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The manufacturing industries are very concerned about corrosion. To cut 
expenses and preserve lives, corrosion control is still crucial. Using the 
density functional theory (DFT) method and Monte Carlo simulation, the 
anti-corrosion potentials of specific derivatives of thiosemicarbazide were 
studied. The energy gaps, highest occupied molecular orbital energy, lowest 
unoccupied molecular orbital energy, global softness, number of transferred 
electrons, and other reactivity characteristics were calculated at the 
B3LYP/6-31G+ (d.p) level of theory. Electrostatic potential (ESP) surface 
analysis was used to identify the reactive areas. MC simulation was used to 
study the compounds' adsorption behavior on the Al (111) and Cu (111) 
surfaces in an acidic solution. The compounds had low ΔE, ELUMO, I, and η 
and high EHOMO, A, σ, and ΔN, which explained their corrosion inhibition 
potentials. This is due to their shown capacity, as demonstrated by the ESP 
surface analysis, to both accept and donate electrons via back-donation to 
the metal's d-orbital. The MC simulation demonstrated a favorable contact 
between the inhibitory compounds and the surfaces of Al (111) and Cu 
(111) in the acidic medium. In the manufacturing sectors, these substances 
may be employed as corrosion inhibitors. 
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Graphical Abstract 

 

Introduction 

The special mechanical strength and 

electrical conductivity of metals make them 

useful in the chemical, automotive, aerospace, 

and marine industries. Since they are so pure, 

they are also utilized in electronics as anodic 

materials for high-energy-density power 

sources [1-3]. Metals are coated with a 

protective layer called passivating oxide, which 

is sticky, but it also has an amphoteric 

susceptibility, which makes the metal easily 

dissolve in concentrated acidic and basic 

solutions with pH values between 4 and 9 [4,5]. 

The primary goal in reducing the 

electrochemical corrosion of metals is to 

separate the metal from corrosive substances. 

This can be accomplished by either forming a 

more resistant oxide film on the metal surface 

or by employing corrosion inhibitors, which 

stop the aggressive anions from adhering to 

the metal [6]. Consequently, several research 

projects have been undertaken to create 

organic inhibitors that are low-toxic, 

inexpensive, biodegradable, ecologically 

friendly, and safe to use with a wide enough 

safety margin. Many collaborative research 

papers on substituting novel ecologically 

suitable inhibitors for toxic compounds have 

been published in recent years [7-9] Because 

electronegative functional groups like the 

electronegative nitrogen, sulfur, and oxygen 

atoms, and p-electrons in triple or conjugated 

double bonds are often good inhibitors, the 

existence of these groups in organic 

components makes them important as 

inhibitors [10]. 

The precise interaction between the 

functional groups and the metal surface 

determines the effectiveness of suitable 

inhibitors, which is why these elements and 

sites are crucial. [11] Several investigations 

show that thiosemicarbazide derivatives are 

efficient corrosion inhibitors for several 

metals, including mild steel, copper and its 
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alloys, aluminum, and zinc in acidic conditions, 

however, only a small number of these 

compounds have been documented [12-15]. 

The purpose of this work was to examine, 

theoretically, the suppression of copper and 

aluminum corrosion in an acidic media using 

three organic molecules that are derivatives of 

thiosemicarbazide and are environmentally 

benign. Using Gaussian software and density 

functional theory (DFT), three 

thiosemicarbazide derivatives, namely N-

ethylhydrazinecarbothioamide (compound A), 

N,2-diethylhydrazinecarbothioamide 

(Compound B), and (E)-2-(3-

chlorobenzylidene) hydrazinecarbothioamide 

(Compound C), were primarily used as 

inhibitors of copper and aluminum alloy in an 

acidic medium. This is a relatively uncommon 

occurrence in the literature. In addition, 

utilizing Monte Carlo simulations, the inhibitor 

adsorption mechanism was examined and 

analyzed. 

Computational Details  

Density functional Theory (DFT) calculations 

Quantum chemical calculations were 

performed on the isolated molecules using 

Becke's three -Lee–Yang–Parr correlation 

functional level (B3LYP) with the 6-311G+ 

(d,p) basis sets for a good balance between 

computation and accuracy, the B3LYP 

functional technique is recommended and 6-

311G+ (d, p) basic set for N, C, S, and H atoms’ 

modeling chemistry [16,17] implemented in 

Gaussian 09W software. 

The isolated molecule has undergone 

thorough geometry optimization [18] using the 

universal solvation model. At this point, 

frequency calculations are made to ascertain 

the properties of the stationary spots. In this 

case, several descriptors related to quantum 

chemistry were produced. Computing the 

energy of the highest occupied molecular 

orbital (EHOMO), the lowest unoccupied 

molecular orbital (ELUMO), global softness (σ), 

chemical hardness (η), and fractions of 

electrons transferred (ΔN), ionization potential 

(I), electron affinity (A), and ESP maps were 

among their distinctive characteristics. 

 

Figure 1. Molecular structure of the thiosemicarbazide derivatives (Compounds A-C). 
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A = 𝐸𝐿𝑈𝑀𝑂                                              (1) 

I = 𝐸𝐻𝑂𝑀𝑂                                         (2) 

Δ𝐸 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                            (3) 

𝜂 = (
𝛿2𝐸

𝛿𝑁2)𝑣 = (
𝛿𝜇

𝛿𝑁
)𝑣 =

Δ𝐸

2
                       (4) 

σ = 2(
𝛿𝑁

𝛿𝜇
)𝑣(𝑟) =

1

𝜂
=

2

Δ𝐸
                             (5) 

χ =
−(𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂 )

2
                             (6) 

ΔN =
(χ𝑚𝑒𝑡𝑎𝑙−χ𝑖𝑛ℎ )

2×(η𝑚𝑒𝑡𝑎𝑙−η𝑖𝑛ℎ)
                                  (7) 

Where,  

Electron affinity (A), Ionization Potential (I), 

𝐸𝐻𝑂𝑀𝑂 = The highest occupied molecular 

orbital’s energy, 𝐸𝐿𝑈𝑀𝑂 = The lowest 

unoccupied molecular orbital, Δ𝐸 = energy gap, 

χ = global electronegativity, σ = global softness, 

𝜂 = chemical hardness and ΔN = fractions of 

electrons transferred, χ𝑚𝑒𝑡𝑎 (χ𝐶𝑢 = 4.94 eV   χ𝐴𝑙 

= 4.26 eV) and  χ𝑖𝑛ℎ = absolute 

electronegativities of the metal and organic 

inhibitor respectively. η𝑚𝑒𝑡𝑎𝑙 (𝜂𝐶𝑢 = 𝜂𝐴𝑙  = 0 eV) 

and η𝑖𝑛ℎ = absolute hardness of the metal and 

organic inhibitor, respectively [17]. 

Monte carlo simulation  

Cu (111) and Al (111) were used as 

standard metal surfaces in the MC simulation 

to study the adsorption progress of the 

molecules. This was made possible based on 

previous studies [19,20], which are sufficient 

when looking for surfaces with a well-packed 

structure and good stability [20]. Forcite was 

used to optimize compounds (A-C), and a 

model of the metal surface (8 x 8) supercell; 

vacuum thickness (30) ̦; box volume (6) was 

created. Fine-quality adsorption was calculated 

using five annealing cycles with 5000 steps per 

cycle [18]. To simulate a real-world 

environment, the MC simulation was run on 

optimized low-energy Cu (111) and Al (111) 

utilizing water and acidic media. Using an 

adsorption locator module with a COMPASS 

forcefield, the molecules were adsorbed on Cu 

(111) and Al (111) surfaces. An estimate of the 

adsorption energy was made [6,22]. A number 

of significant parameters were determined 

from the MC simulation, including the total 

energy of the system [Etotal], Deformation 

energy [Edef], Rigid adsorption energy [Erigid], 

Adsorption energy [Eads], and Metal adsorbate 

configuration energy [dEads/dNi] of molecules. 

The total of the deformation energy (Edef) and 

rigid adsorption energy (Erigid) is often known 

as adsorption energy (Eads) [18]:  

Results and Discussion  

Density functional theory (DFT) analysis 

The DFT/B3LYP/6-311 G+ optimized 

structures of the three thiosemicarbazide 

derivatives are seen in Figure 2. Electron 

affinity (A), Ionization Potential (I), global 

softness ( σ ), global electronegativity (χ), 

chemical hardness (η), Energy gap (ΔE), and 

electron transfer (ΔN) are some of the 

suggested quantum descriptors that could be 

in charge of the studied molecules' effective 

inhibition (Table 1). 

The energy gap (ΔE) 

The ΔE is the difference between a 

molecule's ELUMO and EHOMO, and it connects the 

inhibitor's reactivity to adsorption on the 

metal surface. Reduce the ΔE value of 

inhibitors to enhance the reactivity between 

the metal and the inhibiting molecule, hence 

increasing the metal's surface binding 

capability. Due to the decreased energy needed 

to remove the electron from the highest 

occupied molecular orbital, this increase in 

binding capacity may result in a rise in the 

inhibitor's inhibitory efficiency [21]. The 

destabilization of the highest unoccupied 

molecular orbital to a lower energy level may 

be the cause of the extremely low band gap of 
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0.1513 eV observed for Compound C when the 

phenyl group was attached. According to Table 

1 ΔE value, indicates that these molecules 

perform better than others due to their lower 

energy gaps and stronger reactivity as follows; 

Compound C > Compound A > Compound B.  

The energy of the highest occupied molecular 

orbital (EHOMO) or electron affinity (A) 

The electron donor capacity of an inhibitor 

is linked to its EHOMO. Inhibitors with high or 

increased EHOMO have a greater propensity to 

transfer electrons to the metal's corresponding 

lower molecular orbital. As a result, inhibitors 

have a greater ability to adsorb onto metal 

surfaces and to inhibit them effectively. 

Therefore, by improving the transferring 

process, an inhibitor's effectiveness can be 

increased. Table 1 clearly illustrates how 

Compound A > Compound B > Compound C 

corresponds to the EHOMO values for the three 

thiosemicarbazide derivative molecules. The 

greatest inhibitor of electron donation to the 

metal's vacant d-orbital is Compound A, which 

has the largest EHOMO (-0.2026 eV). In contrast, 

organic inhibitors both take electrons from the 

metal's d-orbital and give them to its empty d 

orbitals [22].  

The lowest unoccupied molecular orbital (ELUMO) 

or ionization potential (I) 

It is clear from ELUMO that an inhibitor can 

take up electrons from the metal, which would 

enhance the inhibitory impact on the metal's 

surface. This could account for the potential of 

the inhibitor molecules interacting (adsorbing) 

through their acceptor atoms on the metallic 

surface, which frequently have a positive 

charge as previously noted [23,24]. Compound 

B > Compound A > Compound C ELUMO 

sequence suggests that Compound B has a 

higher inclination to take electrons from a 

metal's surface. Electrons are focused on the 

atoms of the phenyl group and the molecular 

structure of the molecules under study, 

according to the analysis of the electron 

density distribution in molecular orbitals 

(Figure 3) [25,26]. 

Global softness (𝜎) and chemical hardness (η) 

According to the acid and base theory, 

which established that molecular hardness is 

equal to the geometric mean of the chemical 

hardness of its component atoms [12,27], 

absolute hardness and softness reactivity 

descriptors are linked to the description of soft 

and hard solutions. Every chemical reaction 

involves the transfer of electrons between 

different chemical species; charge transfer 

affects soft molecules differently than it does 

hard molecules. Chemical stability and 

hardness are directly related, according to the 

Principle of Maximum Hardness [28], which 

also argues that harder molecules are less 

reactive and more stable. Therefore, the 

resistance of the electron cloud of ions, atoms, 

or molecules to polarization or deformation 

brought on by disturbances in chemical 

reactions is indicated by a molecule's chemical 

hardness. A reaction's chemical hardness 

provides essential information for forecasting 

the reaction mechanism and estimating the 

products produced throughout the reaction 

[12]. The sequence of values for absolute 

hardness is as follows: Compound C < 

Compound A < Compound B. This makes these 

three molecules more reactive and less stable. 

Low bandgap derivatives have strong 

inhibitory efficiency because of their low 

hardness values. The commonly accepted 

belief that hard molecules should have a large 

energy gap and soft molecules should have a 

small energy gap is supported by this. The 

sequence of the molecules that were 



  T.T. Uzah                                                                                                                                       86 

investigated using DFT and their softness 

values is as follows: Compound B < Compound 

A < Compound C. Therefore, a low global 

hardness value, or a high global softness value, 

is probably going to exhibit a high inhibitory 

efficiency.  

Global electronegativity (χ) 

Electronegativity, the atom's propensity to 

draw a shared pair of electrons to itself within 

a molecule, is a fundamental idea in 

comprehending the nature of chemical 

interactions. When a molecule forms, the 

electronegativities of its constituent atoms are 

brought into equilibrium, and the resultant 

quantity known as molecular electronegativity 

is the geometric mean of those 

electronegativities [12,29]. The 

electronegativity values of the molecules under 

study are as follows (Table 1): Compound A < 

Compound B < Compound C. 

Number of electrons transferred (ΔN) 

The quantity of electrons moved from the 

inhibiting molecule to the metal's surface is 

known as the proportion of electrons 

transferred (ΔN). It also displays the electron-

transfer capacity of the inhibitor. An inhibitor's 

ability to donate electrons increases along with 

its inhibitory efficiency on the metal surface. 

Similarly, when there are more electron 

transfers, an inhibitor's efficiency rises on the 

metal surface. For an organic inhibitor to be 

considered efficient in enhancing the corrosion 

inhibition efficiency, its number of electrons 

transferred (ΔN) must be fewer than 3.6 

(electrons). If the ΔN is more than 3.6 

(electrons), the inhibition efficiency will drop 

[30]. Higher electron transfer value molecules 

are more likely to give electrons to the other 

molecules that are receiving them. This 

suggests that inhibitory compounds with 

larger ΔN have a higher propensity to adsorb 

on the metal surface, increasing their inhibition 

efficiency as a result [31]. The order in which 

the number of electrons transferred for copper 

(ΔNCu) and the number of electrons transferred 

for aluminum (ΔNAl) grows for molecules 

under study is as follows: Compound C > 

Compound A > Compound B. The substituent 

group and molecular structure of 

thiosemicarbazide skeleton ring have a 

significant impact on the ΔN values. This 

finding indicates that although the copper and 

aluminum surfaces may be electron-accepting 

molecules, the investigated thiosemicarbazide 

derivatives are electron-donating molecules. 

 

Figure 2. Optimized structures of the thiosemicarbazide derivatives (Compounds A-C). 
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Figure 3. LUMO (left) and HOMO (right) structures of the thiosemicarbazide derivatives (compounds A-C). 

Table 1. The evaluated quantum chemical parameters for the compounds (eV) 

Compound 𝑬𝑳𝑼𝑴𝑶 𝑬𝑯𝑶𝑴𝑶  𝚫𝑬 𝛈 𝛔 𝛘 ∆NAl ∆NCu 

A -0.0185 -0.2026 0.1841 0.0921 10.86 0.111 -16.93 -26.22 

B -0.0183 -0.2177 0.1994 0.0997 10.03 0.1180 -15.61 -24.18 

C -0.0704 -0.2217 0.1513 0.0757 13.22 0.146 -20.37 -31.66 

 

Electrostatic potential maps (ESP) 

The electron-rich and electron-deficient 

regions of molecules are better understood 

with the aid of the ESP maps [32]. The sites 

that promote an electrophilic assault are 

represented by the red and orange areas 

(negative portions) of the map, whereas the 

blue and green regions (positive parts) of the 

map represent the sites that favor a 

nucleophilic attack (Figure 4). The nitrogen, 

sulfur, and phenyl hydrogen atoms prefer a 

nucleophilic attack while an electrophilic 

attack is favored by some carbon and phenyl 

carbons.  
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Figure 4. Electrostatic potential map (left) and surface contour (right) of the thiosemicarbazide derivatives 

(Compounds A-C). 

Monte Carlo simulation 

The compounds under examination on Cu 

(111) and Al (111) surfaces are demonstrated 

in Figures 5 and 6. While Tables 2 and 3 list 

their total energy (ETot), adsorption energy 

(EAds), rigid adsorption energy (ERigid), and 

deformation energy (EDef). The compounds' 

ETots are as follows:  Compound C > Compound 

A > Compound B. The compound's adsorption 

on the metal surfaces is thermodynamically 

stabilized, as indicated by all values, with 

Compound C being the best. One adsorbate 

component removed from a metal adsorbate 

configuration is often represented by the 

energy of the substrate-adsorbate 

configuration (dEads/dNi). Generally speaking, 

the greater the inhibitor-metal component 

interaction, the lower the value of dEads/dNi. In 

addition, it has typically been discovered that 

adsorption efficiency increases with addition 

substituents, such as functional groups found 

in inhibitor compounds, adsorption energy, 

and the dEads/dNi value [18,33]. Compound C > 

Compound A > Compound B is the order of the 

dEads/dNi. The compounds may be able to stop 
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or slow down corrosion because they also have 

low adsorption energies. The order of the EAds 

is Compound C > Compound A > Compound B. 

ERigid plus EDef add up to EAds. Whereas the 

energy released on Cu (111) and Al (111) 

when the unrelaxed adsorbate components are 

adsorbed is known as the ERigid, the energy 

released on Cu (111) and Al (111) is known as 

the EDef [34]. Figures 5 depict the two 

perspectives of adsorbed compound A on the 

Cu (111) surface, whereas Figures 6 display the 

perspectives of compounds on the Al (111) 

surface. On Cu (111) and Al (111), every 

molecule showed high surface coverage. The 

compounds are arranged parallel on Cu (111) 

and Al (111) via covalent and non-bonded 

contacts, supporting the low ΔE, ELUMO, I, and η 

and high EHOMO, A, σ, and ΔN values from DFT 

calculation (Tables 2 and 3), which suggests 

that the inhibitors accept electrons via back 

donation [17,35-36]. 

Table 2. Monte Carlo simulation outcome for inhibitor - Al (111) interaction 

Compound 

(Al) 

dEad/dNi Adsorption 

energy 

Rigid 

adsorption 

energy 

Deformation 

energy 

Total energy 

A -283.49 -283.49 -18.340 -265.15 -6.65 

B -78.48 -157.82 -55.50 -102.32 -28.79 

C -14182 -14182 -25.025 -1393 -5.050 

 

 

 

 
Figure 5. Side view (left) and top view (right) of the thiosemicarbazide derivatives (compounds A-C) on the 

Al (111) surface. 
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Table 3. Monte Carlo simulation outcome for inhibitor - Cu (111) interaction 

Compound 

(Cu) 

dEad/dNi Adsorption 

energy 

Rigid 

adsorption 

energy 

Deformation 

energy 

Total energy 

A -271.99 -537.91 -6.139 -531.77 15.77 

B -62.96 -119.15 -8.090 -111.06 20.50 

C -14078 -28049 -12.53 -27923 21.35 

 

 

 

 

Figure 6. Side view (left) and top view (right) of the thiosemicarbazide derivatives (compounds A-C) on the 

Cu (111) surface. 

Conclusion 

In an acidic environment, the inhibitory 

effects of three thiosemicarbazide derivatives 

have been assessed theoretically against 

copper and aluminum surface corrosion. To 

display their inherent characteristics and 

reactivities, density functional theory (DFT) 

computations were performed. Monte Carlo 

simulation was employed to explain various 

likely interactions, including electrostatic and 

van der Waals interactions between the Cu 

(111) and Al (111) surfaces and the inhibitors. 

The findings lead to the following deductions: 
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1. The inconsistent distribution of charge 

was shown by the HOMO and LUMO maps. 

2. The compounds showed high EHOMO, A, σ, 

and ΔN, and low ΔE, ELUMO, I, and η.  

3. The electrostatic potential (ESP) map 

identified sites that donate electrons to 

empty d-orbitals of the metal and accept 

electrons from the metals via back donation.  

4. The inhibitor three thiosemicarbazide 

derivatives have strong interactions with 

the Cu (111) and Al (111) surface, according 

to Monte Carlo simulations. 

5. To assess how well the three compounds 

inhibit Cu (111) and Al (111) surface 

corrosion, a combination of the adsorption 

energy (Eads) and the desorption energy 

(dEads/dNi) values is used. 

6. DFT and Monte Carlo simulations 

showed that these inhibitors are more 

effective in the following order: Compound 

C > Compound A > Compound B. 
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