Letters in Applied NanoBioScience
Open-Access Journal (ISSN: 2284-6808)

Article
Volume 13, Issue 3, 2024, 105
https://doi.org/10.33263/LIANBS133.105

Bio-Sensing of [S & N]-Heterocyclic Carbene Corrosion
Inhibitors by Sn—Embellished on the Al-Mg Crystal
Surface: A DFT Study

Fatemeh Mollaamin 1'*®, Farnoush Naghsh 2, Neda Samiei Soofi 2, Karim Zare 2

1 Department of Biomedical Engineering, Faculty of Engineering and Architecture, Kastamonu University, Kastamonu,
Turkey
2 Department of Chemistry, Science and Research Branch, Islamic Azad University, Tehran, Iran
*  Correspondence: fmollaamin@kastamou.edu.tr ; smollaamin@gmail.com (F.M.);
Scopus Author ID 35848813100
Received: 23.05.2023; Accepted: 11.08.2023; Published: 25.07.2024

Abstract: The partial electron density states (PDOS) have described an obvious charge accumulation
between the Al-Mg alloy and the doped atom of Sn through the recognition of the conduction band
region. The physicochemical properties of adsorption on the nanosurface are one of the fundamental
parameters for determining and choosing the Langmuir adsorption through IR, NMR, UV-VIS, and
HOMO/LUMO and charge distribution results. Therefore, in this article, the ONIOM approach has been
performed with a three-layered level of the high level of DFT method using EPR-I11, 6-31+G (d,p) and
LANL2DZ basis sets by the physicochemical software of Gaussian 16 revision C.01, a medium semi-
active part that includes important electronic contributions, and a low-level part that has been handled
using MM2 force field approaches. Comparing to AG2,;, amounts approved a good agreement among
computed results, as well as the correctness of the selected isotherm for the adsorption process of
benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole— Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-
Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn. The infrared spectra for each of these inhibitor-
metal alloy surface have been introduced in the frequency range around 500cm™-4500cm™ for
benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole — Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-
Sn and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn with the sharpest peak approximately around
1750cm™ for benzotriazole — Al-Mg-Sn, 2000cm™ for 2-mercaptobenzothiazole — AIl-Mg-Sn,
3000cm™ for 8- hydroxyquinoline — Al-Mg-Sn and 3900cm™ for 3-amino-1, 2, 4-triazole-5-thiol —
Al-Mg-Sn. Nuclear magnetic resonance has certainly focused on aluminum shielding in the intra-atomic
interaction with aluminum, magnesium, and silicon and simultaneously interatomic interaction with
other atoms in organic inhibitors through a variety of high, medium, and low layers of ONIOM methods.
Al-Sn(14), Al-Sn(19), and Al-Sn(21) in the Al-Mg-Sn alloy surface with the highest fluctuation in the
shielding tensors of NMR spectrum generated by intra-atomic interaction direct us to the most influence
in the neighbor atoms generated by interatomic reactions of N—Al, O— Al, S— Al through the coating
and adsorbing process of Langmuir adsorption. Moreover, based on the computed amounts of UV-VIS
spectra for benzotriazole, mercaptobenzothiazole, 8-hydroxyquinoline and 3-amino-1, 2, 4-triazole-5-
thiol adsorbed on the Al-Mg-Sn alloy surface, there are maximum adsorption bands between 500nm-
2000nm wavelengths for these organic heterocyclic inhibitors joint metal alloy which has illustrated a
certain peak with approximately 1000nm wavelength.

Keywords: Sn-doped Al-Mg alloy; langmuir adsorption; benzotriazole; 2-mercaptobenzothiazole; 8-
hydroxyquinoline; 3-amino-1, 2, 4-triazole-5-thiol;DFT.
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1. Introduction

Aluminum alloys are formed by the special alloying elements Cu, Mg, Mn, Si, Sn, Ni,
and Zn. The lightweight or corrosion resistance of aluminum alloys makes them suitable for
use in engineering structures and components [1-8].

Aluminum-silicon (Al-Si) is one of the most important aluminum alloys with high
amounts of silicon in casting and has a large limitation of usages in the aerospace and
automotive industries through the best combination of mechanical properties, as well as good
wear resistivity and corrosion resistance [9-11].

Si element in Al-Si-based cast alloys impacts tensile properties at both room and high
temperatures, but its role becomes more important in the lack of alloy elements such as Mg,
Fe, and Cu [12-18].

Some elements like Cu and Mg added to Al alloys ameliorate the mechanical attributes
and conduct the alloy to reply to the heat sealing. The existence of magnesium also increases
resistance and reduces the rate of strength loss at high temperatures in the alloys. Aluminum-
magnesium (Al-Mg) alloys are lighter than other aluminum alloys and much less flammable
than other alloys of high amounts of magnesium. The magnificent enhancement in resistance
at elevated temperatures was accomplished after solution treatment through activating
settlement, becoming hard through Mg possessing phases [19,20].

Among the various methods that minimize the corrosion of metal surfaces, its inhibition
by organic molecules is one of the most applicable methods because of its stability and low
cost [21-25]. A lot of research has been dedicated to the application of efficient heterocyclic
and heteroatomic processes, including organic compounds that facilitate the anticorrosion
attributes of metal surfaces and alloys. The existence of heteroatoms containing O, S, N, and P
atoms, aromatic rings, and multiple bonds with w-electrons in these inhibitors help extensively
to the formation of inactive blocks on metal surfaces and alloys, so closing the active sites of
corrosion [26-30].

Aluminum-gallium (Al-Ga), which is a degenerate alloy, is obtained from liquid
gallium diffusing the crystal structure of Ga metal. This alloy is so fragile that it is broken
under a little pressure. Al-Ga alloy is also chemically more fragile because it prevents Al from
forming a protective oxide layer. This element and its alloys are usually employed as
experimental fluids for modeling liquid and solid dynamics in planetary cores. Al-Ga can react
with H20 molecules to produce Al oxide, Ga metal, and hydrogen gas. Al reacts in air to
generate an inactive aluminum oxide layer and doesn’t react with water. Aluminum-gallium
alloy can form Al nanoparticles for the hydrogen-creating reaction [31-33].

Based on some research, benzotriazole, 2-mercaptobenzothiazole, 8-hydroxyquinoline,
and 3-amino-1, 2, 4-triazole-5-thiol are organic cyclic inhibitors for metal, semi-metals, or non-
metals surfaces and their alloys by preventing undesirable surface reactions. It is obvious that
a passive layer, containing a complex between the surface and these inhibitors, is generated
when the surface is immersed in a solution consisting of benzotriazole, 2-
mercaptobenzothiazole, 8-hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol. The passive
layer is insoluble in aqueous and many organic solutions. There is a positive connection
between the thickness of the passive layer and the efficiency of preventing corrosion [34-37].

In the present work, we have investigated adding some alloying elements of magnesium
and silicon to the aluminum surface forming Al-Mg-Sn complex, which has been coated with
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organic compounds of benzotriazole, 2-mercaptobenzothiazole, 8- hydroxyquinoline, and 3-
amino-1, 2, 4-triazole-5-thiol as the corrosion inhibitors of Al-Mg-Sn alloy surface.

2. Materials and Methods

2.1. Organic corrosion inhibitors.

Recently, some researchers have investigated the possibility of organic compounds
being employed as corrosion inhibitors for Al and its alloys because they consist of several
heteroatoms (N, S, O, and P) that act as active adsorption centers. In this verdict, we discuss
the wuse of organic compounds of benzotriazole, 2-mercaptobenzothiazole, 8-
hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol as the corrosion inhibitors of Al-Mg-Sn
alloy surface [38-40].

In this research, it has been attributed the inhibiting effect of the benzotriazole, 2-
mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol on the
adsorption of a stable complex formed on the aluminum alloy of Al-Mg-Sn surface.

2.2. Langmuir adsorption theory.

The study involving the influence of the organic inhibitors in solution and the nature of
the corrosive aluminum alloys on the adsorption bond strength yields information about the
mechanism of interaction of the inhibitor with the Al alloys surface, which, in turn, Langmuir
adsorption isotherms provide excellent. The Langmuir isotherm is widely used to identify
inhibitor adsorption status specification [41,42].

The adsorption of benzotriazole, 2-mercaptobenzothiazole, 8-hydroxyquinoline, and 3-
amino-1, 2, 4-triazole-5-thiol as corrosion inhibitors on the aluminum alloy surface of Al-Mg-
Sn in NaCl solution were assigned by the most suitable Langmuir isotherm, which exhibits the
chemisorptive nature of the bond between the inhibitor molecules and the Al-Mg-Sn alloy
surface, the equilibrium distribution of ions of the adsorbing compound between the solid and
liquid phases, and a monolayer attribute.

The adsorbed molecules are kept on the Al-Mg-Sn alloy surface with chemisorbed
inhibitors having high protection (Scheme 1).
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(©) (d)
Scheme 1. Langmuir adsorption of the organic corrosion inhibitors of a) benzotriazole; b) 2-
mercaptobenzothiazole; c) 8- hydroxyquinoline; d) 3-amino-1, 2, 4-triazole-5-thiol onto Al-Mg-Sn alloy
surface.

2.3. ONIOM method.

In this work, the advanced ONIOM simulation was performed. So, the combination of
three levels in decreasing order of accuracy, including high, medium, and low levels of theory,
has been defined. High-level has been done using the DFT method of Cam-B3LYP with 6-
31+G (d,p) basis set for some hydrogen, carbon, oxygen, and sulfur atoms in the inhibitor;
some oxygen and sulfur atoms in the adsorption site; EPR-I11 basis set for nitrogen atoms in
the inhibitor and adsorption site; LANL2DZ for some aluminum, magnesium and tin atoms in
the adsorption sites. Medium-level research has been done on the other hydrogen, carbon,
nitrogen, oxygen, and sulfur atoms in the adsorption site using semi-empirical methods.
Finally, a low-level has been performed on the other aluminum, magnesium, and tin atoms with

MMz2 force fields (Scheme 2) [43-47]: Eoniom= Enign + Emeaium + ELow 1)
Inhibitor

High

High

Low

Al-Mg-Sn alloy surface

Scheme 2. The ONIOM layer of adsorption mechanism for 3-amino-1, 2, 4-triazole-5-thiol as a corrosion
inhibitor onto Al-Mg-Sn alloy surface based on optimized coordination.

On the other hand, the three-layered method of ONIOM lets us discover a larger system
that is more exactly than the one-layered model, which could behave as a medium-sized system
precisely like a ground system with acceptable accuracy [48-54].
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Therefore, this three-layered pattern has been applied for effective barriers of
benzotriazole, 2-mercaptobenzothiazole, 8-hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-
thiol adsorbing onto Al-Mg-Sn alloy surface (Scheme 2).

We have calculated the structures using the density functional theory (DFT) on the
mechanisms onto Al-Mg-Sn alloy surfaces up to adsorbed in the active sites of organic
inhibitors by nitrogen, oxygen, and sulfur atoms of benzotriazole, 8- hydroxyquinoline, 2-
mercaptobenzothiazole, and 3-amino-1, 2, 4-triazole-5-thiol, respectively.

We have found that the surface binding site preferences of N-atom of benzotriazole, O-
atom of 8- hydroxyquinoline and S-atom of both 2-mercaptobenzothiazole and 3-amino-1, 2,
4-triazole-5-thiol in adsorption site is largely affected by the presence of neighboring atoms.
The calculated N—Al, O—Al, and S—AI pair distribution functions have indicated that the
formation of clusters directs to shorter N—AIl, O—Al, and S— Al bond lengths when compared
to the homogeneous growth (Scheme?2).

In this work, the atomic structure of the Al-Mg-Sn alloy surface has been built using
GaussView 6.06.16 [55] and calculated by the Gaussian 16 program package [56] through
geometry coordination. Result observations have represented that the Al-Mg-Sn alloy surface
calculated with the achieved structure parameters is in good agreement with those metal alloys
attained from other experimental calculations [57-62].

2.4. DFT calculations.

Hybrid functional is a group of approximations for the exchange-correlation energy
functional in DFT (Density Functional Theory), which combines a part of exact exchange from
HF (Hartree—Fock theory) method with the rest of the exchange-correlation energy from other
information such as empirical or ab initio methodologies. Therefore, the exact exchange energy
function is illustrated by the Kohn—Sham orbitals instead of the density, so it is placed as the
indirect density function. This study has applied the influence of the hybrid functional of a
three-parameter basis set of B3LYP (Becke, Lee, Yang, Parr) within the framework of DFT
upon theoretical calculations [63]. The popular B3LYP (Becke, three-parameter, Lee—Yang—
Parr) exchange-correlation functional is [63].

The AI-Mg-Sn alloy surface was built using a rigid system and Z-Matrix format, in
which a blank line was placed. After that, the following information has been illustrated. The
rigid PES has been performed at CAM-B3LYP functional, and employing 6-31+ G (d,p)
/EPRIII /LANL2DZ basis sets to assign HOMO, LUMO, Mulliken charges, nuclear magnetic
resonance properties, dipole moment, thermodynamic characteristics and other quantum
properties for this study for benzotriazole, 8- hydroxyquinoline, 2-mercaptobenzothiazole, and
3-amino-1, 2, 4-triazole-5-thiol adsorbing onto the Al-Mg-Sn alloy surface using Gaussian 16
program package [56]. The input files for the organic corrosion inhibitors adsorbed onto the
Al-Mg-Sn surface have been provided with GaussView 6.06.16 [55]. For the Al-alloy surface,
the small energy difference between the formations of inhibitor — Al-Mg-Sn alloy complex
can direct us to a pretty coated surface for preventing corrosion.

3. Results and Discussion

In this article, the susceptibility of organic inhibitors (benzotriazole, 2-
mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol),
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characteristics of aluminum alloy surface (AIl-Mg-Sn) and adsorption conditions are
considerable.

3.1. Electronic properties of surface.

The electronic structures of Al-Al, Al-Mg, and Al-Mg-Sn surfaces have been
analyzed to simplify subsequent discussion for interfacial electronic properties through the
projection of particular orbital of particular atom on the density of states (PDOS) by using
density functional theory (DFT) and LANL2DZ basis set. The PDOS has described the orbital
states of pristine Al-Al surface, binary Al-Mg alloy, and the rate of dominancy of Sn-doped
on the Al-Mg alloy by forming ternary Al-Mg-Sn surface through the conduction band (Figure
1).
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Figure 1. PDOS of a) Al-Al; b) Al-Mg; c) AI-Mg-Sn nanoalloys with Fermi level =0.

A distinct metallic feature can be observed in the AI-Mg-Sn alloy because of the strong
interaction between the p states of Al and the d states of Sn close to the Fermi energy. In
addition, the presence of covalent features for this alloy has exhibited the identical energy
amount and figure of the PDOS for the p orbitals of Al and d orbitals of Sn.

Figure 1(a) shows that the Al states in the Al-Al alloy have more contribution at the
middle of the conduction band between -5 to —15eV. Al and Mg states in the Al-Mg alloy have
similar contributions at the middle of the conduction band between -5 to —15eV, while the
contribution of Al states is weaker than Mg states (Figure 1b). But, Sn states in the AI-Mg-Sn
alloy reveal the expanded contribution with the conduction band between —1 to —20eV, as Sn
states are stronger than the Mg state and Al states (Figure 1c).
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The results are also approved by the partial electron density (PDOS), which has shown
a certain charge association between the Al-Mg alloy and the doped Sn element. In other
words, the Sn states have large contributions in the valence band, while Mg states and Al states
have acceptable contributions but represent weaker states than Mg states and Al states. Thus,
the above results exhibit that the cluster dominant of metallic feature and a certain degree of
covalent trait can illustrate the increase in the conducting direct band gap of Sn-doped on the
Al-Mg alloy.

3.2. Infrared spectroscopy analysis.

Based on binary systems in thermodynamic analysis, the liquid phase was illustrated
by applying the accompanying solution model, with aluminum, magnesium, tin, and Mg2Sn as
the species. Moreover, a single ternary interaction parameter was discovered to be adequate to
match all the experimental information. Aluminum (fcc) and magnesium (cph) were explained
as disordered substitutional solutions. In addition, the allotropic forms of tin and the binary
structures of Mg2Sn, Mg2Als (B), and & phases were considered stoichiometric phases [64-67].

The IR spectrum for each of these compounds has been seen in the frequency range
around 500cm-4500cm™ for benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole — Al-
Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn
with the sharpest peak approximately around 1750cm™ for benzotriazole — Al-Mg-Sn,
2000cm™ for 2-mercaptobenzothiazole — Al-Mg-Sn, 3000cm™ for 8- hydroxyquinoline — Al-
Mg-Sn and 3900cm for 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn (Figure 2a-d).
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Figure 2. Changes of frequency (cm) through the IR spectra for a) benzotriazole — Al-Mg-Sn; b) 2-
mercaptobenzothiazole— Al-Mg-Sn; c) 8- hydroxyquinoline — Al-Mg-Sn; d) 3-amino-1, 2, 4-triazole-5-thiol
— Al-Mg-Sn using CAM-B3LYP method with 6-31+ G (d,p) /EPRIII /JLANL2DZ basis sets.

The infrared (IR) calculations have been accomplished for an aluminum alloy of Al-
Mg-Sn interacting with four organic inhibitors including benzotriazole, 2-
mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol adsorbed
onto this alloy surface which produce the complexes of benzotriazole — Al-Mg-Sn, 2-
mercaptobenzothiazole— Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-
triazole-5-thiol — Al-Mg-Sn at CAM-B3LYP level of theory employing 6-31+ G (d,p) /EPRIII
/ILANL2DZ basis sets to obtain the more accurate equilibrium geometrical parameters, physical
and thermodynamic properties for each of the determined structure (Table 1).

Table 1. The Physico-chemical properties of adsorption for benzotriazole, 2-mercaptobenzothiazole, 8-
hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol as corrosion inhibitors on the aluminum alloy surface of
Al-Mg-Sn in NaCl solution at 300K.

Compound AH°x108 AG°x108 Se Dipole moment
(kcal/mol) (kcal/mol) | (cal/K.mol) (Debye)
Al-Mg-Sn -124.6274 -124.6276 79.866 2.2570
Benzotriazole -24.5172 -24.5196 80.255 3.3166
Benzotriazole — Al-Mg-Sn -127.0736 -127.0739 95.509 54914
2-mercaptobenzothiazole -69.5234 -69.5260 85.643 2.5108
2-mercaptobenzothiazole—Al-Mg-Sn -131.5725 -131.5728 98.135 4.4890
8- hydroxyquinoline -29.5526 -29.5551 83.336 1.6389
8- hydroxyquinoline —Al-Mg-Sn -127.5784 -127.5787 99.118 2.2719
3-amino-1, 2, 4-triazole-5-thiol -43.1336 -43.1358 73.839 1.5672
3-amino-1, 2, 4-triazole-5-thiol —Al-Mg-Sn -128.9338 -128.9340 89.460 3.1408
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From Figure 3, it could be found that the maximum of the Langmuir adsorption
isotherm plots based on AG2,;; may depend on the interactions between the inhibitor structures
and the Al-alloy surfaces. In fact, in comparison to AGJ,;, amounts confirmed a good agreement
among calculated results, as well as the correctness of the selected isotherm for the adsorption
process of benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole— Al-Mg-Sn, 8-
hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn (Figure 3).
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Figure 3. The changes of Gibbs free energy for adsorption of benzotriazole, 2-mercaptobenzothiazole, 8-
hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol as corrosion inhibitors on the Al-Mg-Sn alloy surface in
NaCl solution at 300K.

The adsorptive capacity of inhibitor structures on the Al-Mg-Sn alloy surface is
approved by the AGg,s amounts: AGoys = AGHnai-mg-ce] — (AGin + DG a-mg-ce) ()

Based on the data in Table 1, it is predicted that the adsorption of the inhibitor on the
Al-Mg-Sn alloy surface might be physical and chemical. As shown in Figure3, all the computed
AGJ;s amounts are very close, which exhibits the agreement of the evaluated data by all
methods and the validity of the computations, and it has also represented the maximum
fluctuation for benzotriazole — AIl-Mg-Sn, 2-mercaptobenzothiazole — Al-Mg-Sn, 8-
hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — AIl-Mg-Sn,
respectively (Figure3). Moreover, 2-mercaptobenzothiazole — AIl-Mg-Sn has shown a
sharpest peak in AG2,;, amount which displays the most stability in the coating process of the
Al-Mg-Sn alloy surface with 2-mercaptobenzothiazole.

3.3. NMR analysis.

The atomic charge and NMR data of isotropic (oiso ) and anisotropic shielding tensor
(oaniso) for benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole— Al-Mg-Sn, 8-
hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn have been
calculated using Gaussian 16 revision C.01 software [56] and reported in Tables 2.
The quantum chemical calculations yield the CS tensors in the principal axes system to evaluate

the isotropic chemical shielding (CSI) and anisotropic chemical shielding (CSA) [68,69].
CSI (ppm) = (033 + 0622 + 611)/3; CSA (ppm) = 0633 — (622 + o11)/2  (3)
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The nuclear magnetic resonance (NMR) calculation for chemical shifts for assigning
the structural and geometrical of compounds has been accomplished. The Gauge Invariant
Atomic Orbital (GIAO) method has been suggested as an accurate method for NMR parameter
calculations, and ONIOM has obtained much attention for achieving NMR chemical shifts in
inhibitor-surface complexes, for instance, isotropic chemical shielding becomes: o5, on1om =

Uiso,high(QMl) + Uiso,medium(QMZ) + O-iso,low(QM3)

(4)

Table 2. Atomic charge and NMR properties of some atoms of benzotriazole, 2-mercaptobenzothiazole, 8-
hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol in ppm adsorbed onto Al-Mg-Sn alloys surface.

Benzotriazole — Al-Mg-Sn

2-merca;

ptobenzothiazole— Al-Mg-Sn

Atom number G CsI G CSA Q Atom number G CsI G CSA Q
Cl 114.3719 111.5103 -0.0738 Cl1 135.4827 122.2164 -0.0023
C2 111.5103 136.3086 -0.0102 C2 134.0305 131.4802 -0.0116
C3 138.0351 126.4199 0.0242 C3 149.0780 100.2927 -0.2360
C4 106.3125 39.5747 0.0461 C4 133.0540 86.7858 0.0702
C5 130.3430 126.5741 0.0100 C5 134.2155 129.4327 0.0101
C6 122.3309 123.4682 -0.0164 C6 132.7376 131.7010 -0.0115
N7 57.2493 138.0711 -0.3121 S7 696.2436 250.0264 0.4793
N8 -8.7032 158.1511 -0.0885 C8 102.6308 89.7471 -0.2395
N9 38.7117 268.2512 -0.1645 N9 75.4570 335.9681 -0.2897

Al10 702.1838 275.4445 0.0900 S10 -22.4094 856.1289 0.1571
Mgll 761.6685 267.4335 0.0316 Alll 391.1040 785.5949 0.0671
Snl2 4058.2518 1272.1525 0.4366 Mgl12 806.6412 445.2140 0.1359
Mgl3 399.8453 602.6138 0.2211 Snl3 4140.1786 1187.7955 0.3078
All4 708.5994 252.5539 0.1079 Mgl4 346.6557 584.6876 0.2036
Mgl5 776.8065 323.8654 0.0487 AllS 540.4763 463.8311 0.0959
All6 745.3716 652.7731 -1.0214 Mgl6 792.1864 393.8883 0.0535
Snl7 4673.7162 1806.3341 1.2094 All7 645.6761 655.8856 -1.2978
All8 488.0733 1162.2418 -0.5660 Snl8 4592.0476 452.7741 0.9882
Sn19 4329.2655 1653.2828 0.4516 All19 497.0951 693.2236 -0.5104
Mg20 440.5888 853.6722 0.1380 Sn20 4069.1022 1284.5960 0.3277
Al21 480.3819 829.5359 -0.5625 Mg21 149.7520 862.6473 0.2032
Al22 448.5721 946.8021 -0.5009
8- hydroxyquinoline — Al-Mg-Sn 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn
Atom number G CSI G CSA Q Atom number G CsI G CSA Q
Cl1 102.0569 111.9979 0.0830 N1 66.9264 247.6545 -0.3004
C2 131.0711 127.5903 -0.0211 C2 109.5954 92.3875 0.2183
C3 121.7130 116.8377 0.0412 C3 119.1594 81.1483 -0.0091
C4 127.4688 156.8578 -0.0089 N4 94.4527 129.7761 -0.0103
C5 127.6067 122.4482 -0.0190 N5 58.4482 144.6040 -0.2182
C6 122.6465 138.8508 0.0018 N6 277.4899 35.4466 0.0489
N7 1.4167 514.1823 -0.2409 S7 265.9923 593.8397 0.2773
C8 112.9545 120.5671 0.0932 Al8 526.8810 562.0817 0.0873
C9 128.0123 137.0395 -0.0081 Mg9 798.6243 358.3865 0.0392
C10 121.5615 130.0987 0.0087 Snl0 3759.063 1774.650 0.2568
011 -46.0293 158.6509 -0.2913 Mgll 440.4447 433.9357 0.1743
All2 596.8899 322.3961 0.0727 All12 711.3640 915.2915 0.0909
Mgl3 781.2908 357.8333 0.0277 Mgl3 815.4889 286.3621 -0.0347
Sn14 4153.8271 1769.5532 0.3997 All4 827.2325 260.6616 -1.1620
Mgl5 455.3760 744.8593 0.1930 Snl5 4543.4737 696.4354 0.9791
All6 608.8907 271.1807 0.0631 All6 597.8456 759.2739 -0.4844
Mgl7 782.5814 367.1019 0.0587 Snl7 3922.8448 1228.676 0.2448
All8 632.1691 649.1342 -1.0001 Mgl8 393.4493 324.4752 0.2344
Snl19 4503.4789 817.2149 1.2268 All19 564.5291 485.0830 -0.4324
Al20 700.5231 421.4249 -0.5863
Sn21 4100.5769 1675.7585 0.2940
Mg22 439.1576 724.9231 0.1955
Al23 756.7260 423.5339 -0.5839
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Besides, the solution of NaCl solution has influenced the nuclear magnetic resonance
data and chemical shielding of carbon, nitrogen, oxygen, sulfur, aluminum, magnesium, and
silicon in benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole — Al-Mg-Sn, 8-
hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn. In Figure
4, it has been indicated the chemical shielding tensors of isotropic (ccsi) and anisotropic (ocsa)
of some effective atoms in the adsorption site of benzotriazole — Al-Mg-Sn, 2-
mercaptobenzothiazole — Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-
triazole-5-thiol — Al-Mg-Sn (Table 2). Figure 4 has certainly focused on the aluminum
shielding in the intra-atomic interaction with magnesium and silicon and simultaneously
interatomic interaction with other atoms in organic inhibitors through various high, medium,
and low layers of the ONIOM method.
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Figure 4. The NMR plot of isotropic (ciss) and anisotropic (caniso) Shielding tensors for aluminum through intra-
atomic interaction with magnesium and silicon atoms in alloy surface of Al-Mg-Sn and interatomic interaction
with organic inhibitors in the adsorption site of (N— Al, O—Al, S—Al) calculated by level of theory CAM-
B3LYP/6-31+G(d,p)/EPR-11I/LANL2DZ.

Interatomic interactions, which are related to the position of one, two, three, etc. atoms
at a time, are written as a series expansion of functional parameters with interatomic potential
[68,69].

Where V, is the one-body term, V, the two-body term, V5 the three-body term, N the
number of atoms in the system, 7; the position of atom i, 7; the position of atom j , the position
of atom k, and i, j, k are indices that sprain around atom positions.

In Figure 4, we have presented that the isotropic and anisotropy shielding increase with
the occupancy and consequently, the negative charge of nitrogen, oxygen, and sulfur atoms in
benzotriazole, 2-mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-
thiol diffusing onto Al-Mg-Sn alloy surface. It has been exhibited that the graph of nitrogen,
oxygen, and sulfur atoms has the same attitude but a considerable deviation from that of carbon
and hydrogen atoms.

Intra-atomic interactions consist of Al-Al, Al-Mg, Al-Sn, Mg-Mg, Mg-Sn, Sn-Sn and
interatomic interaction are N — Al-Mg-Sn, O — Al-Mg-Sn, S— Al-Mg-Sn based on the of
CAM-B3LYP/6-31+G(d,p)/EPR-1II/LANL2DZ quantum mechanics calculations using
Gaussian 16 revision C.01 program (Figure 4).
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Based on Figure 4, it has been observed that Al-Sn(14), Al-Sn(19), and Al-Sn(21) direct
us to the most influence in the neighbor atoms generated by interatomic reactions of N—Al,
O— Al, S— Al in the Al-Mg-Sn alloy surface.

3.4. Charge density analysis.

Through observing the intra/inter interactions between organic inhibitors of
benzotriazole, 2-mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-
thiol with Al-Mg-Sn alloy surface and consequently formation of adsorbed surfaces of
benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole— Al-Mg-Sn, 8- hydroxyquinoline —
Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn (Tables 2) based on Langmuir
adsorption using CAM-B3LYP/6-31+G(d,p)/EPR-III/LANL2DZ level of theory, CDD (the
charge density difference) for these structures at the adsorption site has been estimated and
plotted in Figure 5 with the following equation: AQgqs = Qinnibitor—[ai-Mg—sn] surface —

(Qinhibitor + Q [Al-Mg—Sn] surface)' where Qinhibitorﬁ[Al—Mg—Sn] surface is the Charge denSity
of the adsorption system; Qnnibitor AN Q[ai—mg-sn]surface are the charge densities of non-
interacting organic inhibitor and that of the Al-Mg-Sn alloy surface.
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Figure 5. The calculated electronic charge for aluminum atom through intra-atomic interaction with magnesium
and tin in the alloy surface of [Al-Mg-Sn] and through interatomic interaction with organic inhibitors in the
adsorption site (N— Al, O—Al, S—Al) calculated by the level of theory CAM-B3LYP/6-31+G (d,p)/EPR-

II/LANL2DZ.

Furthermore, the charge density (Table 2) has shown a more important charge transfer
from nitrogen, oxygen, and sulfur of benzotriazole, 2-mercaptobenzothiazole, 8-
hydroxyquinoline, and 3-amino-1,2,4-triazole-5-thiol as the electron donor adsorbed onto Al-
Mg-Sn nanoalloy surface which acts as the electron acceptor (N — Al, O — Al and S — Al).
Al sites in Al-Mg-Sn nanoalloy surface have higher interaction energy from Van der Waals’
forces with these heterocyclic inhibitors that can make them highly stable toward coating
information on the surface.
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It has been predicted that the priority for selecting the surface binding of nitrogen,
oxygen, and sulfur of these heterocyclic inhibitors in adsorption sites can be affected by the
presence of close atoms of magnesium and tin in the AI-Mg-Sn nanoalloy surface.

3.5. Nuclear quadrupole resonance (NQR).

Nuclear quadrupole resonance (NQR) frequency for benzotriazole — Al-Mg-Sn, 2-
mercaptobenzothiazole — Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-
triazole-5-thiol AI-Mg-Sn is proportional to the product of the nuclear quadrupole moment, a
property of the nucleus, and the EFG in the neighborhood of the nucleus. As the EFG at the
position of the nucleus in organic inhibitors is assigned by the valence electrons twisted in the
special linkage with close nuclei of aluminum surface, the NQR frequency at which transitions
happen is particular for an inhibitor— metal alloy complex (Table 2). In NMR, nuclei with
spin> 1/2 have a magnetic dipole moment so that their energies are split by a magnetic field,
permitting resonance sorption of energy dependent on the Larmor frequency; w; = yB ,
where y is the gyromagnetic ratio, and B is the magnetic field external to the nucleus [70-72].

NQR nuclei with spin> 1 have an electric quadrupole moment, accompanied by non-spherical

nuclear charge distributions. So, the nuclear charge distribution deviates from that of a sphere
as the oblate or prolate form of the nucleus.

NQR is a straight frame of the interaction of the quadrupole moment with the local
electric field gradient (EFG), which is produced by the electronic structure of its ambiance.

In this article, the electric potential as the amount of work energy through transferring
the electric charge from one site to another site in the presence of an electric field has been
measured for benzotriazole, 2-mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2,
4-triazole-5-thiol diffusing onto AI-Mg-Sn alloy surface using CAM-B3LYP/EPR-
I11,LANL2DZ,6-31+G(d,p) level of theory (Table 3).

Table 3. The electric potential for elements of benzotriazole, 2-mercaptobenzothiazole, 8-hydroxyquinoline, and
3-amino-1, 2, 4-triazole-5-thiol adsorbed on the Al-Mg-Sn alloy surface by CAM-B3LYP/EPR-I1I,6-
31+G(d,p) calculation extracted of NQR method.

Atom . Atom 2-mercapto Atom 8- hydroxy Atom 3-amino-1, 2, 4-
Benzotriazole . s . .
type type benzothiazole type quinoline type triazole-5-thiol
Cl1 -14.6086 Cl -14.5618 Cl1 -14.5076 N1 -18.1769
C2 -14.5697 C2 -14.5712 C2 -14.5653 C2 -14.484
C3 -14.5252 C3 -14.5685 C3 -14.5284 C3 -14.5521
C4 -14.5395 C4 -14.5404 C4 -14.5463 N4 -18.0548
Cs -14.5607 Cs -14.5722 C5 -14.5725 N5 -18.1677
C6 -14.5724 C6 -14.5727 C6 -14.5583 N6 -18.0486
N7 -18.0932 S7 -58.284 N7 -18.1174 S7 -58.3092
N8 -18.0873 C8 -14.6011 C8 -14.5255 Al8 -43.692
N9 -18.0993 N9 -18.1452 C9 -14.5573 Mg9 -38.648
Al10 -43.6865 S10 -58.4102 C10 -14.5516 Snl10 -283.425
Mgll -38.6191 Alll -43.6986 Ol1 -22.0603 Mgll -38.856
Snl2 -283.404 Mgl2 -38.5954 All12 -43.7041 All12 -43.6988
Mgl3 -38.8472 Snl13 -283.408 Mgl3 -38.634 Mgl3 -38.5987
All4 -43.6827 Mgl4 -38.8678 Sn14 -283.42 All4 -43.1135
Mgl5 -38.6199 AllS -43.6959 Mgl5s -38.8648 Snl15 -283.154
All6 -43.146 Mgl6 -38.6397 All6 -43.7076 All6 -43.4141
Snl7 -283.136 All7 -43.1639 Mgl7 -38.6351 Snl7 -283.426
All8 -43.4308 Snl18 -283.154 All8 -43.1525 Mgl8 -38.8743
Snl9 -283.394 All19 -43.4422 Sn19 -283.148 All19 -43.4389
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Atom . Atom 2-mercapto Atom 8- hydroxy Atom 3-amino-1, 2, 4-
Benzotriazole . s . .
type type benzothiazole type quinoline type triazole-5-thiol
Mg20 -38.8398 Sn20 -283.416 Al20 -43.4441
Al21 -43.438 Mg21 -38.8631 Sn21 -283.422
Al22 -43.4417 Mg22 -38.8666
Al23 -43.4456

In addition, in Figure 6a-d, it has been plotted the electric potential of NQR method for
elements of benzotriazole, 2-mercaptobenzothiazole, 8- hydroxyquinoline, and 3-amino-1, 2,
4-triazole-5-thiol that have been adsorbed on the AI-Mg-Sn alloy surface using CAM-

B3LYP/EPR-1Il, LANL2DZ,6-31+G(d,p) level of theory.
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Figure 6. The electric potential versus atom number through NQR calculation for a) benzotriazole; b) 2-
mercaptobenzothiazole; c) 8-hydroxyquinoline;d) 3-amino-1, 2, 4-triazole-5-thiol adsorbing on the Al-Mg-Sn
alloy surface using CAM-B3LYP/EPR-III, LANL2DZ,6-31+G(d,p).

Therefore, it has been observed the effect of the substitution of aluminum atoms in Al-
Al surface with magnesium and tin in the aluminum alloy (Al-Mg-Sn) through the resulted
electric potential using NQR analysis (Figure 6). It’s obvious that the graph of Al-Al fluctuates
by Mg and Sn atoms in the related alloy. In Figure 6, it has been remarked the changes of
electric potential for carbon, nitrogen, oxygen, sulfur, aluminum, magnesium, and tin in
benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole— Al-Mg-Sn, 8- hydroxyquinoline —
Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn.

3.6. Potential energy of interatomic interaction.

The interatomic potential explains the interaction between a pair of atoms or the
interaction of an atom with a group of atoms in a condensed phase. When binding happens, we
can observe the potential to have both an attractive and a repulsive component. The figure of
the potential energy as a function of lattice distance with the interval of interatomic interaction
in a solid describes that an atom in the ideal crystalline solid feels the same potential through
the other atoms in the material. It investigated the Morse potential, which is applied to
molecular vibrations and solids, and also excited the functional form of more accurate
potentials like the bond-order potentials [73].
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Where D, is the equilibrium bond energy and r, the bond distance. Therefore, the
optimized potential energy of interatomic interaction for benzotriazole — Al-Mg-Sn, 2-
mercaptobenzothiazole— Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-
triazole-5-thiol — Al-Mg-Sn have been measured (Table 4).

Table 4. Potential energy (kcal/mol) of interatomic interaction and distance (A) of a nitrogen atom in
benzotriazole, oxygen atom in 8- hydroxyquinoline, and sulfur atom in both 2-mercaptobenzothiazole and 3-

amino-1, 2, 4-triazole-5-thiol, respectively, with aluminum in Al-Mg-Sn nanosurface.

: 5

Compound Potenial enerey<i0% | pisance | ()
Al-Mg-Sn -124.6274 - -
Benzotriazole -24.5172 - -
Benzotriazole — Al-Mg-Sn -127.0736 N inhibitor —> Al surface | 2.0034
2-mercaptobenzothiazole -69.5235 - -
2-mercaptobenzothiazole— Al-Mg-Sn -131.5725 S inhibitor — Al surface | 2.1999
8- hydroxyquinoline -29.5527 - -

8- hydroxyquinoline — Al-Mg-Sn -127.5784 O inhibitor = Al surface | 1.9098
3-amino-1, 2, 4-triazole-5-thiol -43.1337 - -
3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn -128.9338 S inhibitor — Al surface | 2.1999

Then, the distance between the nitrogen atom in benzotriazole, oxygen atom in 8-
hydroxyquinoline, and sulfur atom in both 2-mercaptobenzothiazole and 3-amino-1, 2, 4-
triazole-5-thiol, respectively, with aluminum in Al-Mg-Sn nanosurface has been evaluated
(Table 4). Finally, the changes in potential energy for these complexes and interatomic
integration distance have been plotted in Figure 7.
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Figure 7. The graph of potential energy (kcal/mol) of interatomic interaction versus distance (A) of a nitrogen
atom in benzotriazole, the oxygen atom in 8- hydroxyquinoline, and the sulfur atom in both 2-
mercaptobenzothiazole and 3-amino-1, 2, 4-triazole-5-thiol, respectively, with aluminum in Al-Mg-Sn

nanosurface.

Based on Figure 7, it can be assumed that for benzotriazole — Al-Mg-Sn, 2-
mercaptobenzothiazole— Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-
triazole-5-thiol — Al-Mg-Sn, Lennar Jones potential as an intermolecular pair potential [74].
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Where ¢ is the depth of the potential well, and o is the interval at which the potential=0.
The attractive term is proportional to %6 in the potential comes from balancing the van der

Waals forces, while the % repulsive term is much more approximate [73,74].
T

3.7. HOMO, LUMO, and UV-VIS analysis.

The ionization causes the highest occupied molecular orbital (HOMO) energy and the
electron affinity produces the lowest unoccupied molecular orbital (LUMO) energy which has
been calculated and reported for benzotriazole — Al-Mg-Sn, 2-mercaptobenzothiazole — Al-
Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn
in Scheme 3. The HOMO (au), LUMO (au), and band energy gap (AE = E Lumo- Enomo) (ev)
presented the pictorial explanation of the frontier molecular orbital and their respective positive
and negative zones, which are an important factor for identifying the molecular characteristics
of effective compounds in these organic inhibitors (Scheme 3).

@ (b)
............................... 5 b
i o —
HOMO benzotriazole — Al-Mg-Sa = -0.02878
HOMO mercaptobenzothiazole— Al-Mg-Sn = -0.0350
> AB=1.6297

& > AE=1.8993

J

LUMO mercaptobenzothiazole— Al-Mg-Sn = 0.0348

LUMO penzotriazole — Al-Mg-Sn = 0.03111

© @

P M
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&

@ HOMO 3.amuno-1, 2, 4-triazole-5-thiol — Al-Mg-Sn = -0.02861
e

3

f> AE=19418
HOMO g hygroxvauinoline — Al-Mz-Sn = -0.01843 -

i3 AB=15058

LUMO g hydroxyquineline — Al-Mg-$n = 0.03691 LUMO 3.amino-1, 2, 4-triazole-S-thiol — AlMg-Sn = 0.04275
Scheme3. The HOMO, LUMO, and band energy gap (ev) for three organic inhibitors for a) benzotriazole —
Al-Mg-Sn; b) 2-mercaptobenzothiazole; c) 8-hydroxyquinoline; d) 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-
Sn.

On the other hand, the HOMO shows the capability for giving an electron while the
LUMO as an electron acceptor, exhibits the capability for achieving an electron. Therefore, the
energy gap (AE = E Lumo-Enomo) indicates the energy difference between frontier HOMO and
LUMO orbital, introducing the stability for the structure and unraveling the chemical activity
of the molecule. In this work, the energy gap establishes how benzotriazole, 8-
hydroxyquinoline, 2-mercaptobenzothiazole, and 3-amino-1, 2, 4-triazole-5-thiol adsorb on the
Al-Mg-Sn alloy surface at CAM-B3LYP/6-311+G(2d,p)/EPR-III/LANL2DZ quantum
method. Besides, frontier molecular orbitals have important functions in the optical and
electrical properties, such as in UV-VIS spectra [75].
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The energy gap between HOMO and LUMO has distinguished the attributes of
molecular electrical transport [76—79]. Through the Frank—Condon principle, the maximum
absorption peak (max) depends on a UV-visible spectrum to vertical excitation.

In this verdict, TD-DFT/6-31+G (2d, p)/EPR-11I/LANL2DZ computations have been
done to identify the low-lying excited states of benzotriazole, 8-hydroxyquinoline, 2-
mercaptobenzothiazole and 3-amino-1, 2, 4-triazole-5-thiol adsorbing on the Al-Mg-Sn alloy
surface. The results consist of the vertical excitation energies, oscillator strength, and
wavelength, introduced in Figure 8 a-d.
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Figure 8. UV-VIS spectra for a) benzotriazole — Al-Mg-Sn; b) 2-mercaptobenzothiazole; c) 8-
hydroxyquinoline; d) 3-amino-1, 2, 4-triazole-5-thiol — Al-Mg-Sn.
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Based on the computed amounts of UV-VIS spectra for benzotriazole, 2-
mercaptobenzothiazole, 8-hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol adsorbing on
the Al-Mg-Sn alloy surface, there are maximum adsorption bands between 500nm-2000nm
wavelengths for these organic heterocyclic inhibitors joint metal alloy which has remarked a
sharp peak with approximately 1000nm wavelength (Figure 8a-d).

4. Conclusions

In this research, the adsorption and diffusion of benzotriazole, 2-
mercaptobenzothiazole, 8-hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol adsorbing on
the Al-Mg-Sn alloy surface have been investigated based on Langmuir theory using ONIOM
method with high, medium and low levels of EPR-111/6-31+G (d,p)/LANL2DZ, semi-empirical
and MM2 basis sets, respectively by program package Gaussian 16 revision C.01.

In this work, the efficiency of the organic inhibitors as the aluminum alloy coating has
been studied through the electronic, thermodynamic features and characteristics of the
environmental condition, which results in the complexes of benzotriazole — Al-Mg-Sn, 2-
mercaptobenzothiazole — Al-Mg-Sn, 8- hydroxyquinoline — Al-Mg-Sn, and 3-amino-1, 2, 4-
triazole-5-thiol — Al-Mg-Sn.

An elaborate investigation for the mechanism of local minima in the adsorption
potential energy landscape represents that the intact benzotriazole, 2-mercaptobenzothiazole,
8-hydroxyquinoline, and 3-amino-1, 2, 4-triazole-5-thiol have been adsorbed with the aromatic
ring parallel to the Al-Mg-Sn alloy surface. In the preferred path, these organic inhibitors
remain parallel to the surface while performing small single rotational steps with a carbon-
carbon double bond hinged above a single Al atom.
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