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1. Introduction 

      Metals corrode when they come into contact with 

oxygen, hydrogen, and their immediate environment, 

which results in the loss of form, shape, strength, 

malleability, lustre and durability. In addition, there are 

other negative effects of corrosion on the environment, 

such as the loss of life from accidents caused by faulty 

metal parts, high production costs brought on by high 

maintenance expenses, and property loss [1-2]. 

Therefore, it becomes essential to stop, slow down, and 

prevent this harmful process. Numerous strategies for 

preventing, protecting from, and limiting corrosion have 

been described by researchers, taking into account the 

potential negative effects on the environment as well as 

cost effectiveness. Many chemicals have been modelled 

for their corrosion inhibitive potentials in order to limit 

the harmful consequences of metal corrosion. Recently, 

the use of pertinent compounds, the majority of which 

are heterocyclic in nature, as corrosion inhibitors has 

been accepted. These compounds might be either 

existing chemicals or extracts from promising plant 

parts. These heterocyclic compounds or extracts 

contains polar functional groups and conjugated double 

bonds as well as organic compounds with polar groups 

including nitrogen, sulphur and oxygen atoms [3-4]. 

These substances can adhere to the metal surface, 

partially obstructing the active sites, slowing the pace of 

corrosion. Thiadiazole has been reported as a possible 

metal inhibitor among other nitrogen and sulphur 

containing compounds [5-6]. The majority of the 

research work is focused on the use of common 

inhibitors of different derivatives of compounds such as 

aminothiazoles [7], benzotriazoles [8–10], thioimidazole 
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[11], and mercapto-5-triazole [12], which have been 

employed as prospective inhibitors for metal corrosion. 

The utilization of organic compounds containing 

nitrogen and sulphur as corrosion inhibitors could be 

carefully studied in light of the great behaviour of these 

compounds as corrosion inhibitors, since the necessity 

to continuously search for more anti-corrosive agents 

remains crucial [13- 14]. 

Uncertainty surrounds the interactions between 

inhibitors and metal substrates. Therefore, a molecular 

level understanding of metal-inhibitor interactions on 

iron is highly desired as it may help in the development 

of inhibitor systems with better characteristics. 

 The association between molecular structure and 

corrosion-inhibiting capabilities has been studied 

successfully over the past several decades using 

quantum chemistry, and significant progress has been 

made [15–19]. Humans now have a thorough 

understanding of the process underlying corrosion 

inhibition. Nyijime and Iorhuna used the HOMO 

method to compute the structures of compounds 

containing N, they found that the electronic density and 

highest occupied molecular orbital (HOMO) energy 

level of the active group were related to the 

effectiveness of the inhibition [28]. However, quantum 

chemistry computing techniques like ab initio and semi-

empirical methods are computationally expensive and 

are often only used for systems with fewer than 100 

atoms or tiny molecules. Modeling massive systems 

with dozens of metal atoms and hundreds of solvent 

molecules is not practical. Only a few studies have 

examined how inhibitors interact with metal surfaces 

using the molecular dynamics (MD) method [15, 16]. 

MD is frequently used to analyze the interactions of 

phase interfaces [15, 17].  

It is imperative to fully comprehend and describe the 

interactions between the inhibitor molecules and the 

metal surfaces in order to be able to identify new and 

potent corrosion inhibitors. Theoretical methods can be 

employed extremely effectively in analyzing these 

interactions. Density functional theory (DFT) has been 

used both independently [15–19] and in conjunction 

with experiments [20–22] to predict the molecular and 

structural properties of molecules practically in every 

area of materials research exploring DFT simulations. 

This study examined the corrosion-inhibitory potential 

of thiadiazole derivatives. The structures of the 1,3,4-

thiadiazole derivatives employed in this investigation 

whose studied have already been reported [23]. 

2. Result and Discussion  
2.1 Frontier molecular orbitals  

It has been observed that the reactivity of molecules is 

entirely determined by the electronic distribution of the 

HOMO and LUMO frontier molecular orbitals of the 

interacting species [24]. 

To accurately determine the molecules molecular 

reactivity, it is essential to examine the orbital 

distribution of the molecules under investigation. The 

energy of LUMO is related with the ability to absorb 

electron, HOMO is associated with the ability to donate 

electrons [25]. 

Figure 1 displays the structures of the optimized 

molecules as well as their HOMO and LUMO 

distribution. For AMPT, APT and ACPT whose 

structures are all made of either one or two phenyl 

groups in addition to the thiadiazole moiety, both 

HOMO and LUMO orbitals were found on the 

delocalized phenyl group but either on the thia or 

diazole functional groups made of sulphur, nitrogen, 

chlorine and oxygen heteroatoms. The HOMO and 

LUMO orbitals are evenly distributed throughout the 

thiadiazole molecules in Figure 1, it is clear that both the 

sulphur, chlorine, oxygen and nitrogen atoms in the 

molecule have the capacity to contribute electrons to 

Fe(1 1 0) and as well accept electrons from Fe(1 1 0) 

through back bonding to create feedback bonds. All of 

these molecules have a planar structure and a favorable 

orientation for adsorption on the surface of iron. 

 

2.1.2. Frontier orbital energies 

In Table 1, the Outermost orbital energies of the three 

investigated inhibitors were displayed. These energies 

were determined using quantum chemical calculations 

using the BIOVIA Inc Material Studio software 8.0 

programs [26]. 

 The parameters being studied were those related to 

quantum parameters, including EHOMO, ELUMO, 

energy gap (∆E), dipole moment (μ), electronegativity 

(χ), global hardness (η), global softness (σ), and fraction 

of electron transfer (∆N). The EHOMO value primarily 

refers to a molecule capacity to denote electrons. The 

ability of the molecules to donate electrons will be 

stronger when the EHOMO values are higher [27-28]. 

The table shows that the EHOMO of the three inhibitors 

under study follow the order ACPT>APT>AMPT, 

which is inconsistent with the inhibition efficiencies that 

have been obtained experimentally [23]. These changes 

in additional functional groups present in the molecules 

under study besides the thiadiazole moiety may be the 

cause of the variation in the eigen values of the 

EHOMO.  

Also, the results demonstrate that the compounds all 

have equivalent EHOMO and ELUMO values, which is 

not at all surprising given that all of the molecules share 

the same functional groups that make up the HOMO and 

LUMO, which can result in similar adsorption 

characteristics. 

 The ELUMO designates the molecular orbitals that are 

vacant and available for any given electrons. The ability 
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of ELUMO to receive electrons increases with 

decreasing ELUMO values [5-7]. Table 1 shows the 

values of ELUMO, which are noticeably lower in the 

following order: ACP>APT>ACPT. Moreover, this does 

not seem to be in line with the experimental findings 

reported by Yadav et al. [23]. The difference in energy 

between HOMO and LUMO (energy gap (∆E)) 

demonstrates the molecule reactivity to the metal 

surface [26-28]. When ∆E decreases, the molecule 

becomes more reactive because less energy is required 

to remove an electron from the least-occupied molecular 

orbital [27-28].  

The ability of electrons to flow will therefore be easier, 

more polarizable, and better the smaller the energy gap. 

The energy gap follows the trends ACPT<AMPT<APT 

as can also be seen in table 1.The polarity of the polar 

covalent bond is related to the dipole moment on the 

other. In the current work, the dipole moment declines 

in a manner resembling that of EHOMO, ELUMO, and 

∆E.  

There is comparatively little consistency between the 

current theoretical findings and the previously reported 

experimental findings [23].  

The inverse of chemical hardness (σ = 1/η) is the 

definition of global softness, which is the polarizability 

measure [29-31]. Since metallic bulks are softer than 

neutral metallic atoms, the theoretical value of 

electronegativity and hardness of bulk iron are 7.0 eV 

and 0 respectively by assuming that for a metallic bulk I 

= A [32]. According to Nyijime et al. 

 [26], the method of back donating is encouraged if the 

value of global hardness is positive. In summary, we can 

say that the interaction of the inhibitor molecules with 

the iron surface involves the transfer of charge from 

inhibitor molecules to iron metal and vice versa based 

on the data shown in table 1. 

 The values of global hardness are positive and vice 

versa. In addition, the amount of electrons moved (∆N) 

was determined and shown in Table 1. Results obtained 

indicate that the electron donation-induced inhibition 

efficiency matches that of Lukovits' work [33]. 

 If ∆N<3.6, the electron-donating capacity of these 

inhibitors to donate electrons to the metal surface 

improves, enhancing the efficiency of inhibition. 

 Hence, the best inhibitor is related with the largest 

fraction of electrons transported, whereas the inhibitor 

with the lowest inhibition efficiency is associated with 

the lowest fraction. As all of the molecules under study 

have ∆N values lower than 3.6, it is determined that the 

earlier example holds true for all of them. 

 

2.1.3. Fukui functions 

In order to identify the areas of local reactivity of the 

investigated inhibitor compounds, Fukui indices have 

been examined. The Fukui indices show which parts of 

the molecules are reactive to attacks from electrophiles, 

nucleophiles, and radicals. Only electrophilic and 

nucleophilic points of attack on the molecules under 

examination in our study were given attention. The 

inhibitor molecules may attach to the metal surface 

through electrostatic attraction, electron transfer, or a 

combination of the two. 

 It is crucial to look into the interactions active sites in 

order to possibly explain their nature or mechanism [26-

29]. 

 The maximum threshold values of ��
�and ��

�governs 

these nucleophilic and electrophilic assaults. 

 Atoms or regions where the value of ��
�is highest are 

the favored locations for nucleophilic assaults, and 

electrophilic attacks are preferred when the value of 

 ��
�is highest. The computed Fukui function values for 

the compounds under study are shown in Table 2. 

 As can be observed from table 2, these compounds 

Fukui functions varied only little with respect to the 

length of the alkyl chain, suggesting that the local 

reactivity of these molecules was unaffected by the alkyl 

chain length. It was found that the f+ of S(1) atoms on 

the thiadiazole ring was the highest for these compounds 

by comparing the Fukui indices of the three molecules 

in Table 2.  

 

This implies that S(1) atoms, which are nucleophilic 

reactive sites, have the capacity to absorb electrons from 

metal surfaces and use them to create back-donating 

bonds. When it comes to f
-
, S(1) atoms on the 

thiadiazole ring and N(2) atoms on electrophilic attacks 

have higher values, indicating that they are more likely 

to provide electrons to metal surfaces so that coordinate 

bonds can form.  

 

The S(1) atom in the sulphur functional group on the 

phenyl substituent is the target of a nucleophilic attack 

on the AMPT molecule, while the N(14) atom in the 

azole functional group is the target of an electrophilic 

attack. Both APT and ACPT target the azole functional 

group's S(1) atom nucleophilically, whereas the 

nucleophilic attacks are made on the N(3) and N(13) 

atoms, respectively. 

 In essence, it may be assumed that nucleophile sites 

would be preferred for absorption: Sulfur atoms and the 

electrophile sites are nitrogen atoms, which increases the 

stability and efficiency of the absorption. 

The computed percentage of the second-order Fukui 

function for the compounds under investigation is 

shown in Table 3 while their graphical representations 

are shown in Figure 2.  

Table 3 results demonstrate that for both the Mulliken 

and Hirshfeld charges for AMPT, APT, and ACPT, 

100% of the items in Figure 2 had positive values for the 

Fukui second order function (f2 > 0). 
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 The second order Fukui functions of the three 

compounds show that they are both nucleophilic in 

terms of their total reactivity. 
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Figure 1: 3D Snap shots of some structural and electronic properties of the thiadiazole derivatives in aqueous phase 

 

Table 1: Values of structural and electronic properties of the thiadiazoles derivatives 

 

Inhibitor  EHOMO(eV) ELUMO(eV) ∆E(eV) μ(Debye) I=-

EHOMO 

A=-

ELUMO 

χ η σ ∆N 

AMPT -5.29 -2.36 2.93 2.54 5.29 2.36 3.83 1.47 0.68 1.08 

APT -5.49 -2.52 2.97 2.02 5.49 2.52 4.01 1.49 0.67 1.00 

ACPT -5.50 -2.63 2.87 2.85 5.50 2.63 4.07 1.44 0.69 1.02 

 
Table 2: Calculated Fukui function of thiadiazole derivatives 

 

 

Compound  

 

Atom  

Nucleophilic attack (+)  

Atom  

Electrophilic attack (-) 

Mulliken  Hirshfield  Mulliken  Hirshfield 

AMPT S(1) 0.177 0.154 S(1) 0.098 0.079 

 N(4) 0.096 0.105 N(14) 0.100 0.096 

APT S(1) 0.160 0.138 S(1) 0.137 0.111 

 N(4) 0.099 0.105 N(3) 0.117 0.122 

ACPT S(1) 0.156 0.138 S(1) 0.122 0.095 
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 N(4) 0.094 0.103 N(13) 0.129 0.121  

 

 

 

Figure 2: Graphical representation of second-order Fukui function of the studied compounds 

Table 3: Calculated percentage of second- order Fukui function of the studied inhibitor molecules 

 

Molecule  

Nucleophilic (F+% ) Electrophilic (F- %) 

Mulliken  Hirshfield  Mulliken  Hirshfield  

AMPT 100 100 100 100 

APT 100 100 100 100 

ACPT 100 100 100 100 
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Single AMPT Adsorbed 

Molecule (Side View) 

 

Many AMPT Adsorbed 

Molecules (Side View) 
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Molecule (Top View) (Side View) 

 

 

Single ACPT Adsorbed 

Molecule (Top View) 

 

 

Single ACPT Adsorbed 

Molecule (Side View 

 

 

Many ACPT Adsorbed 

Molecules (Side View) 

Figure 3: Snap shots of the adsorbed thiadiazole molecules on Fe(110) surface. 

 

Table 4: Calculated molecular dynamic simulation parameters for the studied thiadiazoles derivatives 

 

Properties (kcal.mol-1-) 

Inhibitors molecules 

AMPT APT ACPT 

Total kinetic energy 13.96±6.9 12.51±6.5 13.41±5.6 

Total potential energy -51.77±0.0 -49.03±0.1 -58.29±0.0 

Energy of the molecule -66.16±0.1 -40.92±0.0 -38.84±0.0 

Energy of Fe(110) surface  0.00±0.00 0.00±0.00 0.00±0.00 

Adsorption energy -97.98±0.0 -89.95±0.1 -97.14±0.0 

Binding energy  97.98 89.95 97.14 

 

2.2 Molecular dynamic simulation  

Molecular dynamic simulation can be used to 

determine how the inhibitor molecule adsorbs on the 

metal surface [27]. Modelling the interactions between 

the inhibitor molecules and the surface of the Fe(110) 

crystal allowed one to replicate the adsorption of the 

investigated inhibitor molecules on mild steel. Fig. 3 

displays a snapshot of the equilibrium configurations 

of the simulated systems. Table 4 contains the 

calculated and reported key energy parameters of the 

systems. Greater binding or adsorption energies imply 

a stronger ability for the inhibitor to bind, and thus, 

higher inhibitive effectiveness [34]. The fact that the 

ACPT molecule in Table 3 has the highest adsorption 

or binding energy value suggests that it is more likely 

than other inhibitors to adsorb on the surface of the 

iron atom, leading to a stronger inhibitive effect. 

Moreover, the adsorption or binding energies of 

AMPT and APT are comparatively higher. According 

to the data obtained, the three thiadiazole molecules 

adsorption or binding energies have the following 

trend: ACPT>AMPT>APT, suggesting that the 

effectiveness of these thiadiazole molecules' inhibition 

improves with the length of their alkyl chains. This 

outcome is fairly consistent with the experimental 

value reported by Yadav et al. [23]. The number of 

available adsorption sites on the molecules, the 

development of metallic complexes, the heteroatoms' 

ionization potentials, their charge densities, polarity, 

molecular size, and the way the molecules interact 

with the Fe surface are just a few of the variables that 

may affect the order of decreasing inhibition 

performances [23]. It can also be seen that the ACPT 

molecule is more efficient than APT. Because of its 

three potential functional groups—C-O, C-S, and C-

N—which have been shown using Fukui indices to 

improve the adsorption of the molecule on Fe 

surface—AMPT was shown to have the highest 

adsorption or binding energy and is, thus, a better 

inhibitor of Fe corrosion. 

3. Computational details 

3.1 Methods  

All geometric calculations, simulations and theoretical 

calculations were carried out using the BIOVIA Inc 

Material Studio software 8.0 programs. After 

optimizations, quantum chemical parameters were 

calculated using the B3LYP functional with DND 

basis set in DMol3 package in aqueous phase model 

of the Density functional theory (DFT) [35-36]. 

Geometry optimization and exchange correlations are 

treated using hybrid B3LYP [28] and full optimization 

is performed with DNP basis set, which is well 

accepted to provide accurate geometry and electronic 

properties of molecules. 

The parameters that provide information about 

molecular reactivity, such as the energy of the highest 

occupied molecular orbital (EHOMO), lowest 

unoccupied molecular orbital (ELUMO), 

electronegativity (χ), ionization potential (IP), electron 

affinity (EA), hardness (�), softness (σ), and local 

ones such as the Fukui function f(r), were evaluated 
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using Koopman's theorem (Equations 1-8) as earlier 

reported [37].  

IP = -EHOMO                                       (1) 

 

EA = -ELUMO                                      (2) 

 

∆E = ELUMO–EHOMO                            (3) 

 

χ=
 ���	
 

�
= -

	�
��� 	����

�
                     (4) 

 

� = 
���	


�
 = -

	�
���	����

�
                     (5) 

 

Σ = 
�

�
                                                        (6) 

��
� = qK(N+1) –qK(N)                             (7) 

 

��
�= qK(N) –qK(N-1)                                 (8) 

Equation (9) was used to calculate the fraction of 

electrons that transferred from the inhibitor molecule 

to the surface of the Fe metal [38]. 

∆N= 
(��������)

�(ɳ���ɳ� !)
                                         (9) 

Where χFe and χinh stand for the absolute 

electronegativity of iron (Fe) and the inhibitor 

molecule (inh), respectively, and ɳFe and ɳinh stand for 

the absolute hardness of iron (Fe). A theoretical value 

for the electronegativity of bulk iron was utilized as 

χFe=7 eV and a global hardness of ɳFe=0, by 

assuming that for a metallic bulk IP=EA since they are 

softer than the neutral metallic atoms [38].  The 

contrast between nucleophilic and electrophilic 

processes defines the derivative of the second-order 

Fukui function (f2). If f2(r) > 0, site k favors a 

nucleophilic assault; if f2(r) = 0, site k favors an 

electrophilic assault. Thus, f
2
(r) may serve as a 

selectivity signal for electrophilic or nucleophilic 

attacks. 

The Fukui function is �(r) = �+
- �-= �2      

      (10) 

Molecular dynamics (MD) simulation of the 

interaction between a single molecule and the Fe 

surface was performed using Forcite quench MD in 

Material Studio (MS) Modeling 7.0 software to 

sample many different low-energy minima and to 

determine the global energy minimum [4, 27-29]. In 

order to determine an average global minimum, this 

aims to sample five different low energy minima of 

the quenched dynamics [39]. Because of its stability 

and more densely packed atoms, the cleaved Fe(110) 

plane was chosen out of all the possible Fe surfaces 

[40]. The simulations were run using the clever 

algorithm and the condensed-phase optimized 

molecular potentials for atomistic simulation studies 

(COMPASS) force field on a 6 x 5 supercell of the 

Fe(110) surface. The constructed Fe slab was 

significantly relative larger than the molecule to fully 

accommodate the adsorbed molecule in order to 

prevent potential molecular edging effects that may 

occur during the docking process. Using the NVE 

ensemble, 5ps simulation period and 1 fs time step, 

the temperature of the simulation was set to be at 

350K and the completely optimized molecule and Fe 

surface was utilized for the docking process. Every 

250 steps, the system were quenched, and the 

optimum Fe surface atoms were tightly restricted. 

Equation (10) was utilized [41-42] to obtain the 

adsorption (Eads) and (BE) binding energies of the 

single molecule adsorption on the Fe(110) surface, 

allowing access to linking them to inhibitory 

efficiencies. 

Eads = -BE= Ecomplex–( EFe+Einhibitor+)              (11)  

Where, Ecomplex is the total energy of the Fe surface 

and inhibitor, EFe is the energy of the Fe surface 

without the inhibitor, and Einhibitor is the energy of the 

inhibitor without the Fe surface. 

4. Conclusion 

    Our findings were used to predict the inhibitory 

characteristics of thiadiazole compounds against the 

corrosion of iron metal using quantum chemical 

calculations and molecular dynamic simulations. It is 

clear that the resulting results were in strong 

agreement with those reported experimentally. Also, it 

was determined that the thiadiazole molecules 

relatively low adsorption or binding energy on the Fe 

surface indicated the physical adsorption mechanism. 

Comparing APT to the other two compounds, which 

are more likely to be effective as corrosion inhibitors 

on Fe surfaces, it was discovered that APT had the 

lowest inhibitory efficiency in terms of adsorption or 

binding energies. 
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