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Abstract: Calixarenes are preferable for metal extraction because of the easy synthesis of a great 

number of derivatives, which allows comparing the impact of cavity size, conformation, functional 

groups, and other factors on the extraction behavior, and the flexibility to design a proper ligand to 

recognize a metal ion selectively. In this work, theoretically, it has been discussed on the specific 

Calix[n] and related cation in point of density and electrical potential via electron densities & cycle-

voltammetry studies.  
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1. Introduction 

In 1872 Adolf von Baeyer mixed various aldehydes, including CH3CHO, C6H5OH, and 

acid in media of pH=0. The resulting represented the novel chapter of what was to become the 

subject of phenol/formaldehyde chemistry. Leo discovered that those materials could be 

transformed into a hard, brittle substance, which he marketed as “Bakelite”, the initial 

commercial synthetic plastic. The success of him start into the chemistry of the 

phenol/formaldehyde phenomenon, consequently with this discovery, another Australian 

scientist  ( Alois Zinke) exhibited that formaldehyde in the presence of a strong base yield 

mixtures containing, inter alia, cyclic tetramers.  At the same time, Joseph Niederl obtained 

similar cyclic behavior from the acid-catalyzed media of resorcinol and aldehydes. The Calix-

arens are a macrocycle oligomer, including a hydroxyl acylation from phenol structure and an 

aldehyde. The Calixarene name is derived from Calix due to their types of molecule resembles 

a vase and from the “aren” that refers to the aromatic building blocks. They have hydrophobic 

cavities that can hold smaller molecules and belong to the category of host-guest chemistry. 

Those are synthetic receptors via phenol moieties attached to the methylene groups[1]. Calixs 

can be substituted at the lower rim for producing a variety of ionospheres, that were shown to 

be suitable structure for complexation [2] transition metal[3,4]and lanthanide metal cations[5]. 

Among the functionalized Calixarene groups, the Calix-Quinones has strongly attracted 

interest. Some of those compounds were employed to study interesting redox systems and 

charge-transfer complexes, as well [6]. Most Calix-Quinones have been synthesized through 

chemical oxidation that comprises unsub-situated phenol rings [7]. It is noteworthy that, to 

date, no Calixarene with adjacent Quinone units has been reported.  
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Recently, a straightforward synthesis of the 1, 3-diquinone-calix [4]-arene has been 

explained with a good yield through electrochemical oxidation of the dihydroxy-diamide 

precursor [8]. From several of macrocyclic compounds, Calixarenes[1-6] are suitable for metal 

extraction due to easy synthesis of a wide variety of their derivatives, which allows comparing 

the impact of cavities sizes, conformation, functional groups, and other factors, and the 

flexibility to design a proper ligand to selectively recognize a metal ion [5,8]. The expensive 

calculation of computational resources required for evaluating the energies and structures of 

calix[n]arenas have prevented large ab initio and density functional theories until recently 

Calixarenes [9] have received much attention recently as one of the most widely employed 

molecular frameworks for the construction of many versatile supramolecular systems. [10] 

Much research has been done examining hydrogen bonding by studying weakly bound 

complexes.  Hydrogen bonding belongs to the important weak interactions in nature, being 

intimately involved in the structure and properties of water in its various phases in large 

molecules such as proteins, nucleic acids, and Calixarenes. Most hydrogen bonds are of 

YH…H type, where Y is an electronegative atom having one or more lone electron pairs or a 

raging of excess electron density like the atomic π-system. About the hydrogen bonding 

properties of Calixarenes, we would like to pay our attention to the hydrogen bonding 

properties of Calix [8] arene by density functional theory methods. 

Calixarenes belong to the ionophores, lipid-soluble molecules which are able to 

transport ions across the lipid bilayer of the cell membrane. Ionophores have been frequently 

used for explanation or simulation of real transporting processes of metals, their ions, and other 

species across the cell membranes (phospholipid monolayers and bilayers)[11,12]. Therefore, 

it is necessary to elucidate the factors influencing these transporting processes, e.g., the 

presence of low molecular weight organic acids, pH. It is obvious which the electrochemical 

approaches have proved several times to be very suitable for the study of various environmental 

matters as well as in the characterization and description of those mechanisms, mainly 

voltammetry and electrochemical impedance spectroscopy (EIS) [13].  

Two different deposition reactions are compared, self-assembly, and an 

electrochemically induced deposition at several applied potentials. The optimum adsorption 

situations for individual deposition activities of both the species are determined from the 

reduction of desorption peaks, and the properties of the modifying layers are studied by 

electrochemical measurements in simple redox systems. Calixarenes are efficient sodium 

ionophores and are applied as chemical sensors. With the right chemistry, these molecules 

exhibit great selectivity towards other cations. Calixarenes are used in commercial applications 

as sodium selective electrodes for the measurement of sodium levels in the blood. Calixarenes 

also form complexes with cadmium, lead, lanthanides, and actinides. Calix [5] arene and the 

C70 fullerene in p-xylene from a ball-and-socket supramolecular complex (Figure 1) [13, 14]  

Molecular self-assemblies of pyrogallolarenes led to the huge supramolecular 

assemblies. Both in the crystalline state and solution media, they are known for forming 

hexamers, which are akin to certain Archimedean solids with an internal volume of around one 

cubic nanosciences.  Isobutylpyrogallol [4] arene are held together by 50 intermolecular 

hydrogen bonds. The remaining hydrogen bonds are intramolecular. The cavities are filled 

through several solvent systems [15, 16]. Calixarenes usually and more specifically, Calix [4] 

arene have been extensively applied as molecular platforms for building up supramolecular 

catalysts. The designing of those types of catalysts are in functionalizing the upper rim of the 
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lower rim of Calixarenes with ligands able for binding metal cations, notably Cu (II) or Zn (II), 

or other active functions (Table 1).  

 

 
Figure 1. Optimized Calix [8] in various media and various cation complexes. 

Self-assembly mechanisms on some surfaces of platinum, silver, iron, and mercury, 

have been explained in detail. However, the modification of gold electrodes via alkene thiols 

has probably been studied extremely [17]. The basic of self-assembling is the spontaneous 

formation of a modifier molecule monolayer on the solid surfaces, the modifier molecules 

being amphiphilic in their characters. Specifically, in the cases of a thiol/gold surface 

adsorption, these fundamentals may be formally considered as an oxidative addition of the S-

H bond to the gold surface, followed via reductive elimination of the hydrogen [18]. 

The self-assemblies depositions are generally explained as a three-step mechanism. The 

first one is the adsorption of the thiol on the gold surfaces towards the formation of an Au-S 

bond. The second one contains straightening of the alkyls chains, and the third step, which is 

the slowest, has been attributed to a reorientation of the terminal groups [19]. The SAM 

stabilities and the velocities of the mono-layers formation can be influenced through several 

factors, such as temperature, length of the alkyl or the solvent used [20]. Paik et al. described 

the influence of dissolved O2 gases or a redox couple on the self-assembly reaction described 

the effect by assuming that the electrons generated by adsorption reaction, that retard the further 

reaction of thiols with the electrode surfaces, are consumed by dissolved oxygen or by the 

redox couple (Figure 2) [21]. 
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Table 1. Homo and Lumo calculation. 

 
 

 
Figure 2. Color field map of electron density for Calix [8]-Al3+ in the mixed solvent of methanol and water 

media. 

 

Self-assembling of monolayer is ordered molecular assemblies formed usually via the 

adsorption of the active surfactants on the solid surfaces. Especially, the self-assemblies of 

organosulfur adsorbate on the Au have attracted great attention in the recent decade(s). 

The high specificity of the S-Au interaction allows for the introduction of several functional 

groups into such monolayers without interfering with the adsorption mechanism. The numbers 

of surface-active organosulfur compound that form monolayers have been increased recently. 

Those include dialkyl sulfides [20, 21] and disulfides, mercaptans, thiophenols, and several 

mercapto-substituted compounds. Calixarenes potentially can accelerate reactions taking place 

inside the concavities through the combination of local concentrations effect and polar 

stabilizations of the transition state. Extended resorcinol [4] arene cavities and are founded to 
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accelerate the reaction rates of a Menshutkin reaction between quinuclidine and butyl-bromide. 

In hetero-Calixarenes the phenolic section is replaced through heterocycles, for example, via 

furans in calix[n]-furans and by pyridines in calix[n]-pyridines. Calixarenes have been used as 

the macrocycle portion of a Rotaxan, and two Calixarenes molecules covalently joined together 

by the lower rims form Carcerands.  Calixarenes also form exo-Calix ammonium salts with 

aliphatic amines such as piperidine. In so far as hydrogen bonding is concerned, dimeric 

capsules from Calix [4] arene (substituted at their wide rim by four (aryl) urea groups) have 

been extensively studied16 in solution17 and characterized by several single-crystal X-ray 

structures (Figure 3) [22].  

 

 
Figure 3. Relief map for Calix [4] in water media with dielectric=78.8. 

 

If such a tetraurea is decorated with suitable sulfur functions, the formation of SAMs 

on gold should be possible. In addition, the attachment to the gold surface may lead to the 

permanent inclusion of a guest molecule, similar to carcerands. Dialkyl sulfide groups were 

attached to Calix [4] arene, to resorcarenes, and resorcarene - derived cavitands in order to 

obtain the respective SAMs on gold.  

Based on some simulated works, in the wide range methods and basis sets in the field 

of Physical chemistry, Nanobiotechnology, quantum phenomenon, Nano capacitors, chemical 

biology, adsorption, and NMR shielding, we have run our works for yielding the best results 

in these areas.  

2. Materials and Methods 

 Part of the systems, including Calix (8) COOH, 1, 3-diquinone-calix [4]-arene, and 

some other functionalized Calixarenes, have been modeled with OM/MM methods based on 

our previous works[ 23-78]and the calculations are accomplished out with the Abinitio and 

MM methods. In this investigation, differences in force field are illustrated by comparing the 

calculated energy with CHARMM, AMBER, and OPLS force fields. Furthermore, Hyper-

Chem professional release 7.01 programs are used for additional calculations. For non-covalent 

interactions between metal particles and Calix (8) COOH, the B3LYP method is unable to 

describe van der Waals by medium-range interactions. Therefore, the ONIOM methods, 

including 3 levels of 1-high calculation (H), 2-medium calculation (M), and 3-low calculation 
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(L) have been performed in our study for calculating the non-bonded interactions between 

nanoparticles and Calix (8)COOH. The ab-initio and DFT methods are used for the model 

system of the ONIOM layers, and the semi-empirical methods of pm6 (including pseudo=lanl2) 

and Pm3MM are used for the medium and low layers, respectively. B3LYP and the most other 

popular and widely used functional are insufficient to illustrate the exchange and correlation 

energy for distant non-bonded medium-range systems correctly. Moreover, some recent studies 

have shown that inaccuracy for the medium-range exchange energies leads to large systematic 

errors in the prediction of molecular properties. Geometry optimizations and electronic 

structure calculations have been carried out using the m06 (DFT) functional. This approach is 

based on an iterative solution of the Kohn-Sham equation of the density functional theory in a 

plane-wave set with the projector-augmented wave pseudo-potentials. The Perdew-Burke-

Ernzerhof (PBE) exchange-correlation (XC) functional of the generalized gradient 

approximation (GGA) is also used. The optimizations of the lattice constants and the atomic 

coordinates are made by the minimization of the total energy (Figure 4).  

 
Figure 4. Electron density of Calix [6]-Ca in aqueous media. 

 

 
Figure 5. Density of state for Calix [4]-Ca2+. 

The charge transfer and electrostatic potential-derived charge were also calculated 

using the Merz-Kollman-Singh chelp or chelpG the charge calculation methods based on 

molecular electrostatic potential (MESP) fitting are not well-suited for treating larger systems 
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whereas some of the innermost atoms are located far away from the points at which the MESP 

is computed. In such a condition, variations of the innermost atomic charges will not head 

towards a significant change of the MESP outside of the molecule, meaning that the accurate 

values for the innermost atomic charges are not well-determined by MESP outside the 

molecule. The representative atomic charges for molecules should be computed as average 

values over several molecular conformations (Figure 5). 

A detailed overview of the effects of the basis set and the Hamiltonian on the charge 

distribution can be found in references. The charge density profiles in this study have been 

extracted from first-principles calculation through an averaging process, as described in the 

reference. The interaction energy for the system was calculated in all items according to the 

equation as follows:  ∆𝐸𝑆(𝑒𝑉) = {𝐸𝐶𝑜𝑚𝑝𝑙𝑒𝑥 − (∑ (𝑚𝑒𝑡𝑎𝑙 − 𝐶𝑎𝑙𝑖𝑥[𝑛]𝑛
𝑖=1 )} (1) Where the 

“∆𝐸𝑆” is the stability of energy. The electron density, electron spin density, electron 

localization function (ELF), total electrostatic potential (ESP), value of orbital wave-function, 

the electrostatic potential from nuclear atomic charges and localized orbital locator (LOL) 

which has been defined by Becke & Tsirelson, as well as the exchange-correlation density, 

correlation hole, and correlation factor, and the average local ionization energy using the 

Multifunctional Wave-function analyzer have also been calculated in this study. The contour 

line map was also drawn using the Multiwfn software [79]. The solid lines indicate positive 

regions, while the dash lines indicate negative regions. The contour line corresponding to VdW 

surface, which is defined by R. F. W. Bader, is plotted in this study. This is specifically useful 

to analyze the distribution of electrostatic potential on VdW surface.  

2.1. Theoretical background.  

2.1.1. Electron density.  

The electron density has been defined as 𝜌(𝑟) = 𝜂𝑖⃒𝜑𝑖(𝑟)⃒2 =

∑ 𝜂𝑖⃒𝑖 ∑ 𝐶𝑙,𝑖𝑙 𝜒𝑖(𝑟)⃒2(1). Where is basis function, 𝜂𝑖 is the occupation number of orbital (i), 𝜑 

is the orbital wave function, and C is a coefficient matrix. Atomic unit for electron density can 

be explicitly written as: ∇𝜌(𝑟)  = [(
𝜕𝜌(𝑟)

𝜕(𝑥)
)2+(

𝜕𝜌(𝑟)

𝜕(𝑦)
)2+(

𝜕𝜌(𝑟)

𝜕(𝑧)
)2]

1

2 (2) ∇2𝜌(𝑟) =
𝜕2𝜌(𝑟)

𝜕𝑥2  + 
𝜕2𝜌(𝑟)

𝜕𝑦2  + 

𝜕2𝜌(𝑟)

𝜕𝑧2 (3). 

Locally depleted and locally concentrated are the positive and negative values of these 

functions, respectively. The relationships between ∇2𝜌 and valence shell electron pair 

repulsion or VSEPR model, electron localization, chemical bond type, and chemical reactivity 

have been investigated by Bader. The kinetic energy density is not uniquely defined, since the 

expected value of kinetic energy operator < 𝜑⎹ − (
1

2
) ∇2⎸𝜑 > (4) can be recovered by 

integrating kinetic energy density from alternative definitions. One of the commonly used 

definition is:   𝑘(𝑟) = −
1

2
∑ 𝜂𝑖𝜑𝑖

∗
𝑖 (𝑟)∇2𝜑𝑖(𝑟) (5). Lagrangian kinetic energy density, “G(r)” 

is also known as positive definite kinetic energy density. 

𝐺(𝑟) =
1

2
∑ 𝜂𝑖⎹∇(𝜑𝑖𝑖 ⎸2 =

1

2
∑ 𝜂𝑖{𝑖 [(

𝜕𝜑𝑖(𝑟)

𝜕(𝑥)
)2+(

𝜕𝜑𝑖(𝑟)

𝜕(𝑦)
)2+(

𝜕𝜑𝑖(𝑟)

𝜕(𝑧)
)2]} (6). K(r) and G(r) are 

directly related by Laplacian of electron density 
1

4
∇2𝜌(𝑟) = 𝐺(𝑟) − 𝐾(𝑟) (7). Savin et al. have 

investigated the ELF in the viewpoint of kinetic energy, which makes ELF also meaningful for 

Kohn-Sham DFT wave-function or even post-HF wave-function. They indicated that D(r) 
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reveals the excess kinetic energy density caused by Pauli repulsion, while D0(r) can be 

considered as Thomas-Fermi kinetic energy density[79]. 

3. Results and Discussion 

This study mainly focuses on voltammetry recognition of some Cation by various 

Calix[n]arene such as Calix [4] arene Diquinone Diacidtheand Calix (8) COOH in a non-

bonded system the physical and chemical properties are shown in figures (1-5). As it is 

indicated in (tables 1-5), the electrical properties can be obtained from changes between Calix 

and cation interactions. Eta index and ECP Electron densities, energy densities, Potential 

energy densities, ELF, LOL, and Ellipticity of the various electron densities, for cation complex 

@ Calix arene were calculated of each simulation (Tables 1-7). The voltammetry study on a 

water-soluble Calix [n]arene and Calix [4] arene –diquinone - diacid (CDA) in the specific pH 

ranges and at the presence of cation provided important information about the unique 

electrochemical behavior of CDA-cation complex. Using CDA, Mg2+, K+, and Ca2+ ion in 

aqueous solution can be recognized quantitatively by voltammetry techniques. The 

electrochemical behavior of CDA is very similar to that of simple Quinone derivatives such as 

p-benzoquinone in the same conditions. The irreversible redox wave of free CDA is due to the 

proton-coupled electrochemical reduction. The largest electron localization is located on the 

interaction between Ca2+ and Calix [4], while for the Calix [8], the k+ has the largest ELF, so 

via this kind of study, it can be defined the specific Calix for each of the cations. The electron 

motion is more likely to be confined within that region. If electrons are completely localized 

in the Ca2+-Calix {4], they can be distinguished from the ones outside. As shown in tables 1-

8 the large ELF is close to the alkali atoms. The regions with large electron localization need 

to have large magnitudes of Fermi-hole integration, which would lead the nanoparticles 

towards superparamagnetic. The fermi hole is a six-dimension function, and as a result, it is 

difficult to be studied visually. Based on equations 12, 13, and 14, Becke and Edgecombe noted 

that the Fermi hole is a spherical average of the spin, which is in good agreement with our 

results.  

ELF [79] indicates that it is actually a relative localization and must be accounted for 

within the range of [0, 1]. A large ELF value corresponds to largely localized electrons, which 

indicate that a covalent bond, a lone pair, or inner shells of the atom is involved. According to 

equation 16, LOL can be interpreted similarly to ELF in terms of kinetic energy, though; LOL 

can also be interpreted in terms of localized orbitals. Small (large) LOL value usually appears 

in the boundary (inner) region of localized orbitals due to the large (small) gradient of orbital 

wave-function in this area. The value range of LOL is identical to ELF, namely [0, 1] [79].  

The total electrostatic potential (ESP) measures the electrostatic interaction between a 

unit point charges placed at r and the system of interest. A positive (negative) value implies 

that the current position is dominated by nuclear (electronic) charges. Molecular electrostatic 

potential (ESP) has been widely used for the prediction of nucleophilic and electrophilic sites 

for a long time. This result implies that the protonation of reduced Quinone is considerably 

inhibited when Ca2+ is bound to CDA. Generally, it is well known that the process of electron 

transfer to Quinone is coupled with proton transfer reaction in aqueous solution. It is also 

valuable in studying hydrogen bonds, halogen bonds, molecular recognition, and the 

intermolecular interaction of aromatics [79].  
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Table 2. All Electron Densities of Al (1) - Calix [8] COOH, Ca (1)-Calix [8] COOH, Mg (1)-Calix [8] COOH 

Al (2)-1, 3-diquinone-calix [4]-arene, Mg (2)-1, 3-diquinone-calix [4]-arene and Ca (2)-1, 3-diquinone-calix [4]-

arene. 

Cation Density of all-

electron(𝟏𝟎−𝟑) 

Density of alpha 

(𝟏𝟎−𝟑) 

Density of Beta 

(𝟏𝟎−𝟑) 

Spin Density 

Al(1) 0.18 0.09 0.09 0.0 

Al(2) 0.18 0.09 0.09 0.0 

Mg(1) 0.22 0.11 0.11 0.0 

Mg(2) 0.24 0.12 0.12 0.0 

Ca(1) 0.36 0.18 0.18 0.0 

Ca(2) 0.34 0.17 0.17 0.0 

Table 3. Some physical properties of Al (1) - Calix [8] COOH, Ca (1)-Calix [8] COOH, Mg (1)-Calix [8] 

COOH Al (2)-1, 3-diquinone-calix [4]-arene, Mg (2)-1, 3-diquinone-calix [4]-arene and Ca (2)-1, 3-diquinone-

calix [4]-arene. 

Cation Laplacian of electron 

density(𝟏𝟎−𝟏) 

Electron localization 

function (ELF) (𝟏𝟎−𝟑) 

Local information entropy 

(𝟏𝟎−𝟒) 

Al(1) -0.28 0.48 0.32 

Al(2) -0.34 0.33 0.31 

Mg(1) -0.36 0.25 0.35 

Mg(2) -0.32 0.31 0.30 

Ca(1) -0.36 0.44 0.32 

Ca(2) -0.32 0.21 0.40 

Table 4. Average local ionization energy, RDG and ESP of Al (1) - Calix [8] COOH, Ca (1)-Calix [8] COOH, 

Mg (1)-Calix [8] COOH Al (2)-1, 3-diquinone-calix [4]-arene, Mg (2)-1, 3-diquinone-calix [4]-arene and Ca 

(2)-1, 3-diquinone-calix [4]- 

Cation Reduced density gradient(RDG) 

(𝟏𝟎+𝟏) 

Average local 

ionization energy 

ESP from electron 

charge (𝟏𝟎𝟐) 

Lagrangian kinetic 

[G(r)]energy(𝟏𝟎−𝟑) 

Al(1) 0.38 0.31 -0.21 0.42 

Al(2) 0.30 0.33 -0.51 0.41 

Mg(1) 0.45 0.44 -0.14 0.24 

Mg(2) 0.15 0.41 -0.24 0.33 

Ca(1) 0.26 0.25 -0.26 0.12 

Ca(2) 0.22 0.12 -0.28 0.11 

Table 5. of Al (1) - Calix [8] COOH, Ca (1)-Calix [8] COOH, Mg (1)-Calix [8] COOH 

Al (2)-1, 3-diquinone-calix [4]-arene, Mg (2)-1, 3-diquinone-calix [4]-arene and Ca (2)-1, 3-diquinone-calix [4]- 

Atom(number) Density of all-

electron(𝟏𝟎−𝟑) 

Density of 

alpha 

(𝟏𝟎−𝟑) 

Density of 

Beta 

(𝟏𝟎−𝟑) 

Spin 

Density 

Wave function 

value 

𝟏𝟎−𝟒) 

Ellipticity of 

electron 

density 

Al(1) 0.21 0.25 0.16 0.44 0.49 0.13 

Al(2) 0.32 0.12 0.15 0.24 0.57 0.23 

Mg(1) 0.35 0.14 0.20 0.28 0.46 0.36 

Mg(2) 0.22 0.16 0.32 0.32 0.26 0.44 

Ca(1) 0.24 0.26 0.38 0.36 0.28 0.12 

Ca(2) 0.26 0.28 0.34 0.44 0.32 0.34 

4. Conclusions 

 In this work, theoretically, it has been discussed on the specific Calix[n] and related 

cation in point of density and electrical potential via electron densities & cycle-voltammetry 

studies. A positive (negative) value implies that the current position is dominated by nuclear 

(electronic) charges. Molecular electrostatic potential (ESP) has been widely used for the 

prediction of nucleophilic and electrophilic sites for a long time. This result implies that the 

protonation of reduced Quinone is considerably inhibited when Ca2+ is bound to CDA. 

Generally, it is well known that the process of electron transfer to Quinone is coupled with 

proton transfer reaction in aqueous solution. 
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