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ABSTRACT 

 

Calixarene has attract attention especially in drug delivery and drug sensor systems due to its peculiar 

properties, such as functional diversity of the upper and lower rims, hydrophobic cavity, chemical 

stability, zero toxicity, and controlled release profile. These properties make this supramolecule an ideal 

candidate for drug encapsulation and sensors. P-aminobenzoic acid (PABA) is a drug in sunscreen which 

is widely used as a ultraviolet (UV) filter and sunburn protector to protect against solar rays. The 

calix[n]arene (n=4,6,8) and the host-guest interaction of calix[n]-PABA were characterized using UV–

visible spectroscopy and the first-principles pseudopotential method, based on the density functional 

theory (DFT) and the plane-wave method as implemented into Quantum Espresso code. The DFT 

calculation is performed to find the estimated calix[n]arene and calix[n]arene-drug band gap. The band 

gap calculated using DFT has usually underestimated the insulating materials for about 30 – 50% of the 

experimental gap values, depending on the selected type of exchange-correlation chosen. The optical 

band gap value of calix[n]arene and calix[n]-PABA obtained from the UV-Visible absorption spectrum 

estimated using the Tauc plot are then compared with the band gap computed by DFT. The band gap 

narrowing shown by the complexes indicates that calix[n]arene and PABA reacted. Besides, 

calix[8]arene is the most promising host in this study since the calix[8]-PABA complex has the most 

significant binding energy. The band gaps and binding energy results will become a reference for future 

research in calixarene and calixarene-drug material.  
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1. INTRODUCTION  

 

 4-aminobenzoic acid or para-aminobenzoic acid (PABA) consists of carboxyl and amino 

groups opposite to one another in para-position with a formula of C7H7NO2 as shown in Figure 

1. PABA has multiple antiviral and antioxidant properties, making this substance an active 

substance in sunscreen for ultraviolet (UV) B irradiation protection (Ma & Yoo, 2021).  

 PABA is a pioneer patented sunscreen and is most widely used as a UV filter (Chan et 

al., 2020) to serve as a sunburn protectant (Guan et al., 2021; Shanuja et al., 2018) against UVB 

radiation. In addition, it also protects against the harmful effects of solar radiation, such as DNA 
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damage, skin aging, and even skin cancer (Han et al., 2020). Many methods have been 

established to synthesize and characterize nanosensors (Ayoubi-Chianeh & Kassaee, 2020). 

However, developing a susceptible nanosensor and maintaining a drug's structure intact is 

challenging (Ayoubi-Chianeh & Kassaee, 2020). 

 

 
 

Figure 1. Chemical Structure of 4-aminobenzoic acid 
   

 Currently, the development of sensor materials that provide specific and sensitive results 

for analyzing chemical compounds as guests in host inclusion complexes is actively carried out. 

In this view, calixarene-based nanosensors have been reported to display significant responses 

towards various guest molecules such as cation (Supian et al., 2022), anion (Edwards et al., 

2021), and neutral molecule (Fort & Scott, 2016) based on the optimized structural and 

geometrical factors (Panchal et al., 2020). Furthermore, calixarene can remarkably act as a 

receptor for trapping or encapsulating chemical entities (Gassoumi et al., 2019), forming host-

guest complexes, which continuously increases the interest as a significant host molecule in 

many fields of supramolecular chemistry (Fahmy et al., 2020), particularly in drug delivery and 

drug sensor systems (Yuksel et al., 2021).  

 

 

Figure 2. Structure of calix[4]arene (Español & Villamil, 2019) 

 

 Calixarene is an ideal host molecule for various therapeutic guest drugs due to its unique 

architecture macromolecule composed of an upper rim with a para-substituent phenolic ring, a 

lower rim with a phenolic hydroxyl group, and a hydrophobic π electron-rich core cavity 

(Figure 2). Furthermore, other promising properties of calixarene, such as chemical stability, 

hydrophobic cavity, zero toxicity, and controlled release profiles, have made this material fit as 

an adsorbent and sensor for drugs (Español & Villamil, 2019). In addition, the ability of 

calixarene as a drug carrier for cancer treatment has been proven several times (Liu et al., 2021; 

Wang et al., 2022; Xu et al., 2022). 

 To our knowledge, there are limited reports on the calixarene-based nanosensors for 

PABA drug detection. Herein, we investigate the band gap between calixarene, PABA, and 

calixarene-PABA host-guest inclusion. The calix[n]arene (n = 4,6,8) have been chosen as hosts 

in this study. Determination of the interaction between the calixarene-based nanosensor and the 

PABA drug guest was studied using ultraviolet visible spectroscopy (UV-Vis) and Density 

Functional Theory (DFT). Moreover, the binding energy of the complexes was also evaluated 

to determine the most optimal host for PABA drugs and to study the stability of the calix[n]-

PABA inclusion complex. 
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2. MATERIALS AND METHODS  

 

2.1. Materials 

  

 Three types of calixarene which is 25, 26, 27, 28- tetrahydroxycalix[4]arene (C4), 

Calix[6]arene-37,38,39,40,41,42-hexol (C6) and 49, 50, 51, 52, 53, 54, 55, 56-

octahydroxycalix[8]arene (C8) were used and purchased from Sigma-Aldrich. The PABA drug 

with the empirical formula of C7H7NO2 and molecular weight of 137.14 g/mol was purchased 

from Bendosen. 

 

2.2. Methodology 

 

2.2.1. Optical measurement 

 

 The spectral studies of all sample were carried out as follow: 0.2mg/mol concentration of 

calix[n]arene diluted with chloroform and PABA diluted with deionized water with the 

concentration of 50μl/ml according to the PABA standard solution concentration (Salvador et 

al., 2003). Host-guest complexes follow a 1:1 molar ratio (Fahmy et al., 2020). The optical 

properties of calixarene, PABA, and calix-PABA solution were studied using Agilent 8453 UV-

Visible spectroscopy with a wavelength ranging from 190 to 1100nm. The absorption 

coefficient, α of the sample solution, was determined using the approximate expression 1 

(Leontie et al., 2018): 

 

 α =
1

0.4343 l
 ln

Io

I
          (1) 

 

where l is the length of the cuvette, 1cm, and I0 and I are the intensity of the incident and 

emergent beams. The effect of reflection of photon energies, hν that is less than the optical band 

gap, is neglected (Leontie et al., 2018). 

 

2.2.2. Computational calculation 

 

 The theoretical calculations were performed using the first-principles pseudopotential 

method, based on the principle of the density functional theory (DFT) proposed by famous 

Hohenberg and Kohn (Hohenberg & Kohn, 1964; Kohn & Sham, 1965; Sham & Schlüter, 

1983) and the plane-wave method implemented in Quantum Espresso code (Giannozzi et al., 

2009). The exchange-correlation functional, which is the generalized-gradient-approximation 

(GGA) with the parametrizations of Perdew–Berke–Erzndof (PBE) (Perdew et al., 1996), is 

chosen to treat electron-electron interaction as the exchange-correlation functional for geometry 

optimization (Borlido et al., 2020; Lawal et al., 2017). The ultrasoft pseudopotentials (USPP) 

method in the form of Rappe Rabe Kaxiras Joannopoulos ultra-soft (rrkjus) was applied to treat 

the electron-ion core interactions (Rappe et al., 1990). Furthermore, the Born-Oppenheimer 

approximation is used to split the movement of nuclei and electrons to perform geometry 

optimization calculations (Schlegel, 2011) to determine cell dimensions and optimal atomic 

positions (lowest energy). The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm is chosen 

to solve the geometry optimization. In optimization calculation, the maximum atomic forces 

are lowered than the threshold of 1.0×10
-3

 Ry/Bohr. To calculate the self-consistent field (SCF), 

a set of (2×1×1) Monkhorst-Pack grids is used to sample the irreducible Brillouin zone to 

generate k-points. The electron wave functions and charge density are expanded using the 

plane-wave basis set with kinetic energy cutoffs of 25 Ry and 225 Ry, respectively. The SCF 
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convergence threshold is set to 1×10
-6

 Ry. The complexes' binding energy can be determined 

from SCF (Bagus et al., 2019). According to Neopane and Pantha (2019), the binding energy 

is the change of the system's ground state energy and the optimal position energy of the 

molecules in the system (Neopane & Pantha, 2019). Thus, the binding energy of the calix[n]-

PABA complexes was then obtained according to the following equation (Panchal et al., 2020): 

 

 ∆Ebind=EComplex - (Ehost+Eguest)        (2) 

 

The binding energy indicates the stability of the structure; the structure is proved to be more 

stable when the binding energy is more negative (Kandeel et al., 2021). Furthermore, the 

selectivity of the appropriate host to respect drug binding can be estimated (Athar et al., 2018). 

Figure 3 shows the host-guest structure obtained from DFT software. 

 

a 

 

b 

 

c 

  

Figure 3. The host-guest complexes (a) calix[4]-PABA, (b) calix[6]-PABA and (c) calix[8]-PABA 

3. RESULTS AND DISCUSSION  

 

3.1. Optical characterization 

 

 The optical band gap of a molecule is the energy of the lowest electronic transition 

accessible via absorption of a single photon (Bredas, 2014). Therefore, the energy band gap of 
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a molecule determined by absorption spectra is more appropriate (Leontie et al., 2018). The 

experimental value of the energy band gap is determined by the Tauc relation, where the energy-

dependent absorption coefficient α can be expressed as follow (Leontie et al., 2018); 

 

αhʋ =A(hʋ - Ego)
n
         (3) 

 

where n = 1/2 or 2 for optical direct or indirect allowed transitions, Ego is the optical band gap, 

and A is a constant. The value of n can be determined by plotting the (αhv)n versus energy, hv. 

The best fit graph for the extrapolation x-axis will reveal the correct transition type. In this 

work, n =2, indirect transitions band gap is used. Moreover, the optical band gap value is 

determined by extrapolating straight lines to αhν equal to 0. The optical absorption of molecules 

and complexes is shown in Figure 4. 
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Figure 4.The absorption spectra of present calix[n]arene and calix[n]-PABA 

 

Table 1 represents the optical band gap of all samples. The band gap value of calixarene 

is high, showing that it is highly insulating in electrical conductivity (Lim & Supian, 2020). 

However, the calixarene and PABA band gap value decrease when forming host-guest 

complexes, indicating an interaction between calixarene as a host sensing the PABA guest. This 

host-guest complex formation may change the charge distributions, the electronic structures, 

and the energy gaps of the pure molecules (Liu et al., 2020). Furthermore, the optical band gap 

of the host-guest complexes decreases as the phenolic units of calixarene increase. The 

reduction in band gap shows that the complex has low kinetic stability yet provides better 

electric conduction (Jang et al., 2018). 

 
Table 1. The optical band gap value of PABA, calix[n]arene and calix[n]-PABA 

Sample Optical band gap (eV) 

PABA 3.97 

Calix[4]arene 4.30 

Calix[4]-PABA 4.27 

Calix[6]arene 4.32 

Calix[6]-PABA 4.16 

Calix[8]arene 4.27 

Calix[8]-PABA 4.03 
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3.2. Computational studies  

 

 The energy band gap of the samples calculated using DFT is tabulated in Table 2. The 

band gap computed by DFT has the same trend as the Tauc plot estimation, where the band gap 

of calixarene and PABA decreases when forming host-guest inclusion. It confirms that the drug 

guest, PABA incorporation into calix[n]arene can induce the noticeable band gap narrowing 

consistent with the experimental result (Mingzhu et al., 2013). However, the band gap's 

theoretical value is lower than the experimental gap as the exchange-correlation potential 

treated with Perdew-Burke-Ernzerhof (PBE) underestimates the band gap of the insulating 

materials (García et al., 2017). The electronic gap from GGA typically underestimates 

experimental gap values for insulating materials by about 30– 50% (Kolos & Karlický, 2019). 

Hence, the actual value of the sample band gap should be greater than the calculated value. 

 
Table 2. The energy band gap value of PABA, calix[n]arene and calix[n]-PABA 

Molecule/ Complex Energy band gap (eV) 

PABA 3.27 

Calix[4]arene 3.69 

Calix[4]-PABA 2.81 

Calix[6]arene 3.86 

Calix[6]-PABA 2.64 

Calix[8]arene 2.38 

Calix[8]-PABA 1.37 
 

 

 The binding energy of all three host-guest complexes is shown in Table 3. The binding 

energy is calculated according to the 1:1 binding stoichiometric for calix[4]arene and 

calix[6]arene (Fahmy et al., 2020) and 1:2  for calix[8]arene to drug ratio (Moussa et al., 2018). 

For smaller calix[n]arene, n=4,6 can only accommodate one drug molecule in the cavity, 

whereas n>6 can hold two drug molecules within a single macrocycle (Moussa et al., 2018). 

The calix[8]-PABA inclusion has the highest binding energy, - 0.06189492 Ry, compared with 

the other two host-guest complexes; reveals PABA can generate optimal complexes with 

calix[8]arene (Kandeel et al., 2021). These findings prove that the calix[n] arene's core cavity 

size affects its binding capability, which agrees with work that was experimented on by Athar 

et al. in 2018 (Athar et al., 2018).  

 
Table 3. The binding energy of calix[n]-PABA 

Molecule/ Complex Binding Energy (Ry) 

Calix[4]arene-PABA -0.00744111 

Calix[6]arene-PABA -0.00697114 

Calix[8]arene-PABA -0.06189492 

 

4. CONCLUSION  

 

The band gap of the calix[n]arenes and PABA molecules and the calix[n]-PABA 

inclusion complexes were determined using the Tauc plot and computational method. Both 

studies significantly reduce the pure molecule's band gap when forming a host-guest inclusion. 

This phenomenon confirms an interaction between the calix[n]arene as host and PABA guest 

molecules. Moreover, the narrowing band gap trend proves that calix[n]arene can shift its 

properties from insulating to semiconductor organic material with suitable derivatives added at 

both rims. The binding energy findings reveal that the core cavity size of the calix[n]arene 

affects its binding ability. Since the calix[8]arene have the largest cavity compared to the other 

two hosts, it has the highest binding energy, which indicates that it is an excellent host for 

PABA drug guests in this experiment.  
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