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Abstract 
Calix[n]arenes (n = 4, 5, 6, 8), “chalice-like” phenol-based macrocycles, are one of the 

most fascinating and highly-studied scaffolds in supramolecular chemistry.  This stems 

from the functional and tunable diversity at both their upper and lower rims, their pre-

organized non-polar cavities and pre-organized ion-binding sites, and their well-defined 

conformations.  Conjugation of calixarene scaffolds with various fluorogenic groups leads 

to the development of smart fluorescent probes that have been utilized toward molecular 

sensors, bio-imaging, drug- and gene-delivery, self-assembly/aggregation, and smart 

materials. The fine-tuning and incorporation of different ligating sites in the calix[4]arene 

scaffolds has given numerous molecular sensors for cations, anions, and biomolecules.   

Moreover, the aqueous solubility of p-sulfonatocalix[4]arenes has engendered their 

potential use in drug/gene-delivery, and enzymatic assays.  In addition, owing to their 

strong optical properties, fluorescent calix[4]arenes have been used to develop smart 
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materials including gels, nonlinear, OLED and multi-photon materials.  Finally, significant 

developments in the utility of fluorescent higher-calixarenes have been made for bio-

applications.  This review critically summarizes the recent advances made in all of these 

different areas. 
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1. Introduction 
Supramolecular chemistry – the chemistry beyond the molecule – has occupied the 

minds of a significant proportion of the chemical community over the last few decades.1  

Utilizing the gamut of non-covalent interactions such as hydrogen bonding, electrostatics, 

and π-π stacking, Nature itself forms a vast array of supramolecular complexes from 

smaller chemical entities.  Utilizing such non-covalent interactions, numerous synthetic 

molecular systems have been developed and investigated for different applications 

including switches, smart materials, molecular machines, catalysis, sensing, and 

nanomedicine.2-5  The development of next-generation materials and devices must 

incorporate more carefully crafted molecular design and supramolecular interactions to 

expand or enhance their function.  In healthcare, for example, defined photophysical 

responses tied to precise supramolecular interactions are central to sensor materials and 

diagnostics, as well as treatment strategies.  Moreover, the emerging field of theranostics 

doubly relies on this precise control.2  In this regard materials possessing distinct 

photophysical and supramolecular properties represent key platforms for a wide range of 

disciplines.   

Advances in organic synthesis, supramolecular chemistry, and fluorimetry over the 

last 50 years now mean that chemists are poised to address the design of new materials 

for these goals.  Towards this, supramolecular chemists have a unique set of tools at their 

disposal: a wide range of macrocycles possessing the required rigid architectures and 

synthetic tailorability. These macrocycles include calixarenes,6 crown ethers,7 

cyclodextrins,8,9 cryptands,10 and cucurbiturils;11,12 and among these it is arguably 

fluorescent calixarenes (Figure 1A) that offer the greatest opportunity for the development 

of future applications; their facile synthesis, distinct conformational preferences, π-

electron rich cavities, ease of derivatization, and their signaling capabilities, all combine 

to give unparalleled opportunities. 

Calixarenes are a class of “chalice-like” phenol-based macrocycles (Figure 1A) and 

are one of the most investigated molecular scaffolds in supramolecular chemistry.13  This 

is in large part because they are so readily accessible.  Additionally, calixarenes offer 

several advantages compared to other macromolecules, specifically: a) a pre-organized 

non-polar cavity; b) a pre-organized ion binding site; c) well-defined conformations that 
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are both substituent- and guest-dependent, and; d) tuneable functionalization of their 

lower and upper rims. 

 
Figure 1. (A) Structure of calix[n]arenes 1-4 and (B) different conformations of calix[4]arene 1. 

 

The pre-organization of the non-polar cavity of calixarenes leads to excellent size- 

and shape-specific binding of guests.  Complexation can be driven by the hydrophobic 

effect, cation-π interactions, or by adorning various hydrogen bond-donor/acceptor 

groups on the upper rim.  On the other hand, selective ion binding is readily accomplished 

by incorporating suitable functional groups on the lower rim of the host.  

As this review highlights, amongst the various calix[n]arenes it is the calix[4]arene 

scaffold that is the most investigated, primarily because of its facile synthesis and ease 

of derivatization.  Calix[4]arenes can themselves adopt four different diastereomeric 

conformations: cone, partial cone, 1,2-alternate, and 1,3-alternate (Figure 1B).  Perhaps 

more importantly, by chemical modification, a calixarene can be “frozen” in any one of 

these conformations (four hosts in one!), or if desired, the host can be designed in such 

a way as to allow it to switch between different conformations.  Such switching can be 

precisely controlled so that, for example, the calixarene changes form (and therefore 

photophysical properties) in response to guest binding.  Among the four different 

conformations, it is the cone14 and 1,3-alternate15 conformations that have been the most 

widely investigated.  The cone conformation can be selectively derivatized into mono-, di-, 

tri-, and tetra-derivatives with flexible binding properties.  On the other hand, 1,3-alternate 

conformation exhibits two binding sites, each consisting of two phenolic oxygens and 
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benzene rings, resulting in a π-basic tunnel.16  Collectively, these unique properties are 

the foundation of the success of calixarenes as so-called “third generation” hosts.17  

Much of the success of calixarenes, in general, can be attributed to fluorescent 

derivatives.18  Fluorescence spectroscopy is among the best non-invasive spectral 

modality for observing and monitoring events at the molecular level, whether it be 

molecular recognition in vitro, or molecular recognition in vivo.  Numerous reports have 

been published in which calixarene-based, smart fluorogenic materials have been utilized 

by either covalently or non-covalently conjugating various fluorophores.  These include 

coumarinyl, dansyl, naphthalimide, pyrenyl, perylenyl, quinolyl, and anthranyl moieties.  

These fluorophores translate binding events into an optical signal via exciplex formation, 

photoinduced electron transfer (PET), intramolecular charge transfer (ICT), 

intermolecular excited state proton transfer (ESPT), and metal-to-ligand charge transfer 

(MLCT), resulting in fluorescence enhancement, quenching, or ratiometry responses. 

Several strategies have been formulated to generate fluorescent calixarenes, 

including: a) covalently appending fluorophores to calixarenes; b) decorating fluorogenic 

polymeric backbones with calixarenes; c) developing amphiphilic self-assembled 

nanoparticles, and; d) engineering silica or metal nanoparticles coated with calixarenes.  

The eventual goal of these formulations is to develop efficient and sensitive systems for 

monitoring cellular events, diagnostics, drug delivery, and high-performance optical 

materials, to name a few examples (Scheme 1). 

 
Scheme 1. A representation of applications of fluorescent calix[4]arenes. 
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In the last few years, a number of elegant fluorogenic probes based on calixarenes 

have been developed. However, despite numerous developments of fluorescent 

calixarenes and their utilities, no comprehensive review has been recently published.  

Therefore, this review summarizes the advances made in the development and 

applications of fluorescent calixarene hosts in the last ten years.  The review has been 

broken down into two main sections: one on calix[4]arenes, and one on larger 

calix[5/6/8]arene-based receptors.  As the calix[4]arene scaffold is the most investigated, 

its applications have been sub-categorized according to the type of guest binding (cation, 

anions, biomolecules and bifunctional), bio-application (bio-sensors, enzymatic assays, 

and drug carriers), and materials application.  

   

2. Calix[4]arene based receptors 
2.1 Fluorescent receptors for metal ions 

Metal ions play essential roles in countless biological processes and are 

consequently key to many aspects of medicine.  However, if a metal ion is out of context, 

present in abnormally high concentrations, or is intrinsically toxic, then detrimental 

impacts on the environment and human health become key.  Consequently, the selective 

and sensitive detection of hard and/or soft metal ions is essential in a multitude of 

scenarios.  To meet this challenge, finely-tuned calixarene fluorescent probes with both 

suitable ligating sites (O, N, and S) and attendant fluorophores have been developed. 

This section will focus on the recent developments of calix[4]arene probes for selective 

detection of different metal ions in environmental and biological systems.  The 

summarized binding properties including stoichiometries, binding constants, and 

detection limits of various probes for the respective metal cations and have been listed in 

Table 1.     

 

2.1.1 Detection of alkali metal cations 
The direct conjugation of four phenanthridine moieties to the lower rim of 

calix[4]arene 5 (Figure 2) has been investigated as a strategy for the detection for alkali 
metal cations.19  In a mixed MeOH-CH2Cl2 solvent, probe 5 revealed enhancement in 
fluorescence emission at 375 nm with Na+, whilst with K+ and Rb+ ions induced quenching 



 9 

of fluorescence.  To gain insight into the different binding pattern of probe 5 with Na+, and 
K+ and Rb+ ions, molecular dynamics (MD) simulations were performed.  In the 5·Na+ 
complex (in MeOH–CH2Cl2), Na+ ion bound with the oxygen atoms of the ether groups 

and methanol of crystallization which resulted in fluorescence enhancement and the 

suppression of PET.  On the other hand, due to their larger size, K+ and Rb+ bound to 

both the oxygen atoms of the ether groups and the phenanthridine nitrogens, resulting in 

quenching of the fluorescence emission and enabled PET. 

Cesium cation (Cs+) is of interest owing to its intrinsic toxicity.  For example, it can 

displace potassium ions in red blood cells and muscles causing cardiac diseases and 

cancer.20  Leray et al. developed 1,3-alternate BODIPY-modified fluorescent probe 6A 
(Figure 2) for selective Cs+ detection. 21  The method of BODIPY conjugation to the crown-

6 ether of 6A was found to be essential; whilst the meso-position conjugation of BODIPY 
in 6B resulted in no detection, conjugation of BODIPY with the styryl linker in probe 6A 
furnished sensitive detection of Cs+.  Theoretical calculations using a B3LYP hybrid 

functional of density functional theory (DFT) indicated that BODIPY and the styryl unit of 

6A share the delocalization of electron density for the highest occupied molecular orbitals 
(HOMO).  On the other hand, the meso-phenyl ring of 6B, was perpendicular to the 
BODIPY groups and interrupted π-conjugation.  Upon titration with Cs+, a hypsochromic 

shift in the absorption and fluorescence spectra of 6A was observed, along with an 
increase in fluorescence quantum yield.  Probe 6A exhibited 1:1 and 2:1 binding 
stoichiometries toward Cs+, with stronger binding compared to other studied metal ions. 

This observation was attributed to the better fit of Cs+ in the crown-ether cavity.  
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Figure 2. Structures of calixarene based probes 5-7 for detection of alkali metal cations. 

  

Fluorescent peptidocalix[4]arenes 7A and 7B (Figure 2) bearing four and two 
tryptophan units, respectively, have been investigated for their binding of alkali metal and 

Eu3+ ions using UV-Vis, fluorescence, potentiometric, and conductometric titrations.22  

Probes 7A and 7B showed strong and moderate emission, respectively, but insignificant 
fluorescence changes were observed with alkali metal ions.  However, using UV-Vis, 

potentiometric and conductometric titrations probes 7A and 7B displayed stronger binding 
for small alkali metal ions Li+ (log KLi-7A > 6, log KLi-7B > 6) and Na+ (log KNa-7A = 8.25, log 

KNa-7B = 6.94).  In contrast, due to poorer accommodation in the calixarene cavities 

binding of K+ was weaker (log KK-7A = 5.09, log KK-7B = 4.09), whilst Cs+ and Rb+ ions 

showed no evidence of complexation. The larger number of coordination sites of probe 

7A enabled binding with europium ion (Eu3+, log K = 6.16), with notable quenching in the 
fluorescence emission.  In contrast, with fewer coordination sites probe 7B did not show 
Eu3+ complexation.   
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Table 1. Various fluorescent receptors 5-45 and their binding stoichiometries and constants, and detection 
limits toward various metal cations.  

Probe 
number (L) 

Guest 
species (G) 

Stoichiometry 
ratio (L:G) 

Binding constant Detection limit Reference  

5 Na+ 
K+ 
Rb+ 

1:1 log K = 5.19 a 
log K = 4.49 a 
log K = 2.94 a 

- g 19 

6A 
 
6B 

Cs+ 
 

Cs+ 

1:1 
2:1 
1:1 
2:1 

log K = 6.09 b 
log K = 3.70 b 
log K = 5.87 b 
log K = 3.50 b 

- g 21 

7A  
 
 
7B 

Li+ 
Na+ 
Eu3+ 
Li+ 
Na+ 
Eu3+ 

1:1 
1:1 
1:1 
1:1 
1:1 
1:1 

log K >6 c 
log K = 8.25 d  
log K = 6.16 e 
log K > 6 c 
log K = 6.94 d 

- g 

- g 22 

8 Ca2+ 1:1 K = 5.2 × 107 M-1 e - g 26 
9 Ca2+ 1:1 K = 1.23 × 104 M-1 e 5.0 × 10-5 M 27 
10 Ag+ 1:1 

1:2 
K = 4.46 × 103 M-1 e 
K = 9.20 × 104 M-1 e 

- g 31 

11A 
11B 

Ag+ 
Ag+ 

1:1 
1:1 

K = 7.11 × 103 M-1 e 

K = 1.83 × 104 M-1 e 
- g 32 

12 Al3+ - z - g 1.8 μM 35 
13 Al3+ 1:1 K = 8.7 × 103 M-1 e - g 36 
14 Co2+ 1:1 K = 4.8 x 105 M-1 e 0.92 μM 39 
15 Cu2+ 1:1 K = 4.9 × 105 M-1 e 3.05 ng ml-1 46 
16 Cu2+ 1:1 K = 3.67 × 107 M–1 e 2.71 × 10-8 M–1 47 
17 Cu2+ 2:1 K = 7.24 × 109 M–2 e - g 48 
18 Cu2+ 1:1 log K = 4.83 e - g 49 
19A 
19B 
19C 
19D 
19E 

Cu2+ 
Cu2+ 
Cu2+ 
Cu2+ 
Cu2+ 

1:2 
1:2 
1:2 
1:2 
1:2 

log K = 4.25 e 
log K = 4.37 e 
log K = 3.92 e 
log K = 4.15 e 
log K = 4.19 e 

- g 
- g 
- g 
- g 
- g 

50 

20 Cu2+ 1:2 K = 2.02 × 109 M–2 e - g 51 
21 Cu2+ 1:1 K = 1.58 × 104 M-1 e - g 53 
22 Cu2+ 1:1 K = 1.74 × 103 M-1 e 10 nM 56 
23 Fe3+ 1:1 K = 2.2 × 105 M−1 e 0.334 μM 59 
24 Fe3+ 1:1 K = 6.0 x 104 M-1 3 x 10-7 M 60 
25 Fe3+ - z - g - g 61 
26 Hg2+ 1:1 K = 39,070 M-1 e - g 67 
27 Hg2+ 1:2 - g 5.0 μM 68 
28 Hg2+ 1:1 log K = 5.94 b 1 × 10-7 M 69 
29 Hg2+ 1:1 K = 2.6 x104 M-1 e 8.0 × 10-7 M 71 
30 Hg2+ 1:1 K = 2.93 × 105 M-1 e 3.41×10−6 M 72 
31 Hg2+ - z - g 1.56 μM  74 
32 Hg2+ 1:1 log K = 5.34 e  70 nM 75 
33 Hg2+ 1:1 - g 1.95 x10-5 M 76 
34 Hg2+ 1:1 K = 20966 M-1 e 1.4 ppm 77 
35 Hg2+ 1:1 K = 8.527 × 103 M-1 e - g 78 
36 Pb2+ 1:1 K = 5.0 x 105 M-1 e - g 83 
37 Pb2+ 1:1 - g 2.5 ppb 84 
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38 Pb2+ 1:1 log K = 4.08 - g 85 
39 Pb2+ 1:1 log = 4.74 42ppb 86 
40 Zn2+ 1:1 K = 1.49 x 105 M-1 e 36 ppb 89 
41 Zn2+ 1:2 K = 6.2×104 M-1 e - g 91 
42 Zn2+ 1:1 K = 37150 M-1 e 183 ppb 92 
43 Zn2+ 1:2 - g - g 93 
44 Zn2+ 1:2 - g - g 93 
45 Zn2+ 1:1 - g - g 94 

a Calculated using spectrophotometric titrations, b SPECFIT software, c spectrophotometric and 
conductometric titrations, d potentiometric titrations, e fluorescence titrations, g not reported by the original 
article. 
 

2.1.2 Detection of calcium (Ca2+) ion 
Calcium is an important metal ion in human health and also been widely used in the 

electronic and metallurgic industries.23-25  The direct conjugation of BODIPY moieties to 

the upper rim of calix[4]arene 8 (Figure 3) resulted in a host that showed strong 
fluorescence quenching upon binding Ca2+ ions.26  In this sensor, photoinduced electron 

transfer (PET) from the donor BODIPY groups to the carbonyl group acceptors was 

modulated by the strong binding of Ca2+ to the oxygen lone pairs of the latter.  Further, 

Ca2+ binding was enhanced by additional ligation of the two proximal hydroxyl groups.  

Probe 8 exhibited selective binding of Ca2+ over the other investigated alkali, alkali earth, 
and transition metal cations.     

 

  
Figure 3. Structures of calixarene-based probes 8 and 9 for detection of alkali metal cations. 

 

Li et al. synthesized an anthraquinone appended fluorescent calix[4]arene 9 bearing 
polyether chains and triazole binding units.27 In its fluorescence spectrum, probe 9 
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displayed weak emission at 510 nm in acetonitrile with small bands at 442 nm and 585 

nm attributed to the Raman scattering and π-π stacking interactions. The fluorescence 

emission at 510 nm was greatly enhanced by the addition of Ca2+ ions – a phenomenon 

ascribed to the suppression of intramolecular PET.  Thus, Ca2+ binding to the N atoms of 

each triazole withdraws electron density and increases the charge transfer from the 

oxygen atoms of the anthraquinone.  The binding of Ca2+ was further supported by 

MALDI-TOF and the downfield shifting of the proton signal from the triazole ring in 1H 

NMR spectroscopy.  

 

2.1.3 Fluorescent sensors for transition metal ions 
2.1.3.1 Detection of silver ion (Ag+) 

Silver is a useful metal that has been used in many applications in the biomedical 

and pharmaceutical sciences,28 and the photographic industry.  For example, in the 

biomedical field it has been shown to inhibit (benign) bacteria and inactivate enzymes by 

binding to sulfhydryl groups.29  Consequently, accumulation of Ag+ in the environment 

can cause toxicity concerns.  The complexation of Ag+ and other precious metal ions has 

been recently reviewed.30   

 
Figure 4. Structures of calixarene-based probes 10 and 11 for the detection of Ag+ ions. 
 

Chung et al. developed homo-binuclear ditopic calixarene 10 (Figure 4) bearing two 
binding sites of bis-enaminones and bis-triazoles for selective Ag+ ion binding.31  UV-Vis, 

fluorescence and 1H NMR spectral analysis demonstrated that the first equivalent of Ag+ 

bound at the triazole units of host 10, exerting a positive allosteric effect for the binding 
of a second equivalent to the bis-enaminone site.  No tunneling effect of Ag+ was 
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observed through the 1,3-alternate calix[4]arene tube, illustrating that the strong binding 

of Ag+ by the bis-triazoles and bis-enaminones sites was facilitated by cation-π 

interactions.   

Chung et al. also synthesized calix[4]arene-based fluorogenic probes bearing 

proximal (11A) and distal (11B) triazolylpyrenes on their lower rims (Figure 4).32  Both 
these probes exhibited selective binding toward Ag+ ion over other metal ions. The 

positioning of the triazolylpyrenes moieties on probes 11A and 11B plays an important 
role in Ag+ binding. Probe 11A bearing proximal triazolylpyrene groups showed a 
ratiometric response toward Ag+, whereas the distal positioning of the triazolylpyrene 

groups in probe 11B led to turn-on emission changes in a MeOH–CHCl3 mixed solvent.  
The different binding pattern of probes 11A and 11B toward Ag+ was revealed by 1H NMR 
titrations.  Significant chemical shift of the signals from the OCH2 and pyrene protons, 

along with small shift in those from the triazolyl protons, were observed for probe 11A 
upon titrating with one equivalent of Ag+.  These results suggest that Ag+ binding involves 

the phenoxy oxygens and triazole nitrogens of probe 11A, and that as a result the pyrene 
groups moved apart, enhancing monomer emission and diminishing excimer emission.  

On the other hand, triazolyl protons of probe 11B showed significant chemical shift upon 
binding with Ag+ while other protons were barely shifted, suggesting only the triazole 

groups are involved in Ag+ binding.  This resulted in the overall enhancement of monomer 

and excimer emissions of probe 11B.  The binding stoichiometry of probes 11A and 11B 
with Ag+ were found to be 1:1, with binding constants of 7.11 × 103 M-1 and 1.83 × 104 M-

1 respectively. The higher binding constant of 11B compared to 11A toward Ag+ was 
attributed to the distal positioning of the triazolylpyrenes moieties.   

    

2.1.3.2 Detection of aluminum ion (Al3+) 
Aluminum, the most abundant metal on the Earth's crust, has properties which have 

proved useful in myriad industrial applications.  However, numerous health concerns have 

been associated with high concentration of Al3+ in the environment including 

neurotoxicity,33 and Alzheimer’s disease.34  Thus, sensitive and selective detection of Al3+ 

using non-invasive fluorescent probes is highly desirable.  
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Figure 5. Structures of calixarene based probes 12 and 13 for the detection of Al3+ and probe 14 for Co2+ ions. 

 

Leray et al. 35 utilized dansyl appended sulfonated calixarene 12 (Figure 5) in the 1, 
3-alternate conformation for the selective detection of Al3+ ions.  The dansyl fluorophore, 

which generally shows intramolecular charge transfer, exhibited aggregation-induced 

emission when conjugated with the sulfonated calixarene. In an aqueous system, 

negatively charged probe 12 showed strong complexation of Al3+ ions and formed large 
aggregates with increased anisotropy values from 0.05 to 0.23.  This resulted in the 

inhibition of rotational diffusion rate and micro-environmental polarity.  Hence ratiometric 

fluorescence emission was observed.  Probe 12 exhibited high selectivity for Al3+ over the 
other investigated alkali, alkaline and transition metal ions.  

Vicens et al. developed a fluorescent probe 13 (Figure 5) in which a TREN (tris(2-
aminoethyl)amine) unit was conjugated to three calix[4]arene units bearing peripheral 

pyrene groups.36  Probe 13 exhibited monomer and excimer emission in acetonitrile and 
showed strong binding towards Al3+ with significant emission changes.  Thus, with the 

addition of 60 equivalents of Al3+, excimer emission at 480 nm decreased, whilst monomer 

emission increased.  This was attributed to the complexation of Al3+ with the TREN unit 

leading to decreased π-π interactions and decreased excimer emission.  Upon further 

addition of Al3+ (500 equivalents), monomer and excimer emissions of probe 13 increased 
due to Chelation-Enhanced Fluorescence (CHEF).37  Proton NMR spectroscopy indicated 

substantial downfield shift of TREN CH2 protons, indicating that Al3+ binding involved the 
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nitrogen atoms of the TREN unit. The association constant (Ka) calculated using 

fluorescence titrations between probe 13 and Al3+ was found to be 8,700 M–1.   

 

2.1.3.3 Detection of cobalt (Co2+) ion 
Cobalt, an essential micronutrient, plays vital roles in hemoglobin synthesis and iron 

metabolism, and is an integral part of vitamin B12 (cobalamin coenzyme).38  However, 

perturbed concentrations of Co2+ in the biochemical milieu leads to severe toxicity, 

retarded growth, and anemia.  For sensitive detection of Co2+ ion, Rao et al. developed 

calix[4]arene probe 14 (Figure 5) bearing two anthracenyl units conjugated through 
triazole groups.39  Among the investigated metal ions 14 revealed selective binding of 
Co2+ ions, with quenching in fluorescence emission and a detection limit of 55 ppb (0.92 

µM).  The binding stoichiometry was found to be 1:1, with an Ka of 4.8 ± 0.2 × 105 M−1.  

The binding of Co2+ to probe 14 was further supported by 1H NMR titrations, transmission 
electron microscopy (TEM), and atomic force microscopy (AFM) analysis.  For example, 

an upfield shift in the anthracenyl -CH2 group indicated the involvement of anthracene 

units in the binding process.  Significant changes in the shape and size of probe 14 
particles upon addition of Co2+ in TEM and AFM images supported its binding pattern.  A 

single-armed reference compound demonstrated that the calixarene backbone was 

essential for the preorganized binding of Co2+. 

 

2.1.3.4 Detection of copper ion (Cu2+) 
Copper is the third essential transition metal cation found in humans.40  Ranging from 

mammals41 to bacteria, copper has been occupied in many physiological processes 

controlled by metallo-enzymes.42  However, excessive amounts of copper produce 

increased concentrations of reactive oxygen species (ROS) detrimental to many 

biological processes.43  On the other hand, its deficiency leads to neurological44 and 

hematological disorders.45  Not surprisingly, sensitive copper detection is highly desirable.   

Yang el al.46 developed a salicylhydrazide-conjugated calix[4]arene probe 15 
(Figure 6), for the fluorogenic detection of Cu2+.  Quenching in the fluorescence emission 

was observed upon complexation of Cu2+, and this response was further increased in the 

presence of non-ionic surfactant Triton X-100.  The double reciprocal plot between [Cu2+] 
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and fluorescence of probe 15 gave a linear quenching relationship validating a 1:1 
complexation, a binding constant of 4.9 × 105 M–1, and a detection limit of 3.05 ng ml–1.  

Probe 15 was highly selective towards Cu2+ in the presence of other metal ions.  
 

 

   
Figure 6. Structures of calixarene based probes 15-22 for the detection of Cu2+ ions. 
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Huang et al.47 developed highly selective turn-on fluorescent probe 16 (Figure 6) 
bearing four iminoquinoline groups on the upper rim of a cone calix[4]arene.  In this sensor, 

the iminoquinoline units play dual roles of ionophore and fluorophore.  Probe 16 displayed 
very weak fluorescence emission at 412 nm due to PET from the lone pair of electrons of 

the imine nitrogens to the quinolines.  Upon binding of Cu2+ to the lone pairs of the 

quinolines and the imines, a 1,200-fold enhancement in the fluorescence emission was 

observed.  This blocking of PET was attributed to an increase in the energy of the n→π* 

transition of quinoline and a decrease in the energy of the π→π* transition.  The binding 

stoichiometry of Cu2+ and probe 16 was 1:1, with a Ka of 3.67 × 107 M–1 and a detection 

limit of 2.71 × 10-8 M–1.  Probe 16 was found to be highly selective for Cu2+ among the 
investigated alkali, alkali earth, and transition metal cations.    

Rao et al. reported a ratiometric off-on-off fluorogenic probe for Cu2+ in an aqueous 

buffer medium (MeOH–buffer, 2:1 v/v).  Host 17 (Figure 6) possesses two triazoles 
appended benzimidazoles.48  Two to three equivalents of Cu2+ lead to a decrease in the 

fluorescence emission of compound 17 around 311 nm and the formation of a new band 
around 380 nm attributed to excimer formation between the benzimidazole groups.  With 

further addition of equivalents of Cu2+ excimer emission at 380 was efficiently quenched 

due to the paramagnetic nature of the ion.  Job plot and mass analysis illustrate the 

formation of a di-nuclear Cu2+ complex with a Ka of 7.24 × 109 M–2.  That the complexation 

processes being observed were not due to adventitious Cu+ was confirmed by electron 

paramagnetic resonance.  Similarly, anthracene-appended calix[4]arene probe 18 
(Figure 6) showed weak fluorescence in 1:1 CH2Cl2–CH3CN due to PET from its nitrogen 

lone pairs, and a 10-fold enhancement in fluorescence emission at 437 nm upon binding 

Cu2+ ions.49    

Calix[4]arene derivatives 19A-E (Figure 6) bearing two dansyl units on the lower rim 
and different substituents on one methylene bridge were reported to form strong 

complexes with Cu2+ ions.50  Each dansyl unit bound one Cu2+ and resulted in strong 

fluorescence quenching of the emission at 546 nm.  It was observed that the presence of 

substituents on the methylene bridge have little effect on the emission properties and 

Stokes shift of probes 19A-E and induced only minor variation in the quantum yield.       
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Chung et al.51 developed fluorogenic probe 20 (Figure 6) bearing bis-chelating β-
amino α,β-unsaturated ketone, amide, and phenolic sites.  As a result, 20 could 
selectively bind two Cu2+ ions at its lower rim.  Enhanced fluorescence emissions at 431 

nm (4-fold) and 452 nm (40-fold) from the naphthalene fluorophores of 20 were observed 
with the addition of excess Cu2+ ions.  The overall binding constant for both events was 

2.02 × 109 M–2.  The binding of one Cu2+ to the β-amino α,β-unsaturated ketone groups 

resulted in conformational restriction and CHEF.  In contrast, the binding of a second 

equivalent of Cu2+ ion to the phenolic OH groups resulted in the formation of a new 

absorption band at 438 nm.52  It was also observed by electron paramagnetic resonance 

(EPR) that the complexation of Cu2+ led to its reduction to Cu+.  Both the amine units and 

phenolic OH groups of 20 were involved in this reduction illustrated by 1H NMR 
experiments.  However, reduction was not complete with 12% of the original EPR signal 

intensity persisting.           

The same group also reported fluorescent calix[4]arene 21 (Figure 6) bearing two 
anthracene-isoxazolyl-methyl groups for the selective binding of Cu2+ ions.53  Probe 21 
exhibited both structured monomer emission at 430 nm and structureless excimer 

emission at 511 nm – bands characteristic of the anthracene groups.  Two isoxazole 

moieties along with the phenolic units provided appropriate and selective binding site for 

Cu2+ that resulted in the quenching of the fluorescence emission.  This was attributed to 

either reverse PET54 or the heavy metal effect.55  The binding of Cu2+ to the oxygen atoms 

of the isoxazole and phenol moieties of the calix scaffold was confirmed by 1H NMR 

analysis.  Here, too, it was observed that the phenolic hydroxyl units of the calixarene 

scaffold induced the reduction of Cu2+ to Cu+.   

Chawla et al. reported a calix[4]arene probe 22 (Figure 6) bearing two fluorescein 
groups with a turn-on recognition response towards Cu2+ in acetonitrile.56  Significant 

enhancement in the emission bands of probe 22 was observed at 460 nm and 550 nm 
upon 1:1 binding of Cu2+ ions.  On the other hand, in a partial aqueous medium (CH3CN–

H2O, 1:1, v/v) a slight quenching was tentatively attributed to the paramagnetism of Cu2+ 

or the heavy metal effect.   

Comparing the structural features of probes 15 – 22, different fluorescence outputs 
were observed upon complexation with Cu2+ ions.  Fine tuning in the ligating sites, such 
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as imine and carbonyl groups in probe 15 or imine units in probes 16 and 18, change the 
optical behavior from “quenched fluorescence due to reverse PET” to “enhanced 

fluorescence due to blocked PET”, respectively.  On the other hand, ring opening of imine-

appended fluorescein of probe 22 was observed upon Cu2+ binding, resulting in the 
fluorescence enhancement.  Incorporation of triazole and imidazole groups in probe 17 
resulted in the ratiometric fluorescence changes, with Cu2+ binding illustrating the 

participation of both groups in binding.  Further, the participation of the hydroxyl groups 

of calix[4]arene scaffold was also observed along with other ligating sites in probes 20 
and 21 toward Cu2+ binding that resulted in its reduction to Cu+. Thus, these results 
suggest that ostensibly trivial variations in the position and type of binding sites in the 

fluorescent probe lead to a wide range of fluorescence output upon ion binding.  

 

2.1.3.5 Detection of iron (Fe3+) 
Iron is key to biological systems,57 where it is associated with various proteins as a 

redox-active cofactor.  Like copper, it too is associated with the formation of ROS that, in 

turn, are involved in lipid metabolism and cellular dysfunction.58  Thus, the optical 

detection of iron at the cellular level could provide precise analysis of its concentration 

and its associated roles in diseases.     

 
Figure 7. (A) Structures of calixarene-based probes 23 and 24 for the detection of iron. (B) Oxidative products 25A-C 
of probe 25 with different equivalents of Fe3+ for 1 h: a) 10, b) 15, and c) 50 equivalents, respectively. 
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Rao et al. have developed optical probe 23 (Figure 7A) bearing two triazole-linked 
quinolines on the calix[4]arene core for the selective detection of Fe3+ over Fe2+ and other 

biologically important cations.59  The binding of Fe3+ to probe 23 in acetonitrile resulted in 
an ~900-fold enhancement in emission at 418 nm.  The selectivity was so high that no 

other tested metal ions induced any change in the emission band of the probe.  As 

visualized by the formation of a charge transfer band at 685 nm (colorless to blue), the 

first equivalent of Fe3+ bound to the phenol groups of the probe.  However, at higher 

equivalents, Fe3+ was found to form a complex with the inward-turned quinoline and 

triazole groups resulting in a strong enhancement in the fluorescence emission.  

Furthermore, this 23·Fe3+ complex was used as an intracellular fluorescent agent for 
labelling MDA-MB-231 cells.  Thus, upon incubation with 23·Fe3+ overnight, MDA-MB-
231 cells clearly showed blue fluorescence in the cytoplasm indicating its facile uptake.       

Chawla et al. reported upper-rim conjugated bis-calixarene 24 (Figure 7A) using a 
carbohydrazine moiety as a sensitive turn-on fluorescent probe for Fe3+ ions.60  Generally, 

probes possessing urea moieties (vide infra; section 2.2.2) are sensitive toward different 

anions.  However, probe 24 with carbohydrazine units showed high selectivity for Fe3+.  
The interactions of Fe3+ with probe 24 resulted in ratiometric absorption with the formation 
of a new band at 370 nm and decrease of absorption at 308 and 321 nm.  On the other 

hand, an enhancement in the fluorescence emission was observed at 445 nm with Fe3+ 

ions because of its binding with the carbonyl oxygen of each carbohydrazine unit.  The 

detection of Fe3+ was however limited by the cross-sensitivity for other metal ions such 

as Cu2+ and Hg2+.  

Chung et al. used a chemodosimetric approach to develop a Fe3+-sensitive probe 

25 (Figure 7B) bearing two 3-(anthracen-9-yl)-1,2,4-oxadiazol-5-yl moieties on the 1,3 
positions at the lower rim.61  Significant quenching in the fluorescence emission of probe 

25 at 440 nm was observed upon the addition of Fe3+.  However, the phenol groups of 25 
also allowed Cu2+ complexation and sensing.  The authors also observed and separated 

the reaction products of 25 with different concentrations of Fe3+.  With the addition of ten 
equivalents of Fe3+, the phenols of calix[4]arene were oxidized into di-quinone 25A.  With 
fifteen equivalent addition of Fe3+, one anthrany unit of probe 25 was also oxidized to the 
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10-hydroxy-9-anthranone 25B.  Higher concentrations (50 equivalents) of Fe3+ fully 
oxidized probe 25 into 25C.  These observations were fully supported by 1H NMR 
spectroscopy, and mass and X-ray crystallographic analyses.  Hence, this approach not 

only allowed the selective detection of Fe3+, but also provided a facile method to obtain 

oxidized calixarenes.  

  

2.1.3.6 Detection of mercury ion (Hg2+) 

Because of neurological and nephrological ill-effects, mercury is one of the most 

toxic metals known.62 Consequently, its bioaccumulation is of considerable concern.  

There are various sources of mercury contamination including volcanic emission,63 and 

multiple human activity,64 including gold mining.65  Widespread mercury contamination is 

thought to be due to its conversion from inorganic mercury to methylmercury by bacterial 

or chemical processes.66  For the sensitive detection of Hg2+, several optical sensors have 

been developed using various approaches.    

Kim et al. reported a Förster resonance energy transfer (FRET) based fluorescent 

probe 26 (Figure 8) bearing two pyrene-appended calixarene units and a rhodamine B 
unit on a central TREN core.67  Due to their proximity, the pyrene moieties in 26 displayed 
strong monomer (< 400 nm) and excimer emission (475 nm).  Furthermore, the excimer 

emission of pyrene (as a donor) overlapping with the absorbance of the “open” form of 

rhodamine (as an acceptor) induced the observed FRET.  Upon binding Hg2+, an increase 

in the monomer and an excimer emission of pyrene and the rhodamine were observed.  

Instead of observing a decrease in the excimer emission of pyrene due to FRET to 

rhodamine, an increased excimer emission was observed.  It was postulated that the 

increase of the pyrene excimer and monomer emission upon binding with Hg2+ was due 

to suppression of PET from the tertiary N atom (possessing a lone pair of electrons) to 

the pyrene units thereby increasing the CHEF.  In the absorption spectra of 26, a new 
absorption band at 555 nm was observed upon binding with Hg2+, attributed to the CHEF 

effect, and the color of the solution changed from colorless to pink.     

To build a more FRET-efficient probe, Kim et al. used a 1,3-alternate calixarene to 

develop probe 27 (Figure 8).68  The close proximity of the two pyrene units in 27 led to 
strong excimer (~460 nm) and weak monomer emission (< 400 nm) upon excitation at 
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343 nm.  Furthermore, the excimer emission band of the pyrene units significantly overlap 

with the absorption band of rhodamine, leading to strong FRET.  Upon the titration of Hg2+ 

ion and excitation at 343 nm, the excimer emission of pyrene decreased and a new 

emission band at 576 nm corresponding to a ring-open rhodamine.  Such ratiometric 

fluorescence changes in the presence of Hg2+ illustrate the efficient energy transfer from 

the pyrene excimer to the rhodamine unit of probe 27.  
Kumar et al. used mono-dansyl appended partial-cone calixarene 28 (Figure 8) for 

the selective detection of Hg2+.69  The binding of Hg2+ resulted in the formation of a blue-

shifted absorption band at 286 nm (55 nm hypsochromic shift) and a decrease in the 

dansyl absorption at 340 nm attributed to the protonation of dimethylamino group.   

Binding also induced strong fluorescent quenching at 502 nm (lex = 338 nm) and the 

formation of blue-shifted emission bands around 435 nm and 412 nm.  New absorption 

and emission bands at 286 nm, 435 nm, and 412 nm of 28 were also observed upon 
protonation with trifluoroacetic acid.  These results supported the idea that Hg2+ binding 

induces the intramolecular proton transfer from the phenol to the amine.  Similar 

deprotonation of the phenolic groups of a calixarene scaffold was previously reported with 

lead and indium ions.70  Probe 28 showed high selectivity for Hg2+ over other metal ions 
tested, except for Cu2+ which upon binding also resulted in quenching of the fluorescence 

emission.  The different optical signals of probe 28 with Hg2+ and Cu2+ resulted in 
mimicking of YES and NOR molecular logic gates.        

Talanova et al. used the di-sodium salt 29 (Figure 8) for the detection of Hg2+ in the 
presence of high concentration of Na+ and other relevant metal cations.71  Thus, in the 

presence of Hg2+ ions strong fluorescence quenching at 468 nm was observed.  The 

detection limit of 29 towards Hg2+ concentration was 8.0 × 10-7 M–1.  In contrast, the 

neutral (protonated) analogue showed little selectivity for Hg2+.   

Huang et al. developed an upper-rim substituted tetra-dansyl appended 

calix[4]arene probe 30 (Figure 8) for the selective detection of Hg2+ ions.72  Strong 
quenching in the fluorescence emission and a hypsochromic shift of 32 nm was observed 

with the addition of four equivalents of Hg2+ to a partial aqueous solution (CH3CN–H2O, 

1:1, v/v) of the probe.  Quenching was attributed to PET, whereas the hypsochromic shift 

was attributed to the deprotonation of the sulfonamide NH with Hg2+.73  The four 
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preorganized dansyl arms formed a strong coordinating site for one equivalent of Hg2+ 

ion.  The detection limit for Hg2+ was found to be 3.41 × 10-6 M–1. 

 
Figure 8. Structure of calixarene based probes 26-35 for detection of Hg2+.  
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Sgarlata et al. reported fluorescent probe 31 (Figure 8) that selectively detects Hg2+ 
via the relatively acidic NH groups of the N-(phenyl)sulfonyl carboxamide side arms.74  In 

CH3CN a remarkable quenching in the fluorescence emission of probe 31 in the presence 
of Hg2+, Pb2+, and Cd2+ occurred, resulting from the formation of multiple complex species, 

however, no selectivity was observed.  On the other hand, upon using mixed solvents of 

water and CH3CN (1:1, v/v), the Hg2+ selectivity of probe 31 significantly improved.  With 
the addition of one equivalent of Hg2+ the fluorescence of 31 was quenched by about 70%, 
whereas no change was observed in the presence of Pb2+ or Cd2+.  The quenching in 

fluorescence of probe 31 was due to the proton displacement of the acidic sulfonyl 
carboxamide NH-groups upon Hg2+ complexation. 

The fluorescent probe 32 (Figure 8), bearing dimethylaminophenyl units linked with 
imine units on the lower rim, showed high turn-on selectivity for Hg2+.75  It was shown that 

Hg2+ ions complex with the nitrogen atoms of the imine units, increasing their electron-

withdrawing ability and leading to enhanced ICT and consequently an enhanced emission 

band at 444 nm.  The lowest limit of Hg2+ detection was found to be 70 nM; low enough 

for utilization in many biological and environmental applications.      

Rao et al. reported that salicylidene-di-capped calix[4]arene conjugate 33 (Figure 8) 
underwent turn-on fluorescence in the presence of Hg2+.76  The binding of Hg2+ resulted 

in the enhancement of emission at ~310 nm, attributed to coordination to the four phenolic 

oxygens and the imine units. DFT studies show that the binding of Hg2+ led to a complex 

with a distorted square pyramidal geometry.        

The same group have also used pendent 1,3-dibenzimidazoles at the lower rim of a 

calixarene scaffold (34, Figure 8) for the selective detection of Hg2+ in aqueous mixtures.77  
Thus, in an equimolar mixture of H2O and CH3CN 34 exhibited strong and selective 
complexation of Hg2+.  The selectivity of probe 34 changed from Hg2+ to Cu2+ upon 
changing the water-acetonitrile ratio, under the optimal 1:1 solvent ratio strong quenching 

in the fluorescence emission of 34 was observed upon binding with Hg2+ in the presence 
of other competitive metal ions.  

Another calixarene, probe 35 (Figure 8) bearing two 8-oxyquinoline subunits 
conjugated by triazole linkers, showed strong PET quenching upon binding with Hg2+ ions 
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CH3CN–H2O (3:1, v/v).78  The quenching in emission was attributed to binding through 

the two 8-oxyquinoline and two triazole units.  

These results show a complex relationship between the fluorescence outcome of 

Hg2+ binding and the type of ligating sites and fluorophore present in the probe. Probes 

26 and 27 bearing rhodamine B on a TREN core and pyrenes showed enhanced 
fluorescence emission upon binding with Hg2+ due to the ring-opening of the spirolactam 

and causing FRET between the excimer emission of pyrene and the rhodamine B.  The 

fluorescence enhancement was also observed for 32 and 33, but in this case it was due 
to enhanced ICT upon binding Hg2+ to the imine groups.  On the other hand, replacing 

the binding sites from spirolactam/imine units to sulfonamide/hydroxy group, and 

fluorophore from rhodamine/ pyrene to dansyl on the calix[4]arene altered the 

fluorescence outcome of probes 28 and 30.  Probes 28 and 30 bearing dansyl moieties 
exhibited deprotonation of phenolic hydroxyl group and sulfonamide group respectively 

in the presence of Hg2+, resulting in ratiometric fluorescence emission.  Probe 31 also 
showed deprotonation of sulfonamide group with Hg2+ but resulted in quenched 

fluorescence emission due to PET.  In contrast to probes 28 and 30, probe 29 complexes 
Hg2+ through its two carbonyl- and four phenolic oxygen atoms.  While, probes 34 and 35 
containing 1,3-dibenzimidazoles and 8-oxyquinoline units, respectively showed 

involvement of their N atoms for the complexation of Hg2+ ions resulting in PET quenching.  

In totality, these results demonstrate that the relationship between the fluorescence 

outputs and the ligating sites, type of fluorophore, and conformation of calix[4]arene is 

complex and still not fully understood. 

    

2.1.3.7 Detection of lead ion (Pb2+) 
The toxicity of lead has been appreciated for at least the past two thousand years.79  

Lead ion can accumulation in soft tissues and affect digestion, development, and 

cardiovascular diseases.80  However, its persistent use in the automotive industry 

(gasoline) and in batteries and pigments, as well as its emission from coal-fired power 

stations, has led to a very significant environment presence.81  According to current 

regulations, the concentration of Pb2+ should not exceed 10 mg L–1 (equivalent to ~10 
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ppb).82  Thus, the highly sensitive and selective detection of Pb2+ is of the utmost 

importance.  

 
Figure 9. Structure of calixarene based probes 36-39 for detection of Pb2+. 

 

Nam et al. reported a pyrene appended fluorescent calixarene probe 36 (Figure 9) 
for the selective detection of Pb2+.83  Probe 36 showed strong excimer emission at 475 
nm and weak monomer emission at 375 nm, signifying that the two pyrene units are in 

close proximity to one another.  Upon addition of Pb2+, a significant quenching in excimer 

and monomer emissions was observed.  Monomer quenching was attributed to reverse 

PET from the pyrene units to the oxygen atoms of the urea moiety binding Pb2+, whilst 

the decrease in excimer emission was attributed to the conformational changes of the 

pyrene arm upon Pb2+ binding.  It was observed that addition of F– led to the formation of 

PbF2 and the reestablishment of monomer and excimer emission. 

To further enhance the selectivity for Pb2+ over other metal ions, Talanova et al. 

utilized the partial cone conformation of calix[4]arene and incorporated two dansyl amide 

units in probe 37 (Figure 9).84  The preorganized nature of probe 37 provided the 
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appropriate cavity for the selective binding of Pb2+.  At pH 4.0 the host formed a 1:1 

complex with Pb2+ in MeCN-H2O (1:1 v/v), and an enhanced fluorescence emission at 

496 nm was observed due to the deprotonation of the dansylcarboxamide N–H.  The 

fluorescence titrations of probe 37 allowed very low-level detection of Pb2+ (2.5 ppb), 
without any significant interference from other tested metal cations. 

Yilmazz et al. reported another pyrene-appended calixarene probe 38 (Figure 9) 
bearing amine groups for the detection of Pb2+ and Cu2+ in CH3CN–CH2Cl2 (1:1 v/v).85  

Significant quenching in monomer and excimer emissions were found with the addition of 

Pb2+ and Cu2+ ions, attributed to reverse PET and/or the heavy metal ion effect. 

To evaluate the applicability of the above for lead detection, Leray et al. developed 

a fluorescent calixarene probe 39 (Figure 9) bearing three dansyl units grafted onto a 
polydimethylsiloxane (PDMS) microfluidics chip.86  In CH3CN–H2O (3:2, v/v), free probe 

39 showed strong fluorescent emission band at 572 nm upon excitation at 347 nm.  Upon 
interacting with Pb2+ ions, a hypsochromic shift from 572 nm to 520 nm was observed in 

the emission spectrum of probe 39 attributed to the deprotonation of the sulfonamide N–
H proton. The association constant for 1:1 complexation was found to be log (K11) = 4.74. 

Upon grafting to the PDMS matrix the fluorescence intensity of the probe with Pb2+ was 

lower. However, the probe still showed excellent selectivity for Pb2+ against competitive 

metal ions, and a detection limit of 42 ppb. 

 

2.1.3.8 Detection of zinc ion (Zn2+) 
Zn2+ is an important micronutrient in humans whose deficiency may cause severe 

metabolic and developmental detriments.87  The concentration of Zn2+ in the blood serum 

is approximately 19 µM, and deviation from this concentration is associated with various 

disorders including Alzheimer’s disease, hyperalgesia, and diabetes.88   

Rao et al. developed a triazole appended calixarene probe 40 (Figure 10) for the 
selective detection of Zn2+ in solution and in blood serum.89  Probe 40 displayed very 

weak fluorescence at 450 nm (lex = 380 nm) in H2O–MeOH (1:4 v/v) at pH 7.4. Upon 

titration with Zn2+, an enhanced fluorescence emission at 450 nm with a tenfold increase 

in quantum yield from 0.028 to 0.32 was observed.  The binding constant for this 1:1 event 

was 1.49 × 105 M–1. The in-situ prepared complex 40–Zn2+ was tested against blood 
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proteins such as human serum albumin (HSA), bovine serum albumin (BSA), and α-

lactalbumin (LA) and serum, and no significant fluorescence change was observed.  The 

detection limit of probe 40 for the Zn2+ in blood serum was found to be 332 ppb.   

 
Figure 10. Structure of calixarene based probes 40-45 for detection of Zn2+. 

     

Zhu et al. reported another probe containing triazole-linked pyrene moieties, 41 
(Figure 10), for the ratiometric detection of Zn2+.  Probe 41 showed weak monomer 
emission and strong excimer emission indicating a face-to-face overlap of the two pyrene 

units.  Monomer emission was enhanced and excimer emission quenched upon binding 

Zn2+, whilst with other metal cations, specially Cu2+ and Hg2+ ions, strong quenching in 

both monomer and excimer was observed.90 1H NMR studies indicated that this 

ratiometric emission behavior arose via binding with the triazole nitrogen atoms of the 

host.  On the other hand, quenching with Cu2+ and Hg2+ was due to their binding with both 

the triazole nitrogens and the phenol oxygen atoms of the calixarene.  This resulted in 

reverse PET from the pyrene to the nitrogen atoms.  The different optical outputs of probe 
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41 with Zn2+ (ratiometric) and Cu2+ (quenching) was utilized to mimic “inhibition” (INH) 
and “joint denial” (NOR) logic gates. 

Kim et al. also reported on the same calixarene probe 41 (Figure 10) for the 
ratiometric detection of Zn2+ and Cd2+ ions.91  With the addition of Zn2+ and Cd2+ ions to 

a solution of 41, a ratiometric response with an increase in monomer emission and a 
decrease in excimer emission was observed.  In contrast, other metal ions tested led to 

strong quenching in both monomer and excimer emission.   

Rao et al. synthesized carboxamidoquinoline probe 42 (Figure 10) for the ratiometric 
detection of Zn2+.92  Upon excitation at 320 nm, probe 42 displayed a fluorescence 
emission at 410 nm in MeOH.  Binding of Zn2+ led to a decrease in emission at 410 nm 

and a formation of new band at 490 nm.  The 9-fold ratiometric enhancement of probe 42 
was only observed with Zn2+, with a detection limit of 183 ppb and a fluorescent color 

change to green.  Studies with other metal ions demonstrated the selectivity of 42 towards 
Zn2+.  DFT calculations suggested the distorted tetrahedral geometry of Zn2+ in the core 

of four N atoms of 42.  Zinc ion binding was also investigated by AFM and TEM.  AFM 
revealed that the observed spherical particles of 42 changed to elongated topologies 
upon binding with Zn2+.  TEM studies also supported the transformation of spherically 

shaped particles into Koosh nano-flowers upon binding Zn2+ ion.      

Kim et al. developed two fluorescent probes 43 and 44 (Figure 10) bearing bipyridine 
moieties on the lower rim of a cone, and 1,3-alternate calix respectively.93  In acetonitrile 

both probes showed enhanced binding of Zn2+ against a range of potential metal cations 

competitors.  Absorption and fluorescence titrations of 43 and 44 with Zn2+ showed 
ratiometric changes in their spectra.  With Zn2+, a decrease in absorption at 260 nm and 

the formation of a band at 282 nm were observed for both probes 43 and 44.  In the 
fluorescence spectra of probe 43, the emission band at 363 nm decreased and a new 
emission band at 408 nm formed upon addition of Zn2+.  Similarly, ratiometric changes 

with a decrease in emission at 356 nm and a new band at 414 nm was found for probe 

44 with Zn2+.  These changes in the fluorescence and absorption spectra were attributed 
to ICT.  Insignificant changes were also observed in the presence of other metal ions.  

The stoichiometry of probes 43 and 44 with Zn2+ were evaluated to be 1:2, with Ka values 
of 218 M-2 and 492 M-2, respectively. 
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Chawla et al. reported anthraquinone-appended calixarene probe 45 (Figure 10) for 
Zn2+ detection.94  Probe 45 exhibited strong emission at 565 nm upon excitation at 420 
nm in 1:4 CHCl3–CH3CN (v/v).  In the presence of Zn2+ a 1:1 complex was formed, and 

strong quenching occurred.  In contrast, no change in fluorescence emission was found 

with other metal ions, including Cd2+, indicating that the probe was highly selective for 

Zn2+. 

 

2.2 Fluorescent receptors for anions 
Anions are ubiquitous and play significant roles in many biological processes required 

for sustaining life, for example in energy production, cell signaling, and homeostasis.95,96  

Unsurprisingly, imbalances in intracellular anion concentration are implicated in many 

disorders including cystic fibrosis and amyloid-related diseases.97,98  Anions also 

potentially pose a grave threat to human life in many other ways.  Naturally occurring 

anions such as toxic arsenate are a problem in many parts of the world, and long-term 

exposure to these have been associated with increased risks of diabetes, skin diseases, 

hypertension, and various types of cancer.99,100  Similarly, naturally occurring phosphate 

and sulfate anions have been found to cause renal failure in humans, whilst 

anthropogenic anions such as pertechnetate (a by-product of nuclear fuel reprocessing) 

and perchlorate (arising from explosives manufacturing) are also of considerable 

environmental concern.101,102  Increasing awareness of these issues has resulted in 

greater efforts to develop synthetic receptors for determining and monitoring anion levels.   

Designing artificial fluorescent probes for anions is, however, more demanding than 

designing hosts for cations and neutral species since monovalent anions tend to have 

higher free-energies of solvation than monovalent cations, lower charge densities, and 

strong pH dependence.103  This section outlines recent progress made in anion 

recognition and sensing using fluorescent calixarenes.  Table 2 lists the binding 

stoichiometries, binding constants, and detection limits for various anions binding to 

calixarene-based probes. 
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2.2.1 Detection of fluoride ion (F–) 
Fluoride (F–) has received considerable attention because of its benefits to dental 

health104 and for its administration in the treatment of osteoporosis.105,106  Conversely, 

however, excessive accumulation of this anion in the body can lead to dental or even 

skeletal fluorosis107,108 and nephrological problems.109  For the selective recognition of 

this anion, various calixarene derivatives bearing upper or lower rims decorated with 

suitable recognition moieties such as amine and amide groups have been reported.  

 

 
Figure 11. Molecular structures of fluoride (F–)-selective chemosensors 46-52. 

 

Kim et al.110 reported photo-induced charge transfer (PCT) chemosensor 46 (Figure 
11) possesing pyrene signaling subunits appended to a calixarene framework through 

anion-recognizing amide groups.  1H NMR spectroscopy revealed that the addition of F– 

to 46 led to hydrogen bonding with the amide -NH- groups, and at higher equivalents, 
deprotonation and delocalization of electrons from the anionic nitrogen atoms to the 

pyrene moiety.  NMR spectroscopy studies implicate PCT in the recognition process.111-
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113  The selectivity of 46 towards F– ion was demonstrated using UV-Vis and fluorescence 
spectroscopy.  The absorption band was significantly red-shifted from 346 to 400 nm in 

the presence of F–, with a concomitant color transition from colorless to yellow.  Upon 

excitation at 346 nm, 46 exhibited monomer and excimer emissions at 385 and 482 nm 
respectively.  However, complexation of F– ions caused quenching of the monomer 

emission whilst excimer emission showed enhancement with a slight hypsochromic shift 

of 12 nm.  This hypsochromically-shifted band was attributed to static excimer formation 

based on excitation spectra and DFT calculations.114  No significant response was 

observed with any other anions tested.  

Another PCT-based chemosensor 47 (Figure 11) by the same author115 was 
designed by replacing the pyrene moieties of 46 with coumarin units.  The selective 
interaction of 47 with F– over other anions was confirmed by following the changes in the 
spectral behavior of the coumarin moiety.  Upon titration with F–, the band at 335 nm 

corresponding to the absorption of the coumarin decreased and moved to a shorter 

wavelength.  A new band at 408 nm, attributable to deprotonation of the NH group by F– 

ions, also appeared.  The fluorescence quenching of 47 (λex = 335 nm, λem = 420 nm) 
upon titrating with F– was ascribed to a PET process116-118 involving electron transfer from 

the deprotonated amide groups to the coumarins. 

With the aim of extending their studies, Kim et al.119 further reported p-tert-

butylcalix[4]arene 48 (Figure 11) substituted with two amido-anthraquinone groups (AAQ) 
at the lower rim as a chemosensor for F–.  Upon gradual addition of F–, the spectrum of 

48 showed a decrease of the absorption band at 405 nm and the concomitant formation 
of a bathochromically-shifted band at 510 nm, mainly ascribed to an ICT process caused 

by F–-induced deprotonation of the amide groups.120  Excitation of probe 48 at 455 nm 
gave two bands at 527 nm and 560 nm corresponding to normal and tautomer emissions, 

respectively, arising from excited state intramolecular proton transfer (ESIPT).  In the 

presence of F–, a significant enhancement in the normal emission was observed 

accompanied by a slight change in tautomer emission, indicating that ESIPT was inhibited 

by the presence of F–.   

In another investigation, Kim et al.121 reported bifunctional (fluorogenic and 

chromogenic) calix[4]arene probes 49 and 50 (Figure 11).  The 4-nitrophenylazo groups 



 34 

of these sensors were introduced as chromogenic moieties122 to affect the naked-eye 

detection of F– ions.  Probe 49 showed a characteristic fluorescence band at 480 nm 
originating from the excimer formed by the pyrene moieties.  However, probe 50 did not 
exhibit an analogous excimer emission band.  The reason for this difference was 

attributed to the methylene spacer between the pyrene moiety and amide group in 50 
reducing the extent of excimer formation.  This was supported by DFT calculations 

wherein the optimized structures showed that the pyrene moieties were orthogonal to one 

other.  Probe 50 displayed a very drastic change in the absorption spectra upon F– 
binding, namely a strong bathochromically-shifted band and a color change from yellow 

to blue.  While 49 showed small red shift of 54 nm with F–.  In the fluorescence spectra, 
probe 49 showed quenching in excimer emission at 480 nm with 300 equivalents of F– 
due to PET from F– to pyrene units.  With further addition of F–, a new emission band at 

460 nm, as static excimer, was observed attributed to the H-bonding between amide NH 

proton and F–. 

A related example is 51 (Figure 11) wherein four semicarbazide groups as anion 
recognition moieties were attached to the calix[4]arene scaffold.123  Probe 51 exhibited a 
strong band at 335 nm which was ascribed to an ICT process induced by the electron 

withdrawing 4-nitrophenyl moieties.  In the presence of F– however, this band decreased 

in intensity and underwent a concomitant bathochromic shift attributed to hydrogen 

bonding interactions between an anion and the NH groups of the semicarbazides.  The 

addition of higher equivalents of F– led to the deprotonation of NH groups.124,125  This 

resulted in a significant perturbation of the ICT process which was also reflected in a color 

change from colorless to dark red.  Another example of the colorimetric detection of F– 

ions is probe 52 (Figure 11), in which the lower rim of a calix[4]arene scaffold was 
decorated with hydrazone functionalities on the distal (1,3-) positions.126 

These results reveal that a common motif for the recognition of F– are weakly acidic 

amide or amide-like N–H amide groups.  The spectroscopic response to anion recognition 

can occur via conformational changes induced by hydrogen bonding, or by deprotonation 

of the amide NH proton.  The fluorescence outcome of F– binding depends upon: a) the 

spacer length between an amide NH and fluorophore; b) type of fluorophore; and c) type 
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of calix[4]arene conformation. Furthermore, naked-eye detection of F– can be performed 

by incorporating 4-nitrophenylazo groups into the calix[4]arene scaffold. 

 
Table 2. Various fluorescent receptors 46-64 and their binding stoichiometries and constants, and detection 
limits toward various anions. 

Probe 
number (L) 

Guest species 
(G) 

Stoichiometry 
ratio (L:G) 

Binding constant Detection 
limit 

Reference  

46 F- 1:1 K = 2.5 × 102 M-1 b - c 110 

47 F- 1:1 K = 1.08 × 104 M-1 b - c 115 

48 F- 1:1 K = 279 M-1 b - c 119 

49 F- - c - c - c 121 

50 F- - c - c - c 121 

51 F- 
1:1 log K = 5.68 b  

- c 123 
1:2 log K = 4.79 b  

52 F- 1:1 K = 9.9 × 106 a - c 126 

53 Cl- 1:1 K = 2.4 × 104 M-1 b 8 μM 127 

54A I- 1:1 K = 1.49 × 104 M-1 b 1.81 ppm 128 

54B I- 1:1 K = 1.79 × 104 M-1 b 0.23 ppm 128 

54C I- 1:1 K = 2.01 × 104 M-1 b 0.22 ppm 128 

55 HSO4- - c K = 2.0 × 104 M-1 b - c 131 

56 

F- 
1:1 log K = 3.87 b 

- c 132 

1:4 log K = 21.2 b 

CH3COO- 1:1 K = 4.6 × 105 M-1 b 

H2PO4- 
1:1 log K = 3.16 b 

1:4 log K = 18.3 b 

PhCOO- 1:1 K = 3.9 × 104 M-1 b 

57 D-N-Boc-Ala 1:1 K = 53.56 M-1 b - c 

133 
58 D-mandelate 1:1 K = 1.04 ×103 M–1 b - c 

59 
L-phenylalaninol 1:1 K = 25 M-1 b 

- c D-
phenylalaninol 1:1 K = 124 M-1 b 

60A R-phenylglycinol 1:1 K = 88.5 M-1 b - c 

134 
60B R-phenylglycinol 1:1 K = 110.8 M-1 b - c 

60C R-phenylglycinol 1:1 K = 145.7 M-1 b - c 

60D R-phenylglycinol 1:1 K = 564.5 M-1 b - c 

61 Citrate 1:1 K = 4200 M-1 b - c 137 
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62 
Aspartic acid 1:1 K = 6.44 × 104 M-1 b - c 

142 
Glutamic acid 1:1 K = 3.88 × 104 M-1 b - c 

63A Tryptophan 1:1 - c 1 μM 143 

64 

ATP 1:1 K = 40000 M-1 b 2.34 μM 

147 

UTP 1:1 K = 21665 M-1 b 4.26 μM 

CTP 1:1 K = 19000 M-1 b 4.35 μM 

TTP 1:1 K = 17000 M-1 b 6.34 μM 

GTP 1:1 K = 9316 M-1 b 13.4 μM 
a Calculated using spectrophotometric titrations, b fluorescence titrations, c not reported by the original article.  
 

2.2.2 Detection of chloride (Cl–), iodide (I–) and hydrogen sulfate (HSO4–) ions 
Diamond et al.127 reported compound 53 (Figure 12), decorated with urea linked 

pyrene units whose orientation relative to each other changes with Cl– inclusion.  

Compound 53 showed a strong excimer emission and a weak monomer emission in 
MeCN–CHCl3 (95:5, v/v).  The addition of Cl– exclusively lead to a ratiometric 

fluorescence change with a sharp decline in excimer emission and a corresponding 

increase in monomer emission.  These results suggested that Cl– ions selectively 

coordinated with the urea protons, thereby reducing the extent of the pyrene units π-π 

stacking (excimer emission) and promoting monomer emission.  The binding of 53 with 
Cl– was further supported by the downfield shift of the signals from the urea protons in 

NMR titration studies.  From the ratio of excimer to monomer, the Ka for Cl– was found to 

be 2.4 × 104 M–1. 

Saitz et al.128 reported a series of calix[4]arenes 54A-C (Figure 12) bearing 
benzothiazole, benzoxazole, and benzoimidazole groups for detection of iodide ions (I–).   

All the three derivatives displayed selective fluorescence responses to I– in MeOH.  No 

significant response was observed even with titration with F– ions, which can readily 

deprotonate thiourea and amide groups.129,130  The rationale for this observation was that 

F– is too small to effect cooperative binding with the sidearms of the calixarene.   

Derivatives 54A-C were found to have detection limits of 1.81 ppm, 0.23 ppm, and 0.22 
ppm respectively.  Considering their binding constants, however, 54C (Ka = 2.01 × 10-4 
M–1) was found to be most suitable candidate among the three.  NMR spectroscopy 

titration studies of compound 54C with I– showed a significant upfield shift of amide NH 
proton, clearly depicting the involvement of the amide groups in complex formation. 
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In 2009, Nam et al.131 reported pyrene-appended calix[4]arene derivative 55 (Figure 
12) for the selective fluorescence detection of tetrahedral HSO4– ion.  Probe 55 exhibited 
weak monomer emission at 375 nm and strong excimer emission at 475 nm, pointing to 

strong π-π stacking of the pyrene moieties.  However, in the presence of HSO4– ions 

these bands changed ratiometrically with an enhancement of monomer emission and a 

quenching of excimer emission.  These results suggested that HSO4– ions selectively 

coordinate with urea NH groups in the cavity of probe 55 and inhibited efficient π-π 
stacking between pyrene units.  Thus, depending upon the conformation of calix[4]arene, 

the nature of the appended ligating urea moieties, and the degree of cooperative binding,  

either Cl–(1,3-alternate probe 53) or HSO4– (cone conformation 55) can be targeted. 

 
Figure 12. Calixarene-based chemosensors 53 for Cl–, 54A-C for I– ions, and 55 for HSO4–. 

 

2.2.3 Detection of carboxylate anions (RCOO–) 
Shuang et al.132 reported tetrakis-(4-carbamoylphenyl)-substituted calix[4]arene 56 

(Figure 13) with chelating carbamate groups as a fluorescent sensor for carboxylates 
(RCOO–).  Probe 56 displayed differential fluorescence quenching in the presence of 
RCOO– depending on the nature of the R group.  For example, the addition of RCOO– to 

a MeCN solution of probe 56 led to a sequential decrease in the fluorescence band 
centered at 350 nm with a slight hypsochromic shift.  In contrast, the addition of a small 

excess of F– or H2PO4– led to greater fluorescence quenching, suggesting that the binding 

mode of these anions to 56 is different.  Job plot analyses indicated that at low anion 
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concentrations, probe 56 initially formed 1:1 complexes with F– or H2PO4–, whereas at 
high concentrations a 1:4 complex predominated.  However, only 1:1 binding was 

observed at all concentrations of acetate (AcO–) and benzoate (BzO–).  The Ka values for 

the binding of AcO– and BzO– were found to be 4.6 × 105 M–1 and 3.9 × 104 M–1 

respectively.  The greatly enhanced binding affinity and selectivity of probe 56 towards 
RCOO– was attributed to hydrogen bonding interactions between RCOO– and two 

opposite -NH- groups of carbamates. 

 
Figure 13. Molecular structures of calix[4]arene derivatives 53-58 for recognition of carboxylate anions. 

 

In another investigation, He et al.133 reported a series of calix[4]arene derivatives 57-
59 (Figure 13) bearing L-tryptophan units at the lower rim for the chiral recognition of 
carboxylate ions.  In DMSO, probe 57 displayed dramatically different fluorescence 
responses to the binding of L- and D-alanine, with the D- isomer causing about 48% 

fluorescence quenching at 346 nm, whilst the L-isomer showed only 10% quenching at 

the same concentration.  The formation of a 1:1 complex between 57 and D-alanine was 
confirmed and a Ka of 54 M–1 determined (Ka was calculated for D-N-Boc-Ala).  The 

binding of L-alanine was too weak for a Ka to be calculated.  Similar behavior was 
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observed with probe 58 and the recognition of D-mandelate from L-mandelate.  Probe 58 
exhibited a dramatic decrease in fluorescence intensity at 345 nm upon the addition of D-

mandelate (Ka value of 1.04 ×103 M–1) compared to L-mandelate (Ka value was not 

calculated).  Probe 59 showed good chiral recognition towards phenylalaninol with 
binding constants of 25 and 124 M–1 for the L- and D- isomers, respectively.  However, 

probe 59 exhibited a strong fluorescence band at 445 nm, hypsochromically shifted 
compared to probes 57 and 58.  Considering their structures, it was presumed that the 
ethylene linkers in probe 59 bestowed it with enough flexibility such that two indole 
moieties can approach each other to induce excimer emission.  Moreover, in stark 

contrast to the fluorescence quenching in the case of probe 57 and 58, the intensity of 
the excimer emission was gradually enhanced upon the addition of L-Ala anion.  The 

fluorescence enhancement in the presence of this anion was attributed to an interaction 

that blocks the PET from the amide -NH to the indole units.   As described above, probe 

58 generally bound guests more strongly relative to probe 57 and 59.  This was ascribed 
to its more rigid structure and the presence of more hydrogen bonding groups.  

The same group also reported tryptophan decorated calix[4]arenes 60A-D134 (Figure 
13), which not only exhibit excellent enantioselective recognition of R-phenylglycinol, but 

also discriminated it from phenylalaninol.  The addition of 6 equivalents of R-

phenylglycinol to a solution of 60D (λex.= 368 nm) in MeCN lead to an 800% fluorescence 
enhancement at 456 nm (excimer emission).  The corresponding value for R-

phenylalaninol was only 35%.  The large difference in optical properties was also reflected 

in their 1:1 Ka values, which were calculated to be 565 M–1 for R-phenylglycinol and 91 

M–1 for R-phenylalaninol.  The fluorescence enhancement was attributed to π-π stacking 

between the indole moieties of the receptor and the aromatic ring of R-phenylalaninol, 

which ultimately favors an energy transfer from the excited state of the fluorophore to the 

ground state.  Similar behavior was observed for other derivatives 60A-C.  However, 60C 
and 60D showed a better fluorescence response compared with 60A and 60B, 
presumably because they possess more flexible structures that enable the two indole 

moieties to more easily approach one another. 
An indicator displacement assay (IDA) in which a fluorophore is displaced from the 

host pocket by analyte anion binding has been investigated in a number of cases.135,136  
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Using an amalgamation of IDA and PET, Pischel et al.137 devised water-soluble non-

covalent supramolecular complex 61 (Figure 13) for the selective sensing of citrate.  In 
this complex an intramolecular PET process strongly quenched fluorescence of the 

naphthalimide dicarboxylate dye. However, in the presence of citrate ions the 

corresponding ternary complex was formed.  This resulted in a shift in the pKa of free 

amine groups of the imidazoliums of the calixarene, partial protonation, and fluorescence 

enhancement as PET is attenuated.  

Thus, controlling the directionality and preorganization of hydrogen bonds groups 

allow for the recognitions of specific shaped anions of different size, geometry and 

hydrogen bonding preferences.  For instance, fine tuning of spacer length in probes 57-
59 bearing L-tryptophan allowed the discriminated detection of L- and D-isomers of 
alanine, mandelate and phenylalaninol.  Following similar changes, probes 60A-D 
enantioselectively discriminated R-phenylglycinol from phenylalaninol.  Again, the 

fluorescence outcomes depend upon the binding events and type of fluorophore.  An IDA 

approach highlights the importance of non-covalent strategy for selective detection of 

anion. 

 

2.2.4 Detection of amino acids and nucleotides 
Beyond their fundamental role as components in proteins, amino acids are also 

involved in cell signaling, for example in the protein phosphorylation cascade and in gene 

expression.138  For example, aspartic acid (Asp) and glutamic acid (Glu) are important 

excitatory neurotransmitters.139  Moreover, altered glutamatergic neurotransmission 

appears to be closely related to the pathophysiology of Parkinson's disease (PD).140,141   

For these and many other reasons, the selective recognition of amino acids in an aqueous 

has garnered increased recent attention. 
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Figure 14. Molecular structures of calix[4]arene derivatives 62-64 for recognition of amino acids and nucleotides. 

 

Su et al.142 reported water-soluble calix[4]arene derivative 62 (Figure 14) conjugated 
with four thiophene-cyanoacrylic acid groups as fluorescent ‘‘turn-off’’ probes for the 

detection of Asp and Glu.  Probe 62 showed about 90% and 85% fluorescence quenching 
at 540 nm (λex = 370 nm) upon the addition of 200 equivalents of Asp and Glu respectively, 

with a slight (8 nm) bathochromic shift in both cases.  The fluorescence quenching of 62 
was tentatively attributed to the excitation energy or charge transfer from the probe to the 

Asp/Glu guest, whilst the bathochromic shift of both the fluorescence and absorption 

bands were attributed to the fact that the binding of Asp/Glu provides a better stabilization 

of the excited state of 62 than that of the ground state.  No significant change was 
observed with other amino acids, demonstrating the selective nature of probe 62 towards 
acidic amino acids.  

Another fluorescent probe for amino acids, calixarene 63B, was designed by Li et 
al.143  They coupled anthracene units to a calix[4]arene scaffold to form 63A, and then 
covalently attached to the adduct to a silica surface via click chemistry to give a self-

assembled monolayer for tryptophan recognition.  Material 63B is a wettable functional 
surface, i.e., it can change its character from hydrophilic to hydrophobic (or vice versa) in 

response to an added guest or change in solute.  Such materials find wide applications 

in electronic devices and in microfluidics systems.144-146  The selective recognition ability 

of 63A itself was first investigated by fluorescence microscopy.  The addition of 
tryptophan to 63A in DMSO greatly reduced its fluorescence intensity at 419 nm, 
indicating the formation of a 63A-tryptophan complex. This was further confirmed by ESI-
MS.  AFM imaging showed that, upon guest binding, particles of 63A increased in size 
from 30-80 to 60-200 nm.  The binding stoichiometry was found to be 1:1 by Job plot.  
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The wettability of silica-modified 63B was then investigated by water contact angle (CA) 
measurements and fluorescence spectroscopy.  After the covalent attachment of 63A 
onto the silica surface, the surface became superhydrophobic (CA changed from 71.5° to 

151.7°). To evaluate its wettability response, 63B was immersed into solutions of different 
amino acids, revealing that the surface became highly hydrophilic (CA 13.5°) only in the 

presence tryptophan.  An anticipated effect considering the expected reversibility of 

binding, this value reverted to its original value (151°) upon washing with water.  
The key role of nucleoside triphosphates (NTPs) – adenosine triphosphate (ATP), 

guanosine triphosphate (GTP), cytidine triphosphate (CTP), thymidine triphosphate 

(TTP), and uridine triphosphate (UTP) – in all living systems have also made them 

attractive targets for sensor designers.   In this regard, triazolium-anthracenyl 

calix[4]arene conjugate 64 (Figure 14) was reported by Rao et al.147 for the fluorescent 
detection NTPs.   Probe 64 was found to be selective for NTPs, but not selective for 
specific NTPs; it responds to all five NTPs with enhancement in the fluorescence 

emission.  Previous fluorescent probes showed similar response but to only one or two 

NTPs.148,149  Moreover, NMR and fluorescence spectroscopy revealed that probe 64 can 
differentiate between mono and di-phosphates NTPs.  The fluorescence enhancement of 

64 upon binding analyte binding followed the order: ATP ≈ UTP > CTP ≈ TTP > GTP (Ka 
= 40,000 ± 900, 21,665 ± 550, 19,000 ± 440, 17,000 ± 250, and 9,316 ± 120 M–1 

respectively).  The higher selectivity of 64 for NTPs over other phosphates was attributed 
to electrostatic interactions between the anionic phosphates and the cationic triazolium 

moieties.  The selective binding of 64 to NTPs was also confirmed by absorption 
spectroscopy, where an increase in the absorption band corresponding to the anthracenyl 

moiety was observed only in the presence of NTPs.  The NTP-induced change in the 

microstructure of solid 64 was studied by AFM, showing that addition of NTPs to a solution 
of 64 induced the formation of aggregates whose size varies depending upon the type of 
NTP added.  The fluorescence enhancement of 64 with NTPs was attributed to 
aggregation-induce emission (AIE).  However, no such aggregation behavior was 

observed with mono or di-phosphate analogues.  Similarly, scanning electron microscopy 

(SEM) also showed unique morphological structural changes in the presence of NTPs 

such as compressed spheres, flower-like and chain-like structures. 
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Thus, ditopic receptors such as 62 are capable of recognizing the zwitterionic 
structure of amino acids.  Developing ditopic, wettable probe 63B by its binding to silica-
surface is an interesting approach for detection of amino acids.  Alternatively, electrostatic 

interactions between the cationic triazolium moieties of 64 and the anionic phosphates of 
NTPs offers another strategy over a covalent approach. 

 

2.3 Bifunctional fluorescent receptors  
The applicability of fluorescent receptors can be maximized if a single molecular 

probe can be designed for multi-ion detection. This strategy can be realized by 

incorporating different binding sites into the artificial receptor.  In this regard, both the 

upper and lower rims, as well as the different conformations of calixarenes, have been 

utilized for the concurrent detection of anions, cations, and biomolecules. This section 

highlights the usefulness of multifunctional calixarene receptors. Table 3 lists the binding 

stoichiometries, binding constants and detection limits of various calixarene probes 

toward cationic and anionic guests. 

 

2.3.1 Bifunctional fluorescent receptors for different cations 
Chung et al. reported a ditopic receptor 65 (Figure 15) for Pb2+ and K+ ions.150  In this 

1,3-alternate calixarene two anthracene groups were incorporated into one rim, whist a 

crown[4]-ring occupied the other.  Probe 65 exhibited a strong quenching of the 
fluorescence emission of anthracene at 415 nm (lex = 367 nm) upon binding Pb2+.  This 

was attributed to both a reverse PET process from the anthracene unit to the triazole 

group and the heavy metal ion effect.  The fluorescence emission at 415 nm was revived 

upon further titration with K+, which was attributed to a combination of electrostatic 

repulsion and negative heterotropic allostery.  Similarly, a ditopic fluorescence behavior 

was also observed between Hg2+, Cu2+ and Cr3+, and K+ ions.  Such cation exchange in 

the two different binding sites resulted into a switchable “on-off” optical sensor.  
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Figure 15. (A) Structure and binding modes of probe 65 with Pb2+ and K+ ions. (B) Molecular structures of 

bifunctional calix[4]arene receptors 66-68. 

 
Kim et al. reported a calix[4]arene dicarboxylate derivative 66 (Figure 15), which 

exhibited selective binding towards Ca2+ and Pb2+ among other tested monovalent (Ag+, 

Cs+, K+, Li+, Na+) and divalent (Zn2+) ions.151  Screening assays revealed that Ca2+ binding 

enhanced pyrene monomeric emission and resulted in a shorter wavelength excimer 

emission band.  This was attributed to less effective HOMO-LUMO interactions of the 

66·Ca2+ complex in the excited state as compared to the ground state.   On the other 
hand, in the presence of Pb2+ quenching of both monomer and excimer emission bands 

occurred.  The latter was attributed to conformational changes induced by coordination 

of Pb2+ to the amide carbonyls and a resulting enhanced separation of the pyrene 

groups.152,153  Furthermore, the addition of Ca2+ to the 66·Pb2+ complex resulted in the 
reappearance of both monomer and excimer emission bands.  However, such behavior 

was not observed with the corresponding ester analogue of 66.  This suggested that the 
carboxylates of 66 can strongly bind to Ca2+ ion, displace the Pb2+ in the 66·Pb2+ complex, 
and as a result greatly alter the fluorescence properties of the probe. 

Xue and co-workers designed and prepared chemosensors 67A and 67B (Figure 
15) containing benzoxazole and benzothiazole ionophores linked through imino 
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groups.154  Compounds 67A and 67B exhibited weak fluorescent emission in solution 
(455 nm and 460 nm respectively) due to PET from the imine to the benzoxazole and 

benzothiazole units respectively.  However, upon incubation with various metal ions a 

selectivity for Fe3+ and Cr3+ was observed with a remarkable fluorescence enhancement 

via PET inhibition.  This was attributed to efficient electron transfer from the imine nitrogen 

to the vacant orbitals of Fe3+ and Cr3+. 

Paul and co-worker reported a series of 1,3-alternate calix[4]arene derivatives 68A-
C (Figure 15) bearing ethylene glycol units as binding sites and a pair of fluorescent 
coumarin  reporters.155  Owing to the flexible ethylene glycol units, these derivatives 

exhibit ion responsive behavior.  Thus, out of sixteen metal ions Fe3+ induced 70-85% 

fluorescence quenching at 390 nm (coumarin, λex = 317 nm) in all derivatives, whilst Cu2+ 

exhibited about moderate to strong (60-75%) quenching in 68B and 68C.  Quenching of 
fluorescence emission probes 68A-C was attributed to metal-induced intramolecular 
charge transfer from the coumarin moiety to the metal ions, leading to fluorescence 

quenching.156,157  In contrast, Ca2+ induced a 20-35% fluorescence enhancement for the 

three hosts via CHEF.158   

These studies illustrate the key strategy of bifunctional receptors for this area. 

Depending upon the type and number of binding site (hard such as O atom, or soft such 

as N/S atom) and the conformation of calix[4]arene, the designed probe can complex a 

variety of metal cations.  While in the complexed form, the bound metal cation can induce 

electrostatic effects upon the other metal cation guests. 

 
Table 3. Various bifunctional receptors 65-84 and their binding stoichiometries and constants, and detection 
limits toward various cations and anions. 

Probe 
number (L) 

Guest 
species (G) 

Stoichiometry 
ratio (L: G) Binding constant Detection 

limit Reference  

65 Pb2+ 1:1 K = 3.71 × 104 M−1 a - b 150 K+ 1:1 - b - b 

66 Ca2+ 1:1 - b - b 151 Pb2+ 1:1 K = 2.1 × 105 M−1 a - b 

67A Fe3+ 1:1 K = 1.53 × 105 M−1 a - b 

154 Cr3+ 1:1 K = 4.53 × 105 M−1 a - b 

67B Fe3+ 1:1 K = 1.39 × 105 M−1 a - b 
Cr3+ 1:1 K = 7.80 × 104 M−1 a - b 

68A 
Fe3+ 1:1 K = 5.34 × 103 M−1 a - b 155 

 Cu2+ 1:1 - b - b 
Ca2+ 1:1 K = 4.79 × 103 M−1 a - b 
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68B 
Fe3+ 1:1 K = 3.85 × 103 M−1 a - b 
Cu2+ 1:1 K = 5.62 × 104 M−1 a - b 
Ca2+ 1:1 K = 3.12 × 103 M−1 a - b 

68C 
Fe3+ 1:1 K = 7.31 × 103 M−1 a - b 
Cu2+ 1:1 K = 5.54 × 104 M−1 a - b 
Ca2+ 1:1 K = 6.41 × 103 M−1 a - b 

69 Cs+ 1:1 K = 5.4 × 102 M−1 a - b 159 F− 1:1 K = 1.9 × 103 M−1 a - b 

70 
Cu2+ 1:1 K = 1.72 × 104 M−1 a - b 

161 AcO− 1:1 K = 1.59 × 105 M−1 a - b 
F− 1:1 K = 5.99 × 104 M−1 a - b 

71 Cu2+ 1:1 K = 2.38 × 105 M−1 a - b 163 NO3− 1:1 K = 1.64 × 105 M−1 a - b 

72 Cu2+ 1:1 K = 6.1 × 104 M−1 a - b 164 F− 1:1 K = 1.1 × 104 M−1 a - b 

73 
Cu2+ 1:1 K = 53303 M−1 a 4.51 ppm 

166 Fe2+ 1:1 K = 26844 M−1 a 3.96 ppm 
Zn2+ 1:1 K = 41341 M−1 a 45 ppb 

74A Cu2+ 1:1 K = 1.24 × 105 M−1 a - b 167 F− 1:1 K = 2.10 × 103 M−1 a - b 

74B Cu2+ 1:1 log K = 5.09 a - b 173 F− 1:1 log K = 5.30 a - b 

75A Cu2+ 1:1 K = 14.0 × 108 M−1 a 4.16 nM 174 F− 1:1 K = 12.18 × 108 M−1 a 2.15 nM 

75B Fe3+ 1:1 K = 9.73 × 108 M−1 a 0.88 pM 175 H2PO4− 1:1 K = 9.73 × 108 M−1 a 1.11 pM 

76 Sr2+ 1:1 K = 9.46 × 106 M−1 a 1.04 pM 176 Cd2+ 1:1 K = 9.65 × 106 M−1 a 0.94 pM 

77 Hg2+ 1:1 K = 7.52 × 104 M−1 a - b 177 F− 1:2 - b - b 

78A F− 1:1 K = 3.54 × 104 M−1 a - b 178 AcO− 1:1 K = 6.36 × 104 M−1 a - b 

78B F− 1:1 K = 4.66 × 104 M−1 a - b 178 AcO− 1:1 K = 1.99 × 104 M−1 a - b 
79 Cu2+ 1:1 K = 7.38 × 105 M−1 a - b 179 

80 Cd2+ 1:1 - b - b 180 H2PO4− 1:1 - b - b 
81 Hg2+ 1:1 K = 1.06 × 104 M−1 a 1.87 ppm 181 

82 Ag+ 1:1 K = 1.06 × 104 M−1 a 450 ppb 182 Cu2+ 1:1 K = 3.02 × 104 M−1 a - b 
83A Zn2+ 1:1 K = 9.2 × 104 M−1 a 47 ppb 185 

83B Cd2+ 1:1 - b 58 ppb 
(Cys) 189 

83C Zn2+ 1:2 - b 0.53 ppm 
(His) 190 

83D Zn2+ 2:1 K = 7.2 × 104 M−1 a 278 ppb 
(P2O74−) 191 

84 Mg2+ 1:1 - b - b 192 
 

a Calculated using fluorescence titrations, and b not reported by the original article. 
 

 



 47 

2.3.2 Bifunctional fluorescent receptors for cation and anion 

 
Figure 16. Chemical structure of bifunctional receptors 69-77. 

 

Kim and co-workers developed a novel chemosensor 69 containing one 2,3-
napthocrown[6] unit and two coumarin fluorophores in calix[4]arene locked in a partial 

cone conformation (Figure 16).159  Chemosensor 69 containing the crown[6] loop and two 
coumarin amide groups as binding sites exhibited both colorimetric and FRET-based 

fluorometric response towards Cs+ and F– respectively.  In the free state, 69 exhibited an 
intramolecular FRET between the naphthalene unit (emission) and coumarin unit 
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(absorption).  Addition of F– to a solution 69 induced a significant bathochromic shift in 
coumarin absorption (344 nm to 435 nm, Ka = 1.9 × 103 M–1).  However, a larger excess 

of F– (1000 equiv.) resulted in coumarin emission quenching (536 nm), probably due to 

PET from F– to the coumarin unit.  Likewise, 69 displayed preferential selectivity for Cs+ 

ion over K+ ion (Ka = 5.4 × 102 M–1 versus 1.6 × 102 M–1) due to size-complementary with 

the crown ether ring and additional cation–π interactions.160  This was accompanied by 

the suppression of PET from the oxygen atoms of the crown ether to the naphthalene unit, 

and hence a significant emission enhancement of the coumarin. 
Chung and co-workers synthesized calix[4]arene derivative 70 functionalized with β-

amino-α,β-unsaturated ketone moieties at the lower rim (Figure 16).161  Out of ten tested 

metal ions (Li+, Na+, K+, Ag+, Ca2+, Pb2+, Hg2+, Ni2+ and Cr3+), 70 displayed selectivity 
towards Cu2+ ion (1:1 complex, Ka = 1.72 × 104 M–1) with both chromogenic and 

fluorogenic responses.  The monomeric emission of 70 at 343 nm increased with Cu2+ 
ion concentration, presumably due to a CHEF process induced by Cu2+ ion locking the 

free movement of the β-amino-α,β-unsaturated ketone moieties.  This was also 

accompanied by the formation of a new band at 438 nm due to an MLCT between Cu+ 

and the phenolic OH groups of 70.162  Cyclic voltammetry analyses further confirmed the 
reduction of Cu2+ to Cu+ by the phenolic OH groups on the lower rim.  The 70·Cu+ complex 
was further used for the detection of AcO– and F– ions and showed ditopic behavior with 

monomer emission enhancement (438 nm) upon complexation with AcO–and F– (Ka = 

1.59 × 105 and Ka = 5.99 × 104 M–1 respectively).   

Another bifunctional receptor is calix[4]arene probe 71 (Figure 16), bearing two 
naphthalimide moieties on the upper rim conjugated via imine units, and an amide-

containing crown on the lower rim.163  Testing of a series of metal perchlorates revealed 

that only Cu2+ bound to the imine groups of 71 and brought the naphthalimide groups 
together in such a manner as to cause quenching in the fluorescence emission at 510 nm 

via an electron transfer process.  On the other hand, probe 71 showed non-selective 
quenching in optical emission in the presence of F–, Cl–, Br–, H2PO4–, NO3–, I–, and HSO4–.   

The disappearance of amide NH proton signal from the NMR spectrum of probe 71 with 
NO3– indicated that the amide groups acted as an anion binding site.     
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Another napthalimide-calix[4]arene chemosensor, 72, has been developed as a 
bifunctional receptor for  F– and Cu2+ (Figure 16).164  Chemosensor 72 displayed a strong 
emission band at 480 nm (λex = 435 nm) which was quenched upon addition of Cu(ClO4)2. 

Concomitantly, the appearance of a weak bathochromic-shifted emission band due to the 

deprotonation of the napthalimide NH units of 72 was also observed.165  The authors 
demonstrated a 1:1 complex between 72 and Cu2+ (Ka = 6.1 ± 0.61 × 104 M–1).  Likewise, 

a fluorescence titration assay revealed that 72 also formed a stable, selective 1:1 complex 
with F– (Ka = 1.1 ± 0.11 × 104 M–1).  Compared to the other ions tested, F– ion was 

sufficiently basic to deprotonate both the OH and NH groups of 72.  Thus, the observed 
selectivity for CuF2 arose through a combination of electrostatic interactions between the 

NH groups of 72 and Cu2+ ions, and the basicity of F– and its hydrogen bonding 
interactions with the OH and NH groups of the probe.  

Rao and co-workers synthesized bifunctional sensor 73 possessing salicylimine 
moieties (Figure 16).166  Out of the eight divalent metal ions tested conjugate 73 exhibited 
a colorimetric response for Cu2+ (4.51 ± 0.53 ppm) and Fe2+ (3.96 ± 0.42 ppm) at low 

concentration, whilst Zn2+ ion was detected by fluorescence spectroscopy at a minimum 

concentration of 45 ± 4 ppb.  A methanolic solution of conjugate 73 displayed weak 
fluorescence at 380-620 nm (λex = 360 nm); however, a concentration-dependent 

fluorescence enhancement (22-25 fold) was observed with the addition of Zn2+.  This was 

attributed to the binding of Zn2+ to the imine and phenolic groups in 73 (1:1 complex) and 
its blocking of PET from the imine nitrogen to the salicyl group.  The 73·Zn2+ complex was 
further tested for its anion binding properties.  Treatment with H2PO4–, HPO42–, and P2O74– 

resulted in large quenching effects due to direct interaction between the anions and the 

Zn2+ and hence enhanced PET.  

In 2013, Sahin developed pyrene-based chemosensor 74A (Figure 16) and 
described its potential for recognizing metal ions and anions.167  Compound 74A showed 
a distinct fluorescence response at 392 nm (λex = 325 nm) towards different metal ions.   

Upon titration with Cu2+ ion, a significant fluorescence quenching (56%) was observed 

due to the coordination of the paramagnetic Cu2+.168  Titration with Zn2+, however, resulted 

in fluorescence enhancement presumably due to CHEF or PET in the complex.169-172  

Furthermore, 74A selectively exhibited fluorescence quenching due to a PET process 
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brought about by deprotonation of the amide-NH groups upon titration with F– ion.   

Replacement of the pyrene reporters in 74A by phenanthrenes resulted in sensor 74B 
(Figure 16) which also showed selectivity towards Cu2+.173  Likewise, a similar 
fluorescence quenching at 325 nm (λex = 250 nm) was observed upon titration with F–. 

Menon and co-worker synthesized quinolone bearing calix[4]arene sensor 75A 
(Figure 16) for the selective recognition of Cu2+ and F–.174  Chemosensor 75A showed a 
weak fluorescence emission band at 476 nm (λex = 410 nm), which upon Cu2+ ion titration 

resulted in a fluorescence enhancement (limit of detection = 4.16 nM, Ka = 14.00 × 108 

M–1) due to PET from the 4-isoquinolinoyl groups to the guest, and ICT from the diamido 

moieties to the guest.  In contrast, fluorescence quenching was observed upon titration 

with F– anion (limit of detection = 2.15 nM, Ka = 12.18 × 108 M–1).  Further, 75A was 
successfully demonstrated as a sensitive and cost-effective fluorometric tool for the 

detection of Cu2+ in blood serum and F– in waste water samples.   

Replacing the 4-isoquinolinoyl fluorophore with pyrene resulted in chemosensor 75B 
(Figure 16).175 Sensor 75B exhibited a fluorescence turn-off response towards Fe3+ (limit 
of detection = 0.88 pM) with an association constant Ka = 9.73 × 108 M–1. A similar 

response was observed for H2PO4– (limit of detection = 1.11 pM) which bound strongly to 

the host (Ka = 9.73 × 108 M–1).  The selective fluorescence quenching towards these ions 

was attributed to electron transfer from the receptor to the guest species upon 

complexation.  The same group also developed 76 (Figure 16), bearing the same 
calixarene core and 8-hydroxylquinoline reporters linked via esters.176  This chemosensor 

exhibited selective fluorescence enhancement and quenching towards Sr2+ (limit of 

detection = 1.04 pM, Ka = 9.46 × 106 M–1) and Cd2+ (limit of detection = 0.94 pM, Ka = 

9.65 × 106 M–1).  Furthermore, chemosensor 76 was successfully tested for the detection 
of these metal ions in industrial wastewater samples with excellent recovery percentages. 

Calix 77 bearing triphenylamine units was developed by Erdemir and co-workers 
(Figure 16).177 Out of eleven tested metal ions of biological relevance, chemosensor 77 
exhibited both a colorimetric (yellow) and fluorescence turn-off response in the presence 

of Hg2+.  Host 77 formed a 1:2 complex with Hg2+ (Ka = 7.52 × 104 M–2).  Fluorescence 

quenching for the triphenylamine group arose through FRET inhibition.  Likewise, a 
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similar fluorescence turn-off response was observed for F– anion via deprotonation of the 

phenolic and amidic protons of 77. 
Liu et al.178 synthesized calix 78A and its ruthenium complex 78B to investigate the 

effect of metal coordination on anion selectivity (Figure 17).  Probe 78A showed a strong 
emission band at 460 nm in DMF which underwent quenching exclusively upon the 

addition of F– and AcO– ions.  Concomitantly, these anions induced the formation of 

bathochromically-shifted bands at 537 and 525 nm respectively.  No significant 

fluorescence changes were observed with other anions.  The bathochromically shifted 

bands were attributed to the deprotonation of the NH group of the imidazo[4,5-f]-1,10-

phenanthroline groups.  Furthermore, the intramolecular charge distribution as a result of 

NH deprotonation resulted in 78A acting as a colorimetric sensor for the naked-eye 
detection of F– and AcO–.  Interestingly, ruthenium complex 78B showed a different 
fluorescence response.  In this case, the addition of F– and AcO– ions induced 

fluorescence quenching but without formation of any bathochromically-shifted bands, 

whilst other anions such as Cl–, Br–, I–, and HSO4– led to fluorescence enhancement.   

One possible explanation for this anomalous behavior is that other anions partially 

neutralized the charge on the ruthenium center, thereby weakening the PET from the NH 

group of imidazo[4,5-f]-1,10-phenanthroline to the ruthenium center.  However, in the 

case of F– and AcO–, quenching is favored by efficient PET from the deprotonated NH 

group to the ruthenium center.  For the formation of 1:1 complex with 78A, the association 
constants for F– and AcO– were found to be 3.54 × 104 and 6.36 × 104 M–1 respectively. 

For 78B, these values were respectively 4.66 × 104 and 1.99 × 104 M–1.  

 
Figure 17. Structure of bifunctional calix[4]arene derivative 78-80. 
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Li et al.179 functionalized the lower rim of a calix[4]arene scaffold with chiral 1,1’-bi(2-

naphthol) (BINOL) groups to give 79 (Figure 17).  Fluorescence quenching in the 
presence of Cu2+ revealed that this host formed a strong 1:1 complex (Ka = 7.38 × 105 M–

1) with Cu2+ ions.  Subsequently, this copper complex was utilized as a fluorescence ‘‘turn-

on’’ sensor for the enantioselective recognition of mandelic acid.  A 6.34-fold fluorescence 

enhancement with R-mandelic acid was observed, in contrast to a 4.87-fold enhancement 

in the presence of the S-isomer.  As this fluorescence difference was quite small (limit of 

detection = 20 µM) AFM and DLS were also employed to improve the sensitivity of 

detection methods.  AFM images showed that the addition of R-mandelic acid significantly 

increased the size of particles of the Cu2+ complex from 25-35 nm to 447-572 nm.  There 

were also morphological changes from spherical to non-spherical.  However, upon 

treatment with S-mandelic acid the particle size only increased to 149-233 nm and there 

were no morphological changes. DLS revealed the diameter of particles of 79 increased 
by 6.74-fold and 2.79-fold upon the addition of R- and S-mandelic acid respectively.  The 

detection limit of enantioselectivity calculated from the plot of size distributions of 

nanoparticles versus concentration of mandelic acid was found to be 0.2 µM, indicating 

that DLS analysis was 100-fold more sensitive for chiral recognition than fluorescence. 

Calix sensor 80 (Figure 17) was developed as a bifunctional receptor for Cd2+ and 
H2PO4–.180  The structure elucidation of the Cd2+ complex by single crystal X-ray 

diffraction suggested that two Cd2+ ions are bound by a N2O4 core furnished by the 

triazole-linked hydroxyethylimino moiety.  The binding ligands in the coordination spheres 

around each Cd2+ were comprised of two phenolic oxygens, two ethanolic hydroxyl 

groups, and two imine nitrogens.  As demonstrated by various techniques, viz., UV-Vis. 

fluorescence spectroscopy, 1H NMR spectroscopy, ESI-MS, among others, the isolated 

[80·Cd2+]2 complex displayed strong binding affinity particularly to inorganic phosphate 
(H2PO4–).   The complex [80·Cd2+]2 also displayed complete fluorescence quenching at a 
concentration of four equivalents of H2PO4–, whereas other anions induced much smaller 

changes.   Among all the phosphates studied, the order of quenching was H2PO4− > ATP2− 

∼ HPO42− ∼ ADP2− > AMP2− ≫ P2O74−.  Very low concentrations (20 ppb) of H2PO4– 

showed considerable quenching, whilst other anions required concentrations of between 

50-580 ppb to show similar quenching efficiencies.  Thus, an absorption spectrum 
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showed a decrease in absorption at 370 nm with the formation of two new bands at 326 

nm and 430 nm.  The fluorescence quenching and color change of the [80·Cd2+]2 complex 
upon H2PO4– binding was attributed to decomplexation to form free 80, which was 
confirmed by 1H NMR studies.  The practical utility of this system was evaluated for the 

detection of H2PO4– in HeLa cells using confocal microscopy.  Thus when 80 and 
Cd2+/pyrithione-incubated HeLa cells were treated with H2PO4– for 20 minutes at 37 °C, 

confocal images showed decreased fluorescence intensity within the cells. 

In summary, there are two general types of bifunctional receptors for cation and 

anion.  The first type contains two binding sites, one for cation and another for anion, such 

as in probes 69, 71, 74, 75, 77 and 78.  The cation binding sites include O atom 
(hydroxy/carbonyl) and N atom (amide/amine/imine) groups, whereas the corresponding 

anion binding sites are “NH protons (amide/ amine) and OH (hydroxyl).  The fluorescence 

output of these probes depends upon the mechanism of cation and anion binding such 

as FRET, PET, CHEF and ICT.  On the other hand, the second type of bifunctional 

receptors, such as 70, 73, 79 and 80, include metal-complexes for probeing specific 
anions. In these systems the strong binding affinity of anion to the specific metal cation 

resulted in its decomplexation from the probe and therefore a reversing the fluorescence 

output signal. 

 

2.3.3 Bifunctional fluorescent receptors for cation and biomolecules 
Chemosensor 81 (Figure 21) bearing two 1,3-di(4-antipyrine)amide groups as the 

binding site at the lower rim of a calix[4]arene was developed for duel binding of cations 

and neutrals.181  Out of the fourteen biological mono- and divalent metal ions tested, 81 
exhibited high selectivity for Hg2+.  Titration with Hg2+ led to a decrease in the absorbance 

at 280 nm and an increase in absorbance bands at 256 and 315 nm of 81.  In the 
fluorescence spectra of 81, significant quenching at 400 nm (λex = 280 nm) was observed 
with addition of Hg2+ as a 1:1 complex was formed (Ka = 1.06 × 104 ± 700 M−1).  Based 

on a fluorescence titration assay, the minimum detection limit for Hg2+ ion was found to 

be 1.87 ± 0.1 ppm.  Similar fluorescence quenching effects were observed for conjugate 

81 in the presence of pyrimidine bases (cytosine, uracil, and thymine), presumably via 
coordination by the antipyrine groups.  
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Figure 18. Structure of bifunctional calix[4]arene receptors 81-84. 

 

Introduction of two bis-(2-picolyl)amine units on the lower rim of a calix[4]arene 

scaffold resulted in the formation of chemosensor 82 (Figure 18).182 Treatment with Ag+ 
resulted in the emission band of 82 at 315 nm being quenched, and a concomitant 
enhancement at 445 nm due to the formation of an excimer from the pyridyl units.183 The 

binding constant was Ka = 1.06 × 104 ± 190 M–1.  This study also revealed that 82 bound 
Cu2+ ion (Ka = 3.02 × 104 ± 1600 M–1) with a turn-on fluorescence response.184 As 

expected, the fluorescent response was completely reversed upon treatment of the 

complex with cysteine (Cys) as Ag+ was released from the complex. Thus, probe 82 
served as a bifunctional chemosensor showing a selective primary response towards Ag+ 

and a secondary response to Cys, and presumably other thiols. 

Rao et al. observed how the fine-tuning of receptor binding sites can lead to a 

significant change in their selectivity. Consider, for example, imine-based conjugate 83A 
(Figure 18).185  Conjugate 83A possessed weak fluorescence (λem = 454 nm, λex = 390 
nm, 1:2 v/v HEPES buffer–EtOH) due to PET between the imine nitrogens and the two 
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salicyl groups.  Out of twelve mono- and divalent metal ions tested 83A exhibited a turn-
on fluorescence response only upon treatment with Zn2+ ion. In this complex (Ka = 9.2 × 

10−4 M−1) the PET was blocked by the bound Zn2+.  The resulting complex served as a 

secondary chemosensor for the detection of thiol-containing mimics of metallothioneins 

(cysteine/dithiothreitol)186 and pyrophosphate.187  With the addition of thiols, Zn2+ is 

displaced from the complex resulting in restoration of PET and the fluorescence 

attenuation.  The potential of the 83A·Zn2+ complex to recognize thiol-containing cysteine 
was also demonstrated in HeLa cells.188   

The same research group developed a N,N’-dimethylamine ethylimino-bearing 

triazole linked chemosensor, 83B, which exhibited a turn-on fluorescence response at 
456 nm (λex = 380 nm) upon complexation with Cd2+ (Figure 18).189  This 83B·Cd2+ 
complex was further utilized for recognition of Cys among the 20 biologically important 

amino acids.  In the case of Cys the complex fluorescence was attenuated and there was 

a color change from fluorescent blue to non-fluorescent (limit of detection = 58 ppb).   

During the addition of Cys to a methanolic solution of 83B·Cd2+, a fluorescence 
enhancement was initially observed, followed by gradual quenching until saturation.  This 

was attributed to binding between the thiol of Cys with Cd2+, followed by its removal from 

the coordination sphere.  The chemosensor 83B·Cd2+ exhibited good reversibility and 
was further utilized for sensing Cys in biological environments.  In vitro studies performed 

on MCF-7 cells demonstrated the potential of 83B for sensing Cd2+ and Cys.   
Replacing the N,N’-dimethylamine ethylimino functionality in 83B with o-iminophenol 

groups furnished chemosensor 83C (Figure 18).  This sensor exhibited the recognition of 
Zn2+ amongst other tested metal ions, with a hypsochromically-shifted fluorescence 

response (535 nm to 495 nm) upon the formation of the 1:2 complex.190  This complex 

displayed selectivity towards histidine (His), with a turn-off response at 495 nm (λex = 360 

nm), induced by decomplexation Zn2+.  Similarly, the same group developed 

chemosensor 83D bearing pyridyl functionality191 which exhibited a turn-on fluorescence 

response at 455 nm (λex = 390 nm) upon titration with Zn2+ ion (Ka = 7.2 ±0.09 × 104 M–

1).  The 83D·Zn2+ complex was also shown to show to function as a selective turn-off 

response towards P2O74– (278 ± 10 ppb). 
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Rao and co-workers have also developed phenylenediamine-capped chemosensor 

84 (Figure 18).192  Compound 84 exhibited a selective turn-on fluorescence response at 
510 nm (λex = 339 nm) with visual green color upon complexation with Mg2+.  Fitting the 

fluorescence data revealed a 1:1 complex, which was confirmed by absorption and mass 

analysis data.193  The 84·Mg2+ complex was isolated and further tested for the detection 
of various phosphates.  Out of the six tested phosphates, titration with HPO42–, AMP2–, 

and P2O74– resulted in initial fluorescence enhancement followed by quenching at higher 

guest concentrations.  Fluorescence enhancement was attributed to the formation of a 

ternary complex between the coordinated 84·Mg2+ complex and the phosphate, while 
quenching at higher guest concentration was due to de-complexation of Mg2+ from 84.  
The remaining three anions, H2PO4–, ATP2–, and ADP2– showed only quenching upon 

binding. 
 
2.4 Fluorescent receptors for nitro-aromatics and explosives 

Lee et al. reported the first calix[4]arene-pyrene conjugated system for the 

fluorescence-based detection of nitro-aromatic species such as trinitrotoluene (TNT).194  

The sensing properties of 1,3-alternate calix[4]arene 85 (Figure 19) were assessed in 
acetonitrile where it was found to detect TNT down to the 1.1 ppb level.  Interestingly, the 

X-ray structure of the host-guest complex revealed that the pyrene substituents in 85 are 
splayed outwards and interact with the guest in a host-donor guest-acceptor arrangement.   
1H NMR and DFT calculations supported the conclusion that sensing relies primarily on 

charge-transfer. 

Kandpal et al. have added a new tool to the growing list of micro-cantilever sensors 

for detecting explosives.195  Excitation of upper-rim modified calix[4]arene 86 (Figure 19) 
at 310 nm lead to emission at 345, 360, and 395 nm.  Monitoring these bands in the 

presence of different guests revealed selectivity for TNT (Ka = 3 × 104 M–1).  MD 

simulations of the binding of TNT to 86 revealed that up to three molecules could 
associate with the host, two of which could simultaneously bind within the pocket.  When 

coated on a cantilever, host 86 was shown to be able to detect trace explosives in moist 
air.  The sensor was selective for TNT over 1,3,5-trinitro-1,3,5-triazinane (RDX) and 

pentaerythritol tetranitrate (PETN). 
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Figure 19. Structure of calix[4]arene receptors 85-89 for detection of nitro-explosives. 

 

The Li group used Sonogashira coupling to synthesize tetranaphthylcalix[4]arene 87 
(Figure 19).196 1H NMR spectroscopy revealed that this host selectively bound p-

nitrophenol over other nitro-aromatic guests.  Fluorescence spectroscopy demonstrated 

the expected fluorescence quenching of 87 as the electron deficient p-nitrophenol bound 
to its cavity. NMR, IR and simulations revealed a 1:1 stoichiometry and a complexation 

dominated by π-π interactions. 

A fluorescent calix[4]arene bridged at the 1,3-positions of the lower rim was 

synthesized using click chemistry (88, Figure 19).197  Fluorescence spectroscopy 
revealed 88 bound nitro-benzenes, and in particular, 4-nitroaniline.  Fluorescence 
titrations and MALDI-MS confirmed that the complexations were of 1:1 stoichiometry.  

Further, NMR spectral data suggest that the binding of 4-nitroaniline was driven by the 

possibility of hydrogen bonding between the aniline NH and the free OH of 88. 
Towards field detection of TNT and other nitro-derivatives, the Sukwattanasinitt 

group has reported on the synthesis and properties of fluorescent arylethynyl 

calix[4]arenes 89A-C (Figure 19).198  The calixarene cones were deepened with tolane 
moieties on the upper rim using Sonogashira coupling.  Fluorescence quenching 

experiments with a variety of guests demonstrated that calixarene 89C was the most 
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responsive to the binding of TNT and dinitrotoluene.   Stern–Volmer plots revealed a good 

linear response of 89C to TNT between 1-10 μM, with a limit of detection of 0.3 μM (68 
ppb). NMR revealed a 1:1 complex between 89C and TNT, and suggested complexation 
of the guest in the upper section of the pocket.  The authors also demonstrated paper 

strips coated with 89C could be used for the detection of TNT. 
In summary, the design of fluorescent probes for nitro-aromatics depends strongly 

on donor-acceptor energy transfer.  The detection ability of the probe is further enhanced 

by the calix[4]arene cavity that provide facile hydrophobic interactions for both donor and 

acceptor. 

 

2.5 Miscellaneous fluorescent receptors  
The Swager group have built a chemiresistor from single-walled carbon nanotubes 

(SWCNT) and a calix[4]arene-substituted polythiophene 90 (Figure 20).199  The polymer 
itself was shown to selectively sequester xylenes from the gas phase, with a selectivity of 

p- > m- > o-xylene.  When fabricated into a sensor by spin-coating a mixture of the 

polymer and SWCNTs onto gold electrodes, it was found that each xylene isomer induced 

a unique reduction in conductance.  In contrast, the same type of device devoid of the 

calix[4]arene displayed a weaker and uniform response to the three isomers.  Quartz 

crystal microbalance studies confirmed the selectivity of the SWCNT-calix[4]arene-

polythiophene material.  Correspondingly, fluorescence spectroscopy data revealed that 

the fluorescent polymer was closely associated with the SWCNTs and therefore 

underwent partial quenching.  Moreover, guest binding led to a characteristic 

fluorescence increase for the xylene isomers, suggesting that binding weakened the 

polymer-SWCNT interactions.  Field effect transistor and passivation studies suggested 

that xylene transduction was the result of both charge transfer and polymer 

conformational changes producing greater inter-SWCNT separations. 
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Figure 20. Structure of calix[4]arene receptors 90-97. 

 

The Vigalok group used Sonogashira and Glaser coupling to synthesize a tubular 

conjugated polymer 91 (Figure 20) based on a 5,5’-bicalixarene.  The requisite 5,5’-
bicalixarene was itself synthesized via an iron(III)-mediated oxidative coupling of two 

calix[4]arenes.200   The fluorescence properties of polymer 91 were profoundly affected 
by its conjugation, such that it exhibited a 30 nm Stokes shift relative to its absorption. 

This intrinsically hollow polymer was measured to be approximately 1 nm in diameter and 

therefore capacious enough to bind small guests.  Nitric oxide (NO), with its importance 

in human physiology, was chosen as a guest.  Though normal detection for NO relies on 

the formation of NO+, quenching of the fluorescence of the conjugated polymer was 

observed upon complexation of neutral NO.  Moreover, the complex could be reversed 

by application of a low vacuum.  The fluorescence of the corresponding monomer was 

insensitive to NO.  On exposure to NO+ and higher nitrogen oxides it was found that the 

observed fluorescence quenching was irreversible; however, the presence of 

atmospheric oxygen and CO did not affect NO detection. 
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Lower rim glycosyl-appended 1,3-calix[4]arenes such as lactose conjugates 92A-C 
(Figure 20) have been studied for the binding to amino acids and the galactose-specific 

lectin, jacalin. 201  For the latter studies the authors focused on fluorescence spectroscopy 

and circular dichroism (CD).  CD spectroscopy revealed that the binding of 92C induced 
the greatest changes to the secondary structure of the lectin.  Zhu and co-workers 

synthesized a fluorescent calixarene substituted with a 1,3-diacyl hydrazone 93 (Figure 
23).202  This calixarene was sensitized using sodium dodecyl sulfate and was shown to 

bind the biological strain safranin T (94) in a 1:1 manner. 
In a separate study, Zhu and Ma reported a bis-phenanthroline-substituted 

calix[4]arene 95 which, used in combination with amphiphilic sensitizers, can detect 
emodin 96 (Figure 20).203  The authors used fluorescence spectroscopy to determine 1:1 
complex formation in water.  Surfactants such as sodium dodecyl sulfate (SDS), cetyl 

trimethylammonium bromide (CTAB), and Triton-X, were tested, with the highest 

fluorescence quenching value achieved with a 1% CTAB solution. 

The sensing properties of fluorescent bis-(triazole-linked pyrene) calix[4]arene 97 
(Figure 20) have also been investigated.204  Fluorescence spectroscopy revealed that 97 
is capable of recognizing the insecticide carbaryl in the presence of other structurally 

similar carbamates.  A binding constant of Ka = 4.2 × 105 M–1 was determined. NMR 

spectroscopy and computational methods demonstrated that the guest bound into the 

calix pocket and not between the pendent pyrenyl groups.  Subsequently, the receptor 

was non-covalently attached to a graphene oxide layer; AFM, X-ray photoelectron 

spectroscopy (XPS), and static contact angle measurements confirmed a surface layer 

of the receptor.  Having successfully functionalized the graphene oxide, the investigators 

then demonstrated how the receptor could function as an impedimetric sensor in 

electrochemical measurements on glassy carbon electrodes.  This work showed that the 

sensor could selectively detect a 0.1 mM carbaryl concentration.  Extending this idea, the 

authors also demonstrated that the presence of 10−9 M carbaryl in serum solution could 

be detected with high selectivity.   

Highly luminescent, layered nano-particles consisting of CdTe nano-crystals 

(quantum dots, QDs) coated sequentially with silica and calix[n]arenes (n = 4, 7) have 

been prepared, and their sensitivity to polyaromatic hydrocarbons reported (Figure 21, 
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98).205  The UV-Vis spectra of the QDs and the two different coated particles showed that 
the coating process conserved the absorption properties of the nano-crystals.  In contrast, 

the fluorescence spectra of the different nano-crystals and nano-particles revealed that 

the calixarene coatings have significant impact on their fluorescence enhancement; a 

phenomenon attributed to the inhibition of photo-oxidation/photo-bleaching of the 

quantum dots.  With higher amount of calix loaded onto the surface of the particle, 

significantly enhanced fluorescence relative to the silica coated particle was observed.  

With these findings, the authors examined the fluorescence response of the different 

particles to a range of polyaromatic hydrocarbons (PAHs).  Their data revealed that the 

greatest fluorescence enhancement was observed from the calix-coated particles, and 

that the greatest enhancements were observed when the calix and PAHs were 

complementary.  Thus, for the calix[4] coated particle the ideal guest was anthracene, 

whilst for the calix[7] particle it was found to be pyrene.  The respective detection limits 

were 2.45 × 6 10–8 M and 2.94 × 6 10–8 M. 

 
Figure 21. CdTe nanoparticles (blue spheres) encased in silica (pink shell) coated with calix[n]arenes (mauve 

structures, n = 1 or 4) 98. 

 

2.6 Biomedical applications of fluorescent calix[4]arenes 
Living systems are comprised of regulated networks of both supramolecular 

interactions, and catalytic pathways whose individual processes can be either under 

kinetic or thermodynamic control.  The diversity of calixarenes – their derivatization and 

incorporation of different functional groups furnishing multivalent architectures – are ideal 

for targeting such complex biological systems, and hence for designing new 

pharmaceutical applications.  Multivalent calixarenes bearing fluorophores, biocompatible 

moieties, and cell targeting units are known to elicit stronger binding affinities for 
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biomolecules compared to monovalent analogues.  Additionally, the dynamic reciprocity 

and stimulus responsiveness of these materials can also pave the way to improved 

selectivity and selectivity.  In this regard, numerous modifications have been carried out 

on the calixarene scaffold to generate biocompatible fluorescent biosensors, amphiphilic 

systems, and gene and drug delivery vectors.  In this section, we discuss interesting 

applications of calixarene scaffolds as potential biomaterials.  

 

2.6.1 Fluorescent calix[4]arenes as biosensors 
The recent literature has revealed the exploration of calixarenes in biological systems, 

particularly as ion channel mimics,206,207 as magnetic resonance imaging (MRI) 

agents,208,209 in protein recognition at cell surfaces,210 and as drug delivery systems 

(DDS).211,212  However, a comprehensive understanding of their cellular uptake and 

localization has not yet been attained.  Towards this, fluorescent conjugates 99213 and 
100214 bearing NBD fluorophores have been developed (Figure 22).  The conjugate 99 
bearing four ammonium groups exhibited fast cellular uptake in Chinese Hamster Ovary 

(CHO) cells.  Moreover, the cellular uptake was not affected by various endocytosis 

inhibitors such as filpin, sucrose, and β-cyclodextrin, suggesting a different mechanism 

of uptake.  Further, the conjugate 99 was found preferentially in the cell cytoplasm and 
exhibited low toxicity towards CHO (IC50 = 82 nM) and HL-60 (IC50 = 8 mM) cells.  

Conjugate 100 bearing folic acid, on the other hand, exhibited cellular uptake via folate-
mediated endocytosis.  The folate positive HeLa cells showed better cellular uptake for 

100 as compared to normal fibroblast NIH3T3 cells, with endo-lysosomal accumulation 
as confirmed by co-localization studies. 
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Figure 22. Chemical structure of calix[4]arene conjugates 99-102. 

 

In another investigation, Klymchenko and co-workers explored the possibility of 

developing calix[4]arene-based protein-sized fluorescent nano-particles (NPs) by tagging 

cyanines (Cy3L, Cy5L) onto the calixarene 101 core through a Cu(I)-mediated click 
reaction (Figure 22).215  The resulting micelles 101-Cy3L/Cy5L, exhibited a 
homogeneous particle size of approximately 7 nm, and a relatively broad 

bathochromically-shifted emission band.  The fluorescent quantum yield of the micelles 

was found to be dependent upon the viscosity of the media that was lower relative to free 

Cy3L and Cy5L.  This was ascribed to the aggregation-induced quenching effect.216  
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Furthermore, the microscopic imaging in HeLa cells showed that the brightness of 101-
Cy3L/Cy5L NPs was twice that of commercially available quantum dots (QD-585) (λexc = 
532 nm).  Although the resulting NPs possessed lower brightness in the microscopic 

images as compared to conjugated polymer nanoparticles (NPs),217 their additional 

advantages such as stability in both aqueous and organic media, preferential cellular 

uptake, minimal leakage, and high signal to noise ratio with such a small size, suggest 

many potential future applications.  
Vidal et al. developed a series of calix[4]arene glycoclusters 102A-D (Figure 22), by 

tagging the calixarene scaffold with galactosidase or fucoside units through an azide-

alkyne click reaction.218  The binding affinities of these conjugates were tested towards 

two major soluble lectins (i.e., LecA and LecB) of Pseudomonas aeruginosa, a pathogen 

known for the major cause of pulmonary infections.  The conjugates 102A-D exhibited 
significant bacterial clumping in a LecA-dependent manner only and induced antibiofilm-

formation properties with significant antiadhesive activities.  Confocal microscopic studies 

using conjugates 102A-D and 4′,6′-diamidino-2-phenylindole (DAPI) indicate that 

bacterial cells were found close to the host cell membrane.  The authors also tested the 

potential of these conjugates in mouse pulmonary lung infection models.  Although 

compared to the cell-based studies with nanomolar activities, the comparable activity 

found in animal models was in millimolar range.  This may be due to several unidentified 

adhesions, proteins or lectins that may compete with the target sites.    

 

2.6.2 Gene delivery systems using fluorescent calix[4]arenes  
Calixarenes have also been utilized successfully for gene delivery into cells.  Ungaro 

and co-workers reported calix[4]arene derivatives 103-108 (Figure 23) bearing 
guanidinium groups and hydrophobic tails at the upper and lower rims, respectively and 

demonstrated their ability to interact, and transport DNA across the cell membranes.219  It 

was observed that small, rigid calix[4]arene derivatives in the cone conformation formed 

strong complexes with the phosphodiester backbone of DNA.  This was in part driven by 

the hydrophobic effect inducing non-polar group associations, resulting in compact, 

collapsed DNA plasmids.  In contrast, the larger, conformationally flexible calix[6]- and 

calix[8]arene derivatives resulted in extended inter-strand aggregates with no observed 
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DNA collapse.  Interestingly, only calix[4]arene derivatives 103A, 103B and 105 exhibited 
efficient transfection attributed to both electrostatic and non-polar interactions. 

A new class of calix[4]arene-based cytofectins 109A-C (Figure 23) bearing alkyl 
guanidinium moieties at the phenolic oxygen atoms have been developed.220,221  They 

compacted DNA and served as efficient transfection agents with 2,3-di(oleolyoxy)propyl 

phosphatidyl ethanolamine (DOPE) as a helper lipid.  Compared with the commercially 

available lipofectamine, these macrocyclic vectors exhibited better transfection efficiency.   

Additionally, the overall cell cytotoxicity was found to be negligible in this case. 

 

  
Figure 23. Chemical structure of guanidinium based calix[n]arene conjugates 103-110. 

    

In another report, the Ungaro research group synthesized calix[4]arene derivatives 

110A-B (Figure 23) with pendent arginine units with amino groups at both upper and 
lower rims.222  Both derivatives were found to enhance the cell penetration of oligoarginine 
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fragments. In particular, the presence of unprotected α-amine groups was found to be 

responsible for protecting the vector-DNA complex from lysosomal degradation, resulting 

in the release of cargo into the cytosol. 

More recently, Fernandez et al. reported calix[4]arene derivative 111 (Figure 24),223 
which was found to self-assemble in the presence of plasmid DNA.  A new mechanistic 

model involving initial electrostatic interaction, followed by subsequent calix[4]arene 

bilayer formation with DNA, was revealed by various experimental analyses (DLS, TEM, 

and AFM).  The higher expression of green fluorescent protein (GFP)-encoded plasmid 

pEGFP-C1 in COS-7 cells in the presence of 111, as monitored using fluorescence 
microscopy, was attributed to greater effective transfection efficiency.  

 
Figure 24. Chemical structure of calix[4]arene conjugates 111-116. 

 
Shahgaldian and co-workers investigated the ability of polycationic calixarene-based 

solid-lipid NPs derived from macrocycle 112 (Figure 24) to transfect mammalian cells.224  
Loading 112 with plasmid DNA and chitosan (a complementary polycationic polymer) in 
a layer-by-layer method led to a vector that could efficiently transfer DNA into Madin-

Darby canine kidney (MDCK) cell cytoplasm. To visualize cellular uptake and the 

transfection process the dye tetramethylrhodamine was coupled with the chitosan; the 
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incubation of MDCK cells with 112-DNA-chitosan NPs resulted in the appearance of the 
red fluorescence in the cytoplasm of MDCK cells indicative of cellular uptake.      

In another investigation, Klymchenko and co-workers developed an amphiphilic 

cationic calixarenes 113A-B and 114 (Figure 24) capable of forming two-step hierarchical 
assemblies with DNA for gene delivery applications.225  A combination of DLS and 

fluorescence correlation spectroscopy techniques confirmed that the macrocycle 113A 
bearing choline head groups was capable of forming micelles with a diameter of between 

3-4 nm.  On the other hand, 113B and 114 formed micelles of 6 nm diameter.  The authors 
found that all three macrocycles complex efficiently with DNA but via different interactions.  

Whilst the interactions in the case of 113A were purely electrostatic, it was found to be 
both electrostatic and non-polar interactions driven together by the hydrophobic effect 

were key in 113B and 114 bearing longer alkyl chains (octyl).  The micelles formed by 
113B and 114 were found to condense DNA, thereby increase their average size to 65 
and 55 nm respectively.  As a model, calf thymus DNA (CT-DNA) was selected for gene 

delivery.  Relative to NPs formed from 113A and CT-DNA, both 113B and 114-CTDNA 
NPs exhibited low toxicity and high transfection efficiency in COS-7 and HeLa cells.  This 

was attributed to their positive zeta potential leading to efficient endocytosis.   

Furthermore, the possibility for the optimization of larger calixarene-DNA based NPs was 

investigated.226  The presence of longer alkyl chains resulted in small NPs possessing 

low polydispersity with minimal cytotoxicity and enhanced gene transfection.  In contrast, 

the incorporation of additional amine head groups was found to alter the calix-DNA 

complex stoichiometry only. 

Sakurai and co-workers synthesized a series of tetracationic, amphiphilic 

calix[4]arene-based conjugates 115A-E (Figure 24) bearing alkyl chains with different 
lengths (C3-C15) at the lower rim.  These derivatives were shown to form NP carriers for 

the transfection of pDNA.227  The conjugate derived from calix[4]arene 115B bearing C6 
alkyl chains furnished maximum transfection efficiency, whilst 115E conjugates hardly 
exhibited any favorable results due to poor pDNA condensation.   

Similarly, the Junquera research group have highlighted the fact that polycationic 

calixarene-based 116 only forms successful vectors when combined with the zwitterionic 
lipid DOPE (Figure 24).228 Strikingly, the transfection efficiency of 116:DOPE based 
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lipoplexes was correlated to their ratio used and their interactions with biological 

membrane. 

As the purely ionic-based interactions between the cationic groups in NPs and 

phosphate-carrying nucleic acid backbones are relatively non-specific, the combination 

with other non-covalent interactions such as hydrogen bonding or π stacking, present an 

opportunity to differentiate between base pairs, and the helical grooves of duplex D(R)NA.   

Shahgaldian and co-workers found that simple dodecyl bearing tetraguanidinium-based 

calix[4]arene derivatives exhibited a preference for binding poly-adenine-thymine (AT) 

sequences.229  Likewise, the Alzvijeh group have reported that calix[4]arene conjugates 

117A-B (Figure 25) bearing arginine peptides at the lower rim exhibited sequence-
specific minor groove recognition;230 strong fluorescence enhancement was observed for 

5′-fluorescein-labeled DNA upon interacting with 117A-B.  Peptidocalix[4]arene 117B 

exhibited strong binding (Ka = 3.6 × 107 M–1) towards well-matched DNA.  Conversely, 

117A showed 27-fold stronger binding toward mis-matched DNA (Ka = 2.1 × 108 M–1) 

compared to well-matched DNA (Ka = 7.8 × 106 M–1), which was attributed to minor groove 

binding.  

  
Figure 25. Chemical structures of calix[4]arene constructs 117-119. 
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Matthews and co-workers developed amine functionalized multi-calixarene 

derivatives 118A-B and 119 (Figure 25) to understand the cooperative role of pre-oriented 
functional groups in transfection studies.231  These dendritic like calixarene conjugates 

were terminated with either free amine groups or glycyl moieties.  Binding of DNA was 

only observed at low concentrations, while at high concentrations the calixarenes 

underwent self-assembly.  Gene transfection was tested in CHO cells, revealed efficient 

delivery with no significant cell toxicity.  

 

2.6.3 Drug delivery systems based on calix[4]arenes 
Imatinib is an FDA-approved tyrosine kinase III inhibitor used as a chemotherapeutic 

agent for the treatment of chronic myeloid leukemia and gastrointestinal stromal 

tumors.232-234  It is highly soluble, with more than 95% bioavailability.  However, its strong 

interaction with plasma proteins such as albumin and α1-acid glycoprotein make it less 

available at the target site.235-237  Additionally, patients undergoing treatment with the drug 

are prone to develop drug resistance due to various genetic mutations.238,239     

Schramm et al. investigated the possibility of calix-mediated drugs and 

neurotransmitter transport.240  Thus calix[4]arene 120A bearing four phosphonic acid 
groups, homologs 120B and larger calix[5] 121 and calix[6] 122 were targeted (Figure 
33).  It was found that 120A and 120B efficiently transported dopamine and serotonin 
under neutral and acidic conditions.  Conjugate 120A enhanced the transportation of 
calcein indicated by its enhanced fluorescence emission in the aqueous layer.   

Furthermore, it was observed that incorporation of trimethylammonium ethylene group to 

various lipophilic drugs such as ibuprofen, acetaminophen, and tamoxifen, enhanced their 

transportation efficiency with hosts 120A and 120B.  
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Figure 26. Chemical structure of calixarene derivatives 120-125. 

 

Consoli et al. reported on amphiphilic calix[4]arene 123 (Figure 26) as a carrier to 
deliver curcumin for ocular applications in vitro and in vivo.241  Curcumin, a natural 

polyphenol, possesses multiple therapeutic properties including antimicrobial, anti-

inflammatory, and antitumor activities.242-244  However, its chemical instability, low water 

solubility, and its limited bioavailability due to its plasma protein interactions, and rapid 

clearance limits its clinical benefits.245  Polycation 123 formed a clear colloidal assembly 
with curcumin having the appropriate size, stability, surface charge, and loading efficiency 

suitable for topical ocular delivery.  Curcumin encapsulation within these assembled 

aggregates was strongly supported by a red shift in fluorescence emission from 540 nm 

in the free state to 610 nm in the bound.  The choline groups in the assembly served to 

facilitate its passage through the cornea via both diffusion and choline transporters 

located in the iris.  Without sacrificing viability, the assembly exhibited significant 

reduction in lipopolysaccharide (LPS) stimulated pro-inflammatory markers (I-kappa B 

kinase degradation, COX-2 and iNOS expression, nitrosative stress, and NF-κB p65 
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nuclear translocation) in J774A.1 macrophages compared to free curcumin.  The 

assembly also significantly reduced the clinical inflammation in LPS-induced uveitis in rat 

models with good recovery signs. 

Sortino et al. reported polycationic calixarene derivative 124 (Figure 26), decorated 
with 3-(trifluoromethyl)-4-nitrobenzenamines as a nitric oxide (NO) photodonor.246  The 

quaternary ammonium linker at the lower rim provided sufficient aqueous solubility for the 

amphiphile to allow self-assembly into nano-aggregates.  Further, light-triggered NO-

induced bactericidal activity of these assemblies was shown against Escherichia coli 

ATCC 10536 (Gram-negative) and Staphylococcus aureus ATCC 6538 (Gram-positive).    

Rao et al. developed an inorganic-organic hybrid-based material 125 (Figure 26), 
consisting of a mesoporous material MCM-41 (Mobil Composition of Matter-41) surface 

modified with a calixarene to deliver the anticancer drug doxorubicin (Dox).247  The higher 

Dox loading capability of 125 (300% relative to the parent MCM-41) was ascribed to the 
hydrophobic core of the calixarene.  Hybrid 125 exhibited a higher drug release profile at 
pH 5.0 than at pH 7.4, but a slow and sustained release of DOX relative to the parent 

material.  These points suggest that 125 is ideal for sustained release of DOX in the acidic 
environment of many cancer cells.  There was a slight preference for the Dox-loaded 

hybrid materials to be taken up by MCF7 cancer cells relative to HeLa and MDA-MB231 

cancer cells.  Thus, the internalization of Dox-loaded materials, as evaluated by 

fluorescence-activated cell sorting, revealed enhanced fluorescence and ~150% higher 

internalization into MCF7 cells compared to HeLa cells. 

        

2.6.4 Sulfonatocalix[4]arene based receptors and their applications 
Because they are both straightforward to synthesis and water-soluble, 

sulfonatocalix[4]arenes represent a significant sector of the calix[4]arene field.248  Here 

we summarize recent developments with sulfonatocalix[4]arenes.       

          

2.6.4.1 Sulfonatocalix[4]arene for self-assembly 
Self-assembled fluorescent organic NPs have received increasing attention in 

chemo-and bio-sensing applications such as biomolecule and cell labeling,249-252 memory 

devices, and logic gates.253  The tetraphenylethene (TPE) moiety has been a prime target 
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in this regard; TPE is known to exhibit aggregate-induced emission (AIE) in which 

molecules are non-fluorescent when solubilized but emit strongly when they aggregate 

due to the restricted intramolecular rotation of the phenyl rings.  

  

 
Figure 27. (A) Chemical structures of 128-133, QA-TPE, and thiazole orange. 

 

Liu et al.254 reported a strategy for the construction of supramolecular assemblies 

via calixarene-induced aggregation (Figure 27).  Quaternary ammonium-modified TPE 

(QA-TPE) was unable to aggregate because of unfavorable repulsive forces between 
terminal ammoniums that offset favorable π-π interactions.  However, in the presence of 

sulfonatocalixarene derivatives 126 and 129, strong AIE fluorescence was observed with 
a pronounced decrease in critical aggregation concentration.255-259  From the 

fluorescence titration curve, the molar ratios of 126 and 129 to QA-TPE were found to be 
0.5 and 0.25, respectively.  These values respectively correspond to 1:2 (QA-TPE·126) 
and 1:4 (QA-TPE·129) stoichiometries.  Aggregation was found to occur in two steps: (1) 
QA-TPE forms inclusion complexes where its ammoniums are encapsulated into the 
cavities of two 126 host molecules forming a 1:2 complex; and (2) electrostatic 
interactions between sulfonate groups of calix[4]arene and the positively charged groups 

of QA-TPE. SEM and DLS results suggested that both 126·QA-TPE and 129·QA-TPE 
formed spherical aggregates with an average diameter of 30 nm and 90 nm, respectively.  

Additionally, AFM images demonstrated that within the spherical morphology, 126·QA-
TPE formed multi-layered stacks, whilst regular linear arrays extending away from sphere 
were observed in the case of 129·QA-TPE.  Furthermore, photo-modulation of free QA-
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TPE and its complex 126·QA-TPE was examined.  Upon UV irradiation, non-fluorescent 
QA-TPE cyclized to fluorescent diphenylphenanthrene.  This photocyclization rate was 
significantly enhanced in the presence of 126, which was attributed to the restriction of 
intramolecular rotation of the phenyl groups of QA-TPE. 

 Heyne et al.260 observed an unexpected interaction between thiazole orange (TO) 
and calix[4]arene sulfonate 126 (Figure 27), whereby the calixarene acts as template for 
the formation of H-aggregates exhibiting side-by-side orientations of TO.  The binding of 
TO into 126 was accompanied by fluorescence enhancement with a slight bathochromic 
shift of the emission band from 635 nm to 641 nm.  Although the fluorescence 

enhancement was justified by the confinement of the TO dye into the calix[4]arene cavity, 
the bathochromic shift was unexpected since literature reports suggest that monomers of 

TO intercalate into DNA and undergo a hypsochromic shift.261,262  Thus the observed 
fluorescence enhancement and bathochromic shift can’t be attributed to TO binding with 
126 in the monomeric form.  To confirm this, the absorption spectra of TO was recorded 
in the presence of 126.  The absorption bands at 500 nm and 472 nm that correspond to 
monomeric and dimeric TO disappear completely upon addition of 126, with the 
concomitant formation of new a band at 429 nm.  Based on literature precedence,263 this 

was ascribed to the formation of H-aggregates of TO.  The fluorescence enhancement 
can be rationalized by the fact that the non-radiative decay of excited-state TO brought 
about by photoisomerization is reduced by the overall rigidity of the H-aggregates. 

A pyridinium-substituted anthracene 130 (Figure 27) was found to bind in a 1:1 
stoichiometry to upper-rim sulfonated calix[4]arene 126 to form a supramolecular 
amphiphilic assembly in water.264  A Ka value of 4.22 × 105 M–1 was ascertained from 

fluorescence spectroscopy.  DLS and TEM analysis revealed the size and morphology of 

the assemblies.  The enhanced fluorescence emission of the complex was ascribed to a 

regulated intramolecular PET process, whereby the electron-rich cavity of the calixarene 

acted as the donor and the pyridinium as the acceptor.  UV irradiation of the complex 

induced an accelerated photo-decomposition of the bound guest.  Thus, after irradiation 

at 365 nm for 15 minutes, 52% of the bound guest decomposed in the presence of singlet 

oxygen (1O2), whilst less than 20% decomposed in the absence of 126.  Photolysis was 
expected to break the well-defined aggregate, and DLS confirmed a larger size 
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distribution indicative of the precipitation of insoluble anthraquinone produced.  The 

photolysis of the complex was also possible using visible light and an exogenous 

photosensitizer such as eosin Y.  The absorption spectra showed evidence of π-π 

stacking between eosin Y and the anthranyl group, although DLS data showed no size 

increase during the interaction between eosin and the complex.   Degradation was more 

efficient upon irradiation at 520 nm. 

Kubát et al. have studied the supramolecular interactions between sulfonated 

calix[n]arenes 126 (n = 1), 127 (n = 3), and 128 (n = 5) and various N-methylpyridinium 
meso-substituted porphyrins 131 (Figure 27) via transient absorption spectroscopy, cyclic 
voltammetry (CV), and DFT.265  On its own, porphyrin 131 has a sub-150 fs S2 → S1 
relaxation time-scale, but upon complexation, there is a bathochromic shift in the Soret 

band, a decrease in quantum yields of the triplet states, and a shortening of fluorescence 

lifetimes.  These changes were associated with PET within both the host-guest complex 

and porphyrin aggregates.  The free energy associated with the electron transfer was 

obtained by using CV to determine the oxidation and reduction potentials of the donor 

calix[n]arene and the porphyrin acceptor.  The oxidation of the calix[n]arene phenolates 

was complicated by an irreversible oxidation step.  In contrast, the reduction of the 

porphyrin was reportedly a two-step process whereby the formed, unstable π-radical 

anion disproportionated to phlorin or chlorin.  The electron transfer was shown to be an 

energetically downhill process.  Though a comparison between the transient absorption 

spectra of the free and the bound porphyrins did not indicate any spectral changes in the 

S1 state, there was a clear trend in an increase of fluorescence quenching as a function 

of increasing calixarene size.  The authors also showed that fluorescence quenching of 

the S1 state was more efficient at higher pH, suggesting that electron transfer emanates 

mostly from the ionized phenolate groups.  DFT calculations suggested that the binding 

motif of the porphyrin to the calixarene was not “side-on”, where the pendant meso- 

groups reside inside the pocket of the calixarene.  Rather, a “face-to-pocket” binding was 

proposed.  Calculations also show that electron transfer occurred mostly in the pendant 

meso- groups of 131 in both the ground and excited states. 
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2.6.4.2 Sulfonatocalix[4]arene for enzymatic assays 
As mentioned in the previous sections, the inclusion/displacement of guest species 

into/from a fluorescent macrocyclic reporter pair, can be exploited to assess both the 

concentration of a target as well as its relative change over time.  This latter strategy has 

also been employed for monitoring enzymatic activity in a biological media through a 

product-selective assay.   

Ammonium groups play many important roles in biology, and their ability to form 

inclusion complexes with sulfonatocalixarenes make them prime targets.  Nau and co-

workers reported a series of indicator displacement assays for monitoring the cationic by-

products formed in amino acid decarboxylase-catalyzed reactions.266  The host in 

question, p-sulfonatocalix[4]arene 126 (Figure 28), interacts strongly with fluorescent 
aminomethyl-substituted 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) to form a weakly 
fluorescent complex DBO-126 (Ka = 2.3 ± 0.5 × 104 M–1).  However, this complex 

exhibited strong affinity for cationic alkylammonium products produced from 

decarboxylase-catalyzed reactions of amino acids that resulted in the displacement of 

DBO with enhanced fluorescence emission (Figure 28).   

 
Figure 28. Chemical structures of calix[n]arene derivatives 132, 133, DBO and LCG. 

 

Nau et al.267 have introduced a label-free, economic, and convenient approach 

called substrate-selective tandem assay, in which a macrocycle has a higher affinity for 

a substrate than the corresponding product of an enzyme.  In this approach, as the 

substrate is depleted so a fluorescent dye is able to form a complex with the macrocycle 

and produce the desired optical signal.  Thus, enzyme activity can be monitored by 

observing the difference in fluorescence intensity of a dye before and after enzymatic 

reaction.  Consider for example arginase, an enzyme that hydrolyses arginine to ornithine 

and urea in the last step of the urea cycle.  The p-sulfonatocalix[4]arene 126 exhibited 
stronger binding of the substrate arginine than the ornithine (Ka = 6,400 and 550 M-1 
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respectively).  In contrast, 126 displayed an even stronger affinity for DBO (Ka = 6 × 104 
M-1) compared to arginine and ornithine, and showed strong fluorescence when free and 

weak fluorescence complex to 126.  Addition of arginase to a solution of 126, arginine, 
and DBO led to the hydrolysis of arginine to ornithine and urea.  This therefore allowed 

the DBO to form a complex with 126 resulting in an overall decrease in fluorescence 
intensity.  The same authors also investigated enzyme inhibition by using known arginase 

inhibitors S-(2-boronoethyl)-L-cysteine (BEC) and 2-(S)-amino-6-boronohexanoic acid 

(ABH).268  The reduction of arginase activity was signaled by a suppressed fluorescence 

response of the dye upon the addition of either of the two inhibitors.  From the dose–

enzyme activity plot, the IC50 values were found to be 3.7 ± 0.7 μM for BEC and 0.22 ± 

0.04 μM for ABH.  

The practical utility of such systems can be realized if the supramolecular host-dye 

pair has sufficient aqueous water solubility, is operational over a wide pH range, and the 

fluorescent dye exhibits a large fluorescence change in response to its binding or 

extrusion from the host cavity.  For example, Nau et al.269 have reported novel host-dye 

reporter pairs, consisting of one of three hosts, 126, 132, and 133 (Figure 28), and the 
fluorescent agent lucigenin (LCG, N,N'-dimethyl-9,9'-biacridinium dinitrate).   

Fluorescence spectroscopy, UV-Vis. spectroscopy, and isothermal titration calorimetry 

(ITC) revealed that LCG formed strong 1:1 complexes with each calixarenes 126, 132, 
and 133, and that fluorescence was quenched upon guest binding.  The quenching 
efficiency followed the order: 126 (98%) > 132 (75 %) > 133 (70%).  Charge transfer from 
the calixarene (electron donor)270 to LCG (electron acceptor)271 was assumed to be the 
mechanism for quenching.   

These calixarene–LCG complexes have been used as reporter pairs to monitor 
choline oxidase activity of acetylcholinesterase (AChE) in an approach called substrate-

selective enzyme-coupled tandem assay.267  Butyrylcholinesterase (BChE) is an enzyme 

belonging to the family of serine enzymes that ubiquitously co-exist with AChE throughout 

the body272 and acts as a scavenger to detoxify anticholinesterase compounds.  In a 

number of reports, BChE has been used as an activator for converting prodrugs into 

active forms.273  More importantly, an impaired function of BChE in humans is implicated 

in many disorders such as Alzheimer’s and Parkinson’s diseases, and has proved to be 
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important diagnostic biomarker for progression of these diseases.274  With these points in 

mind, Liu et al. 275 developed a supramolecular tandem assay approach for monitoring 

the activity of BChE, and screening of inhibitors.  Calixarene derivatives 126, 132, 134, 
and 135 (Figure 29) were used as hosts because of their strong binding affinity with 
cations.276  Succinylcholine, a clinical neuromuscular relaxant, was employed as a 

substrate that could be hydrolyzed by BChE but not by AChE.277  In the presence of 

BChE, the calixarene–LCG reporter pair showed fluorescence quenching as the reaction 
proceeds.  Since BChE is highly specific for hydrolysis of succinylcholine this approach 

readily discriminated BChE in the presence of AChE.   

   

 
Figure 29. Chemical structure of calix[n]arene derivatives 134, and 135, and an enzymatic catalyzed reaction by 

butyrylchloinesterase BChE. 

  

2.6.4.3 Sulfonatocalix[4]arenes as drug delivery carriers 
Drug encapsulation within nanocarriers is achieved either by covalent or non-covalent 

interactions. However, both approaches have their own limitations. In the first approach, 

the drug loading efficiency is typically less than 10%, whilst the second typically requires 

a complicated synthetic procedure wherein the drug molecule must first be conjugated 

with a hydrophilic synthetic block, which then self-assembles to form drug-loaded 

nanoparticles.  Liu et al.278 proposed an alternative strategy wherein the drug-loaded 

carrier (drug chaperone) was fabricated by direct co-assembly of amphiphilic calixarene 

derivative 136 and the drugs irinotecan HCl (IRC) and mitoxantrone HCl (MTZ) (Figure 
30).  Their results suggested that the calix-drug assemblies were driven by a combination 

of electrostatic interactions between oppositely charged host and guests, and π-π 

interaction between the aromatic cores of the drug molecules.  Since the hydrophilic 

groups of 136 are localized at the surface of each assembly, they further decorated the 
assemblies with biotin-pyridinium (BtPy) and hyaluronic-pyridinium (HAPy) ligands to 
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enhance cancer cell targeting.  After treating with the ligating groups, the zeta potential 

of the surface of the 136·MTZ complex decreased from -35 mV to -21 mV, indicating 
successful incorporation of the targeting ligands.  The in vitro cytotoxicity of these 

assemblies was evaluated against MCF-7 cells (human breast cancer cells that over-

express both biotin279 and hyaluronic acid280 receptors).  Both assemblies were easily 

internalized into the cell via receptor-mediated endocytosis.  The viability of cells treated 

with 136+MTZ+BtPy assembly was significantly reduced (18%) relative to free MTZ 
(34%). Similar results were obtained with 136+IRC assembly decorated with HAPy ligand.  

 

 
Figure 30. Chemical structures of anticancer drugs (IRC and MTZ), 136 and targeting ligands (HAPy and BtPy). 

 

In another investigation, Liu et al.281 fabricated calixarene coated liposomes by 

embedding amphiphilic calixarenes 137 (Figure 31) and 136 (Figure 30) into 
dipalmitoylphosphatidyl choline (DPPC) liposomes.  The negatively charged outer 
surface furnished by the sulfonate groups provided the liposome enhanced stability in 

aqueous media.  Thus, it was found that both 136·DPPC and 137·DPPC were highly 
stable at room temperature for 6 months, whereas simple DPPC liposomes precipitated 
after 7 days even after storing at 0 °C.  This stability was attributed to the incorporation of 

charge-dense 136/137 into the surface of the liposomes maximizing electrostatic 
repulsions between liposomes.  The incorporated calixarenes also allowed further surface 

modifications of the liposomes with suitably (pyridinium) appended molecules.  For 

example, the incorporation of fluorescent tags such as FITCPy, or cancer targeting 
moieties such as BtPy) was readily established. 
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Figure 31. Chemical structure of calix[n]arene derivative 137, and FITCPy. 

 

2.7 Fluorescent calixarenes materials 
The last few decades have witnessed a large and rapid development of smart 

functional materials such as organic electronics, light emitting devices, photovoltaics, and 

stimulus-triggered architectures. Calixarene conjugates have been intensively 

investigated and utilized for the role they have played in the development of these 

materials, particularly when incorporated into covalent or supramolecular polymeric 

systems.  This section summarizes the role and utility of fluorescent calixarenes in these 

advances. 

 

2.7.1 Fundamental photophysical and photochemical properties 
The chromophoric properties of perylene bis-imide (PBI) units 138 (Figure 32) have 

been exploited by the Würthner group to build an extensive array of photoactive 

calixarene derivatives.  The bay substituents of PBIs (X and Y in 138) provide a 
convenient site for modulating the chromophoric properties, and the Würthner group have 

focused on three examples: an orange PBI (X, Y = H; R = CH(C5H11)2), a green analogue 

(X = H, Y = pyrrolidin-1-yl; R = cyclohexyl), and a red chromophore (X = Y = 4-t-

butylphenoxy; R = butyl). 

They have examined the photophysical properties of PBI-calixarene conjugates 139 
and 140 (Figure 32, X, Y = H; R = CH(C5H11)2).282  Both calixarene derivatives 139 and 
142, as well as model PBI derivative without calixarene substituents, were studied by UV-
Vis absorption and steady-state fluorescence spectroscopy.  In contrast to the strongly 

fluorescent PBI reference compound, solutions of 139 and 140 exhibit almost no 
fluorescence.  Furthermore, although on the edge of instrumental limitations, the bis-

calixarene 140 clearly showed weaker emission than 139.  Fluorescence lifetime 
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experiments revealed that the reference compound possessed a lifetime (τ) of between 

3.9 and 4.9 ns depending on the solvent.  However, in both calixarene derivatives, τ was 

less than 150 ps. CV of mono-calixarene 139 revealed two reversible reduction bands 
attributed to the radical mono-anion and di-anion of the PBI chromophore and an 

irreversible oxidation wave assigned to the oxidation of the calix[4]arene moiety.  Building 

on this, the authors estimated the Gibbs free energy for the intramolecular charge 

separated state (ΔGCS) of 2 to be –0.418 eV.  That is, the electron transfer from the 
calix[4]arene moiety to the photo-excited PBI core is exergonic, and that the creation of 

a charge-separated state in 139 explains the very low fluorescence of 139 (and 140).  
Femtosecond transient absorption spectroscopy identified an intense bleaching due to 

the S0 → S1 transitions of the PBI chromophore, as well as an intense negative signal 

attributed to the stimulated emission of the chromophore; these features were 

accompanied by a strong positive absorption band for 139 and 140 assigned to the S1 → 
Sn absorption of the orange perylene.  For definitive proof, the authors turned to global 

and target analysis that avoided the inherent problem of fitting measured kinetic profiles 

at single wavelengths when several processes are occurring simultaneously.  These more 

complex analyses provided clear evidence of the formation of a charge-separated and a 

PBI mono-anion and demonstrated that the lifetime of bis-calixarene 140 was 
approximately half that of the mono-calix 139. 
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Figure 32. Perylene bisimide (PBI) moiety 138 with variable substituents X and Y at the bay positions. Calix[4]arene-
PBI conjugates 139-144. (a) For 139 and 140: X, Y = H; R = CH(C5H11)2); (b) For 141 and 142: Green: X = H, Y = 
pyrrolidin-1-yl, R = cyclohexyl; Orange: X, Y = H, R = CH(C5H11)2; Red: X, Y = 4-t-butylphenoxy, R = butyl; (c) For 143: 
X, Y = H, R = CH(C5H11)2; (d) For 144: X,Y = 4-t-butylphenoxy; R = butyl. 

The same group have studied the effect of coupling different PBI units to calixarenes to 

form zig-zag arrays.283 “Dimer” 141 and “pentamer” 142 are two such examples (Figure 
32).  The bis-PBI calixarene can exist in two pinched cone conformations: where the 

opposing PBI moieties are either stacked, or not stacked.  Molecular modelling and VT 
1H NMR data supported the idea that the pinched cone conformation with outward 

oriented PBI groups predominates.  UV-Vis absorption and steady-state fluorescence 

emission also supported this.  Thus, relative to simple PBI dye models, none of the 

investigated arrays displayed new absorption or emission bands; there was little, if any, 
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ground state interaction between the chromophores of each calixarene. As a result, the 

absorption properties of any arrays were simple combinations of the individual absorption 

patterns of the model chromophores. By examining energy transfer and fluorescence 

quantum yields, efficient energy transfer between proximal orange and red (and proximal 

red and green) PBI units was determined.  However, only limited energy transfer between 

proximal orange and green subunits was observed. This was attributed to energy transfer 

from the excited orange to the green PBI chromophore, and concomitant electron transfer 

from the calix[4]arene core to the orange PBI moiety.  Femtosecond transient absorption 

spectroscopy confirmed an efficient energy transfer process from the orange and the red 

PBI unit to the green.  However, it was global and target analysis of femtosecond transient 

absorption data-matrices that provided the most detailed information; the lifetimes and 

the true spectra of the individual excited state species.  Thus, in good agreement with 

Förster theory, the excellent spectral overlap of orange/red and red/green chromophores 

allowed trimers to display very fast and directional energy transfer (e.g. 4 ps and 89% 

efficiency), whereas if a red “mediator” chromophore was absent, transfer between 

orange and green was slower and less efficient (7 ps, 62%). 

To probe in more detail the preferred orientation of PBI units is these derivatives, 

the Würthner group has examined the photophysical behavior of six PBI calix[4]arenes: 

the “monomers” 139 and the “dimer” bis-1,3-calixarenes 141 (Figure 32).284  This work 
took advantage of the fact that the different bay substituents not only affect the 

chromophoric properties, but also the overall steric hindrance of the PBI moiety.  As 

alluded to above, each bis-PBI calixarene can exist in two pinched cone conformations: 

where the opposing PBI moieties are either stacked or not stacked.  The photophysical 

behavior of all six calixarene derivatives of 139 and 141 was referenced to the three 
corresponding PBI dyes devoid of calixarene moieties.  Analysis of the 1H NMR data for 

dimers 141 confirmed their dynamism but could not unequivocally differentiate between 
the stacked-non-stacked equilibrium being fast on the NMR timescale, or slow on the 

NMR timescale but biased towards one conformer.  Moreover, VT NMR work revealed 

other conformational equilibrium in operation.  UV-Vis absorption in a variety of solvents 

showed that in non-polar solvents dimers 141 (“green” and “orange”) primarily existed as 
their intramolecular π-stacked form.  However, there was very little evidence of solvent-
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induced π-stacking of bulky “red” dimer 141.  This preference for solvent-induced stacking 
in the dimers was also revealed by steady-state fluorescence emission spectroscopy.   

Thus, whereas monomer 139 and its reference PBI dye showed typical emission spectra, 
“orange” dimer 141 exhibited a solvent-dependent excimer emission band.  Fluorescence 
quantum yield data further supported this picture, as did molecular modeling and potential 

of mean force calculations.  Going further, time-resolved emission spectroscopy showed 

that the fluorescence lifetimes of the reference dyes showed no dependence on solvent 

polarity, whereas the monomer 139 and dimer 141 possessed drastically shortened 
lifetimes; phenomenon induced by the very efficient photo-induced electron transfer 

process from the electron-rich calix[4]arene substituent to the electron-poor orange PBI 

unit.  Finally, femtosecond transient absorption spectroscopy and global and target 

analysis provided exquisite detail of the dynamics of the PBI dimers, including the 

lifetimes and true spectra of the individual excited-state species.  This data unequivocally 

showed that the π-stacked conformations of dimers decay via an excimer state, whereas 

the non-stacked conformers decay through a charge separation process involving 

electron donation from the calix[4]arene. 

In related work, the groups of Würthner and Williams have appended an electron-

donating pyrene and a PBI acceptor onto a calix[4]arene scaffold (Figure 32, 143).285  
Both UV-Vis absorption and fluorescence spectroscopy indicate a strong interaction 

between the donor and acceptor.  Femtosecond transient absorption spectroscopy 

revealed a fast, charge separation phenomenon to form the radical cationic pyrene and 

radical anion PBI moiety.  Formation of this charge transfer complex was observed in all 

solvents investigated, suggesting that 143 has a predisposition to form a π-stacked 
conformation.  Unique to the solvents investigated, in THF calix 143 possessed two 
excited-state decay channels.  These were attributed to a dominating π-stacked 

conformation showing fast charge transfer (< 0.1 ps), and a non-stacked conformation 

possessing a slower photo-induced electron transfer.  When 143 was irradiated at 350 
nm in this solvent, pyrene excitation led to a fast, competitive charge separation process 

from the non-stacked conformation in which the pyrene acted as an electron acceptor, 

and the calixarene moiety acted as an electron donor. 
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With the idea of using fluorescent calixarenes to sense strain and hence detect 

inhomogeneities in polymer films, Würthner, Brouwer and co-workers have used probe 

139 as a single molecule reporter for the glass transition temperature (Tg) of a polymer.286  
This approach exploited the sensitivity of PET processes involving PBIs to their 

surroundings.  The UV absorption of 139 was similar to that of the parent PBI 138, with a 
fluorescence emission spectrum the mirror image of the absorption spectrum.  However, 

the emission intensity was largely diminished due to electron transfer from the electron-

rich calixarene core to the electron-poor PBI moiety.  Reporter 139 was embedded into 
different polymer films, including those of polystyrene, poly(methyl acrylate), and 

poly(vinyl acetate).  Using variable-temperature fluorescence measurements it was 

shown that the observed fluorescence intensity change correlated with the Tg of the 

polymeric medium.  Wide-field microscopy imaging showed that the number of individual 

molecules that could be counted was highest around Tg, and the intensity of the 

fluorescence of individual molecules decreased as a function of increasing temperature.  

This indicated that above the Tg, there is enough free volume in the polymer matrix which 

promotes PET and hence fluorescence quenching. It was also shown that the 

fluorescence could be switched on and off multiple times by switching the environment of 

the probe. 

The Köhler and Würthner groups have carried out detailed single-molecule studies 

on the calix[4]arene-PBI dimer 141 (X,Y  4-t-butylphenoxy; R = cyclohexyl) embedded in 
a polystyrene matrix.287  The authors distinguished three kinds of blinking arising from 

three distinct intensity levels: 1) a high-intensity level attributed to a dimer described as 

two independent emitters; 2) an intermediate intensity level attributed to the emission from 

one of the PBI moieties in a dimer whilst the other one is either reversibly in a non-

fluorescent state or irreversibly photo-bleached; and 3) a background level corresponding 

to a doubly photo-bleached calixarene.  The charged dark-state of 141 was assumed to 
form in one of two ways: charge tunneling between the PBI and the embedding 

polystyrene matrix, or photo-excitation of an electron from the calixarene to the PBI 

moiety and reduction of the cationic calix.  Although it was not possible to distinguish 

between these two options, the subsequent neutralization process was determined to 

arise by charge tunneling between the PBI and the surrounding matrix. The different types 
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of blinking were themselves attributed to: 1) a molecule of 141 located within a large 
polymer cavity in which reversible reduction of one of the PBI units forms the radical anion 

and there is a subsequent efficient excitation energy transfer; 2) a dynamic, time-

dependent PBI → PBI–· energy transfer from a molecule of 141 within a smaller polymer 
cavity; in this situation the charge on one of the PBI units is assumed to reside on the 

most distant carbonyl oxygen with respect to the neutral PBI; 3) a blinking process 

induced by a relatively slow PBI → PBI–· excitation energy transfer. This last process was 

attributed to the situation whereby charge resides on the carbonyl oxygen closest to the 

neutral PBI unit, inducing a strong local electrostatic field and inducing a Coulomb 

blockade. 

In more recent work studying the fluorescence of PBI-calixarene conjugates as a 

function of time, it was demonstrated that the common conclusion that stepwise 

decreases in emission intensity from multi-chromophoric systems arises from sequential 

photo-bleaching of individual subunits may not necessarily be true.288 

Consider for example PBI conjugate 144 (Figure 32, X,Y = 4-t-butylphenoxy; R = 
butyl) and model 140 (Figure 32, X,Y = 4-t-butylphenoxy; R = butyl).  Ensemble 
experiments were as anticipated.  Thus, the absorption spectra of 140 and 144 were very 
similar, with a maximum at 573 nm and a shoulder at 533 nm corresponding respectively 

to the electronic S0 → S1 transition and the transitions in the vibrational levels of S1.   

Additionally, a band at 400–475 nm was attributed to the transition into a higher excited 

singlet state (S0 → S2).  In the fluorescence spectra, a 3 nm red-shift from the model 140 
to the trimer 144 emission was attributed to perturbation induced by the calix moiety.   
These results reveal a weak electronic interaction between the PBI subunits within 144, 
both in the ground state and in the electronically excited states. 

Complementary single molecule experiments examined three different molecules of 

144.  In the first, the total intensity as a function of time showed three intensity steps that 
potentially could be interpreted as arising from the sequential bleaching of the individual 

PBI groups.  However, additional information from the polarization resolved trajectories 

and spectra revealed that this was not the case.  Rather, the authors showed that the 

best model consisted of three different scenarios for the relative orientations of the 

transition-dipole moments and the relative site energies of the emitting subunits.  The 
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second and third single-molecule targets were described within a similar framework, but 

their unique intensity trajectories required different scenarios of transition dipole 

orientations and relative energy levels.  In combination, this data revealed that changes 

in fluorescence intensity as a function of time is best described by a combination of photo-

bleaching, fluctuations of absorption cross-sections and/or quantum yield, and temporal 

variations of energy transfer pathways.  More importantly, perhaps the data revealed that 

in multi-chromophoric systems such as 144 it is not possible to neglect the competition 
between downhill energy transfer and thermally activated, uphill energy transfer 

processes. 

 

2.7.2 Materials applications 
2.7.2.1 Nonlinear, OLED and multi-photon materials 

A collaborative effort has investigated the geometry and second-order nonlinear 

optical properties of alkynyl expanded donor–acceptor calixarenes.289  Sonogashira 

coupling was used to functionalize either the upper or lower rim of a calix[4]arene core 

with three different ethynylphenyl substituents (4-NO2, 4-CF3, and H).  Three families 

were synthesized (Figure 33), those with two or four substituents at the upper rim (145 
and 146) and those with two at the lower rim (147).  A comparison of the absorption 
spectra of these calixarenes with tolane models revealed small spectral shifts.  Thus, to 

a first approximation the chromophores of the calixarenes did not electronically 

communicate.  That stated, data for the calixarenes functionalized at the lower rim 

suggest some weak interactions between adjacent subunits.  The authors also used 

hyper-Rayleigh scattering to probe the second-order nonlinear optical properties of the 

calixarenes, specifically the wavelength dependent hyper-polarizability (β) and the 

wavelength-independent hyper-polarizability (β0).  This data, in conjunction with X-ray 

structures, revealed the opening angle θ between the chromophoric tolane subunits. Thus, 

in the cases studied, consistently larger opening angles were found for the upper rim 

disubstituted calixarenes than for the lower rim disubstituted analogies, with the largest 

angles observed in the tetra-substituted calixarenes. 
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Figure 33. Structures of calix[4]arene based materials 145-151. For 145-147: R = NO2, or CF3, or H. 

 

In 2012 the Sellinger group reported a tetra-pyrenyl 1,3-alt-calix[4]arene 148 as a 
solution processable, non-doped, and blue fluorescent OLED.290  The photophysical 

properties of both 148 and its corresponding cone conformer calixarene 149 were 
examined in both dilute chloroform solutions and in thin films.  This latter work revealed 

that aggregation of either hosts was minimal in the solid state.  Moreover, spin-coating 

solutions of these two calixarenes (as well as a model pyrene derivative) on an indium tin 

oxide/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate surface led to materials 

with excellent blue emission.  The electroluminescence profile of each material was very 

similar to their photoluminescence properties, however the device from the 1,3-alternate 

148 performed more efficiently than the corresponding device built with the cone 
calixarene 149.  Specifically, the former showed a maximum current efficiency of 10.5 cd 
A–1 at 14 mA cm–2 (external quantum efficiency = 6.4%) and a maximum luminous efficacy 

of 4 lm W–1 at 6.1 mA cm–2. Moreover, even at high brightness the current efficiency 

remained high.   

Kok Wai Cheah and co-workers have reported the multi-photon absorption 

properties of a strongly violet emissive calix[4]arene substituted at the upper rim with 

terphenyl groups.291  Calix 150 (Figure 33) was composed of a decyloxyaryl donor, 
quaterphenylene core and hexylsulfonyl as acceptor.  When compared to a model 

quinquephenylene 151, both compounds showed a broad absorption band at 319 nm, 
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i.e., in the electronic ground state, little chromophoric interactions between donor–

acceptor chromophores were observed.  In contrast, excitation at this absorption 

maximum led to strong violet-light emission for both 150 and 151 between 407-425 nm, 
but with the emission maxima of 150 red-shifted by 18 nm relative to 151.  Thus, excitonic 
interactions between the quaterphenylene groups of 150 do occur.  Furthermore, the 
authors showed that although the array of four dipolar units in 150 possessed a similar, 
high, fluorescence quantum yield to 151 (ΦPL = 0.79), 150 had a longer excited state.   
Finally, the effect of these chromophoric interactions in 150 on its nonlinear optical 
properties was examined utilizing femtosecond pulsed laser.  These studies revealed that 

150 showed strong multi-photon induced photoluminescence upon excitation at 650, 960, 
1250 and 1450 nm, correspond to the two-, three-, four- and five-photon absorption. The 

authors also examined the two-photon absorption cross-sections (σ2) of 150 and 151, 
determining that σ2 of 150 was a synergistic 5.4 times that of 151.  This enhancement 
was observed throughout the measured spectrum and was ascribed to the excitonic 

coupling of the proximate donor–acceptor. 

 

2.7.2.2 Tuneable self-assembled fluorescent aggregates 
The Hirsch group have synthesized a water-soluble, fluorescent calix[4]arene with 

an overall amphiphilic structure: water-solubilizing G1 dendrons at the 1,3-positions on 

the lower rim, and PBI units at the 2,4-positions on the upper rim (152, Figure 34).292  The 
upper-rim substitution provides a large surface for π-π stacking resulting in a preferred 

closed “pinched-cone” conformation.  In a CHCl3/TFA solvent system three well-resolved 

vibronic bands were observed in the UV spectrum corresponding to the 2–0, 1–0, and 0–

0 transitions of the S0 → S1 band of the perylene chromophore polarized along the 

molecular axis.  The fluorescence spectrum of 152 was stokes-shifted relative to a PBI 
model. In both cases, in polar organic solvents, the 0–0 transition band was the highest 

intensity, characteristic of non-aggregated PBI units.  In water, however, the absorbance 

and fluorescence intensities change drastically; the 1–0 transition band becomes the 

most prominent, characteristic of aggregated PBI moieties.  Furthermore, the intensities 

were also reduced to 20% relative to the non-aggregated system.  Dilution studies in 

water showed that the absorption and fluorescence emission bands did not shift as a 
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function of concentration, pointing to an intramolecular PBI dimerization and closed 

pinched-cone conformation.  Cryo-TEM revealed 152 formed rigid, tube-like aggregates 
with lengths ranging from 8-100 nm and diameters from 8- 20 nm. Changing the dielectric 

of the solvent by incrementally adding THF unsurprisingly changed the fluorescence 

signature of the molecule.  Starting from pure water, the 0–0 and the 1–0 transition bands 

hypsochromically shifted up to a ratio of 30% THF (v/v).  Complementary to the 

fluorescence data, cryo-TEM shows aggregates that formed within days of titration of up 

to 30% THF.   These aggregates had a polymorphous appearance with lengths of several 

hundred nm and diameters of ~5 nm.  Within 4 weeks, however, the dense fibrous 

aggregates were replaced with long striated fibers.  In contrast, dissolution of 152 directly 
in 30% THF in water resulted in hollow, fibrous aggregates, with outer diameters of 8 nm, 

and inner diameters of 2 nm.  Molecular dynamics (MD) simulations suggest that this 

swelling occurred due to the tubular hydrophobic cavity accommodating THF molecules. 
The Hirsch group has used fluorescence to probe the assembly of amphiphilic 

calixarenes.293  The chromophoric benzamide groups of 153 (Figure 34) allow 
fluorescence spectroscopic probing of micelle formation.  Dissolution of 153 in water 
containing twelve equivalents of NaOH and monitoring the intensity of the benzamide 

band at 490 nm revealed a critical micelle concentration (CMC) of 2.2 × 10–5 M, a result 

confirmed by conductance measurements.  Analogous experiments buffered to pH 7 and 

9 revealed higher CMC values, whilst cryo-TEM revealed a pH-dependent aggregation.   

Thus, pure 153 forms predominantly rod-like and spherical micellar aggregates at pH 7, 
and mostly uniform spherical micelles at pH 9.  At pH = 7.2, TEM image-averaging 

revealed twelve molecules in each assembly and an overall D2-symmetry.  Moreover, at 

pH = 4 calix 153 formed very large and wrinkled membrane sheets of micrometer size 
possessing a regular pattern of uniform pores of 5.0 nm diameter.  Pyrene guests were 

found to complex with the assemblies and were noted to alter their properties.  Monitoring 

the intensity ratio between the first and third vibronic bands I1 and I3 of pyrene guests 

revealed that under basic conditions the guests in the micellar aggregates were 

predominantly exposed to the more polar-regions at the upper rim of the calixarenes.  The 

lack of excimer emission confirmed that in this situation pyrene was itself not aggregating. 
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Figure 34. Structures of calix[4]arene based self-aggregated materials 152-158. 

 

Amphiphilic dendro-calixarene 154 (Figure 34) has been found to persist in aqueous 
media and have a CMC lower than 40 µm.294  Fluorescence data show that pyrene is 

solubilized by the calixarene in aqueous media.  However, the first and third vibronic 

bands of pyrene (I1 and I3) suggest that there is incomplete shielding of pyrene by the 

calixarene. 

The Raston group have synthesized a p-phosphonic acid calix[4]arenes with lower 

rim C18 pendent groups (155, Figure 34), and shown with AFM that it assembles from 
toluene into a mat of interwoven fibers of uniform diameter of 6 nm.295  Molecular modeling 

suggested that these fibers are composed of self-assembled discs, each of which is 

comprised of sixteen calixarene subunits oriented with their polar lead groups around the 
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circumference of the disc.  Modeling also suggested the embedding of toluene molecules 

within the assembly.  The interwoven fibers of 155 underwent dramatic expansion upon 
exposure to 7-nitro-4-(prop-2-ynylamino)benzofurazan. Thus, deposition of the material 

from toluene in the presence of this fluorescent guest resulted in nano-fibers of 

approximately 125 nm diameter. 

The amphiphilic p-carboxycalix[4]arene 156 (Figure 34) has been found to self-
assemble at the air-water interface to form monolayers that responded to the presence 

of divalent 4th-series transition elements Ni2+, Cu2+, Co2+, and Mn2+.296  Changes in the 

assembly were examined with Langmuir compression isotherms, Brewster angle 

microscopy, and surface sensitive X-ray scattering.  This revealed that the presence of 

Cu2+ ions were the most affecting.  A number of X-ray techniques, including X-ray near-

total-reflection fluorescence, showed that the polar rims of the calixarenes bound the 

copper ions relatively strongly, and the presence of Cu(OH2)2 clusters below the 

monolayer. 

The aggregation properties of two cationic calixarenes with propyloxy 157A or 
octyloxy 157B chains on their lower rim have been investigated by the encapsulation of 
fluorescein dyes (Figure 34).297  Both calixarenes form positively charged aggregates with 

similar ζ-potentials.  The octyloxy calixarene 157B was found to have a substantially lower 
critical aggregation concentration value and formed aggregates 1.5 times larger than 

157A.  More interestingly, the nature of the aggregates was noted to affect the 
fluorescence spectra of each encapsulated dye by perturbing the equilibria relating their 

different tautomers and constitutional isomers.  This allowed the authors to conclude that 

only aggregates of octyloxy 157A closely resemble the micelles of common cationic 
surfactants. 

Towards the formation of non-covalent assemblies comprised of porphyrin arrays, 

Bisht et al. have reported the synthesis of 1,3-melamine-porphyrin disubstituted 

calix[4]arene 158 (Figure 34).298  This calixarene assembles into a D3 symmetric trimer 
or “rosette” in the presence of barbituric acid derivatives. The authors noted that, relative 

to earlier pioneering work from the Whitesides group, these 3:6 host/guest assemblies 

were stable in concentrations as low as 10–4 M.  The assemblies where characterized by 
1H NMR, MALDI MS, and UV-Vis and fluorescence spectroscopy.  Regarding the last of 
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these techniques, assembly resulted in a red-shift of the characteristic porphyrin emission 

to 700 nm, as well as a 20-fold increase in emission intensity. 

 

2.7.3 Calixarene conjugated polymers 
The Prata group have reported the synthesis of a novel fluorescent (p-phenylene 

ethynylene)-calix[4]arene-based polymer 159 (Figure 35) using the cross-coupling 
polymerization of the corresponding bis-calix[4]arene and 1,4-diethynylbenzene.299  GPC 

revealed that the number-average molecular weight of the polymer was 23,300 g mol–1.  

A model polymer devoid of the calixarene groups was also synthesized for comparison.  

IR, NMR, and GPC spectroscopy were used to characterize the polymers, with the 

consensus of data identifying a length of eleven repeat units in the case of 159.   
Absorption and fluorescence analyses of 159 and the model revealed that they shared 
similar absorption and HOMO–LUMO energy gaps, suggesting that they have analogous 

conjugation lengths despite the higher degree of polymerization in calix-polymer 159.  
Similarly, both polymers possessed nearly identical fluorescence spectra and calculated 

solution quantum yield (Φ162 = 0.43 versus Φmodel = 0.51).  New fluorescent calix[4]arene–

carbazole-containing polymers have been synthesized and their photophysical properties 

determined.300  Both 2,7- and 3,6-substituted 9H-carbazoles formed the basis of these 

polymers, linked through phenylene-alt-ethynylene linkers appended with bis-

calix[4]arenes (160 and 161 respectively, Figure 35).  NMR experiments revealed the 
expected structures, suggested a degree of polymerization for 160 and 161 to be six and 
three to four respectively, and highlighted that the cone conformation of the calixarene 

was maintained in each.  Gel Permeation Chromatography (GPC) revealed that the 2,7-

substituted polymer had approximately 3-4 times the mass average molar mass of the 

3,6-isomeric polymer.  The UV-Vis and fluorescence spectra for solutions of the two 

polymers confirmed a number of key points.  First, the large, distinct molar absorptions in 

the UV-Vis spectra revealed fully spin-allowed π-π electronic transitions reflective of the 

conjugation within each polymer.  Relatedly, drop-casted films showed absorption similar 

features, suggesting limited aggregation within the film.  As expected, of the two materials 

the solution luminescence of the 2,7-polymer 160 was the higher of the two materials, 
and its emission shifted to lower energies.  The stokes shifts of 36–42 nm for the two 
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polymers relative to the monomers indicated that a sizeable conformational 

reorganization accompanied excited-state relaxation.  Both polymers were also emissive 

in the solid state and were only slightly red-shifted relative to solution. 

 
Figure 35. Structures of calix[4]arene based polymers 159-162. 

 

The Ogoshi and Nakamoto groups have synthesized the first copolymer comprised 

of alternating calix[4] and calix[6] groups (162, Figure 35).301  To examine the binding 
properties of 162, the authors used fluorescence spectroscopy to compare it to the two 
monomeric calixarenes.  Fluoranthene, which shows strong emission at 450–470 nm 

when excited at 360 nm, was selected as a guest.  Upon addition of fluoranthene to a 

solution of 162, the emission was largely quenched.  In contrast, the control experiments 
showed little fluorescence quenching.  Analogous titration experiments quantified this 

difference.  Thus, whilst there was no evidence of binding to the controls, a Ka value of 

2,700 M–1 for fluoranthene binding to polymer 162 was determined. 
 

2.7.4 Calix[4]arene based gels 
Recent developments of soft materials such as hydrogels or organogels has been 

intense because of their potential for myriad applications,302 including the controlled 

release of drugs,303 tissue regeneration,304 and energy storage.305  Typically, gels are 
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formed by the crosslinking of a gelator through chemical or physical interactions.   

Chemical gels are formed due to strong crosslinking of gelators, whilst physical gels are 

maintained mainly via intermolecular non-covalent interactions; physical gels have the 

advantage of reversibility.  Thus, such gels can be responsive to external stimuli such as 

light,306 pH, temperature, and stress.307  Low molecular-weight gelators (LMWGs)308 

comprised of calixarenes have gained interest due to the versatility of functionalizing their 

lower and upper rims to incorporate groups capable of tunable non-covalent interactions.   

After the first report of calix[4]arene-based gel bearing long alkyl chains,309 many 

investigations have been carried out exploring the general utility of calix scaffold in this 

area.  This section will focus on these developments.     

 

2.7.4.1 Cholesterol based gel 
Rao et al. reported a thermoreversible gel based on mono-cholesteryl-appended 

calixarene 163 (Figure 36).310  Calix 163 formed stable gels in THF–MeCN (1:1 v/v) at a 
concentration of 0.6 weight percent.  An observed bathochromic shift in absorption from 

298 nm to 320 nm suggested J-aggregation in the gel, in which the molecules are 

arranged in lateral or slipped manner.311  In the emission spectra of the calixarene, an 

increase in fluorescence emission was observed owing to AIE. SEM and TEM analyses 

showed that the gel was composed of intertwined nano-bundles whose diameters (~12 

nm) varied with gelation concentration.  DFT calculations pointed to head-to-tail packing 

of the cholesterol units in the gel.  In contrast, the sol state contained spherical aggregates.   

Absorption and emission spectra, and SEM images revealed a gel-to-sol transition 

temperature of ~48 °C.  The reversible binding properties of the gels was demonstrated 

by encapsulating different fluorescent dyes and drugs in the calix cavity, and their 

subsequent release over a 2-hour period by the addition of excess water.  The guest-

entrapped gels had slightly different textures and nano-bundle diameters, and the sol-gel 

transition temperature also increased to ~55 °C.  The addition of water did not affect the 

gel structure. 
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Figure 36. (A) Structures of calix[4]arene conjugates 163-165 and 170. 

        

2.7.4.2 Guest induced calix gels 
Jung et al. investigated the gelation and luminescence properties of terpyridine-

bearing calixarene in the 1,3-alternate conformation 164 (Figure 36) in the presence of 
Pt2+ under different solvent ratios of DMSO/H2O.312  It was observed that 164 required 4 
equivalents of Pt2+ to form the metallogel (164-[PtCl]44+), a finding that was further 
confirmed by the ESI mass spectrum of the complex.  The gel was strong in 7:3 H2O-

DMSO compared to other solvent ratios.  SEM analysis of the metallogel indicated the 

formation of spherical aggregates of 1.8−2.1 μm diameter.  With an increase in the 

amount of added water, the luminescence emission of the metallogel changed from 570 

nm to 660 nm, attributable to the triplet metal−metal-to-ligand charge transfer of the 
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aggregated species.  Decreasing the concentration resulted in the solubilization of 

164·[PtCl]44+.  The luminescence lifetimes (τ1 and τ2) of 164·[PtCl]44+ complex in solution 
were found to be relatively long: 71.22 and 199.57 ns.  In the gel phase, luminescence 

lifetimes (τ1 and τ2) increased further and was found to be dependent on concentration: 

82.39 ns and 201.25 ns for 0.5 wt %, and 143.20 ns and 250.90 ns for 1.0 wt %.  The G′ 

value was found to be five to seven times higher than G″ over the frequency range of 

0.1−100 rad s−, indicating the moderate tolerance of the metallogel to external mechanical 

stress.  

Reports on enantioselective recognition by chiral gels are rare.  In this regard, Zheng 

et al.313 reported chiral calix[4]arene derivative 165 substituted with L-2,3-

dibenzoyltartaric acid groups at the lower rim (Figure 36).  In 1,2-dichloroethane, 

enantiopure 165 formed a gel with R-α-methylbenzylamine 166, whilst the corresponding 
S-isomer led to a clear solution.  With other chiral amines 167-169, however, 
enantioselective discrimination was observed only in a 1,2-dichloroethane–cyclohexane 

solvent system.  Compound 165 exhibited strong fluorescence emission at 308 nm (lex = 
280 nm).  Upon interactions with 167-169, a quenching in the fluorescence emission of 
165 was observed.  The stoichiometry of 165 with 166 or 167 was found to be 1:2, whilst 
with 168 or 169, it was 1:1.  The morphological investigation of gels obtained from 165 
and both (R)-166 and (S)-167 by FE-SEM revealed a nano-fibrous structure which had 
length and breadth in the range of 10-50 μm and 100-500 nm.  However, a web-like 

morphology was observed from the suspension obtained from 165 with either (R)-166 or 
(S)-167.  Contrastingly, the suspension obtained from 165 with (1R,2S)-168 or (1S,2S)-
169 showed a spherical morphology with respective diameters of 200 nm and 500 nm.  
This spherical morphology was further confirmed by TEM.   

Chung et al. reported a biscalixarene-based gel that acts as highly selective phase 

gelator for recovery of oil spills.314  Biscalixarene 170 (Figure 36), bearing two isoxazole 
group connecting two mono-propargylated calixarenes, showed gelation in alcoholic 

solvents, and mixtures of EtOAc and hexane.  A minimum gelation concentration range 

of 0.05 to 0.13% (w/v) was observed.  At 10 mM concentration 170 exhibited excellent 
and selective gelation in a mixture of seawater and non-polar liquids (1:1 v/v) such as 

pump oil, diesel, and silicone oil.  This phenomenon was not however observed in 
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gasoline (petrol).  The selective gelation behavior of 170 was attributed to the phenolic 
hydroxyls, isoxazole, and tert-butyl groups which provide intermolecular H-bonding, 

dipole-dipole interactions, and van der Waals interactions.  SEM images of the gel 

showed the formation of a fibrous network having variable width (30-70 nm).  At higher 

concentrations of 170, a three-dimensional network formed that was capable of oil 
entrapment.  Variable temperature 1H NMR studies were performed to evaluate the type 

of interactions involved in the sol-gel transition.  Decreasing temperatures led to a 

downfield shift of the isoxazole and phenolic-OH signals and an upfield shift of the tert-

butyl proton resonances, suggesting the involvement of dipole-dipole interactions, H-

bonding, and van der Waals interactions.  An increase in the fluorescence emission of 

170 at 352 nm was observed with decrease in temperature from 363 K to 273 K attributed 
to self-assembled aggregates involving π-π interactions between isoxazole-thienyl 

groups. 

 

2.7.4.3 UV-light responsive gel 
Jung et al. reported gels from calixarene 171 and stilbene 172 whose mechanical, 

fluorescent, and physico-chemical properties could be tuned upon exposure to UV-light 

and changes in temperature (Figure 37).315  The stilbene units of the gel exhibit blue 

fluorescence due to formation of H-aggregates upon excitation with 340-380 nm light 

(Figure 37a).  Upon heating the gels at 60 °C, the partial H-aggregation (blue fluorescence) 

changed to a J-aggregation (green emission, Figure 37b).  This was attributed to 

increased solvent movement within the gel network modulating the stacking pattern.  The 

UV irradiation of H-aggregates resulted in a [2+2] cycloaddition between stilbene units, 

yielding a partial cyclobutane-conjugated gel, whose blue fluorescence was attenuated 

(Figure 37c).  The authors also noted that the addition of DMSO led to the disappearance 

of green emission, i.e., the disassembly of J-aggregates (Figure 37d).  Tuning the 

proportion of H- (blue fluorescence) and J-aggregates (green emission) by heating, and 

further controlling the H-aggregates cross-linking by UV irradiation lets variable 

fluorescence photopatterning. It was observed that upon exposure of UV light, the 

mechanical strength of the gel (>3) was enhanced (>1300-fold increase in storage and 

loss moduli) compared to without irradiation.  This was attributed to the formation of 
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cyclobutane units which increase the gel’s tolerance to shear stress.  The stiffness of gel 

was found to be in the range of ∼100 to 450 kPa.   

               

 
Figure 37. Illustration of gel formation by compound 171 with stilbene aldehyde 172. (a) Before and (b) after heating 
at 60 °C for 1 h, (c) after UV irradiation, and (d) after immersion in DMSO. (Reprinted from Ref. 315. Copyright @2017 

American Chemical Society).  

 

2.7.5 Miscellaneous applications 
Wong and co-workers have synthesized tetraoligothiophene-substituted calix[4]arene 

173 (Figure 38) using palladium-catalyzed Kumada coupling.316  The calixarene adopts a 
pinched-cone conformation in the solid state, typical of arylene-substituted calixarenes.  

In addition to band broadening, the absorption and emission spectra of the mono- to tetra-

substituted calixarenes showed a stepwise hypsochromic shift in the absorption, a 

bathochromic shift in the emission, and an overall quenching of the emission intensity 

with each additional thiophene unit.  Slightly longer fluorescence lifetimes were also noted 

(in the order of 1.8 ns) relative to the non-calixarene-conjugated counterparts (ca. 1.3 ns).  

These were ultimately attributed to the through-space intramolecular interaction between 

the proximate oligomers. In addition, CV data suggested a decrease in the HOMO–LUMO 

gap, contributing to the observed lowering of the first oxidation potential that stabilizes the 

radical cation and higher oxidation states of the oligothiophene. 

With a long-term goal of developing new calix-based dyes, the Nolan group 

developed phthalocyanine derivative 174 (Figure 38) in the partial cone conformation.317  
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NMR showed that this dye had a reduced propensity to aggregate, whilst fluorescence 

studies (excitation at 650 nm) resulted in the strong fluorescence at 715 nm with a Stokes 

shift of 7 nm relative to phthalocyanine itself.  Similarly, excitation at 614 nm resulted in 

the same fluorescence spectrum as that of phthalocyanine, indicating that the 

phthalocyanine group in 174 was unaffected by the calix moiety. 
 

 
Figure 38. Structures of calix[4]arene conjugates 173-175. 

 

An inherently chiral calixarene 175A-B (Figure 38) with planar chirality (pS and pR) 
was successfully synthesized and the enantiomers resolved.318  The identity of these 

enantiomers was elucidated using a chiral NMR shift reagent, NOESY, and Circular 

Dichroism (CD).  The separated enantiomers displayed similar absorption spectra, in 

addition to mirror-image CD spectra indicative of enantiomeric pairs. 

The size-tunable optical properties and narrow emission bands of quantum dots 

(QDs) have made them prime tools for biological and medical applications.  For example, 

zinc sulfide-based QDs have been widely used in many applications due to their 

affordable, facile synthesis, good photocatalytic properties, and relatively low toxicity.  In 

an attempt to preserve and enhance the optical properties of zinc QDs, Menon et al.319 

coated poly(vinylpyrrolidone) capped zinc sulfide-based WDs with calix 126 (Figure 27).  
The resulting complex assumed a ‘‘cup-like’’ assembly,320 with the OH groups at the lower 

rim of 126 interacting with the QDs through hydrogen bonding.  Upon the addition of 126, 
the emission intensity of the QDs increased up to 80%.  The capping process resulted in 

the reduction of both hanging bonds and surface defects, and consequently higher 

stability and higher fluorescence intensity.  TEM and DLS measurements showed an 

increase in size of the QDs from 2.0 nm to 30 nm, thereby confirming the successful 
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surface coating with 126.  Furthermore, 126-QDs were applied for the detection of vitamin 
K3, a synthetic vitamin utilized in the bone mineralization and blood coagulation 

processes.  Significant quenching in the fluorescence emission (95%) at 482 nm of 126-
QDs was observed with addition of 50 µL of vitamin K3, with the detection limit of 80 nM. 
 
3. Higher Calixarenes 

Compared to calix[4]arenes higher calix[n]arene (n = 5, 6, and 8) have been less 

explored.  This is primarily because of limited regioselective synthetic transformations, 

low synthetic yield, and their complex conformational options. Despite these limitations, 

higher calixarenes have been successfully utilized in the development of various 

applications.321 The large dimensions of higher calix[n]arenes make them exquisite hosts 

for the inclusion of larger guests,322 and in this section we discuss recent advances 

pertaining to higher calixarenes in the context of fluorescence spectroscopy. 

3.1 Applications of calix[5]arene derivatives 
Because of their many potential applications, the fabrication of smart polymeric 

materials whose macroscopic properties can be tuned by external stimuli has received 

considerable attention in the polymer sciences.  These materials can be constructed by 

employing non-covalent interactions such as hydrogen bonding,323 metal-ligand 

interactions,324 or salt bridges.325  However, reports employing host-guest interactions to 

drive cross-linked polymers are very limited.  Haino et al.326 constructed a supramolecular 

polymeric array by using host-guest interactions between [60]fullerene-tagged 

poly(phenylacetylene)-poly(A) and calix[5]arene derivative 176 (Figure 39).  Each calix 
unit can encapsulate a C60 moiety from the polymer, as evidenced by 1H NMR 

spectroscopy.  Specifically, upon complexation with the C60 moiety, the bridging 

methylene protons of the calix[5]arene unit, which otherwise give very broad signals due 

to intermediate time-scale ring-flipping, show a well-resolved quartet resonance signal 

indicating restricted flipping induced by guest complexation.  C60 is known to be a good 

energy acceptor,327 and as expected, the addition of poly(A) leads to the fluorescence 
quenching of 176.  Based upon the 2:1 176–poly(A) model, the association constants for 
two binding sites of host 176 were found to be Ka11 = 4.36 ± 0.58 × 104 M–1 and Ka12 = 

7.50 ± 1.70 × 104 M–1.  The complex showed a solvent-dependent stability from high in 
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toluene, to very weak in chloroform or o-dichlorobenzene.  As suggested by AFM, the 

macroscopic solid-state morphologies of poly(A) showed drastic change before and after 
complexation with host 176.  Because of the limited solubility of C60, poly-A randomly 
aggregates.  In contrast, upon complexation with 176, the assumes a more ordered 
morphology in the form of fibrils. 

 
Figure 39. Molecular structure of homoditopic host 176 and poly-A and poly-B. 

 

Placing C60 on a polymeric chain is very challenging, and the supramolecular host-

guest complexes of C60 and the calix[5]arene derivative has insufficient solubility in 

organic solvents for detailed analysis of their macroscopic properties.  Thus, a new class 

of linear and network fullerene polymers were synthesized and their complexation 

behavior with calix[5]arene derivatives 177 and 178 (Figure 40) investigated.328  Long 
alkyl chains were introduced into dumbbell-fullerenes G3a and G3b in order to increase 
their solubility.  G3b formed complexes with calixarene hosts 177 and 178, where each 
C60 moiety is encapsulated into a cavity formed by the calixarene framework, resulting in 

the formation of linear and network supramolecular polymers, respectively.  The identity 

of these linear and network were examined by NMR studies, UV-Vis and fluorescence 

spectroscopy, and SEM analysis.  Hosts 177 and 178 showed strong fluorescence 
emissions at 451 nm and 464 nm, respectively.  Significant quenching in the fluorescence 

emissions were observed upon binding with the C60 moiety.  Job plots gave 

stoichiometries of 1:1 for 177 and G3b and 2:3 for 178 and G3b.  Furthermore, the nature 
and dimension of supramolecular complexes were determined by viscometry.  These 

results suggested that the viscosity of solution of 178 is greatly affected by the addition 
of G3b compared to that of 177, implying that supramolecular complex of 178 and G3b 
are dimensionally extended to form cross-linked network structures.  The macroscopic 
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properties of these complexes were studies by SEM analysis which demonstrated a 

fibrillar structure for the 1:1 complex of 177 and G3a with a diameter of 180 ± 50 nm.  In 
contrast, the 2:3 complex of 178 and G3a gave a sheet-like morphology.  The large 
morphological difference further validated the formation of linear and networked polymers 

by 177 and 178 respectively.  The detailed insight into the supramolecular structures at 
the nanoscale, as evaluated by AFM imaging, suggested that 178 and G3a form well-
defined honeycomb-like structures. 

 

 
Figure 40. Molecular structures of calix[5]arene-based host 177 and 178, and dumbbell-shped fullerene G3a and G3b. 

 

Gou et al. developed an IDA for the ultrasensitive detection of lysophosphatidic acid 

(LPA), a phospholipid marker for the early-stage ovarian and other gynecologic 

cancers.329  For this they used water-soluble guanidinium-decorated calixarene host 179 
(Figure 41), and either fluorescein (FI) or Al(III) phthalocyanine chloride tetra-sulfonic acid 
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(AlPcS4) as reporters dyes.  The phosphate head and long-chain fatty acid tail of LPA 

was shown to have a greater affinity for 179 (Ka = 1.6 ± 0.1 × 108 M–1) over FI (Ka = 5.0 ± 

1.0 × 106 M–1) resulting in displacement of FI with a turn-on fluorescence response.  The 

limit of detection of LPA was found to be 1.7 µM.  An observed interference from 

adenosine triphosphate (ATP) over LPA was resolved by using the 179–AlPcS4 reporter 
pair via a differential sensing technique.  The authors also tested the scope of assay for 

detection of LPA as a diagnostic marker in biological serum samples. 

 

 
Figure 41. Molecular structures of calix[5]arene-based host 179, 180 and sulfonated aluminum phthalocyanine 
(AlPcS4). 

 

Recently, Guo et al. demonstrated an IDA-based, cancer-specific photo-theranostics 

(imaging and therapy) protocol.330  First, a 1:1 ratio of guanidinium-decorated tetrakis-

dodecyl calix[5]arene 180 (Figure 41) and 4-(dodecyloxy)benzamido-terminated methoxy 
poly(ethylene glycol) (PEG-12C) were used to assemble a micelle.  Subsequently, one of 

four photosensitizers (PS) were loaded into the micelle.  The resulting NPs were 

fluorescence and photoactivity silent.  However, incubation in the microenvironment of 

cancerous cells led to the displacement of the PS by the overexpressed ATP, resulting in 

a turn-on fluorescence and photoactivity response.  Supported by in vitro results 

demonstrating the light-induced phototoxicity of the NPs in 4T1 breast cancer cells, the 

authors tested the potential of the NPs in 4T1 xenograft models.  After intravenous 

injection, the NPs displayed preferential tumor accumulation and tumor-ATP driven 

activation, with a high tumor-to-normal organ ratio relative to controls.  The NPs also 
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exhibited excellent therapeutic potential upon irradiation at 660nm, with significant tumor 

ablation and without any systemic toxicity observed. 

Developing drug carriers that can selectively deliver the active drug to the tumor site, 

whilst avoiding undesired interactions with blood plasma proteins, could be a solution to 

resistance issues.  Towards this the Barroso-Flores research group conducted MD 

analyses of possible binding interaction between imatinib and calixarenes of various core 
sizes (calix[5]arene, calix[6]arene and calix[8]arene) and different functional groups on 

the upper rims.331  This revealed that calix[6]arene was the appropriate size to act as a 

carrier for the drug.  The presence of acidic groups, i.e., -SO3H and -(CH2)2OH, offered 

additional stabilization to the complex via interactions with the nitrogens of the drug. 

 

3.2 Applications of calix[6]arene derivatives 
As a first step towards the fabrication of self-assembled nano-carriers for application 

in biology and medicine, Fontana et al.332 reported amphiphilic calix[6]arene derivatives 

181a and 181b (Figure 42).  These derivatives self-assemble in aqueous media to form 
micelles or vesicles, with fluorescence, TEM, and DLS studies indicating sizes ranging 

from 20-200 nm depending on the length of alkyl chain appended to the lower rim.  These 

derivatives form the “wheel” component of pseudo-rotaxanes when 1,1-dialkyl-4,4-

bipyridinium (DOV) are threaded through.333  The viologen was shown to increase the 
permeability of the vesicle and hence facilitate the fast release of encapsulated 

molecules.  Thus, fluorescent dye 5(6)-carboxyfluorescein (CF) was loaded into the 

vesicle and its release monitored by fluorescence before and after the threading of the 

DOV axle.  This showed that CF release from 181a·DOV was twice than free 181a.   
Intracellular thiols, such as glutathione (GSH), cysteine (Cys) and homocysteine 

(Hcy) are key to maintaining cellular redox balance.334  However, aberrant concentrations 

of these are implicated in many biological disorders.335 Rao et al.336 reported calix[6]arene 

derivative 182 (Figure 42) appended with three, 7-oxanorbornadiene (OND) units at the 
lower rim for the selective turn-on fluorescence detection of Cys over Hcy and GSH.  The 

selectivity was attributed to the calix[6]arene platform and the sterically hindered 

electrophilic Diels–Alder center (OND).  Calix 182 showed time-dependent fluorescence 
enhancement at 520 nm in the presence of three equivalents of Cys, reaching a 12-fold 
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enhancement after 22-24 minutes.  However, no response was observed even with ten 

equivalents of Hcy or fifty equivalents of GSH.  The morphology of 182 in the absence 
and presence of Cys was investigated by SEM analysis.  This revealed that 182 formed 
spherical nanoparticles having sizes of 80 ± 20 nm, and that their morphology changed 

according to the ratio of 182 and Cys.  For example, flower-like assemblies were seen at 
1:1, fiber-like at 1:3, and cabbagelike at 1:5 ratios.  Moreover, these morphological 

changes were time dependent.  Finally, confocal imaging of HeLa cells and Jurkat cells 

demonstrated that 182 was cell permeable and could efficiently image intracellular Cys. 
 

 
Figure 42. Molecular structures of calix[6]arene derivatives 181-187. 

 

Jabin et al.337 have reported pyrene-substituted calix[6]arene-based fluorescent 

sensors 183a and 183b (Figure 42) and investigated their binding affinity for anions and 
ammonium salts as contact-pairs in different solvent systems.  Addition of tetra-

butylammonium sulfate ((TBA)2SO4), to a DMSO solution of 183a revealed signal shifts 
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in the 1H NMR signals suggesting strong hydrogen bonding between the urea groups and 

SO42–.  This selective binding was confirmed by fluorescence spectroscopy in which 

successive additions of salt led to fluorescence quenching of the monomer emission at 

420 nm and slight increase in excimer emission at 506 nm.  These spectral changes were 

attributed to the proximity of the pyrene moieties upon anion coordination.  When the 

anion complexation was investigated in CH2Cl2, results were quite different.  The shifts in 

the NMR signals were not only observed for the pyrene and urea NH, but also for the 

methylene units of TBA.  Moreover, in contrast to DMSO, the fluorescence response in 

CH2Cl2 was also reversed, i.e., binding led to an increase in monomer emission and a 

decrease in excimer emission.  It was therefore suggested that in CH2Cl2, 183a behaved 
as a heterotopic host for ammonium sulfate salts, whereby the sulfate anion interacts with 

the ureas, whilst the ammonium ions interact with the pyrene unit via cation-π 

interactions.  The binding is cooperative since both ions can bind only as contact pairs.  

The log Ka values for the ammonium salt calculated using fluorescence titration curves 

was found to be 5.4 ± 0.1.  Similar behavior was observed in 183b.   
Carnitine (β-hydroxy-γ-N-trimethylaminobutyric acid) is a biological nutrient that 

plays a critical role in molecular biology such as fatty acid metabolism and energy 

production,338 deficiency of which is implicated in various disorders such as 

cardiomyopathy, diabetes, malnutrition, cirrhosis, obesity, and endocrine imbalances.339  

Li et al.340 reported p-sulfonated calix[6]arene 184, used for modifying a graphene oxide 
(GO) mono-layer that acted as a turn-on fluorescence probe for the in vitro detection of 

L-carnitine via an IDA mechanism (Figure 42).  The increased thickness of the GO layer 

upon addition of 184, as determined by AFM, was form 1.00 ± 0.2 nm (typical of single-
layer GO) to 1.40 ± 0.2 nm.  Further confirmation was provided by UV-vis spectroscopy, 

XPS and Fourier transform infrared (FT-IR).  The complementary dye for the modified 

GO, was safranine T, which bound through electrostatic interactions with 184.  The bound 
dye was quenched via a FRET mechanism.  When exposed to different analytes, only L-

carnitine displaced safranin T from the surface.  The limit of detection as low as 1.54 μM.  

Imaging was also successfully carried out in human liver cancer (HepG2) cells. 

In separate investigation, Mohanty et al.341 investigated the effect of pH on the 

binding behavior of 184 (Figure 42) with acridine.  Fluorescence spectroscopic analysis 
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revealed that calix 184 bound acridine most strongly in acidic media, where the 
protonated N-atom (pKa of acridinium ion = 5.58) forms attractive Coulombic interactions 

with the host.  The fluorescence response of guest binding was significant. At pH 4.3 

acridine showed significant fluorescence quenching at 477 nm upon the incremental 

addition of 184 (0.1 mM to 2 mM).  In contrast, in basic solution only a slow decrease in 
fluorescence band at 430 nm was observed.  The formation of the inclusion complex had 

a significant effect on the pKa of acridinium, which was found to shift upward by ~2 units.  

This shift suggested that bound acridine is approximately fifty times stronger a base than 
in the free form.  Interestingly, the acridinium complex acted as a fluorescence turn-on 

chemosensor for Gd2+ via an IDA mechanism.   

There are relatively few reports of higher calixarene as anion receptors, and towards 

addressing this Li et al.342 reported 2-aminopyridyl-bridged calix[6]arene 185 (Figure 42) 
for F– sensing. NMR studies suggested that probe 185 adopts a distorted cone 
conformation. The selective response of probe 185 towards F– ions was demonstrated by 
~92% quenching of fluorescence upon complexation.  Probe 185 could detect F– ions at 
concentrations as low as 0.02 μM. 

Calix[6]arene chemosensor 186 (Figure 42) possessing three triazole-linked 
picolylimine moieties at the lower rim has been found to selectively coordinating La3+ 

ions.343  Coordination of La3+ was accompanied by a sixteen-fold increase in the turn-on 

fluorescence response at 490 nm (λex = 390 nm), with a 65 ± 5 ppb minimum detection 

limit determined.  The La3+ complex was able to reversibly detect the F– ion as observed 

by visual color change under UV light. 

Rao et al. reported calix[6]arene probe 187 appended with three amide-linked 8-
aminoquinoline functionalities on the lower rim (Figure 42)344 for the selective recognition 

of Cu2+ and Zn2+ ions.  With the addition of Cu2+, a decrease in the fluorescence emission 

of 201 at 390 nm (λex = 330 nm) was observed.  In contrast, upon titration with Zn2+, the 

emission at 390 nm decreased but there is simultaneous emergence of a new emission 

band at 490 nm.  Cu2+ competed for 187 (Ka = 4.31 × 104 M–1) in the presence of Zn2+ (Ka 

= 1.50 X 104 M–1).  In both cases, mass analysis revealed a 1:1 stoichiometry. 
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3.3 Applications of calix[8]arene derivatives 
Cunsolo and co-workers345 reported polycationic calix[8]arene derivatives 188a-d 

(Figure 43) with improved neutralization ability towards the important anticoagulant 

heparin.346  Fluorescence and NMR spectroscopy demonstrated 188a-d exhibited 
significant and specific binding to negatively charged heparin in aqueous solutions.  This 

was further confirmed by an activated partial thromboplastin time assay measuring the 

rate of blood coagulation.  The results showed that despite a higher charge density on 

188c relative to 188d, the latter showed better neutralization of Hep.  Evidently, other 
factors were involved in heparin inhibition than just charge density. 

Ponterinin et al.347 reported sulfonated calix[8]arene derivative 189 (Figure 43) and 
studied its solvent-dependent complexation behavior for merocyanine guests Mc1 and 
Mc2.  Probe 189 was shown to have similar affinity for both guests, irrespective of the 
nature of the organic solvent.  Binging was attributed to van der Waals interactions 

between the alkyl chains of host and the guest.  However, in water 189 showed selective 
binding of Mc1 over Mc2, in which the alkyl chains self-assemble via the hydrophobic 
interaction to form a closed lid.  As a result, the guest forms a complex only through the 

hydrophilic upper rim, and in this arrangement only smaller the Mc1 can fit.  This point 
also explained the higher water solubility of Mc1 in the presence of 189. 

 

 
Figure 43. Molecular structures of calix[8]arene derivatives 188a-d, and 189. 

 

4. Conclusions and future perspectives 
The structural features of calixarenes, their pre-organized non-polar cavity and ion-

binding sites, variable but well-defined conformations, and tunable functionality, are key 
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to their general utility. As a result, fluorescent calixarenes and their complexes have 

proven to be exceedingly useful in a wide range of applications.  Conjugating various 

fluorogenic groups to the calixarene scaffolds leads to the development of smart 

fluorescent probes that have been applied toward molecular sensors, bioimaging, drug- 

and gene-delivery systems, self-assembled aggregates, and smart materials.  More 

specifically, as we have outlined, the combination of fluorogenic moieties and different 

anion and cation binding sites into calix[4]arene scaffolds, has led to sensors for a wide 

range of ions.  The low detection limit and high selectivity for target ions, without any 

noticeable interference from multiple interfering analytes, have been well documented.  

On the other hand, controlling recognition in the non-polar pocket has engendered 

sensors for important classes of small organic targets such as nitro-aromatics.  Utilizing 

both types of recognition, fluorescent calixarenes have also found utility in bioapplications.  

This review has also highlighted the fundamental fluorescence studies with calixarene 

derivatives, and how these are opening up the possibility of smart materials, both hard 

and soft. Additionally, the “imbalance” in the applications of calix[4]arenes and 

applications of higher calixarenes has also been outlined.  A number of key developments 

with calix[5]/[6]/[8] have emerged, but new ways to synthesize and control the 

conformation of these derivatives would be immensely beneficial.  

Despite many contributions and tremendous advances, there are still many 

challenges associated with the chemical detection area that need to be addressed.  

Importantly, this includes the detection of anions in aqueous media.  With the exception 

of p-sulfonato-calix[4]arenes, the poor aqueous solubility of fluorescent calixarenes has 

hindered the potential of this class as effective hosts in aqueous media.  Furthermore, the 

high hydration energies of anions has exacerbated the difficulties of anion detection in 

water and aqueous solutions by calixarenes.  Poor water solubility has also negatively 

impacted the practical application of these systems in large-scale 

detection/screening/removal processes, for example, of the remediation of environmental 

pollutants.  Other concerns relate to the bio-applicability of calixarenes derivatives.   

Although, p-sulfonato-calix[4]arene and its derivatives have been utilized for bio-assays 

and drug delivery formulations, the true potential of this class of host has not been realized 

thus far.  Numerous efforts need to be focused in this area.  This requires derivatizing 
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calix-scaffolds with water-soluble auxiliaries such as arginine, and pegylation suitable for 

biomedical and drugs delivery applications.  Additionally, studying their interactions with 

biomolecules, cells, and tissues of interest, and investigating their cell permeability 

behavior, all need to be deeply studied.  From clinical translation point of view, safety 

assurance is paramount, and various regulatory hurdles must also be addressed for 

successful applicatio.  Perhaps more fundamentally, determining reliable and scalable 

approaches to the large-scale manufacture of water-soluble calixarenes is also important.  

All of these work will require sustained effort not just from individual research labs, but 

from major scientific and financial bodies.  Much work is still to be done.  

 In sum, this manuscript has described the recent development and future potential 

of fluorescent calixarenes as third generation hosts for multiple applications ranging from 

molecular sensors to advance functional materials. With all these considerations, and 

possible wide range applications, the future of calixarene field is bright.  Technologies are 

advancing, and scientists around the world are striving every day to solve the unmet need 

in this area: from fundamental studies to translational application.  Although, the journey 

may be long, scientific partnerships between academic and industrial institutions will 

guarantee impactful progress in the coming decades.  We hope this review will be 

beneficial to readers in on all the different levels/facets of calixarene research, and inspire 

them to realize and understand the true potential of calixarenes in modern technological 

and biomedicical applications. 
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Abbrevations 

PET    Photoinduced electron transfer  
ICT   Intramolecular charge transfer 
ESIPT   Excited state intramolecular proton transfer 
MLCT   Metal-to-ligand charge transfer 
BODIPY  Boron-dipyrromethene 
DFT    Density functional theory  
HOMO   Highest occupied molecular orbitals 
TREN   Tris(2-aminoethyl)amine) 
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CHEF   Chelation-Enhanced Fluorescence 
TEM    Transmission electron microscopy  
AFM    Atomic force microscopy 
ROS    Reactive oxygen species 
EPR    Electron paramagnetic resonance 
FRET    Förster resonance energy transfer 
PDMS   Polydimethylsiloxane 
HSA    Human serum albumin  
BSA    Bovine serum albumin 
LA    α-lactalbumin 
PCT    Photo-induced charge transfer 
IDA    Indicator displacement assay 
PD    Parkinson's disease 
CA    Contact angle  
NTPs    Nucleoside triphosphates  
ATP    Adenosine triphosphate 
GTP    Guanosine triphosphate  
CTP    Cytidine triphosphate 
TTP    Thymidine triphosphate 
UTP    Uridine triphosphate  
AIE    Aggregation-induce emission 
SEM    Scanning electron microscopy 
BINOL   1,1’-bi(2-naphthol) 
DLS    Dynamic light scattering 
ESI MS   Electro spray ionization mass spectrometry 
TNT    Trinitrotoluene 
RDX    1,3,5-trinitro-1,3,5-triazinane  
PETN   Pentaerythritol tetranitrate 
MALDI-MS   matrix-assisted laser desorption/ionization mass spectrometry 
SWCNT   Single-walled carbon nanotubes 
SDS    Sodium dodecyl sulfate  
CTAB   Cetyl trimethylammonium bromide 
XPS    X-ray photoelectron spectroscopy 
QDs    Quantum dots 
PAHs    Polyaromatic hydrocarbons 
MRI    Magnetic resonance imaging 
DDS   drug delivery systems  
NBD   7-nitrobenzofurazan 
NPs    Polymer nanoparticles 
DAPI    4′,6′-diamidino-2-phenylindole 
DOPE   2,3-di(oleolyoxy)propyl phosphatidyl ethanolamine 
GFP    Green fluorescent protein 
CT-DNA   Calf thymus DNA  
LPS    Lipopolysaccharide 
DOX   Doxorubicin 
TPE    Tetraphenylethene  
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CV    Cyclic voltammetry 
ITC    Isothermal titration calorimetry 
PBI    Perylene bis-imide  
CMC    Critical micelle concentration 
GPC    Gel Permeation Chromatography 
OLED   Organic light-emitting diode  
CD    Circular Dichroism 
NOESY   Nuclear Overhauser effect spectroscopy 
G’   Storage modulus  
G”   Loss modulus 
LMWG   Low molecular weight gel 
FE-SEM   Field emission scanning electron microscope 
LPA    Lysophosphatidic acid 
PS    Photosensitizers 
GSH    Glutathione  
Cys   Cysteine  
Hcy   Homocysteine 
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