

calixarene skeleton, its conformation and conformation mobility, lipophilicity, the chemical 

nature (donor ability), spatial arrangement of binding functionalities, and the degree of 

preorganization of receptor.
25
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Figure 5. Examples of calixarene-guest complexes. 

 

One of the most important properties of calixarenes is without doubt their ability to include 

smaller molecules and ions reversibly. Although the parent compounds form inclusion 

compounds in the solid state with such different guest as arenes(benzene, anisole, pyridine, 

toluene), acetone, chloroform, acetonitrile, methanol, and water, in solution their derivatives 

have become important as host molecules of ligands.
26

 Chemical modification of calixarenes 

does not only permit the synthesis of new host molecules by the introduction of additional 

functional groups, it also allows control of the conformation of calixarenes and hindrance of 

conformation inversion. In this respect calixarenes are greatly superior to other macrocyclic 

molecules such as crown ether or cyclodextrins. 

Calixarenes of the general structure was constituted with the phenol groups and the bridge 

methylene linkage. When the methylene groups of the bridge linkage were changed to other 

functional groups partially or totally, they are composed to the calixarene analogues as 

shown Figure 6. Homooxacalix[3]arenes represent a new class of macrocyclic receptors 

analogous to calixarenes
27-29

 where small or all methylene bridges between the aromatic rings 

are resplaced by CH2OCH2 moieties. For example, the homocalixarenes with bridge linkage 

as CH2CH2
30

 or CH2CH2CH2,
31-32

 and the hetero analogues as CH2OCH2,
33

 CH2SCH2
34

 or 

CH2NRCH2
35-37

 as well as the newest cyclic analogues using the S as bridge linkage.
38-40

 All 

of these calixarene analogues have the similar characteristic to that of calixarene. 

Furthermore, with different bridge linkage, they have special properties brought by these 

linkage substituents respectively. 
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Figure 6. Calixarene analogues 

 

In the case of oxygenated analogues, named homooxacalixarenes, the relation to 

calixarenes is not only a formal one, some of these compounds is actually formed together 

with true calixarenes upon heating of alkaline mixtures of phenols and formaldehyde. Three 

compounds in this series are relatively well-known materials are presented in Figure 7, while 

the isolation of a small sample of the pure compound only has been reported in the case of 

homooxacalix[4]arene. 

In comparison with the structural characteristics of the calixarene family, 

homooxacalix[3]arene is more attractive for the following reasons: (1) 

Homooxacalix[3]arene has a cavity composed of an 18-membered ring, which is comparable 

with that of calix[4]arene composed of a 16-membered ring; (2) the rate of ring inversion for 

 

HO

OH HO

OH
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O

HO

OH

OH

O

O O

O
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OH HO

OH

O

O

 

Figure 7. Homooxacalixarenes 
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homooxacalix[3]arene derivatives should be much faster than that for calix[4]arenes because 

of the flexibility of the ethereal linkages; (3) there are only two possible conformation, cone 

and partial-cone, in contrast to four possible conformations in calix[4]arenes, so that the 

conformational isomerism is much more simplified; (4) ethereal ring oxygens may act 

cooperatively with phenolic oxygens upon the binding of metal ions; and (5) the basic 

structure has C3 symmetry which is expected to be particularly useful for the design of 

receptors for RNH3
+
. 

In another case of sulfur analogues, thiacalix[4]arene Figure 6, the bridge linkage is S 

instead of the CH2. In comparison to the structural characteristics of the calixarene family, it 

is also more attractive for the following reasons: (1) although both thiacalix[4]arene and 

calix[4]arene are composed of a 16-membered ring, the ring size of thiacalix[4]arene is larger 

than that of calix[4]arene because of the longer covalent bond length C-S than C-C; (2) 

because of the larger electron density of covalent bond C-S than that of C-C and the electron 

lone pairs on S, thiacalix[4]arene has the cavity composed by calix benzene ring with higher 

 electron density contributed by C-S than calix[4]arene; (3) ring linkage containing sulfurs 

may act cooperatively with phenolic oxygen upon the binding of metal ions; and (4) because 

of the potential oxidation of S of the bridge linkage to SO and SO2, it is possible to modify 

the linkage and change the properties of cavity formed by calix benzene rings, which is 

superior to any other calixarenes. 

 

1.2  Photophysics of Fluorescent chemosensors 

1.2.1 Principle of fluorescent chemosensor 

The Perrin–Jablonski diagram (Figure 8) is convenient for visualizing in a simple way the 

possible processes: photon absorption, internal conversion, fluorescence, intersystem 

crossing, phosphorescence, delayed fluorescence and triplet–triplet transitions. The singlet 

electronic states are denoted S0 (fundamental electronic state), S1, S2,…… and the triplet 

states, T1, T2,……Vibrational levels are associated with each electronic state. Thus, Emission 

of photons accompanying the S1 → S0 relaxation is called fluorescence. As a consequence of 

the strong influence of the surrounding medium on fluorescence emission, fluorescent 

molecules are currently used as probes for the investigation of physicochemical, biochemical 



Xin-Long Ni                                                                                                          Saga University, Japan 

- 9 - 

 

and biological systems, so-called fluorescent probes. 

 

 

Figure 8. Perrin–Jablonski diagram and illustration of the relative positions of absorption, 

fluorescence and phosphorescence spectra. 

 

The main issue in the design of any effective chemosensor is the association of a selective 

molecular recognition event with a physical signal highly sensitive to its occurrence. As 

shown in Figure 9, an effective fluorescent chemosensor includes an ion recognition unit 

(ionophore) and a fluorogenic unit (fluorophore), both moieties generally can be independent 

species or covalently linked by a spacer.
41-42

 The ionophore is required for selective binding 

of the substrate, while the fluorophore provides the means of or inhibition. Mechanisms 

which control the response of a fluorophore to substrate binding include photoinduced 

electron transfer (PET),
43-49

 photoinduced charge transfer (PCT),
50-58

 excimer/exciplex 

formation or extinction,
59-60

 and Fluorescence (FoÖrster) resonance energy transfer 

(FRET).
61-63
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Figure 9. Diagram of an effective fluorescent chemosensor 

 

In that case, Changes in both the absorption and emission of light can be utilized as signals 

provided appropriate chromophores or fluorophores are available, and two important classes 

of sensors are those of the optical and fluorimetric types. While spectrophotometry and 

fluorimetry are both relatively simple techniques which are rapidly performed, 

nondestructive and suited to multicomponent analysis, fluorimetry is commonly considered 

superior, principally because of its greater sensitivity.
64-71

 Whereas absorbance measurements 

can at best determine concentrations down to 0.1 μM, fluorescence techniques can accurately 

measure concentrations 1 million times smaller. An additional advantage of fluorimetry is 

that discrimination between analytes is possible by timeresolved measurements.
72

  

 

1.2.2 Photoinduced Electron Transfer (PET) 

In the simplest cases, emission of a photon, fluorescence, follows HOMO to LUMO 

excitation of an electron in a molecule. Where this emission is efficient, the molecule may be 

termed a fluorophore. Vibrational deactivation of the excited state prior to emission usually 

gives rise to a “Stokes shift” in that the wavelength of the emitted radiation is less than that 

of the exciting radiation.
73

 Various other interactions may also modify the emission process, 

and these are of considerable importance in regard to analytical applications of fluorescence. 

Thus, when a lone electron pair is located in an orbital of the fluorophore itself or an adjacent 



Xin-Long Ni                                                                                                          Saga University, Japan 

- 11 - 

 

molecule and the energy of this orbital lies between those of the HOMO and LUMO, 

efficient electron transfer of one electron of the pair to the hole in the HOMO created by light 

absorption may occur, followed by transfer of the initially excited electron to the lone pair 

orbital. Such PET provides a mechanism for nonradiative deactivation of the excited state 

(Figure 10), leading to a decrease in emission intensity or “quenching” of fluorescence.
43-49

 

Fluorescence lost as a result of PET may be recovered if it is possible to involve the lone 

pair in a bonding interaction. Thus, protonation or binding of a metal ion effectively places 

the electron pair in an orbital of lower energy and inhibits the electron-transfer process. The 

excited-state energy may then again be lost by radiative emission. In the case of metal ion 

binding, this effect is referred to as chelation-enhanced fluorescence (CHEF).
74-75

 

 

 

Figure 10. Mechanisms for PET (a) and CHEF (b) systems. 

 

Figure 11. Mechanisms for (a) ET and (b) ET in systems containing an excited fluorophore 

and a d
9
 metal ion. 
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In some cases, complexation of metal ions, Cu(II) and Ni(II), for example,
76-79

 does not 

induce CHEF but causes the fluorescence to be quenched via two well-defined mechanisms, 

electron transfer (ET) and energy transfer (ET) to the metal ion, that lead to rapid 

nonradiative decay. While the ET process (Figure 11) involves no formal charge transfer, the 

ET process does and must therefore be associated with some spatial reorganization of 

solvating molecules, so that inhibition of their motions should cause inhibition of ET. Thus, 

the two processes can be distinguished by comparing the luminescence of liquid and frozen 

solutions, enhancement of luminescence in the latter indicating that ET must be responsible 

for quenching in the liquid solution. It has been shown that ET has a weaker dependence on 

the donor acceptor separation than ET, so that ET tends to dominate for longer separations 

and ET for shorter.
80-81

 

 

1.2.3 Photoinduced Charge Transfer(PCT) 

Electronic excitation necessarily involves some degree of charge transfer, but in 

fluorophores containing both electronwithdrawing and electron-donating substituents, this 

charge transfer may occur over long distances and be associated with major dipole moment 

changes, making the process particularly sensitive to the microenvironment of the 

fluorophore. Thus, it can be expected that cations or anions in close interaction with the 

donor or the acceptor moiety will change the photophysical properties of the fluorophore.
82

 

 

Figure 12. PCT system. 
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Upon, for example, cation complexation of an electron donor group within a fluorophore, 

the electron-donating character of the donor group will be reduced. The resulting reduction of 

conjugation causes a blue shift of the absorption spectrum together with a decrease of the 

molar absorptive. In contrast, metal ion binding to the acceptor group enhances its electron-

withdrawing character, and the absorption spectrum is thus red-shifted with an increase in 

molar absorptive (Figure 12).
83

 The fluorescence spectra should be shifted in the same 

direction as the absorption spectra, and in addition to these shifts, changes in the quantum 

yields and lifetimes can be observed. All these photophysical effects are obviously dependent 

on the charge and the size of the cation, and therefore, some selectivity is expected. 

 

1.2.4 Excimer Formation 

Where aromatic rings are involved in weak interactions (such as π-stacking) which bring 

them within van der Waals contact distances, electronic excitation of one ring can cause an 

enhanced interaction with its neighbor, leading to what is termed an excited-state dimer or 

“excimer”.
84-85

 In other words, an excimer is a complex formed by the interaction of an 

excited fluorophore with another fluorophore in its ground state. Excimer emission typically 

provides a broad fluorescence band without vibrational structure, with the maximum shifted, 

in the case of most aromatic molecules,
86

 by about 6000 cm
‒1

 to lower energies compared to 

that of the uncomplexed (“monomer”) fluorophore emission. An excimer may also form 

from an excited monomer if the interaction develops within the lifetime of the latter. Thus, it 

is expected that excimers are more likely to be produced by relatively long-lived monomer 

excited states.
87-90

 Rates of fluorophore diffusion, especially in viscous solvents, are therefore 

another limit on excimer formation.
91-94

 Importantly, the separation and relative orientation 

of multiple fluorophore units attached to ligands can be controlled by metal ion coordination, 

so that recognition of a cation can be monitored by the monomer:excimer fluorescence 

intensity ratio. 

 

1.2.5 Fluorescence Resonance Energy Transfer (FRET) 

FRET arises from an interaction between a pair of dissimilar fluorophores in which one 

acts as a donor of excited-state energy to the other (acceptor). This returns the donor to its 

electronic ground state, and emission may then occur from the acceptor center (Figure 13). 
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FRET is influenced by three factors: the distance between the donor and the acceptor, the 

extent of spectral overlap between the donor emission and acceptor absorption spectrum 

(Figure 14), and the relative orientation of the donor emission dipole moment and acceptor 

absorption moment.
95

 

 

  

Figure 13. Fluorescence (FÖrster) resonance energy transfer system 

 

 

Figure 14. Spectral overlap for FRET. 

 

1.3 Fluorescent probes based on calixarene 

1.3.1Calixarene-derived sensors for cations 

1.3.1.1 Cu
2+

 recognition  
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Most of the Cu
2+

 recognitions are generally observed as “turn off” as a result of their 

paramagnetic nature except in some cases where turn-on fluorescence has been observed as a 

result of blocking the PET. 

Calix[4]azacrown 1,
74

 bearing an anthracenyl unit, was reported to have a pronounced 

CHEF effect with Cs
+
, Rb

+
, and K

+
 ions, In this case, the anthracenyl fluorophore is bound to 

the crown site, The addition of Cu
2+

 to an C2H5OH/CH2Cl2 solution containing the complex 

1•Cs
+
 causes fluorescence quenching due to binding of Cu

2+
 to the azacrown ether, which 

causes ejection of Cs
+
 and thus facilitates PET between the proximate crown oxygen atoms 

and the excited anthracenyl.  

 

 
Figure 15. Schematic structures of 1 and 2 

 

Similarly, Chung et al reported a calix[4]arene appended with arylisoxazole unit at the 

lower rim 2
96

 shows Cu
2+

 receptor property by fluorescence quenching wherein the 10-

chloroanthracenyl moiety has been integrated into this for monitoring the fluorescence 

changes (Figure 15). Receptor 2 forms a 1:1 complex with Ka = 1.58 ×10
4
 M

‒1
 in 

CH3CN/CHCl3 (v/v = 1000:4). The Cu
2+

 undergoes autoreduction by the phenol, and the 

oxidized product can accommodate Cu
2+

 as evidenced from the sharp NMR spectrum 

observed. 

Host compound 3
97

 can be used as a fluorescent chemosensor for Cu
2+

 and Zn
2+

 in 

CH3OH/H2O (9:1, v/v) with pH control. When excited at 340 nm, free 3 (Figure 16) shows a 

weak emission at 408 nm due to the PET between the imidazoles and the fluorophore. When 

protonated, the PET process is suppressed to give an increased fluorescence. While Cu(II) 
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coordination could be expected to produce a CHEF effect, in its complex with 3 there is an 

ET between Cu
2+

 and the excited fluorophore which dominates and leads to quenching. As 

expected, the ET pathway is not available for Zn(II), so the CHEF effect operates and the 

emission intensity is greater. Other cations tested gave negligible effects due to their weak 

complexation. The fluorescence changes induced by Cu
2+

 and Zn
2+

 are most apparent in a 

medium of pH 10. 

 

 
Figure 16. Schematic structure of 3 

 

Kim et al reported a calixarene-based fluorescent sensors showing PCT sensor.
98

 

Compound 4 (Figure 17) containing two cation recognition sites, a crown ether ring and two 

facing pyrene amide moieties, shows a drastic change in the fluorescence and absorption 

spectra in CH3CN upon complexation of Pb
2+

, Cu
2+

, or K
+
 with different binding modes. 

N…Cu
2+

…N chelation makes the distance between the two pyrenes shorter, resulting in a 

static excimer evidenced by a red shift in the excitation spectrum of its complex. Conversely, 

C=O…Pb
2+

…O=C coordination forces the two pyrenes apart, allowing no static excimer 

formation at all. Complexation of both Cu
2+

 and Pb
2+

 reduces the emission intensity. The 

addition of K
+
, however, makes the excimer emission increase, presumably because the 

polyether ring of calix[4]crown-5 is more suitable for complexation of K
+
. Only Cu

2+
 induces 

shifts in both the fluorescence and absorption maxima, and these are attributed to a PCT 

process. 
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Figure17. Schematic structure of 4 

 

A derivative of β-amino-R,β-unsaturated ketone (6) and its isoxazole precursor (5) (Figure 

18) were found to be selective toward Cu
2+

 by fluorescence enhancement and quenching, 

respectively.
99

 In both cases, Cu
2+

 undergoes autoreduction by phenolic-OH groups of the 

lower rim (Figure 18). The Ka values observed for Cu
2+

were 17 200 and 2080 M
‒1

, for 

receptor 6 and 5 in CH3CN, respectively. 

 

 

Figure18. Schematic structures of 5 and 6 



Xin-Long Ni                                                                                                          Saga University, Japan 

- 18 - 

 

A bishydroxamate derivative connected to pyrene as signaling moiety, receptor 7
100

 

exhibits sensitivity toward Cu
2+

 and Ni
2+

 in aqueous methanol depending upon the pH of the 

medium among other transition metal ions, Fe
2+

, Co
2+

, and Zn
2+

, studied by the fluorescence 

quenching of both the excimer and the monomer emissions (Figure 19). Receptor 7 shows 

response to Cu
2+

 in HEPES medium, while Ni
2+

 requires a pH of 8 to exhibit ON/OFF 

fluorescence behavior with 7. 

 

 

Figure 19. Schematic structures of 7 and 8 

 

Calix[4]arene bearing two dansyl groups at 1,3-positions and two propyl groups at 2,4-

positions (8)
101

 exhibited a fluorescence quenching of 98% and 70% with Cu
2+

 and Hg
2+

, 

respectively (Figure 19). Receptor 8 forms a 1:2 (8•Cu
2+

) complex with Cu
2+

 and exhibited 

ln(Ka) of 4.19 and a lowest detection of 4×10
‒6

 M in CH3CN. The receptor 8 selectively 

forms complexes with Cu
2+

 even in the presence of other ions, which is evident from the 

competitive titration studies. 

Kumar et al developed new fluorescent chemosensor for Cu
2+

 based on thiacalix[4]arene, 

for example, A series chemosensor based on the thiacalix[4]arene of 1,3-alternate 

conformation (9,10 and 11)
102

 have been designed and synthesized. The binding behavior of 

this chemosensor has been studied toward different metal ions and anions by fluorescence 

spectroscopy, and it was observed that receptor 9 has a chemosensor selectively senses Cu
2+

 

ions by quenching the fluorescence and 16% enhancement in the fluorescence intensity in the 

case of fluoride ions in THF/H2O. 
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Figure 20. Schematic structures of 9, 10 and 11 

 

Based on the same conformation of thiacalix[4]arene scaffold, receptor 12
103

 with two 

different types of cation binding sites has been synthesized by the same group. Two pyrene 

moieties linked to a cation recognition unit composed of two imine groups form a strong 

excimer in CH3CN/CH2Cl2 solution. Of the metal ions tested, the fluorescence of 2 was 

strongly quenched by Hg
2+

, Pb
2+

 and Cu
2+

 ions. The fluorescence was revived by the addition 

of only K
+
 to the Cu

2+
 ligand complex. Thus, metal-ion exchange triggers an “on–off” 

switchable fluorescent chemosensor. 

 

 

Figure 21. Schematic structure of 12 

 

Furthermore, Three new ditopic receptors (13, 14 and 15)
104

 based on thiacalix[4]arene of 
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1,3-alternate conformation possessing two different complexation sites have been designed 

and synthesized for both soft and hard metal ions. The imino nitrogens bind soft metal ion 

(Ag
+
, Pb

2+ 
and Cu

2+
) and the crown moiety binds K

+
 ion. The preliminary investigations 

show that 13-15 behave as ditopic receptors for Ag
+
/K

+
, Pb

2+
/K

+
, and Cu

2+
/K

+
 ions, 

respectively. In all the three receptors it was observed that the formation of 

13•Ag
+
/14•Pb

2+
/15•Cu

2+
 complex triggers the decomplexation of K

+
 ion from crown moiety 

and acts as a gateway, which regulates the binding of alkali metal to crown moiety. Thus, 

allosteric binding between metal ions “switch off‟ the recognition ability of crown ether ring. 

 

 

Figure 22. Schematic structures of 13, 14 and 15 

 

1.3.1.2 Pb
2+

 recognition  

Receptor compounds 16 and 17
105 

(Figure 23), containing two pyrene moieties and a 

pendent primary alkylamine, provide systems where both monomer and excimer emissions 

may be affected by PET. That their weak emission is a consequence of PET is confirmed by 

a comparison with 17, a calixarene having the same structure as 16 but without an attached 

amine group, where strong monomer and excimer emissions are seen. In the presence of Pb
2+

, 

both 16 and 17 in CH3CN exhibit an enhanced monomer emission and diminished excimer 

emission. This CHEF effect can be attributed to a conformational change due to the metal 
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binding as well as to the coordination of the electron-donor N center. However, upon 

addition of alkali-metal ions to 16 and 17, both monomer and excimer emissions are 

enhanced, suggesting that there is no conformational change involved. A competitive metal 

ion exchange experiment shows that the binding ability of 16 for Pb
2+

 is much greater than 

that for Li
+
. 

 

 

Figure 23. Schematic structures of 16 and 17 

 

A new fluorescent chemosensor with two different types of cation binding sites on the 

lower rims of a 1,3-alternate calix[4]arene (18)
87

 is synthesized by the same group. Two 

pyrene moieties linked to a cation recognition unit composed of two amide groups form a 

strong excimer in CH3CN solution. For 18, the excimer fluorescence is quenched by Pb
2+

, but 

revived by addition of K
+
 to the Pb

2+
 ligand complex. Thus, metal ion exchange produces an 

on-off switchable, fluorescent chemosensor. Computational results show that the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbitals (LUMO) 
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of the two pyrene moieties interact under UV irradiation of 1 and its K
+
 complex, while such 

HOMO-LUMO interactions are absent in the Pb
2+

 complex. 

Very similar behavior was also observed by Chung and co-workers; in that case, receptor 

19 was constructed by click chemistry.
106

 Compound 19 was synthesized by clicking 

anthracene units onto a calix[4]crown scaffold to create two potential metal binding sites: 

between the triazoles below the calixarene ring, and in the crown ether above the ring. 

Limited selectivity was observed in CH3CN/CHCl3: the fluorescence of the anthracene 

groups was quenched by Hg
2+

, Cu
2+

, Cr
3+

 and Pb
2+

, and enhanced by K
+
, Ba

2+
 and Zn

2+
. 

Interestingly, addition of K
+
 to the Pb

2+
 complex resulted in almost complete revival of 

 

 

Figure 24. Schematic structure of 18  
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Figure 25. Schematic structure of 19 

 

fluorescence emission, whilst quenching occurred when Pb
2+

 was added to the K
+
 complex. 

Therefore 19 is a metal-ion switchable chemosensor, with K
+
 and Pb

2+
 as the on and off 

switches respectively. 
1
H NMR studies indicated that K

+
 binds to the crown ether and Pb

2+
 to 

the triazole binding pocket, with the metal exchange attributed to electrostatic repulsion and 

uncharacterised allosteric effects. 

Fluorescence quenching commonly occurs by the PET mechanism in which the excited 

state acts as an oxidant, although the inverse phenomenon, termed reverse PET, is also 

sometimes observed. Thus, 20 (figure 26)
107

 exhibits a strong emission at ca. 400 nm when 

excited at 344 nm.114 Addition of Pb
2+

 to 20 in CH3CN/CHCl3 (1:1, v/v) causes a marked 

decrease in fluorescence intensity, attributed to reverse PET involving electron donation from 

the excited pyrene unit to the carbonyl groups, the electron density of which is decreased by 

Pb
2+

 complexation. A “heavy metal effect” due to the redox activity of the metal ion cannot, 

however, be excluded. 
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Figure 26. Schematic structures of 20 and 21  

For compound 21,
108 

the optimum pH for observation of the effects of Pb
2+

 binding is 5.2, 

at which point 57 is mainly in its neutral form (Figure 26). There, addition of Pb
2+

 causes a 

52 nm blue shift of the fluorescence peak and a 1.7-fold enhancement of the fluorescence 

quantum yield. The absorption spectra are also shifted to higher energy (11 nm) upon Pb
2+

 

binding. The blue shift is rationalized by the deprotonation of the sulfonamide group upon 

cation binding. 

Pb
2+

 extraction and the detection were mainly observed with receptors bearing hard 

donormoieties such as oxygen in addition to the participation of phenolic-OH‟s, amide 

oxygen, or nitrogen centers. Pb
2+

 easily forms higher coordinations with the help of oxygen 

atoms of crown ether, phenolic-OH‟s, etc. Nitrogen containing triazole units also prefer 

transition metal ions as is evident from this parts. It is also important to note that the pH of 

the medium has some role in the efficiency of extraction of Pb
2+

. Attaching a fluorophore 

helps the derivatives to monitor the ion recognition by fluorescence spectroscopy. 

 

1.3.1.3 Hg
2+

 recognition 

A calix[4]arene receptor appended with pyrenylacetamide, receptor 22
109

 (Figure 27), 

detects Hg
2+

 through fluorescence quenching after a 100 equiv addition of the ion even in the 

presence of other ions such as alkali, alkaline earth, transition, and heavy metal ions, with an 

association constant of 4.5×10
4
 M

‒1
 in methanol. The fluorescence emission of 22 mainly 

originates from the monomer and weak excimer in methanol, while it is the reverse in 50% 

aqueous methanol. Upon interaction with Hg
2+

, both the monomer and the excimer emissions 
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of 22 have been quenched, indicating an ON‒OFF type receptor. A series of aza crown 

derivatives of calix[4]arene with an anthrancene fluorophore have been studied for their 

ability to detect Hg
2+

.
110

 The receptor 24 shows highest fluorescence enhancement toward 

Hg
2+

 as compared to 23 and 25 (Figure 27). The fluorescence of 24 enhances in the presence 

of Cu
2+

 and Pb
2+

, although this enhancement is much less than that of Hg
2+

 in a mixture of 

methanol/tetrahydrofuran. The nonselectivity of 25 toward all of the ions is mainly due to the 

presence of more number of nitrogen donor centers in the system, indicating that only the 

presence of requisite number of ligating nitrogen centers is necessary for optimal binding. 

However, the selectivity is lost when the number of ligating centers is lower or higher than 

this. The higher selectivity of 24 is attributable to the flexibility of the spacer unit present in 

24 as compared to 23 that brings better coordination between Hg
2+

 and the nitrogen donor 

centers in the former. 

 

 

Figure 27. Schematic structures of 22-25 

 

An amido-dansyl conjugate (26)
111

 exhibit good extraction ability toward Hg
2+

 and found 

that Pd
2+

 is only the competitor for Hg
2+

 (Figure 28). The receptor 26 also showed Hg
2+

 

selectivity by fluorescence quenching as a result of electron transfer among the other ions 

studied, Na
+
, K

+
, Ca

2+
, Cu

2+
, Zn

2+
, Cd

2+
, and Pb

2+
, in aqueous acetonitrile at pH = 4. It forms 

a 1:1 stoichiometric complex with Hg
2+

 with an association constant of 1.5×10
7
 M

‒1
 in 

CH3CN/H2O (60:40 v/v). 26 showed response toward Hg
2+

 even in the presence of other ions 

but for Pb
2+

, which interferes to some extent. 
1
H NMR spectral titration of this derivative 

with Hg
2+

 indicates that, upon complexation, calix[4]arene exists in the cone conformation. 
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Time-resolved fluorescence titration has also been carried out to get more insight into the 

mercury complexation. The alkali and transition metal ion interactions of a series of 

calix[4]arenes possessing dansyl fluorophore (27, 28 and tetramethyl ammonium salt of 26, 

Figure 28) have been studied by absorption and fluorescence spectroscopy.
112

 The metal ions, 

Fe
3+

, Hg
2+

, and Pb
2+

, exhibit strong interaction with these conjugates by quenching the 

original fluorescence by 97%. A calix[4]arene functionalized with two dansyl fluorophores 

and two long alkyl chains of triethoxysilane groups (29) that was placed in mesoporous silica 

showed the ability to sense Hg
2+

 in water by forming a 1:1 complex (Figure 28). Also A 

cyclicamido-dansyl conjugate receptor 30
113

 forms a 1:1 complex by exhibiting high 

fluorescence sensitivity with Hg
2+

 through the formation of N4 binding core (Figure 28); the 

heavy metal ions, such as Pb
2+

,Cu
2+

, Cd
2+

, and Zn
2+

, compete for Hg
2+

. 

 

 

Figure 28. Schematic structures of 26-30 

 

A triazole linked 8-oxyquinoline conjugate (31)
114

 exhibits selectivity toward Hg
2+

 by 

fluorescence quenching at a low pH (Figure 29). While the Ka for the 1:1 complex is 8.5×10
3
 

M
‒1

 in case of Hg
2+

, these are 1.2×10
3
 and 4.4×10

3
 M

‒1
, respectively, for Cu

2+
 and Fe

2+
 

showing no greater selectivity in CH3CN:H2O (v/v 3:1). A NOR logic gate property has been 

proposed using the fluorescence intensity of 31 in the presence of Hg
2+

 as a function of pH. 
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Figure 29. Schematic structures of 31 and 32 

 

The receptor 32
115

 (Figure 29), a double branched calixarene conjugate bearing one 

amidopyrenylmethyl moiety and a rhodamine B unit, acts as 1:1 stoichiometric chemosensor 

for Hg
2+

 and Al
3+

. While Hg
2+

 opens the spirolactam ring of rhodamine to bind 

(trenspirolactum), Al
3+

 binds unopened. Although this paper demonstrates the role of FRET, 

the role of calixarene moiety has not been addressed adequately. 

 

1.3.1.4 Zn
2+

 recognition 

A simple O-methylanthracenyl derivative 33
116

 (Figure 30), exhibits a low fluorescence 

enhancement toward some transition metal ions. When an imine moiety is introduced into 

this to result in 34, this starts exhibiting some selectivity by showing significant fluorescence 

enhancement toward a few transition ions over the others in the order, Fe
2+

 ≈ Cu
2+

 >Zn
2+

 > 

other 3d ions, and hence is poorly selective. Further, when the arms were derivatized with 2-

hydroxy naphthalidene moiety, 35 exhibits selectivity toward Zn
2+

 over a number of other 

ions studied , by showing a large fluorescence enhancement that is sufficient enough to 

detect Zn
2+

 even at ≤60 ppb n methanol.
117

 fluorescence enhancement is attributable to the 

reversal of PET when Zn
2+

 orms a 1:1 chelate complex with 35, its imine and phenolic-OH 

moieties present on both of the arms wherein the association constant has been found to be 

2.3×10
5
 M

‒1
 in methanol. 
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Figure 30. Schematic structures of 33-35 

 

Receptor 36 (Figure 31) was synthesised independently by two groups
118-119 

by clicking 

two fluorescent pyrene subunits to a calix[4]arene framework. Upon addition of Zn
2+

 or Cd
2+

 

in MeCN, 36 exhibits a ratiometric response, with increased pyrene monomer emission and 

quenching of excimer emission. 
1
H NMR experiments suggest that the pyrene subunits of 36 

are initially involved in π–π stacking, but their separation is forced by the introduction of the 

metal ion into the triazole binding pocket. To test the effectiveness of 36 as a chemosensor, 

the fluorescence response was recorded in the presence of other metal ions.
118

 Only Cu
2+

 and 

Hg
2+

 were found to disrupt the sensor by quenching fluorescence completely. It was 

suggested that the different fluorescence responses to Zn
2+

 and Cu
2+

 could be employed as 

„inhibition‟ (INH) and „not or‟ (NOR) logic gates.
119

  

 

 

Figure 31. Schematic structures of 36-38 
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An oxyquinoline derivative of calix[4]arene (37)
120

 exhibits 1:1 and 1:2 complexes when 

titrated with Zn
2+

 through fluorescence quenching. When the two solvent molecules present 

in this complex were replaced by 2,9-dimethyl-4,7-diphenyl-1, 10-phenanthroline as 

bidentate ligand (Figure 31), it exhibits enhancement in the fluorescence as a result of the 

interaction of phenanthroline with Zn
2+

 followed by energy transfer. The interaction has also 

been proven by 
1
H NMR spectroscopy. The receptor 38 possessing two bipyridyl cores 

(Figure 31) that exhibits 1:2 binding with Zn
2+

 in solution, however, resulted in an 1:1 

complex when in solid, even when the reactions were carried out under 2 equiv of zinc 

salt.
121

 Zn
2+

 is bound to only the bipyridyl core of one of the arms where the four-

coordination is being filled by the bipyridyl and two chloride ions, keeping the second 

bipyridyl moiety of the other arm unoccupied (Figure 31). 

Last but not least, Shinkai et al reported that 39
122

 (Figure 32) can be used to selectively 

recognize guanidinium ion in CHCl3 in the presence of primary ammonium ions. When 

excited at 346 nm, 39 showed monomer and excimer emissions at 396 and 487 nm, 

respectively. As the guanidinium ion concentration increased, the excimer emission intensity 

decreased while that of monomer emission increased, suggesting that guanidinium ion bound 

to the ionophoric OCH2C=O cavity prevents intramolecular contact of the pyrene moieties. 

These changes are almost unaffected in the presence of tert-butylammonium, protonated L-

alanine methyl ester or n-hexylammonium ions. Compound 40
123

 was also reported to be 

capable of binding guanidinium ion and inducing fluorescence changes, but the binding is 

competitively inhibited by primary ammonium ions. 

 

Figure 32. Schematic structures of 39 and 40 
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1.3.2 Calixarene-derived sensors for anions 

Calixarene-based anion receptors are synthesized by introducing functionalities such as 

amide, urea, or thiourea, which can interact with anions through hydrogen bonding. 

Incorporation of fluorophores into such binding cores would be of great use in monitoring the 

binding aspects.  

When receptor 41
124

 was excited at 335 nm, it exhibited an emission band at 420 nm, 

which is quenched upon complexation of F
‒
 in CH3CN to give rise to a weak band at 508 nm. 

The addition of F
‒
 to 41 causes a decrease in emission intensity together with a red shift, 

which results from H-bonding followed by protonation. 

 

 

 

Figure 33. Schematic structure of 41 

 

Kim et al. reported an amide-based calix[4]arene derivative bearing pyrene and 

nitrophenylazo moieties (42 and 43)
125

 exhibited F
‒ 

recognition as studied by UV_vis and 

fluorescence spectroscopy. The interaction of F
‒
 with 42, 43 has been found to be through the 

amide
 
and the phenolic protons, respectively, Addition of F

‒
 to 42 in CH3CN produces a 

bimodal response in which initially the excimer emission is quenched but then a new species 

with emission bands at 385 and 460 nm appears. This behavior has been rationalized in terms 

of static pyrene dimer formation in the ground state influenced by H-bonding between F
‒
 and 

the amide proton. The fluorescence of 43 also changes upon addition of F
‒
 but in a different 

manner. In this case, the presence of a methylene spacer between the pyrene moiety and 

amide N probably forces the two pyrenes to be orthogonal to each other, as in a similar 
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compound, thus preventing the interaction which might give a dynamic excimer. 

 

 

Figure 34. Schematic structures of 42 and 43 

 

1,3-alternate calix[4]arene 44
126

 (Figure 35) with bis(pyrenylurea) groups on the lower rim, 

when excited, shows monomer and much broader (intramolecular) excimer emissions at 398 

and 452 nm, respectively. The IE/IM ratio remains unchanged at 4.4 in the concentration 

range from 10
‒7

 to 10
‒5

 M, as expected for intra- and not intermolecular excimer formation. 

Four urea groups providing eight possible H-bonds for anion binding are in close proximity 

to pyrene moieties, the relative orientation of which is thought to change upon anion 

complexation. Anion binding can thus be monitored by ratiometric changes in the emission 

spectrum (IE/IM ratio) of 44. Of the anions tested, Cl
‒
 causes the most marked changes in the 

emission spectrum of 44. There is a strong quenching of the excimer emission with a 

corresponding enhancement in monomer emission. These observations suggest that the 

chloride anion may selectively coordinate with the urea protons in the cavity of 44 so as to 

“unstack”or lever apart the facing π-π stacked pyrenes. 

A conjugate in which anthracene connected to both of the arms through triazole moiety, 

receptor 45 
127

 (Figure 35), exhibits anion recognition in methanol as studied by fluorescence 

spectroscopy. The fluorescence intensity of this derivative in various solvents follows the 

order CH3OH<CH3CN<THF=CHCl3. While TBABr, TBAI, LiBr, and LiI exhibit 

fluorescence enhancement, the TBAHS (tetrabutylammonium hydrogen sulfate) exhibits 
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fluorescence quenching. Maximum fluorescence intensity was observed upon the addition of 

iodide salts. 

A tetraamide derivative of calix[4]arene (46), showed fluorescence enhancement with 

H2PO4
‒
 with Ka of 5.48×10

9
 M

‒2
 by forming a 1:2 (46•H2PO4

‒
) complex in CH3CN (Figure 

35).
128

 However, F
‒ 

shows fluorescence quenching through the formation of a 1:2 complex 

and yields a Ka of 2.02×10
6
 M

‒2
. The 

1
H NMR spectral titrations explain the multiple 

hydrogen-bonding interaction of H2PO4
‒
 with the amide, sulfonamide groups, OH, and 

several CH protons of 46, and that resulted in the high selectivity of this guest species. 

 

Figure 35. Schematic structures of 44-46 

 

Figure 36. Schematic structures of 47 and 48 
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Calix[4]arene conjugate bearing thiourea and amide (47 and 48)
129

 (Figure 36) selectively 

and adipate over AcO
‒
, H2PO4

‒
, Cl

‒
, Br

‒
, and I

‒
 in DMSO as studied by UV-visible, 

fluorescence, and 
1
H NMR spectral titrations. Both of the conjugates form stoichiometric 

complexes with all of the dicarboxylates through multiple hydrogen bonding, and the 

sensitivity of the recognition depends on the chain length, and the selectivity follows an order 

adipate>glutarate>succinate>malonate, based on their Ka values. The conjugate 47 undergoes 

color change from yellow to red when it interacts with dicarboxylate anions. 

 

1.4 Conclusions 

According to the above review of recently development of fluorescent chemosensor for 

cations and anions based on calixarene scaffold. The synthesis, characterization, and ions 

selectivity recognition properties of receptor focused on calixarene would exhibit further 

interests and challenges to the supramolecular chemists, because such scaffold not only 

provide requisite binding cores but also are flexible enough to accommodate various ions and 

molecular species with demand diverse features of interactions and geometry. Thus, against 

this background, several kinds of fluorescent chemosensors for heavy metal ions and anions 

were designed and synthesized based on calixarene in this dissertation.  
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Chapter 2 

Synthesis, Crystal Structure and  

Complexation Behaviour of A Thiacalix[4]arene  

Bearing 1,2,3-Triazole Groups 

 

 

 

 

 

 

 

 

 

 

 

This chapter focused on the structure and complexation behavior of 1,3-alternate-1,2,3-

triazole based on thiacalix-[4]arene, 1,3-alternate-1 and 2, which have been determined by 

means of X-ray analysis, fluorescence and 
1
H NMR spectroscopy. The X-ray results 

suggested that the nitrogen atom N3 on triazole ring can act as hydrogen bond acceptors in 

the self-assembly of a supramolecular structure. 
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2.1 Introduction 

Recently, there has been intense interest in the design and synthesis of receptors and 

sensors based on 1,2,3-triazole derivatives, which has resulted primarily from the work of 

Meldal
1
 and Sharpless

2
 on the Cu(I) catalysis of 1,3-dipolar cycloaddition of alkynes and 

azides. Such 1,2,3-triazoles find potential application in organic synthesis,
3
 biological 

molecular systems,
4,5

 medical
6,7

 and materials chemistry.
8–10 

The properties of the 1,2,3-

triazole moiety as a linker in multivalent derivatives can be exploited for the binding of 

cations, typified by the accelerated catalysis of the “click” reaction by in situ formation of 

copper complexes.
11

 The coordination chemistry of the triazole group has also been 

investigated through the formation of transition metal complexes of a range of bis-

triazoles.
12,13

 Cation binding properties of triazoles have been shown to have potential in the 

radiolabeling of biomolecules.
14

 At the same time, it has been shown that the polarity of 

neutral 1,4-disubstituted aryl-1,2,3-triazoles and of the C5-H bond can create an 

electropositive site that can function as an effective hydrogen bond donor for anion binding. 

For example, Li et al have synthesized a macrocyclic receptor that is devoid of conventional 

X-H hydrogen-bond donors but interacts exclusively via C-H···chloride contacts.
15–18

  

In calixarene chemistry, a copper catalyzed 1,2,3-triazole has previously been exploited 

by Zhao and co-workers for the functionalization of a calixarene scaffold.
19

 More relevant to 

this work have been investigations by others on the  selective binding of various metal 

cations via the use of calixarene scaffolds suitably functionalized with triazoles.
20–25

 For 

example, Chung and co-workers have developed Ca
2+

 and Pb
2+

 chromogenic selective 

sensors through the introduction of triazole binding sites at the lower rim of calix[4]arene,
20

 

resulting in on-off switchable fluorescent sensors.
21

  

Similarly, thiacalix[4]arenes
26–29

 have received growing interest since their discovery in 

1997, due to their novel features; their use as platforms is an emerging area. Di- or poly-topic 

receptors, constructed with two or more binding subunits in a single molecule, have been 

reported.
30

 Such systems are suitable candidates for the allosteric regulation of host–guest 

interactions with metal cations. In particular, the so-called 1,3-alternate conformation of 

calix[4]arene, which has D2h symmetry (tube-shaped),
31–34

 can be suitably adapted for the 

formation of 1:1 as well as 1:2 complexes owing to its symmetrical ditopic arrangement. 
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In this chapter, we report on the synthesis, crystal structures and complexation 

properties of 1,3-alternate-1 and 2 based on thiacalix[4]arene scaffold.  

 

2.2 Results and Discussion 

2.2.1 Syntheses of compounds 1,3-alternate-1 and 2 

The syntheses of 1,3-alternate-1 and 2 are shown in Scheme 1. In our previous work, we 

regioselective synthesis of the controlled conformation of thiacalix[4]arene derivatives by a 

protection-deprotection method using benzyl groups as a protecting group, and the result 

demonstrated that solid superacid (Nafion-H) is a good catalyst for the present deprotection 

of benzyl group.
28

 Hence, the O-alkylation of thiacalix[4]arene 
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Scheme 1. The synthetic route of receptors 1,3-alternate-1 and 2. 
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was carried out with 10 equiv. of benzyl bromide in the presence of 10 equiv. of Na2CO3 

according to the reported procedure
28

 to afford distal-3 in 93% yield. Compound 4 was 

prepared by the reaction of distal-3 with propargyl bromide in the presence of 10 equiv. of 

Cs2CO3 in dry acetone in 81% yield. The Cu(I)-catalyzed 1,3-dipolar-cycloaddition reaction 

of 1,3-alternate-4 with 4-azidomethoxybenzyl under Click conditions afforded 1,3-alternate-

1 in a yield of 74%. The latter procedure was also employed in the synthesis of 1,3-alternate-

2 from the reaction with 1-azidomethylpyrene with a yield of 51%. The product structures 

were supported by their spectroscopic and analytical data. For example, The 
1
H NMR 

spectrum of 1,3-alternate-1 shows two singlets for the tert-butyl protons at  0.79 and 1.13 

ppm; the former peak is observed at a higher field due to the ring current effect arising from 

the two inverted benzene ring of benzyl groups. Other signals in the 
1
H NMR spectrum may 

correspond to either the cone or 1,3-alternate conformer which differ only slightly in their 

observed chemical shifts.
35

 Fortunately, the 1,3-alternate conformation of compound 1,3-

alternate-1 was also confirmed by a single-crystal X-ray diffraction study, and the structure 

is shown in Figure 1. 

 

2.2.2 Crystal Structures of 1,3-alternate-1  

Compound 1,3-alternate-1 adopts a „„1,3-alternate conformation‟‟, with the four sulfur 

atoms forming an almost square plane (S4 plane) (Figure 1); the dihedral angles between the 

S4 plane and substituted phenyl rings are 76.45(3) and 79.19(3)°
 
(1,2,3-triazole substituted) 

and 87.50(3) and 72.61(3)° (benzyl substituted), respectively. The distances between the 

centres of opposite calix benzene rings of the calixarene are 6.013 Å and 5.733 Å, 

respectively. 
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Figure 1. X-ray structure of 1,3-alternate-1. The thermal ellipsoids are drawn at 50% 

probability; hydrogen atoms are omitted for clarity. 

 

 

Figure 2. C-H···N hydrogen bonding: between N3 and C5-H in 1,3-alternate-1 and 1D 

supramolecular chains constructed through C-H
…

N interactions in 1,3-alternate- 1. Others 

hydrogen atoms are omitted for clarity. 
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Ghadiri and co-workers have shown that triazole units can act as amide mimics enabling 

protein folding by virtue of the strongly polarized C5-H bond of the triazole ring acting as a 

hydrogen bond donor
36

 and the N3 atom acting as a hydrogen bond acceptor: an 

amide/peptide bond mimic. This result demonstrated the unique properties of the 1,4-

disubstituted 1,2,3-triazole ring in terms of its ability to participate in hydrogen bonding and 

dipole-dipole interactions. As shown in Figure 1, in the crystal structure of 1,3-alternate-1, 

the thiacalix[4]arene unit contains two nearly parallel 1,2,3-triazole groups functionalized 

with the 4-methoxybenzene moiety. It is clearly shown, Figure 2, that the N3 atom, N(402), 

of one 1,2,3-triazole tethered to a thiacalix[4]arene also acts as acceptor of an intermolecular 

hydrogen bond from the C5-H, C(205)-H(205) group of an adjacent molecule, with an H···N 

distance of 2.40 Å; thus, molecules are linked in chains. 

 

2.2.3 Fluorescence Spectroscopy Studies 

In order to better evaluation the recognition properties of 1,2,3 triazole groups based on 

thiacalix[4]arene, 1,3-alternate-2 has been synthesized(37), in which the methoxybenzyl unit 

of 1,3-alternate-1 was replaced by the pyrene moiety as a fluorophore(38–41). Consequently, 

the binding behaviour of 1,2,3 triazole moieties based on thiacalix[4]arene toward different 

metal cations can be facile investigated by fluorescence spectroscopy. As shown in Figure 3, 

the fluorescence spectra of 1,3-alternate-2 displayed a typical excimer emission around 485 

nm and monomer emissions around 378 and 396 nm in CH3CN/CH2Cl2 (1000:1, v/v) with 

excitation wavelength at 343 nm. On addition of various metal ions such as Li
+
, Na

+
, K

+
, Cs

+
, 

Zn
2+

, Pb
2+

, Ag
+
, Cu

2+
, Hg

2+
, Cd

2+
, Ni

2+
, Co

2+
, and Cr

3+
 as their perchlorates salts in aqueous  
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Figure 3. Fluorescence spectra of the receptor 2 (5.0 M) in CH3CN/CH2Cl2 (1000:1, v/v) at 

298 K upon addition of various metal ions (100 M) as their aqueous solution. 

 

solution. As can be seen, when upon addition of Ag
+
 ion into the solution of receptor 2, an 

obviously enhancement of the monomer emission was occurred, whilst the accompanying 

excimer emission decreased. On the other hand, both the excimer and monomer emissions of 

1,3-alternate-2 were acutely quenched by Cu
2+

, and Hg
2+

, and much weaker fluorescence 

quenching were observed by addition of Pb
2+

, Ni
2+

, Co
2+

, and Cr
3+

 ions compared to Cu
2+

, 

and Hg
2+

. No significant fluorescence intensity changes were given upon addition of alkali 

metal ions. Basically, the quenching in excimer emission of receptor 2 is due to a 

conformational change that occurred during the complexation of related metal ions with the 

nitrogen atoms on the triazole rings, which make it is not possible for the pyrene moieties to 

stack together for excimer emission, whereas the quenching in monomer emission of receptor 

2 is may be attributed to reverse PET from pyrene groups to the nitrogen atom of the triazole 

units
42

 or a heavy atom effect.
43

 

Figure 4 shows the fluorescence spectra of receptor 2 at various concentrations of Ag
+
 ion, 

upon addition of increasing amounts of Ag
+
 as its perchlorate salt from 1 to 100 μM to the 

solution of receptor 2, there was a significant enhancing monomer emission at 378 nm and a 

companying excimer emission decreasing at 485 nm observed. On the basis of the titration 

experiments data, the association constant (Ka) for 2•Ag
+
 was thus calculated to be 5.40 × 10

4
 

M
‒1

 by a Benesi‒Hilderbrand plot (Figure 5).
44

 In the job pot (inset of Figure 4),
45

 a 
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maximum fluorescence intensity change was appeared at 0.5 in the molar fraction of receptor 

2 vs Ag
+
 ion, which clearly indicated a 1:1 complex of receptor 2 with Ag

+
 ion. 

 

 

 

Figure 4. Fluorescence intensity changes of 2 (5.0 M) upon addition of increasing 

concentrations of Ag
+
 ion in aqueous solution (0-100 M) at 298 K in CH3CN/CH2Cl2 

(1000:1, v/v) with an excitation at 343 nm.  Inset: Job‟s plot showing a 1:1 stoichiometry. 

 

 

Figure 5. Benesi-Hilderbrand plot of 2 with AgClO4. 

The practical applicability of receptor 2 as a selective chemosensor to Ag
+
 ion was evaluated 

by competitive experiment. As shown in Figure 6, the fluorescence intensity was almost 

identical of that obtained in the absence of other cations suggested that no obviously 
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interference to the selective response of receptor 2 to Ag
+
 ion at the presence of most 

competitive metal ions, except for Hg
2+

 interference with the detection signal by abolished 

the ratiometric effect on complexation of Ag
+
 ion. 

 

 

Figure 6. Fluorescence response of 2 (5.0 M) in CH3CN/CH2Cl2 (1000:1, v/v) to 100 M 

various tested metal ions (black bar) and to the mixture of 100 M tested metal ions with 100 

M Ag
+
 ion (gray bar) at 298K. I0 is the fluorescence intensity at 378 nm for free 2, and I is 

the fluorescence intensity after adding metal ions with an excitation at 343 nm. 

 

2.2.4 Proton NMR Studies 

The complexation modes of receptor 2 with silver ion also investigated by 
1
H NMR 

spectroscopy. Figure 7 shows the partial 
1
H NMR spectra of receptor 2 in the absence and 

presence of Ag
+
 ion in a mixture solution of CDCl3/CD3CN (10:1, v/v). Upon addition of 1.0 

equiv of Ag
+
 ion to the solution of receptor 2, some significant chemical shifts changes are 

observed in the 
1
H NMR spectra. For example, the proton Hb on the triazole ring undergoes a 

significant downfield chemical shift from  7.47 to 7.79 ppm (Δ = 0.32), and the proton Hc 

on the O-CH2-triazole also moves downfield shift from  4.61 ppm to  5.01 ppm, whereas 

the peak of protons Ha and Hd are not undergo an obviously changes in the presence of Ag
+
 

cation. These results strongly suggested that silver cation can be selectivity bound by the 

nitrogen atoms of the triazole rings. On the other hand, the chemical shift changes of protons 

on the phenol of thiacalix[4]arene scaffold indicated that the ionophoricity cavity, which 
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formed by the two inverted benzene rings with the sulfur atoms framework based on 

thiacalix[4]arene, are also involved in binding with the silver ion.
46‒48

 

 

 

 

Figure 7. Proposed structure for 1,3-alternate-2 on complexation with silver cation, and 
1
H 

NMR spectra of 1,3-alternate-2 in CDCl3/CD3CN (10:1) and in the presence of 1.0 equiv of 

AgClO4 at 298 K ; (partial tert-Butyl moieties are omitted for clarity). 

 

2.3 Conclusions 

In summary, the synthesis, structure and complexation behaviour of 1,2,3-triazole ring 

based on 1,3-alternate-thiacalix[4]arene, has been investigated by X-ray analysis, 

fluorescence and 
1
H NMR spectroscopy. These experimental results suggested that the 

nitrogen atoms on the triazole moiety of a thiacalix[4]arene have a strong binding affinity for 

Ag
+
 ion. We expect the novel electronic properties of triazole ring; such as the large dipole 

moment and electropositive C5–H group will lead to their increasing use as valuable design 

tools for self-assembly of supramolecular chemistry and cation binding sites of receptors. 

Further investigation of 1,2,3-triazole-based calixarenes is currently on going. 

 

2.4 Experimental Section 

2.4.1 General  
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All melting points (Yanagimoto MP-S1) are uncorrected. 
1
H NMR spectra were recorded 

at 300 MHz with a Nippon Denshi JEOL FT-300 NMR spectrometer with SiMe4 as an 

internal reference: J-values are given in Hz. Mass spectra were obtained on a Nippon Denshi 

JMS-01SA-2 spectrometer at 75 eV using a direct-inlet system through GLC. Elemental 

analysis: Yanaco MT-5.  

 

2.4.2 Materials.   

5,11,17,23-Tetra-tert-butyl-25,27-dibenzyloxy-26,28-dihydroxy-2,8,14,20-tetrathia- 

calix[4]arene 3 was prepared according to the reported procedure.
28

 

 

2.4.2.1. 5,11,17,23-Tetra-tert-butyl-25,27-dibenzyloxy-26,28-[bis-(propargyloxy)]- 

2,8,14,20- tetrathiacalix[4]arene (4) 

  A suspension of distal-3 (300 mg, 0.333 mmol) and Cs2CO3 (1.085 g, 3.33 mmol) was 

refluxed for 1 h in dry acetone (15 ml). A solution of 3-bromo-1-propyne [propargyl 

bromide (396 mg, 3.33 mmol)] in dry acetone (10 ml) was added and the mixture refluxed 

for 20 h. The solvents were evaporated and the residue partitioned between 10% HCl and 

CH2Cl2. The organic layer was dried (MgSO4) and evaporated. The residue was 

recrystallized from CHCl3/hexane (1:3, v/v) to afford the desired product 4 as colourless 

prisms with a yield of 81% (263.5 mg). Mp 180–182°C. 
1
H NMR (300 MHz, CDCl3) δ 

0.60, 0.85, 0.98, 1.11, 1.31 (each s, 36H, tBu), 2.20–2.51, 4,41–5.08 (m, 10H, acetylene-H, 

ArO-CH2-acetylene and ArO-CH2-Ph) and 7.0–8.8 (18H, m, ArH). FABMS: m/z 977.4 

(M
+
). Anal. calcd for C60H64O4S4 (977.42): C, 73.74; H, 6.61. found: C, 74.10; H, 6.67. The 

splitting pattern in 
1
H NMR shows that the isolated compound is a mixture of cone- and 

partial-cone-4. Compoun 4 was not further isolated and directly used for next reaction. 

 

2.4.2.2. 5,11,17,23-Tetra-tert-butyl-25,27-dibenzyloxy-26,28-bis{[1H-(4-methoxybenzyl)-

(1,2,3-triazolyl)]-4-methoxy}-2,8,14,20-tetrathiacalix[4]-arene(1,3-alternate-1) 

Copper iodide (5 mg) was added to compound 4 (112 mg, 0.12 mmol) and 4-

methoxybenzyl azide (58 mg, 0.36 mmol) in 40 ml mixture of THF/H2O (v/v = 4:1) and the 

mixture was heated at 65°C for 24 h. The resulting solution was cooled and extracted thrice 

with CHCl3. The organic layer was separated and dried (MgSO4) and evaporated to give the 
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solid crude product. The residue was eluted from a chromatographic column of silica gel 

with hexane/ethyl acetate (v/v = 1:1) to give the desired product 1,3-alternate-1 (112 mg, 

74%). Recrystallization from CHCl3 /hexane afforded X-ray quality colourless crystals. Mp 

180–182°C. 
1
H NMR (300 MHz, CDCl3) δ 0.79 (s, 18H, tBu), 1.13 (s, 18H, tBu), 3.78 (s, 6H, 

OMe), 4.89 (s, 4H, CH2), 5.16 (s, 4H, CH2), 5.46 (s, 4H, CH2), 6.82 (s, 4H, ArH), 6.85 (d, J= 

8.4 Hz, 4H, ArH), 7.23–7.02 (m, 14H, ArH), 7.34 (s, 4H, ArH) and 7.40 (s, 2H, Triazole-H). 

13
C NMR (75 MHz, CDCl3) δ 30.69, 30.76, 33.74, 34.09, 53.37, 55.23, 62.93, 72.10, 114.26, 

122.84, 126.83, 127.25, 127.98, 128.02, 129.41, 129.47, 129.62, 131.56, 137.82, 144.04, 

145.94, 146.18, 155.67, 157.61 and 159.68. FABMS: m/z 1303.50 (M
+
). Anal. calcd for 

C76H82N6O6S4 (1303.76): C, 70.01; H, 6.34; N, 6.45. found: C, 69.71; H, 6.35; N, 6.37. 

 

2.4.2.3. 5,11,17,23-Tetra-tert-butyl-25,27-bisbenzyl-26,28-bis[1H-(1-pyrenylmethyl- (1,2,3-

triazolyl)-4-methoxy)]-tetrathiacalix[4]arene (1,3-alternate-2)  

Copper iodide (20 mg) was added to compound 4 (112 mg, 0.12 mmol) and 1-

azidomethylpyrene (92 mg, 0.36 mmol) in 20 mL THF/H2O (4:1) and the mixture was heated 

at 65 °C for 24 h. The resulting solution was cooled and diluted with water and extracted 

trice with CH2Cl2. The organic layer was separated and dried (MgSO4) and evaporated to 

give the solid crude product. The residue eluted from a column chromatography of silica gel 

with hexane/CH2Cl2 (1:1, v/v) to give the desired product (92 mg, 51%). Mp 134–136°C. 
1
H 

NMR (300 MHz, CDCl3) δ 0.46 (18H, s, tBu), 1.14 (18H, s, tBu), 4.64 (4H, s, CH2-Triazole), 

5.08 (4H, s, CH2Ph), 6.24 (4H, CH2-Pyrene), 6.74 (4H, s, ArH), 7.11- 6.9 (14H, m, Ph-H), 

7.45 (2H, s, Triazole-H) 7.86-8.28 (18H, m, Pyrene-H). 
13

C NMR (75 MHz, CDCl3) δ 30.38, 

31.25, 33.41, 34.15, 52.26, 63.93, 72.69, 122.29, 123.29, 124.52, 124.84, 125.01, 125.75, 

125.79, 126.29, 126.83, 126.97, 127.23, 127.29, 127.34, 127.41, 127.85, 127.99, 128.16, 

128.98, 129.24, 129.69, 129.76, 130.62, 131.22, 131.98, 132.98, 137.86, 143.99, 145.58. 

146.01, 155.56, 158.09. FABMS: m/z 1491.23 (M
+
). Anal. Calcd for C94H86N6O4S4 

(1491.99): C, 75.67; H, 5.81; N, 5.63. Found: C, 75.35; H, 5.67; N, 5.54. 

 

2.4.3 Crystallography 

Crystallographic Data for 1,3-alternate-1: Recrystallized from CHCl3/Hexane (1:3). 

Crystal data: C76H82O6N6S4; M = 1303.7; crystal system: triclinic; space group: P‒1; a = 
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10.5587(2) Å, b =11.2767(2) Å, c =29.5518(5) Å; α =90.906(2)
o
, β = 93.0121(14)

o
, γ 

=101.166(2)
o
, V =3446.06 (11) Å3

; Z =2; Dc = 1.256 g cm
‒3

; Rint = 0.060, R [I > 2σ(I)]
a
 = 

0.038, wR [I > 2σ(I)]
b 

= 0.078 for 15794 unique reflections. The intensity data of the 

compound 1,3-alternate-1 were measured on an Oxford Diffraction Xcalibur-3/Sapphire 3 

CCD diffractometer. Structural solution was by direct methods in the SHELXS program, and 

refinement was by full-matrix least-squares methods on F
2
 in the SHELXL program.

49
 All 

the non-hydrogen atoms in structure were refined anisotropically. The hydrogen atoms were 

generated geometrically. Crystallographic data (excluding structure factors) for the structure 

reported in this paper have been deposited with the Cambridge Crystallographic Data Centre 

as supplementary publication No. CCDC–786359. Copies of the data can be obtained free of 

charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 

1223/336 033; deposit@ccdc.cam.ac.uk). 
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Chapter 3 

Synthesis and Evaluation of A Novel  

Pyrenyl-Appended Triazole-Based Thiacalix[4]arene  

As Fluorescent Sensor for Ag+ Ion 

 

 

 

 

 

 

 

 

 

 

 

This chapter described New fluorescent chemosensors 1,3-alternate-3 and mono-triazole 

ligand 4 with pyrenyl-appended. The fluorescence spectra changes indicated that the 

fluorescent sensitive and selective binding of Ag
+
 ion requires the coordination of two 

triazole rings of receptors which fixed by thiacalix[4]arenes. 
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3.1 Introduction 

Owing to their simplicity, high sensitivity, and high detection limits for trace chemicals in 

chemistry, biology and the environment,
1
 fluorescent chemosensors have received much 

attention in the field of supramolecular chemistry. Generally, an effective fluorescent 

chemosensor includes an ion recognition unit (ionophore) and a fluorogenic unit 

(fluorophore), that effectively converts the information of binding recognition from the 

ionophore unit into an easily monitored and a highly sensitive light signal from the 

fluorophore. Amongst the different fluorogenic units, pyrene is one of the most useful tools 

due to its relatively efficient monomer and excimer emissions. The sensing mechanism of 

pyrene is attributable to the intensity ratio of the excimer-to-monomer emission, which is 

very sensitive to conformational change.
2
 On the other hand, the simple, effective and 

versatile chemical modifications possible for calixarenes, together with their unique topology, 

offer a wide range of scaffolds enabling them to be selective for many different metal ions.
3–5 

Thiacalix[4]arenes, which have received growing interest since their discovery in 1997;
6
 

possess additional coordination sites and have shown a more flexible structure and strong 

affinity for both soft and transition metal ions.
7
 Acetates are amongst the most versatile 

compounds in calixarene chemistry, because the acetate group is easily converted to 

carboxylic acids, amides, and other esters.
7c

 Given this, one of the most interesting features 

of thiacalix[4]arenes is that the conformation can be controlled by the reaction with ethyl 

bromoacetate in the presence of alkali carbonate as base. Additionally, with the development 

of the electronics industry and photographic and imaging industry, more attention has been 

paid to the negative effect of silver ions on the environment. For example, it is believed that 

silver ions can bind to various metabolites and enzymes, such as in the inactivation of 

sulphydryl enzyme,
8
 and as a consequence, many methods have been utilized to measure 

trace amounts of silver ion; including atomic absorption, ICP atomic emission, UV-vis 

absorption, and fluorescence spectroscopy. Among these approaches, fluorescence 

spectroscopy is widely used because of its high sensitivity and facile operation. However, 

due to silver belonging to heavy transition-metal ions, which usually quench fluorescence 

emission via enhanced spin-orbital coupling,
9
 energy or electron transfer,

10
 only a few 

fluorescent “turn on” chemosensor for detecting silver ion have been reported at present.
11

 

Fluorescence quenching is not only disadvantageous for a high signal output during detection 
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but is also undesirable for analytical purposes.
12

 As a result, the development of highly 

selective chemosensors for the Ag
+
 ion still remains a challenge 

  With these observations in mind, we continue our studies into the design and synthesis of 

chemosensors for heavy metal ions.
13

 Herein, we have designed a new fluorescent sensor 

through pyrene-appended triazole-based thiacalix[4]arene with 1,3-alternate conformation. 

Such chemosensors display high affinity for silver ion by changing the monomer and 

excimer emission of the pyrene moieties. 

 

3.2 Results and Discussion 
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As shown in Scheme 1, compound cone-5 can be obtained following the reported 

precedures.
14

 Thus, compound 1,3-alternate-6 was prepared in 64% yield by the reaction of 

compound cone-5 with propargyl bromide in the presence of Cs2CO3 in dry acetone. Cu(I)-

catalyzed 1,3-dipolar cycloaddition reaction of compound 1,3-alternate-6 with 1-

azidomethylpyrene 9 under Click conditions afforded the 1,2,3-triazole thiacalix[4]arene 1,3-

alternate-3 in 73% yield. A similar procedure was employed in the synthesis of receptor 1,3-

alternate-2 with 51% yield. The reference compound 4 was prepared by O-propargyl t-Bu 

phenyl reactions with azide 9 through Click chemistry in a yield of 60%. 

The fluorescence spectra of 1,3-alternate-2 and 3 appeared with a typical intramolecular 

excimer emission around 485 nm and monomer emissions around 378 and 396 nm in organic 

solution, and a typical monomer emission appeared for reference compound 4 (excitation at 

343 nm) in CH3CN/CH2Cl2 (1000:1, v/v) (Figure 1). The excimer emission band was 

attributed to the interaction of two pyrene units forming an intramolecular π…π stacking, 

which was fixed by the thiacalix[4]arene scaffold.
15

 The cation-binding properties of 

receptors 2-4 were then investigated by fluorescence spectroscopy.  

 

 

Figure 1. Fluorescence spectra of receptor 3 (a) and 4 (b) (5.0 μM) in CH3CN/CH2Cl2 

(1000:1, v/v) at 298 K upon addition of various metal ions. λex = 343 nm. 

The fluorescence intensity changes upon addition of various perchlorate salts such as Li
+
, 

Na
+
, K

+
, Cs

+
, Zn

2+
, Pb

2+
, Ag

+
, Cu

2+
, Hg

2+
, Cd

2+
, Ni

2+
, Co

2+
, and Cr

3+
 in aqueous solution, are 
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depicted in Figure 1. It was observed that both the excimer and monomer emissions of 

receptor 1,3-alternate-3 were strongly quenched by Hg
2+

, and Cu
2+

. By contrast, when upon 

 

 

Figure 2. Fluorescence spectra of the receptors 2-4 (each of 5.0 M) in CH3CN/CH2Cl2 

(1000:1, v/v) at 298 K upon addition of various metal ions (100 M) as their aqueous 

solution. Io is fluorescent emission intensity at 378 nm for free receptors, and I is the 

fluorescent intensity after adding metal cations with an excitation at 343 nm. 

 

addition of Ag
+
 ion into the solution of receptor 3, an obviously enhancement of the 

monomer emission occurred, whilst the accompanying excimer emission declined (Figure 1 

and figure 2). Much weaker responses for fluorescence emissions of the monomer and 

excimer quenching were given by addition of Pb
2+

, Ni
2+

, Co
2+

, and Cr
3+

 ions, and no 

significant fluorescence intensity changes were observed upon addition of alkali metal ions. 

Similar selective fluorescent behavior caused by metal ions was also observed for receptor 2 

(Figure 2). However, under the same analytical conditions, the fluorescent intensity of 

compound 4 (Figure 1b and Figure 2) was not obviously changed upon addition of Ag
+
 ion 

and other metal ions, except in the cases of Hg
2+

, and Cu
2+ 

ions, where acute quenching was 

observed. These results indicated that the fluorescent sensitive and selective binding of Ag
+
 

ion requires the coordination of two triazole rings of receptors 2 and 3. Generally, the 

fluorescence of monomer emission quenching by heavy atoms, such as Hg
2+

, and Cu
2+ 

in the 
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chemosensors 2-4 can be attributed to the reverse PET (photon electron transfer)
16

 from the 

pyrene unit to the nitrogen atoms of triazole ring or a heavy atom effect.
17

 The excimer 

quenching is a result of a conformational change, which occurs during the binding of the 

targeted metal ions with the nitrogen atoms on the triazole ring. In this procedure, the 

coordination force make the pyrene groups move far away from each other and inhibits the π-

π stacking for generating excimer emission. 

The fluorescence spectra of 1,3-alternate-3 at various concentrations of Ag
+
 ion are shown 

in Figure 3a. As can be seen, the fluorescence intensity of the monomer emission of receptor 

3 gradually increased on increasing concentrations of Ag
+
 ion from 0 to 100 M and was 

accompanied by a concomitant decrease in the excimer emission. A discernible isomessive 

point appeared at 430 nm. On the basis of the fluorescence titration experiments, the 

association constant (Ka)
18

 for 3•Ag
+
 was determined to be 1.33 × 10

5
 M

‒1
, and a job plot

19
 

for the complexation showed a 1:1 stoichiometry (Figure 3a).  

 

 

Figure 3. (a) Changes in the fluorescence emission spectra of 3 (5.0 M) upon addition of 

increasing concentrations of Ag
+
 ion in aqueous solution (0-100 M) at 298 K in 

CH3CN/CH2Cl2 (1000:1, v/v) with an excitation at 343 nm.  Inset: Job‟s plot showing a 1:1 

stoichiometry; (b) Benesi-Hilderbrand plot of 3 with AgClO4. 
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Figure 4. Changes in the fluorescence emission spectra of 3 (5.0 M) upon addition of 

increasing concentrations of Cu
2+

 (a) and Hg
2+

 (b) ion aqueous solution at 298 K in 

CH3CN/CH2Cl2 (1000:1, v/v) with an excitation at 343 nm. 

 

 

Figure 5. Changes in the fluorescence emission spectra of 2 (5.0 M) upon addition of 

increasing concentrations of Cu
2+

 (a) and Hg
2+

 (b) ion aqueous solution at 298 K in 

CH3CN/CH2Cl2 (1000:1, v/v) with an excitation at 343 nm. 

 

Similar fluorescence titration behavior was also evaluated in the case of receptors 3 and 2 

with related metal ions (Figure 4 and Figure 5). From these observations, the association 

constants for complexation were calculated to be: 3•Hg
2+

 = 4.24 × 10
4
 M

‒1
, 3•Cu

2+
 = 3.97 × 

10
4
 M

‒1
, 2•Ag

+
 = 5.40 × 10

4
 M

‒1
, 2•Hg

2+
 = 2.46 × 10

4
 M

‒1
, 2•Cu

2+
 = 5.39 × 10

4
 M

‒1
, 

respectively. 
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Figure 6. Fluorescence response of 3 (5.0 M) in CH3CN/CH2Cl2 (1000:1, v/v) to 100 M 

various tested metal ions (black bar) and to the mixture of 100 M tested metal ions with 100 

M Ag
+
 ion (blue bar) at 298K. I0 is the fluorescence intensity at 378 nm for free 3, and I is 

the fluorescence intensity after adding metal ions with an excitation at 343 nm.  

To better investigate the practical applicability of the receptors 3 and 2 as Ag
+
 ion selective 

fluorescent sensor, competitive experiments were carried out in the presence of Ag
+
 ion (100 

M) mixed with Li
+
, Na

+
, K

+
, Cs

+
, Zn

2+
, Pb

2+
, Cu

2+
, Hg

2+
, Cd

2+
, Ni

2+
, Co

2+
, and Cr

3+
 at 100 

M; as shown in Figure 6 and Figure S8, no significant interference in detection of Ag
+
 with 

receptors 3 and 2 was observed in the presence of most other competitive metal ions except 

for the Hg
2+

 ion, for which interference with the detection signal by abolished the ratiometric 

effect on binding of Ag
+
 ion. Accordingly, these observations suggested that receptors 3 and 

2 can be used as selective fluorescent sensor for Ag
+
 ion in the presence of most completive 

metal ions. 

In order to obtain detailed information on the complexation structure of receptors 3 and 2 

with Ag
+
 ion, 

1
H NMR titration experiments in CDCl3/CD3CN (10:1, v/v) were carried out. 

The partial spectral changes are shown in Figure 7. Upon addition of 1.0 equiv of Ag
+
 ion to 

the solution of 1,3-alternate-3, as expected, the chemical shift of proton Hb on the triazole 

ring exhibited significant downfield shift by Δ 0.45 ppm from  7.29 ppm. The peak of Hc 

on the OCH2-triazole unit and Hf also demonstrated a similar but weak downfield shift from  

4.87 to 5.06 ppm and  4.42 to 4.58 ppm, respectively, whereas the peaks of the proton on 

the ester moieties were little affected 
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Figure 7. Plausible complexation structure of receptor 3 for Ag
+ 

ion, and partial 
1
H NMR 

spectra of 1 (5.0 mM) in CDCl3/CD3CN (10:1, v/v) upon addition of 1.0 equiv Ag
+
 ion at 

298K; (partial tert-butyl moieties are omitted for clarity). 

.  Additionally, a similar coordination behavior was observed for complexation 2•Ag
+
 

(Chapter2). These spectral changes suggested that Ag
+
 ion can be selectively bound by the 

nitrogen atoms on the triazole rings. On the other hand, it should be noted that the protons of 

Hd and He on the phenol of 1,3-alternate thiacalix[4]arene also experienced downfield shift 

from  7.32 to  7.50 ppm and upfield shift from  7.26 to 6.98 ppm. These data further 

indicated that there must be a conformation change of receptor 3 in the presence of Ag
+
 ion. 

As a matter of fact, it is believed that the conformation of thiacalix[4]arene can be 

preorganized for the binding of Ag
+
 ion in solution in a manner that is similar to an example 

described by Shinkai and co-workers.
20

 In that case, the X-ray structure clearly demonstrated 

that Ag
+
 ion was included in the π-basic benzene cavity at the lower rim, where the two distal 

benzene rings were being flattened and the residual two benzene rings were standing upright 
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for binding Ag
+
 ion. Thus, we conclude that the two triazole groups and the ionophoricity 

cavity, formed by the two inverted benzene rings with the sulfur atoms framework based on 

thiacalix[4]arene, are all involved in the complexation with the Ag
+
 ion.

21 

 

3.3 Conclusions 

In conclusion, we have synthesized a new type of fluorescent sensor having triazole rings 

as cation binding sites on the lower rim of a thiacalix[4]arene scaffold with 1,3-alternate 

conformation. The selective binding behavior of receptors 3 and 2 has been evaluated by 

fluorescence spectra and 
1
H NMR analysis. All the results suggested that the triazole 

moieties on the receptors 3 and 2 are highly sensitive and selective for Ag
+
. This is due to 

cooperative coordination by the ionophoricity cavity, formed by the two inverted benzene 

rings and the sulfur atoms of the thiacalix[4]arene, by enhancement of the monomer emission 

of pyrene. 

 

3.4 Experimental Section 

3.4.1 General  

All melting points (Yanagimoto MP-S1) are uncorrected. NMR spectra were determined at 

300 MHz with a Nippon Denshi JEOL FT-300 spectrometer with Me4Si as an internal 

reference: J values are given in Hz. IR spectra were measured for samples as KBr pellets in a 

JASCO FT/IR 4200. All the fluorescence spectra were recorded on a JASCO FP-6200 

spectrometer. Mass spectra were obtained on a Nippon Denshi JMS-01SG-2 mass 

spectrometer at ionization energy of 70 eV using a direct inlet system through GLC. 

Elemental analyses were performed by Yanaco MT-5. 

 

3.4.2 Materials  

Compounds 5,
14

 7,
22 

and 9
15b

 were prepared following the reported procedure. 

 

3.4.2.1. 5,11,17,23-Tetra-tert-butyl-25,27-bis(ethoxycarbonylmethoxy)-26,28-[bis(pro 

pergyloxy)]-tetrathiacalix[4]arene (1,3-alternate-6)  
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Cone-5 (300 mg, 0.34 mmol) and Cs2CO3 (1.085 g, 3.33 mmol) were refluxed for 1 h in 

dry acetone (15 mL). 3-bromo-1-propyne (propargyl bromide (396 mg, 3.33 mmol) and dry 

acetone (10 mL) was added and the mixture refluxed for 20 h. The solvents were evaporated 

and the residue partitioned between 10% HCl and CH2Cl2. The organic layer was separated 

and dried (MgSO4) and the solvents were evaporated. The residue was recrystallized from 

CHCl3/hexane (3:1) to afford 1,3-alternate-5 (210 mg, 64%) as prisms. Mp 223–225°C. 
1
H 

NMR (300 MHz, CDCl3)  1.06 (18H, s, tBu), 1.28 (6H, m, CH2CH3), 1.40 (18H, s, tBu), 

2.10 ( 1H, t, J=3.0 Hz, acetylene-H), 2.44 (1H, m, acetylene-H), 4.25 (4H, q, J=7.1 Hz, 

CH2CH3), 4.61 (4H, s, CH2), 4.83 (4H, s, CH2), 7.46 (4H, s, ArH), 7.59 (4H, s, ArH). IR: 

max (KBr)/cm
-1

 3309, 2958, 1768, 1575, 1440, 1367, 1268, 1193, 1085, 1010. FABMS: m/z 

969.39 (M+). Anal. calcd for C54H64O8S4 (969.35): C, 66.91; H, 6.66. Found: C, 67.09; H, 

6.70. 

 

3.4.2.2. 5,11,17,23-Tetra-tert-butyl-25,27-bis(ethoxycarbonylmethoxy)-26,28-bis[1H- (1-

pyrenylmethyl-(1,2,3-triazolyl)-4-methoxy)]-tetrathiacalix[4]arene (1,3-alternate-3)  

Copper iodide (20 mg) was added to a solution of 1,3-alternate-6 (174 mg, 0.18 mmol) 

and 1-(azidemethyl)pyrene 9 (139 mg, 0.54 mmol) in 20 mL THF/H2O (4:1) and the mixture 

was heated at 65 °C for 24 h. The resulting solution was cooled and diluted with water and 

extracted trice with CH2Cl2. The organic layer was separated and dried (MgSO4) and 

evaporated to give the solid crude product. The residue eluted from a column 

chromatography of silica gel with hexane/ethyl acetate (v/v= 4:1) to give the desired product 

1,3-alternate-3 (194 mg, 73%) as prisms. Mp 154–156°C. 
1
H NMR (300 Hz, CDCl3)  0.88 

(18H, s, tBu), 1.08 (18H, s, tBu), 1.22 (6H, t, J=7.1 Hz, CH2CH3), 4.15 (4H, q, J=7.1 Hz, 

CH2CH3), 4.45 (4H, s, CH2), 4.84 (4H, s, CH2), 6.28 (4H, s, CH2), 7.24 (4H, s, ArH), 7.28 

(2H, s, Triazole-H), 7.33 (4H, s, ArH), 7.88 (2H, d, J=9.0 Hz, Pyrene-H), 7.99–8.23 (14H, m, 

Pyrene-H), 8.34 (2H, d, J=9.0 Hz, Pyrene-H). 
13

C NMR (75 MHz, CDCl3): 14.07, 22.59, 

31.01, 33.82, 52.08, 60.43, 64.85, 67.60, 122.18, 123.22, 124.45, 124.85, 124.94, 125.62, 

125.71, 126.21, 127.18, 127.25, 128.04, 128.23, 128.79, 129.07, 130.54, 131.13, 131.84, 

131.96, 133.15, 144.59, 145.97, 146.00, 156.51, 157.20, 167.91. IR: max (KBr)/cm
-1

 2960, 
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2360, 1768, 1442, 1380, 1265, 1190, 1045. FABMS: m/z 1483.42 (M+). Anal. calcd for 

C88H86N6O8S4 (1483.92): C, 71.23; H, 5.84; N, 5.66. Found: C, 71.09; H, 5.70; N, 5.64.  

 

3.4.2.5. 4-tert-Butyl-[1H-(1-pyrenylmethyl-(1,2,3-triazolyl)-4-methoxy) benzene (4)  

A mixture of 4-tert-butyl-1-(propargyloxy)benzene (95 mg, 0.5 mmol) and 9 (140 mg, 1.1 

mmol) in 20 mL THF/H2O (4:1) and the mixture was heated at 65 °C for 24 h at the presence 

of CuI as catalyst. The resulting solution was cooled and diluted with water and extracted 

trice with CH2Cl2. The organic layer was separated and dried (MgSO4) and evaporated to 

give the solid crude product. The residue eluted from a column chromatography of silica gel 

with hexane/ethyl acetate (6:1, v/v) to give the desired product 4 (134 mg, 60%) as pale 

yellow prisms. Mp 147–149°C. 
1
H NMR (300 MHz, CDCl3)  1.24 (9H, s, tBu), 5.07 (2H, s, 

CH2), 6.25 (2H, s, CH2), 6.82 (2H, d, J=5.4 Hz, ArH), 7.22 (2H, d, J=5.4 Hz, ArH), 7.37 (1H, 

s, Triazole-H), 7.94–8.25 (9H, m, Pyrene-H). 
13

C NMR (75 MHz, CDCl3)  31.41, 33.98, 

52.42, 62.10, 114.19, 121.85, 124.42, 124.88 125.02, 125.79, 125.90, 126.15, 126.35, 126.61, 

127.15, 127.62, 128.27, 129.03, 129.26, 130.51, 131.12, 132.10, 143.84, 155.88. IR: max 

(KBr)/cm
-1

 2954, 2360, 1768, 1442, 1380, 1265, 1190, 1045. m/z 445.26 (M+). Anal. calcd 

for C30H27N3O (445.57): C, 80.87; H, 6.11; N, 9.43. Found: C, 80.62; H, 6.03; N, 9.36. 
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Chapter 4 

Pyrene-Linked Triazole-Modified  

Homooxacalix[3]arene: A Unique C3 Symmetry 

Ratiometric Fluorescent Chemosensor for Pb2+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter described a new type of fluorescent chemosensor based on 

homooxacalix[3]arene. The fluorescent sensor was highly selective for Pb
2+

 in comparison 

with other metal ions tested by enhancement of the monomer emission of pyrene. This results 

suggested that the C3 symmetric structure of homooxacalix[3]arene has potential application 

in the development of a new ratiometric fluorescent chemosensor for heavy metal ions.  
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4.1 Introduction 

The Pb
2+

 ion is one of the most toxic heavy metal ions and is responsible for a range of 

adverse environmental and health problems. A variety of symptoms have been attributed to 

lead poisoning, including memory loss, anemia, muscle paralysis, and, particularly, mental 

retardation of children.
1
 Consequently, the selective signaling of Pb

2+
 is a very important 

topic in relation to the detection and treatment of this toxic metal ion in chemical and 

biological systems.
2
 Among these detection approaches for the Pb

2+
 ion, fluorescence 

spectroscopy is widely used because of its high sensitivity, simple application, and low cost.  

Calixarenes are ideal scaffolds or building blocks for the development of fluorescent 

receptors for molecular recognition via the incorporation of an appropriate sensory group. 

Therefore, many fluorescent chemosensors based on calixarenes, which show highly 

selective recognition of alkaline and alkaline-earth cations have been synthesized.
3 
However, 

fluorescent sensors for heavy metal ions, particularly ratiometric receptors for lead,
4 

have 

remained rare up to now because these metal ions are known to quench fluorescence 

emission via enhanced spin-orbital coupling,
5
 energy or electron transfer.

6
 Fluorescence 

quenching is not only disadvantageous for a high signal output during detection but is also 

undesirable for analytical purposes.
7
 Thus, it is important that the recognition of Pb

2+
 by the 

chemosensor does not quench the fluorescence. On the other hand, homooxacalix[3]arene, 

which has a basic C3-symmetric cavity and is related to both calixarenes and crown ethers, 

has attracted supramolecular chemists to make receptors for metal cations,
8
 ammonium 

cations,
9
 and fullerene derivatives.

10 

Additionally, click chemistry has attracted considerable attention recently and has been 

applied in a wide range of fields
11

 for its efficiency, regioselectivity, and compatibility with 

reaction conditions. For example, Chung and Kim et al. have incorporated triazole rings onto 

tailored calix[4]arene scaffolds as receptors and fluorescent sensors for metal ions.
12

 

Furthermore, it is well known in coordination chemistry that the complexation of lead with a 

ligand containing at least three nitrogen donor atoms is favored by the activation of the inert 

pair on the Pb
2+

 ion, leading to a shortening of the Pb-N bond length and a much stronger 

covalent bonding.
13

 Therefore, we hypothesized that suitably arranged functionalized ligand 

moieties containing nitrogen atoms attached to homooxacalix[3]arene should be a good 
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receptor candidate for lead ions. Therefore, with this in mind, we have synthesized 

compounds 1 and 2 and studied their cation-binding affinity. 

 

4.2 Results and Discussion  

The synthetic routes for fluorescent sensors 1 and 2 are described in Scheme 1. We 
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firstly synthesized 4 with 42% yield by the reaction of 3 and propargyl bromide in the 

presence Cs2CO3 in dry acetone solution. The 
1
H NMR results suggested that compound 4 

adopts a partial-cone structure (Figure 1a). Previously, Shinkai et al. established that  

 

O

O OO

O
O

O

O OO O
N

H
H HNH

H

H

O

H

H H(ax)

H(eq)

H

partial-cone -4 cone -4  

δ / ppm 1.03.04.05.07.0

(a)

(b)

 
Figure 1. (a) Partial 

1
H NMR spectra of 4 (4.0 mM) in a CDCl3/CD3CN (10:1 v/v) 

solution and (b) in the presence of 1 equiv of n-BuNH3ClO4. 

 

interconversion between conformers of 3, which occurs by oxygen-through-the-annulus 

rotation, can be sterically allowed for methyl, ethyl, and propyl groups whereas it is inhibited 

for the butyl group.
14

 However, the selective introduction of a propargyl group onto phenolic 

groups has not yet been accomplished. Thus, we first carried out the 
1
H NMR titration 

experiment of 4 with n-BuNH3ClO4 in CDCl3/CD3CN (10:1 v/v). The results indicated that 

the interconversion between cone and partial-cone conformation also takes place with a 

propargyl moiety on compound 4 (Figure 1). Most interestingly, the X-ray crystal structure 

of 4 (Figure 2) clearly revealed that there are two different conformations in the unit cell, and 

that one exhibits a classical partial-cone structure (Figure 2a) while the other exhibits an 

intermediate from partial-cone to cone structure (Figure 2b). Accordingly, fluorescent sensor 

1 can be obtained from the reaction of 4 with 1-azidomethylpyrene under standard conditions  
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Figure 2. The X-ray structure of 4 (a and b) and 6 (c) with two different conformations in the 

unit cell, hydrogen atoms are omitted for clarity. 

 

Figure 3. Fluorescence spectra of 1 (a) and 2 (b) with different concentrations in 

CH3CN/CH2Cl2 (1000:1, v/v) (a = 0.1  M, b = 0.5  M, c = 1  M, d = 2  M). 
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Figure 4. Effects of water composition on the fluorescence of 1 (a) and 2 (b) in aqueous 

organic solution. [1] = [2] = 1.0  M at 298K.  

for click chemistry with 63% yield of the cone conformation. A similar procedure was 

employed in the synthesis of chemosensor 2 from compound 5 in 75% yield. 

Dilution experiments at different concentrations of 1 and 2 indicated that the excimer 

emission resulted from the intramolecular excimer, rather than the intermolecular excimer 

(Figure 3). Using of organic solvent was unavoidable due to limited solubility 

of 1 and 2 in water. So, the fluorescent spectra properties of 1 and 2 were evaluated in 

organic solvent systems and their aqueous solutions (Figure 4). In order to have a more 

optimized condition for the realization of the peak selectivity for the targeting cations, the 

effects on the fluorescence of 1 and 2 with various metal ions in the absence and presence of 

water were systematically investigated (Figures 5-9). As shown in Figure 5b, the selectivity 

monomer emission output signal of receptor 1 for Pb
2+

 is lower obviously compared to 

receptor 2, and both receptors also still exhibited impressively recognition to Zn
2+

 by 

switching the monomer emission signal. However, from the competitive experiment for 

Pb
2+

(Figure 6). It seems that the monomer emission peak of 2•Pb
2+

 could be compromised if 

Hg
2+

, Cu
2+

 or Cr
3+ 

was present, that may be attributed to Hg
2+

 and Cu
2+

 very easily 

quenching the fluorescence of 2 in organic system (Figure 7a, and Figure 8a). Interestingly, 

when we carried out the fluorescent selective response of receptor 2 to Pb
2+

 by coexisting 

ions in the presence of small amount of water system (CH3CN/H2O/DMSO, 1000:50:1, v/v), 

the fluorescence titration experiment of Hg
2+

, Cu
2+

 with receptor 2 in aqueous organic  



Xin-Long Ni                                                                                                          Saga University, Japan 

- 75 - 

 

 
Figure 5. Fluorescence spectra of receptor 2 (a) and Fluorescence intensity changes ((I-

Io)/Io× 100%) of receptors 1 and 2 (each of 1.0 μM) (b) in CH3CN/CH2Cl2 (1000:1, v/v) at 

298 K upon addition of various metal perchlorates (20 equiv). Io is fluorescence emission 

intensity at 396 nm for free host 1 and 2, and I is the fluorescent intensity after adding metal 

ions. λex = 343 nm. 

 

 
 

Figure 6. Fluorescence responses of 2 (1.0  M) in CH3CN/CH2Cl2 (v:v = 1000:1) to 20  M 

tested metal ions (black bar) and to the mixture 20  M other tested metal ions with 20  M 

Pb
2+

 (red bar). 
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Figure 7. Fluorescence spectra of 2 (1.0  M) upon addition of increasing concentration of 

Hg
2+

 in (a) CH3CN/DMSO (1000:1, v/v) and (b) CH3CN/H2O/DMSO (1000:50:1, v/v) at 

298K;  ex = 343 nm 

 

 

Figure 8. Fluorescence spectra of 2 (1.0  M) upon addition of increasing concentration of 

Cu
2+

 in (a) CH3CN/DMSO (1000:1, v/v) and (b) CH3CN/H2O/DMSO (1000:50:1, v/v) at 

298K;  ex = 343 nm. 
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Figure 9. Fluorescence spectra of 2 (1.0  M) upon addition of increasing concentration of 

Zn
2+

 (a) CH3CN/DMSO (1000:1, v/v) and (b) in CH3CN: H2O: DMSO (1000:50:1, v/v) at 

298K;  ex = 343 nm. 

 

 
Figure 10. Fluorescence intensity changes receptor 2 (a) and (b) ((I-Io)/Io× 100) of receptors 

1 and 2 (each of 1.0 μM) in CH3CN/H2O/DMSO (1000:50:1, v/v) at 298 K upon addition of 

various metal perchlorates (30 equiv). Io is fluorescence emission intensity at 396 nm for free 

host 1 and 2, and I is the fluorescent intensity after adding metal ions. λex = 343 nm 

 

solution (Figure 7b, and Figure 8b) indicates that these metal ions are not quenching the 

monomer emission of receptor 2, and even have a slightly enhancement of monomer 

emission of both receptor 1 and 2 (Figure 10b). Moreover, at the same condition, as shown in 
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Figure 9, the selectivity output signal of the receptor 2 with Zn
2+

 have been extremly 

inhibited compared to in pure organic solvents. On the basis of these observations, the 

fluorescent behaviors of 1 and 2 toward metal ions were carried out in organic aqueous 

solution (CH3CN/H2O/DMSO, 1000:50:1, v/v). 

Figure 10 shows the fluorescence intensity changes of the monomer emission for receptors 

1 and 2 in the presence of various metal ions. As can be seen, among the metal ions tested, no 

significant spectral changes were observed upon addition of alkali metal ions; a much weaker 

response were given compared to Pb
2+

 at the same concentration for Ag
+
, Co

2+
, Ni

2+
, Hg

2+
, 

Zn
2+

and Cd
2+

, apart from Cu
2+

 where quenching was observed. The larger different 

fluorescence intensities caused by Pb
2+

 for receptors 1 and 2, relative to their monomer ratios, 

suggest that receptor 2 has a much higher affinity and selectivity toward Pb
2+

 ion. This may 

be attributed to the greater flexibility of triazole moieties on receptor 2 enabling them to 

adopt the appropriate geometry for the binding of Pb
2+

 ion. 

 

 
Figure 11. Fluorescence spectra of receptor 2 (1.0 μM) upon addition of increasing 

concentrations of Pb(ClO4)2 in CH3CN/H2O/DMSO (1000:50:1, v/v)(a) and (b) Job‟s plot of 

receptor 2 with Pb
2+

 at 298K . λex = 343 nm. 

 

The fluorescence sensing mechanisms of receptors 1 and 2 are attributed to pyrene 

moieties which form the fluorophore. These are appended to the calixarene scaffold by 

triazole groups to form a strong excimer. This results in a characteristic decrease of the 

excimer emission intensity and a concomitant increase of monomer emission intensity when 
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the triazole rings selectively bind to cations.
12c,15 

Figure 11a shows the fluorescence spectra 

of receptor 2 by addition of increasing concentrations of Pb
2+

.The fluorescence intensity of 

excimer emission of receptor 2 markedly decreased while the monomer emission intensity 

significantly increased and reached a plateau after adding about 30 equiv of Pb
2+

. Meanwhile, 

a discernible isoemissive point was observed at 429 nm. The 1:1 complex of 2•Pb
2+ 

was 

confirmed by a Job plot
16

 (Figure 11b). The association constant (Ka)
17

 was determined to be 

2.60×10
5 

M
-1

 (error <10%). Similar fluorescence titration experiments were carried out for 

1•Pb
2+

, 1•Zn
2+

, 1•Hg
2+

, 1•Cu
2+

, 2•Hg
2+

, 2•Cu
2+

, 2•Cr
3+

 2•Zn
2+

 and 2•Cd
2+

, and related 

association constant were determined (Figure 12), respectively. 

 

Table 1 

Metal ions Pb2+ Cu2+ Hg2+ Zn2+ 

 

Ka (M
-1) 

(organic) 

1.92 ×105 1.2 ×105 2.22 ×105 8.5 ×104 

Ka (M
-1) 

(organic & aqueous) 

1.12 ×105 1.33 ×105 9.37 ×104 4.95 ×104 

 

Table 2 

Metal ions Pb2+ Cu2+ Hg2+ Cr3+ Zn2+ Cd2+ 

 

Ka (M
-1) 

(organic) 

7.64 ×105 6.65 ×105 5.86 ×105 3.85 ×104 9.51 ×104 3.79 ×104 

Ka (M
-1) 

(organic & aqueous) 

1.28 ×105 1.02 ×105 9.93 ×104 1.54 ×104 2.81 ×104 1.41 ×104 

 

Figure 12. The associate constants (Ka) of receptors 1 (Table 1) and 2 (Table 2) with metal 

ions in organic solvent systems and their aqueous solutions. 
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To further investigate the selectivity for lead ions over other metal ions, interferences to 

the selective response of receptor 2 to Pb
2+

 by coexisting ions were evaluated (Figure 13), no 

significant interference in detection of Pb
2+

 were observed in the presence of other 

competitive cations. These results suggested that 2 can be used as a potential chemosensor 

for Pb
2+

 ion. 

 

Figure 13. Fluorescence responses of 2 (1.0 μM) in CH3CN: H2O: DMSO (1000:50:1, v/v) 

to 30 μM various tested metal ions (black bar) and to the mixture 30 μM tested metal ions 

with 30 μM Pb
2+

 (blue bar). Io is fluorescence emission intensity at 396 nm for free 2, and I is 

the fluorescent intensity after adding metal ions. 

 

To protect the fluorescence of an ionophore from being quenched by heavy atoms, several 

potential approaches are available:
18

 i) insulating the fluorophore from the metal by a 

particular molecular spacer; ii) separating the metal from the fluorophore by placing the latter 

some distance from the metal binding site; and iii) isolating the metal from the fluorophore 

by introducing sufficient ionophore. It is believed that the fluorescence of ionophore with 

two triazole moieties incorporated onto a tailored calixarene scaffold can be strongly 

quenched by Pb
2+

.
12

 However, for receptors 1 and 2, which depend on the C3 symmetry of 

homooxacalix[3]arene, the three nitrogen-rich triazole ligands serve as an adequate electronic 

effects to isolate lead ion from pyrene moiety and maintain the fluorescence. 
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Figure 14. The plausible complexation of 1 for Pb

2+
 ion, and partial 

1
H NMR (300 MHz) 

spectra of 1 (4.0 mM) in CDCl3/CD3CN (v/v = 10:1) upon gradual addition of Pb(ClO4)2 at 

298K. 

 

To seek further more detailed information on the binding properties of receptors 1 and 2 

with metal ions, 
1
H NMR titration experiments were carried out in a mixture of 

CDCl3/CD3CN (10:1, v/v). As shown in Figure 14, upon gradual addition of Pb
2+

 salt (0.5 

equiv) to a solution of 1, the resonances corresponding to the protons on receptor 1 were split 

into two sets of signals. Until in the presence 1 equiv of Pb
2+

, the original proton signal 

disappeared (Figure 14). This result may be attributed to the complexed and uncomplexed of 

receptor 1 with Pb
2+

 is slower than the NMR time scale, therefore, free receptor 1 and 

complex 1•Pb
2+

 are individually observed. Moreover, the significant 
1
H NMR shifted signal 

for protons b, c, d and e indicated that Pb
2+

 ion is recognized by the nitrogen atoms of 

triazole ring and oxygen atoms in the macrocycle of receptor 1.
8e

 However, in the case of the 

titration experiments for complex 2•Pb
2+

, no significant chemical shift changes of the protons 

were observed, except for the triazole ring proton Hb and OCH2-triazole linker Hc of receptor 
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2 (Figure 15). These observations suggested that only the nitrogen atoms in triazole moieties 

of receptor 2 participated to complex with Pb
2+

.
19 

 

 

Figure 15. The plausible complexation of 2 for Pb
2+

 ion, and partial 
1
H NMR (300 MHz) 

spectra of 2 (4.0 mM) in CDCl3/CD3CN (v/v = 10:1) upon gradual addition of Pb(ClO4)2 at 

298K.
 

 

4.3 Conclusions 

In summary, we have prepared a new type of fluorescent chemosensor based on 

homooxacalix[3]arene that incorporates a sufficient ionophore to avoid fluorescence 

quenching by Pb
2+

. It possesses a high affinity and selectivity for lead ions relative to most 

other competitive metal ions by enhancement of the monomer fluorescence emission of 

pyrene in organic aqueous solution. We expect that the present design strategy and the 

remarkable photophysical properties of this sensor will help to extend applications of 

fluorescent sensors for heavy metal ions. 
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4.4 Experimental Section 

4.4.1 General methods: All reagents were purchased from Aldrich and were used without 

further purification. Melting points (Yanagimoto MP-S1) were uncorrected. Proton nuclear 

magnetic resonance (
1
H NMR) spectra were recorded on a Nippon Denshi JEOL FT-300 

spectrometer. Chemical shifts are reported as δ values (ppm) relative to internal Me4Si. Mass 

spectra were obtained on a Nippon Denshi JMS-01SA-2 mass spectrometer at an ionization 

energy of 70 eV; m/z values reported include the parent ion peak. All the fluorescence spectra 

were recorded on JASCO FP-750 spectrometer. Elemental analyses were performed by 

Yanaco MT-5. Data of X-ray diffraction was collected on a Bruker Apex-2000 CCD 

diffractometer using graphite monochromated Mo Kα radiation (λ = 0.71073Å) with ω scan 

mode. Structural solution and full matrix least-squares refinement based on F
2
 were 

performed with the SHELXS-97 and SHELXL-97 program package, respectively. All the 

non-hydrogen atoms were refined anisotropically. The hydrogen atoms were generated 

geometrically. 

 

4.4.2 Materials 

The preparations of compound 3
1
 and 5

2
 were obtained following the procedures reported in 

literature. 

 

4.4.2.1. Preparation of compound 4: A solution of compound 3 (0.3 g, 0.52 mmol) and 

Cs2CO3 (1.69 g, 5.2 mmol) was refluxed for 1 h in dry acetone (15 ml). 3-bromo-1-propyne 

(propargyl bromide (0.62 g, 5.2 mmol) and dry acetone (10 ml) were added and the mixture 

refluxed for 18 h. The solvent was evaporated and the residue partitioned between 10% HCl 

and CH2Cl2. The organic layer was separated and dried (MgSO4) and the solvents were 

evaporated. The residue was dried to afford 4 as a colorless oil (0.15 g, 42%) which was 

recrystallized from CHCl3/hexane (1:3, v:v) to afford the desired product 4 as colourless 

prisms. Mp 106–108°C. 
1
H NMR (300 MHz, CDCl3) δ 1.29 (s, 18H, tBu), 1.35 (s, 9H, tBu), 

1.98 (t, 1H, J = 2.4 Hz, acetylene-H), 2.41 (t, 2H, J = 2.4 Hz, acetylene-H), 2.87 (d, 2H, 

ArO-CH2-acetylene), 4.32 (s, 4H, ArO-CH2-acetylene), 4.1–5.0 (m, 12H, ether bridge), 7.27 

(d, 2H, J = 2.4 Hz, Ar-H), 7.31 (s, 2H, J = 2.4 Hz, ArH), 7.37 (s, 2H, ArH). 
13

C NMR (75 

MHz, CDCl3) δ 31.39, 31.46, 34.26, 34.39, 60.08, 61.74, 64.25, 66.50, 69.33, 73.82, 75.04, 
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79.47, 80.05, 126.57, 128.21, 128.45, 130.14, 130.71, 131.77, 146.81, 146.93, 151.99, 

153.43. MS m/z 690 [M
+
]. Anal. Calcd for C45H54O6 (690.91): C, 78.23; H, 7.88; Found: C, 

78.48; H, 7.65. 

 

4.4.2.2. Preparation of compound 1: Copper iodide (10 mg) was added to compound 4 (120 

mg, 0.17 mmol) and 1-azidomethylpyrene (143 mg, 0.56 mmol) in 20 mL mixture of 

THF/H2O (v/v = 10:1) and the mixture was heated at 70 °C for 24 h. The resulting solution 

was cooled and extracted trice with CHCl3. The organic layer was separated and dried 

(MgSO4) and evaporated to give the solid crude product. The residue recrystallized from 

hexane/CH2Cl2 (3:1) to yield white solid (156 mg, 63%). Mp 139-141°C. 
1
H NMR (300 

MHz, CDCl3) δ 0.97 (s, 27H, tBu), 4.21 (s, 6H, ArO-CH2- triazole). 4.29 (t, 12H, J = 9 Hz, 

ether bridge), 5.75 (s, 6H, triazole-CH2-pyrene), 6.77 (s, 6H, Ar-H), 7.22 (s, 3H, triazole-H), 

7.63 (d, 3H, J = 8.1, pyrene-H), 7.79-8.0 (m, 21H, pyrene-H), 8.08 (d, 3H, J = 9.3 Hz, 

pyrene-H). 
13

C NMR (75 MHz, CDCl3) δ 31.35, 34.09, 51.723, 66.78, 69.47, 121.91, 123.39, 

124.14, 124.57, 124.67, 125.45, 125.52, 125.91, 126.01, 126.96, 127.27, 127.89, 128.60, 

128.74, 130.24, 130.85, 130.90, 131.61, 146.18, 152.07. MS m/z 1462.68 [M
+
]. Anal. Calcd 

for C96H87N9O12 (1462.77): C, 78.82; H, 5.99; N, 8.62; Found: C, 78.99; H, 6.14; N, 8.47. 

 

4.4.2.3. Preparation of compound 6: To a 10 mL of CH2Cl2 were added compound 5 (300 

mg, 0.4 mmol) and alcohol-propargyl (201.6 mg, 4.5 mmol). The mixture was stirred for 30 

min at 0 °C (ice/water bath) under N2. Then 1,3-dicyclohexylcarbodiimide (DCC) (741.6 mg, 

4.5 mmol) and 4-(dimethylamino)-pyridine (DMAP) (90 mg, 0.75 mmol) were added, and 

the mixture was stirred for 30 min at 0 °C. The cooling bath was then removed and the 

solution was stirred at room temperature. After being stirred for 72 h, the reaction mixture 

was filtered to yield a clear filtrate and washed with water and brine. The organic layer was 

dried over MgSO4, filtered, and evaporated, and the residue was washed with hexane and 

methanol to afford the white solid (232 mg, 67%). Mp 117-119°C. 
1
H NMR (300 MHz, 

CDCl3) δ 1.08 (s, 27H, tBu), 2.53 (t, 3H, J = 3 Hz, acetylene-H), 4.50 ( d, 6H, J = 12 Hz, 

ether bridge), 4.51 (s, 6H, ArO-CH2-COO), 4.84(d, 6H, J = 2.5 Hz, COO-CH2- acetylene), 

4.89 ( d, 6H, J = 12 Hz, ether bridge), 6.94 (s, 6H, Ar-H).
 13

C NMR (75 MHz, CDCl3) δ 

31.43, 34.18, 52.41, 70.32, 70.57, 75.40, 126.68, 130.91, 146.50, 152.83, 168.93. MS m/z 



Xin-Long Ni                                                                                                          Saga University, Japan 

- 85 - 

 

865.41 [M
+
]. Anal. Calcd for C51H60O12 (865.01): C, 70.81; H, 6.99; Found: C, 70.74; H, 

6.97. 

 

4.4.2.4. Preparation of compound 2: Copper iodide (10 mg) was added to compound 6 

(87.6 mg, 0.1mmol) and 1-azidomethylpyrene (87 mg, 0.32 mmol) in 20 mL mixture of 

THF/H2O (v/v = 10:1) and the mixture was heated at 70 °C for 24 h. The resulting solution 

was cooled and extracted trice with CHCl3. The organic layer was separated and dried 

(MgSO4) and evaporated to give the crude product. The residue recrystallized from CH2Cl2 

to yield a pale red solid (124 mg, 75.8%). Mp 128-129°C. 
1
H NMR (300 MHz, CDCl3) δ 

1.01 (s, 27H, tBu), 3.99 (s, 6H, ArO-CH2-COO), 4.11(d, 6H, J = 12 Hz, ether bridge), 4.48 (d, 

6H, J = 12 Hz, ether bridge), 4.91 (s, 6H, COO-CH2-triazole), 5.92 (s, 6H, triazole-CH2-

pyrene), 6.74 (s, 6H, Ar-H), 7.46 (s, 3H, triazole-H), 7.78-8.21 (m, 27H, pyrene-H). 
13

C 

NMR (75 MHz, CDCl3) δ 31.37, 34.05, 52.08, 57.63, 70.06, 70.32, 121.74, 124.13, 124.76, 

125.55, 125.67, 126.12, 126.54, 126.63, 126.98, 127.62, 128.06, 128.79, 128.96, 130.22, 

130.72, 130.84, 131.85, 146.14, 152.77, 169.32. MS m/z 1636.56 [M
+
]. Anal. Calcd for 

C102H93N9O12 (1636.88): C, 74.84; H, 5.73; N, 7.70; Found: C, 74.64; H, 5.66; N, 7.44. 

 

Crystallographic Data for 4 and 6: Recrystallized from CHCl3/Hexane (1:3). Crystal data: 

C45H54O6; M = 690.88; crystal system: monoclinic; space group: P 21/n; a = 20.996(8) Å, b = 

13.093(5) Å, c = 29.621(11) Å; α = 90.00
o
, β = 92.026(5)

o
, γ = 90.00

o
, V = 8138(5) Å3

; Z = 8; 

Dc = 1.128 g cm
-3

; Rint = 0.0627, R [I > 2σ(I)]
a
 = 0.0808, wR [I > 2σ(I)]

b 
= 0.2234 for 5673 

unique reflections. Compound 6: Recrystallized from CHCl3/Hexane (1:3). Crystal data: 

C51H60O12; M = 864.99; crystal system: monoclinic; space group: P 21/c; a = 21.681(4) Å, b 

= 10.3225(17) Å, c = 21.136(4) Å; α = 90.00
o
, β = 94.411(5)

o
, γ = 90.00

o
, V = 4716.4(13) Å3

; 

Z = 4; Dc = 1.218 g cm
-3

; Rint = 0.0630, R [I > 2σ(I)]
a
 = 0.0730, wR [I > 2σ(I)]

b 
= 0.1737 for 

5740 unique reflections. Crystallographic data (excluding structure factors) for the structure 

reported in this paper have been deposited with the Cambridge Crystallographic Data Centre 

as supplementary publication No. CCDC–794146. CCDC–807566 Copies of the data can be 

obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK 

(fax: +44 1223/336 033; deposit@ccdc.cam.ac.uk). 

 

mailto:deposit@ccdc.cam.ac.uk
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Chapter 5 

Ratiometric Fluorescent Receptors for  

Both Zn2+ and H2PO4
− Ions Based on A  

Pyrenyl-Linked Triazole Modified Homooxacalix[3]arene:  

A Potential Molecular Traffic Signal with  

an R-S Latch Logic Circuit  
 

 

 

 

 

 

 

 

 

This chapter exhibited an interesting ratiometric detection signal output for targeting cations 

and anions through switching the excimer emission of pyrene from the “on-off” to the “off-

on” type in neutral solution by using host receptor (L). 
1
H NMR titration results suggested 

that the Zn
2+

 center of receptor L•Zn
2+

 provided an excellent pathway of organizing anion 

binding groups for optimal host–guest interactions. In addition, the fluorescence emission 

changes by the inputs of Zn
2+

 and H2PO4
−
 ions can be envisioned as a combinational R-S 

latch logic circuit at the molecular level. 
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5.1 Introduction 

 Ion recognition by artificial receptors has attracted increasing attention because of the 

important roles played by ions in both environment and biological systems.
1
 For example, 

phosphate ions and their derivatives are not only noted for their important roles in signal 

transduction and energy storage in living systems,
2
 but are also responsible for the 

eutrophication of waterways.
1
 Accordingly, considerable effort has been paid to designing 

new chemosensors for the detection of phosphate ions and their derivatives over the last few 

decades,
3
 including fluorescent chemosensors for the recognition of the dihydrogen 

phosphate anion.
4
 However, due to fluorescence quenching, the dependence on organic 

solvents, or more specifically, the interference from other anions, there are still major 

challenges to be overcome in developing highly selective chemosensors for dihydrogen 

phosphate. 

Generally, receptor interactions with anions are mainly based on the use of non-covalent 

interactions, such as Coulombic forces,
5
 hydrogen bonding,

6
 ion pair

7
, π-stacking 

interactions,
8
 or through coordinative interactions with metal ions included in the ligand.

9
 

The structural and geometrical flexibility of metal-ligand complexes can provide an excellent 

way of organizing anion binding groups for optimal host–guest interactions, even in the 

presence of a competitive aqueous solution.
10

 Therefore, fluorescent sensors for anions based 

on metal-ligand complexes have appeared particularly attractive for supramolecular chemists 

due to their simplicity, high sensitivity, and high detection limits for trace chemicals 

detection.
11 

On the other hand, calixarenes are an important class of macrocyclic compounds and are 

ideal platforms for the development of cation, anion, and neutral molecule recognition.
12

 For 

example, Reinaud and co-workers reported pioneering work on a Zn(II)-calix[6]arene 

complex as a favorable selective receptor for neutral coordinating guests through charge-

dipole, hydrogen bonding, CH-π, and van der Waals interactions by combining a donor or 

acceptor site to the hydrophobic pocket.
13

 Additionally, there has been intense interest 

recently in the design and synthesis of receptors and sensors based on 1,2,3-triazole 

derivatives.
14-17

 For example, in calixarene chemistry, a copper catalyzed 1,2,3-triazole has 

been exploited by Zhao and co-workers to obtain water-soluble calix[4]arene derivatives.
14

 

More relevant to the work has been investigated by Chung and Kim et al. on the selective 
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binding of various metal cations by suitably functionalized with triazoles on calixarene 

scaffolds.
15-16 

Moreover, amongst the different fluorogenic units, pyrene is one of the most 

useful tools due to its excimer-to-monomer emission (IE/IM) is very sensitive to conformation 

change,
18,19

 Thus, utilizing the excimer vs monomer emission of the pyrene group as the 

ratiometric signal, a variety of “on-off” or “off-on” type of chemosensors have been 

successfully devised up to-date.
16,20,21

  

More recently, Kumar and co-workers reported a series of interesting ratiometric 

fluorescent sensors for heavy metal ions based on calixarenes, which further can be exploited 

as logic gates at a molecular level.
22

 Hence, given our work, these studies inspired us to use 

the complex L (Figure. 1) as a potential ion receptor and a logic circuit for molecular traffic 

signals based on binary logic. This can be accomplished through utilization of the unique 

fluorescent behavior of pyrenes based on the C3-symmetric structure of the 

homooxacalix[3]arene. Against this background, we report here the fluorescent property of L 

and the selective fluorescent behavior toward targeting cations and anions by utilizing the 

ratiometric signal of the excimer/monomer emission (IE/IM) of the pyrene moiety from the 

“off” to the “on” . 

 

 

Figure 1. (a) Molecular structure of L. (b) Fluorescence spectra of L (1.0 μM) upon addition 

of increasing concentrations of Zn(ClO4)2 in CH3CN/CH2Cl2 (1000:1, v/v) at 298K. λex = 343 

nm. 
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5.2 Results and Discussion 

Host ligand (L) (Figure 1) was recently reported to have excellent affinity and was highly 

selective for the Pb
2+

 ion by enhancement of the monomer emission of pyrene in an 

organic/aqueous solution.
23

 However, it should be noted that L also exhibits an impressive 

monomer signal output at larger equivalents of Zn
2+

 in pure organic solvents. The 

fluorescence spectra of L with increasing concentrations of Zn
2+

, is depicted in Figure. 1b. It 

can be seen that both the monomer and excimer emissions of L appeared at the maximum 

emission wavelengths of 396 and 485 nm, respectively. The fluorescence intensity of the 

excimer emission of L gradually decreased (“on-off”) and was accompanied by enhancement 

of the monomer emission as the concentration of Zn
2+

 increased in the CH3CN/CH2Cl2 

(1000:1, v/v). Meanwhile, a discernible isoemissive point was observed at 431 nm. A Job 

plot
23

 for the binding between L and Zn
2+

 shows a 1:1 stoichiometry, and the association 

constant
23

 of complex L•Zn
2+

 was determined to be 9.51 ×10
4
 M

‒1
. As mentioned in our 

previous work, the monomer emission of the complex L•Zn
2+

could be strongly inhibited in 

an organic/aqueous solution. Therefore, in order to have more reasonable/optimal conditions 

for the recognition of peak selectivity for the targeting anions, the effects on the fluorescence  

 

 

Figure 2. (a) Effects of different water content on the fluorescence of receptor L•Zn
2+

 

(CH3CN/CH2Cl2, 1000:1, v/v); (b) Fluorescence spectra of receptor L•Zn
2+

 in aqueous 

organic solution (CH3CN/CH2Cl2/H2O, 1000:1:50, v/v) upon addition of increasing 

concentrations of TBAH2PO4 in acetonitrile solution at 298 K. λex = 343 nm. 
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of L•Zn
2+ 

with various compositions of water were systematically evaluated (Figure 2). On 

the basis of these observations, the fluorescent behavior of L•Zn
2+ 

toward anions was studied 

in the presence of small amounts of water, such as the environment of CH3CN/CH2Cl2/H2O 

(1000:1:5, v/v). 

 

 

Figure 3. Fluorescence spectra of receptor L•Zn
2+

 in solution (CH3CN/CH2Cl2, 1000:1, v/v) 

upon addition of various anions as their tetrabutylammonium salts
 
in aqueous solution at 298 

K. λex = 343 nm. 

 

The fluorescence intensity changes of the monomer and excimer emissions of L•Zn
2+

 

([L]/[ Zn
2+

] = 1:50, [L] = 1.0 M) upon addition of various anions, viz F
−
, Cl

−
, Br

−
, I

−
, 

CH3COO
−
, NO3

−
, and H2PO4

− 
(40 M), determined as their tetrabutylammonium (TBA) salts 

in aqueous solution, are summarized in Figure 3. We found that upon excitation into the 

pyrene fluorophore at 343 nm, 67% enhancement of the excimer fluorescence intensity was 

observed upon addition of about 40 equiv of H2PO4
−
 compared to that of only complex 

L•Zn
2+

. Slight monomer and excimer emission quenching was observed upon interaction 

with the other tested anions (Figure 3). These results suggested that complex L•Zn
2+

 has a 

high selectivity for the H2PO4
−
 anion by enhancement of the excimer emission of pyrene. The 

selectivity of L•Zn
2+

 for the H2PO4
−
 over other anions can be attributed to the C3 symmetric 

structure of L, and the strong electrostatic effects of Zn
2+

 to the phosphate unit.
3m, 10

 In order 

to further evaluate the effect on the fluorescent selectivity for the H2PO4
−
 anion in the 

absence and presence of Zn
2+

 cation, the fluorescence spectra of L upon addition of various 
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anions was carried out under the same conditions. The small fluorescence intensity changes 

of the monomer and excimer emissions indicated that the Zn
2+

-center of receptor L•Zn
2+

 

plays a key role in the selectivity for H2PO4
−
 anion (Figure 4).  

 

 

Figure 4. Fluorescence spectra of receptor L in solution (CH3CN/CH2Cl2, 1000:1, v/v) upon 

addition of various anions as their tetrabutylammonium salts
 
in aqueous solution at 298 K. λex 

= 343 nm. 

 

 

Figure 5. (a) Fluorescence spectra of receptor L•Zn
2+

 upon addition of increasing 

concentration of TBAH2PO4 in CH3CN/CH2Cl2/H2O (1000:1:5, v/v); (b) Bensei-Hilderbrand 

plot of L•Zn
2+

 with varied concentrations H2PO4
−
 at 298K. λex = 343 nm. 

 

Figure 5a illustrates the fluorescence titration experiments of receptor L•Zn
2+

 with the 

H2PO4
−
 anion in neutral solution. No shift on the maximum of monomer and excimer 
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emissions of pyrene moiety were observed upon the addition of H2PO4
−
 anion with excitation 

wavelength at 343 nm, However, when increasing concentrations of H2PO4
−
 were added to 

the solution of L•Zn
2+

, the fluorescence intensity of the monomer emission of pyrene 

gradually decreased and the accompanying excimer emission increased (“off-on”), and 

reached a plateau on adding about 40 equiv of H2PO4
−
 anion. A discernible isoemissive point 

appeared at 447 nm. The association constant
24

 of L•Zn
2+

 with H2PO4
−
 was calculated to be 

1.01×10
5
 M

‒1
 (Figure 5b). Interestingly, when addition of increasing concentrations of Zn

2+
 

to the solution of L•H2PO4
−
 (Figure 6a), which also have a similar selectivity signal output 

with the absence of H2PO4
−
, and the association constant was determined to be 4.38 × 10

4
 

M
‒1

 (Figure 6b). Thus, based on above observations, a multiple fluorescent chemosensor for 

Zn
2+

 ion and H2PO4
−
 anion, which works by switching the ratiometric signal of IE485/IM396 

from the “off” (Figure 7a) to the “on” (Figure 7b) has been constructed and evaluated. The 

detection limit of the receptor was carried out using fluorescence intensity titration against 

various concentrations of Zn
2+

 ion and H2PO4
−
 anion. Therefore, the detection limit reached 

1.66 × 10
‒7

 M for Zn
2+

 ion (Figure 8a) and 1.52 × 10
‒7

 M for H2PO4
−
 anion (Figure 8b), 

respectively. 

 

 

Figure 6. (a) Fluorescence spectra of L•H2PO4
−
 ([L] = 1.0 M, [H2PO4

−
] = 40 M) in 

CH3CN/CH2Cl2 (1000:1, v/v) upon addition of increasing concentrations of Zn
2+ 

(0-100 M) 

in acetonitrile solution; (b) Stern‒Volmer plot of L•H2PO4
−
 with varied concentrations of 

Zn
2+

 at 298K. 
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Figure 7. Ratiometric signal changes of IE485/IM396: (a) upon addition increasing 

concentrations of Zn
2+

 in L (1.0 M) solution (CH3CN/CH2Cl2, 1000:1, v/v); (b) upon 

addition increasing concentrations of H2PO4
−
 in L•Zn

2+
 ([L]/[ Zn

2+
] = 1:50, [L] = 1.0 M) 

solution (CH3CN/CH2Cl2/H2O, 1000:1:5, v/v) at 298K. λex = 343 nm. 

 

 

 

Figure 8. (a) Plot of fluorescence intensity change (396 nm) of L with varied concentrations 

of Zn
2+

; (b) Plot of fluorescence intensity change (485 nm) of L with varied concentrations of 

H2PO4
‒
 at 298K. The limit of detection of Zn

2+ 
 and H2PO4

‒
 was calculated to be 1.66 × 10

‒7
 

M, 1.52 × 10
‒7

 M , respectivity, by the formula (3σ/K). 

 

To further evaluate the analytical application of the receptor L•Zn
2+

 as a probe for the 

H2PO4
−
 anion, an estimation of the interference to the selective response of receptor L•Zn

2+
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for H2PO4
−
 was conducted in the presence of other anions (Figure 9). The fluorescence 

intensity was almost identical of that obtained in the absence of other anions, indicating that 

the receptor L•Zn
2+

 can be used as a selective chemosensor for the H2PO4
−
 anion. 

 

 

 

Figure 9. Fluorescence responses of receptor L•Zn
2+

 to 40 μM various tested anions (black 

bar) and to the mixture 40 μM tested anions with 40 μM H2PO4
−
 (blue bar). Io is fluorescence 

emission intensity at 485 nm for free receptor L•Zn
2+

, and I is the fluorescent intensity after 

adding anions at 298 K. λex = 343 nm. 

 

In an effort to gain more detailed information on the interactions between L•Zn
2+

 and the 

H2PO4
−
 anion, 

1
H NMR spectroscopic studies were carried out in CDCl3/CD3CN (10:1, v/v). 

The spectral differences are shown in Figure 10. In the presence of 1.0 equiv of Zn
2+

, for 

example, the peak of the proton Hb on the triazole ring is shifted downfield by 0.05 ppm from 

 7.51 to 7.56 ppm, whereas the OCH2-triazole linker proton Hc and the Ha proton proximal 

to the pyrene are shifted upfield by 0.17 ppm and 0.12 ppm, respectively. Compared to the 

complex L•Pb
2+

,
23

 these spectral changes especially the smaller downfield chemical shift of 

triazole proton Hb suggest that the Zn
2+

 ion of the complex L•Zn
2+

 may be located in the 

negative cavity formed by the nitrogen-rich triazole ligand and the carbonyl group. These 

results are also fully in line with the fluorescence spectra changes (Figure 1b), which were 

observed for the complex L•Zn
2+

. In particular, the coordination force of the Zn
2+

 ion would 

prevent the three pyrene moieties from maintaining π-π stacking for the excimer emission, 
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and instead leads to a concomitant increase of the monomer emission of the pyrene in the 

fluorescence spectra. However, as increasing concentrations of TBAH2PO4 were added to the 

solution of L•Zn
2+

, it was noted that the peak for proton Hb undergoes a larger downfield  

 

 
 

Figure 10. The proposed structure of L•Zn
2+

 for H2PO4
−
 anion, and partial 

1
H NMR spectra 

of L (5.0 mM), L•Zn
2+

 (1.0 eq.), and increasing concentrations of H2PO4
−
 anion in 

CDCl3/CD3CN (10:1, v/v) at 298 K. 

 

shift compared to that for L•Zn
2+

 ( = 0.16 ppm), suggesting that maybe only the nitrogen 

atoms of the three triazole groups of L are involved in binding with Zn
2+

 in the presence of 

H2PO4
−
 anion.

25
 The protons Hc exhibit a gradual downfield shift rather than an upfield shift 

( = 0.19 ppm), which can be attributed to hydrogen binding of Hc with the oxygen atoms 

of H2PO4
−
 anion.

26
 The downfield chemical shift of the proton Ha ( = 0.18 ppm) is due to 
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its proximity to the pyrene excimer moiety. These results suggested that the receptor L•Zn
2+

 

and the H2PO4
−
 anion not only have strong coordination and electrostatic interactions, but 

also have strong hydrogen bonding interactions. As a result, the ratiometric signal of 

IE485/IM396 of complex L•Zn
2+

 changes from the “off” to the “on” upon addition of increasing 

concentrations of H2PO4
−
 ion, which can be characterized as decreasing the monomer 

emission with a concomitant increase of the excimer emission of the pyrene moiety. The 1:1 

ratio of receptor L•Zn
2+

 with H2PO4
−
 was confirmed by 

1
H NMR titration curves (Figure 11). 

 

 

Figure 11. 
1 

H NMR titration curves showing 1:1 ration of H2PO4
−
 with L•Zn

2+
 based on 

chemical shift changes in the OCH2-triazole and CH2 –pyrene signals of receptor L•Zn
2+

. 

 

Figure 12. Intermolecular hydrogen binding between the protons and the carbonyl group in 

the X-ray structure of homooxacalix[3]arene-triacid-(O-propargyl). 
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Basically, in the design of anion receptors based on multiple hydrogen bonds, it is 

necessary to use complementary acceptor and donor patterns. In the host compound L, 

although some potential suitably hydrogen bonds acceptor (carbonyl) and donor (methylene 

proton Hc) were attached (Figure 12), the result of Figure 4 indicated that these anion binding 

sites do not selectively recognize anions efficiently in the absence of Zn
2+

 ion, and the 
1
H 

NMR titration experimental results further suggested that the Zn
2+

-center of receptor L•Zn
2+

 

provides an excellent pathway of organizing anion binding groups for optimal host–guest 

interactions in the present system.  

As mentioned previously, there is considerable current interest in the development of 

supramolecular system which can behave as molecular logic gates.
27-33

 These systems 

convert the chemically encoded information as input and optical signals as output, such as 

absorptions, fluorescence and redox potential in response to a particular input, which results 

in the development of molecular level electronic and photonic devices for information 

processing and computation.
27

 According to these observations, we can utilize the present 

system here to develop a simple but efficient logic circuit for a molecular traffic signal
33

 with 

the help of binary logic based on an INHIBIT and OR gate by using Zn
2+ 

and H2PO4
−
 ions as 

the chemical inputs. 

The two chemical inputs of Zn
2+ 

and H2PO4
−
 ions are designated as Input A and Input B, 

respectively, and considered as “1” when they are present and “0” if they are absent. Binary 

digits (1 or 0) can be used to represent the two states “On or Off” of each signal (Table 1). 

The output signals were measured as fluorescence emissions at 396 nm and 485 nm of the  

 

 

Table 1. Truth table for memory unit for two input signals Input A and Input B, where 1 and 

0 indicate On and Off siganl; Out 1: monomer emission at 396 nm; Out 2: excimer emission 

at 485 nm. 
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receptor L, respectively, being “1” when fluorescence emission is high and “0” when 

fluorescence emission is low. The input and output strings of reversible “On-Off” switches 

with combination of Zn
2+ 

and H2PO4
−
 ions, are illustrated in truth table 1. The truth table 

values for output 1 at 396 nm give an INHIBIT logic gate, which is a combination of an 

AND gate with a NOT logic function at one of its inputs (Figure 13a). The truth table values 

for output 2 at 485 nm display different communication of input signals, the sequential logic 

circuit of excimer emission representing the Set/Reset element corresponds to the memory 

device (Figure 13a). The memory unit can be demonstrated in the feedback loop (Figure 13b) 

in which one of the device acts as input. 

 

 

Figure 13. (a) Sequential logic circuit with the memory unit; (b) feedback loop with 

reversible logic operations for memory element with “Write-Read-Erase-Read” functions. 

 

This behavior is extensively used in microprocessor for memory elements of integrated 

logic circuits. The sequential logic operations are presented by two inputs: Reset (Input A) 

and Set (Input B) (R-S Latch Logic circuit)
33,34 

as a function of memory element. The 
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reversible and reconfigurable sequences of Set/Reset logic operations in a feedback loop 

demonstrate the memory feature of a “Write-Read-Erase” system with the output signals at 

the excimer and monomer emissions (Figure 13b). For the first input sequence, the addition 

of input A (Zn
2+

) followed by input B (H2PO4
−
) leads to increased fluorescence emission of 

the excimer at 485 nm (Figure 5a) and output 2 was “1” (On state), the stored information 

was “written” by the Set input. On reversal of the input sequence, the addition of input B 

(H2PO4
−
) followed by input A (Zn

2+
) gave a quenched fluorescence emission of the excimer 

at 485 nm (Figure 6a) and output 2 was “0” (Off state), and the stored information was 

“erased” by the Reset input. 

 

 

Figure 14. A sequence dependent traffic signal color based on R-S Latch Logic circuit. 

 

With the above analysis, it should be noted that a simple but efficient logic circuit for 

molecular traffic signal could be constructed. For the first input sequence (Figure 14, 1), “A” 

followed by “B” give excimer emission “On” at 485 nm (Out 2, read), which can be designed 

as a red signal, and controls the traffic to stop. When the input sequence is reversed (Figure 

14, 2), namely, the first input is “B” and then “A”, fluorescence emission at 396 nm for 

monomer is “On” (Out 1, read). Thus, this sequence can be designed as a green signal to 

direct the traffic to move. 
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5.3 Conclusions 

In summary, we have developed a new type of fluorescent sensor based on a pyrene-linked 

triazole-modified homooxacalix[3]arene with a C3 symmetric structure, which displayed 

ratiometric selectivity for Zn
2+ 

and H2PO4
−
 ions in neutral solution. This system exhibited a 

novel detection signal output for targeting cations and anions through switching of the 

excimer emission of pyrene from the “on-off” to the “off-on” type. Thus, it is believed that 

this receptor will have a role to play in the sensing, detection, and recognition of Zn
2+ 

and 

H2PO4
−
 ions. In addition, a simple but efficient logic circuit for a molecular traffic signal in 

the help of binary logic based on an INHIBIT and OR gate by using Zn
2+ 

and H2PO4
−
 ions as 

chemical inputs has been constructed and evaluated. Further investigations of this strategy 

are currently ongoing. 

 

5.4 Experimental Section 

General. All melting points (Yanagimoto MP-S1) are uncorrected. NMR spectra were 

determined at 300 MHz with a Nippon Denshi JEOL FT-300 spectrometer using Me4Si as an 

internal reference: J values are given in Hertz. All the fluorescence spectra were recorded on 

a JASCO FP-750 spectrometer. Mass spectra were obtained on a Nippon Denshi JMS-01SG-

2 mass spectrometer at ionization energy of 70 eV using a direct inlet system through GLC. 

Elemental analyses were performed by Yanaco MT-5. 

Zn
2+

 titration of L solution determined by fluorescence. The fluorescent titration 

experiment of L was investigated by adding increasing concentrations of Zn(ClO4)2 (50 μL) 

(3 mM in CH3CN solution) to 3 mL of L solution (1.0 μM in CH3CN/CH2Cl2, 1000:1, v/v) in 

a cuvette. The spectra were recorded immediately after mixing. The excitation wavelength 

was 343 nm. 

Selective fluorescent response of L•Zn
2+

 to various anions. The fluorescent response of 

L•Zn
2+

 to different anions was investigated by addition of 50 μL Zn(ClO4)2 (3.0 mM
 
in 

CH3CN) to 3 mL of L solution (1.0 μM in CH3CN/CH2Cl2, 1000:1, v/v) in a cuvette over 1 h. 

The experiment was then further carried out by addition of 20 μL anion aqueous solution (6.0 

mM) to the L•Zn
2+

 solution. The fluorescence spectra were recorded immediately after 

mixing. The excitation wavelength was 343 nm. 
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H2PO4
− 

titration of L•Zn
2+

 solution determined by fluorescence spectra. The fluorescent 

response of L•Zn
2+

 was investigated by addition of 50 μL Zn(ClO4)2 (3.0 mM
 
in CH3CN 

solution) to 3 mL of L solution (1.0 μM in CH3CN/CH2Cl2, 1000:1, v/v) in a cuvette over 1 h. 

Then the experiment was further carried out by addition of increasing concentrations of 

TBAH2PO4 (20 μL) aqueous solution (6.0 mM) to the L•Zn
2+

 solution. The fluorescence 

spectra were recorded immediately after mixing. The excitation wavelength was 343 nm. 

Water
 
titration of L•Zn

2+
 solution determined by fluorescence spectra. The fluorescent 

response of L•Zn
2+

 was investigated by addition of 50 μL Zn(ClO4)2 (3.0 mM
 
in CH3CN) to 

3 mL of L solution (1.0 μM in CH3CN/CH2Cl2, 1000:1, v/v) in a cuvette over 1 h. Then the 

experiment was further carried out by addition of increasing compositions of aqueous 

solution to the L•Zn
2+

 solution. The fluorescence spectra were recorded immediately after 

mixing. The excitation wavelength was 343 nm. 

H2PO4
− 

titration of L•Zn
2+

 in organic aqueous solution determined by fluorescence 

spectra. Based on the obtained solution of L•Zn
2+

 with 5% water composition in a cuvette. 

Further experiment was carried out by addition of increasing concentrations of TBAH2PO4 

(25 μL) in acetonitrile solution (6.0 mM). The fluorescence spectra were recorded 

immediately after mixing. The excitation wavelength was 343 nm. 

Selective fluorescent response of L to various anions. The fluorescent titration experiment 

of L (1.0 μM in CH3CN/CH2Cl2, 1000:1, v/v) was investigated by addition of 20 μL anion 

aqueous solution (6.0 mM). The spectra were recorded immediately after mixing. The 

excitation wavelength was 343 nm. 

1
H NMR titration experiments of L, L•Zn

2+
, and L•Zn

2+
 with H2PO4

−
. The 

1
H NMR 

titration experiment was investigated by addition 10 μL of Zn(ClO4)2 (2.5 10
-1

 M) to the 

solution of L (CDCl3/CD3CN, 11:1, v/v) (5  10
‒3

 M) in NMR tube (490 μL). Then further 

experiment was carried out by addition of increasing concentrations of TBAH2PO4 in 

acetonitrile solution (2.5 10
‒1

 M). The spectra were recorded after mixing and the 

temperature of the NMR probe was kept constant at 298K. 
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Summary 

Calixarenes are an important class of macrocyclic compounds and are ideal platforms for 

the development of cation, anion, and neutral molecule recognition. For example, a series of 

work on metal ligand-calixarene complex as a favorable selective receptor for neutral 

coordinating guests through charge-dipole, hydrogen bonding, CH-π, and van der Waals 

interactions by combining a donor or acceptor site to the hydrophobic pocket. 

On the other hand, Cations and anions recognition by artificial receptors has attracted 

increasing attention because of the important roles played by ions in both environment and 

biological systems. Among of metal ions, Heavy metal ions are of great attention, not only 

due to the fact that some heavy metal ions play important roles in living systems, but also for 

they are very toxic and hence capable of causing serious environmental and health problems. 

Therefore, the development of increasingly selective and sensitive methods for the 

determination of heavy metal ions is currently receiving considerable attention. Many 

approaches such as atomic absorption, ICP atomic emission, UV-vis absorption, and 

fluorescence spectroscopy have been employed to detect low limits. Among these methods, 

fluorescence spectroscopy is widely used because of its high sensitivity, facile operation, and 

low cost. Furthermore, the photophysical properties of a fluorophore can be easily tuned 

using a range of routes: charge transfer, electron transfer, energy transfer, the influence of the 

heavy metal ions, and the destabilization of nonemissive n-π* excited states. 

Fluorescent chemosensors for anions and cations have proven popular, but those for many 

heavy metal ions such as Pb(II), Hg(II), Fe(III), Cu(II), and Ag(I) present challenges because 

these cations often act as fluorescence quenchers due to reverse PET or heavy atom effect. 

Such as Cu(II) is a typical ion that causes the chemosensor to decrease fluorescent emissions 

due to quenching of the fluorescence by mechanisms inherent to the paramagnetic species. 

Such decreased emissions are impractical for analytical purposes because of their low signal 

outputs upon complexation. 

Thus, against this background, several kinds of fluorescent chemosensors for heavy metal 

ions and anions were designed and synthesized based on calixarene in this dissertation. The 

sensitivity and selectivity properties of these receptors to the target analyte were carefully 

evaluated. 
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In chapter 1, a shortly review of the recently development of fluorescent receptors for 

cations and anions based on calixarene. While many prospects of fluorescent receptors for 

ions by utilizing the unique topology of calixarenes, which enabling them to encapsulate 

many different gust, have been demonstrated. Such as fluorescent recognition for cations: 

Cu
2+

, Pb
2+

, Hg
2+

, Zn
2+

 and anions: F
‒
, Cl

‒
, H2PO4

‒
 and so on. However, it should be noted 

that there are relativity few example of receptors for ions with ratiometric enhancement of 

fluorescence. Because fluorescence quenching is not only disadvantageous for a high signal 

output during detection but is also undesirable for analytical purposes. 

With this in mind, in chapter 2, 1,3-alternate-1,2,3-triazole based on thiacalix-[4]arene, 

1,3-alternate-1 and 2 have been synthesized, due to click chemistry has attracted 

considerable attention recently and has been applied in a wide range of fields for its 

efficiency, regioselectivity, compatibility with reaction conditions and especially for its 

ions binding ability. 1,3-alternate-1 have been first determined by means of X-ray analysis, 

which suggested that the nitrogen atom N3 on triazole ring can act as hydrogen bond 

acceptors in the self-assembly of a supramolecular structure. The fluorescence spectra 

changes of 1,3-alternate-2 indicated that the thiacalix[4]arene bearing 1,2,3-triazole groups 

was highly selective for Ag
+
 in comparison with other tested metal ions by enhancement of 

the monomer emission of pyrene. The 
1
H NMR results indicated that Ag

+ 
can be selectively 

recognized by the triazole moieties on the receptors 1 and 2 together with the ionophoricity 

cavity formed by the two inverted benzene rings and sulfur atoms of the thiacalix[4]arene. 

Following the same interest, in chapter 3, thiacalix-[4]arene based 1,3-alternate-3 and 

mono triazole attached reference compound 4 have been further obtained. The fluorescence 

spectra changes suggested that chemosensors 3 was highly selective for Ag
+
 over other 

metal ions by enhancing the monomer emission of pyrene in neutral solution same as 

receptor 2. Other heavy metal ions, such as Cu
2+

, and Hg
2+

 quench both the monomer and 

excimer emission of pyrene acutely. However, the fluorescent intensity of compound 4 was 

not obviously changed upon addition of Ag
+
 ion and other metal ions, except in the cases of 

Hg
2+

, and Cu
2+ 

ions, where acute quenching was observed. These results indicated that the 

fluorescent sensitive and selective binding of Ag
+
 ion requires the coordination of two 

triazole rings. 

In chapter 4, A new type of fluorescent chemosensor based on pyrene-linked triazole-
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modified homooxacalix[3]arene 1 and 2 were developed. The fluorescent sensor 2 was 

highly selective for Pb
2+

 in comparison with other metal ions tested by enhancement of the 

monomer emission of pyrene by utilizing the C3 symmetric structure of 

homooxacalix[3]arene. This provided sufficient ionophore to avoid fluorescence quenching 

by Pb
2+

. The 
1
H NMR results suggested that Pb

2+
 ion is recognized by the nitrogen atoms 

of triazole ring and oxygen atoms in the macrocycle of receptor 1, However, in the case of 

complex 2•Pb
2+

, no significant chemical shift changes of the protons were observed, except 

for the triazole ring proton, these observations indicated that only the nitrogen atoms in 

triazole moieties of receptor 2 participated to complex with Pb
2+

. 

In chapter 5, following the experimental results of chapter 4, with the unique structure of 

fluorescent receptor 2, we utilized complex 2•Zn
2+

 as a receptor for recognition of H2PO4
−
. 

This system exhibited an interesting ratiometric detection signal output for H2PO4
− 

through 

switching the excimer emission of pyrene from the “on-off” to the “off-on” type in neutral 

solution. Fluorescence spectra and 
1
H NMR titration results suggested that the Zn

2+
 center 

of receptor 2•Zn
2+

 provided an excellent pathway of organizing anion binding groups for 

optimal host–guest interactions. It is thus believed that this receptor has potential 

application in sensing, detection, and recognition of both Zn
2+

 and H2PO4
−
 ions with 

different optical signals. Furthermore, the fluorescence emission changes by the inputs of 

Zn
2+

 and H2PO4
−
 ions can be envisioned as a combinational R-S latch logic circuit at the 

molecular level. 

In summary, several kinds of fluorescent chemosensors for heavy metal ions and anions 

were designed and synthesized based on the unique topology of thiacalix[4]arene and 

homooxacalix[3]arene. Both novel structures provided sufficient ionophore to avoid 

fluorescence quenching by heavy metal ions. We expect that the present design strategy and 

the remarkable photophysical properties of these chemosensors will help to extend 

applications of fluorescent sensors based on calixarenes for heavy metal ions and anions. 
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