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This study provides a theoretical investigation into the inhibition efficiency of 4-acetamido-N-(3-

amino-1,2,4-triazol-1-yl) benzenesulfonamide. The molecule was previously synthesized 

unintentionally in an attempt to fabricate copper corrosion inhibitors. Density functional theory (DFT) 

concepts were used to model the molecule's molecular structure and electronic properties. In 

comparison to compounds with similar molecular structures, calculated global reactivity indices such 

as the highest occupied molecular orbital–lowest unoccupied molecular orbital (HOMO-LUMO) 

energy gap (4.71 eV), chemical hardness (2.36 eV), and softness (0.42 eV) revealed high chemical 

reactivity for the title inhibitor. Further, the geometrical parameters of the ground state molecular 

structure were computed and compared to experimental data. The molecule's high susceptibility to 

electron transfer via the interacting species was disclosed by analyzing the HOMO and LUMO.As 

indicated by the molecular electrostatic potential map and Mulliken charge analysis, the lateral 

distribution of active sites for nucleophilic and electrophilic attacks, as well as negative charges, 

endows the molecule with high inhibition capability. The partial density of states (PDOS) spectra 

revealed the most influential molecular orbital in the electronic properties of the inhibitor. According 

to the findings, the proposed molecule has a high level of chemical reactivity, making it a promising 

copper corrosion inhibitor. 
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1. INTRODUCTION 

 

Corrosion inhibitors have become a highly effective and economical method of preventing 

copper corrosion due to their mature technology and outstanding performance against corrosion 

[1],one of the most serious problems in the industrial sector, which causes grievous casualties and 

enormous property loss [2, 3]. Corrosion is defined as the degradation of a metal's surface due to a 
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chemical reaction with the surroundings, and it is one of the most widely researched phenomena in the 

last few decades.  

Several studies have explored the optimum methods of coating metal surfaces with organic or 

inorganic materials as a protection in various media [4–6], and it has been discovered thatthe use of 

corrosion inhibitors is one of the cheapest and most effective techniques for corrosion prevention. 

Inorganic composites specified as chromates, nitrates, oxides, and lanthanides have been utilized as 

common inhibitors for corrosion [7–10].  

Copper is a relatively noble metal, resistant to the influence of the atmosphere and many 

chemicals, requiring strong oxidants for its corrosion or dissolution. However, it is known that, in 

aggressive media, it is susceptible to corrosion [11–14]. Thus, copper corrosion inhibitors are 

necessary since no passive protectivelayer can be expected to form [15–20]. Although experimental 

techniques are instrumental in understanding inhibition mechanisms, they have some limitations, such 

as being time-consuming and highly costly [21, 22].  

Of late, the theoretical approach represented by density functional theory (DFT) has become a 

powerful tool in studying the inhibition properties of molecules [23–27]. DFT concepts have a huge 

capability to interpret and predict the inhibition performance of organic and inorganic inhibitors based 

on the reactivity indexes and electronic and molecular properties [28–30].  

This work investigated the inhibition efficiency of a novel molecule, 4-acetamido-N-(3-amino-

1,2,4-triazol-1-yl)benzenesulfonamide, which was previously synthesized in an attempt to treat copper 

corrosion as an active inhibitor. DFT means were used to determine the structural quantum parameters 

of these compounds and classify their inhibition efficiency according to the calculated molecular 

properties 

 

2. MATERIALS and METODS 

2.1. Experimental Details 

The proposed molecule, 4-acetamido-N-(3-amino-1,2,4-triazol-1-yl)benzenesulfonamide, was 

unintentionally produced by the Fu Juan group while attempting to treat copper corrosion by 

synthesizing an active inhibitor using p-acetylamidobenzenesulfonyl chloride and 3-Amino-1-H-1,2,4-

triazole [31]. Figure 1(A) illustrates the molecular structure of the title molecule, C10H11N5O3S.  

Because it contains many heteroatoms, the group anticipated that the title molecule would be a 

promising copper corrosion inhibitor that would easily interact with copper to form a coating complex. 

The mentioned work includes a detailed description of the synthesis method as well as supplementary 

materials that clearly define the refinement, fractional atomic coordinates, equivalent isotropic 

displacement, and geometric parameters for the title molecule. 

 

2.2. Computational Methods 

The molecular structure of 4-acetamido-N-(3-amino-1,2,4-triazol-1-yl)benzenesulfonamidewas 

investigated using DFT, which was expressed by the Becke3-parameter-Lee-Yang-Parr (B3LYP) 
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model and the 6-311G** basis set, to find the optimized ground state [32, 33]. The calculations were 

conducted using the computational chemistry software package Gaussian 09 [34]. GaussView 5.0 was 

used to extract and visualize the surface of molecular electrostatic potential,highest occupied molecular 

orbital(HOMO) and lowest unoccupied molecular orbital(LUMO) energies, frontier molecular orbitals, 

and atomic charges [35]. The density of states (DOS) and partial density of states (PDOS) spectra were 

generated using the GaussSum program [36] with an FWHM of 0.3 eV, and thegraphs were plotted 

using the origin program.  

 
Figure 1. Molecular structure(A) and optimized geometry (B) of 4-Acetamido-N-(3-amino-1,2,4-

triazol-1-yl)benzenesulfonamide molecule. 

 

 

3. RESULTS 

3.1. Chemical reactivity descriptors 

The properties and electronic structure of a molecule must be identified to describe its behavior 

in a chemical reaction with another chemical substance. DFT has been used successfully to investigate 

quantum chemical descriptors of molecular systems, which correlate molecular orbital energies to 

chemical reactivity. In this regard, the chemical DFT descriptors derived by Koopmans' theorem [37] 

were determinedfor the title inhibitor.These include chemical potential (µ), ionization potential (I), 

electronic affinity (A), hardness (η), softness (σ), electronegativity (χ), electrophilicity (ω), and the 

fraction of electrons transferred (ΔN). The mathematical representation of these chemical indices and 

their calculated values are recorded in Table 1.  

EHOMO signifies the energy of the HOMO, while ELUMO indicates the energy of the LUMO. The 

ionization potential (I) and the electron affinity (A) are denoted as -EHOMO and -ELUMO. The gap in the 

energy band reflects the reactivity of the inhibitor to the adsorption process on metal surfaces. Smaller 

energy gaps indicate better inhibitory activity since the energy required to remove an electron from the 

most occupied orbital is lesser [38].  

A molecule's resistance to changes in its electronic distribution during chemical interactions is 

defined as hardness. Consequently, reduced hardness, or softness, indicates a comparatively 

polarizable molecule whose electronic distribution can be easily changed in a chemical reaction. As the 

hardness and softness values werelow and high, respectively, for the title molecule, it meant that it is a 

molecule with high chemical reactivity and high corrosion inhibition efficiency.  
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Table 1 show that the calculated values of Eg, η, and σ were 4.71 eV, 2.36 eV, and 0.42 eV-

1,respectively. Thus, compared to previously reported molecules with similar structures, the 

investigated inhibitor has a smaller gap in the energy band, lower hardness, and a higher softness 

value, indicating a good inhibition capability [39, 40].  

Electronegativity is a measure of the molecule's ability to attract electrons and is a critical 

property in predicting the efficiencies of the molecule as a corrosion inhibitor. As per Sanderson's 

principle [41], electrons flow from the molecule having low electronegativity (inhibitor) to the one 

with the higher electronegativity (metal surface) until the values equalize and chemical equilibrium is 

attained. As thought, the measured electronegativity of the inhibitor is lower (4.12 eV) than that of the 

metal surface (copper).  

Electrophilicity refers to a molecule's preference to acquire electrons from its surroundings. 

Based on the absolute electrophilicity criteria, the investigated inhibitor is categorized as a strong 

electrophile [42]. The number of electrons transferred between the inhibitor and metal surface during a 

chemical interaction is denoted by the numerical parameter, ΔN. In Table 1, ΔN was calculated using 

the theoretical values of electronegativity and global hardness for bulk copper as 𝜒𝐶𝑢 = 4.98 𝑒𝑉 𝜂𝐶𝑢 =

0 respectively, implying that, for a metallic bulk, I= A since they are softer than neutral metallic atoms 

[43]. The calculated positive value of ΔN indicated that the inhibitor behaves as an electron donor, i.e., 

the inhibitor's efficiency is due to electron donation. 

 

 

Table 1. The predicted reactivity descriptors for 4-Acetamido-N-(3-amino-1,2,4-triazol-1-yl)benzene 

sulfonamide using B3LYP/6-311G**  model. 

 

Parameter Symbol 
Mathematical 

Definition 

This work 

C10H11N5O3S 

Previous work 

C9H14N4O4S 

[39] 

Previous work 

C10H12N4OS 

[40] 

HOMO Energy EHOMO 6.58- 5.58− 6.47- ــــــــــــــــــــ 

LUMO Energy ELUMO 0.86- 0.57− 1.76- ـــــــــــــــــــ 

Energy gap 𝐸𝑔 
ELUMO

− EHOMO 
4.71 5.01 5.72 

Ionization 

potential 
I - EHOMO 6.47 5.58 6.58 

Electron affinity A - ELUMO 1.76 0.57 0.86 

Chemical 

hardness 
η 

I − A

2
 2.36 2.50 2.86 

Chemical 

softness 
σ 

1

η
=  

1

I − A
 0.42 0.40 0.35 

Electronegativity χ 
I + A

2
 4.12 3.08 3.72 

Electrophilicity ω 
χ2

2η
 ــــ ـــــ 3.60 

Fraction of 

electron 

transferred 

ΔN 
χCu − χinh

2(ηCu + ηinh)
 ــــ ـــــ 0.18 
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3.2. Optimized geometric parameters 

The optimized structure of the studied molecule calculated using the B3LYP technique and the 

6-311G** basis setis seen in Figure 1(B). Table 2 lists the calculated geometrical parameters such as 

bond lengths, angles, and torsion angles, along with the corresponding experimental values.  

The 4-acetamido-N-(3-amino-1,2,4-triazol-1-yl)benzenesulfonamide molecule is non-planar, 

with the acetamido and 3-Amino-1,2,4-triazole groups forming two planes that bend at the sulfonic 

group. This bending is signified by the angle ∠N2S1C6 =103.93Exp, 103.42Cal.Other torsion 

angles,including C5-C6-S1-N2, C7-C6-S1-N2, C9-N2-S1-C6, N3-N2-S1-C6, etc.,are shown with their 

values in the table. 

The results of the selected geometrical parameters aligned with the experimental values, except 

for some parameters being slightly greater.This can be attributed to the lack of accounting for the 

intermolecular coulombic interaction between neighboring molecules during calculations, which were 

done for isolated molecules. In contrast, the experiment took this interaction into account for 

molecules in the crystal lattice [44]. 
 

 

Table 2. Comparison between the calculated geometrical parameters and the experimental values 

retrieved from the literature. 

 
Bond length 

(Å) 

Exp. 

 

B3YLB 

/6-311** 

Bond length 

(Å) 

Exp. 

 

B3YLB 

/6-311** 

Angle (◦) Exp. 

 

B3YLB 

/6-311** 

C1-C2 1.50 1.51 O1-C2-C1 121.88 122.02 C4-C5-C6-S1 -178.89 -179.30 

C2-O1 1.22 1.21 N1-C2-C1 114.44 114.20 S1-C6-C7-C8 178.12 179.50 

C2-N1 1.36 1.38 C8-C3-N1 117.61 117.20 N1-C3-C8-C7 175.68 176.89 

C3-N1 1.40 1.40 N1-C3-C4 122.97 123.21 O1-C2-N1-C3 -4.90 -4.81 

C3-C4 1.40 1.40 C5-C4-C3 119.46 119.55    C1-C2-N1-C3 175.40 176.05 

C4-C5 1.38 1.38 C4-C5-C6 120.55 119.96 C8-C3-N1-C2 170.17 171.36 

C5-C6 1.38 1.39 C5-C6-C7 120.37 121.21 C4-C3-N1-C2 -12.7 -11.81 

C6-C7 1.38 1.39 C5-C6-S1 120.06 119.10 N5-C9-N2-N3 176.09 176.84 

C6-S1 1.75 1.77 C7-C6-S1 119.55 119.68 N4-C9-N2-S1 -175.29 -179.48 

C7-C8 1.39 1.38 C7-C8-C3 120.93 120.88 N5-C9-N2-S1 3.60 3.74 

C9-N4 1.32 1.32 C2-N1-C3 128.23 128.92 S1-N2-N3-C10 176.00 176.40 

C9-N5 1.33 1.35 C9-N2-N3 109.16 109.42 N5-C9-N4-C10 -176.97 -176.96 

C9-N2 1.38 1.38 C9-N2-S1 131.89 131.55 C9-N2-S1-O3 -152.26 -154.37 

C10-N3 1.30 1.30 N3-N2-S1 118.56 119.00 N3-N2-S1-O3 35.81 36.19 

C10-N4 1.36 1.36 C10-N3-N2 101.25 101.52 C9-N2-S1-O2 −23.32 -24.12 

N2-S1 1.68 1.72 C9-N4-C10 103.39 103.45 N3-N2-S1-O2 164.76 165.45 

O2-S1 1.42 1.45 O3-S1-O2 121.05 122.00 C9-N2-S1-C6 92.15 93.27 

O3-S1 1.42 1.45 O3-S1-N2 106.64 107.46 N3-N2-S1-C6 −79.77 -78.41 

N4-C9-N5 125.85 126.2 O2-S1-N2 103.89 103.20 C5-C6-S1-O3 −167.40 -166.89 

N4-C9-N2 108.98 109.0 O3-S1-C6 109.43 109.28 C7-C6-S1-O3 14.06 15.77 

N5-C9-N2 125.16 124.71 O2-S1-C6 110.33 109.52 C7-C6-S1-O2 −121.49 -124.84 

N3-C10-N4 117.16 116.54 N2-S1-C6 103.93 103.42 C5-C6-S1-N2 −53.79 -53.67 

O1-C2-N1 123.68 123.77 N1-C3-C4-C5 -176.32 -177.79 C7-C6-S1-N2 127.67 128.53 
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3.2. HOMO & LUMO Frontier Molecular Orbitals 

As previously stated, HOMO and LUMO, also known as the frontier molecular orbitals, are the 

most valuable orbitals in organic chemical compounds. HOMO and LUMO are significant, as they 

represent the primary orbitals involved in chemical interactions. The ability to donate an electron is 

defined by HOMO, while LUMO dictates the capacity to accept an electron. Figure 2 describes the 

HOMO-LUMO map of the title molecule.  

The HOMO distribution is confined to the 3-Amino-1,2,4-triazole group, while LUMO is 

found primarily on the acetamido group, with small lobes found on the triazole and the oxygen of the 

sulfonic group. The allocation of HOMO and LUMO on the right and left sides of the molecule further 

clarified the molecule's high susceptibility to charge transfer.  

 

 
Figure 2. HOMO and LUMO frontier molecular orbitals diagram 

 

3.3. Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential (MEP) is a local descriptor that predicts chemically active 

regions based on nuclear and electronic charge distribution. Reactive sites for electrophilic and 

nucleophilic interactions are designated by a color code.The color blue indicates a positive charge 

regionassociated with an electrophilic attack, the color red represents a negative charge region 

associated with a nucleophilic attack, and the color green denotes electrostatic neutral potential 

regions. The MEP surface map is depicted in Figure 3.  
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The 4-acetamido-N-(3-amino-1,2,4-triazol-1-yl) benzenesulfonamide molecule has the most 

negative regions on the oxygen atoms of the carbonyl and sulfonic groups and the nitrogen atom of the 

triazole group, making them attractive sites for an electrophilic attack. Positive regions are found 

around the hydrogen atoms of the amino group and the lower hydrogen atoms in the acetamido group, 

which seem to be the most preferred locations for nucleophilic interactions.  

 

 
Figure 3. Map representation of the molecular electrostatic potential (MEP) surface. 

 

3.3. Mulliken Charges 

Mulliken population analysis has been widely used to compute the charge distribution in 

molecules to identify the adsorption centers of inhibitors.  

 

 
Figure 4. Mulliken atomic charge distribution of "4-Acetamido-N-(3-amino-1,2,4-triazol-1-yl) 

benzene sulfonamide" molecule 
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According to earlier studies, the atom with the higher negative atomic charge readily donates 

its electron to the metal's unoccupied orbital [45, 46]. Figure 4 illustrates the distribution of Mulliken 

atomic charges for the studied inhibitor.  

It is evident that the most negative atomic charges are located on the carbon of the methyl 

group as well as on the oxygen and nitrogen atoms.These charge carriers serve as active centers for 

providing electrons to the metal surface. Further, the negative charges have a notable distribution along 

with the whole skeleton of the molecule, giving it high adsorption efficiency. In addition, it is 

important to realize that the inhibitor molecule can form a back donating bond with the copper atom's 

anti-bonding orbitals by receiving electrons from it [47]. 

 

3.4. Total and partial Density of states 

A molecule's DOS represents the number of states occupied by it at a given energy range. In 

contrast, the PDOS clarifies the projection of specific orbitals on the energy scale for each molecular 

fragment or atom. The DOS and PDOS plots for the studied molecule are shown in Figure 5.  

 

 
Figure 5. The diagram depicting the (A) DOS and (B) PDOS of "4-Acetamido-N-(3-amino-1,2,4-

triazol-1-yl)benzenesulfonamide" molecule 
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The molecular orbital of 3-Amino-1,2,4-triazole entirely establishes the HOMO configuration. 

However, its orbital, on the other hand, is the main component of LUMO, with minor contributions 

from the sulfonic and the 3-Amino-1,2,4-triazole groups. The acetamido group clearly makes a 

significant contribution to the total DOS molecular orbitals.Hence,any alteration in this chain could 

easily affect the electronic properties of the molecule. 

 

 

4. CONCLUSION 

DFT quantum computational modeling was used to investigate the electronic structure 

properties of the 4-acetamido-N-(3-amino-1,2,4-triazol-1-yl)benzenesulfonamide molecule and their 

relationship with corrosion inhibition performance. The calculated quantum reactivity indices, 

including the HOMO-LUMO energy gap, chemical hardness, softness, electronegativity, 

electrophilicity, and the fraction of electrons transferred, elucidated that the studied inhibitor has a high 

chemical reactivity.  

The structural parameters were found to be consistent with the values found in the XRD 

literature. The frontier molecular orbitals disclosed the fragment offering/receiving electrons to 

interpret the electron transfer within the molecule. The MEP map and Mulliken charge distribution 

were used to distinguish active sites for nucleophilic/electrophilic attacks in addition tothe locations of 

negative charges on the molecule surface. The DOS and PDOS were used to assess molecular orbital 

contributions.  

The obtained results indicate desirable electronic properties, confirming the chemical reactivity 

of the proposed molecule and classifyingit as a good candidate for copper corrosion inhibition. 
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