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Abstract: This study examined the behaviors of Langmuir-Blodgett ultrathin calixarene films at the air-water interface. The Langmuir 

trough was used to estimate the surface pressure, surface potential, and effective dipole moment of two calixarenes, namely, 

calix[4]arene (THC4) and calix[8]arene (THC8). The band gap was determined using the density functional theory (DFT). The DFT simulation 

gave a band gap of 2.28 eV for THC4, confirming that THC4 was an insulator. The surface pressure isotherms of THC4 and THC8 yielded 

the expected molecular behavior from the gaseous to the solid phases. THC4 and THC8 showed a perpendicular and a parallel orientation 

in the air-water subphase, respectively. The ∆Vmax values of TCH4 and THC 8 were 205 mV and 141mV, respectively, and their µ+max 

values were 0.147 D and 0.088 D, respectively. 
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1. Introduction 
 

Nanomaterials are important inventions for many 

applications, such as nanosensors and drug delivery systems 

(Azahari et al., 2012; Lim et al., 2020). In particular, the 

contribution of host-guest nano-molecules, known as 

calixarenes, encompasses various sectors, including 

biosensors, healthcare, biomedical, and transport agents in 

biological systems Edwards et al., 2021; Kumar et al., 2019; 

Sanabria Español & Maldonado, 2019). Structurally, 

calixarenes consist of repeating phenol units linked via 

alkylidene groups with unique upper rims and basket-like 

lower rims (Shinkai, 1993). Calixarenes are electrical 

insulators, and reduced graphene oxide (rGO) enhances the 

electric conductivity of the non-conductive material (Lim et 

al., 2020; Al-Rubaye et al., 2017; Echabaane et al., 2013). 

 

The structure and properties of calix[4]arene derivatives 

and other related guest molecules were studied using the 

density-functional theory (DFT). These properties included 

the total interaction energy, electrochemical, and 

photophysical properties (Ortolan et al., 2018; Sharma et al., 

2020). However, studies on the density of state (DOS) and 

band gap of calix[4]arene are scarce, if not nonexistent. The 

band gap is the primary factor determining a material's 

properties and electrical conductivity (Loa et al., 2018; Wu et 

al., 2020). Elementary experimental studies of calixarene 

also are crucial to mimic their potential applications. Also, 

the surface pressure, surface potential, and effective dipole 

moment were studied using the Langmuir-Blodgett trough in 

this work (Azahari et al., 2012).   

 

In this study, the behavior of calix[4]arenes at the air-

water interface was investigated using a combination of the 

theoretical and experimental approaches. 

 
2.  Methodology 
 

2.1 The DFT Study of Calixarene 

 

This study investigated two calixarenes, i.e., 25, 26, 27, 

28-tetrahydrocalix[4]arene, and 49, 50, 51, 52, 53, 54, 55, 56-

octahydroxycalix[8]arene. They were abbreviated as THC4 

and THC8, respectively. For the theoretical study, quantum 

ESPRESSO (QE) was used to estimate the DOS and band gap 

of calixarenes based on their optimized structures (Liao et al., 

2021; Woods-Robinson et al., 2020). 

 

DOS was calculated according to the method of first-

principle pseudopotential implemented in the QE simulation 

with the plane-wave as a basis set (Giannozzi et al., 2009). 

Geometry optimization was performed using the generalized 

gradient approximation (GGA) in the form of Perdew–Berke–
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Erzndof (PBE) as an exchange-correlation function to treat 

the electron-electron interaction (Lawal et al., 2017; Yazyev 

et al., 2010). All electron-ion core interactions for C, H, and O 

atoms were treated using full relativistic norm-conserving 

pseudopotentials of the standard solid-state 

pseudopotential library (Dal Corso, 2014) Plane-wave basis 

sets with kinetic energy cutoffs of 25 Ry and 225 Ry were 

used for expanding the electron wave functions and charge 

density, respectively. K-points were generated by the 

irreducible Brillouin zone sampled with a set of (1, 1, 1) 

Monkhorst-Pack grid using the Gaussian smearing technique 

for calculating DOS. The geometry optimization was 

calculated using the Born-Oppenheimer approximation by 

determining the cell dimension and atomic positions. Within 

the adopted numerical approximations, the energy function 

was minimized using the intrinsic Broyden-Fletcher-

Goldfarb-Shanno (BFGS) algorithm until their maximum 

atomic forces were lower than the threshold of 1.0×〖10〗

^(-3) Ry/Bohr (Giannozzi et al., 2009). Figure 1 shows the 

interactive chemical structure for the model of calix[4]arene 

derived from the crystallographic information file (CIF) in QE.  

 

Figure 1. The interactive chemical structure for the 

model of calix[4]arene in three dimensions. 

 

The contribution of each atom in a structure was 

quantified based on the valence and conduction band peaks 

of a DOS curve (Hu & Shang, 2019). Also, the band structure 

was used to determine the contribution of atoms in the 

conduction and valence band (Shen et al., 2016). Besides, the 

structure properties, i.e., whether the structure was a 

conductor, semiconductor, or insulator, were determined 

(Kumar et al., 2016). 

 

2.2 Surface Pressure-Area (Π-A), Surface Potential-Area (∆V -

A), and Effective Dipole Moment-Area (µ+-A) Isotherms 

 

Experiments of this study were conducted in a 1K 

cleanroom at room temperature. Calixarenes of 0.2 mg/ml 

were formed and spread on an air-water subphase. A KSV 

NIMA 2002 System 2 Langmuir-Blodgett deposition trough 

attached with a KSV SPOT was used for the experiments. The 

∆V-A of the calix[n]arene monolayer was determined using 

the vibrating plate capacitor method with the KSV SPOT 

probe at a sensitivity of 1 mV. Deionized water with a 

resistivity of 18.2 MΩ.cm was gently put into the trough with 

the surface pressure monitored and stabilized at 25 °C.  

The monolayer was then compressed symmetrically with 

two hydrophilic barriers at 12 mm/min. At the onset of the 

compression, both Π-A and ∆V-A isotherms were performed 

simultaneously using the KSV. Extrapolating Π-A isotherm 

graph yielded the mean molecular area for THC4 and THC8. 

Therefore, their experimental radius was calculated using 

the formula for computing the area of a circle. 

The surface potential-area (ΔV-A) value of the calixarene 

monolayer was obtained simultaneously during the Π-A 

isotherm experiment. Further assessment of ΔV-A values 

was induced to the average effective dipole moment (µ+) by 

the Helmholtz equation (Azahari et al., 2012). 

 

3. Results and Discussions 
 

3.1 The DFT study 

 

The total DOS (TDOS) and partial DOS (PDOS) were 

calculated to elucidate the band characteristics of THC4 

(Radzwan et al., 2020). Figure 2 below shows each atom's 

TDOS and PDOS. The Fermi energy was -3.346 eV and located 

in the band gap, confirming that THC4 was an insulator (Jin 

et al., 2021; Khazaei et al., 2016).  The C atom gave the 

highest contribution in both valences (p) and conduction 

bands (x) compared to O (valence q; conduction bands y) and 

H (valence r; conduction bands z). The O atoms gave nearly 

the same contribution as the H atoms in the valence band 

while showing the lowest contribution in the conduction 

band. Overall, C atoms contributed to the band gap. This 

finding agreed with Gillespie and Martsinovich (2019) and 

Wu et al. (2021). The dominance of C atoms in DOS was due 

to its unique electron configuration (Wu et al., 2020). 

 

Figure 2. DOS versus the energy of carbon, oxygen, 

hydrogen, TDOS, and PDOS. 

 

The band gap is 2.28 eV (As in Table 1). However, the 

band structure based on the PBE exchange-correlation 

potential underestimated the band gap of insulating 

materials (Morales-García et al., 2017). With PBE treatment, 

the actual THC4 band gap should be higher than this 

computed value. Table 1 shows the bandgap values of 

calixarenes from other studies. These derivatives were 

widely used in different applications, such as the fabrication 

of organic light-emitting diodes, organic optoelectronic 
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devices, solar cells, photocatalysts, and thermistors (Leontie 

et al., 2018; Sharma et al., 2020; Wang et al., 2020). 

Meanwhile, the conductivity, the threshold of 3.0 eV was 

used to estimate the conductivity of THC4 (Wu et al., 2020).   

 

Table 1. Band gap values of several calix[4]arenes 

derivatives. 

Nanomaterials 
Band 

gap (eV) 
References 

25, 26, 27, 28-
tetrahydrocalix[4]arene (THC4) 
 

2.280 This study 

p-tert-butyl-calix[4]arene 3.581 
3.582 
3.583 
3.594 

(Sharma et 
al., 2020) 

tertbutylcalix[4]arene with 
propargyl bromide 

1.850 
2.640 
2.770 
3.650 
3.830 

(Leontie et 
al., 2018) 

Thiacalix[4]arene-Protected 
Titanium-oxo 

2.190 
2.240 

(Wang et al., 
2020) 

 

3.2 Studies of Π-A, ∆V-A, and µ+-A Isotherm for THC4 and 

THC8 

 

Figure 3 shows the Π-A isotherms of TCH4 and TCH8. As 

the volume of the solution increased, THC isotherms shifted 

gradually to the right-hand side (Figure 3a) while the THC8 

curves remained nearly the same. The intermolecular 

packing structures between these two calixarenes might 

have caused their different isothermic behaviors 

(Dhanabalan et al., 1999). 

 

 

 

 

Figure 3. Π-A isotherms: (a) THC4 and b) THC8. 

 

The calixarene molecules moved closer to each other 

when barriers were shifted to reduce the trough area, 

changing the surface pressure substantially. Besides, the 

isotherms of THC4 and THC8 showed the same smooth 

pattern of phase transition. The molecular transition from 

the gaseous to liquid, and later, solid phases, showed no 

flexure before achieving the highest possible surface 

pressure. Eventually, these phases overlapped into the 

three-dimensional structure and collapsed.   
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Table 2. The Π-A isotherms of the Langmuir monolayer for calixarenes. 

The Langmuir 
monolayer 

Mean molecular area (nm2) Radius (nm) 
Orientation at the air-water 

subphase 

THC4 0.135 0.207  
Parallel 0.134 0.207 

0.127 0.201 
0.139 0.210 
0.157 0.224 

THC8 0.251 0.283  
Perpendicular 0.237 0.275 

0.242 0.278 

0.232 0.272 

0.250 0.282 

Table 2 shows the experimental mean molecular area, 

radius, and the possible orientations of THC4 and THC8 ring 

against the water surface plane. The experimental mean 

molecular area of THC4 was smaller than THC8 by nearly half 

since THC4 comprised four phenolic units while THC8 was 

eight. Therefore, the optimal mean molecular area and 

radius for THC4 were 0.13 nm2 and 0.21 nm, respectively. 

The optimal mean molecular area and radius for THC8 were 

0.24 nm2 and 0.27 nm, respectively. 

Figure 4. (a) The Π-A isotherm and ∆V-A of THC4, (b) the µ+-A isotherm of THC4, (c) the Π-A isotherm and ∆V-A of THC8, and 

(d) the µ+-A isotherm of THC8. 

 

Figure 4 compares the Π-A, ∆V-A, and µ+-A isotherms 

THC4 THC8. ∆V values increased at 0.31 nm2 before Π 

increased at 0.25 nm2 (Figure 4a) with the ongoing 

compression because the molecules began rearranging 

themselves. Flexures occurred in the ∆V and µ+ when THC4 

changed from the gaseous to the liquid phase at 15 mN/m, 

coinciding with the sudden rapid increase in Π at 0.15 nm2. 

Another flexure occurred at 0.27 nm2 because the molecules 

aligned themselves, arranging in a uniform gaseous state. 

However, the µ+ started to decline from 0.27 nm2 onward 

when the molecular area decreased. 

Figures 4c and 4d show the Π-A, ∆V-A, and µ+-A 

isotherms of THC8. Similar to THC4, the ∆V values of THC8 

also showed the same increasing pattern. Specifically, the ∆V 

values of THC8 increased first at 0.57 nm2 before Π escalated 

at 0.40 nm2. An obvious flexure occurred in the ∆V-A curve 

at 0.50 nm2, indicating that the THC8 molecules changed into 

the better-arranged gaseous phase. A sudden change also 

happened in the µ+-A isotherm of THC8. When the THC8 

molecules transformed into the liquid phase, minor flexure 

occurred in the ∆V-A curve at 0.40 nm2. The µ+ of THC8 

remained nearly constant, starting from the point at 0.23 



 

67 
 

Regular Issue Malaysian Journal of Science 

DOI:https//doi.org/10.22452/mjs.vol41no3.9 

Malaysian Journal of Science 41(3): 63-68 (October 2022) 

nm2 to 0.5 nm2 when the THC8 molecules went through a 

substantially greater alignment before 0.5 nm2. Thus, after 

the 0.5 nm2, the molecules improved their alignment slightly 

with little changes in the µ+ throughout the entire 

compression (Supian, 2010). Thus, 30 mN/m was the 

selected surface pressure for depositing calixarene on the 

substrate because the three calixarenes existed in the solid 

phase. 

Table 3 shows the maximum ∆V (∆Vmax) of THC4 and 

THC8 based on the maximum µ+ (µ+max) on the isotherms. 

These data were the results of the arrangement, orientation, 

and interaction among the calixarene molecules. 

 

Table 3. The maximum ∆V (∆Vmax) of THC4 and THC8 

based on ∆V-A and µ+-A isotherms. 

Calixarenes Volume (µl) ∆Vmax (mV) µ+max (D) 

THC4 575 205 0.147 

THC8 550 141 0.088 

 

4. Conclusion  
 

This study investigated the behavior of Langmuir-

Blodgett ultrathin films at the air-water interface for two 

calixarenes, namely calix[4]arene and calix[8]arene. The DFT 

study estimated the band gap as 2.28 eV based on the DOS 

calculation. The Fermi energy in the band gap verified that 

the calixarene was an insulator. Π-A isotherms were formed. 

THC4 and THC8 showed a perpendicular and a parallel 

orientation in the air-water subphase, respectively. ∆Vmax 

values of TCH4 and THC8 were 205 mV and 141mV, 

respectively, and their µ+max values were 0.147 D and 0.088 

D, respectively. 
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