
 

 

 

                                                                                                      ZANCO Journal of Pure and Applied Sciences  

                                                                                                             The official scientific journal of Salahaddin University-Erbil   

                                                                         https://zancojournals.su.edu.krd/index.php/JPAS                    

                                                                                                                                                               

                                                                                                             ISSN (print ):2218-0230, ISSN (online): 2412-3986, DOI: http://dx.doi.org/10.21271/zjpas 

  RESEARCH PAPER 
 

Synthesis of liquid crystalline benzothiazole based derivatives: Theoretical 

and experimental study of their optical and electrical properties 
 

Shalaw K. Salih
1
, Rebaz M. Mustafa

1,2
, Dyari M. Mamad

3
, Kosrat N. Kaka

1*
, Rebaz A. 

Omer
1
, Wali M. Hamad

1
 

1
Department of Chemistry, Faculty of Science & Health, Koya University, Koya KOY45, Kurdistan Region 

– F.R. Iraq. 
2
Volumetric Apparatus and Instrumental Analysis, Modern Surveying Calibration & Testing Labs, Erbil, 

Kurdistan, Iraq. 
3
University of Raparin, College of Science, Department of Physics, Sulaymaniyah, Iraq 

 

 

A B S T R A C T: 
     This study describes the synthesis of 2,5-Bis(3,4-dialkoxy phenyl) Thiazolo[5,4-d} thiazoles (DAITn) (I) and its subsequent 

structural analysis. These compounds were prepared via reaction of dithio-oxarnidc with the freshly prepared 3,4-dialkoxy 

benzaldehyde in (DMF). The structure of DAITn (I) was found to have the 3 and 4 positions of the two benzene rings substituted 

with (OCnH2n+h n=2-5) which equaled to compound M2-M5. The primary methods used for theoretical calculations in this study 

are quantum mechanics/molecular dynamics simulations based on Density Functional Theory (DFT) and Monte Carlo. The 

Gaussian09W software's B3LYP hybrid feature and 6-311++G(d,p) basis set were employed in both the gas and aqueous phase 

for protonated and non-protonated species at the B3LYP level. Electronic structural identifiers were discovered from geometry-

optimized structures and correlations between EHOMO (higher occupied molecular orbital energy), ELUMO (lower unoccupied 

molecular orbital energy), (Eg) bandgap energy, (I) ionization energy, (χ) electronegativity, (∆N) electron transfer, and (∆E_(b-d)) 

back-donation energy were calculated. The Monte Carlo method was used to calculate the adsorption for all identified compounds 

in this study, and a Fe (110) crystal more stable surface was selected. UV-visible spectroscopy is measuring absorption 

coefficient, transmittance, and electrical conductivity, and uses a Tauc plot for bandgap energy of the highest absorption peaks. 

ADTTn molecules with a wide bandgap and a high optical conductivity. Thermodynamic parameters, molecular dynamics 

simulations, and adsorption energy have been examining inhibitor/surface interactions with greater binding energy leading to 

stronger interaction and larger negative adsorption energy value indicating a more stable interaction. A four-slab model featuring 

eighty iron atoms per layer, or one hundred- and ten-unit cells, was used, along with a spline transformation function and a cut-off 

distance of 1.85 nm for nonbonded interactions. Simulated heating was employed to progressively lower the temperature and 

search for a low-energy adsorption site. 
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1.INTRODUCTION : 

 

Several heterocyclic mesomorphic compounds 

have been synthesized, and their mesomorphic 

properties have been studied in recent years 

(Matharu and Chambers‐ Asman, 2007, Gallardo 

et al., 2001, Seed, 2007, Hamad et al.).  

 

 

 

 

This is not only due to the increased potential for 

novel mesogenic molecules provided by 

heterocyclics, but also because the incorporation 

of heteroatoms has a significant impact on the 

formation of mesomorphic phases. The presence 

of heteroatoms such as sulfur, oxygen, and 

nitrogen can significantly alter the polarity, 
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polarizability, and even the shape of a molecule, 

having an impact on the type of mesophase, the 

transition temperature, and the dielectric and other 

characteristics of the mesogen (Ong et al., 2018). 

Incorporating heterocyclic rings such as pyridine 

(Petrov et al., 1995, Vardar et al., 2021, Ong et al., 

2018), thiophene (Wu et al., 2000, Nafee et al., 

2020, Li et al., 2020), and 1,3,4-thiadiazole (Han 

et al., 2008, Parra et al., 2012, Sharma et al., 2019, 

Tomi et al., 2021) in liquid-crystalline materials 

has been extensively documented. 

It has been suggested from previous studies that 

increasing the molecular polarizability and 

clearing temperature of a given group of Schiff 

base esters by adding a lateral hydroxyl group at 

the ortho position increases their overall stability 

(Yeap et al., 2006, Teoh et al., 2022). This 

intramolecular hydrogen bond can also strengthen 

the overall stability of the molecule (Yeap* et al., 

2004); however, the lateral substituents may 

interfere with the liquid crystalline phases or even 

eliminate them (Ha et al., 2009). Thus, the present 

study aims to explore the effect of the lateral 

hydroxyl group on the mesomorphic 

characteristics of benzothiazoles. 

The DFT formalism is a standout amongst the 

various modeling approaches due to its ability to 

generate precise physicochemical properties at the 

microscopic level with a low cost of processing 

(Parlak et al., 2022). This quantum approach can 

be utilized to calculate frontier orbitals, 

nucleophilic and/or electrophilic sites, kinetics, 

and thermodynamic properties (Rebaz et al., 2022, 

Koparir et al., 2022). Additionally, DFT enables 

the optimization of organic molecules' geometry, 

IR spectra, and the creation of Frontier Molecular 

Orbitals (FMO) for electronic characterization and 

the calculation of quantum reactivity descriptors 

in order to understand the molecule's behavior as a 

nucleophile or electrophile (Omer et al., 2022c, 

Rebaz et al., 2022). 

Liquid crystals are thermodynamically stable 

states which have properties that are anisotropic 

without the presence of a three-dimensional 

crystalline lattice, and typically occur in 

temperatures between the anisotropic solid and 

isotropic liquid phases (Singh, 2000). Common 

features of liquid crystal materials include long-

axis rigidity, rod-like molecular structures and 

strong dipoles or readily polarizable substituents 

(Maurya and Awasthi, 2022). The liquid 

crystalline state is characterized by the alignment 

of molecules along a common axis, known as the 

director (Platschek, 2007). Nematic (N), smectic 

(S), and cholesteric (C) liquid crystal phases can 

be identified based on the degree of order in the 

material, depending on the mesophase structure 

(C). The nematic phase is distinguished in that the 

molecules can flow along an ordered axis in 

translation  (Bukowczan et al., 2021). 

This research aimed to assess the optoelectronic 

properties of organic compounds in terms of their 

efficiency. To do this, the structure of the 

molecules was calculated using B3LYP/cc-pVDZ 

and Monte Carlo. 

2.Experimental and methods  

The synthesis of 2,5-Bis(3,4-dialkoxy phenyl) 

Thiazolo[5,4-d} thiazoles (DAITn)(I) was 

completed using the technique published in work 

(Hamad et al. 2004). Subsequently, its molecular 

structure was verified through FT-IR, 
1
H-NMR, 

and 
13

C-NMR analysis, with the 3,4 positions of 

the two benzene rings substituted with 

(OCnH2n+h 0=2-5) see Figure 1.

 

 

Figure 1: Molecular structure of 2,5-Bis( 4- alkyl phenyl) thiazolo [5,4-d] 
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3.Theoretical study  

The principal theoretical calculation 

methodologies used quantum 

mechanics/molecular dynamics simulations based 

on DFT and Monte Carlo. Based on the frontier 

molecular orbital (FMO) theory, when 

investigating the chelation procedure of 

chemisorption, The HOMO and LUMO must be 

considered because the interaction between the 

HOMO and/or LUMO utilized to evaluate the 

chemical reactivity properties of the majority of 

chemical reactions. The most common molecular 

classifications for DFT-based approximation in 

this study at 6-311++G(d,p) basis set in both gas 

and aqueous phase for protonated and non-

protonated species at B3LYP level are used 

(Mamand and Qadr, 2021, MAMAND, 2019, 

OMER et al., 2022b). Additionally, the hybrid 

feature B3LYP in the Gaussian09W software is 

appropriate for the number of terminals and 6-31G 

++ (d, p) as the basis set. Electronic structural 

identifiers were discovered from geometry-

optimized structures, and the correlation between 

EHOMO (higher occupied molecular orbital energy), 

ELUMO (lower unoccupied molecular orbital 

energy), (Eg) bandgap energy, (I) ionization 

energy, ( ) electronegativity, (  ) electron 

transfer, (     ) back-donation energy was 
calculated. In order to calculate the adsorption for 

all the identified compounds in this study the 

Monte Carlo method was used (Christoffersen et 

al., 2002, Guo et al., 2015, Omer et al., 2022a). 

The Fe (110) crystal surface was selected for this 

simulation because it is the most stable surface 

described in the literature. In order to mimic the 

Fe (110) surface, a four-slab model was employed 

(Erdoğan et al., 2017, Parlak et al., 2022). This 

model featured eighty iron atoms per layer, or one 

hundred- and ten-unit cells. Using a spline 

transformation function and a cut-off distance of 

1.85 nm for nonbonded interactions (total energy, 

average total energy, van der Waals, electrostatic 

interactions, and intramolecular energy). A low-

energy adsorption site determined through a 

Monte Carlo search of the substrate-adsorbed 

system's structure space while progressively 

lowering the temperature (simulated heating).

 

         (1) 

         (2) 
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(6) 

I = Ionization energy, A = electronic affinity  

4.Results and Discussions  

4.1UV-visible spectroscopy  

In chemical engineering, UV-visible spectroscopy 

is commonly employed to quantify analytes such 

as transition metal ions, strongly conjugated 

chemical substances, and biological 

macromolecules (Achar and Lokesh, 2004, Ou et 

al., 2006, Todoran et al., 2018). The UV-visible 

spectrum is used to determine the size and 

concentration of nanoparticles. Through the use of 

a UV spectrum, we can obtain some important 

physical parameters, one of which is the bandgap 

energy and refractive index, which are two 

important parameters in the field of 

optoelectronics (Aydin et al., 2019). All of the 

compound derivatives produced and described are 

quite colorful. The UV-Visible absorption spectra 

were obtained to determine how much visible and 

ultraviolet light these dyes can absorb. The 

absorption spectra in N, N-dimethylformamide 

solvent are shown in Figure 2, displayed as a 

function of their molar extinction coefficients. The 

absorption spectra demonstrate that all of the dyes 

can absorb light in the region of 200-430 nm. The 

maximum wavelength is 430 nm for compound 4 

(M5). The maximum wavelength for all 
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compounds (M2-M5) was remarkably comparable 

due to the minor distinctions in their molecular 

structures.

 

 
Figure 2. UV-visible spectrum of selected compounds 

 

4.2Optical properties  

Absorption is another phenomenon that may occur 

when light travels through an optical window. The 

degree of light absorption on the inside and 

outside of a material is the same (Akl, 2004). The 

absorption coefficient may be calculated using the 

extinction coefficient (Al-Kuhaili et al., 2012). 

The absorption coefficient of materials may be 

calculated using the Maxwell and wave equations 

(Orek et al., 2017). 

  
   

 
 

(7) 

Where k denotes the extinction coefficient,   

absorption coefficient and λ is the wavelength. 

These coefficients influence energy losses 

(Shahbazi et al., 2019, Bohren and Huffman, 

2008, Shan et al., 2018). The absorption of 

electromagnetic radiation by materials may be 

explained by two primary processes. (1) electrical 

transitions: electrons are stimulated from the 

valence band into unfilled energy levels in the 

conduction band or from the HOMO highest 

occupied molecular orbital to the LUMO lowest 

unoccupied molecule orbital. (2) Absorption: from 

the oscillating electric field and light, rotating 

vibrating and stimulating vibrational modes in the 

dielectric, the proportion of light transmitted may  

 

be calculated using the following equation for a 

single-phase (Shan et al., 2018). 

  
 

  
           

(8) 

 

Intensity (I) of the transmitted radiation 

through a thickness (x) 

I0 = Intensity of incoming radiation. 

a = Absorption coefficient of the material. 
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(A) 

(B) 

 
(C) (D) 

Figure 3. (A) Transmittance variation, (B) Absorption coefficient and (C) Extinction coefficient 

variation with energy gap, (D) Reflectivity with Angular frequency (rad s
−1

). 

 

The transmittance is a valuable characteristic that 

has a relationship with the refractive index of the 

materials; the importance of transmittance 

estimation approaches provides detailed 

information on the refractive index of the sample 

(Toft and Kvalheim, 1993). Several molecule 

parameters, such as concentration of the host 

medium, particle color, shape, impurities, sample 

thickness, and wavelength of light when 

impacting the molecule, have a strong link with 

light transmittance through the compounds. The 

highest absorption point had the lowest 

transmitted light as shown in Figure 3A. At 

wavelength 381 nm, which is equal to 3.254 eV, 

Materials with such high light transmission have 

low electrical conductivity. However, a material 

with high conductivity has a high reflectivity. It is 

feasible for a material's plasma frequency to be 

just below the visible frequency, allowing the 

material to be a strong electrical conductor while 

being transparent at the visible frequency. Due to  

 

 

the strong relationship between electrical and 

optical qualities. For this purpose, we can notice 

in Figure 3D that these materials express the 

plasma frequency (  ) in the range of 2.62 PHz. 

This range corresponds to maximum absorption in 

the UV-spectrum. The reflectivity of these 

materials has increased significantly from 2.62, 

which increases the electrical conductivity. After 

this range, the reflectivity reached 0.61, as shown 

in Figure 3D. The critical connections between the 

absorption coefficient, Eg of semiconductor 

material, and light absorption by semiconductor 

material may be expressed in terms of the 

absorption coefficient ( ) on photon energy (h). 
The following equation can be used to compute 

the prohibited bandwidth of optical transitions and 

the optical band-gap of semiconductors.  
     m

 =         
m (9) 

Eg is the energy of the optical band gap, n is the 

power factor of the transition mode, absorption 

coefficient ( ) and (hυ). photon energy The value 

of m varies depending on the type of transition; 

for forbidden indirect transformations, m is 

equal to 3, for permitting indirect transitions, m is 

equal to 3/2 for allowed direct transitions, and m 
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is equal to 1/2 for allowing a direct transfer (Orek 

et al., 2017). The Tauc plot is a useful tool for 

determining the band-gap energy associated with 

the highest absorption of light peaks. We 

calculated the allowed indirect conversion 

bandgap energies for all given molecules, which 

are shown in Figure 4 together with the value of 

the band gap. 

 

 

 
Figure 4. Tauc plot of selected compounds in this study 

 

 

4.3Refractive index  

Semiconductor materials have been highly sought 

out by optical designers for many years because of 

their usefulness in the production of electronic 

components, optoelectronic components, and 

photonic modulators that work in the Mid-infrared 

(2-5 m) range. Examples of these components are 

photodetectors (PDs), heterogeneous lasers, and 

light-emitting diodes (LEDs) (Tripathy, 2015). 

The refractive index and bandgap energy are two 

significant features of semiconductor materials, 

and these two qualities may be determined by 

their fundamental properties. The refractive index 

is correlated to material structure and is an 

indicator of transparency to incoming photons 

(Orek et al., 2017). Energy gap is determined by a 

semiconductor's photon absorption threshold. 

Refractive index can be calculated using equation 

below. Figure 5 shows that as bandgap energy 

increases, refractive index decreases. M4 

molecule's refractive index in N, N-

dimethylformamide solvent has maximum value 

at lowest Eg after 2.95 eV reduced up to 3.6 eV 

and evaluated M4 solvent line of refractive index.

 

  {[
  

      
]

 
 
 

   

   
} (10) 

Several relationships, such as Ravindra, Moss, Kumar and Singh, Herve and Vandame, may be used to 

calculate the refractive index of a semiconductor material (Epstein et al., 2009, Turan et al., 2012). These 

relationships are dependent on bandgap energy and are often used to calculate the n of semiconductors 

(Ravindra et al., 2007).  

Moss relationship  
           

Reddy relation  
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Kumar and Singh relation: 
     

  

 
Where K and C are constants and K is 3.3668 and C is −0.32234.  

Herve-Vandamme relationship: 

     (
 

    
)

 

 

Ravindra relationship:  
               

 

 

  

  

Figure 5. Refractive index with bandgap energy for M2-M5 compounds 

 

In general, what is yellow in color expresses the 

shape of the refractive index for all materials. The 

highest range of this light refraction and band gap 

for each material respectively (3.24, 0.117), (3.26, 

0.118), (2.95, 0.143), (3.07, 0.37).  The dispersion 

parameter should be considered while examining 

the physical features of materials such as light 

bending and how light bends at each given 

wavelength. Designers create optical pigments 

from materials, and scattering area is a significant 

attribute (Mamand and Qadr, 2021). The 

scattering area is determined by the material's 

refractive index and can shift as the angular 

frequency rises, increasing the scattering 

area(Mamand et al., 2022). Dispersion is the 

variation in frequency caused by the refractive 

index. The normal dispersion regions of these 

materials used in this study are approximately 

identical in terms of frequency but with different 

reflectivity, as shown in Figure 6. 
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Figure 6. Normal dispersion region calculation and plot the angular frequency against 

refractive index of ADT molecule. 

 

4.4Optical and electrical conductivity  

The electrical and optical conductivity based on 

the following factors is two significant  

 

 

 

 

characteristics to depend on electrical and optical 

behaviors (Yoshino et al., 2008).

 

     
   

  
 

(11) 

     
      

 
 

(12) 

Regarding the electronic structure of materials, the 

electrical conductivity of materials and 

semiconductor optical conductivity is the 

differences in conductivity generated by 

irradiation, either a decrease or an increase. Drude 

model defined physical electrical conductivity, 

and the band theory is important in defining the 

idea of conductivity. When the valence and 

conduction bands intersect, the conduction band 

gains additional free electrons (Xie et al., 2018, Yang 

et al., 2013). The resistivity of the semiconductor 

material is described by the scattering 

phenomenon, and the electrons that are excited 

from the valence band to the conduction band are 

essential for conduction. In this mechanism, the 

dielectric constant of a material is connected to the 

ability of light to transport through the substance. 

The relaxation time and plasma frequency are 

crucial in optical propagation. 
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Figure 7. optical and electrical conductivity variation with a bandgap energy 

   

 

The high conductivity may be optimized when 

photons have these peak energy levels. In this 

respect, band gap energy can be highly 

advantageous in terms of electrical transmission 

since the M4 molecule has a wide bandgap and 

rising optical conductance at 3 eV to 3.6 eV, 

which is particularly useful for the construction of 

materials operating at high temperatures and 

voltage, such as solar cells. The dielectric constant 

is an important quantity in the study of material 

conduction characteristics. The use of the film for 

photovoltaic applications is determined by the 

electrical characteristics of the materials, which 

are critical in deciding the application (Rayssi et 

al., 2018). The real component of the dielectric 

constant indicates the speed of light that can 

restrict the compound. The imaginary component 

of the dielectric constant depicts the absorption of 

light energy by an electric field owing to dipole 

motion. The process variables    and     indicate 

the real component of the dielectric constant and 

the imaginary part (dielectric loss). The complex 

dielectric constant may be calculated using the 

following formula (Sassi et al., 2017): 

 

           (13) 

 

Material dielectric spectroscopy is critical due to 

being linked to many factors, such as grain with 

grain boundary and insights into the structure of 

compounds, transportation properties, and charge 

storage capacities of dielectric materials. Potential 

barrier gene rates in thin films or materials at 

grain boundaries produce a rise in dielectric 

constant with increasing frequency and 
are connected to the availability of space charge 

polarization (Xie et al., 2018, Yang et al., 2013). The 

difference between these materials is large in 

terms of dielectric constant, with the former 

having the highest amount in both the real and 

imaginary parts, shown in Figure 8.  

 

  
Figure 8. (A) real part of dielectric constant and frequency, (B) Imaginary part of dielectric 

constant with band energy. 
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5.Electronic structure  

The density functional theory (DFT) has a large 

range of user research methods for predicting the 

chemical interactions of clusters, solids, and 

molecules. DFT has grown in popularity over the 

last several decades. Gaussian software was used 

for all estimations in this investigation. The hybrid 

exchange-correlation functional (B3LYP) was 

used to optimize the geometry of the title 

molecule using DFT and Becke's three parameters 

(MAMAND, 2019, Qadr and MAMAND). This 

work made use of the 6-311++ G (d,p) basis set. 

This basis set yields more precise outcomes when 

determining geometries and electrochemical 

properties for a broad range of organic molecules. 

Calculations have been conducted in the gas and 

aqueous phases to make a comparison of chemical 

reactivity and intermolecular forces. Because 

electrochemistry occurs in the aqueous phase, the 

effect of solvent should be considered in the 

calculations. To study solvent calculations, the 

self-consistent reaction field technique (SCRF) 

predicated on the polarizable continuum model 

(PCM) has been used (Qadr and Mamand, 2021). 

This method models water solvent as the 

continuum dielectric constant of 78.5 and 

characterizes the soft-sphere cavity in which the 

organic solvent is positioned as a confederation of 

a series of mutually reinforcing atomic spheres. 

Numerous kinds of investigations based on the 

PCM model and the accuracy and dependability of 

the PCM method for solvent impact analysis have 

been taken into account for investigations (Cammi 

and Mennucci, 1999). The electronic structure 

parameters which determined the HOMO, LUMO,  

Ionization energy, Electron Affinity, Energy gap, 

Hardness, Softness, Electronegativity, Chemical 

potential, Electrophilicity, Nucleophilicity, Back-

donation, Electron transfer, Dipole moment, and 

Total energy T.E for all compound (M2-M5)  was 

show in Table 1-4. The compounds with Higher 

EHOMO and lower energy bandgap it is more 

reactive.  

 

Table 1. Quantum chemical parameters of Structure M2 

Quantum chemical 

parameters 

Gas phase Aqueous phase 

Non-protonated Protonated Non-protonated Protonated 

HOMO (eV) -6.118 -8.448 -5.778 -5.671 

LUMO (eV) -1.623 -4.155 -1.604 -1.598 

Ionization energy (eV) 6.118 8.448 5.778 5.671 

Electron Affinity (eV) 1.623 4.155 1.604 1.598 

Energy gap (eV) 4.495 4.293 4.174 4.073 

Hardness (eV) 2.2475 2.1465 2.087 2.0365 

Softness (eV)-1 0.222 0.233 0.240 0.246 

Electronegativity (eV) 3.8705 6.3015 3.691 3.6345 

Chemical potential (eV) -3.8705 -6.3015 -3.691 -3.6345 

Electrophilicity (eV) 3.333 9.250 3.264 3.243 

Nucleophilicity (eV)-1 0.300 0.108 0.306 0.308 

Back-donation (eV) -0.562 -0.537 -0.522 -0.509 

Electron transfer 1.722 2.936 1.769 1.785 

Dipole moment 3.073 3.359 4.579 21.081 

Total energy T.E (a.u) -2138.518 -2137.936 -2138.556 -2138.022 
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Table 2. Quantum chemical parameters of Structure M3. 

Quantum chemical 

parameters 

Gas phase Aqueous phase 

Non-

protonated 
Protonated 

Non-

protonated 
Protonated 

HOMO (eV) -5.686 -8.383 -5.834 -5.642 

LUMO (eV) -1.481 -4.085 -1.573 -1.617 

Ionization energy (eV) 5.686 8.383 5.834 5.642 

Electron Affinity (eV) 1.481 4.085 1.573 1.617 

Energy gap (eV) 4.205 4.298 4.261 4.025 

Hardness (eV) 2.1025 2.149 2.1305 2.0125 

Softness (eV)-1 0.238 0.233 0.235 0.248 

Electronegativity (eV) 3.5835 6.234 3.7035 3.6295 

Chemical potential (eV) -3.5835 -6.234 -3.7035 -3.6295 

Electrophilicity (eV) 3.054 9.042 3.219 3.273 

Nucleophilicity (eV)-1 0.327 0.111 0.311 0.306 

Back-donation (eV) -0.526 -0.537 -0.533 -0.503 

Electron transfer 1.704 2.901 1.738 1.803 

Dipole moment 3.820 4.251 4.584 18.238 

Total energy T.E (Hartree) -2295.449 -2295.209 -2295.449 -2295.288 

 

Table 3. Quantum chemical parameters of Structure M4 

Quantum chemical 

parameters 

Gas phase Aqueous phase 

Non-protonated Protonated Non-protonated Protonated 

HOMO (eV) -5.678 -8.342 -5.997 -6.249 

LUMO (eV) -1.504 -4.048 -1.686 -1.866 

Ionization energy (eV) 5.678 8.342 5.997 6.249 

Electron Affinity (eV) 1.504 4.048 1.686 1.866 

Energy gap (eV) 4.174 4.294 4.311 4.383 

Hardness (eV) 2.087 2.147 2.1555 2.1915 

Softness (eV)-1 0.240 0.233 0.232 0.228 

Electronegativity (eV) 3.591 6.195 3.8415 4.0575 

Chemical potential (eV) -3.591 -6.195 -3.8415 -4.0575 

Electrophilicity (eV) 3.089 8.938 3.423 3.756 

Nucleophilicity (eV)-1 0.324 0.112 0.292 0.266 

Back-donation (eV) -0.522 -0.537 -0.539 -0.548 

Electron transfer 1.721 2.885 1.782 1.851 

Dipole moment (Debye) 3.696 4.189 4.644 20.332 

Total energy T.E (Hartree) -2452.653 -2452.413 -2452.667 -2452.467 
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Table 4. Quantum chemical parameters of Structure M5. 

Quantum chemical 

parameters 

Gas phase Aqueous phase 

Non-protonated Protonated Non-protonated Protonated 

HOMO (eV) -5.684 -8.454 -5.934 -6.411 

LUMO (eV) -1.483 -4.241 -1.637 -1.923 

Ionization energy (eV) 5.684 8.454 5.934 6.411 

Electron Affinity (eV) 1.483 4.241 1.637 1.923 

Energy gap (eV) 4.201 4.213 4.297 4.488 

Hardness (eV) 2.1005 2.1065 2.1485 2.244 

Softness (eV)-1 0.238 0.237 0.233 0.223 

Electronegativity (eV) 3.5835 6.3475 3.7855 4.167 

Chemical potential (eV) -3.5835 -6.3475 -3.7855 -4.167 

Electrophilicity (eV) 3.057 9.563 3.335 3.869 

Nucleophilicity (eV)-1 0.327 0.105 0.300 0.258 

Back-donation (eV) -0.525 -0.527 -0.537 -0.561 

Electron transfer 1.706 3.013 1.762 1.857 

Dipole moment 3.938 4.173 4.015 11.774 

Total energy T.E (Hartree) -2609.981 -2609.110 -2609.981 -2609.197 

 

 

EHOMO is associated with a molecule's capability 

to donate electrons. Multiple studies have shown 

that inhibitors with high EHOMO values are inclined 

to donate electrons to a suitable acceptor with a 

low empty molecular orbital energy (Erdoğan et 

al., 2017). The capacity of compounds to accept 

electrons is determined by ELUMO. A higher ELUMO 

result represents that the compound is less likely 

to accept electrons. For example, the compounds 

can accept an electron from the d orbital but also 

donate an electron from the d orbital to the 

unoccupied d orbital of the metal surface, leading 

to the development of a response bond.  See 

Figure 9 Ranking of EHOMO and ELUMO of 

selected molecules basis on DFT calculation in 

protonated and non-protonated species at gas and 

aqueous phase.

 
 

Figure 9. Ranking of EHOMO and ELUMO of selected molecules basis on DFT calculation in protonated and 

non-protonated species at gas and aqueous phase. 

In non-protonated species, the M2 molecule has 

the highest value of EHOMO in the aqueous phase, 

but in non-protonated gas, the M3 molecule has 

the highest value of EHOMO, as shown in Figure 9, 
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this shows that it can donate electrons. In contrast, 

in the protonated aqueous phase, the highest 

values were observed for all molecules, with the 

first compound having the highest in terms of 

ELUMO, in which case all molecules have 

specifically much higher electron uptake capacity. 

The compounds used in this study vary in 

quantum chemical properties according to 

different phases and states. The bandgap energy of 

the compounds determined the degree of 

reactivity, and a wide bandgap corresponds to the 

unreactive compounds (Mamand and Qadr, 2022). 

Due to the effect of small and high bandgaps on 

compound reactivity, the energy gap is a crucial 

characteristic as a measure of the inhibitor 

molecule's reactivity towards adsorption on the 

material surface (Chattaraj and Roy, 2007). 

 

 
Figure 10. Energy gap order of all compounds in gas and aqueous phase at protonated and 

non-protonated species. 

 The M3 and M2 molecules in the gas phase at 

protonated species in the aqueous phase have the 

smallest bandgap energy, while the M5 compound 

in the protonated aqueous phase, the M2 

compound in the non-protonated gas phase, and 

the M4 compound non-protonated aqueous phase 

have the highest bandgap energy, as shown in 

Figure 10.  The physical and chemical properties 

of drugs in the aqueous phase are very sensitive 

because water negatively affects the physical and 

chemical stability of a drug substance. In this 

study, in water phase calculated the 

physicochemical properties because water plays 

an important role, no matter where it is present, in 

the active ingredient, excipients, or the 

atmosphere. Water can affect many chemical 

behaviors of drugs such as may lead to phase 

shifts, dissolution of soluble components, and 

increased interactions between drugs and 

excipients. 

To make sure the findings of the computation are 

correct, the hardness and softness of the molecule 

must be calculated. The hardness characteristic 

associated with the electron clouds of molecules, 

atoms, and ions primarily reflects the resistance to 

deformation or polarization of the electron cloud 

of the atoms, ions, or molecules during minor 

chemical process disruption (Obot and Obi-

Egbedi, 2010). The compounds with the highest 

global softness and lowest hardness are likely to 

be powerful corrosion inhibitors for bulk materials 

in acidic environments. If the molecule has a 

reduced hardness and a higher smoothness, it 

suggests that the inhibitor is adsorbing on a metal 

surface in a portion of the compound (Qiang et al., 

2017). In this study, the sequence of the softness 

of compounds is shown in Table 5. Softness may 

be used to characterize and quantify the chemical 

response of pharmacological molecules. The 

highest site of the compound has a high rate of 

reaction, and the reaction happens relatively 

readily in the region of the molecule with the 

highest softness. The number of electrons 

transported to the molecules beneath the probe 

was determined using DFT for each protonated 

and non-protonated state in the gas phase and 

aqueous phase, as shown in Tables 1-4. If 

      , the inhibitory efficiency rose as the 
metal surface's electron-donating capacity grew 

(De Proft and Geerlings, 2001). The highest 

values were observed in the unprotonated gas and 

protonated aqueous phase, suggesting that in these 

two cases, the ability to donate electrons is high, 

and in other cases, the molecules have a higher 

tendency to give electrons (Lukovits et al., 2001). 
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Table 5. the Ranking of the softness of selected molecules 

Non-protonated Gas Phase Protonated Gas Phase 
Non-protonated 

Aqueous Phase 

Protonated Aqueous 

Phase 

1>4>2>3 1>2>3>4 3>4>2>1 4>3>2>1 

6.Electrostatic potential map  

To explore the deep electron structure, (Leboeuf et al., 1997). (Ramalingam et al., 2011). .  

 

 

 

 

MEP M2  Structure M2 

 

 

MEP M3  Structure M3 

  

MEP M4  Structure M4 

 
 

MEP M5  Structure M5 

Figure 11. MEP and Optimized structure for all structures 
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7.Thermodynamic parameters  

The important thermodynamic parameters, such as 

enthalpy (H), entropy (S), free energy (G), and 

heat capacity (Cv), were calculated for the title 

compounds when they were using DFT with the 

6-311++G (d, p) basis set in the gas phase at 

temperatures between 100 and 1000 Kelvin. These 

results are presented in Figure 12. The thermal 

parameters were calculated using gaussian 

software. In addition, the thermodynamical 

parameters are used to describe the state as well as 

direction of a chemical reaction. Furthermore, 

these parameters also examine the spontaneity of a 

reaction, its energy profile, that is, either 

endothermic or exothermic, and describe 

temperature effects on different thermodynamic 

properties. It was observed that entropy, heat 

capacity, and enthalpy increase as temperature 

rises (Akinbulumo et al., 2020, Al-Doori and 

Shihab, 2014).  Whereas, free energy decreases 

with increasing temperatures. .

 

 
 

  

Figure 12. Thermodynamic  
 

8.Molecular dynamic simulation  

[36] are a useful and modern tool for exploring 

how inhibitors interact with metal surfaces, and 

can be implemented to do so. Molecular dynamics 

simulation investigations have been carried out to 

establish the binding energies of these molecules 

on the iron surface and if there is a significant 

association between experimental inhibition 

performances and binding energies for the  

 

molecules included in this work.   Table 6 shows 

the calculated energies for total adsorption, stiff 

adsorption, and deformation and shows that 

extraordinarily high binding energies were 

calculated for interactions between inhibitors and 

metallic alloys (Erdoğan et al., 2017, Ghanbari et 

al., 2010, Raicheva et al., 1993).. It is critical to 

note that greater binding energy leads in a stronger 

inhibitor/surface interaction. Chemisorption has 

substantially greater adsorption energy than 

physical adsorption. As a result, such a link will 
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last longer at greater temperatures. Energy is 

reported to be released during the adsorption 

process by solubilized adsorption components 

deposited on the substrate see Figure 13. 

Adsorption energy is created by increasing the 

solid's adsorption energy and deforming the 

adsorption structure. A larger negative adsorption 

energy value indicates a stronger and more stable 

interaction between a metal and the molecule. 

 

 

 

 

Table 6. The outputs and descriptors calculated by the Monte Carlo simulation for adsorption of selected 

inhibitors on Fe (110) (in kcal mol
−1

) and experimental inhibition efficiency. 

Compounds  Total energy Adsorption 

energy 

Rigid 

adsorption 

Deformation 

energy 
         

M2 70.85072264 -337.47201463 -7.69844723 -329.77356740 -337.47201463 

M3 76.87001901 -1.782107e+015 -8.36439320 -1.782107e+015 -1.782107e+015 

M4 95.27913475 -3.428051e+007 -7.37964460 -3.428050e+007 -3.428051e+007 

M5 90.33208457 -1.692075e+005 -12.03512532 -1.691955e+005 -1.692075e+005 
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Figure 13. Top view and side view of monte carlo simulation at most stable low energy configuration for 

adsorption on Fe (110) surface 

9.Conclusion  

UV-visible spectroscopy is a powerful tool for 

analyzing materials, particularly for determining 

the size, concentration, and bandgap energy of 

nanoparticles. It can also be used to measure the 

absorption coefficient, transmittance, and 

electrical conductivity of materials. Furthermore, 

the Tauc plot is a useful tool for determining the 

bandgap energy associated with the highest  

 

absorption of light peaks. The refractive index, 

bandgap energy, and complex dielectric constant 

are essential to determine the electrical and optical 

characteristics of materials. The ADT molecule 

has a wide bandgap and a high optical 

conductivity, making it suitable for use in the 

construction of high-temperature and voltage 

materials, such as solar cells. This investigation 

has demonstrated that the EHOMO and ELUMO 

values of the compounds vary according to 

different phases and states. The hardness and 

softness of the compounds have also been 

calculated, with those with the highest global 

softness and lowest hardness being the most 

powerful corrosion inhibitors for bulk materials in 

acidic environments. 

The thermodynamic parameters of enthalpy, 

entropy, free energy, and heat capacity were 

observed to increase with increasing temperatures, 

except for free energy. Molecular dynamics 

simulations have also been used to examine the 

interaction of inhibitors with metal surfaces, and it 

was found that greater binding energy leads to a 

stronger inhibitor/surface interaction. The 

adsorption energy is created by increasing the 

solid's adsorption energy and deforming the 

adsorption structure and a larger negative 

adsorption energy value indicates a stronger and 

more stable interaction between a metal and the 

molecule. 
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