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Abstract: Quantum simulations using semi-empirical PM3 and Density Functional Theory (DFT)
techniques based on B3LYP/(6-311G), (2d,2p) were used to theoretically investigate corrosion
inhibitors. Essential quantum chemistry parameters, such as Enomo (highest occupied molecular
orbital energy) and Erumo (lowest molecular orbital energy), were found to correlate with the
effectiveness of amide derivative N-((1R)-((3a,7a-dihydrobenzo [d] thiazol-2-yl)thio) (pyridin-2-
yl)methyl)-N-(4-nitrophenyl) acetamide compound [A] as corrosion inhibitor. Energy gap, electron
affinity (EA), hardness (EA), dipole moment (u), softness (S), ionization potential (IE), absolute
electron negativity (x), and global electrophilicity index (w) are among the other parameters that are
also examined. By pointing out reactive centers and possible locations for nucleophilic and
electrophilic assaults, the Mulliken population was also crucial in determining a local reactivity.
Theoretical predictions indicate that the compound [A] is superior as a corrosion inhibitor.

Keywords: corrosion inhibitor, Amide, Hardness, Softness.

1. Introduction

A corrosion inhibitor is a chemical compound that interacts with a metal surface or
surrounding environment to prevent corrosion on the metal's surface [1]. Corrosion
inhibitors are usually organic molecules with heterogeneous atoms (sulfur, oxygen, and
nitrogen) in their aromatic composition [2]. Organic compounds frequently have a
propensity to withstand corrosion due to the high electron density on heterogeneous
atoms [3]. These organic compounds' inhibitory effect is typically ascribed to their
adsorption interactions with the metal surface. The reaction center that stabilizes the
adsorption process is thought to be polar functional groups [4]. To solve the chemical
conundrum and explain the mechanism of the corrosion reaction, quantitative chemical
calculations were employed [5-8]. This method works well for examining the inhibitor
molecule's mechanism of action on the metal surface. The use of chemical inhibitors is one
such technique. High electron-level elements like N, O, and S are found in the structures
of amides, which are organic compounds. Numerous study studies have examined the
connection between these amides chemical structures and their inhibitory efficiency [9].
Quantum chemical computations have demonstrated significant efficacy in investigating
corrosion inhibition mechanisms. A highly helpful framework for creating new standards
for logically analyzing, forecasting, and ultimately comprehending a variety of chemical
processes has been made available by density functional theory (DFT). DFT naturally
incorporates a number of chemical notions that are now commonly employed as
descriptors of chemical reactivity, such as electronegativity, hardness or softness values,
etc. [10].
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2. Methods and Materials

By examining their quantum mechanical calculations for corrosion inhibition
efficiency as a superior corrosion inhibitor over the other using PM3 and DFT methods,
the newly prepared derivative of compound [A], as shown in (Fig. 1), will be the subject
of this investigation of corrosion inhibition efficiency parameters.

3. Results and Discussion

Optimize geometry of compound [A]

The molecules corresponding geometries were fully optimized using the PM3 semi-
empirical method and Density Functional Theory (DFT), which was conducted using
Becke's three-parameter functional and the correlation functional of Lee, Yang, and Parr
(B3LYP) with a 6-311++G (2d, 2p) level of theory. The molecules were constructed using
the Gauss View 09 implemented in the Gaussian 09 package [3]. The geometry of
compound [A] is given in Figure 1.

Figure 1. The optimized molecular structure of compound [A] along
with the numbering of atoms.

The compound [A] chemical bonds are displayed in Table (1). The carbon—carbon
bonds in benzene are not of equal length, which is explained by the existence of a fused
thiazole ring. The bond lengths for this chemical range from 1.07865 A to 1.87675 A.
Nonetheless, there aren't many variations among the six C-C distances. Because of the
thiazole moiety's fusion at these carbon atoms, the Cs—C7 bond has the largest bond
distance. The Cs-Ss bond length is equal to 1.87675, Because the pure single bond feature
the Cs-Ssis longest bond [11].

Table 1. The bond length of compound [A] calculated by using PM3 and DFT (6-311G/

B3LYP).
Description of bond length Bond lengths (A)
PM3 DFT (6-311G/
B3LYP)
Ni-C2 1.42766 1.42707
C2-Sy 1.78631 1.85795
Co-C2 1.45063 1.41359
C4-Ss (Benzothiazole) 1.75935 1.87675
C4+-Sy (Benzothiazole) 1.72248 1.83585
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Cs-Ns (Benzothiazole) 1.24333 1.26510
Ce-C7 (Benzothiazole) 1.41994 1.41070
C7-Cu1 (Benzothiazole) 1.39234 1.38726
Ce-Cio (Benzothiazole) 1.40452 1.40339
Ci0-C12 (Benzothiazole) 1.38954 1.39800
Cis-N1 1.43140 1.40032
Ci1-Cs 1.50727 1.51829
Cus-Oz2 1.22537 1.24485
Cs3-N1 1.45819 1.43085
Cs3-Cas (Benzene) 1.42144 1.41142
C34-Cs6 (Benzene) 1.36800 1.38508
Css-Ha1 (Benzene) 1.09615 1.07865
Ca0-N43 1.42479 1.42460
Nu3-Ous 1.23435 1.29539
C22-Ca3 (Pyridine) 1.41348 1.43270
C22-Na1 (Pyridine) 1.37371 1.38121
C23-Cas (Pyridine) 1.39184 1.38397
C2-Co7 (Pyridine) 1.40226 1.39807
C24-N31 (Pyridine) 1.34655 1.34054
Css-Hao (Arom.+Aliph.) 1.09524 1.08041

Bond angle data for the compound [A] are displayed in Table (2). Because nitrogen
has a higher electronegativity than sulfur, the bond angle <C758C4 is much less (89.873°)
than the bond angle <C4N5C6 (118.731°) [11]. While the <Ns5CsC10and <C11CrSs are larger
value due to electronic delocalization effect [12].

Table 2. The bond angle of compound [A] calculated by using PM3 and DFT (6-

311G/ B3LYP).
Descripti Bond angle(deg) Descriptio Bond angle(deg)
on of n of bond
bond angles
angles PM3 DFT (6-311G/ PM3 DFT (6-
B3LYP) 311G/
B3LYP)
Ni1CuCs | 117.805 117.601 C2C23Has 119.864 119.516
Ni1CuuOs2 | 119.424 121.786 C2C2sCas 119.609 120.018
CsC14Os2 | 122.662 120.573 C23C25H29 120.087 119.744
CuuCsHis | 111.669 107.328 C23C25C27 110.535 119.951
CuuCsHie | 110.911 110.536 C25C27Hs0 120.935 121.778
CuCsHiz | 110.592 113.284 C25C27C24 118.774 117.234
NiC2Se | 117.995 115.506 C27CasHos 122.294 120.541
C2S9Cs | 103.980 108.705 C27C24Ns1 122.132 124.375
SoCsNs | 124.437 120.677 C2N31C22 119.896 119.101
CiNsCs | 112.706 118.731 CaoNiCss 116.273 114.782
NsCeC7 | 113.056 113.242 C1sN1Css 117.660 123.142
CeCCnn | 121.074 119.644 N1Cs3Css 119.970 120.843
CeC7Ss | 111.142 110.953 N1C33Cs4 120.465 120.142
CrSsCs | 91.132 89.873 C33CasHsr 119.571 118.883

Central Asian Journal of Theoretical and Applied Science 2025, 6(4), 653-661 https://cajotas.centralasianstudies.org/index.php/CAJOTAS



656

CrCeCr0 | 121.090 119.930 C33C34Cs6 120.155 120.800
SsCsNs | 111.789 106.823 Cs4Cs6Ha 119.760 121.619
S8CaSo 123.755 122.914 C34C36Ca0 121.012 119.659

N5CeCi0 | 125.789 126.829 C36Ca0N43 120.963 120.040

CeCioHis | 120.744 120.828 C22C2sH26 119.864 119.516

CeC10C12 | 118.015 118.715 C22C23C2s 119.609 120.018

C10Ci2H2o | 119.377 118.928 C23CasH29 120.087 119.744
C10Ci2Ci3 | 121.091 121.144 C23C25C27 110.535 119.951
C12Ci3Cun | 120.979 120.111 C36Ca0N43 120.963 120.040

CnCsSs | 129.210 127.956 C40N43044 121.597 119.085

SoC2C2 | 121.628 122.416 C40N430s5 121.243 118.577
CoC2Na | 118.794 118.682 C36C40Css 117.991 120.228
CoC2Cas | 121.115 121.991 Ca0CssHa2 119.325 118.628
C2C2sHze | 119.864 119.516 C40C3sCss 120.934 119.664
C2C2sC2s | 119.609 120.018 Cs8CasHao 120.429 120.031
C23CasHzo | 120.087 119.744 C38C35Cs3 120.324 120.788
C23C25C2 | 110.535 119.951 C33CasHao 119.294 119.157

Molecular Orbital

The band gap energy value is an important measure for determining molecule

electrical transport capabilities. Table (5) shows the energetic properties of compound [A],
energy value of HOMO and LUMO orbitals are equal to -1.1486 eV and -0.3246 eV
respectively. The Egap of compound [A] is equal to 0.8239 eV for DFT that indicates lesser
electrical stability and increased chemical reactivity compared to PM3 that is equal to

5.3491 eV [13].

Figure 2. The HOMO and LUMO for compound [A] using the PM3 and DFT.

Epuwo= 17309 eV

E,= 53491 ¢V

Eyono= 36181 €V

Eypyo= 032466V

E,= 08239 ¢V
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Global Molecular Reactivity

Adsorption inhibitor compounds and their interactions with metals can be predicted
with great help from limits orbital theory. The energy gap between Enomo and Erumo (AE
= Erumo-Enomo) indicates that the frontier molecular orbital (FMO) can readily produce
theoretical conclusions. The high morale of Exowmo is the propensity to donate electrons to
the acceptor with a low-energy molecular orbital vacant, while the energy HOMO (Enomo)
is the capacity to donate an electron to an acceptor. The LUMO (Erumo) energy parameter
describes the molecule capacity to take an electron. For a larger electron-compliant
capacity, this is the lowest value. According to the description of the molecular activity,
the inhibitor's efficiency increased when the energy gap shrank [14]. The following is the
relationship between the HOMO and LUMO energies and the ionization energy (IE) and
electronic affinity (EA) [15]:

Ionization potential (IE) = -ExoMo ............couenies €))]

Ionization potential, or IE, is equal to the -Enomo energy required to extract an electron
from an atom. Great inhibitory efficiency is provided by the low ionization energy [14].

Electron affinity (EA) =-Erumo.................... 2)

When one electron is added to a neutral atom, the electron affinity (EA) is equal to
the -Exomo amount of free energy (EA). A low hardness value results in less stability and
higher inhibitory efficiency. It has been determined that the second unoriginal of the E is
hardness (1)). It gauges both molecule reactivity and stability [16]. The HOMO and LUMO
of energy are connected to this pace.

Hardness (N)=(IE-EA) /2 .................... (3)
A low electronegativity number indicates a higher inhibitory efficiency.
Electronegativity (x) =(IE+EA) /2 ................... 4)

Global softness (S) is the opposite of global hardness [17]. Softness is an additional
factor to evaluate the stability and reactivity of the molecules. A High softness value
results in less stability and higher inhibitory efficiency

Global softness (S) =1/1 ..ocevvniennnnnne (5)

The global electrophilicity index (w), which is introduced by parsing, is used to
quantify stability after a molecule takes an increased number of electrons [18].
appropriate inhibitors with a lower global electrophilicity index value.

electrophilicity index (w) = (-X)% 21N .ccvevvinvinninnin (6)

However, the predicted values of 7.0 eV mol-1 and 0.0 eV mol-1 for mild steel,
respectively, were also used to show the quantity of electrons transferred (AN) from the
inhibitor to the carbon steel surface. The AN according to PM3 and DFT results, values
are associated with inhibitory efficiency [19], which is displayed in Tables 2 and 4.
According to experimental considerations, the best inhibition efficiency occurs when [A]
electrons move from lower ) to higher x until the chemical potentials equalize. For
instance, electrons will go from an inhibitor to Fe if two systems, Fe and inhibitor, are
combined to create (AN). This is also determined using the equation [20]:

Electrons transferred (AN) = (X Fe — X inhib.)/ [2 (1] Fe + 1) inhib.)] ...... (7)

A high value of AN (especially >3) indicates strong tendency to the electrons are
donate to surface of metal a higher inhibitory efficiency [21].

The absolute electronegativity of iron is represented by xr, whereas the
electronegativity of the inhibitor molecule is represented by Xinhib. The absolute hardness
of the inhibitor molecule and iron is represented by nre and ninhiv, respectively. Another
important electronic characteristic is the dipole moment (i in Debye), which is the result
of the distance between the two bound atoms and the uniform charge distribution on the
atoms. By affecting the transport process via the adsorbed layer, high dipole moment
values are said to promote adsorption and, hence, the efficacy of inhibition rises with
dipole moment values [22]. According to Tables 3 and 5, the dipole moments of [A]
compound is (9.9757) Debye for the PM3 approach and (3.2687) Debye for the DFT
method. Strong dipole-dipole interactions are likely indicated by metallic surfaces with
these chemicals. Compared to other work [23] the inhibition efficiency of the inhibitor
molecule [A] is higher according to DFT calculations is indicated by the limits efficiency
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as shown in Tables 6, and also the Quantum parameters for the inhibitor molecule [A]
calculated by using the PM3 method as shown in Table 4.

Table 3. The calculated quantum chemical parameters for compound [A] by using

the PM3 method.

o |
Molecular formula C21H18N4OsS:2
m.wt. (g/mol) 438.52
Point group C1
Erumo (ev) 1.7309
Enowmo (ev) -3.6181
AE (ev) 5.3491
Dipole moment 9.9757
(Debye)

Table 4. Quantum parameters for the inhibitor molecule [A] calculated by using the

PM3 method.
Parameters of PM3

Inhibitor

IP (eV) 3.6181
EA (eV) 1.7309

n (eV) 0.9436

x (eV) 2.6745

S (eV) 1.05977

w (eV) 3.74843
AN (eV) 2.29201

Table 5. The calculated quantum chemical parameters for compound [A] by using

the DFT method.
Parameters of DFT (6-311G/ B3LYP)
Inhibitor [A] other work [23]

Molecular CaHisNsOsS2 | -
formula
m.wt. (g/mol) 438.52 335.15
Point group c1 | e
ELUMO (ev) 0.2519 0.640
EHOMO (ev) -1.9015 -5.963
AE (ev) 2.1534 6.603
Dipole  moment 3.2687 | -
(Debye)
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Table 6. Quantum parameters for the [A] inhibitor molecule calculated by using the DFT

method.
Parameters of DFT (6-311G/ other work[23]
Inhibitor B3LYP)
IP (eV) 1.1486 -0.640
EA (eV) 0.3246 5.963
n (eV) 0.412 3.301
X (eV) 0.7366 2.648
S (eV) 2.4271 0.303
w (eV) 0.65847 1.062
AN (eV) 7.60121 0.367

Local reactivity of the two inhibitors

The DFT and PM3 Mulliken charges population analysis, which is a sign of reactive
molecular centers (nucleophilic and electrophilic centers), is used to examine the native
reactivity of the inhibitors under study. The electron density is crucial in determining the
chemical reactivity since molecules with a high electronic charge are chemically softer
than those with alow charge. Chemical adsorption contacts are also orbital or electrostatic
interactions. The electrical charges of the molecule determined the electrostatic
interactions' driving force. In physicochemical reactions, however, charges are crucial
characteristics [24]; just the charges for nitrogen (N), oxygen (O), sulfur (S), and a few
carbon atoms are shown.

Therefore, the place with the highest negative charge value will be the nucleophilic
assault site. Conversely, the positive charge value of the most electron-accepting, reactive
sites governed the electrophilic attack site, as shown in Figure (3). Therefore, Cs, Ss, So, C1s,
C2, Cssand Cuw are the locations that [A] compound prefers to attack electrophilicity. In
order to create feedback bonds and strengthen the connection between the inhibitor and
the metal surface, these atoms take electrons from the 3d orbitals of the metal atoms.
Therefore, the atoms with negative charges are represented by the favored nucleophilic
sites in [A] compound. Reactive sites that can give metals electrons should be the target
of nucleophilic assaults. The atomic charge for two inhibitors is displayed in Table 7. The
two inhibitors have multiple functional sites for adsorption on metal surfaces, including
(N, O, S) atoms and ring electrons, which give electrons to metal surfaces for bonding,
according to the data above. However, due to its single pair of electrons and empty d
orbitals, the S atom is able to give and receive electrons from the metal. Furthermore, the
active sites have a [A] molecule's shape, which is planner, (Fig.1). This contributes
electrons to the metal surface, which facilitates the adsorption of compound [A] [4].

Table 7. Mullikan charge distribution on atoms of compound [A] by using PM3 and

DFT methods
Symbol Atomic charge Symbol Atomic charge
of atom of atom
PM3 DFT PM3 DFT
N: 0.178 -0.728 Co -0.077 -0.001
C -0.208 -0.264 Cos -0.078 -0.122
GCs -0.144 -0.632 Hos 0.129 0.145
Cy -0.586 -0.202 C -0.155 -0.226
Ns 0.344 -0.758 Hos 0.110 0.135
Cs -0.125 0.467 Hoo 0.100 0.124
& -0.243 -0.441 Hao 0.104 0.123
Ss 0.257 0.341 N1 -0.023 -0.395
So 0.283 0.269 O= -0.389 -0.405
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Co -0.098 -0.060 Css -0.253 0.200
Cn -0.050 -0.181 Cas -0.174 -0.109
(@) -0.081 -0.193 Css -0.133 -0.120
Cis -0.138 -0.137 Cso -0.039 -0.174
Cua 0.239 0.522 Hasr 0.092 0.179
His 0.054 0.195 Css -0.065 -0.161
Hie 0.075 0.199 Hao 0.101 0.164
Hi7 0.073 0.204 Cao -0.624 0.289
Has 0.136 0.196 Ha 0.106 0.184
Huo 0.104 0.141 Ha 0.109 0.182
Ho2o 0.102 0.141 Naus 1.329 -0.049
H=n 0.096 0.129 Ou -0.701 -0.360
Cz 0.011 0.283 Oss -0.709 -0.360
C2s -0.141 -0.116

Figure 3. The charge distribution of compound [A]

4. Conclusion

In this study, quantum mechanical calculations of PM3 and DFT (B3LYP) using (6-
311G) (2d,2p) were theoretically identified as stronger corrosion inhibitor. Physical
characteristics and quantum chemical parameters were linked to the inhibition efficacy of
two inhibitors tested in the geometry of equilibrium. According to theoretical inhibition
parameters, the compound [A] is high inhibitor efficiency . The geometric structures
revealed that the compound [A] reactive sites were planner, making it a more effective
corrosion inhibitor. The reactive site was appropriately estimated by the DFT Mulliken
charges for electrophilic and nucleophilic.
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