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ABSTRACT. The most popular and accessible corrosion inhibitors, i.e.,
silicates, chromates, phosphates, nitrites, amines, and numerous
formulations based on these compounds, are toxic and fail to produce a
universal effect. Amino acids and their derivatives are non-toxic,
relatively cheap, biodegradable compounds. These molecules can form
a barrier through adsorption on the copper surface to reduce the
corrosion, and it has been observed that the adsorption depends mainly
on the coordination of bidentate ligands, which occurs through an
amino or carboxyl group and thiol group -SH. In recent years, there has
been considerable progress in the description of the structure and
inhibition properties of corrosion inhibitors by using quantum chemical
calculations. In this study, the molecular and electronic structures of
N-acetylcysteine and D-penicillamine have been justified by comparing
the theoretical data from the density functional theory (DFT) method
with experimental corrosion inhibition efficiencies. The theoretical
results were found to be consistent with the reported experimental
data.

1. INTRODUCTION

Copper, a widely used metal in various industries, is prone to corrosion,
particularly in chloride-rich environments. The presence of chloride ions
accelerates the corrosion process, leading to significant material
degradation and economic losses. To mitigate this issue, researchers
have explored various corrosion inhibition strategies, including the use
of organic compounds [1].

Keywords. Corrosion, inhibition, density functional theory, N-acetylcysteine, D-penicillamine.

! ’“gokhangc@gmail.com—Corresponding author; "=/ 0000-0001-9310-5407
= bilgic@science.ankara.edu.tr; “=/ 0000-0001-9730-0146.

© 2025 Ankara University
Communications Faculty of Sciences University of Ankara Series B: Chemistry and Chemical Engineering



G. GECE, S. BILGIC 2

In recent years, amino acids have emerged as promising corrosion
inhibitors for copper. These biomolecules, with their diverse functional
groups, can interact with the metal surface, forming protective films
and hindering the corrosion reactions. Several studies have reported the
effectiveness of different amino acids in inhibiting copper corrosion in
chloride solutions. For example, cysteine, with its sulfur-containing
thiol group, has been shown to exhibit excellent inhibition properties by
forming strong bonds with the copper surface [2].

To gain deeper insights into the inhibition mechanisms, Density
Functional Theory (DFT) calculations have been employed. DFT allows
for the investigation of the electronic structure, adsorption energies, and
charge transfer between the amino acid molecules and the copper
surface [3]. By understanding these interactions at the atomic level,
researchers can identify the most effective inhibitors and design novel
compounds with improved performance [4].

While the use of amino acids as corrosion inhibitors offers a promising
approach, further research is needed to fully understand the underlying
mechanisms and optimize their performance. By combining
experimental studies with theoretical calculations, researchers can
develop more effective and environmentally friendly corrosion inhibitors
for copper and other metals. In this regard, the inhibition efficiency of
N-acetylcysteine (Fig. 1a) and D-penicillamine (Fig. 1b) as inhibitors of
copper corrosion in 3% NaCl solution has been recently studied
experimentally by Martinovié et al. [5].
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Figure 1. Optimized structure of (a) N-acetylcysteine and (b) D-penicillamine.
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N-acetylcysteine and D-penicillamine have been used in medicine for
decades. N-acetyl cysteine is primarily known for its use in treating
acetaminophen overdose, but it also has applications in respiratory
conditions like chronic bronchitis. D-penicillamine, on the other hand,
has been used to treat Wilson's disease, a rare genetic disorder of copper
metabolism, and rheumatoid arthritis [6,7].The aim of the present
computational study is to analyze the nature of the interaction of these
two compounds with the copper surface in order to verify how the
corrosion inhibition process takes place.

2. COMPUTATIONAL DETAILS

The optimal electronic ground state geometries of the studied inhibitors
were optimized by the DFT employing Becke’s three parameter hybrid
functional using the Lee, Yang and Parr correlation functional (BSLYP).
The obtained optimal structures were confirmed by the standard normal
mode analysis.The Hessian index of zero has been computed, and all of
the forces are positive. All the calculations were performed via
Gaussian09 [8]. Assuming the validity of Koopmans theorem, the
simulation of the vertical ionisation energy in the first stage of the
molecules and the vertical electron affinities were carried out using the
Kohn-Sham formalism. On the basis of optimized B3LYP geometries,
the vertical ionisation energy (I) (Eq. 2.1) and the vertical electron
affinity (A) (Eq. 2.2) have been approached in terms of the energies of
the boundary molecular orbitals, known as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).The calculation was based on the eigenvalues of the virtual
Kohn—Sham orthogonalized orbitals [3].

I = —-Enomo (2.1
A =-Evrumo (2.2)

Some electronic descriptors including the dipole moment (P) the
electronegativity (%), the chemical potential (), the chemical hardness
(n), the softness (S), and the electrophilicity index (w)were calculated
according to Eqgs. (2.3-2.6) as reported in the literature [3,4,9]:

= (2.3
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Solvent contributions of water (H20) were computed employing the
solvation model with solute electron density (SMD) [10].

3. RESULTS AND DISCUSSION

N-acetylcysteine is most abundant in plants of the genus Allium,
especially onions, and is a precursor of the amino acid L-cysteine [6]. On
the other hand, D-penicillamine, is a sulfur-containing amino acid drug
used to treat several diseases [7,11]. As reported by Martinovié et al. [5],
higher inhibition efficiency (IE) values found for N-acetylcysteine
compared to those D-penicillamine could be explained in terms of the
adsorption capability as bidentate ligands with coordination occurring
through an amino or carboxyl group and thiol group -SH. The intrinsic
characteristics of these compounds in their uncharged states can be
examined in detail. Molecular orbital analysis, a prevalent technique for
scrutinizing chemical interactions, provides valuable insights into their
electronic configurations.

The fundamental nature of HOMO-LUMO interactions has been
elucidated in relation to the transformation of molecular geometry along
the reaction pathway. While this concept is inherently complex, Enomo
serves as a reliable indicator of a molecule's electron-donating capacity.
Higher Enomo values are thus regarded as markers of superior electron
donation, leading to enhanced adsorption of the inhibitor onto mild steel
and consequently, improved inhibition efficiency. Conversely, the
opposite trend holds true for Evrumo. As this parameter reflects the
electron-accepting tendency, lower ELumo values are considered optimal
for achieving the highest efficiency. The energy gap of the molecule
(AEL-# = Erumo - Enowmo) is determined by the difference between Erumo
and Enomo, enabling the skillful application of molecular softness or
hardness concepts. Soft molecules exhibit greater reactivity compared to
hard molecules [3].

A comparative analysis of the electronic properties in the context of
these explanations would be beneficial. Table 1 presents a correlation
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between certain quantum chemical parameters associated with these
molecular electronic structures and the corresponding experimental
inhibitory efficacy percentages.

Table 1. Molecular electronic parameters of two inhibitors calculated at the
B3LYP/6-311G(d,p) level of theory.

Parameters Phase ® | N-acetyl cysteine | D-penicillamine
avg. IE (%)@ 69.9 67.2
Enomo (eV) G -4.940 -6.903
A -4.607 -6.613
Evrumo (eV) G -0.415 -0.369
A -0.237 -0.183
AE (eV) G 4.525 6.534
A 4.370 6.430
® G 1.585 2.023
A 1.342 1.796
X G 2.678 3.636
A 2.422 3.398
n G 2.263 3.267
A 2.185 3.215
S G 0.221 0.153
A 0.229 0.156
p (D) G 2.129 3.407
A 4.957 4.944
AN G -0.436 -0.155
A -0.509 -0.195

@Ref. [5]. ®G: gas phase (e = 1.0); A: aqueous phase (e = 78.5)
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The frontier molecular orbital pictures of the both molecules are shown
in Figure 2. As can be seen, the HOMO of D-penicillamine is mainly
localized in the non-ligand 1 orbital of thiol group, while its LUMO has
an anti-ligand o character involving the acid and amine groups. On the
other hand, the reactive site for electrophilic attack located on the
sulfur atom of N-acetyl cysteine can be proved by the distribution of
HOMO. From Figure 2, it can also be seen that the LUMO is located not
only in the carboxylic acid groups but also in the benzene ring.
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Figure 2. Comparisons of HOMO and LUMO contours for (a) N-acetyl cysteine
and (b) D-penicillamine.

The tabulated data in Table 1 clearly reveals that N-acetyl cysteine
exhibits higher HOMO energies and lower LUMO energies compared to
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D-penicillamine in both phases. As a result, N-acetyl cysteine possesses
smaller energy gap values than D-penicillamine. Consequently, electron
transfer from the HOMO to LUMO 1s facilitated in N-acetyl cysteine
relative to D-penicillamine. A lower ® value signifies a more reactive
nucleophile, whereas a higher ® value characterizes a potent
electrophile. In this context, N-acetyl cysteine appears to function as a
nucleophile in both phases. Molecules with a large energy disparity are
classified as hard, while those with a small energy disparity are
considered soft. Soft molecules, due to their ease of electron donation to
acceptors, exhibit higher reactivity than hard molecules. As observed,
N-acetyl cysteine displays lower n and higher S values than D-
penicillamine in both phases. Dipole moment serves as a measure of the
polarity of a polar covalent bond. It is defined as the product of the
charge on the atoms and the inter-atomic distance. While its correlation
with inhibition efficiency remains debatable, dipole moment is still
considered a significant parameter. In this study, the theoretical
findings indicate an absence of a direct relationship between P and
inhibition efficiency.

The number of transferred electron, AN, was also given by the equation
as following:

AN = XCcu—Xinh — Xinh (31)
2(Mcu+Minn) 2Minh

Here, ® is the work function that corresponds to the copper’s theoretical
electronegativity value (® = xcu = 4.65 eV), and the global hardness
accounts for the copper heft (ncu = 0 eV). In general, the fraction of
transferred electrons is also smaller for N-acetyl cysteine. If AN< 3.6,
the inhibition efficiency increases by increasing electron donating
ability to the metal surface. Therefore, the inhibitive effectiveness order
is: N-acetyl cysteine>D-penicillamine. As a result, a satisfactory
agreement has been found between the calculated and experimental
data [12].

7



G. GECE, S. BILGIC 8

4. CONCLUSION

The DFT B3LYP/6-311G(d,p) study presented herein successfully
corroborates the experimental findings, providing valuable insights into
the underlying mechanisms governing corrosion inhibition properties of
N-acetyl cysteine and D-penicillamine. The calculated quantum
chemical parameters are in well agreement with the experimental
observations, validating the reliability of the employed computational
approach. These results highlight the power of computational chemistry
in elucidating corrosion inhibition processes and offer a robust
foundation for future theoretical investigations.
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