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 A new chromogenic sensor 1,3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole (9) 

was successfully synthesized and characterized by spectroscopic methodes. Anion binding 

abilities of ligand 9 was studied by UV-vis spectrophotometry and their color changes. 

Ligand 9 was found to bind  F-, AcO-, BzO- and  H2PO4
- to a different extent which ascribed 

to the internal charge transfer occurred upon deprotonation by anions.  Then ligand 9 could 

be discriminate F-, AcO-, BzO- and H2PO4
- which have same basicity but different in their 

sizes and shapes. Ligand 9 also showed highly selective binding with Ca2+ using 

azocalix[4]crownether as a metal chelating unit. Ligand 9 has shown no binding situation 

with the ion-pair CaF2 by using 1H-NMR spectroscopy. A series of F-, AcO-, BzO- and  

H2PO4
- were titrated into the solution of complex  9Ca2+ to study  ion pair binding properties 

of ligand 9. In case of, AcO- and BzO- were found to induce a bathochromic shift in the 

spectrum of complex 9Ca2+ but  F- and H2PO4
- gave back the spectrum of the free ligand 9. 

1,3-Di-p-nitrophenylazo-calix[4]diacetophenone  (7) which was lack of the calix[4]pyrrole 

unit was used to compare the binding abilities with ligand 9. Ligand 7 showed no internal 

charge transfer upon complexing with anions and gave different ion-pair binding as 

compared to ligand 9.  
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Supramolecular chemistry 

 

Research in the area of supramolecular chemistry which may be defined as 

“chemistry beyond the molecule” [1] is now an interesting branch of chemistry. These 

molecular systems result from the association of two or more chemical species held 

together by intermolecular forces, not by covalent bonds. Supramolecular chemistry is 

thermodynamically less stable, kinetically more labile and dynamically more flexible 

than ordinary molecules.  

Supramolecular chemistry may be divided into two broad categories, 

supermolecules and supramolecular assemblies. Supermolecules come from 

intermolecular association of a few components. Supramolecular assemblies are 

polymolecular entities that result from the spontaneous association of a large number of 

components into a specific phase having more or less well-defined microscopic 

organization and characteristic. The development of supramolecular chemistry has led to 

a growing interest in the design and synthesis of macrocyclic molecules incorporating 

intermolecular cavities. 

 

1.2 Molecular recognition 

 

Molecular recognition is a critical component of intermolecular processes, 

including enzyme-substrate recognition, receptor-ligand binding, molecular self-

assembly, and chemical sensing. The design of new hosts and/or guests is essential for 

providing insight into the factors governing molecular recognition and for preparing new 

materials with desirable properties. 

Basically, molecular recognition is defined by energy and information involved in 

the binding and selection of substrate(s) by a given receptor molecule containing a 

specific function. Sometime, this idea is described as “Lock and Key” principle 
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(Figure1.1) [2]. The arrangement of binding sites in the host (lock) is complementary to 

the guest (key) both sterically (structurally) and electronically. 

 

 

 

Figure 1.1 Supramolecular chemistry and molecular recognition represented by “Lock 

and Key” principle [2]. 

 

 Molecular receptors are defined as organic structures held together by covalent 

bonds, that are able to bind ionic or molecular substrates (or both) by means of various 

intermolecular interactions such as electrostatic interaction, ion-dipole interaction, dipole-

dipole interaction, hydrogen bonding, - stacking interaction, cation- interaction, 

hydrophobic effects and close packing in the solid state, leading to an assembly of two or 

more species [3]. Design of receptor molecules depends on numerous types of 

complementary between host and guest such as geometry, size and electron cloud and 

interactions. Moreover, the large contact area and multiple interaction sites which lead to 

the strong overall bindings are also effected [1]. Molecular recognition can be divided 

into neutral substrate recognition, [4] cation recognition, [5, 6] and anion recognition [7-

10]. 

 Supramolecular chemists hope to probe fundamental aspects of molecular 

recognition through design and synthesis of completely artificial receptors, followed by 

examination of the structures and stabilities of artificial receptors and their complexes. 

Application of these kinds of synthetic receptors can be used in a number of areas, such 
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as medical analysis, detection of toxic compounds in environments, development of 

biosensors, separation of mixtures of compounds, including separation of enantiomers. 

 

1.3 Cation receptors 
 

Recognition of cation is one of the most interesting subjects in recent years. Due 

to various metal ions belong to metalloenzyme or it is well known that some heavy metal 

ions are toxic for organism, and early detection in the environment is desirable [11]. 

Some of many applications of cationic receptors are to get rid of metallic 

pollutants in the environment and to study a metal ion playing an important role in living 

systems. Over the last two decades, the search for new material as chemical receptor for 

metal ion has been an area of rapid development. Many molecular platforms such as 

crown ethers, [12, 13] cryptands, [14] cyclodextrins, [15] porphyrins [16] and calixarenes 

[17] are used to construct well-defined structures. Especially, attention has been paid on 

calixarene since it has binding ability toward alkaline and alkali earth metal ions that play 

various important roles in biochemistry and environmental science. A principle in the 

design of artificial receptors is based on using the proper binding sites and a proper cavity 

size. Their chemistry mainly depends on the hard-soft acid-base concept [18]. Ion-ion 

interactions, ion-dipole interactions and cation- interactions play important roles in this 

kind of chemistry [1, 2]. 

 

1.4 Anion receptors 
 

The design and synthesis of anion receptors possessing high affinity and adequate 

selectivity for various targeted substrates are also one of the most interesting subjects in 

recent year‟s which represents an ongoing challenge in the area of supramolecular 

chemistry. Anion recognition is often affected by hydrogen bonding interaction. Such 

interaction is weak which is one of the reasons that anion recognition is more challenging 

to achieve than cation complexation [19, 20]. Appreciated as being more difficult to 

achieve than cation recognition, this challenge continues to attract the attention of the 



4 
 

researchers within the molecular recognition community due to the important roles of 

anions play in various biological as well as environmental systems. 

Compare to relatively well-developed cation receptors, [21] development of anion 

receptors is only emerging as a research area of significant importance [22]. The slow 

development of anion recognition can be related to some inherent differences between 

anions and cations:[23] 

i. Anions are relatively large and therefore require (macrocyclic) receptors with a 

much larger binding site. The smallest anion, F-, has the same ionic radius (1.33 

Å) as a moderate size cation (K+). 

ii. Anions have many different shapes, e.g., spherical halides, linear SCN-, trigonal 

planar NO3
-, and tetrahedral H2PO4

-. 

iii. Anions are more strongly hydrated than cations of equal size, whereas   the 

solvation by organic solvents is generally less favorable. 

iv. Several anions are presented only in a narrow pH window, e.g., H2PO4
-, and CO3

2- 

anions in acidic and basic environment, respectively. 

 

 1.5 Ditopic receptors 

 

The design of receptors for cations, and more recently anions, is a continuing 

challenge to supramolecular chemists. As its name, a ditopic receptor contains two 

binding cavities. These two cavities are probably for either the same or different ions. In 

the case that ditopic receptors are designed for two alkaline cations, [24] two transition 

metal cations, [25-27] or one organic salt with the same ends, [28-30] they are defined as 

“homoditopic receptors”. On the other hand, the receptors for alkaline earth cation-

transition metal cation, [31] alkaline cation-anion, [32-34] transition metal cation-anion 

[35-36] or organic ion-pair [37] are categorized as “heteroditopic receptor”. [38] 

The simultaneous complexation of cationic and anionic guest species by 

heteroditopic multisite receptor named “ion-pair recognition” is a new field of 

supramolecular chemistry which is the interface of cation and anion coordination [39]. 

The basic approach to develop receptors that recognize the salt as an associated ion-pair 

is to reduce the interference of anions during cation binding study or vice versa. These 
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heteroditopic receptors consist of two recognition moieties that are either directly linked 

to allow a highly efficient communication or connected by a flexible spacer to ensure an 

optimal approaching of the ion-pair. Therefore, these bifunctional receptors can be 

designed to exhibit novel co-operative or allosteric behavior, which one charged guest 

can enhance binding ability of another through hydrogen bonding, hydrophobic 

functionality, electrostatic force and conformation effects [40, 41]. 

 

1.6 Ion-pair receptors 

 

For both cation and anion recognition are now well-established branches of 

supramolecular chemistry [42–49]. Ion pair receptors might also permit a greater level of 

control over ion recognition, extraction and through-membrane transport than simple ion 

receptors. In fact, in many cases, ion pair receptors containing binding sites for both 

cations and anions display affinities for ion pairs or their constituent pairs of ions that are 

enhanced relative to simple ion receptors. Often this is the result of allosteric effects, such 

as those derived from favorable electrostatic interactions between the co-bound ions [50–

52]. However, in spite of their potential applications in various fields, such as salt 

solubilization, extraction, and membrane transport, the number of well characterized ion 

pair receptors remains limited. This could reflect a combination of synthetic challenges 

(the systems reported to date have not been easy to prepare) and experimental 

complexities associated with tracking multiple ionic species as well as the high inherent 

labiality of many ion pairs [50–52]. 

To effect anion recognition, most ion pair receptors take advantage of hydrogen 

bonding donors (urea, amide, imidazolium, pyrrole, and hydroxyl group), Lewis acidic 

sites (boron, aluminium and uranyl), and positively charged polyammonium groups [42–

49]. In contrast, the majority of ion pair receptors rely on lone pair electron donors 

including crown ethers [53] and -electron donors, such as functionalized calixarenes, for 

cation recognition [54,55]. 

In the limit, ion pair receptors can be classified as binding ion pairs in either a 

sequential or concurrent fashions. In the case of sequential binding, the receptor can bind 

one ion of the ion pair on its own. Once bound, this first ion enhances the affinity for the 
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other ion of the ion pair through an allosteric effect or by providing an additional binding 

driving force, commonly a direct or solvent-mediated electrostatic interaction with its 

counter ion [50–52]. By contrast, in the case of concurrent ion pair binding, the receptor 

literally forms a simultaneous complex with the anion and cation of the ion pair. 

Typically, this results in a complex where the two ions of the ion pair are in direct contact 

or spatially separated via one or more molecules of solvent or by the receptor skeleton 

[50–52]. 

Another way of classifying ion pair receptors is by how they bind the cations and 

the anions of targeted ion pairs. Here, three different binding modes can be defined. 

These limiting modes are depicted in Figure 1.2 and differ in how the ion pair is held 

within a host molecule. The first involves a contact ion pair, wherein the anion and the 

cation are in a direct contact (Figure 1.2(a)); the second, termed a solvent-bridged ion 

pair, is where one or more solvent molecules bridge the gap between the anion and the 

co-bound cation (Figure 1.2(b)), while the third consists of a host-separated ion pair, 

wherein the anion and the cation are bound relatively far from one another, usually by the 

receptor framework (Figure 1.2(c)) [53-55]. Depending on the identities of co-bound 

ions, the separation distance between ion pairs, the nature of the constituent recognition 

sites, and the nature of the solvents, a given receptor can bind a given ion pair in one or 

more of these limiting modes. 

 

 

 

 

 

  

(a) (b) (c) 

Figure 1.2 Limiting ion-pair interactions relevant to receptor-mediated ion-pair 

recognition: (a) contact, (b) solvent-bridged, and (c) host-separated. In this schematic, the 

anion is shown as “A-‟‟, the cation is denoted as “M+‟‟, and the solvent is represented as 

“S‟‟. 
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 1.7 Binding site-signaling subunit approach 

 

Many chemical sensors follow the approach of the covalent attachment of 

signaling subunits and binding sites as schematically shown in Figure 1.3. This has been 

the most widely used approach in the development of anion chemosensors and will surely 

be a fundamental approach in future developments. As shown in Figure 1.3, the 

coordination site binds anion in such a way that the properties of the signaling subunit are 

changed giving rise to variations either in its color (chromogenic chemosensor) or 

fluorescence behaviors (fluorogenic chemosensor). 

 

 

 

Figure 1.3 Operating principles for the binding site-signaling subunit approach. 

 

1.8 Signaling Subunits 

 

The role of the signaling subunits is to act as a signal transducer. That is, it 

translates chemical information taking place at the molecular level (the anion binding 

process) into a signal. It could be consider that, the use of spectroscopic signaling 

subunits able to transducer the coordination event into changes in either color or 

fluorescence behavior [56]. 
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1.8.1 Chromogenic principles of sensing 

 

Color changes as signaling events have been widely used because it requires the 

use of inexpensive equipment or no equipment at all as color changes can be detected by 

the naked eye [57]. In fact, there are many examples of analytical determinations whose 

final step involves the formation of a colored compound that is indication of the initial 

concentration of a certain analyze. This is so basically for cations and in a minor 

coverage for anions [58]. The chromogenic reagents use the same type of design 

principles as fluorogenic reagents do. Those involve the binding site-signaling subunit 

approach, the displacement approach, and the chemodosimeter approach. 

 

1.8.2 Dyes as signaling subunits 

 

Organic compounds become colored by absorbing electromagnetic radiation in 

the visible range (from 400 to 700 nm approximately), and investigations relates with the 

correlation between chemical structure and color in organic dyes are carried out 

extensively. It is soon recognized that many dyes contain systems of conjugated bonds, 

and it is the energy gap between the HOMO and the LUMO that is critical in determining 

the color of a certain organic dye. Thus, many conjugated systems have HOMO to 

LUMO differences in energy that correspond to visible light and it is well-established 

that the larger the conjugated system is, the shorter the difference between fundamental 

and excited states, resulting in a more bathochromic shift of the absorption band of lesser 

energy [59]. In addition to that basic conjugated backbone relates with the length of the 

conjugated system, there is a chemical mean of modifying the absorption wavelength by 

anchoring electron donor (NR2, NHR, NH2, OH, OMe, O-, X-, etc.) or electron acceptor 

(NO2, SO3H, SO3
-, COOH, C=O, etc.) groups to the conjugated system [59]. When both 

an electron donor and an electron acceptor group are present and are connected through a 

conjugated system in a certain molecule, a charge transfer band can be observed. This 

corresponds to a charge transfer transition where, upon excitation with light, there is an 

important fraction of electronic charge that is transferred from the donor to the acceptor. 

What is important related to the design of chromogenic reagents is that the interaction of 
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anions with the donor or acceptors groups in those systems can result in a change in 

color. Thus, for instance, the interaction of an anion with a donor group will make this 

more donor, pumping more electrons to the conjugated system, enhancing the 

conjugation, and inducing a bathochromic shift. For most of the reported chromo sensors 

for anions, based on the binding site signaling subunit approach, containing anion binding 

sites and acceptor groups such as nitrophenyl, anthraquinone, azo dyes, etc., a shift to 

longer wavelengths was observed upon anion coordination.  

 

1.8.3 The binding site containing azo dyes 

  

Azo dye derivatives have been used as chromogenic subunits in the development 

of some chromogenic receptors for anion recognition. The UV-visible spectra of these 

chromogenic receptors consist of absorbance in the UV zone due to the presence of the 

aromatic rings and a  charge transfer  band, from a donor atom (nitrogen or oxygen) to 

the acceptor nitro group, centered around 450-480 nm  and responsible for the orange-red 

color usually observed [59]. 

 A family of azo-phenol receptors containing as anion coordination sites one 

unique phenol (as in 1-3) or phenolthiourea groups (4-6) for anion sensing has been 

developed. 
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Figure 1.4 Structures of azophenol derivatives. 
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In all cases, the phenol group was connected through a conjugated system with 

the acceptor nitrophenyl moiety. In the presence of certain anions, coordination with the 

phenol (via hydrogen bond) or deprotonation (proton transfer from the phenol to the 

anion) of the phenolic group was observed. With either coordination or deprotonation, the 

outcome was an enhancement of the donor character of the phenolic oxygen resulting in a 

red shift of the charge transfer  band. Azo-phenols 1-3  were capable of selective 

detection of F- over other anions tested (H2PO4
-, AcO-, N3

-, Cl-, Br-, and HSO4
-) in 

dichloromethane solutions, by a change in color from yellow (max = 390 nm) to bluish 

purple (for 1, max = 562 nm) or blue (for 2, max = 615 nm, and for 3, max = 632 nm) 

[60]. UV-vis and 19F NMR experiments showed that the new absorption band at 615 nm 

was due to deprotonation of the phenolic group and formation of HF. 

 

 
 

Figure 1.5 Structures of azo-phenol thiourea derivatives. 

 

Compound 4, containing two thiourea groups and a phenol as a binding unit, gave 

color variation in the presence of F-, H2PO4
-, and AcO- in chloroform solutions [61]. 

Compound 4 showed an absorption maximum at 376 nm, and a new peak at 529 nm was 

found upon addition of those basic anions. For HSO4
- and Cl-, the color change was only 

detectable upon addition of 10 equivalents, whereas a large excess of Br- or I- resulted in 
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no color change. The color shift was assigned to the formation of strong complexes 

between 4 and the anions through hydrogen-bonding interactions between the anions and 

the protons of the thiourea and the phenolic-OH. The dual receptor 5 contains two 

backbones susceptible to color variation: the azophenol and the thiourea-nitrophenyl [62]. 

Compound 5 showed, in the absence of anions, one absorption maxima at 339 nm in 

chloroform. In the presence of H2PO4
-, with four oxygen atoms affecting both 

chromophores via multitopic hydrogen bonds, a pronounced color change was observed, 

while F- and AcO- had a relatively weaker effect. Thus, with H2PO4
-, the absorption band 

of 5 at 339 nm decreased while a new one gradually appeared at 374 nm (due to the anion 

interaction with the thiourea-nitrophenyl backbone) and at 538 nm (due to anion 

interaction with the azophenol). The color of the solution changed from light yellow to 

violet. No detectable color changes were observed upon addition of HSO4
-, Cl-, and Br-. 

In the case of receptor 6, color differentiation between the H2PO4
-, AcO-, and F- anions 

was not feasible because the new absorption band obtained upon complexation of the 

three anions with 6 was similar and centered at ca. 530 nm. 

 

1.9 Calixarene building block 

 

Calix[n]arene, a family of synthetic macrocyclic receptors consisting of cyclic 

arrays of n phenolic moieties linked by methylene groups, [63] was chosen as the 

putative host. This cyclic oligomer made up of phenol and formaldehyde provides new 

fascinating platforms [64]. The most famous calixarene is calix[4]arene because of (1) 

convenient preparation in large quantities, (2) easy chemical modification on both their 

lower and upper rims, and (3) unique structural properties, they have been ideal platforms 

for the development of complexing agents, not only for cations and molecules, but also 

anions. Calix[4]arene can adopt 4 conformations; cone, partial cone, 1,2-alternate and 

1,3-alternate (Figure 1.6). Cone conformation is the most stable due to an array of 

hydrogen bond between the phenolic-OH groups at the narrow rim of the macrocycle. 

This conformation is particular useful because of its “bucket” shape leading to the 

rigidify cavity. 
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cone partial cone 1,2-alternate 1,3-alternate 

 

Figure 1.6 Calix[4]arene conformations. 

 

This cavity-containing molecule possesses hydroxyl groups on the lower rim and 

potentially free para position on the upper rim. The hydroxyl group provides convenient 

points for attachment of various moieties, as numerous other researchers have been 

demonstrated [65-66]. Calixarene with the appropriate appended groups are good 

candidates for probes because they have been shown to be highly specific ligands. In 

addition, their potential applications as sensing agents have received increasing interest. 

Indeed, the most significant feature of chemistry of these rigid macrocyclic molecules is 

their ability to bind selectively alkali, alkaline earth, transition metal cations [64] and a 

wide variety of anions inside the cavity [67]. 

Their potential application in the treatment of metal rich nuclear wastes has been 

investigated worldwide [68-69]. Calixarene-based receptors were found to form 

complexes with cationic or anionic species and also a variety of organic ion or organic 

compounds [70]. Furthermore, they are used as chemical sensors, [71] enzyme mimetic, 

[72] allosteric molecules [73] and peptide libraries [74]. 

 

1.10 Chromogenic azocalix[4]arene 

 

Considering that azophenol dyes can be used as chromogenic anion sensors, [75-

78] the deduced of azophenol can easily available azocalixarenes, containing one or more 

azophenol chromophores and different binding sites, would be ideal candidates for 

developing new chromogenic sensing systems for the ions. Shinkai et al. reported that 

calix[4]arene having a 4-(4-nitrophenyl)azophenol unit with three ethyl ester groups 

showed a lithium ion selectivity with respect to the UV-vis band shift [79]. Chang et al. 

reported a bathochromic shift of a  p-tert-butylcalix[4]arene bearing a 1,3-diazophenol 
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unit upon calcium ion complexation [80]. Reinhoudt et al. also reported that a 

calix[4]arene with triamide and monoalkylated azophenol units on the lower rim gave a 

UV-vis band shift, in which the direction of the shift was dependent on the conformation 

of the calixarene [81]. 

Recently Jong Seung Kim and coworkers have described calixcrown-6 

compounds carrying a pair of phenylazo moieties [82]. The azo-coupled calix[4]crown 

showed a red shift upon the addition of Ca2+ to the calixcrown carrying two OH groups 

and a blue shift for the calix[4]crown carrying two OR groups. For the compounds with 

two OR groups on the lower rim (Figure 1.7 (a)) and a fixed partial cone conformation 

(Figure 1.7 (b)), a blue shift caused by electrostatic interaction between the oxygen atoms 

of OR and the metal ion as well as a red shift caused by the -metal complexation 

between the rotated calix benzene and the metal ion were observed. 
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Figure 1.7 Chromogenic azo-coupled calix[4]crowns. 

 

A Bifunctional (fluorescence and visible light absorption) anion sensing 

compounds 7 and 8 based on calix[4]arene platform with 4-nitrophenylazo and pyrene, 

which is responsible for the different sensing property have been developed by Jong 

Seung Kim and coworkers [83]. The two NHs of the amide groups of  7 bind the fluoride 
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anion through the H-bonding. This changes the characteristic excimer emission and forms 

a new emission peak from a static excimer. In 8, two OHs bind the fluoride anion, and 

this changes the characteristic absorption spectrum. From the DFT calculation supports 

the regioselective binding of the fluoride anion, which is responsible for the different 

sensing property. 

 

OHOH OO

NH
O

HN
O

N N

NO2

NN

NO2

 

 

OO HOOH

HN
O

NH
O

N
N

NO2

N
N

O2N

 

7 8 

 

Figure 1.8 Chromogenic azo-coupled 1, 3-di-pyrenyl-calix[4]arenes. 

 

 Chung, Wen-Sheng and coworkers reported a bifunctional chromogenic 

calix[4]arene 9, which contains both triazoles and hydroxyl azophenols as both cationic 

and anionic recognition sites and the azophenol moiety as a coloration unit, was designed 

and synthesized [84]. The recognition of Ca2+ by 9 gave rise to a marked color change 

from greenish to bright yellow, whereas the recognition of F– by 9 showed a color change 

from light green to bluish. As a consequence of the UV-vis spectral behavior of 9 toward 

Ca2+ and F- ions (Figure 1.9 (b)), contributes to the construction of a miniaturized and 

integrated molecular level device with logic gate function. 
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Figure 1.9 (a) Azocalix[4]arene 9 coordinated with Ca2+ and (b) UV/vis spectra of 9 

before and after adding Ca(ClO4)2, TBA+F– and Ca(ClO4)2 with TBA+F– in MeCN/CHCl3 

(v/v = 1000:4). 

 

1.11 Calix[4]pyrrole 

 

 Octamethylcalix[4]pyrrole (OMCP, 10) (Figure 1.10), a tetrapyrrole macrocycle 

first prepared by Baeyer, [85] garnered significant attention recently due to its ability to 

bind small anions [86] and electroneutral molecules [87]. In 1996 Sessler and coworker 

reported the X-ray single crystal structure of calix[4]pyrrole obtained by slow 

evaporation of acetone and acetone/dichloromethane (1:1 v/v) solutions [86]. They also 

reported that the molecule of calix[4]pyrrole adopts a 1,3-alternate conformation in the 

solid state wherein adjacent rings are oriented in the opposite directions (Figure 1.11 (a)). 

In case of the complexation with anions, calix[4]pyrrole ligand adopts a cone-liked 

conformation such that the four NH protons can provide hydrogen bonds to the halide 

anion (Figure 1.11 (b)).  

9 

9 + F- 

9 + Ca2+ + F- 

9 + Ca2+  
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Figure 1.10 Structure of octamethylcalix[4]pyrrole 10 (OMCP). 
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Figure 1.11 1, 3-Alternate conformation of (a) calix[4]pyrrole and (b) chloride complex 

of calix[4]pyrrole, which adopts a cone conformation in the solid state. 

 

After the discovery of its supramolecular properties, [88-90] OMCP has become 

the subject of numerous efforts devoted to understanding, improving, and tuning the 

binding affinity and selectivity toward anions by preparation of substituted OMCP [91-

95] and further related compounds such as expanded calix[n]pyrroles, [96-99] 

calixbipyrrole, [100-101] strapped calixpyrrole, [102-104] calixpyrrole dimer, [105] and 

cryptand-like calixpyrrole [106]. Furthermore, OMCP has been applied in fabrication of 

HPLC supports for anion separation, [107] ion extractant, [108] and, most notably, 

optical [109-110] and electrochemical [111-112] anion sensors. This is mainly because 

calix[4]pyrroles, despite binding anions via hydrogen bonds, show unique affinity for 



17 
 

biologically important anions such as chloride and phosphate, even in the presence of 

competing media such as water and electrolytes [113]. 

 In the years following the initial 1996 discovery of its anion binding properties, 

most modification of the calix[4]pyrrole skeleton focused on functionalzation of -

pyrrolic or meso-position [114]. Such peripheral modifications remain among the easiest 

changes to effect in calixpyrrole chemistry and some of the most versatile in terms of 

supporting calixpyrrole-based applications. One of the most effective ways of doing this 

is by producing strapped and other protected cavity system, wherein the anion binding 

domain is both effective defined and isolated more fully from solvent.  

 The isolation of the binding domain from the solvent matrix imparts a number of 

advantages in terms of substrate recognition. Firstly, such isolation can serve to enhance 

the affinity for a targeted guest or substrate by reducing guest-solvent and guest-counter 

cation interactions. Secondly, the modifications needed to effect such isolation usually 

produce binding domains of controlled size and shape that, in turn, generally give rise to 

greater inherent selectivity. Thirdly, in the specific case of calixpyrroles, these structural 

variations can be used to lock the conformation of the receptor into the so-called cone 

form, a conformation that is known to favour anion binding. Such a preorganized 

„locking‟ would thus be expected to enhance further the anion affinities. 

 The intellectual progression leading to the development of protected cavity 

calix[4]pyrroles is summarized in Figure 1.12. This schematic shows a series of 

sequential modifications. The simplest involves generation of a functionalized 

calix[4]pyrrole (11) bearing one (or more) “arms”. The second one, illustrated by 

generalized structure 12, embodies so-called deep cavity models, calix[4]pyrrole 

derivates that contain bulky meso-substituents. The third modification entails strapped 

systems, which are represented by structure 13, while the fourth level of complexity 

involves capped models, such as generic system 14. 

 

 

 



18 
 

 
                                      10 

 

 

 

   

11 12 13 14 

 

Figure 1.12 Schematic representation showing various possible modification to the basic 

calix[4pyrrole core [115]. 

 

 Since the degree of preorganization is increasing along the progression from 11 to 

14, it might be expected that both the inherent anion selectivity and the thermodynamics 

of binding for appropriately sized anionic substrates would increase in a corresponding 

fashion. A number of functionalized calixpyrroles, including many of type 11 above, 

have been reported over the last decade. For instance, in work from Gale, P.A. and the 

group, the pentapyrrolic calix[4]pyrrole (15) (Figure 1.13(a)) was prepared and found to 

enhanced anion affinity as compared to the parent octamethylcalix[4]pyrrole macrocycle 

(10) [117]. 1H-NMR titrations were conducted to compound 15 with the anion in 

deuteriated dichloromethane solution and the data compared with those obtained 

previously with compound 10. The data show an enhancement in the anion complexation 

affinity of 15 as compared to the parent macrocycle 10. Preliminary molecular modeling 

studies (using Spartan) [118] indicate the acetate complex of 15 to be more stable than 

the acetate complex of 10 by a significant margin. 
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Figure 1.13 Stucture of pentapyrrolic calix[4]pyrrole (15) (a) and Molecular model of 

compound 15–acetate (b) [117]. 

 

 Example of generalized system 12, namely calix[4]pyrroles with deep cavities are 

fewer in number [119,120]. Typically, such systems have been prepared by „„appending‟‟ 

substituted aryl groups onto the four meso-positions. This produces a sterically 

encumbered binding site that in favorable cases has been shown to display somewhat 

improved affinities and selectivity with regard to anion binding. Such as a prototypical 

system 16 (Figure 1.14(a)) obtained from the condensation of p-hydroxyacetophenone 

with pyrrole [121]. The configuration of 16 was confirmed by X-ray crystallographic 

analysis, a deep cavity structure was observed in the solid state, wherein the calixpyrrole 

core is in a so-called cone conformation (Figure 1.14(b)). These system show lower 

affinity for small anions, specifically Cl- and H2PO4
-, in acetonitrile-water (99.5:0.5) than 

do simple unsubstituted calix[4]pyrrole 10. On the other hand, increased selectivity and 

other binding effects ascribable to the “walls” of the cavity are observed. This, 

presumably, is due to a combination of electronic effects and steric interactions between 

the meso-aryl groups and the anion. 
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Figure 1.14 (a) Structure of calix[4]pyrroles containing deep cavities and fixed walls 16 

and (b) the molecular structure of the ethanol adduct of  16 in the cone conformation 

[121]. 

 

 However, since (i) receptors of type 14 could prove to be too rigid, thus reducing 

affinity, and because (ii) their greater complexity was expected to complicate synthesis, 

the initial decision was to focus on strapped systems; in this case the prediction was that 

large enhancements in the affinity would be seen as a direct consequence of inhibiting 

solvent–guest interactions. The first strapped system is a calix[4]arene-capped or 

strapped calix[4]pyrrole, calix[4]arene-calix[4]pyrrole pseudo dimer (Figure 1.12(a)), 

[122] was obtained as the result of a template mediated condensation between a keto-

functionalized calixarene and pyrrole by Sessler and co-workers. From its 1H-NMR 

spectroscopic studies, this receptor contained a strong hydrogen bonding between the 

pyrrole NH groups and the calixarene oxygen atoms. Addition of tetrabutylammonium 

fluoride to the ligand solution caused no change on the 1H-NMR spectrum. The crystal 

structure shows that the pyrrole NH groups are within hydrogen bonding distance of the 

lower rim calixarene oxygen atoms (Figure 1.12(b)). 
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Figure 1.15 Structure of (a) calix[4]arene-calix[4]pyrrole pseudo dimer and (b) its crystal 

structure [122]. 

 

After the first described of calix[4]arene-calix[4]pyrrole pseudo dimer by Sessler 

et al., various modifications of the strapped calix[4]pyrrole have been made in an effort to 

tune the binding characteristics of the parent system. Because of the strapped 

calix[4]pyrroles do indeed allow the inherent anion affinities of calix[4]pyrroles to be 

significantly modulated anion selectivity. Sessler and Lee have compared the anion 

complexation properties of octamethylcalix[4]pyrrole 10, with strapped calix[4]pyrroles 

containing phenyl 17, pyrrole 18 and furan 19 straps linked via ester groups [Figure 1.16] 

[123]. 
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Figure 1.16 Structures of meso-octamethylcalix[4]pyrrole 10, with strapped calixpyrroles 

containing phenyl 17, pyrrole 18 and furan 19 straps. 

 

 

 

 

Figure 1.17 Single crystal X-ray structure of the chloride complex of receptor 18 [123]. 
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The results show that the pyrrole strapped system 18 which contains an extra NH 

hydrogen bond donor has a 95 higher affinity for chloride in acetonitrile than the furan 

(19) and benzene (17) strapped systems. The result of a single crystal X-ray structure of 

the chloride complex reveals the hydrogen bonding interaction occurred from the 

calix[4]pyrrole and pyrrole group on the strap bound to chloride ion (Figure1.17). 

In 2004, Lee and Panda were successfully synthesized strapped calix[4]pyrrole 

metalloporphyrin and used these molecule as a ditopic receptor model for anions 

[103,104]. The anion binding studies of these molecule revealed that only “cis” meso-

carbon atoms isomer (Figure 1.18(a)) showed strong binding with fluoride in organic 

solvent, and the “trans” meso-carbon atoms isomer (Figure 1.18(b)) showed any 

appreciable binding with Cl-, Br-, and I-. Then, these two different binding abilities of the 

two conformers of calix[4]pyrrole strapped porphyrin provide useful information in the 

design and synthesis of  heteroditopic receptors, as well as Lewis acid assisted anion 

receptors. 
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Figure 1.18 Structures of (a) cis-  and (b) trans-metalloporphyrin-strapped 

calix[4]pyrrole. 

 

 Nowadays, strapped calix[4]pyrrole is not only used for increasing the anion 

binding affinity and modulating the inherent anion selectivity. The introduction of built-

in chromogenic reporter group in the calix[4]pyrrole would also be ideal for selective 
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sensing and detection of anions. Such systems would allow the detection of analytes via 

direct colorimetric or fluorometric means with higher affinity. Since the chromogenic or 

fluorescence sensors are useful detection methods for anion, development of 

chromogenic or fluorescence anion sensors based on calix[4]pyrrole would be 

worthwhile. Based on these considerations, the reported strapped calix[4]pyrrole systems 

bearing chromogenic or fluorogenic reporters were developed for selective sensing and 

detection of anions. Such systems would be potentially useful since they might permit the 

detection of analytes via direct optical or spectroscopic means. Lee et al.  also reported 

the synthesis of anion receptors based on the strapped calix[4]pyrrole bearing acridine as 

fluorogenic moiety (Figure 1.19(a)) [124]. This designed system enhanced binding 

affinities for chloride and bromide anions with high selectivity and the fluorescence 

measurement indicated that the incorporated acridine moiety has minimal interaction with 

the anion. Sessler et al. synthesizing a strapped calix[4]pyrrole-coumarin (Figure 

1.19(b)), [125] which a coumarin moiety served as a potential fluorophore located near 

the binding domain. This system was found to function as an INH logic gate, [126] 

wherein changes in cation and anion concentrations serve as the input and fluorescence 

intensity changes as the output [127]. Yoo et al. also synthesized calix[4]pyrrole bearing 

dipyrrolylquinoxaline as strapping element (Figure 1.19(c)) [128]. The receptors 

displayed a selective colorimetric response when exposed to the fluoride, dihydrogen 

phosphate, and acetate anions and an enhanced affinity as compared to a calix[4]pyrrole 

parent system. The incorporation of additional pyrrole subunits on the strap were 

expected to interact with the quinoxaline chromophore via a variety of second-order 

interactions, including through a conjugation and anion- effects. These systems, which 

produce an, easy to see, visual response in the presence of certain anions, offer a further 

potential advantage. 
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 Figure 1.19  Structures of chromogenic and fluorogenic strapped calix[4]pyrroles. 

 

Ruangchaitaweesuk [129] was success to synthesized calix[4]arene-capped 

calix[4]pyrroles by replacing the methylene bridges between 2 subunits with triethylene 

glycol chains. This calix[4]arene-calix[4]pyrrole pseudo-dimer (Figure 1.20(a)) can act as 

a ditopic receptor. The solid structure of calix[4]arene-capped calix[4]pyrrole was 

determined by single crystal X-ray crystallography (Figure 1.20(b)).  Preliminary anion 

binding study was found that the calix[4]pyrrole moiety showed the greatest binding with 

fluoride anion in  the cone conformation. 
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Figure. 1.20 (a) Structure of calix[4]arene-capped calix[4]pyrrole and (b) its crystal 

structure [129]. 
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Crown-6-calix[4]arene-capped calix[4]pyrrole (Figure 1.21(a)), [130] a new 

calix[4]arene-capped calix[4]pyrrole receptor containing both cation- and anion-

recognizing sites, has been synthesized and characterized by Sessler and co-workers in 

2008. The X-ray crystal structure (Figure 1.21(b)) and 1H-NMR spectroscopic analysis 

supported the conclusion that crown-6-calix[4]arene-capped calix[4]pyrrole forms a 

stable 1:1 complex with CsF in spite of the large separation enforced between the anion 

and the cation.  
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Figure.1.21 (a) Proposed binding interactions involving crown-6-calix[4]arene-capped 

calix[4]pyrrole with  Cs+ and F- salt and (b) crystal structure of its CsF complex [130]. 

 

After that, in 2010 the same authors were also successfully synthesized the 

calix[4]pyrrole-calix[4]arene pseudo-dimer 20 (Figure 1.22(a)) bearing a strong anion 

recognition site, calix[4]pyrrole, and a strong cation-recognition site, crown ether unit 

[131]. The complexation study in 10% CD3OD in CDCl3 (v/v) by  1H-NMR technique 

showed that this receptor bound neither the Cs+ cation nor the F- anion when exposed to 

these species in the presence of other counterions; however, it formed a stable 1:1 

solvent-separated CsF complex when exposed to these two ions in concert with one 

another in this same solvent mixture (Figure 1.22(b)). These findings reveal receptor 20 
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to be a versatile ion-pair receptor whose binding behavior can be modulated via an 

appropriate choice of the counteranion. 
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Figure.1.22 (a) Proposed binding interactions involving calix[4]pyrrole-calix[4]arene 

pseudodimer 20 with  Cs+ and F- salt and (b) X-ray crystal structure of its CsF complex 

[131]. 
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1.12 Objectives of this research 

 

The objectives of this research are i) to synthesized chromogenic sensor based on 

1,3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole (9) and ii) to study its binding 

ability. The incorporation of a calix[4]pyrrole unit on calix[4]arene framework is aimed 

to serve for anion binding site and a crownether moiety is expected to acting as metal 

chelating unit. The azobenzene units are attached directly to the phenolic unit of 

calix[4]arene to enhance a hydrogen bonding upon anion binding and to serve as 

chromogenic signaling unit. 
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Figure 1.23 Structure and function of each incorporated units of chromogenic 1,3-di-p-

nitrophenylazo-calix[4]arene-strapped calix[4]pyrrole (9). 

 

 In addition, ligand 9 combined the binding sites for both anionic and cationic 

species covalently in a neutral molecule. To understanding of molecular recognition 

processes involving anions and cations of this molecule so its binding ability and 

selectivity towards anions and cations or both of them, has also been investigated. The 

complexation determined by UV-vis spectrophotometry, 1H-NMR spectroscopy and their 

color changes. 
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 Furthermore, 1, 3-di-p-nitrophenylazo-calix[4]diacetophenone (7), which lack of 

calix[4]pyrrole binding unit was used to compare the binding abilities to ligand 9. The 

complexation property of ligand 7 toward anions and cations or both of them also studied 

by UV-vis spectrophotometry, 1H-NMR spectroscopy and their color changes. 
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 Figure 1.24 Structure of 1, 3-di-p-nitrophenylazo-calix[4]-diacetophenone (7) 
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CHAPTER II 

 

EXPERIMENTAL SECTION 

 

2.1 General Procedures 

 

 2.1.1 Analytical instruments 

 

    Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400 MHz 

nuclear magnetic resonance spectrometer. In all cases, samples were dissolved in 

deuterated chloroform. Elemental analysis was carried out on CHNS/O analyzer (Perkin 

Elmer’s PE2400 series II). MALDI-TOF Mass spectra were recorded on a Biflex Bruker 

Mass spectrometer. Absorption spectra were measured by a Varian Cary 50 UV-Vis 

spectrophotometer.  

  

2.1.2 Materials 

 

 All materials were standard analytical grade, purchased from Fluka, Aldrich or 

Merck and used without further purification. Commercial grade solvents such as acetone, 

hexane, dichloromethane, methanol and ethyl acetate were distilled before used. 

Acetonitrile was dried over CaH2 and freshly distilled under nitrogen prior to use. 

Tetrahydrofuran was dried and distilled under nitrogen from sodium benzophenone ketyl 

immediately before used. 

 Column chromatography was carried out using silica gel (Kieselgel 60, 0.063-

0.200 mm, Merck). Thin layer chromatography (TLC) was performed on silica gel plates 

(Kieselgel 60 F254, 1 mm, Merck). 

    Starting materials such as p-tert-butylcalix[4]arene were prepared according to 

the literature procedure [132]. The compounds were characterized by 1H-NMR 

spectroscopy, infrared spectroscopy, mass spectroscopy and elemental analysis. 
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2.2 Synthesis 

 

2.2.1 Overall of synthetic pathways 

 

The synthetic routes to prepare the chromogenic calix[4]arene-strapped 

calix[4]pyrrole sensor  (9) was shown in figure 2.1. Pathway 1 started from 1,3-

calix[4]diacetophenone (3) pass through the synthesis step of  ligand 4  and ligand 5  and  

then the final step coupling with the benzenediazonium salt  after that the undesired 

product  6 was then occurred. The pathway 2 was first coupling the benzenediazonium 

salt with 1, 3-calix[4]diacetophenone (3) and then a chromogenic sensor ligand 7 was 

obtained. The chromogenic calix[4]arene strapped calix[4]pyrrole (9) was successfully 

after condensation of pyrrole with ligand 8 in the presence of a catalytic amount of  

BF3OEt2 . 
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Figure 2.1 Synthetic pathways of chromogenic calix[4]arene strapped calix[4]pyrole (9). 
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2.2.2 Preparation of triethyleneglycol ditosylate (1) 

 

 
                           1 

 

 

 

 

Into a 250 mL two-necked round bottom flask, a solution of triethyleneglycol 

(3.00 g, 28 mmol), triethylamine (11.8 mL, 85 mmol) and a catalytic amount of 4-

dimethylaminopyridine (DMAP) in 50 mL of dichloromethane was chilled to 0 ˚C with 

an ice bath. The solution of tosylchloride (11.86 g, 62 mmol) in dichloromethane (100 

mL) was then added drop wise. The reaction mixture was stirred for 4 hours at room 

temperature under nitrogen atmosphere. After the reaction was completed, the solution of 

3 M hydrochloric acid was added until the pH of the solution reached to 1 and then 

extracted with dichloromethane (2×50 mL). The residue was dried over anhydrous 

Na2SO4, filtered and evaporated to dryness. The residue was dissolved in a minimum 

amount of dichloromethane and methanol was added to precipitate. Compound 1 was 

obtained as a white solid (7.66 g, 65% yield). 

 

Characteristic data for 1:  
1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz): 7.77 (d, JH-H = 8.2 Hz, 4H, ο-ArH), 7.32 

(d, JH-H = 8.2 Hz, 4H, m-ArH), 4.10 (t, JH-H = 4.7 Hz, 4H, SO2OCH2CH2OCH2), 3.60 (t, 

JH-H = 4.7 Hz, 4H, SO2OCH2CH2OCH2), 3.50 (s, 4H, SO2OCH2CH2OCH2), 2.42 (s, 6H, 

Ar-CH3) 

 

IR spectrum (KBr pellet (cm-1)): 3016-3083 (Aromatic C-H, st), 2800-3016 (Aliphatic 

CH, st), 1353 (S=O, st), 1150-1200 (C-O-C, st) 
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2.2.3 Preparation of 2-(8-tosyltriethyleneglycol)acetophenone (2) 

 

 
            1                   2 

 

 Into a 250 mL two-necked round bottom flask, 2-hydroxyacetophenone (1.36 g, 

10 mmol) and K2CO3 (13.82 g, 100 mmol) were suspended in dried acetonitrile (50 mL). 

The mixture was stirred at room temperature under nitrogen atmosphere for 1 hour. A 

solution of triethyleneglycol ditosylate (1) (9.16 g, 20 mmol) in dried acetonitrile (100 

mL) was then added drop wise. The reaction mixture was stirred and refluxed under 

nitrogen atmosphere for 18 hours. After the reaction was completed monitoring by TLC, 

the solution was allowed to cool to room temperature. The solvent was evaporated to 

dryness under reduced pressure. The obtained residue was dissolved in dichloromethane 

(100 mL) and extracted with 3 M HCl (1×100 mL) and water (2×100 mL), respectively. 

The combined organic layer was dried over anhydrous Na2SO4 and filtered off to give 

yellow oil. Compound 2 was purified by column chromatography (silica gel, 

CH2Cl2/EtOAc; 90:10) and obtained as colorless oil (2.53 g, 30%). 

 

Characteristic data for 2:  
1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz): 7.82 (d, JH-H = 8.0 Hz, 2H, ArtosylH), 

7.77 (dd, JH-H = 1.6 and 4.0 Hz, 1H, ArH), 7.47 (t, JH-H = 2.0, 4.0 Hz, 1H, ArH), 7.36 (d, 

JH-H = 8.0 Hz, 2H, ArtosylH), 7.03 (t, JH-H, = 4.0 Hz, 1H, ArH), 6.98 (d, JH-H = 4.0 Hz, 1H, 

ArH), 4.25 (t, JH-H = 4.8 Hz, 2H, SO2OCH2), 4.18 (t, JH-H = 4.8 Hz, 2H, ArOCH2), 3.91 

(t, JH-H = 4.8 Hz, 2H, CH2O), 3.73-3.64 (m, 6H, CH2O), 2.66 (s, 3H,COCH3), 2.46 (s, 

3H, ArCH3) 
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13C-NMR spectrum (CDCl3, δ(ppm), 400 MHz,) δ 199.6, 144.8, 133.6, 130.2, 129.8, 

129.6, 129.5, 128.3, 127.8, 127.5, 120.6, 112.7, 70.6, 70.4, 69.4, 69.2, 68.6, 67.8, 31.9 

 

IR spectrum (KBr pellet (cm-1)): 3016-3090 (Aromatic C-H, st), 2767 (Aliphatic CH, 

st), 1668 (C=O, st), 1359 (S=O, st), 1150-1200 (C-O-C, st) 

 

Elemental analysis: Anal.Calcd. for C21H26O7S: C, 59.70%; H, 6.20% 

      Found: C, 59.78%; H, 6.29% 

 

MALDI-TOF mass:  Anal. Calcd for [C21H26O7S]+ m/z = 422.4 

      Found m/z = 422.6 [M]+ 
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2.2.4 Preparation of 1,3-calix[4]-diacetophenone (3) 
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   Into a 250 mL two-necked round bottom flask containing calix[4]arene (2.40 g, 

5.7 mmol), Na2CO3 (6.00 g, 56.6 mmol) and acetonitrile (50 mL), a solution of 2-(8-

tosyltriethyleneglycol)acetophenone (2) (4.78 g, 11.3 mmol) in acetonitrile (100 mL) was 

added drop wise. The reaction mixture was refluxed with stirring under nitrogen 

atmosphere for 7 days. After cooling to room temperature, the solvent was removed 

under reduced pressure to give yellow oil. The residue was dissolved in dichloromethane 

(100 mL) and extracted with 3 M HCl (1×100 mL) and water (2×100 mL), respectively. 

The combined organic layer was dried over anhydrous Na2SO4, filtered off and 

evaporated to dryness under reduced pressure. The residue was dissolved in a minimum 

amount of dichloromethane and methanol was added to precipitate 1,3-calix[4]-

diacetophenone (3) as a white solid (4.47 g, 85%). 

 

Characteristic data for (3): 

 1H-NMR spectrum (CDCl3, δ(ppm), 400MHz): 7.78 (t, JH-H = 2.0 Hz, 2H, 

ArHCOCH3), 7.72 (s, 2H, ArOH), 7.45 (t, JH-H =8.0 Hz, 2H, ArHCOCH3), 7.07 (d, JH-H 

=7.6 Hz, 4H, ArHOCH2), 7.02 (t,JH-H = 7.4 Hz, 2H, ArHCOCH3), 6.89 (d, JH-H = 7.6 Hz, 

4H, ArHOH), 6.86 (d, JH-H = 8.8 Hz, 2H, ArHCOCH3), 6.75(t, JH-H = 7.4 Hz, 2H, 

ArHOCH2), 6.67 (t, JH-H = 7.4 Hz, 2H, ArHOH), 4.43 (AB system, JH-H = 13.0 Hz, 4H, 

ArCH2Ar), 4.19 (t, JH-H = 4.2 Hz, 4H, OCH2), 4.08 (t, JH-H = 4.2 Hz, 4H, OCH2), 3.99 (t, 

3 

2 
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JH-H = 4.2 Hz, 4H, OCH2), 3.90-3.89 (m, 8H, OCH2), 3.78-3.82 (m, 4H, OCH2), 3.36 

(AB system, JH-H = 13.0 Hz, 4H, ArCH2Ar), 2.67 (s, 6H, ArCOCH3) 

 
13C-NMR spectrum (CDCl3, δ(ppm), 400 MHz,) δ 199.8, 158.3, 153.3, 151.7, 133.8, 

133.1, 130.3, 128.9, 128.6, 128.2, 128.1, 125.3, 120.7, 118.9, 112.7, 75.5, 71.1, 70.7, 

70.0, 69.5, 67.6, 32.2, 31.2 

 

IR spectrum (KBr pellet (cm-1)): 3320 (OH, st), 3010 (Aromatic C-H, st), 2910-2810 

(Aliphatic CH, st), 1710 (C=O, st), 1590 and 1495 (Aromatic C=C, st), 1250 (C-O-C, st) 

 

Elemental analysis: Anal.Calcd. for C56H60O12: C,72.71%; H, 6.54% 

      Found: C, 71.72%; H, 6.41% 

 

MALDI-TOF mass:  Anal. Calcd for [C56H60O12]+ m/z = 924.4 

      Found m/z = 947.6 [M + Na]+ 
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2.2.5 Preparation of 1, 3-calix[4]arene-bis-dipyrroethane (4) 
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Into a 100 mL two-necked round bottom flask, a solution of 1,3-calix[4]-

diacetophenone (3) (4.23 g, 4.6 mmol) in pyrrole (25.5 mL, 365 mmol) was degassed by 

bubbling with nitrogen for 15 minutes, and trifluoroacetic acid (TFA) (0.07 mL, 0.9 

mmol) was then added. The solution was stirred in darkness for 10 minutes at room 

temperature. Then the reaction mixture was diluted with CH2Cl2 (100 mL), washed with 

0.1 M NaHCO3 (2×100 mL) and water (2×100 mL). The organic layer was dried over 

anhydrous Na2SO4 and the solvent was removed in vacuo. The obtained residue was 

purified by column chromatography over silica gel (CH2Cl2/EtOAc/NEt3 = 95:4:1) to 

give 3.22 g of the 1, 3-calix[4]-bis-dipyrroethane (4) as a transparent viscous oil (61% 

yield). 

 

Characteristic data for 4: 

 1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz): 8.86 (s, 4H, NH), 7.74 (s, 2H, ArOH), 

7.32-7.26 (m, 2H, ArH), 7.22-7.17 (m, 2H, ArH), 7.10 (d, JH-H = 7.6 Hz, 4H, ArHOCH2), 

6.95 (t, JH-H = 8.0 Hz, 2H, ArHCPy2CH3),6.90 (d, JH-H = 8.0 Hz, 4H, ArHOH),6.75 (t, JH-

H = 7.6 Hz, 2H, ArHCPy2CH3), 6.71 (t, JH-H = 7.6 Hz, 4H, ArHOCH2), 6.60-6.64 (m, 4H, 

HPy), 6.09-6.13 (m, 4H, HPy), 5.90-5.94 (m, 4H, HPy), 4.44 (d(AB system), JH-H = 13.0 

Hz, 4H, ArCH2Ar), 4.15-4.19 (m, 4H, OCH2), 3.96 (t, JH-H = 4.6 Hz, 4H, OCH2), 3.87 (t, 

JH-H = 4.6 Hz, 4H, OCH2), 3.78 (t, JH-H = 4.6 Hz, 4H, OCH2), 3.70 (t, JH-H = 4.6 Hz, 4H, 

3 4 
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OCH2), 3.39 (d(AB system), JH-H= 13.0 Hz, 4H, ArCH2Ar), 3.36 (d, JH-H = 4.8 Hz, 4H, 

OCH2), 2.67 (s, 6H, CH3) 

 

Elemental analysis: Anal.Calcd. for C72H76N4O10: C,74.72%; H, 6.62%; N, 4.80% 

     Found: C, 73.38%; H, 6.61%; N, 4.66% 
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   2.2.6 Preparation of calix[4]arene-calix[4]pyrrole (5) 
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    A solution of 1,3-calix[4]-bis-dipyrroethane (4) (0.13 g, 0.10 mmol) in acetone 

(30 mL) was added with BF3.OEt2 (0.01 mL, 0.04 mmol). The solution was stirred for 2 

hours at room temperature. The solvent was removed by rotary evaporator under reduced 

pressure. The obtained residue was dissolved with CH2Cl2 (100 mL) and extracted with 

saturated NaHCO3 solution (2×100 mL). The organic layer was dried over anhydrous 

Na2SO4 and the solvent was removed in vacuum. The residue was purified by silica gel 

pack using CH2Cl2/EtOAc (95:5) as eluent. The product contain fractions were combined 

and dried under reduced pressure. The obtained solid was dissolved in dichloromethane 

and recrystalized with methanol to give 0.05 g of 5 as a white solid (37% yield). 

 

Characteristic data for 5: 

 1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz): 7.98 (s(br), 4H, NH), 7.91 (s, 2H, 

ArOH), 7.23 (t, JH-H = 8.4 Hz, 2H, ArH), 7.08 (d, JH-H=7.6 Hz, 4H, ArH), 6.94 (d, JH-H= 

7.6 Hz, 8H, ArH), 6.85 (d, JH-H = 8.0 Hz, 2H, ArH), 6.78 (t, JH-H = 7.6 Hz, 4H, ArH), 

6.68 (t, JH-H = 7.6 Hz, 2H, ArH), 5.91 (s, 4H, HPy), 5.67 (s(br), 4H, HPy), 4.40 (d(AB 

system), JH-H = 13.0 Hz, 4H, ArCH2Ar), 4.20 (t, JH-H = 4.8 Hz, 4H, OCH2), 4.09 (t, JH-H = 

5.0 Hz, 4H, OCH2), 3.89 (t, JH-H = 4.6 Hz, 4H, OCH2), 3.83 (s, 4H, OCH2), 3.57 (s, 4H, 

OCH2), 3.39 (AB system, JH-H = 13.0 Hz, 4H, ArCH2Ar), 3.13 (s, 4H, OCH2), 2.09 (s, 

6H, Py2CCH3Ar), 1.55 (s, 12H, Py2C(CH3)2) 

4 5 
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IR spectrum (KBr pellet (cm-1)): 3350 (N-H, st), 3065 (Aromatic C-H, st), 2980-2830 

(Aliphatic CH, st), 1586 and 1495 (Aromatic C=C, st), 1250 (C-O-C, st) 

 

Elemental analysis: Anal.Calcd. for C78H84N4O10: C,75.70%; H, 6.84%; N, 4.53% 

      Found: C, 75.65%; H, 6.73%; N, 4.56% 

 

MALDI-TOF mass: Anal.Calcd for [C78H84N4O10]+ m/z = 1236.6  

     Found m/z = 1259.7 [M+ Na]+ 
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   2.2.7 Preparation of calix[4]arene-p-nitrophenylazo-calix[4]pyrrole (6) 
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To a solution of 5 (0.18 g, 0.15 mmol) in tetrahydrofuran (THF; 200 mL), 4-

nitrobenzenediazonium tetrafluoroborate (0.09 g, 0.37 mmol) was added. The reaction 

mixture was stirred for 30 minutes at 0 °C, and then pyridine (0.12g, 1.47 mmol) was 

added drop wise. The reaction mixture was stirred for an additional 8 hours at 0 °C, 

treated with 10% aqueous HCl solution (200 mL), and extracted with CH2Cl2 (2×100 

mL). The combined organic layer was washed with 10% aqueous HCl solution (2200 

mL) and dried over anhydrous Na2SO4. Removing the organic solvent in vacuum 

afforded a reddish solid. Column chromatography on silica gel with EtOAc/hexane 

(30:70) as eluent gave 0.03 g of  6 (49% yield). 

 

Characteristic data for 6: 

 1H-NMR spectrum (CDCl3, δ (ppm), 400 MHz): 8.64 (s(br), 4H, NH), 8.08 (d, 2H, JH-H 

= 8.0 Hz,  NO2ArHo), 7.82 (s, 1H, ArOH), 7.77 (s, 1H, ArOH), 7.60 (d, 2H, JH-H = 8.2 

Hz, NO2ArHm), 7.15 (t, JH-H = 8.4 Hz, 2H, ArH), 7.00 (d, JH-H=7.6 Hz, 4H, ArH), 6.85 

(d, JH-H= 7.6 Hz, 8H, ArH), 6.78 (d, JH-H = 8.0 Hz, 2H, ArH), 6.69(t, JH-H = 7.6 Hz, 4H, 

ArH), 6.60 (t, JH-H = 7.6 Hz, 2H, ArH), 5.96 (s(br),4H, HPy), 5.86 (s, 1H, HPy), 5.81 (s, 

1H, HPy), 5.33(s, 1H, HPy), 4.39 (t, JH-H = 13.2 Hz,2H, OCH2), 4.25 (d(AB system),JH-H = 

13.2 Hz, 4H, ArCH2Ar), 4.15-4.08 (m, 2H, OCH2), 4.03-3.95 (m, 2H, OCH2), 3.91 (s(br), 

5 6 
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2H, OCH2), 3.85 (s(br), 2H, OCH2), 3.79 (s(br), 2H, OCH2), 3.71 (s(br), 2H, OCH2), 

3.64 (s(br), 2H, OCH2), 3.52 (s(br), 2H, OCH2), 3.34 (d(AB system), JH-H = 12.8 Hz, 4H, 

ArCH2Ar), 3.27 (s, 2H, OCH2), 3.11 (s(br), 2H, OCH2), 2.97 (s(br), 2H, OCH2), 2.15 (s, 

3H, Py2CCH3Ar), 2.03 (s, 6H, (CH3)2CPy2), 1.70 (s, 3H, Py2CCH3Ar), 1.52 (s, 3H, 

CH3CPy2), 1.42 (s, 3H, CH3CPy2) 

 

IR spectrum (KBr pellet (cm-1)): 3352 (N-H, st), 3063 (Aromatic C-H, st), 2950-2850 

(Aliphatic CH, st), 1588 and 1492 (Aromatic C=C, st), 1588 (N=N, st), 1326 (C-N, st) 

1246 (C-O-C, st) 

 

MALDI-TOF mass: Anal.Calcd for [C84H87N7O12]+ m/z = 1386.6  

      Found m/z = 1387.8 [M+ H]+ 
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   2.2.8 Preparation of 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone (7) 
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To a solution of 3 (0.75 g, 0.79 mmol) in tetrahydrofuran (THF; 200 mL), 4-

nitrobenzenediazonium tetrafluoroborate (0.58 g, 2.44 mmol) was added. The reaction 

mixture was stirred for 30 minutes at 0 °C, and then pyridine (0.96 g, 12.17 mmol) was 

added drop wise. The reaction mixture was stirred for an additional 15 hours at 0 °C 

treated with 10% aqueous HCl solution (200 mL), and extracted with CH2Cl2 (2×100 

mL). The organic layer was washed with 10% aqueous HCl solution (2200 mL) and 

dried over anhydrous Na2SO4. Removing the organic solvent in vacuum afforded a 

reddish solid. Purification by column chromatography on silica gel with EtOAc/hexane 

(60:40) as eluent gave 0.18 g of 7 (49% yield). 

 

Characteristic data for 7:  
1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz):  8.75 (broad s, 2H, ArOH), 8.35 (d, 

4H, JH-H = 7.2 Hz , NO2ArHo), 7.95 (d, 4H, JH-H = 7.6 Hz , NO2ArHm), 7.77 (s, 4H, 

ArHm), 7.70 (d, 4H,  JH-H = 8.0 Hz, ArHm), 7.35 (t, 2H, JH-H = 7.8 Hz, ArHp), 6.98 (d, 2H, 

JH-H = 8.4 Hz, ArHCOCH3,), 6.92 (d, 2H, JH-H = 7.2 Hz, ArHOCH2), 6.78 (t, 4H, JH-H = 

7.0Hz, ArHCOCH3), 4.47 (d, AB system, 4H, JH-H = 13.2 Hz, ArCH2Ar), 4.22 (t, 4H, JH-

3 

7 
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H = 4.2 Hz, OCH2), 4.02 (m, 8H, OCH2), 3.84 (m, 8H,OCH2), 3.77 (m 4H, OCH2), 3.48 

(d, AB system, 4H, JH-H = 13.2 Hz, ArCH2Ar), 2.62 (s, 6H, ArCOCH3) 

 
13C-NMR spectrum(CDCl3, δ(ppm), 400 MHz,) δ 199.7, 158.2, 158.1, 156.2, 151.6, 

147.9, 145.6, 133.6, 132.4, 130.3, 129.4, 128.8, 128.2, 125.6, 124.7, 122.9, 120.7, 112.4, 

75.5, 71.1, 70.7, 70.0, 69.6, 67.6, 32.1, 31.0 

 

IR spectrum (KBr pellet (cm-1)): 3562-3038 (OH, st), 2918-2875 (Aliphatic C-H, st), 

1668 (C=O, st), 1593 and 1453 (Aromatic C=C, st), 1518 (N=N, st), 1253 (C-N, st), 1114 

(C-O, st)  

 

Elemental analysis:  Anal. Calcd for C68H66N6O16: C, 66.77%; H, 5.44%; N, 6.87% 

Found: C, 66.78%; H, 5.50%; N, 6.96% 

 

MALDI-TOF mass:  Anal. Calcd for [C68H66N6O16]+ m/z = 1222.5  

Found m/z = 1223.83 [M + H]+  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

2.2.9 Preparation of 1,3-di-p-nitrophenylazo-calix[4]arene-bis-

dipyrroethane (8) 

 

TFA, RT
10 mins.

O O O O
H H

O

O

O

Me

O

O

O

O

Me

O

N
N

N
N

NO2 NO2

15

O O O O
H H

O

O

O

O

O

O

N
N

NO2

N
N

NO2

NH HN
HNNH

20

H
N

80 equiv.

 
 

A solution of pyrrole (2 mL, 29 mmol) and 7 (0.20 g, 0.16 mmol) was degassed 

by bubbling with nitrogen for 15 minutes, and trifluoroacetic acid (TFA) (0.003 mL, 

0.039 mmol) was then added. The solution was stirred in darkness for 10 minutes at room 

temperature. Then the reaction mixture was diluted with dichloromethane (15 mL), 

washed with 0.1 M NaHCO3 (215 mL) and water (215 mL). The organic layer was 

dried over anhydrous Na2SO4 and the solvent was removed in vacuum. The obtained 

residue was purified by column chromatography over silica gel with CH2Cl2/EtOAc/NEt3 

(95:5:1) as eluent gave a red viscous oil 8 (0.091 g, 39%). 

 

Characteristic data for 8: 

 1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz): δ 8.74 (s (br), 4H, NH), 8.64 (s, 2H, 

ArOH), 8.29 (d, 4H, JH-H = 8.8 Hz,  NO2ArHo), 7.89 (d, 4H, JH-H = 8.8 Hz, NO2ArHm), 

7.73 (s, 4H, ArHm), 7.05 (t, 2H, JH-H = 7.4 Hz, ArHp), 6.92 (d, 2H, JH-H = 7.6 Hz, ArHm), 

6.81 (t, 2H, JH-H = 7.4 Hz, ArH), 6.72 (t, 2H, JH-H = 7.8 Hz, ArH), 6.59 (d, 2H, JH-H = 8.0 

Hz, ArH), 6.51 (s(br), 2H, ArH), 5.98 (s, 4H, HPy), 5.80 (s, 4H, HPy), 4.40 (d, 4H, JH-H = 

13.2 Hz, ArCH2Ar) 4.09 (t, 4H, JH-H = 4.0  Hz, OCH2), 3.87 (t, 4H, JH-H = 4.8 Hz, 

7 8 
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OCH2), 3.75 (t, 4H, JH-H = 4.2 Hz, OCH2), 3.64 (t, 4H, JH-H = 4.4Hz, OCH2), 3.59 (t, 4H, 

JH-H = 4.6 Hz, OCH2), 3.44 (d, 4H, JH-H = 13.6 Hz, ArCH2Ar), 3.21 (t, 4H, JH-H = 4.2 Hz, 

OCH2), 1.98 (s, 6H, CH3) 

 
13C-NMR spectrum (CDCl3, δ(ppm), 400 MHz) δ 171.2, 158.1, 156.1, 151.6, 147.9, 

145.6, 138.3, 134.9, 132.4, 129.4, 128.8, 128.1, 127.5, 125.6, 124.7, 122.9, 120.9, 116.9, 

115.6, 112.3, 107.5, 104.3, 103.6, 75.3, 70.9, 70.4, 69.7, 69.4, 66.3, 60.4, 42.3, 31.1, 29.6, 

29.2, 28.5, 21.1, 14.1 

 

IR spectrum (KBr pellet (cm-1)): 3373 (NH, st), 3096 (Aromatic C-H, st), 2925-2861 

(Aliphatic C-H, st), 1588 and 1460 (Aromatic C=C, st), 1520 (N=N, st), 1320-1207 (C-N, 

st), 1113-1024 (C-O, st) 

 

Elemental analysis:  Anal. Calcd for C84H82N10O14: C, 69.31%; H, 5.68%; N, 9.62%  

 Found: C, 69.38%; H, 5.73%; N, 9.68% 

 

MALDI-TOF mass:  Anal.Calcd for [C84H82N10O14]+ m/z = 1454.6  

 Found m/z = 1455.06 [M + H]+ 
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2.2.10 Preparation of 1,3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole 

(9) 

 

RT, 2 hrs.

16

O O O O
H H

O

O

O

O

O

O

N
N

NO2

N
N

NO2

N
H

H
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HN
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acetone, BF3 OEt2
O O O O

H H
O

O

O

O

O

O

N
N

NO2

N
N

NO2

NH HN
HNNH

20  
 

A mixture of 8 (0.09 g, 0.06 mmol) with dry acetone (15 mL) was stirred in a 100 

mL two-necked round bottom flask and the solution was then added by BF3OEt2 (0.003 

mL, 0.002 mmol). The solution was stirred for 2 hours at room temperature. The solvent 

was removed and the obtained residue was dissolved with CH2Cl2 (15 mL) then treated 

with saturated NaHCO3 (15 mL) and extracted with water (2×15 mL). The organic layer 

was dried over anhydrous Na2SO4 and the solvent was removed to dryness. The residue 

was purified by silica gel with CH2Cl2/EtOAc (95:5) as eluent to provide a reddish solid 

of 9 (0.013 g, 14%). 

 

Characteristic data for 9: 

 1H-NMR spectrum (CDCl3, δ(ppm), 400 MHz): δ 8.71 (s, 2H, ArOH), 8.30 (d, 4H, JH-H 

= 8.8 Hz,  NO2ArHo), 8.10 (s(br), 4H, NH), 7.89 (d, 4H, JH-H = 8.8 Hz, NO2ArHm), 7.72 

(s, 4H, ArHm), 7.10 (t, 2H, JH-H = 8.0Hz, ArHp), 6.94 (d, 4H, JH-H = 7.6 Hz, ArHm), 6.80 

(t, 4H, JH-H = 7.8 Hz, ArH ), 6.74 (d, 2H, JH-H = 8.0 Hz, ArH), 6.71 (d, 2H, JH-H = 8.4 Hz, 

ArH), 5.80 (s, 4H, HPy), 5.56 (s(br), 4H, HPy), 4.37 (d, 4H, JH-H = 12.8 Hz, ArCH2Ar), 

8 9 
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4.16 (t, 4H, JH-H = 4.1 Hz, OCH2), 4.01 (t, 4H, JH-H = 4.9 Hz, OCH2), 3.77 (t, 4H, JH-H = 

4.3 Hz, OCH2), 3.70 (t, 4H, JH-H = 3.6 Hz, OCH2), 3.49 (s(br), 4H, OCH2), 3.45 (d, 4H, 

JH-H = 13.2 Hz, ArCH2Ar), 3.01 (m, 4H, OCH2), 1.98 (s, 6H, Py2CCH3Ar), 1.51 (s, 6H, 

Py2C(CH3)2), 1.44 (s, 6H, Py2C(CH3)2) 

 
13C-NMR spectrum (CDCl3, δ(ppm), 400 MHz) δ 158.1, 156.3, 151.5, 148.0, 145.7, 

137.7, 137.6, 132.5, 129.5, 128.7, 127.9, 125.7,124.7, 122.9, 121.0, 113.8, 103.9, 103.1, 

75.2, 71.0, 70.3, 70.2, 69.8, 69.4, 67.6, 35.2, 33.7, 31.9, 31.1, 30.0, 26.7, 22.6,14.2, 14.1  

 

IR spectrum (KBr pellet (cm-1)): 3290 (NH, st), 3060 (Aromatic C-H, st), 2920-2850 

(Aliphatic C-H, st), 1582 and 1462 (Aromatic C=C, st), 1519 (N=N, st), 1343 (C-N, st), 

1130-1110 (C-O, st) 

 

Elemental analysis:  Anal. Calcd for C90H90N10O14: C, 70.39%; H, 5.91%; N, 9.12%  

Found: C, 70.43%; H, 5.93%; N, 9.29% 

 

MALDI-TOF mass:  Anal.Calcd for [C90H90N10O14]+ m/z = 1534.7  

 Found m/z= 1534.65 [M]+  
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2.3  Complexation studies 
 

2.3.1 Anion complexation study of ligand 9 by using the UV-vis titration 

 

Stock solution of ligand 9 with approximate concentration of 0.1 mM has been 

prepared by weighting an exact amount of ligand 9 on the Mettler Toledo model AT 201 

balances and dissolving in CH3CN with ionic strength kept constant at 10 mM using 

TBAPF6. The stock solution was diluted with the same solvent system to provide an 

approximate 0.02 mM of concentration, named ligand solution. In the case of stock 

solutions of anions, actual concentrations of anion stock solutions could be determined by 

EDTA titration [133] before being diluted with CH3CN/TBAPF6 system to provide an 

optimal concentration for each complexation studies. 

Used CH3CN/TBAPF6 as a blank then 2 mL of ligand 9 solution was placed in a 

spectrophotometric cell of 1-cm path length and its absorbance was recorded extending 

from 200 to 800 nm. An anion solution had been then added directly and successively 

into the cell by a microburette and then, the solution was stired for 30 seconds before 

recording its absorbance. Table 2.1 shows the concentrations of anion used in anions 

complexation and the ratio of anions:ligand 9. The stability constants were refined from 

spectrometric data using the program Sirko [134]. 
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Table 2.1 Concentrations of anions (X- = F-, AcO-, BzO- and H2PO4
-) used in anion   

complexation studies with ligand 9 and the final ratios of guest:host (X-/L9). 

 

Point X-/L9 [L9], mM [X-], mM V of X- (mL) V total (mL) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

0 

0.08 

0.16 

0.24 

0.32 

0.40 

0.48 

0.56 

0.72 

0.88 

1.04 

1.20 

1.36 

1.52 

1.68 

2.00 

2.32 

2.65 

2.96 

3.35 

3.76 

4.14 

4.57 

5.35 

6.16 

0.0200 

0.0198 

0.0196 

0.0194 

0.0192 

0.0190 

0.0189 

0.0187 

0.0183 

0.0180 

0.0177 

0.0174 

0.0171 

0.0168 

0.0165 

0.0160 

0.0155 

0.0150 

0.0146 

0.0141 

0.0136 

0.0132 

0.0127 

0.0120 

0.0113 

0.0000 

0.0016 

0.0031 

0.0047 

0.0062 

0.0076 

0.0091 

0.0105 

0.0132 

0.0159 

0.0184 

0.0209 

0.0232 

0.0255 

0.0278 

0.0320 

0.0360 

0.0397 

0.0432 

0.0473 

0.0512 

0.0547 

0.0581 

0.0642 

0.0696 

0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

0.14 

0.18 

0.22 

0.26 

0.30 

0.34 

0.38 

0.42 

0.50 

0.58 

0.66 

0.74 

0.84 

0.94 

1.04 

1.14 

1.34 

1.54 

2.00 

2.02 

2.04 

2.06 

2.08 

2.10 

2.12 

2.14 

2.18 

2.22 

2.26 

2.30 

2.34 

2.38 

2.42 

2.50 

2.58 

2.66 

2.74 

2.84 

2.94 

3.04 

3.14 

3.34 

3.54 
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2.3.2 Cation complexation study of ligand 9 by using the UV-vis titration 

 

Stock solution of ligand 9 was prapared with approximate concentration of 0.1 

mM containing ionic strength at 10 mM using TBAPF6. The UV-vis titrations were 

carried out in the same manner as mentioned in 2.3.1. The stability constants were also 

refined from spectrometric data using the program SIRKO [134]. 

 

2.3.3 Anion complexation study of ligand 9 by using the 1H-NMR 

spectroscopy 

 

Typically, NMR tubes containing a solution of 0.65 mM of ligand 9 (0.325 mmol) 

in 0.5 mL of CD3CN were directly added with 0.1 equivalent to 3 equivalents of 

tetrabutylammonium salts. The 1H-NMR spectra were recorded after addition of anions 

and every 24 hours until the complexation reached to the equilibrium. 

 

2.3.4 Anion complexation study of ligand 7 by using the UV-vis titration 

 

Stock solution of ligand 7 with approximate concentration of 0.1 mM have also 

been prepared by measuring exact amount of  ligand 7 on the Mettler Toledo model AT 

201 balances and dissolving in CH3CN with ionic strength kept constant at 10 mM using 

TBAPF6. The stock solution were diluted with the same solvent system until a desired 

concentration of approximate 0.02 mM was obtained, named ligand solution. In the case 

of stock solutions of anions, actual concentrations of anion stock solutions could be 

determined by EDTA titration [133] before diluting with CH3CN/TBAPF6 system to 

provide an optimal concentration for each complexation studies. 2 mL of ligand solution 

were placed in spectrophotometric cell of 1-cm path length and its absorbance was 

recorded extending from 200 to 800 nm. An anion solution had then been added directly 

and successively into the cell by a microburette and, then, the solution was stired for 30 

seconds before its absorbance was recorded. 
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2.3.5 Cation complexation study of ligand 7 by using the UV-vis titration 

 

Stock solution of ligand 7 with approximate concentration of 0.1 mM and the 

ionic strength of 10 mM using TBAPF6 was prepared. The UV-vis titrations were carried 

out in the same manner as mentioned in 2.3.1. 

 

2.3.5.1 Anion complexation study of ligand 7 by using the 1H-NMR 

spectroscopy  

 

Typically, 0.1 equivalent until 3 equivalents of tetrabutylammonium salts were 

directly added into NMR tubes containing a solution of 0.65 mM of ligand 7 (0.325 

mmol in 0.5 mL CD3CN. The 1H-NMR spectra were recorded after addition of anions 

and every 24 hours until the complexation reached to the equilibrium. 

 

2.3.6  Anion binding study of ligand 9 in the presence of calcium ion by 

using UV-vis spectrophotometry 

 

In a typical titration experiment, a stock solution of 0.1 mM of ligand 9 and 2 

equivalents of Ca(NO3)2 in CH3CN with ionic strength kept constant at 10 mM using 

TBAPF6 was prepared. The stock solution was diluted with the same solvent system to 

obtain a desired concentration of approximate 0.02 mM. Then, 2 mL of complex 9Ca2+ 

(0.02 mM) were transferred into a spectrophotometric cell of 1-cm path length. An anion 

solution was then added directly and successively into the cell by a microburette and the 

solution was stired for 30 seconds after each addition. The absorbance was recorded 

extending from 200 to 800 nm. Table 2.2 shows the concentrations of anion which used 

in anion complexation and ratios of anion:host. The stability constants were refined from 

spectrometric data using the program Sirko [134]. 
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Table 2.2 Concentrations of anions (X- = F-, AcO-, BzO- and H2PO4
-) used in anion 

complexation studies with 9Ca2+ complex and the final ratio of guest:host (X-/L9Ca2+). 

 

Point X-/L9Ca2+ [L9Ca2+], mM [X-], mM V of X- (mL) V total (mL) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

0 

0.08 

0.16 

0.24 

0.32 

0.40 

0.48 

0.56 

0.72 

0.88 

1.04 

1.20 

1.36 

1.52 

1.68 

2.00 

2.32 

2.65 

2.96 

3.35 

3.76 

4.14 

4.57 

5.35 

6.16 

0.0200 

0.0198 

0.0196 

0.0194 

0.0192 

0.0190 

0.0189 

0.0187 

0.0183 

0.0180 

0.0177 

0.0174 

0.0171 

0.0168 

0.0165 

0.0160 

0.0155 

0.0150 

0.0146 

0.0141 

0.0136 

0.0132 

0.0127 

0.0120 

0.0113 

0.0000 

0.0016 

0.0031 

0.0047 

0.0062 

0.0076 

0.0091 

0.0105 

0.0132 

0.0159 

0.0184 

0.0209 

0.0232 

0.0255 

0.0278 

0.0320 

0.0360 

0.0397 

0.0432 

0.0473 

0.0512 

0.0547 

0.0581 

0.0642 

0.0696 

0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

0.14 

0.18 

0.22 

0.26 

0.30 

0.34 

0.38 

0.42 

0.50 

0.58 

0.66 

0.74 

0.84 

0.94 

1.04 

1.14 

1.34 

1.54 

2.00 

2.02 

2.04 

2.06 

2.08 

2.10 

2.12 

2.14 

2.18 

2.22 

2.26 

2.30 

2.34 

2.38 

2.42 

2.50 

2.58 

2.66 

2.74 

2.84 

2.94 

3.04 

3.14 

3.34 

3.54 
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2.3.7 Anion complexation study of  9Ca2+ complex by using the 1H-NMR 

spectroscopy  

 

Typically, excess amounts (6 equivalents) of tetrabutylammonium salts were 

directly added into NMR tubes containinga solution of 0.65 mM of ligand 9 (0.325 

mmol) with 2 equivalents of Ca(NO3)2 (0.650 mmol) in 0.5 mL of CD3CN. The 1H-NMR 

spectra were recorded after addition of anions and every 24 hours until the complexation 

reached to the equilibrium. 
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CHAPTER III 

 

RESULTS AND DISCUSSION 

 

3.1 Synthesis and characterization of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9) 

 

3.1.1 Synthesis and characterization of 1,3-calix[4]-diacetophenone (3) 

 

 The synthetic pathway of 1,3-calix[4]-diacetophenone 3 (Scheme 3.1) started with 

a preparation of triethyleneglycol ditosylate 1 by tosylation of triethyleneglycol in the 

presence of triethylamine as base and a catalytic amount of  DMAP in dichloromethane at 

room temperature for 4 hours. A white solid of compound 1 was obtained in 65% yield 

by precipitating with methanol. The 1H-NMR spectrum of compound 1 showed the 

characteristic peaks of tosyl groups; a singlet of CH3 at 2.42 ppm and two doublets of 

ArH at 7.77 and 7.32 ppm (JH-H = 8.2 Hz).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.1 Synthetic pathway of 1, 3-calix[4]-diacetophenone (3). 
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 The nucleophilic substitution reaction of  2-hydroxyacetophenone with  

triethylene glycol ditosylate (1) using excess K2CO3 as base in acetonitrile provided       

2-(8-tosyltriethyleneglycol)acetophenone (2) as a colorless oil (30% yield). The 1H-NMR 

spectrum of 2 showed the characteristic peaks of tosyl groups; a singlet of CH3 at 2.46 

ppm and two doublets of ArH at 7.82 and 7.36 ppm (JH-H = 8.0 Hz), and the characteristic 

peaks of the acetophenone unit, a singlet of CH3 at 2.66 ppm, two doublets of ArH at 

7.77 and 6.98 ppm (JH-H = 4.0 Hz) and two triplets of ArH at 7.47 and 7.03 ppm (JH-H = 

4.0 Hz). 

 A condensation of 2 equivalents of 2-(8-tosyltriethyleneglycol)acetophenone (2) 

with calix[4]arene was carried out by using K2CO3 as a base in refluxing acetonitrile for 

7 days. A white solid of ligand 3 was obtained in 85% yield by precipitation with 

methanol in dichloromethane. From the 1H-NMR and 13C-NMR spectrum, the 

substitution occurred in a distal manner due to the presence of only AB-system of 

methylene bridge protons of calix[4]arene unit (ArCH2Ar) as two doublets at 3.36 and 

4.43 ppm (JH-H = 13.0 Hz) and a singlet at 31 ppm in the 13C-NMR. These evidences 

indicated that ligand 3 exists in cone conformation. Because of the adjacent phenyl rings 

of calix[4]arene in cone conformations were in a syn orientation. Consequently, only one 
13C-NMR signal at 31 ppm was presented for the methylene carbon atoms of 

calix[4]arene in this conformation [135]. Whereas in 1,3-alternate conformations, 

adjacent phenyl rings were in an anti orientation so two signals of 13C-NMR at 31 and 37 

ppm should be present [135]. The elemental analysis was also in accordance with the 

proposed structure of ligand 3. 
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3.1.2 Synthesis and characterization of 1,3-di-p-nitrophenylazo-calix[4]-

diacetophenone (7) 

 

Pyridine, THF
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Scheme 3.2 Synthetic pathway of 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone (7). 

 

 The synthesis of 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone (7) was 

accomplished by treating 1,3-calix[4]-diacetophenone (3) with 4-nitrobenzenediazonium 

tetrafluoroborate in the presence of pyridine as a base and tetrahydrofuran as a solvent  

under 0 °C.  After purification by column chromatography on silica (ethyl acetate/hexane 

= 60/40), ligand 7 was obtained as a reddish solid in 49 % yield. The 1H-NMR spectrum 

of ligand 7 showed the characteristic peaks of azobenzene protons as two doublet peaks 

at 8.35 and 7.95 ppm and a downfield shift of hydroxyl protons from 7.72 ppm to 8.75 

ppm. The singlet peak of meta-protons on the phenol rings at 7.77 ppm confirmed that 

the azo dye was connected to phenol ring at the para-position. The signal of methylene 

bridge protons of calix[4]arene unit (ArCH2Ar) appeared as two doublets at 3.48 and 4.47 

ppm (JH-H = 13.2 Hz). In addition, the elemental analysis and MALDI-TOF mass 

spectrum were in good agreement with the proposed structure. 
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Furthermore, the proposed structure was also confirmed by X-ray single crystal 

analysis. Suitable crystal was obtained by allowing a dichloromethane/methanol solution 

of ligand 7 to undergo slow evaporation at the temperature of 4 °C. The X-ray single 

crystal structure (Figure 3.1) revealed that ligand 7 adopts a pinch cone conformation and   

confirmed that   two units of the azobenzene ring were connected to phenol rings in the 

para position. The p-nitrophenylazo moiety aligned approximately planar to phenolic unit 

of calix[4]arene framework allowing electron transfer by resonance. 

 

(a) Top view 

 

 
 

(b) Side view 

 
 

 

Figure 3.1 ORTEP drawing of 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone  (7). 
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3.1.3 Synthesis and characterization of 1,3-di-p-nitrophenylazo-calix[4]arene-

bis-dipyrroethane (8) 

 

Due to the highly selective anion binding of calix[4]pyrrole [136] and its easy 

modification of calix[4]arene to obtain a specific conformer and rigid cavity for a 

selective anion binding ability, 1,3-di-p-nitrophenylazo-calix[4]arene-bis-dipyrroethane 

(8) was synthesized to serve as the intermediate to further modification as depicted in 

Scheme 3.3. 
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Scheme 3.3    Synthetic     pathway    of        1,3-di-p-nitrophenylazo-calix[4]arene- 

bisdipyrroethane (8). 

 

The synthesis of 1,3-di-p-nitrophenylazo-calix[4]arene-bis-dipyrroethane (8) was 

accomplished by treating 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone (7)  with 

excess pyrrole (80 equiv.) in the presence of catalytic amount of trifluoroacetic acid for 

10 minutes according to conventional procedure [137]. After purification by column 

chromatography on silica (dichloromethane/ethylacetate/triethylamine = 95:4:1), ligand 8 

was obtained as a red viscous oil in 39% yield. The 1H-NMR spectrum of ligand 8 

showed the characteristic peaks of pyrrole-NH  as a broad singlet at 8.74 ppm and three  

multiplets of the pyrrolic protons of the dipyrrolethane at  6.51,  5.98 and 5.80 ppm, 

respectively. In addition, elemental analysis result was in good agreement with the 
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proposed structure and the MALDI-TOF mass spectrum confirmed the presence of 1,3-

di-p-nitrophenylazo-calix[4]arene-bisdipyrroethane (8). 

 

3.1.4 Synthesis and characterization of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9) 

 

The modification of intermediate 8 with dry acetone in the presence of a catalytic 

amount BF3OEt2 accomplished the azo-calix[4]arene-calix[4]pyrrole  9    by procedure 

as depicted in Scheme 3.4. 
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Scheme 3.4  The synthesis of 1,3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole (9). 

 

 1, 3-di-p-nitrophenylazo-calix[4]arene-bis-dipyrroethane (8) was condensed with 

dry acetone in the presence of  BF3OEt2   at room temperature for 2 hours. Ligand 9 was 

separated by column chromatography on silica (dichloromethane/ethyl acetate = 95:5) to 

afford a reddish solid (14 %). The 1H-NMR spectrum in CDCl3 showed a broad signal of 

NH of calix[4]pyrrole unit at 8.10 ppm along with two singlet peaks of β-pyrrolic protons 

at 5.80 and 5.56 ppm and a singlet signal of OH of calix[4]arene framework at 8.71 ppm. 

Calix[4]arene exists in cone conformation due to a presence of doublet signal of 

ArCH2Ar of calix[4]arene at 3.45 (JH-H= 13.2 Hz) and 4.37 ppm (JH-H= 12.8 Hz). 
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MALDI-TOF mass supported the presence of the desired ligand 9 with an intense m/z 

peak at 1534.43 [M+] and the elemental analysis result was in good agreement with the 

proposed structure. The resonance of pyrrolic-NHs in CD3CN appear at 8.19 and around 

6.80-6.95 ppm in the form of two distinct singlets confirmed the configuration of 

calix[4]pyrrole unit exists in 1,3-alternate conformation. The two Ar-H of phenyl-

triethyleneglycol spacers between calix[4]arene and calix[4]pyrrole in CDCl3 were found 

to  be split into two distinct doublets appearing at 6.94 and 6.74 ppm confirmed that link 

in trans geometry according to the previous report [137].  

 

3.1.5 Synthesis and characterization of 1,3-calix[4]arene-bis-dipyrroethane 

(4) 
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Scheme 3.5 Synthetic pathway of 1,3-calix[4]arene-bis-dipyrroethane(4). 

 

The synthesis of 1,3-calix[4]arene-bis-dipyrroethane 4 was carried out by treating 

1,3-calix[4]-diacetophenone (3) with excess pyrrole  (80 equiv.) in the presence of 

catalytic amount of trifluoroacetic acid for 10 minutes according to conventional 

procedure [137]. After purification by column chromatography on silica gel 

(dichloromethane/ethyl acetate/triethylamine = 95:4:1), ligand 4 was obtained as a 

transparen viscous oil in 61% yield. The 1H-NMR spectrum of  ligand 4 in CDCl3 

showed the characteristic peaks of pyrrole-NH as a singlet at 8.86 ppm and three 

multiplets of the pyrrolic protons of the dipyrrolethane at 6.62, 6.11 and 5.92 ppm. On the 
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other hand, elemental analysis was not in good agreement with the structure due to its 

instability at room temperature. 

 

3.1.6 Synthesis and characterization of calix[4]arene-calix[4]pyrrole (5) 
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Scheme 3.6 The synthesis of calix[4]arene-calix[4]pyrrole (5). 

 

The synthesis of ligand 5 was done by the condensation of 1,3-calix[4]arene-

bisdipyrroethane (4) with dry acetone in the presence of  BF3OEt2 as a catalyst at room 

temperature for 2 hours. The ligand 5 was separated on column chromatography and 

recrystalized with methanol to afford ligand 5 as a white solid (37%). The 1H-NMR 

spectrum showed a broad signal of  NH of calix[4]pyrrole  moiety at 7.98 ppm 

accompanied by two singlet peaks of β-pyrrolic protons at 5.91 and 5.67 ppm, and the 

singlet signal of OH of calix[4]arene unit at 7.91 ppm. A doublet signal of ArCH2Ar of 

calix[4]arene at 3.39 and 4.40 ppm (JH-H = 13.0 Hz) suggested a cone conformation of 

calix[4]arene. MALDI-TOF mass spectrum supported the presence of desired ligand 5 

showing an intense peak at m/z 1259.65 [M+Na+] and the elemental analysis result was 

in accordance to the proposed structure. 

The solid structure of ligand 5 determined by X-ray crystallography (Figure 3.2) 

has been reported by previous thesis [129]. In contrast to calix[4]arene, the 

calix[4]pyrrole unit adopted in 1,3-alternate conformation. Interestingly, one of the 

aromatic rings connected to calix[4]pyrrole point up the plane, while the other point 

down. Because of a strong hydrogen bonding of pyrrolic-NH to the oxygen of glycolic 
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chain, then calix[4]pyrrole unit bend down to the calix[4]arene and destroy the symmetry 

of the molecule.  

 

 

 
 

Figure 3.2 ORTEP drawing of  calix[4]arene-calix[4]pyrrole (5) [127].  

 

3.1.7 Synthesis and characterization of calix[4]arene-p-nitrophenylazo-

calix[4]pyrrole (6) 
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Scheme 3.7 The synthesis of 1,3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole (9). 

 

The treatment of calix[4]arene-calix[4]pyrrole (5) with 4-nitrobenzenediazonium 

tetrafluoroborate in the presence of pyridine as a base in tetrahydrofuran  under 0 °C. 

According to 1H-NMR spectrum, the design ligand 9 did not occurred. After purification 
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by column chromatography on silica gel (ethyl acetate/hexane = 30:70) ligand 6 (Figure 

3.3) was obtained as a reddish solid in 49% yield. The MALDI-TOF mass analysis of 

ligand 6 revealed signals of m/z = 1387.8, corresponding to the molecular ion [M+H]+ as 

the major peak (calcd. mass M+ = 1386.6). 1H-NMR spectrum of ligand 6 recorded in 

CDCl3 showed the characteristic peak of azobenzene protons as two of doublet peaks at 

8.08 and 7.60 ppm. The pyrrole-NH was occurred at 8.64 ppm and β–pyrrolic protons 

showed three singlet at 5.86, 5.81 and 5.33 ppm. It is mentioning that both sets of 

resonances of pyrrole-NH and β–pyrrolic protons were downfield shifts ( = 0.66 for 

NH and  = 0.1-0.2 for β–pyrrolic) relative to calix[4]arene-calix[4]pyrrole (5). In 

addition, the three singlets of non equal intensity at 2.03, 1.52 and 1.42 ppm (6H, 3H and 

3H, respectively) are assigned to the chemically-non-equivalent methyl protons of the 

calix[4]pyrrole unit. This is presumably as a result of mono-substitution on 

calix[4]pyrrole unit. However the signal of methylene-bridge and glycolic protons are 

complicated due the destroy a symmetry of the molecule by mono-substitution of 

azobenzene but the relative integration of the protons corresponding to the number of 

protons on that chain. Because of a scrambling was observed in the reaction, then the 

undesired ligand 6 was occurred, which due to the formation of a variety of substitution 

products on the reactive pyrrole β–position and phenol para-position. 
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Figure 3.3 Structure of calix[4]arene-p-nitrophenylazo-calix[4]pyrrole (6). 
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3.2 Anion complexation studies of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9) 

 

3.2.1 By using UV-vis spectrophotometry 

 

 Azocalix[4]arene-strapped calix[4]pyrrole  9 was designed to have calix[4]pyrrole 

for anion binding and azo-calix[4]arene to serve as sensoring unit along with enhancing 

anion binding by increasing hydrogen bonding ability of calix[4]arene platform. The 

anion binding ability of  ligand 9 with F-, Cl-,  Br-, I-, AcO-,  BzO-,  H2PO4
-,  ClO4

-, NO3
- 

and PF6
- was carried out using UV-vis spectrophotometry. 100 and 6 equivalents of 

tetrabutylammonium salts in acetonitrile solution were added into the 0.02 mM solution 

of ligand 9. The anion recognition via H-bonding and/or deprotonating interactions could 

be easily monitored by induced wavelength and color changes. 

 

 
 

Figure 3.4 Wavelength changes of ligand 9 upon the addition of various anions. 

Condition: ligand 9 (0.02 mM)/CH3CN; TBAX (100 equiv.)/CH3CN. 
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Figure 3.5 Color change of ligand 9 (0.02 mM) with 100 equivalents of anions. 

 

Addition of 100 equivalents of the anions into ligand 9 solution gave a 

bathochromic shift, from 395 nm to around 600 nm only with F-, AcO-, BzO-, H2PO4
- and 

NO3
- while Cl-, Br-, I-, PF6

- and ClO4
- gave no effect on ligand solution (Figure 3.4). The 

magnitude of these bathochromic shifts is in the order of   F- 
 AcO- 

 BzO- 
 H2PO4

- 
 

NO3
- while significant color changes from light orange to blue, deep blue, violet, green 

and orange were observed, respectively (Figure 3.5). The new absorption band showed at 

624 nm for F-, 620 nm for AcO- and 624 nm for H2PO4
-, in which almost the same 

wavelength contrast to  BzO-, which showed the new absorption band at 575 nm. This 

result suggested that ligand 9 could enable to show colorimetric differentiation of  F-, 

AcO-, BzO- and H2PO4
- of similar basicity [76, 138] but different in their size and shape. 

 

 

 

 

 

BzO- 
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Figure 3.6 Absorbance changes of ligand 9 upon the addition of various anions. 

Condition: ligand 9 (0.02 mM)/CH3CN; TBAX (6 equiv)/CH3CN. 

 

 

 

 

 

                                                9       A       B       C       D 

 

Figure 3.7 Color change of ligand 9 (0.02 mM) with 6 equivalents of anions (from left to 

right;   ligand 9 only, A = ligand 9 + F-, B = ligand 9 + AcO-, C = ligand 9 + BzO-,  

D = ligand 9 + H2PO4
-).  

 

 Adding 6 equivalents of the anion into the solution of  ligand 9 to study the anions 

binding affinity. UV-vis absorption band of ligand 9 in CH3CN undergoes a red shift as 

only for F-, AcO-, BzO- and H2PO4
- . The absorption band at 395 nm of ligand 9 

decreases while the new absorption band gradually move to longer wavelengths reaching 

to a maximum at 615 nm for F-, 607 nm for AcO-  and 575 nm  for  BzO-. In case of  

H2PO4
-, the spectrum did not show a significant spectrum changes but show a small 
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shoulder around 600 nm. Dramatic changes in color were also induced upon addition of 6 

equivalents of anions into the solutions of  ligand 9. Specifically, the initial light orange 

color solution of  ligand 9 turned to light sky blue, blue, light pink and light yellow upon 

the addition of  F-, AcO-, BzO- and H2PO4
-, respectively (Figure 3.7). 

It is known that the electronic excitation of an azophenol chromophore generally 

occurs through a charge transfer from the donor oxygen of the phenol to the acceptor 

substitute (NO2) of the chromophore [61,139]. The mechanism of these phenomena was 

shown in Figure 3.8. Upon complex formation between ligand 9 and anions, the excited 

state would be more strongly stabilized by the anion binding, resulting in a bathochromic 

shift in the absorption maxima as well as in color changes [61,140]. 
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Figure 3.8  Electronic excitation of an azophenol chromophore. 
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3.2.2  By using 1H-NMR spectroscopy 

 

The binding ability of ligand 9 with a series of anions F-, AcO- and BzO- was 

study by using 1H-NMR titration experiments. The different amount of TBAF, 

TBA+AcO- or TBA+BzO- was added into the solution of  ligand 9 (3.58 mM) then the  
1H-NMR spectrum in each experiment was then collected. 
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Figure 3.9 1H-NMR spectra (2-5 ppm) of ligand 9 (3.58 mM) in CD3CN in the presence 

of different amounts of TBAF. 
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Figure 3.10 1H-NMR spectra (5-9 ppm) of  ligand 9 (3.58 mM) in CD3CN in the 

presence of different amounts of  TBAF. 
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Figure 3.11 1H-NMR spectra (5-9 ppm) of  ligand 9 (3.58 mM) in CD3CN in the 

presence of different amounts of  TBA+AcO-. 
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Figure 3.12 1H-NMR spectra (2-5 ppm) of ligand 9 (3.58 mM) in CD3CN in the presence 

of different amounts of  TBA+AcO-. 

 

In order to comprehend the binding mode of ligand 9 with F-, 1H-NMR titration 

was carried out. Figure 3.9 and 3.10 show the 1H-NMR spectra of ligand 9 (3.58 mM) 

with different amounts of TBAF in CD3CN. It was revealed that the phenol protons of 
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azocalix[4]arene moieties at 8.80 ppm disappeared when only 0.1 equivalent of  F- was 

added into solution of ligand 9  along with displacement of Hc proton signal to upfield, 

from 7.82 ppm to 7.72 ppm. This indicates that phenol protons of ligand 9 were 

deprotonated by F- as previously reported [141, 142]. Moreover, protons Ha and Hb of 

nitrobenzene units shifted upfield from 8.28 and 7.88 ppm to 8.26 and 7.80 ppm, 

respectively, which implies that the electron pushed from phenolate ion formed by 

deprotonation by F- ion to nitro group. In addition, the Hd and He protons shifted upfield 

from around 6.86-6.72 and 7.02 ppm to 6.66 and 6.85 ppm which indicated that 1,3-

alternate platform of azocalix[4]arene rearranged to accommodate F- ion. Concerning the 

calix[4]pyrrole moiety, the NH protons shifted downfield  from 8.04 ppm to 8.09 ppm at 

0.1 equiv of  F- added and disappeared at 0.2 equiv of  F- added contrasting with β-

pyrrolic protons without peak merging. This evidence suggests that calix[4]pyrrole unit 

participated in F- binding by hydrogen bonding. From the 1H-NMR evidence, it can be 

concluded that NH of calix[4]pyrrole unit in azocalix[4]arene strapped calix[4]pyrrole 

served as anions binding site and phenolic OH of calix[4]arene enhanced the anion 

binding abilities by hydrogen bonding and selectively signaled the anion detection.  

I case of AcO-, the signal of phenol protons also disappeared when only 0.2 

equivalents was added into the solution of  ligand 9. The disappearance of phenol protons 

caused to the signal of Ha and Hb protons of azobenzene unit and Hc proton shifted 

upfield. Other protons signal such as NH, β-pyrrolic protons, Hd and He were also shifted 

into the same pattern as compared to the F-. From these evidence of 1H-NMR spectra 

concerning to AcO- complexes with ligand 9, it can also be described that the strapped 

azocalix[4]arene can modulate the inherent anion selectivity and increase the anion 

binding affinities of calix[4]pyrrole.  
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Figure 3.13 1H-NMR spectra (5-9 ppm) of ligand 9 (3.58 mM) in CD3CN in the presence 

of different amounts of TBA+BzO-. 
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Figure 3.14 1H-NMR spectra (2-5 ppm) of  ligand 9 (3.58 mM) in CD3CN in the 

presence of different amounts of  TBA+BzO-. 

 

 However, 1H-NMR spectroscopy (Figure 3.13 and 3.14) shows a different 

complexation fashion of benzoate by ligand 9. The phenolic protons of azocalix[4]arene 
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moiety at 8.80 ppm became broaden signal when only 0.1 equivalent   of  benzoate was 

added into solution of ligand 9 and disappeared after 0.2 equivalents was added without 

displacement of Ha and Hb protons. This implies that electron push was not occurred. 

Concerning calix[4]pyrrole  unit, the NH protons of gradually shifted downfield from 

8.16 ppm to 8.65 ppm while pyrrolic protons displaced upfield from 5.80 and 5.61 ppm 

to 5.75 and 5.57 ppm upon addition of benzoate salt solution until 3 equivalents. This 

suggests that ligand 9 bound benzoate ion by hydrogen bonding 
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3.3 Anion complexation studies of 1,3-di-p-nitrophenylazo-calix[4]-

diacetophenone (7) 

 

 3.3.1 By using UV-vis spectrophotometry 

 

 1,3-Di-p-nitrophenylazo-calix[4]-diacetophenone (7), which lack of the 

calix[4]pyrrole unit was used to compare the anions binding properties with ligand 9.  

The anion binding ability of  azocalix[4]-diacetophenone 7 with F-, Cl-, Br-, I-, AcO-, 

BzO-, H2PO4
-, ClO4

-, NO3
- and  PF6

- (as a tetrabutylammonium salt) was carried out by 

using UV-vis spectrophotometry. 10 and 6 equivalents of tetrabutylammonium anion in 

acetonitrile solution were added into the 0.02 mM solution of ligand 7.  The anion 

binding via H-bonding and/or deprotonating can also be easily monitored by a 

wavelength and color changes. 

 

 

 
 

Figure 3.15 Wavelength changes of ligand 7 upon the addition of various anions. 

Condition: ligand 7 (0.02 mM)/CH3CN; TBAX (10 equiv.)/CH3CN. 
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                                 7       F-      AcO-  BzO- H2PO4

- Cl-      Br-       I-     NO3
-  ClO4

- PF6
- 

 

Figure 3.16  Color change of ligand 7 (0.02 mM) with 10 equiv of anions (from left to 

right ligand 7 only, ligand 7 + F-, ligand 7 + AcO-, ligand 7 + BzO-, ligand 7 + H2PO4
-). 

 

Addition 10 equivalents of 10 tetrabutylammonium salts into the solution of 

ligand 7 (0.02 mM), the bathochromic shifts occurred only for F-, AcO- and BzO- (Figure 

3.15). The light yellow color solution of ligand 7 changed to deep blue, deep blue and 

blue for F-, AcO- and BzO-, respectively (Figure 3.16). In this case, the discrimination of 

F-, AcO- and BzO- is quite hard due to the similarity of color changes. 

 

 

 
 

Figure 3.17  Wavelength changes of ligand 7 upon the  addition of  various anions. 

Condition: ligand 7 (0.02 mM)/CH3CN; TBAX (6 equiv.)/CH3CN. 
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                                                       7          F-         AcO-      BzO-   H2PO4

- 

 

Figure 3.18 Color change of ligand 7 (0.02 mM) with 6 equiv of anions (from left to 

right ligand 7 only, ligand 7 + F-, ligand 7 + AcO-, ligand 7 + BzO-, ligand + H2PO4
-). 

 

By the contrast of 6 equivalents addition of all tetrabutylammonium salts, the  

UV-vis spectra of ligand 7 (0.02 mM) showed only bathochromic shifts to F-, AcO- over 

other anions and  showed only weak bathochromic shift to BzO- (Figure 3.17) with 

different magnitude. It is known that ligand 7 has azonitrobenzene as a chromophore in 

the molecule as same as to ligand 9. Upon anion complexation, the electronic excitation 

of an azonitrobenzene occurred by a charge transfer from the donor oxygen of the 

phenolic unit through the acceptor substitute (NO2) of the chromophore [61,139]. Then, 

the excited state would be more strongly stabilized by the anion resulting in a 

bathochromic shift as well as color changes [61,140]. 

As expected from the UV-vis spectra, different color changes occurred after 

addition of F- and AcO- (6 equivalents) into the solution of ligand 7 (0.02 mM). The color 

changes from light yellow to blue, green and yellow for F-, AcO- and BzO-, respectively 

(Figure 3.18). The anionic sensing is in accordance to a maximum absorption intensity of  

F-
 AcO- 

 BzO-. 

 

3.3.2 By using 1H-NMR spectroscopy 

 

The anion binding ability of ligand 7 with a series of  F-, AcO- and BzO- was also 

studied to compare the anion binding abilities with ligand 7 by using 1H-NMR 

spectroscopy. The different amount of F-, AcO- and BzO- (tetrabutylammonium as a 

counter ions) was added into the CD3CN solution of ligand 7 (0.65 mM), shaken at room 

temperature for 30 seconds, and then the 1H-NMR spectrum were collected in each 

experiment. 
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Figure 3.19 1H-NMR spectra (6-10 ppm) of  ligand 7 (0.65 mM) in CD3CN in the 

presence of different amounts of TBAF. 
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Figure 3.20 1H-NMR spectra (3-5 ppm) of ligand 7 (0.65 mM) in CD3CN  in the 

presence of different amounts of TBAF. 
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Figure 3.21 1H-NMR spectra of ligand 7 (0.65 mM) in CD3CN in the presence of 

different amounts of  TBA+AcO-. 
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Figure 3.22 1H-NMR spectra of ligand 7 (0.65 mM) in CD3CN in the presence of 

different amounts of TBA+BzO-. 
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According to the 1H-NMR spectra of ligand 7 titrated with F- (Figure 3.19 and 

3.20), the signal of phenol protons also disappeared when added only 0.2 equivalents of 

F- into the CD3CN solution of ligand 7 along with the signal of  Ha and Hb   protons of 

azobenzene were shifted upfield. The signal of Hc, Hd and He protons of 1,3-alternate 

calix[4]arene platform were also shifted upfield. The results presented here indicate that 

the internal charge transfer occurred in the molecule which may the small spherical of F- 

can be deprotonated to the phenol protons of  ligand 7 along with azocalix[4]arene 

rearranged to accommodate a small F- ion.  

Contrasting to the 1H-NMR spectra of ligand 7 titrated with AcO- and BzO- 

(Figure 3.21 and 3.22), only disappearance of phenolic protons at 8.90 ppm was 

observed. However, the signals of Ha, Hb and Hc protons did not shift significantly. It 

implies that the internal charge transfer did not occur for ligand 7 with AcO- and BzO- 

different to F- and also ligand 9, which has the internal charge transfer, occurred in the 

molecule. 
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From the results of binding studies of ligand 9 with anions compared with ligand 

7, the binding mode of azocalix[4]arene strapped calix[4]pyrrole 9  with anions can be 

proposed in Figure 3.23. It may be proposed that the anion could be deprotonated to the 

two hydroxyl protons of azophenol and encapsulated in side cavity by forming hydrogen 

bond with calix[4]pyrrole unit. In contrast to azocalix[4]diacetophenone 7 (Figure 3.24), 

the anion could be deprotonated to the two hydroxyl protons of azophenol but the internal 

charge transfer may not occurred. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 Proposed binding mode of ligand 9 + anion (1 : 1). 
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Figure 3.24 Proposed binding mode of ligand 7 + anion (1 : 1). 
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3.4  UV-vis titration of ligand 9 with F-, AcO-, BzO- and  H2PO4
- 

 

The complexation abilities of ligand 9 with F-, AcO-, BzO- and  H2PO4
- were 

investigated by using UV-vis spectrophotometric titration in CH3CN at 25°C (see Figure 

3.25, 3.26, 3.27 and 3.28 respectively). When necessary, Bu4NPF6 was employed to keep 

the ionic strength at 0.01 M. Typically, the solution of 6 equivalents anion was added 

directly and successively into the cuvette containing ligand 9 (0.02 mM) and the spectral 

variation was recorded after each addition. The final guest-to-host ratios were varied case 

by case to obtain the optimal condition for complexation. In all cases, bathochromic 

shifts were observed upon addition of NBu4+X- into solutions of ligand 9. The 

stoichiometries and stability constants of the complexes could be determined by the 

SIRKO program [134] and are summarized in Table 3.1. The changes in absorbance of 

CH3CN solution between 300-400 nm were used for evaluating of complex formation 

constants and stoichiometries of ligand 9 with anions. 

 

 
 

Figure 3.25 UV-vis titration of ligand 9 (0.02 mM) in CH3CN upon addition of F- (0-6 

equiv). (Inset) Absorbance at 395 nm as a function of F- concentration, indicating in 1:1 

and 1:2 ratios for ligand 9: F-. 
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Figure 3.26 UV-vis titration of ligand 9 (0.02 mM) in CH3CN upon addition of AcO- (0-

6 equiv). (Inset) Absorbance at 395 nm as a function of AcO- concentration, indicating in 

1:1 ratios for ligand 9:AcO-. 

 

 

 
 

Figure 3.27 UV-vis titration of ligand 9 (0.02 mM) in CH3CN upon addition of BzO- (0-

6 equiv). (Inset) Absorbance at 395 nm as a function of  BzO- concentration, indicating in 

1:1 ratios for ligand 9:BzO-. 

Wavelength (nm) 

Wavelength (nm) 
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Figure 3.28 UV-vis titration of ligand 9 (0.02 mM) in CH3CN upon addition of H2PO4
- 

(0-6 equiv). (Inset) Absorbance at 396 nm versus the H2PO4
- concentration. 

 

Table 3.1 Stability constants (log β) of complexes of ligand 9 with anions in CH3CN by 

the UV-vis titration method (T = 25 °C, I = 0.01 M Bu4NPF6). 

 

anions log β a 

F-  3.07 (0.08)b, 11.09 (0.07)c  

H2PO4
-  2.55 (0.02)b  

AcO-  4.81 (0.06)b  

BzO-  5.64 (0.09)b  
 

aMean values of n  ≥ 2 (for anions) of independent determination with standard deviation 

σn-1 [143,144] on the mean in parentheses, b1:1 complex (AL). c2:1 complex (A2L). 

 

 For F-, two binding constants (log β = 3.07 and 11.09) were found due to two 

species of complexes 1:1 and 2:1 (anion/ligand)(see inset in Figure 3.25), respectively.  

In case of AcO-, BzO- and H2PO4
-, only 1:1 complexes were found with log β = 4.81, 

Wavelength (nm) 
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5.64 and 2.55 , respectively, which could be rationalized on the basis of guest basicity 

[Table 3.2]. In case of F-, AcO-, BzO- and H2PO4
-, which almost have a similar basicity 

but have a spherical for F- trigonal planar for AcO- and BzO- and tetrahedral for H2PO4
- 

can do the same binding mode to ligand 9. From the titration method, it may be 

concluded that ligand 9 prefer to bind BzO- in 1:1 ratio over other anions studied. The 

selectivity can be explained by the geometry of BzO- and the - stacking interaction 

between phenyl ring of BzO- and aromatic ring current of calix[4]pyrrole unite . 

 

Table 3.2 Geometry and basicity of various anions. [145] 

Anions Geometry pKa (298 K) 

F- 

Cl- 

Br- 

I- 

AcO- 

BzO- 

H2PO4
- 

ClO4
- 

NO3
- 

PF6
- 

Spherical 

Spherical 

Spherical 

Spherical 

Trigonal planar 

Trigonal planar 

Tetrahedral 

Tetrahedral 

Trigonal planar 

Octahedral 

3.3 

-10.0 

-9.0 

-8.0 

4.8 

4.2 

2.1, 6.2, 12.4 

- 

-1.4 

- 
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3.5 Cation complexation studies of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9)  

 

3.5.1 By using UV-vis spectrophotometry 

 

The ability of azocalix[4]arene-strapped calix[4]pyrrole 9  to act as  cation 

receptor was also studied. It is known that azocalix[4]crown ether can be used for a metal 

chelating unit, [146-149] so excess (300 equiv.) nitrate salts of  Li+, Na+, K+, Mg2+, Ca2+, 

Sr2+, Ba2+,  Zn2+, Pb2+, Cr3+ and Co2+ were employed to evaluate the metal-ion binding 

properties of 9. Furthermore, upper-rim arylazo functionalized calix[4]arenes, which play 

not only as a chromophore but also as a metal ion binding site [150-152]. The upper-rim 

arylazo calix[4]arene toward metal ions enhances the tautomerization of the azophenols 

to quinine-hydrazones [153] then the excess (300 equiv.) nitrate salts of Ag+, Hg2+, Ni2+, 

Cd2+ and Cu2+ were also investigated. Ligand concentration was fixed at 0.02 mM in 

CH3CN. 

 

(a) 

 

(b) 

 

Figure 3.29 UV-vis spectra of ligand 9 (0.02 mM) before and after adding 300 

equivalents of various metals nitrate in CH3CN (a) and color changes upon addition of 

300 equivalents of Ca(NO3)2 into the solution of ligand 9 (b).  

9 9Ca2+ 

9 only and 
9
  

9
  9

   

9
   

Wavelength (nm) 
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From the UV-vis spectra, ligand 9 also exhibited absorption bands at 395 nm in 

CH3CN. The addition of 300 equivalents of Ca2+ induced a large bathochromic shift of 

the azocalix[4]arene-strapped calix[4]pyrrole 9 from max = 395 nm to 491 nm  (Figure 

3.29(a)). The light yellow color solution of ligand 9 turned to an orange color upon 

complexation with Ca2+ (Figure 3.29(b)). In addition, UV-vis spectra of ligand 9 showed 

only weak bathochromic shift with  Hg2+ and hypsochromic shift with Cu2+. However, 

the hypsochromic shift of ligand 9 with Cu2+ seemed to be the absorption spectrum of 

Cu2+ [154]. 

 

3.5.2 By using 1H-NMR spectroscopy 

 

The complexation behavior of azocalix[4]arene-strapped calix[4]pyrrole 9 with 

Ca2+ was also investigated using 1H-NMR spectroscopy as shown in Figure 3.30 and 

3.31. Ligand 9 (1.3 mM) with 2 and 10 equivalents of Ca(NO3)2 showed a slow exchange 

on the 1H-NMR time scale separate signals for each conformer.  
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Figure 3.30 1H-NMR spectra (5-12 ppm) of ligand 9 (1.3 mM) in CD3CN (a) in the 

presence of 2 equivalents (b) and10 equivalents (c) of Ca(NO3)2 in which () denotes of 

complexes form. 
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Figure 3.31 1H-NMR spectra (2-6 ppm) of ligand 9 (1.3 mM) in CD3CN (a) in the 

presence of  2 equivalents (b) and 10 equivalents (c) of Ca(NO3)2  in which () denotes of 

complexes form. 

 

In the presence of 2 and 10 equivalents of Ca2+, OH, Ha, Hb and Hg protons of 

azocalix[4]arene unit showed two sets of the free and complex signals. Furthermore, the 

spectral changes were also observed for β-pyrrolic and aromatic protons. The signal of β-

pyrrolic protons split to a new signal and the signal of aromatic protons were broader. 

These imply that both calix[4]arene and calix[4]pyrrole units rearranged themselves to 

accommodate Ca2+ . In addition, Hg, Hh and Hi protons also split into two sets of signals. 

Hg was split upfield by 0.34 ppm whereas Hh and Hi split and shifted upfield by 0.05 and 

0.13 ppm, respectively. These results suggest that two species, free ligand 9 and Ca2+ 

complex, existed in solution and metal oscillation did not occur or cation-

binding/decomplexation equilibrium was more rapid than the 1H-NMR timescale and 

suggested that Ca2+ was bound via phenolic and glycolic oxygen atoms. 
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3.5.3 Time evolution of 1, 3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole 

(9) in the presence of 300 equivalents of Ca(NO3)2
 by using UV-vis 

spectrophotometry 

 

In addition, the investigation for the time evolution for the responses of ligand 9 

(0.02 mM) in the presence of 300 equivalents of Ca(NO3)2 in CH3CN was proved by UV-

vis spectrophotometry (Figure 3.32). The UV-vis spectra shown the recognition 

interaction was completed after addition of the Ca(NO3)2 after 1 hour. 

 

 
 

Figure 3.32 UV-vis spectra changes for time evolution of ligand 9 (0.02 mM) in CH3CN 

in the presence of 300 equivalents of Ca(NO3)2.  
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3.5.4 UV-vis titration of ligand 9 with Ca2+ 

 

To study the stoichiometry and association constants between ligand 9  and Ca2+, 

the UV-vis titration experiment was carried out using 0.02 mM of ligand 9  in CH3CN 

and 2 equivalents of Ca(NO3)2 (Figure3.33). Upon titration with 2 equivalents of 

Ca(NO3)2, the CH3CN solution of chromogenic sensor 9 showed small shoulder band 

around 450 to 590 nm and exhibited an isosbestic point at 438 nm to confirmed the two 

species of free and complexes ligand 9 occurred in the solution. Moreover the absorption 

band around 450 to 590 nm of ligand 9 increased upon gradual addition of Ca2+. The 

stoichiometry between ligand 9 and Ca2+ was determined by mole ratio plot (inset in 

Figure 3.33) and SIRKO program, which showed a 1:1 stoichiometry. 

 

 
 

Figure 3.33 UV-vis spectra of ligand 9 (0.02 mM) upon titration with 2 equivalents of 

Ca(NO3)2  in CH3CN. 

 

According to the extent of the observed absorption spectra changes, the 

association constants of ligand 9 with Ca2+ was calculated to be log β = 4.23 M-1. The 

light yellow color of ligand 9 solution turned to an orange upon complexation with Ca2+. 

 

Wavelength (nm) 
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3.5.5 Ion-pair complexation studies of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9) by using 1H-NMR spectroscopy 

 

The ion-pair ligand 9 was designed to bring together both an anion-binding 

moiety and cation-recognizing subunit in such a way that this molecular platform can 

serve as a selective ion-pair sensor. Calix[4]pyrrole and azocalix[4]crownether were 

chosen as the anion- and cation-binding species, respectively. Previous studies have 

shown that this receptor system could be used individually to affect the binding of 

fluoride ion and calcium ion, respectively. Accordingly, CaF2 was selected as the target 

salt for possible ion-pair complexation. The excess amount of CaF2 was added into the 

solution of ligand 9 (3.58 mM), and then keep it at room temperature for 24 hours. The 

complexation between ligand 9 and CaF2 was then studied by 1H-NMR spectrum. 
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Figure 3.34  1H-NMR spectra of ligand  9 (3.58 mM) in CDCl3 (a) and in the presence of 

excess CaF2. 

 

In the presence of excess CaF2, 1H-NMR spectra showed any change [Figure 

3.34]. May the structure of ligand 9 be not suitable to accommodate the ion-pair CaF2 salt 

bound into the cavity between calix[4]pyrrole  and  azocalix[4]crown ether unit. 
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3.6 Anions binding properties of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9) in the presence of calcium cation 

 

 3.6.1 By using UV-vis spectrophotometry 

 

 The complexation of cation by azophenol crownether is favored under basic 

condition because of stronger interactions between phenolate anion formed upon 

deprotonation by a basic guest and cation [155,156]. The azophenolic moieties with 

ionizable OH groups directed inside the cavity require less basic conditions or basic 

anions to deprotonate and cation may facilitate this process.  

Therefore, we investigated the anion binding properties of azocalix[4]arene 

strapped calix[4]pyrrole 9 with the F-, AcO- , BzO- and H2PO4
- in the presence of Ca2+. 

Two equivalents of Ca(NO3)2 were added to the sample of ligand 9 (0.02 mM) in 

CH3CN, giving 100% saturation of the receptor, and minimizing the amount of free Ca2+ 

in the solution then 6 equivalents of each anions were added into the complex 9Ca2+ 

solution. The influence of anion interactions to complex 9Ca2+ on spectroscopic changes 

was studied using UV-vis spectrophotometry and 1H-NMR spectroscopy as well as their 

color changes. 
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Figure 3.35 Spectral changes in the UV-vis absorption of complex 9Ca2+ (0.02 mM) 

upon addition 6 equivalents of  AcO- in CH3CN. 

 

 

 

 

 

 

 

Figure 3.36 Spectral changes in the UV-vis absorption of complex 9Ca2+ (0.02 mM) 

upon addition 6 equivalents of  BzO- in CH3CN. 
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Upon interacting complex 9Ca2+ with AcO- and BzO- , complex 9Ca2+ in CH3CN 

solution gave a remarkable bathochromic shift as show in Figure 3.35(a) and 3.36(a). The 

absorption maximum at 395 nm gradually decreased and a new absorption band at 

approximately 545 nm gradually increased from the shoulder band around 450 to 590 nm 

which ascribed to a charge density shift in the direction of the acceptor substituent (NO2) 

of the chromophore. In other words, increasing in the dipole moment took place leading 

to bathochromic band shift. [157,158] In addition, the orange color solution of complex 

9Ca2+ switched to the pink color solution of the complex 9Ca2+ + AcO- and 9Ca2++ 

AcO- (Figure 3.35(b) and 3.36(b)). 

 

3.6.2 By using 1H-NMR spectroscopy 

 
1H-NMR spectroscopy was also used to determine the anion binding properties of 

complex 9Ca2+. As seen in figure 3.37 and 3.38, after addition of 6 equivalents of 

TBA+AcO-  into the solution of complex 9Ca2+ , the disappearance of  NH  signal and 

significant upfield-shift of  pyrrolic protons of calix[4]pyrrole binding  site  suggested 

that  AcO-  ion was encapsulated by calix[4]pyrrole unit. The signals of  Ha, Hb and Hc 

protons shifted upfield significantly which suggested that a basic AcO-  ion may interact 

to protic phenol proton (OH) as well as methylene-bridge protons (Hg) shifted upfield 

significantly which indicates that the geometry of calix[4]arene was rearranged. The 

more AB system signal of methylene-bridge protons separated in 1H-NMR spectrum of  

9Ca2+
AcO-  which implied that the more phenolic units of calix[4]arene pinched [153]. 

Moreover, the upfield shift of pyrrolic (pyrrole-H,  = 0.06 ppm) and glycolic (Hl,   = 

0.10 ppm) protons of complex 9Ca2+ confirmed that AcO- ion locate nearby 

calix[4]pyrrole unit. In addition, signals of   Hj,  Hk and  Hi protons shifted downfield by 

0.02, 0.02 and 0.12 ppm, respectively which suggested that Ca2+ ion was more strongly 

bound by glycolic oxygen atoms. The mentioned proton signal changes of complex 

9Ca2+ suggested that AcO- was bound inside the crown ether loop of complex 9Ca2+ 

near by Ca2+ ion which may interact each other. Furthermore, compared the binding 

mode between 9Ca2+
AcO- and  9AcO- by 1H-NMR spectrum in Figure 3.37(c) and 

3.38(c) of  9AcO- . The spectrum has shown the signal of   NH, pyrrole-H, methylene-
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bridge protons (Hg) and glycolic protons completely different to 9Ca2+
AcO-. These 

results suggest that the ion pair complex of  9Ca2+
AcO-  was occurred in the solution of 

acetonitrile. 
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Figure 3.37 1H-NMR spectra (5-11 ppm) of ligand 9 (1.3 mM) in CD3CN (a)  in the 

presence of  2.0 equiv. of Ca(NO3)2 (b) in the presence of 3.0 equiv. of  TBA+AcO- (c) 

and 1H-NMR spectra of complex 9Ca2+ (1.3 mM) in CD3CN in the presence of 6 equiv 

of TBA+AcO-  (d). 
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Figure 3.38 1H-NMR spectra (2.5-6 ppm) of ligand 9 (1.3 mM) in CD3CN (a)  in the 

presence of 2.0 equiv. of Ca(NO3)2 (b) in the presence of 3.0 equiv. of  TBA+AcO- (c) 

and 1H-NMR spectra of complex 9Ca2+ (1.3mM) in CD3CN in the presence of 6 equiv. 

of TBA+AcO-  (d). 

 

3.6.3 By using UV-vis titration 

 

 The stoichiometries and association constants between ligand 9Ca2+ with AcO- 

and BzO-, the UV-vis titration experiments were carried out using 0.02 mM of complex 

9Ca2+ with 6 equivalents of  TBA+AcO-  and TBA+BzO-  in CH3CN solutions. Figure 

3.39 shows spectral change of titration of complex 9Ca2+ with AcO- which demonstrates 

a decrease of max at 397 nm and an appearance of new max at 550 nm leading to an 

isosbestic point at 448 nm. The plot of absorbance of these two peaks in the function of 

equivalent AcO-  added (see inset in Figure 3.39) gives an intersection at 0.5 equivalent of 

AcO-  added which implies that the stoichiometry between complex 9Ca2+ and  AcO-  is 

1:1. 
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Figure 3.39 UV-vis spectra of complex 9Ca2+ (0.02 mM) upon titration with 6 equiv. of  

AcO- in CH3CN. 

 

Similarly, in the case of  BzO-, Figure 3.40 and the inset included also display an 

isosbestic point at 448 nm and a stoichiometry of 1:1 (complex 9Ca2+:BzO-). 

 

 

 

Figure 3.40 UV-vis spectra of complex 9Ca2+ (0.02 mM) upon titration with 6 equiv. of  

BzO- in CH3CN. 

Wavelength (nm) 

Wavelength (nm) 
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The association constants of complex 9Ca2+ with anions using the titration 

method were obtained and summarized in Table 3.4. By comparison, in the case of BzO- 

complexation, the stability constants of 1:1 complex of complex 9Ca2+ is  less than that 

of  ligand 9, 5.52 and 5.64, respectively, which implies that Ca2+ gives a negative 

allosteric effect [159-162]. By contrast, in the case of AcO-, the higher stability constants 

of complex 9Ca2+ compared to that of ligand 9 suggests a positive allosteric effect [159-

162].  

 

Table 3.3 Stability constants (log β) 1:1 of  ligand 9 with Ca2+ and complex 9Ca2+ with 

anions in CH3CN by the UV-vis titration method (T = 25 °C, I = 0.01 M Bu4NPF6). 

 

anions 9 ;  log β a 9Ca2+ ; log β a 

CH3CO2
- 

PhCO2
- 

 4.81 (0.06)b 

 5.64 (0.09)b  

5.01   (0.01) 

 5.52   (0.01) 

 
aMean values of n  ≥ 2 (for anions) of  independent determination with standard deviation 

σn-1 [143,144] on the mean in parentheses, b1:1 complex.  

 

 

3.6.4  Anion binding properties of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9) with the F-  and  H2PO4
-  in the presence of calcium 

cation 

 

The influence of   F- and   H2PO4
-   to complex 9Ca2+ on spectroscopic changes 

was studied using UV-vis spectrophotometry as well as their color changes. Interestingly, 

upon adding 6 equivalents of  F-  or  H2PO4
-  to the solution of complex   9Ca2+, the 

absorption spectra of ligand 9 reappeared (Figure3.41 and 3.42). In addition, the orange 

color solution of   complex   9Ca2+ also returned to the original ligand 9. 
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(a) 

 

(b) 
 

 

 

Figure 3.41 (a) UV-vis spectra of complex 9Ca2+ (0.02 mM) upon titration with 6 equiv. 

of F- in CH3CN and (b) color change of solution of complex 9Ca2+ added with 6 equiv. 

of F-. 

 

(a) 

 

(b) 

 

 

 

Figure 3.42 (a) UV-vis spectra of complex 9Ca2+ (0.02 mM) upon titration with 6 equiv. 

of H2PO4
- in CH3CN and (b) color change of solution of complex 9Ca2+ added with 6 

equiv. of H2PO4
-. 
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 In the reverse direction, 6 equivalents of TBAF were added to the sample of 

ligand 9 in CH3CN first and 2 equivalents of Ca(NO3)2  followed. The UV-vis   spectrum 

of  9F- complex  returned to the original spectrum of  ligand 9 and the blue solution of 

the 9F-  complex also returned to the original yellow color of  ligand 9 solutions (Figure 

3.43). 

 

 
 

Figure 3.43 UV-vis spectra of ligand 9 (0.02 mM in CH3CN) (black line), after adding 6 

equivalents of  F- (red line) and then 2 equivalents of CaNO3 (green line). 

 

 

 

 

 

 

 

 

 

 

 

9 9 9 F- 
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In case of the 1H-NMR spectroscopic study, the original spectrum of  ligand  9 

also returned after adding excess Ca2+ into the solution of  9F-complex (Figure 3.44). 

 

 
 

 

 
 

Figure 3.44 1H-NMR spectra of 9 (2.0 mM) (a) after addition of 3 equiv. of   F- in 

CD3CN (b) and excess Ca(NO3)2 were add to the  9F- complex (c) and the pathway of 

color changed (inset). 

 

 

 

 

 

 

 

 

F- Ca2+

9
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Smith et al. [163,164] have described a related effect in which binding of anion by 

a simple neutral host was inhibited in the presence of metal cation in solution as a result 

of preferential ion-pairing. These clearly indicated that addition only one equivalent of 

anion or cation leads to a stripping a more stable ion-pair from the receptor in solution, 

and anion or cation binding to the receptor is effectively inhibited by this process. The 

ion-pairing effect shows by the cartoon picture in Figure 3.45. 

 

 

 

 
 

Figure 3.45 The ion-pairing effect. 

 

On the basis of the above observation, we would like to investigate the potential 

applications of ligand 9, as an anion sensor. To explore this, we will prepare a test paper 

(Whatman-40) coat with CH3CN solution of ligand 9 and then dry in air. Put the solution 

of each anion on the ligand 9 paper coat. In case of F-, AcO-, BzO- and H2PO4
- must show 

color changes on the test paper. In addition, the prepare test paper can be reused for the 

detection of anions or not by washing the anion containing test paper with Ca(NO3)2 

solution. By these processes we can recycle the test paper (kits) in several times, for the 

detection of anions in environment medium. 
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3.7  Complexation studies of ligand 7 with AcO-, BzO-, F- and H2PO4
- in the 

presence of Ca2+ using UV-vis spectrophotometry and 1H-NMR spectroscopy. 

 

To compare the ion-pairing effect of complex 9Ca2+ with complex 7Ca2+, the 

influence of anion interactions to complex 7Ca2+ on spectroscopic changes was also 

studied using UV-vis spectrophotometry and 1H-NMR spectroscopy as well as their color 

changes. Added 2 equivalents of Ca(NO3)2 into the CH3CN solution of ligand 7, giving 

100%  saturation of the receptor, and  minimizing the amount of free Ca2+ in the solution 

and then 6 equivalents of each anions were added into the complex 7Ca2+ solution. 

 

(a) 

 

(b) 

 

 

Figure 3.46 Spectral changes in the UV-vis absorption of complex  7Ca2+  (0.02 mM)  

upon addition 6 equiv. of AcO- and BzO- in CH3CN (a) and color changes of ligand 7 

(0.02 mM) in CH3CN after adding 2 equiv. of Ca(NO3)2
 and addition 6 equiv. of AcO- or 

BzO- respectively (b). 

 

In case of complex 7Ca2+ (0.02 mM), the UV-vis spectra showed a bathochromic 

shift when adding 6 equivalents of AcO- or BzO- into the solution (Figure 3.46(a)). 

However, the absorption band was fixed at 565 nm (different from complex 9Ca2+ with 

7 
only 
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AcO- 
or 

BzO- 

7 only 

7Ca2+ + AcO- 

7Ca2+ + BzO- 

7Ca2+ 



104 
 

AcO- or BzO-, 545 nm.) and the orange solution of complex 7Ca2+ changed to violet 

(Figure 3.46(b)). This implies that the complex 7Ca2+ interacted with AcO- and BzO- in a 

different manner as compared to complex 9Ca2+. The internal charge transfer did not 

occur in the absence of calix[4]pyrrole binding unit. 

Furthermore, in the case of  7F- complex, 3 equivalents of  TBAF were added to 

the sample of ligand 7 in CD3CN and then excess of Ca(NO3)2 was added into the 

solution of 7F- complex. The signal of  7F- complex did not return to its original 

spectrum of ligand 7 upon the addition of excess Ca2+. 1H-NMR spectrum of ligand 7 

(5.46 mM) upon adding 3 equivalents of  F- showed only deprotonation at phenol 

protons. Excess Ca2+ was then added to the solution of complex  7F-  but no evidence of 

binding was observed (Figure3.47). The phenol protons reappeared after 3 days upon 

keeping the 7F- complex with Ca2+ at room temperature. This lack of reversal process 

clearly stemmed from the absence of the calix[4]pyrrole unit. 
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Figure 3.47 1H-NMR spectra of ligand 7 (5.46 mM) upon titration with 3 equiv. of F- in  

CDCl3  and excess CaNO3 was added to the 7F- complex. 
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CHAPTER IV 

 

CONCLUSION 

 

 The chromogenic anion sensor, 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9), has been successfully synthesized in 4 steps. The synthetic pathway 

starting from a condensation of 2-(triethyleneglycol tosylate)acetophenone (2) with 

calix[4]arene to afford 1,3-calix[4]-diacetophenone (3). After condensation of diketone 3 

with pyrrole, the obtained 1,3-calix[4]-bis(dipyrrolethane) (4) was then cyclized with 

acetone to provide calix[4]arene-calix[4]pyrrole (5). The diazo-coupling reaction of 5 

with p-nitrobenzene-diazonium tetrafluoroborate gave the undesired product 

calix[4]arene-p-nitrophenylazo-calix[4]pyrrole (6), which contains azobenzene ring in -

pyrrolic position. Coupling of nitrobenzene-diazonium tetrafluoroborate with 1,3-

calix[4]-diacetophenone (3) gave 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone (7), 

which  has azobenzene ring in para position of the phenol ring.  The obtained  1,3-di-p-

nitrophenylazo-calix[4]-diacetophenone (7) was condensed with pyrrole to provide 1,3-

di-p-nitrophenylazo-calix[4]arene-bis-dipyrroethane (8). The obtained product 8 was then 

cyclized with acetone gave a chromogenic sensor 9 in a total yield of 1.13 %. Regarding 

the geometry of ligand 9, the calix[4]arene unit constrains in cone conformation whereas 

calix[4]pyrrole one fixes in 1,3-alternate fashion with trans-linkages of the two units. 

 The binding abilities of  ligand 9 studied by UV-vis spectrophotometry was found 

to differentiate F-, AcO-, BzO- and  H2PO4
- based on their sizes and shapes. 1H-NMR 

spectrum showed the deprotonation from base anions occurred at the phenolic part of 

azocalix[4]arene leading to the internal charge transfer of the molecule. Calix[4]pyrrole 

seemed to modulate the anion binding properties with preorganized hydrogen-bonding or 

coordinating to anions. Ligand 9 was highly selective to Ca2+ by using azocalix[4]crown 

ether as a metal chelating unit. The binding abilities of complex 9Ca2+ with AcO- and 

BzO- showed a bathochromic shift which ascribed to the complexation of complex 9Ca2+ 

with AcO- and BzO-. However, F- and H2PO4
- induced the original spectrum of ligand 9 

due to the formation of more stable ion-pairs inhibition in solution. 

Azocalix[4]diacetophenone 7, which lack of calix[4]pyrrole was used to compare the 
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binding abilities to ligand 9 . The internal charge transfer did not occur in the case of 

ligand 7 when complexes with AcO-, BzO-. In addition, adding Ca2+ to the solution of 

complex 7F- did not give back the free ligand 7. We thus demonstrated that the presence 

of calix[4]pyrrole unit would effect binding and sensing properties of ligand 9 towards 

cations and anions. 
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Table A1. Crystal data and structure refinement for 1,3-di-p-nitrophenylazo-calix[4]-

diacetophenone (7). 

 Ligand 7 

 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Space group 

Unit cell dimensions 

 

 

Volume 

Z 

Calculated density 

Absorption coefficient 

F(000) 

 range for data collection  

Index ranges   

Reflections collected 

Independent reflections 

Completeness to   = 26.44 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [F2 > 2(F2)] 

R indices (all data) 

Largest diff. peak and hole 

 

 

s531953_2_0m 

C69H68Cl2N6O16 

1308.19 

293(2) K 

0.71073 A 

P 21/n 

a = 17.9165(5) Å, b = 16.5501(4) Å,  

c = 22.8972(6) Å,  

 = 90,  = 101.726,  = 90 

6647.8(3) Å3 

4 

1.307 Mg/m3 

0.170 mm-1 

2744 

1.32 - 26.44 

-20  h  22, -20  k  19, -28  l  28 

42073 

13664 [Rint = 0.0471] 

99.6 % 

None 

Full-matrix least-squares on F2 

13664 / 820 / 830 

1.741 

R1 = 0.1642, wR2 = 0.4595 

R1 = 0.2452, wR2 = 0.5122 

5.040 and -1.399 e Å-3 
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Table A2.  Atomic coordinates [x 104], and equivalent isotropic displacement 
parameters [Å2 x 103]. U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 

         Atom            x                  y                z              U(eq) 

          C(1)          302(4)        844(4)       2656(3)       38(1) 

          C(2)          544(4)        858(4)       3272(3)       44(2) 

          C(3)          104(4)        469(4)       3620(3)       45(2) 

          C(4)         -545(4)         77(4)       3361(3)       45(2) 

          C(5)         -781(4)         68(4)       2750(3)       45(2) 

          C(6)         -376(4)        455(4)       2383(3)       44(2) 

          C(7)         -640(4)        453(5)       1710(3)       52(2) 

          C(8)         -143(4)        -95(4)       1410(3)       42(2) 

          C(9)         -205(5)       -935(5)       1437(4)       59(2) 

          C(10)         284(5)      -1423(4)       1213(3)      61(2) 

          C(11)         862(5)      -1096(4)        982(3)       49(2) 

          C(12)         938(4)       -268(4)        927(3)       42(1) 

          C(13)         415(4)        213(4)       1137(3)       37(1) 

          C(14)        1586(4)         79(4)        666(3)       48(2) 

          C(15)        2363(4)          5(4)       1068(3)       41(1) 

          C(16)        2870(4)       -580(4)        941(3)       41(2) 

          C(17)        3601(4)       -657(4)       1309(3)       37(1) 

          C(18)        3782(4)       -169(4)       1815(3)       44(2) 

          C(19)        3281(4)        410(4)       1951(3)       38(1) 

          C(20)        2589(4)        488(3)       1573(3)       38(1) 

          C(21)        3501(4)        922(4)       2517(3)       50(2) 

          C(22)        3057(4)        681(4)       2987(3)       39(1) 

          C(23)        3247(4)        -39(4)       3301(3)       52(2) 

          C(24)        2803(5)       -299(5)       3698(3)       62(2) 

          C(25)        2182(5)        150(4)       3788(3)       55(2) 

          C(26)        1989(4)        850(4)       3481(3)       42(1) 

          C(27)        2452(4)       1124(3)       3096(3)       36(1) 

          C(28)        1263(4)       1314(5)       3541(3)       57(2) 

          C(29)       -1867(4)      -1199(5)       3872(3)       58(2) 
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          C(30)       -2113(5)      -1993(5)       3696(4)       66(2) 

          C(31)       -2525(5)      -2419(5)       4034(4)       67(2) 

          C(32)       -2694(4)      -2071(5)       4537(4)       59(2) 

          C(33)       -2479(5)      -1278(5)       4707(4)       64(2) 

          C(34)       -2057(5)       -859(5)       4369(4)       62(2) 

          C(35)        4574(4)      -2127(4)        636(3)       40(1) 

          C(36)        4374(4)      -2693(4)        180(3)       48(2) 

          C(37)        4888(4)      -3215(4)         28(3)       53(2) 

          C(38)        5618(4)      -3185(4)        342(3)       49(2) 

          C(39)        5863(4)      -2616(5)        807(4)       60(2) 

          C(40)        5321(4)      -2107(5)        942(3)       59(2) 

          C(41)          41(4)       1345(4)        512(3)       46(2) 

          C(42)         152(5)       2220(4)        480(3)       61(2) 

          C(43)         -66(7)       3471(5)        881(4)       87(3) 

          C(44)        -331(7)       3930(5)       1335(4)       91(3) 

          C(45)         260(5)       3166(5)       2206(4)       63(2) 

          C(46)        -467(5)       2758(4)       2274(4)       64(2) 

          C(47)       -1569(5)       3064(5)       2684(3)       58(2) 

          C(48)       -2021(4)       3640(4)       2865(3)       54(2) 

          C(49)       -2691(5)       3399(6)       3036(4)       74(2) 

          C(50)       -2879(6)       2573(7)       3032(5)       93(3) 

          C(51)       -2449(6)       2036(6)       2825(5)       86(3) 

          C(52)       -1787(5)       2232(5)       2651(4)       67(2) 

          C(53)       -1874(5)       4537(5)       2906(4)       62(2) 

          C(54)       -1076(6)       4849(6)       2940(6)       97(3) 

          C(55)        2581(5)       2553(4)       3095(4)       63(2) 

          C(56)        2654(8)       3193(5)       2677(5)      101(3) 

          C(57)        3664(7)       3507(6)       2254(6)      101(3) 

          C(58)        4301(9)       3283(9)       1972(6)      138(5) 

          C(59)        4833(7)       2408(8)       1403(5)      112(3) 

          C(60)        4636(6)       1618(8)       1041(5)      103(3) 

          C(61)        3619(6)       1198(6)        242(5)       79(2) 

          C(62)        2874(6)       1328(5)        -52(4)       73(2) 
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          C(63)        2549(7)        744(6)       -465(4)       86(2) 

          C(64)        2932(9)         69(7)       -573(5)      106(3) 

          C(65)        3640(8)        -59(7)       -279(6)      103(3) 

          C(66)        3979(7)        521(7)        115(5)       96(3) 

          C(67)        2372(7)       2010(6)         46(5)       86(3) 

          C(68)        2552(6)       2521(6)        605(5)       95(3) 

          C(69)        -625(13)      6193(5)        854(5)      630(40) 

          N(1)         -961(3)       -332(4)       3752(3)       53(2) 

          N(2)        -1439(4)       -819(4)       3492(3)       64(2) 

          N(3)        -3096(4)      -2536(6)       4924(4)       77(2) 

          N(4)         4163(3)      -1177(3)       1202(2)       43(1) 

          N(5)         3975(3)      -1618(3)        747(3)       48(1) 

          N(6)         6197(4)      -3741(4)        199(4)       68(2) 

          O(1)          723(3)       1247(3)       2323(2)       47(1) 

          O(2)          469(2)       1050(2)       1076(2)       40(1) 

          O(3)         2061(3)       1060(3)       1661(2)       49(1) 

          O(4)         2260(3)       1837(2)       2779(2)       47(1) 

          O(5)        -3184(4)      -3253(5)       4801(4)      103(2) 

          O(6)        -3315(5)      -2213(6)       5321(4)      122(3) 

          O(7)         6000(4)      -4193(4)       -227(3)      102(2) 

          O(8)         6831(4)      -3723(5)        489(4)      113(3) 

          O(9)         -184(3)       2636(3)        896(2)       61(1) 

          O(10)         110(3)       3934(3)       1903(3)       67(2) 

          O(11)        -920(3)       3326(3)       2524(3)       63(1) 

          O(12)       -2378(4)       4997(4)       2956(3)       90(2) 

          O(13)        3350(7)       2982(5)       2473(5)      169(4) 

          O(14)        4272(4)       2533(5)       1725(3)      104(2) 

          O(15)        3942(4)       1771(4)        617(3)       95(2) 

          O(16)        1777(5)       2149(5)       -335(5)      136(3) 

          Cl(1)       -1219(3)       5580(3)        202(2)      161(2) 

          Cl(2)       -1327(5)       5817(5)       1349(4)      266(3) 
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Table A3.  Bond lengths [Å] and angles []. 

            C(1)-O(1)                     1.354(7) 
            C(1)-C(6)                     1.405(9) 
            C(1)-C(2)                     1.389(9) 
            C(2)-C(3)                     1.389(9) 
            C(2)-C(28)                    1.511(10) 
            C(3)-C(4)                     1.358(10) 
            C(4)-C(5)                     1.377(10) 
            C(4)-N(1)                     1.445(8) 
            C(5)-C(6)                     1.376(8) 
            C(6)-C(7)                     1.517(10) 
            C(7)-C(8)                     1.527(9) 
            C(8)-C(13)                    1.379(9) 
            C(8)-C(9)                     1.399(10) 
            C(9)-C(10)                    1.365(11) 
            C(10)-C(11)                   1.367(11) 
            C(11)-C(12)                   1.386(9) 
            C(12)-C(13)                   1.388(9) 
            C(12)-C(14)                   1.522(9) 
            C(13)-O(2)                    1.398(7) 
            C(14)-C(15)                   1.509(10) 
            C(15)-C(16)                   1.398(8) 
            C(15)-C(20)                   1.397(9) 
            C(16)-C(17)                   1.411(9) 
            C(17)-N(4)                    1.384(8) 
            C(17)-C(18)                   1.396(9) 
            C(18)-C(19)                   1.392(9) 
            C(19)-C(20)                   1.366(9) 
            C(19)-C(21)                   1.531(9) 
            C(20)-O(3)                    1.382(7) 
            C(21)-C(22)                   1.517(9) 
            C(22)-C(23)                   1.396(9) 
            C(22)-C(27)                   1.373(9) 
            C(23)-C(24)                   1.392(10) 
            C(24)-C(25)                   1.388(11) 
            C(25)-C(26)                   1.363(10) 
            C(26)-C(27)                   1.401(8) 
            C(26)-C(28)                   1.539(10) 
            C(27)-O(4)                    1.392(7) 
            C(29)-C(30)                   1.417(11) 
            C(29)-C(34)                   1.373(11) 
            C(29)-N(2)                    1.419(9) 
            C(30)-C(31)                   1.369(11) 
            C(31)-C(32)                   1.376(12) 
            C(32)-C(33)                   1.400(11) 
            C(32)-N(3)                    1.467(10) 
            C(33)-C(34)                   1.373(10) 
            C(35)-C(40)                   1.379(10) 
            C(35)-C(36)                   1.394(9) 
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            C(35)-N(5)                    1.427(8) 
            C(36)-C(37)                   1.358(9) 
            C(37)-C(38)                   1.359(10) 
            C(38)-C(39)                   1.424(10) 
            C(38)-N(6)                    1.472(9) 
            C(39)-C(40)                   1.367(10) 
            C(41)-O(2)                    1.446(7) 
            C(41)-C(42)                   1.466(10) 
            C(42)-O(9)                    1.407(9) 
            C(43)-O(9)                    1.399(9) 
            C(43)-C(44)                   1.443(13) 
            C(44)-O(10)                   1.378(11) 
            C(45)-O(10)                   1.446(9) 
            C(45)-C(46)                   1.504(11) 
            C(46)-O(11)                   1.434(8) 
            C(47)-O(11)                   1.359(9) 
            C(47)-C(48)                   1.370(10) 
            C(47)-C(52)                   1.428(11) 
            C(48)-C(49)                   1.394(11) 
            C(48)-C(53)                   1.508(11) 
            C(49)-C(50)                   1.408(14) 
            C(50)-C(51)                   1.324(14) 
            C(51)-C(52)                   1.366(13) 
            C(53)-O(12)                   1.204(9) 
            C(53)-C(54)                   1.507(13) 
            C(55)-O(4)                    1.447(8) 
            C(55)-C(56)                   1.451(12) 
            C(56)-O(13)                   1.460(14) 
            C(57)-O(13)                   1.198(11) 
            C(57)-C(58)                   1.469(17) 
            C(58)-O(14)                   1.360(14) 
            C(59)-O(14)                   1.377(12) 
            C(59)-C(60)                   1.550(16) 
            C(60)-O(15)                   1.436(13) 
            C(61)-O(15)                   1.330(12) 
            C(61)-C(66)                   1.354(14) 
            C(61)-C(62)                   1.385(14) 
            C(62)-C(63)                   1.394(13) 
            C(62)-C(67)                   1.489(14) 
            C(63)-C(64)                   1.360(14) 
            C(64)-C(65)                   1.326(18) 
            C(65)-C(66)                   1.371(16) 
            C(67)-O(16)                   1.254(13) 
            C(67)-C(68)                   1.512(15) 
            C(69)-Cl(2)                   1.958(16) 
            C(69)-Cl(1)                   1.936(14) 
            N(1)-N(2)                     1.236(8) 
            N(3)-O(6)                     1.188(11) 
            N(3)-O(5)                     1.223(10) 
            N(4)-N(5)                     1.261(7) 
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            N(6)-O(8)                     1.193(10) 
            N(6)-O(7)                     1.223(9) 
            O(1)-C(1)-C(6)              120.3(6) 
            O(1)-C(1)-C(2)              118.0(6) 
            C(6)-C(1)-C(2)              121.6(6) 
            C(3)-C(2)-C(1)              118.6(6) 
            C(3)-C(2)-C(28)             122.3(6) 
            C(1)-C(2)-C(28)             119.1(6) 
            C(4)-C(3)-C(2)              120.4(6) 
            C(3)-C(4)-C(5)              120.6(6) 
            C(3)-C(4)-N(1)              117.2(6) 
            C(5)-C(4)-N(1)              122.2(6) 
            C(6)-C(5)-C(4)              121.7(7) 
            C(5)-C(6)-C(1)              117.1(6) 
            C(5)-C(6)-C(7)              121.8(6) 
            C(1)-C(6)-C(7)              121.1(6) 
            C(6)-C(7)-C(8)              111.6(5) 
            C(13)-C(8)-C(9)             117.3(6) 
            C(13)-C(8)-C(7)             121.8(6) 
            C(9)-C(8)-C(7)              120.7(6) 
            C(10)-C(9)-C(8)             120.5(7) 
            C(9)-C(10)-C(11)            120.4(7) 
            C(12)-C(11)-C(10)           121.5(7) 
            C(11)-C(12)-C(13)           116.7(6) 
            C(11)-C(12)-C(14)           120.4(6) 
            C(13)-C(12)-C(14)           122.8(6) 
            C(8)-C(13)-C(12)            123.2(6) 
            C(8)-C(13)-O(2)             118.8(5) 
            C(12)-C(13)-O(2)            117.9(5) 
            C(15)-C(14)-C(12)           114.4(5) 
            C(16)-C(15)-C(20)           118.5(6) 
            C(16)-C(15)-C(14)           119.2(6) 
            C(20)-C(15)-C(14)           122.3(6) 
            C(17)-C(16)-C(15)           120.1(6) 
            C(16)-C(17)-N(4)            124.8(5) 
            C(16)-C(17)-C(18)           118.4(6) 
            N(4)-C(17)-C(18)            116.8(6) 
            C(19)-C(18)-C(17)           122.1(6) 
            C(18)-C(19)-C(20)           117.9(6) 
            C(18)-C(19)-C(21)           120.2(6) 
            C(20)-C(19)-C(21)           121.9(5) 
            O(3)-C(20)-C(19)            122.2(6) 
            O(3)-C(20)-C(15)            114.9(6) 
            C(19)-C(20)-C(15)           122.9(5) 
            C(22)-C(21)-C(19)           111.9(5) 
            C(23)-C(22)-C(27)           118.7(6) 
            C(23)-C(22)-C(21)           118.8(6) 
            C(27)-C(22)-C(21)           122.4(6) 
            C(24)-C(23)-C(22)           119.2(7) 
            C(25)-C(24)-C(23)           120.9(7) 
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            C(24)-C(25)-C(26)           120.4(7) 
            C(25)-C(26)-C(27)           118.6(6) 
            C(25)-C(26)-C(28)           120.5(6) 
            C(27)-C(26)-C(28)           120.9(6) 
            O(4)-C(27)-C(22)            118.6(5) 
            O(4)-C(27)-C(26)            119.1(5) 
            C(22)-C(27)-C(26)           122.1(6) 
            C(2)-C(28)-C(26)            112.4(5) 
            C(30)-C(29)-C(34)           120.0(7) 
            C(30)-C(29)-N(2)            114.4(7) 
            C(34)-C(29)-N(2)            125.6(7) 
            C(29)-C(30)-C(31)           119.3(8) 
            C(32)-C(31)-C(30)           119.6(8) 
            C(31)-C(32)-C(33)           121.9(7) 
            C(31)-C(32)-N(3)            120.3(8) 
            C(33)-C(32)-N(3)            117.8(8) 
            C(34)-C(33)-C(32)           118.0(7) 
            C(33)-C(34)-C(29)           121.1(7) 
            C(40)-C(35)-C(36)           118.1(6) 
            C(40)-C(35)-N(5)            125.7(6) 
            C(36)-C(35)-N(5)            116.2(6) 
            C(37)-C(36)-C(35)           122.3(7) 
            C(36)-C(37)-C(38)           118.2(6) 
            C(37)-C(38)-C(39)           122.4(6) 
            C(37)-C(38)-N(6)            120.5(7) 
            C(39)-C(38)-N(6)            117.1(7) 
            C(38)-C(39)-C(40)           116.8(7) 
            C(35)-C(40)-C(39)           122.1(7) 
            O(2)-C(41)-C(42)            109.0(6) 
            O(9)-C(42)-C(41)            111.6(6) 
            O(9)-C(43)-C(44)            115.4(8) 
            O(10)-C(44)-C(43)           118.2(9) 
            O(10)-C(45)-C(46)           111.4(7) 
            O(11)-C(46)-C(45)           108.6(6) 
            O(11)-C(47)-C(48)           116.8(7) 
            O(11)-C(47)-C(52)           122.2(7) 
            C(48)-C(47)-C(52)           121.0(7) 
            C(47)-C(48)-C(49)           118.8(8) 
            C(47)-C(48)-C(53)           126.7(7) 
            C(49)-C(48)-C(53)           114.5(7) 
            C(50)-C(49)-C(48)           119.6(8) 
            C(51)-C(50)-C(49)           119.9(9) 
            C(50)-C(51)-C(52)           123.2(9) 
            C(51)-C(52)-C(47)           117.3(8) 
            O(12)-C(53)-C(48)           120.2(8) 
            O(12)-C(53)-C(54)           120.0(8) 
            C(48)-C(53)-C(54)           119.5(7) 
            O(4)-C(55)-C(56)            110.4(7) 
            O(13)-C(56)-C(55)           103.6(9) 
            O(13)-C(57)-C(58)           118.3(11) 
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            O(14)-C(58)-C(57)           116.4(9) 
            O(14)-C(59)-C(60)           107.5(8) 
            O(15)-C(60)-C(59)           106.5(10) 
            O(15)-C(61)-C(66)           124.5(11) 
            O(15)-C(61)-C(62)           116.9(9) 
            C(66)-C(61)-C(62)           118.6(11) 
            C(63)-C(62)-C(61)           116.8(10) 
            C(63)-C(62)-C(67)           116.5(10) 
            C(61)-C(62)-C(67)           126.6(10) 
            C(64)-C(63)-C(62)           122.4(12) 
            C(65)-C(64)-C(63)           120.3(13) 
            C(64)-C(65)-C(66)           118.2(12) 
            C(65)-C(66)-C(61)           123.6(13) 
            O(16)-C(67)-C(62)           119.2(10) 
            O(16)-C(67)-C(68)           119.4(10) 
            C(62)-C(67)-C(68)           121.3(10) 
            Cl(2)-C(69)-Cl(1)               87.9(8) 
            N(2)-N(1)-C(4)                 113.7(6) 
            N(1)-N(2)-C(29)               113.7(6) 
            O(6)-N(3)-O(5)                124.5(8) 
            O(6)-N(3)-C(32)              120.3(9) 
            O(5)-N(3)-C(32)              115.3(9) 
            N(5)-N(4)-C(17)              115.1(6) 
            N(4)-N(5)-C(35)              113.8(6) 
            O(8)-N(6)-O(7)               123.2(7) 
            O(8)-N(6)-C(38)              119.7(7) 
            O(7)-N(6)-C(38)              117.2(8) 
            C(13)-O(2)-C(41)             112.8(5) 
            C(27)-O(4)-C(55)             113.7(5) 
            C(42)-O(9)-C(43)             112.3(6) 
            C(44)-O(10)-C(45)           117.6(6) 
            C(47)-O(11)-C(46)           118.9(6) 
            C(57)-O(13)-C(56)           117.8(10) 
            C(58)-O(14)-C(59)           112.8(9) 
            C(61)-O(15)-C(60)           120.9(9) 
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Figure B1. 1H-NMR (CDCl3, 400 MHz) spectrum of triethyleneglycol ditosylate (1). 
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Figure B2. 1H-NMR (CDCl3, 400 MHz) spectrum of 2-(8-
tosyltriethyleneglycol)acetophenone (2). 
 
 
 
 
 

 
 
 
Figure B3. 13C-NMR (CDCl3, 400 MHz) spectrum of 2-(8-
tosyltriethyleneglycol)acetophenone (2). 
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Figure B4. 1H-NMR (CDCl3, 400 MHz) spectrum of 1,3-calix[4]-diacetophenone (3). 
 
 
 
 
 
 
 
 

 
 
 
Figure B5. 13C-NMR (CDCl3, 400 MHz) spectrum of 1,3-calix[4]-diacetophenone (3). 
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Figure B6. 1H-NMR (CDCl3, 400 MHz) spectrum of 1, 3-calix[4]arene-bis-

dipyrroethane (4) 

 

 

 

 
 

Figure B7. 1H-NMR (CDCl3, 400 MHz) spectrum of calix[4]arene-calix[4]pyrrole (5) 
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Figure B8. 1H-NMR (CDCl3, 400 MHz) spectrum of calix[4]arene-p-nitrophenylazo-

calix[4]pyrrole (6) 
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Figure B9. 1H-NMR (CDCl3, 400 MHz) spectrum of 1,3-di-p-nitrophenylazo-calix[4]-

diacetophenone (7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B10.  13C-NMR (CDCl3, 400 MHz) spectrum of 1,3-di-p-nitrophenylazo-calix[4]-

diacetophenone (7) 
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Figure B11. 1H-NMR (CDCl3, 400 MHz) spectrum of 1,3-di-p-nitrophenylazo-

calix[4]arene-bis-dipyrroethane (8). 

 

 

 
 

Figure B12. 1H-NMR (CDCl3, 400 MHz) spectrum of 1,3-di-p-nitrophenylazo-

calix[4]arene-bis-dipyrroethane (8). 
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Figure B13. 1H-NMR (CDCl3, 400 MHz) spectrum of 1,3-di-p-nitrophenylazo-

calix[4]arene-calix[4]pyrrole (9). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B14. 1H-NMR (CDCl3, 400 MHz) spectrum of 1,3-di-p-nitrophenylazo-

calix[4]arene-calix[4]pyrrole (9). 
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Figure C1. MALDI-TOF mass spectrum of 2-(8-tosyltriethyleneglycol)acetophenone 

(2). 

 

 
 
Figure C2. MALDI-TOF mass spectrum of 1,3-calix[4]-diacetophenone (3). 
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Figure C3. MALDI-TOF mass spectrum of calix[4]arene-p-nitrophenylazo-

calix[4]pyrrole (6). 
 
 

 
 

Figure C4. MALDI-TOF mass spectrum of 1,3-di-p-nitrophenylazo-calix[4]-

diacetophenone (7). 



146 
 

 
 

Figure C5. MALDI-TOF mass spectrum of 1,3-di-p-nitrophenylazo-calix[4]arene-bis-

dipyrroethane (8). 

 
Figure C6. MALDI-TOF mass spectrum of 1,3-di-p-nitrophenylazo-calix[4]arene-

calix[4]pyrrole (9). 
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Figure C7.  IR spectrum of 2-(8-tosyltriethyleneglycol)acetophenone (2). 
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Figure C8.  IR spectrum of 1,3 -calix[4]-diacetophenone (3). 
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Figure C9. IR spectrum of calix[4]arene-calix[4]pyrrole (5). 
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Figure C10.  IR spectrum of 1,3-di-p-nitrophenylazo-calix[4]-diacetophenone (7). 
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Figure C11.  IR spectrum of 1,3-di-p-nitrophenylazo-calix[4]arene-bis-dipyrroethane (8). 
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Figure C12. IR spectrum of 1,3-di-p-nitrophenylazo-calix[4]arene-calix[4]pyrrole (9). 
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Figure D1. Titration binding curves of receptor 9 (3.58 mM in CD3CN) with F- by 

following the Pyrole-H [ ], proton Ha [ ], proton He [   ]. 
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Figure D2. Titration binding curves of receptor 9 (3.58 mM in CD3CN) with AcO-  by 

following the N-H [ ], Pyrrole-H  [ ], proton Ha [ ], proton He [  ]. 
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Figure D3. Titration binding curves of receptor 9 (3.58 mM in CD3CN) with BzO- by 

following the N-H [ ], Pyrrole-H [ ], proton Ha [ ], proton He [   ]. 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure D4. Chemical shift changes of 9 (0.65 mM) in the pyrrole-H with the diffrient 

anions. 
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Figure D5.  Color change of ligand 9 (0.02 mM) with 0.5, 1.0 and 10 equiv of  F- and 

then put excess of CaNO3 into each solution of complex 9F- in CH3CN. 

 
 
  
 

 
 
 

 

Figure D6. Color change of ligand 9 (0.02 mM) with 0.5, 1.0 and 10 equiv of  CH3CO2
- 

and then put excess of CaNO3 into each solution of 9CH3CO2
- in CH3CN. 
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Figure D7. Color change of ligand 9 (0.02 mM) with 0.5, 1.0 and 10 equiv of  PhCO2
- 

and then put excess of CaNO3 into each solution of 9PhCO2
- in CH3CN. 

 
 
 
 

 
 
 
 

Figure D8. Color change of ligand 9 (0.02 mM) with 0.5, 1.0 and 10 equiv of  H2PO4
- 

and then put excess of CaNO3 into each solution of 9 H2PO4
-  in CH3CN. 
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Figure D9. Compare color of the solution in each concentration of anions and cations in 

ligand 9 (0.02 mM) CH3CN solution. 
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Figure D10. 1H-NMR spectra of ligand 9 (2.0 mM) after addition of 3 equiv. of   AcO- in 

CD3CN and then excess Ca(NO3)2 were add to the  9AcO- complex. 

 
 
 
 

 
 
 
 
Figure D11. 1H-NMR spectra of ligand 9 (2.0 mM) after addition of 3 equiv. of   BzO- in 

CD3CN and then excess Ca(NO3)2 were add to the  9BzO- complex. 
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Figure D12. 1H-NMR spectra of ligand 7 (3.58 mM) in CDCl3 in the presence of 

different amounts of TBAF. 

 

 
 

Figure D13.  1H-NMR spectra of ligand 7 (3.58 mM) in CDCl3 in the presence of 

different amounts of TBA+AcO-. 
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Figure D14. 1H-NMR spectra of ligand 7 (3.58 mM) in CDCl3  in the presence of 

different amounts of TBA+BzO-. 
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