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Abstract 

Over the last two decades, molecular modellings are capable of accurately predicting structures, 

energetics, reactivity, and other properties of molecules. Computational chemistry plays an 

important role in enabling chemists to: (i) explain and rationalize known chemistry of corrosion 

inhibitors and (ii) explore new or unknown chemicals applicable as corrosion inhibitors. In 

contrast to the traditional techniques of identifying and synthesizing new corrosion inhibitors in 

the wet lab, a prior dry-lab process is suggested by using cheminformatics tools. Once a 

correlation between the structure and activity or property is found, any number of compounds 

can be readily screened employing computational methodology. In the present work, the 

inhibitive performance of three important classes of heterocyclic compounds namely 

dithiazolidine, thioamidine, and thiourea derivatives have been calculated using quantum 

chemical methods. The three selected heterocyclic series contains nitrogen and sulphur in their 

chemical framework that were expected to be the main electron rich centres which act as the 

adsorption sites on the metal surface.  The presence of aromatic ring together with electron 

donating substituents such as methyl and methoxy were found to enhance the adsorption 

characteristics of the studied heterocyclic systems. The global reactivity parameters and the 

local selectivity adsorption centres in each of the studied system were analyzed using theoretical 

parameters.  
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1. Introduction 

Quantum chemical methods have proven to be very useful in determining the molecular 

structure as well as elucidating the electronic structure and reactivity [1]. The concept of 

assessing the efficiency of a corrosion inhibitor with the help of computational chemistry is 

mailto:nalini@psgrkcw.ac.in
https://dx.doi.org/10.17675/2305-6894-2021-10-4-26
https://orcid.org/0000-0001-6076-0587
https://orcid.org/0000-0003-3066-8469
https://orcid.org/0000-002-3315-9259
https://orcid.org/0000-0002-7822-0084
https://orcid.org/0000-0001-5908-5836


 Int. J. Corros. Scale Inhib., 2021, 10, no. 4, 1783–1811 1784 

 

 

to search for compounds with desired properties using chemical intuition [2, 3]. There are 

two broad areas within computational chemistry related to the structure of molecules and 

their reactivity: “Molecular Mechanics and Electronic Structure Theory”.  

Molecular mechanics – Molecular mechanics stimulations use the law of classical 

physics to predict the structures and properties of molecules, which is characterized by a 

particular force field. A force field has three components – a set of equations defining how 

the potential energy of a molecule varies with the locations of its atoms, a series of atom 

type defining the characteristics of an element within a specific chemical content, and one 

or more parameter set the fit the equation set and atom type to the experimental data. 

Electronic structure theory – Electronic structure methods use the laws of quantum 

mechanics rather than classical physics as their basis. Quantum mechanics states that the 

energy and other related properties of a molecule are obtained by solving the time-

independent Schrödinger wave equation [4]. The electronic structure method is characterized 

by its various mathematical approximations to its solution.  

Theory of Quantum Chemistry 

The theoretical foundation for computational chemistry is the time-independent Schrödinger 

wave equation: 

 Ȟ E=   (1) 

Ψ is the wave function. Ȟ is the Hamiltonian operator and is associated with observable 

energy. E is the total energy of the system [5]. The Hamiltonian, Ȟ, is an operator. It contains 

all the terms that contribute to the energy of a system: 

 H T V  = +  (2) 

Which describes a system consisting of nuclei and electrons. Born–Oppenheimer 

approximation is used to arrive at the solution to the above equation. 

2. Method of Calculation 

Model Chemistry  

The Schrödinger wave equation can be approximated much more closely for small systems 

than for large ones. However, using different levels of theory for different size molecules 

makes comparing results among systems unreliable [6–8]. The implementation of such a 

theoretical model is termed as “Theoretical Model Chemistry” or “Model Chemistry”. Model 

chemistries are characterized by the combination of theoretical procedure and basis set [9].  

Basis Set – A Basis Set is a mathematical representation of the molecular orbitals within 

a molecule. The basis set can be interpreted as restricting each electron to a particular region 

of space. A larger basis set imposes fewer constraints on electrons and more accurately 

approximate exact molecular orbitals. 
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Methods – There exists a hierarchy of procedures corresponding to different 

approximation methods commonly referred to as different levels of theory namely,  

Hartree–Fock self-consistent field, Beck-style 3-parameter Density Functional Theory 

(using the Lee–Yang–Parr correlation functional), 2nd order Moller–Plesset Perturbation 

Theory, 2nd order Moller–Plesset Perturbation Theory (including singlet, doublet, triplet and 

quadruples by default), Quadratic CI (single, doubles and triples). 

Many researchers report that the inhibition effect mainly depends on some physico-

chemical and electronic properties of the organic inhibitor which relate to its functional 

groups, steric effects, electronic density of donor atoms, and orbital character of donating 

electrons, and so on [10, 11]. The use of theoretical parameters presents two main 

advantages: firstly, the compounds and their various fragments and substituents can be 

directly characterized based on their molecular structure only; and secondly, the proposed 

mechanism of action can be directly accounted for in terms of the chemical reactivity of the 

compounds under study [12]. The work aims to study the inhibitive properties of three 

groups of heterocyclic compounds namely, dithiazolidine, thioamidine, and thiourea 

derivatives using quantum chemical methods. 

Theoretical calculations were carried out using Restricted Density function level using 

the Becke’s Three Parameter Hybrid Functional using the Lee–Yang–Parr correlation 

functional theory (B3LYP) method with the basis set 6-31 G (d, p) in the GAUSSIAN 09 

[13] program package implemented on an Intel Pentium core i5 166 MHz computer. Initial 

estimates for all the geometries of all the structures were obtained by GAUSS VIEW [14] 

program followed by full optimization of all the geometric parameters (bond length, bond 

order, and dihedral angle) without any symmetry constraints using the DFT method. 

Tang et al. synthesized three thiadiazole derivatives as new corrosion inhibitors for 

copper substrates in 0.5 M H2SO4 solution. It was revealed that the inhibition efficiency 

increases with an increase in inhibitors concentration and depends on the substituents on 

thiadiazole rings [49]. The corrosion inhibition by 2-amino-4-(4-methoxyphenyl)-thiazole 

on the mild steel substrates were investigated by Gong et al. The inhibition efficiency was 

95% in 0.5 M H2SO4 solution which was mainly due to the electron donating methoxy group 

that endowed superior adsorption tendency of the molecule on steel surface [50]. Fouda et al. 

reported that five Phenylthiourea derivatives as corrosion inhibitors for carbon steel in 2 M 

HCl solution. All the derivatives showed an increase in corrosion efficiency with increase in 

the concentration of the inhibitors [56].  

Corrosion inhibitors, particularly the compounds containing aromatic ring and 

heteroatoms, are economic, thus they are considered as the most potential agents against 

corrosion mechanisms. These inhibitors have the ability to form dense films on the surface 

of mild steel owing to the role of filling electrons in heteroatoms to the vacant orbitals on 

the iron surface. Hence, we have intended to study compounds with aromatic rings 

containing N and S atoms in their structures. 
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3. Results and Discussion 

The studied compounds (Table 1) were grouped into three series according to their behavior 

and structure in order to make a systematic study between their structure and inhibitive 

properties.  

In each series, the parent compound and its two derivatives namely methyl and methoxy 

were compared for their inhibitive behavior. The parent compound, methyl, and methoxy 

derivatives were designated with the abbreviation a, b and c, respectively. The derivatives 

were selected due to the enhanced +I effect. The methyl and methoxy substituents at the p-

position of the aromatic ring act as electron donating groups [49–55]. 

3.1 Structural property of the heterocyclic systems 

Figure 1 reports the lowest energy conformer corresponding to each structure (optimized 

geometry). The lowest energy conformer with the bond lengths of the different bonds in the 

studied compounds as given in Tables 2–4 and are discussed as follows: The C–C bond 

lengths (Å) of the aromatic ring are in the range 1.39–1.41 for all the studied compounds. 

These ranges are comparable to the range of the calculated and experimental bond lengths 

in isolated benzene rings [14].  

The longest bond lengths correspond to the C–S–C bond in dithiazolidine derivatives 

(2.857 Å). These bonds also correspond to the weakest bonds (lowest values of the bond 

order) in the studied systems. The C–N bond lengths are relatively closer to the C–C bond 

length while the C=N bond is the shortest. The bond length of C–N is shorter than the 

general C–N single bond (1.470 Å) [15]. The C=N bond length also has the highest bond 

order value and therefore it is the strongest. Similarly, in the thioamidine and thiourea series 

longest bond lengths correspond to the N–S–N derivatives (2.326–2.857 Å). These bonds 

also correspond to the weakest bonds (lowest values of the bond order) in the studied systems 

[16, 17]. 

A positive dihedral angle indicates that both the groups in the studied plane are 

upwardly inclined to the lateral axis and when the groups are downwardly inclined it is 

represented by a negative dihedral angle as evidenced from Tables 2–4. This also proves the 

non-planarity in the dithiazolidine and thioamidine series, whereas the thiourea series is 

planar in structure. 
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Table 1. Inhibitor system used in the current investigation. 

 DTA a DTA b DTA c 

Series 1: 

Dithiazolidine 

derivatives 
   

 TAD a TAD b TAD c 

Series 2: 

Thioamidine 

derivatives 

   

 THIO a THIO b THIO c 

Series 3: 

Thiourea 

derivatives 
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Table 2. Structural parameters for the dithiazolidine series. 

DTA a DTA b DTA c 

Symbol 
Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 
Symbol 

Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 
Symbol 

Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 

2C 1.3784 – – 2C 1.3925 – – 2C 1.3873 – – 

3C 1.4093 120.1 – 3C 1.4003 121.4 – 3C 1.4026 120.4 – 

4C 1.4080 120.4 0.5 4C 1.4008 117.6 0.6 4C 1.3991 119.3 0.9 

5C 1.3808 120.6 –0.8 5C 1.3931 121.8 0.3 5C 1.3968 120.1 0.3 

6C 1.4265 119.1 –0.6 6C 1.4006 120.4 –0.8 6C 1.3985 120.7 –1.3 

12N 1.3682 122.3 –178.8 11N 1.4136 119.0 –177.6 11N 1.4167 121.9 178.5 

13C 1.4208 127.8 9.0 12C 1.3855 126.7 –143.5 12C 1.3841 126.1 43.5 

14C 2.8357 140.8 –175.6 13C 2.8580 139.7 159.7 13C 2.8578 139.9 158.3 

15S 1.7666 110.0 –140.7 14S 1.8047 109.8 –168.5 14S 1.8052 109.8 –170.1 

16N 1.2753 125.8 37.3 15N 1.2760 129.1 8.4 15N 1.2764 129.0 6.5 

17N 1.3549 142.8 29.1 16N 1.3872 142.9 23.5 16N 1.3876 142.9 23.2 

18N 1.2548 90.0 –140.8 17N 1.2600 92.7 –145.7 17N 1.2600 92.7 –146.1 

Substituents Methyl group Methoxy group 

– – – – 23C 1.5101 121.3 179.3 23O 1.3645 115.8 –179.1 

– – – – – – – – 24C 1.4195 118.2 –179.8 
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Table 3. Structural parameters for the thioamidine series. 

TAD a TAD b TAD c 

Symbol 
Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 
Symbol 

Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 
Symbol 

Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 

2C 1.4079 – – 2C 1.4043 – – 2C 1.3998 – – 

3C 1.4075 118.20 – 3C 1.4034 118.65 – 3C 1.4078 118.44 – 

4C 1.3938 120.59 –0.04 4C 1.3959 120.26 –1.77 4C 1.3892 120.65 –1.66 

5C 1.3961 120.52 0.02 5C 1.3980 121.48 0.21 5C 1.4012 120.44 0.18 

6C 1.3901 121.10 0.05 6C 1.3897 120.39 2.22 6C 1.3944 121.19 2.18 

11N 1.3994 115.74 –179.97 11N 1.4063 118.40 178.74 11N 1.4087 118.57 178.52 

12C 3.6210 155.80 179.07 12C 3.5924 143.80 129.42 12C 3.5878 143.87 126.76 

14C 1.2638 132.83 179.33 14C 1.2698 122.82 130.39 14C 1.2691 122.81 130.21 

15N 1.3858 13.93 179.44 15N 1.3800 16.93 170.28 15N 1.3798 17.47 162.61 

16N 1.2638 134.34 179.42 16N 1.2702 137.91 171.94 16N 1.2699 137.39 –172.38 

17S 1.8955 127.56 0.25 17S 1.8131 126.94 –1.93 17S 1.8137 126.78 –3.77 

18S 1.8959 98.10 –0.76 18S 1.8123 95.19 –8.87 18S 1.8115 95.66 –0.12 

19C 3.6716 155.18 –179.00 19C 3.6930 134.25 –161.16 24C 3.6961 133.12 152.45 

20C 1.3981 103.10 –1.99 20C 1.3980 102.09 –66.70 25C 1.3976 102.00 69.93 

21C 1.3961 119.46 –0.03 21C 1.3944 119.48 –0.15 26C 1.3948 119.49 –0.10 

22C 1.3938 120.52 0.02 22C 1.3958 120.47 0.65 27C 1.3954 120.48 –0.58 

23C 1.3994 132.82 179.96 23C 1.4053 120.15 0.29 28C 1.4052 120.12 –0.22 

24C 1.3902 17.03 178.09 24C 1.3918 18.40 113.01 29C 1.3922 18.46 –109.28 
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Substituents Methyl group Methoxy group 

– – – – 30C 1.5101 121.41 –178.85 19O 1.3660 115.81 –179.83 

– – – – – – – – 20C 1.4185 118.20 –179.37 

Table 4. Structural parameters for the thiourea series. 

THIOa THIOb THIOc 

Symbol 
Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 
Symbol 

Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 
Symbol 

Bond 

Length 

Bond 

Angle 

Dihedral 

Angle 

2C 1.4174 – – 2C 1.4022 – – 2C 1.3969 – – 

3C 1.4414 117.7 – 3C 1.4023 118.9 – 3C 1.4067 118.7 – 

4C 1.3949 119.5 –2.4 4C 1.3947 119.9 1.6 4C 1.3868 120.5 1.3 

5C 1.3960 122.4 0.8 5C 1.3995 121.7 –1.3 5C 1.4037 120.6 –1.5 

6C 1.3831 121.7 1.5 6C 1.3911 120.4 –0.5 6C 1.3952 121.0 0.0 

12N 1.3909 119.7 –177.7 11N 1.4170 118.6 –177.5 11N 1.4304 120.1 –178.2 

13N 2.3680 100.5 140.2 12N 2.3265 98.6 –139.3 12N 2.3231 95.5 –124.8 

14S 2.7108 157.5 –172.6 13S 2.6554 163.0 –144.2 13S 2.7001 160.0 –132.8 

15C 1.3759 130.1 154.5 14C 1.3598 31.6 –178.7 14C 1.3508 31.5 –176.6 

Substituents Methyl group Methoxy group 

– – – – 18C 1.5098 121.3 179.2 18O 1.3817 115.8 –179.4 

– – – – – – – – 19C 1.4612 118.2 179.3 
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 DTA a DTA b DTA c 

Series 1: 

Dithiazolidine 

derivatives 

   

 TAD a TAD b TAD c 

Series 2: 

Thioamidine 

derivative 

 
 

 

 THIO a THIO b THIO c 

Series 3: 

Thiourea 

derivatives 

   

Figure 1. Optimized lowest energy conformation for the inhibitor system used in the current investigation.
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3.2 Molecular properties of the heterocyclic systems 

Quantum chemical parameters related to the molecular electronic structures of the non-

protonated form of studied compounds (Figures 2–4 and Tables 5–8) showing an excellent 

relationship with the inhibition efficiency is discussed as follows.  

 
HOMO Distribution LUMO Distribution 

DTA a 

 
 

DTA b 

  

DTA c 

 
 

Figure 2. Optimized geometry of dithiazolidine derivatives DTA a–DTA c. 
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 HOMO Distribution LUMO Distribution 

TAD a 

  

TAD b 

  

TAD c 

  

Figure 3. Optimized geometry of thioamidine derivatives TAD a – TAD c. 

 
HOMO Distribution LUMO Distribution 

THIO a 

  

THIO b 

  

THIO c 

 
 

Figure 4. Optimized geometry of thiourea derivatives THIO a–THIO c. 
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Table 5. Theoretical properties of dithiazolidine derivatives.  

Properties DTA a DTA b DTA c 

Empirical Formula C8H10N4S C9H12N4S C9H12N4SO 

Total Energy (eV) –928 –967 –1042 

Dipole Moment (Debye) 4.43 4.77 4.95 

Ionisation Potential (eV) 8.74 8.83 8.30 

HOMO energy (eV) –8.748 –8.831 –8.307 

LUMO energy (eV) 0.105 –0.239 –0.996 

Energy Gap (eV) 8.85 8.59 7.31 

Heat of formation kcal/mol 67.54 57.70 64.36 

Zero Point energy kcal/mol 126.20 120.90 126.21 

Global Hardness (η) 120.45 116.90 99.47 

Absolute Softness (σ) 0.01 0.01 0.01 

Electronegativity (χ) 117.60 123.41 126.58 

Electrophilicity 57.40 65.14 80.53 

Fraction of Electron Transferred (∆N) 0.46 0.50 0.53 

Fraction of Energy Transferred (∆E) –25.39 –28.98 –35.94 

TNC 2.77 2.80 3.32 

Table 6. Theoretical properties of thioamidine derivatives. 

Properties TAD a TAD b TAD c 

Empirical Formula C14H11N3S2 C15H13N3S2 C15H13N2S2O 

Total Energy (eV) –1492 –1540 –1615 

Dipole Moment (Debye) 0.74 0.85 1.52 

Ionisation Potential (eV) 8.89 8.33  7.73 

HOMO energy (eV) –8.897 -8.330  –7.736 

LUMO energy (eV) 0.150 0.227  0.123 

Energy Gap (eV) 9.047 8.557 7.859 

Heat of formation kcal/mol 25.75 17.19  –7.75 

Zero Point energy kcal/mol 43.88 42.78  60.79 

Global Hardness (η) 123.09 116.43 106.93 

Absolute Softness (σ) 0.01 0.01 0.01 

Electronegativity (χ) 119.01 110.25 103.58 
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Properties TAD a TAD b TAD c 

Electrophilicity 57.53 52.20 50.17 

Fraction of Electron Transferred (∆N) 0.44 0.45 0.45 

Fraction of Energy Transferred (∆E) –25.48 –22.89 –21.81 

TNC 3.38 3.79 4.13 

Table 7. Theoretical properties of thiourea derivatives. 

Properties THIO a THIO b THIO c 

Empirical Formula C7H8N2S C8H10N2S C8H10N2SO 

Total Energy (eV) –779 –818 –889 

Dipole Moment (Debye) 5.45 6.01 7.55 

Ionization Potential (eV) 9.37 8.82 8.20 

HOMO energy (eV) –9.374 –8.825 –8.203 

LUMO energy (eV) –0.696 –0.684 –0.494 

Energy Gap (eV) 8.678 8.141 7.709 

Heat of formation kcal/mol 50.69  40.89  47.75 

Zero Point energy kcal/mol 80.05 74.77 81.97 

Global Hardness (η) 118.07 110.77 104.89 

Absolute Softness (σ) 0.01 0.01 0.01 

Electronegativity (χ) 137.01 129.38 118.33 

Electrophilicity 79.49 75.56 66.75 

Fraction of Electron Transferred (∆N) 0.55 0.55 0.60 

Fraction of Energy Transferred (∆E) –35.79 –33.80 –29.54 

TNC 2.32 3.27 3.55 
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Table 8. Mulliken charge density and Fukui indices for the atoms present in diathiazolidine series. 

Atoms 
DTA a 

Atoms 
DTA b 

Atoms 
DTA c 

qN f+  f–  S+  S–  qN f+  f–  S+  S–  qN f+  f–  S+  S–  

1C –0.12 0.03 0.01 0.01 0.00 1C –0.11 0.02 0.01 0.01 0 1C –0.11 0.1 0.01 0.05 0 

2C –0.09 0.01 0.01 0.00 0.00 2C –0.13 0.03 0.02 0.01 0.01 2C –0.12 0.03 0.01 0.01 0 

3C –0.08 0.04 0.05 0.02 0.02 3C 0.13 0.01 0.03 0 0.01 3C 0.36 0.03 0.02 0.01 0.01 

4C  –0.08 0.00 0.02 0.00 0.01 4C –0.13 0.02 0.01 0.01 0 4C –0.14 0.02 0.01 0.01 0 

5C –0.09 0.00 0.05 0.00 0.02 5C –0.11 0.02 0.04 0.01 0.02 5C –0.12 0.02 0.02 0.01 0.01 

6C –0.18 0.51 –0.45 0.25 –0.22 6C 0.28 0.06 0.01 0.03 0 6C 0.27 0.07 –0.03 0.03 –0.01 

12N 0.29 –0.83 0.86 –0.41 0.42 11N –0.6 0.05 –0.02 0.02 –0.01 11N –0.6 0.04 0 0.02 0 

13C –0.60 0.89 –0.42 0.44 –0.21 12C 0.3 –0.02 0.11 –0.01 0.05 12C 0.3 –0.02 0 –0.01 0 

14C 0.30 0.04 0.94 0.02 0.46 13C 0.28 0.04 0.01 0.02 0 13C 0.28 0.03 0.02 0.01 0.01 

15S 0.28 –0.10 0.33 –0.05 0.16 14S 0.09 0.08 0.59 0.04 0.29 14S 0.09 0.07 0.66 0.03 0.32 

16N 0.09 –0.58 –0.18 –0.28 –0.09 15N –0.57 0.08 0.07 0.04 0.03 15N –0.57 0.07 –0.01 0.03 0 

17N –0.56 –0.01 0.04 0.00 0.02 16N –0.59 0.01 0.01 0 0 16N –0.59 0.01 –0.01 0 0 

18N –0.59 0.10 0.01 0.05 0.00 17N –0.54 0.04 0.06 0.02 0.03 17N –0.54 0.04 0.08 0.02 0.04 

– – – – – – 23C –0.38 –0.02 –0.01 –0.01 0 23O –0.52 –0.02 0.01 –0.01 0 

– – – – – – – – – – – – 24C –0.07 –0.05 –0.01 –0.02 0 
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Molecular orbital energy 

Highest occupied molecular orbital energy (EHOMO) and lowest unoccupied molecular orbital 

energy (ELUMO), also called the frontier orbitals, determine the way the molecule interacts 

with other species. The HOMO is the orbital that could act as an electron donor since it is 

the outermost (highest energy) orbital containing electrons. The LUMO is the orbital that 

could act as the electron acceptor, since it is the innermost (lowest energy) orbital that has 

room to accept electrons [18, 19]. So an increase in the values of EHOMO and lower ELUMO 

can facilitate adsorption and therefore the inhibition efficiency. The energy of the HOMO is 

directly related to the ionization potential and the energy of the LUMO is directly related to 

the electron affinity [20]. 

The HOMO–LUMO gap, i.e. the difference in energy between the HOMO and LUMO, 

is an important stability index [21]. A large HOMO–LUMO gap implies high stability for 

the molecule in chemical reactions. Therefore, a low value of ΔE is an indication of good 

inhibition efficiency [22]. The concept of “activation hardness” has been also defined based 

on the energy gap. Hardness is closely related to polarizability since a decrease of the energy 

gap usually leads to easier polarization of the molecule [23]. The frontier orbital distribution 

among the studied compounds is explained as follows. 

The more negative atoms are capable of donating their electrons to the vacant d orbitals 

of the metal atom and are represented in the homo distribution where more positive centers 

are described by LUMO distribution [2]. As evident from the figures (Figures 2–4), the 

HOMO centers are exclusively localized over the entire molecule in diathiazolidine series. 

In thioamidine series HOMO centers are the aromatic rings in conjugation with the electron 

rich N atom whereas in thiourea series it is centered mainly on the hetero atoms, which are 

the binding centres to the metal [24]. The LUMO has a strongly π* (antibonding) character 

and in all the dithiazolidine derivatives, LUMO is localized over the entire molecule as in 

the HOMO distribution, in thioamidine series LUMO centres are around the S atom and in 

the thiourea series it is centred on the substituted benzene ring, through which the molecule 

can accept electrons from the Fe atom with its antibonding orbital to form a back-donating 

bond [25–27]. However, electron acceptance in this orbital is not favourable because of the 

aromatic requirement [7]. 

Figures 5–7 summarize the schematic diagram of frontier molecular orbitals for the 

investigate compounds to their estimated energy gap. As ΔE decreases, the reactivity of the 

molecule increases leading to an increase in the inhibition efficiency of the molecule 

[26, 28]. The ΔE value among the series showed that the methoxy derivative has the lowest 

energy gap together with the highest HOMO energy in all the three series of compounds 

studied. Hence it is the methoxy derivative that is expected to have a greater resistivity 

towards corrosion by getting easily adsorbed on the metal surface than the other compounds 

[1] as it is easy to remove its outermost electron. 
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Figure 5. Schematic diagram of frontier molecular orbitals for diathiazolidine series for their 

estimated energy gap. 

 
Figure 6. Schematic diagram of frontier molecular orbitals for thioamidine series for their 

estimated energy gap. 
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Figure 7. Schematic diagram of frontier molecular orbitals for thiourea series for their 

estimated energy gap. 

Dipole moment 

The dipole moment (μ) is the measure of polarity in a bond and is related to the distribution 

of electrons in a molecule. The adsorption of polar compounds possessing high dipole 

moments on the metal surface should lead to better inhibition efficiency [29]. Among the 

studied compounds the trend in dipole moment is as follows: 

Series 1: compound DTA c (4.95) > compound DTA b (4.77) > compound DTA a (4.43) 

Series 2: compound TAD c (1.52) > compound TAD b (0.85) > compound TAD a (0.74) 

Series 3: compound THIO c (7.55) > compound DTA a (6.01) > compound DTA b (5.45) 

Generally, there is no definite trend in the relationship between dipole moment and 

inhibition efficiency. But generally, a more polar compound is expected to have greater 

charge separations that result in better adsorption. In this regard, the trend obtained is in 

consistency with the results obtained from other quantum chemical parameters [30]. 

Ionization potential and Electron affinity 

The Hartree–Fock theorem establishes a relationship between the energies of HOMO and 

LUMO and ionization potential and electron affinity. The inhibition efficiencies of the 

inhibitor increase with increasing ionization energy but decrease with decreasing value of 

electron affinity as ionization potential is directly related with the EHOMO, while electron 

affinity is related to the ELUMO [31, 32]. 

Electronegativity 

Electronegativity (χ) is a chemical property that describes the ability of a molecule to attract 

electrons towards itself in a covalent bond. The result deduced indicates that the electron 

flow will happen from the molecule with the low electronegativity towards that of a higher 

value. The best inhibitor is attributed to its low electronegativity [33]. When the metal and 
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the inhibitor are brought into contact, an electron will flow from lower χ (inhibitor) to higher 

χ (metal), until the chemical potentials become equal.  

Fraction of Electrons Transferred 

As the first approximation, the fraction of electrons transferred (ΔN) from the inhibitor 

molecule to the metallic atom can be calculated. In order to calculate ΔN, the 

electronegativity of bulk iron was used as χFe = 7 eV and global hardness as ηFe = 0, by 

assuming that for a metal, bulk ionization potential is equal to the electron affinity, because 

they are softer than the neutral metallic atoms. The metal surface act as Lewis acid according 

to HSAB theory. According to Lukovits, if ΔN < 3.6, the inhibition efficiency increased with 

increasing electron donating ability at the metal surface. The greater EHOMO value shows the 

electron donating ability of a molecule. The fraction of electron transferred by the studied 

compounds is listed below. 

Series 1: compound DTAc (0.53) > compound DTAb (0.50) > compound DTAa (0.46) 

Series 2: compound TADc (0.45) = compound TADb (0.45) > compound TADa (0.44) 

Series 3: compound THIOc (0.60) > compound DTAb (0.50) = compound DTAd (0.50) 

Thus the fraction of electron transferred from the inhibitor to the metal atom also 

follows the same trend as that followed by the other parameters. The fraction of electron 

transferred is high for the indoloimidazoline derivatives which accounts for its highest 

efficiency among the three series of compounds studied [34]. 

Total Negative Charge (TNC) 

The total negative charge (TNC) on the molecule accounts for the accumulation of net charge 

in the molecule. More the negative charge, greater is the electron density in the molecule. 

Greater will be the electron transferred to the metal surface to get adsorbed on its surface, 

hence greater is its efficiency [35]. The TNC on each of the compound tabulated in Table 1 

follows the order: 

Series 1 > Series 3 > Series 2 

Thus the dithiazolidine derivatives carry a greater negative charge which accounts for 

its greater possibility to share electrons to the metal surface. 

3.3 Local selectivity parameters 

The local electron densities or charges are important in many chemical reactions and for 

physico-chemical properties of compounds. Thus, charge-based parameters are widely 

employed as chemical reactivity indices or as measures of weak intermolecular interactions. 

Mulliken population analysis [14] is mostly used for the calculation of the charge distribution 

in a molecule. Furthermore, atomic charges are used for the description of the molecular 

polarity of molecules. 
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Mulliken Charge Density 

The charge on the atoms also gives information on the electron distribution in the 

molecule and therefore the reactivity of a molecule. It also informs of the selectivity of the 

molecule i.e., the specific centers on the molecule for which a certain type of reaction is 

likely to occur. Centers with the highest negative charge in the molecule are often susceptible 

to an electrophilic attack [28, 29]. Figure 8 reports the Mulliken atomic charges for the non-

hydrogen atoms of the studied molecules.  

The Mulliken charge distribution was calculated on the optimized geometry among the 

non-hydrogen atoms of the three series of compounds, using the B3LYP/6-31G (d, p) 

method. The results show that N atoms of the heterocyclic ring carry the highest negative 

charge. These atoms are therefore likely to take part in an electrophilic attack in which case 

they will readily donate electrons to the electrophilic species. When the electrophilic species 

is the metal surface, the donated electrons are accepted in the partially filled or vacant d 

orbitals of the metal, which allows the molecules to be adsorbed on the metal surface. These 

results are in agreement with the electron density potential surface, showing that N atoms 

are susceptible to electrophilic attack [30–32]. All C atoms directly attached to N atoms are 

electron deficient (i.e., they have positive charge) and therefore could be subject to 

nucleophilic attack. The benzene ring has a delocalization of slightly negative charge on its 

atoms; these results suggest that the N atoms on the heterocyclic ring are possible sites that 

might interact with the metal surface resulting in a formation of a protective layer on the 

metal surface [33–36]. 

In the case of substituents (–OCH3; –CH3), the O atom carries a greater negative charge 

(O is more electronegative than N and therefore has a greater tendency to attract electrons 

towards itself in the case of methoxy substituent. The C atoms of the substituents also carry 

negative charge. Thus the substituent facilitates the donation of an electron by the 

heterocyclic ring by their electron donating ability [37]. The number of active negatively 

charged atoms in each compound of the series follows the order: 

Methoxy derivative > Methyl derivative > Parent compound, 

which is the trend in the increase in the electron donating ability among the three derivatives. 

Fukui indices 

The local selectivity of an inhibitor was analyzed using condensed Fukui and condensed 

softness functions. The condensed Fukui function and condensed softness are indices that 

allow for the distinction of each part of a molecule on the basis of its chemical behavior due 

to different substituent functional groups [4, 38]. 
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Figure 8. the Mulliken atomic charges for the non-hydrogen atoms of the studied molecules. 
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The Fukui function is motivated by the fact that if an electron δ is transferred to an N 

electron molecule, it will tend to distribute so as to minimize the energy of the resulting N 

+δ electron system. The resulting change in electron density is the nucleophilic (f+) and 

electrophilic (f–) indices [3]. Fukui functions are calculated as described elsewhere and 

calculated values of f+ and f– (calculated from Mulliken charges) for the carbon and other 

electronegative elements are presented in Table 8–10 for the three series of compounds. The 

molecular sites with large values of f+ are the sites where the molecular will accept electrons 

when attacked by a nucleophilic reagent. On the other hand, the molecular sites with large 

values f–are the preferred sites through which the molecule will donate electrons when 

attacked by an electrophilic reagent. The most susceptible sites for nucleophilic attack are 

those molecular sites with large values f+ [7, 39–41].  

From Table 8 for the diathiazolidine derivatives, it is clear that the most reactive site 

for the electrophilic attack was on the atoms in the molecule where there is the highest 

negative Mulliken charge. The electrophilic reactive sites in compound DTA a are on the 

three N heterocyclic ring atoms and the carbon atoms of the aromatic unit. Those of 

compound DTAb and DTAc are not only on the nitrogen atom but on the substituent atoms 

also [42–44]. A similar trend was also noted in the other two series. The results obtained 

from fukui functions support the information obtained from the distributions of HOMO and 

LUMO. The HOMO and LUMO distributions on each investigated inhibitor are identical 

with the atoms that exhibit the greatest values of f– and f+, respectively, indicating that these 

reactive sites would be the adsorption centers during the process of corrosion inhibition. In 

addition, the highest inhibition property of compound three series of heterocyclic 

compounds should be attributed to the increasing number of centers of adsorption on the 

inhibitor molecules and the highest electron density confirmed by the highest value of the 

TNC [37, 41].  

The local softness is defined as the product of the Fukui function and the global softness 

(σ) and high value of S+ indicates high nucleophilicity and a high value of S– denoted high 

electrophilicity. The results of Table 8–10, show that the trend in the S+ and S– is similar to 

the trend in the f+ and f– values for all the compounds [45–48]. 

Substitution effect 

Table 11 presents the calculated values of inhibition efficiency % for the three series of 

compounds calculated theoretically using the following formula 

 IH –IH
add

IH

% 100%xI I
I

I

−
=   (3) 

 IHadd add
% % %IE I IE=   (4) 

 IHTheor
% % %IE IE= +  (5) 
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Where Iadd% is the percentage ionization potential of the additive for the model  

(x–IH), IEadd% is the calculated inhibition efficiency % of the substituent and IETheor% is the 

theoretically calculated percentage inhibition efficiency for that inhibitor. IIH and Ix– IH are 

the ionization potential of the parent compound and its corresponding x – substituted 

compound. The results obtained from the table clearly demonstrate that the presence of 

electron donating groups in addition lead to an increase in the inhibition efficiency; the most 

effective inhibitor was with methoxy substituents, which displayed an increase in inhibition 

efficiency from that of the corresponding parent compound by around 3–7%. The inhibition 

efficiency of methyl substituents increases the efficiency by nearly 1–3% from that of the 

corresponding parent compound [39, 40]. 

4. Conclusion 

Based on the results obtained from the studies, the following conclusions were drawn. 

1. Theoretical studies were found to a useful tool in predicting the property of an organic 

compound. 

2. The structure of the compound was analyzed from their bond length, bond angle, and 

dihedral angle. The non-planarity in the molecule was proposed from its dihedral angle. 

3. The various molecular properties prove the ability of the molecule to inhibit corrosion by 

getting adsorbed on the metal surface. 

4. The local adsorption sites in the molecule were assessed from its charge density 

distribution and Fukui indices. 

5. The various parameters analyzed were found to fit well with each other which proves the 

inhibitive nature of the studied systems against metal corrosion. 
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Table 9. Mulliken charge density and Fukui indices for the atoms present in thioamidine series. 

Atoms 
THIO a 

Atoms 
THIO b 

Atoms 
THIO c 

qN f+  f–  S+  S–  qN f+  f–  S+  S–  qN f+  f–  S+  S–  

1C –0.15 0.05 –0.09 0.02 –0.04 1C –0.09 –0.01 –0.03 0.00 –0.01 1C –0.12 0.01 0.02 0 0.01 

2C 0.23 0.04 –0.03 0.02 –0.02 2C 0.21 0.06 –0.05 0.03 –0.02 2C –0.15 0.03 –0.01 0.01 0 

3C –0.18 0.09 –0.11 0.04 –0.05 3C –0.10 0.01 –0.03 0.00 –0.01 3C 0.28 0.02 –0.01 0.01 0 

4C –0.19 0.05 –0.08 0.02 –0.04 4C –0.14 0.00 –0.03 0.00 –0.01 4C –0.09 0.04 0.03 0.02 0.01 

5C –0.18 0.30 –0.32 0.15 –0.16 5C 0.13 –0.01 –0.01 0.00 0.00 5C –0.1 0 0.01 0 0 

6C –0.19 0.06 –0.08 0.03 –0.04 6C –0.13 0.00 –0.02 0.00 –0.01 6C –0.08 0.03 0.02 0.01 0.01 

11N –0.68 0.09 –0.17 0.04 –0.08 11N –0.52 –0.07 –0.01 –0.03 0.00 11N –0.51 0.04 0.06 0.02 0.03 

14C 0.38 –0.07 0.06 –0.04 0.03 14C 0.31 0.00 –0.01 0.00 0.00 14C 0.28 0.01 0 0 0 

17S 0.16 –0.35 –0.03 –0.17 –0.01 15N –0.50 0.31 –0.69 0.15 –0.34 15N –0.51 0.04 0.06 0.02 0.03 

18S 0.16 –0.35 –0.01 –0.17 0.00 12C 0.31 –0.50 0.14 –0.25 0.07 12C 0.28 0.01 0 0 0 

12C 0.36 –0.05 0.05 –0.02 0.02 18S 0.09 0.22 –0.22 0.11 –0.11 18S 0.23 0.12 0.15 0.06 0.07 

15N –0.73 0.24 –0.27 0.12 –0.13 17S 0.09 –0.58 0.55 –0.28 0.27 17S 0.23 0.12 0.15 0.06 0.07 

16N –0.68 0.09 –0.17 0.04 –0.08 16N –0.52 –0.07 –0.01 –0.03 0.00 16N –0.46 0.04 0.05 0.02 0.02 

23C 0.23 0.04 –0.01 0.02 0.00 23C 0.22 0.05 –0.02 0.02 –0.01 23C 0.1 0 –0.04 0 –0.02 

24C –0.15 0.05 –0.08 0.02 –0.04 24C –0.09 –0.01 –0.02 0.00 –0.01 24C 0.29 0.04 0.04 0.02 0.02 

19C –0.19 0.10 –0.10 0.05 –0.05 11C –0.09 0.00 0.00 0.00 0.00 11C –0.13 0.01 0.01 0 0 

20C –0.18 0.08 –0.12 0.04 –0.06 20C –0.08 –0.02 –0.02 –0.01 –0.01 20C –0.08 0.02 0.04 0.01 0.02 
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Atoms 
THIO a 

Atoms 
THIO b 

Atoms 
THIO c 

qN f+  f–  S+  S–  qN f+  f–  S+  S–  qN f+  f–  S+  S–  

21C –0.19 0.09 –0.10 0.04 –0.05 21C –0.10 0.00 –0.01 0.00 0.00 21C –0.1 0.01 –0.01 0 0 

22C –0.18 0.09 –0.08 0.04 –0.04 22C 0.10 –0.19 0.20 –0.09 0.10 22C –0.14 0.03 0.02 0.01 0.01 

– – – – – – 30C –0.40 0.02 –0.01 0.01 0.00 19O –0.52 0.03 0.01 0.01 0 

– – – – – – – – – – – – 20C 0.11 0.02 0.1 0.01 0.05 

Table 10. Mulliken charge density and Fukui indices for the atoms present in thiourea series. 

Atoms 
THIO a 

Atoms 
THIO b 

Atoms 
THIO c 

qN f+  f–  S+  S–  qN f+  f–  S+  S–  qN f+  f–  S+  S–  

1C –0.11 –0.01 0.00 0.00 0.00 1C –0.1 0 0 0 0 1C –0.17 0 0.03 0 0.01 

2C 0.27 0.04 0.01 0.02 0.00 2C 0.26 0.05 0.01 0.02 0 2C 0.24 0.12 0 0.06 0 

3C –0.12 0.03 0.06 0.01 0.03 3C –0.12 0.03 0.07 0.01 0.03 3C –0.2 0.03 0.13 0.01 0.06 

4C 0.10 –0.19 0.19 –0.09 0.09 4C –0.13 0.02 0.01 0.01 0 4C –0.2 0.04 0.03 0.02 0.01 

5C –0.08 0.02 0.05 0.01 0.02 5C 0.13 0.01 0.02 0 0.01 5C 0.32 0.05 0.1 0.02 0.05 

6C –0.09 0.01 0.02 0.00 0.01 6C –0.13 0.03 0.03 0.01 0.01 6C –0.22 0.03 0.04 0.01 0.02 

12N –0.57 0.00 –0.02 0.00 –0.01 11N –0.57 0.04 –0.02 0.02 –0.01 11N –0.78 –0.01 –0.02 –0.01 –0.01 

15C 0.32 0.03 0.09 0.01 0.04 14C 0.32 -0.03 0.08 –0.01 0.04 14C 0.23 0 –0.01 0 –0.01 

13N –0.58 0.02 0.02 0.01 0.01 12N –0.58 0.03 0.01 0.01 0 12N –0.73 0.02 0.01 0.01 0 

14S –0.31 0.57 0.25 0.28 0.12 13S –0.32 0.39 0.23 0.19 0.11 13S –0.1 0.33 0.21 0.16 0.1 

– – – – – – 18C –0.38 –0.02 –0.01 –0.01 0 18O –0.55 0.04 –0.01 0.02 –0.01 

– – – – – – – – – – – – 19C –0.34 –0.04 –0.03 –0.02 –0.01 
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Table 11. Theoretically calculated inhibition efficiency for the studied compounds. 

Inhibitor Iadd % IEadd % 
Inhibition efficiency % 

Theoretical Experimental 

Diathiazolidine derivatives 

DTA a – – 98.90 98.9 

DTA b +1.23 +0.01 99.00 99.4 

DTA c +3.82 +1.61 99.61 99.6 

Thioamidine derivatives 

TAD a – – 95.10 95.1 

TAD b +6.30 +3.01 98.11 98.1 

TAD c +7.20 +3.82 98.91 99.1 

Thiourea derivatives 

THIO a – – 93.0 93.0 

THIO b +5.87 +2.99 95.99 96.2 

THIO c +7.03 +4.53 97.53 99.1 
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