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Abstract

Aluminum alloys with magnesium are broadly applied as structural materials for their high ductility and remarkable corrosion
resistance. As the strongest alloys of this system have low stability specifications, the present research aims to investigate the
probability of making strong of Al-Mg alloy by doping silicon, germanium and tin. This work presents an analysis of the
influence of some organic heterocyclic inhibitors owing to Langmuir adsorption and DFT and TD-DFT method with different
process parameters, on the corrosion resistance of aluminum alloy containing Al-X-Y (X=Mg, Y =Si, Ge, Sn). The ONIOM
approach has been performed with a three-layered level of high by CAM-B3LYP theoretical function using 6-31 +G (2d,p)
and LANL2DZ basis sets applying Gaussian 16 revision C.01; a medium semi-active part that consists of essential electronic
contributions; and a low level part that has been handled using MM2 force field approaches. The physicochemical properties
of inhibitor — metal alloy complexes are evaluated with the Langmuir adsorption through NMR, NBO, UV-VIS, HOMO/
LUMO and DOS/PDOS graphs toward structural, electronic and thermodynamic properties and other quantum attributes.
The fluctuation of occupancy of natural bond orbitals has been estimated for [pyridine,2-picoline,3-picoline,4-picoline,
2,4-lutidine — AI-Mg—(Si, Ge, Sn)] concerning the influence of nitrogen atom in the benzene ring of related heterocyclic
compounds becoming close to the monolayer nanosurface of Al-X-Y (X=Mg, Y =Si, Ge, Sn) alloys. Furthermore, the
results of partial electron density states (PDOS) have confirmed an obvious charge accumulation between the Al-Mg alloy
and doped atoms of Si, Ge, and Sn through the recognition of the conduction band region. Based on the computed values of
UV-VIS spectrums for pyridine, 2-picolone, 3-picoline, 4-picoline and 2,4-lutidine adsorbed on the Al-Mg-Y (Y =Si/Ge/Sn)
alloys surface, there are maximum adsorption band wavelengths between 1000 nm and 4000 nm, respectively. In addition, it
has been observed the sharpest peak in 2250 nm for all of these inhibitors adsorbed on the Al-Mg-Y (Y =Si/Ge/Sn) alloys
surface. This study revealed that appropriate control of the coating process by Langmuir adsorption can illustrate inhibiting
the aluminum alloys corrosion through an investigation of their structural, electronic and thermodynamic properties.

Keywords Al-X-Y (X=Mg Y =Si Ge Sn) alloys nanosurface - Langmuir adsorption - ONIOM; CAM-B3LYP/
LANL2DZ,6-31 + G(2d,p) - Corrosion inhibitors

Introduction

Aluminum alloys have been the principle compounds
applied for airframe structures until the enhancing tendency
in the application of composites of the polymer matrix.
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Aluminum-magnesium (Al-Mg) alloys are lighter than
other aluminum alloys and much less flammable than other
alloys consisting of high amounts of magnesium. The mag-
nificent enhancement in resistance at elevated temperature
was accomplished after solution treatment through activating
settlement becoming hard through Mg possessing phases.

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 auto-
motive industries through a best combination of mechanical
properties, as well as good wear resistivity and corrosion
resistance [1-4].
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Si element in Al-Si based cast alloys impacts tensile
properties at both room and high temperature, but its role
becomes more important in lack of alloy elements such as
Mg, Fe and Cu [5]. Some elements like Cu and Mg added
to Al alloys ameliorate the mechanical attributes and con-
duct the alloy to reply the heat dealing. The existence of
magnesium also increases resistance and reduces the rate of
strength loss at high temperature in the alloys.

Al-Mg—Ge alloys are estimated to display identical aging
attitude as AI-Mg-Si alloys, so, they have been alternatively
employed to analyze precipitates in Al-Mg-Si alloys. How-
ever, the interactions between solute atoms and vacancies in
Al-Mg-Ge alloys are not vivid. In this study, the physico-
chemical properties in AI-Mg-Si and Al-Mg-Ge alloys
were illustrated using DFT/ONIOM calculations, and the
similarities and differences of these parameters in each alloy
were analyzed.

Among the various methods that minimize corrosion of
metal surface, its inhibition by organic molecules is one of
the most applicable methods because of its stability and
low cost [6—10]. There are many researches that have been
dedicated to the application of efficient heterocyclic and
heteroatomic structures including organic compounds that
augment the anticorrosion attributes of metal surfaces and
alloys. The existence of heteroatoms containing O, S, N, P
atoms, aromatic rings and multiple bonds with n-electrons in
these inhibitors help extensively to the formation of inactive
blocks on metal surface and alloys, so closing the active sites
of corrosion [11-16].

The aim of this paper is the use of organic compounds as
corrosion inhibitors for aluminum and its alloys. The pas-
sive layer is insoluble in aqueous and many organic solu-
tions. There is a positive connection between the thickness
of the passive layer and the efficiency of preventing corro-
sion [17-19].

Because diverse characteristics of organic structures
are represented, it is essential that the electrons of a set of
organic structures are discussed. Recently, organic solar cells
owing to their complete symmetry with the donor polymer
have applied efficient fullerene free acceptor molecules
accompanying DFT and TD-DFT methods for discovering
the photovoltaic and opto-electric attributes of modeling the
structures [20-22].

Moreover, reorganizing the electron and hole energies are
also estimated with excitation energy. Results of various cal-
culated factors have suggested that these modeled molecules
are impressive ingredients for probable usages in the subject
of OSCs system [23, 24].

In addition, the scientists have exhibited more end-capped
electron-accepting units which are plain and applicable alter-
native tactics for designing the NFAs group [25, 26].

Therefore, operated organic compounds as corrosion
stoppers were chosen and determined on the basis of their
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physicochemical characteristics [27, 28] and relatively little
consideration has been dedicated to the quantitative estima-
tion of the internal and steric influence of these compounds
upon their inhibition yield. In other works, it has been stud-
ied the interaction between imidazole and the aluminum
surface which is often employed in experimental researches
[29].

It has been observed that heterocyclic compounds con-
sisting of nitrogen atoms are good corrosion inhibitors for
many metals in various acidic media, for instance benzotria-
zole at the copper and iron electrode, isoquinoline deriva-
tives and imidazole derivatives at the iron electrode which
are effective stoppers for corrosion of these metal surfaces
[30-46]. In addition, the electron withdrawing thiazole ring
was employed as a bridged unit in modeling of the small
molecular electron acceptor (DC-IDT2Tz), provided with
indacenodithiophene as core and 1,1-dicyanomethylene-
3-indanone as end-capped unit, and thiazole ring as spacers
[47-49].

The microscopic interaction and reaction mechanism
between molecules could be profoundly disclosed from the
quantum chemical characteristics, which prepare a benefi-
cial path to find adsorption attitude between molecules and
interfaces at the atomic and molecular stages [50-52]. These
days, it has been represented that pyridine and its deriva-
tives had been used as corrosion inhibitors of the aluminum
electrode [53-55].

Furthermore, the method of carbon adding has become
the main industrial grain refinement technique for Mg—Al
alloys. In fact, the thermodynamic process of the Al,MgC,
carbide makes grain refining of Mg—Al alloys by carbon
insemination under optimization procedure using quantita-
tive simulations [56-58].

It has been studied that pyridine family compounds have
been broadly applied through their intense polarity and
increasing potency in ionic liquids and solution. It is seen
that some compounds including nicotine-amide, pyridine-
2-formamide and pyridine-4-formamide can be employed
as efficient increasing agents for electro-deposition of alu-
minum in [Bmim] CI/AICl; with the unclear mechanism in
finding the intermolecular interaction between additives and
electrode, charge distribution, and adsorption comportment
[52].

The present work intends to accomplish an extension of
the previous work [55] concerning the role of pyridine and
its family compounds as corrosion inhibitor for aluminum
alloys which have been generated by adding some elements
including Si, Ge, and Sn to AlI-Mg alloy and forming the
Al-X-Y (X=Mg, Y =Si, Ge, Sn) alloys surface. These
complexes have been investigated using NMR, IR, UV-Vis
spectroscopy and HOMO-LUMO orbital frontier analysis.
The choice of a representative of compounds of this class as
a potential candidate for a highly effective aluminum alloy
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corrosion inhibitor is reasonable due to its facile synthetic
method, low cost and presence of nitrogen heteroatoms con-
taining double bonds in the chemical structure.

Materials and Methods
Aluminum Alloys

Several methods and combinations have been employed to
decrease the corrosion of aluminum and its alloys in differ-
ent environments by that coating of organic, inorganic and
even natural inhibitors which are among the most common
protection tested methods [59, 60].

The particular components for alloying of aluminum ele-
ment are copper, magnesium, manganese, silicon, tin, nickel
and zinc. Light weight and corrosion resistance of aluminum

1,000 1,500 2, 2,500 3,000 3,500 4,000 4,500

alloys make them suitable in engineering structures and
components.

Alloys of AI-Mg-Si achieve solidity by the precipita-
tion of heavy numbers of nanometer sized, somewhat linked
precipitates in the form of needles. At first, a high homog-
enization or extrusion temperature ensures that most solute
atoms exist on Al lattice positions. Then, the lattice gets
supersaturated with solute in the room temperature. These
atoms will enter into small the clusters on the aluminum
lattice. After a short time at the high temperature, appropri-
ate clusters start reorganizing into periodic constructions
(Scheme 1a) [11, 61, 62].

Ternary Al alloys of Al-Mg-Si are extendedly applied
as car bodies replacing heavier metals related to the eco-
nomic pressure which needs the decrease of CO, emission
and fuel consumption. Al-Si alloys without Cu additions
are employed when appropriate corrosion resistance is
needed. So, Mg is able to replace with Cu. In fact, Mg and
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Si can produce the intermetallic hardening phase Mg,Si
which precipitates in the a-aluminum matrix and enhances
the efficiency of resistance. The principal restrictions of ol 2 § e olgne
the ternary alloy of aluminum-magnesium-silicon cast Z § § Z ;o: 7 <:t % 3
ingredients are because of the remarkable impact of the
solidity situations on the final microstructure. The final
cast ingredients unavoidably consists of a determined -8« EE -5 =
number of defects like oxide films, shrinkage and gas %ﬁ E z & E2 K %0 % 5
porosity, which impress the exhaustion behavior and the
mechanical parameters [63-67].
In some researches, the precipitation in an Al-Mg-Ge o R EP-N S
. L ol = o | < » o | &
alloy has been studied the application of annular dark field =55 S l=a 218 %
scanning TEM (ADF-STEM) and high-resolution transmis- i Bl i
sion electron microscopy (HRTEM). The hardness enhance-
ment is produced by the precipitation of nanometre-sized g oo 2=
metastable phases from solid solution during artificial age- :-_,; E % %\ og:; = % § %
ing [68].
The fine precipitates had forms including an near-hex-
agonal network of Ge atoms with sub-cell dimensions a=b 2 & g o 2 S
~ 0.405 nm, c=0.405 nm which is very identical to the w5 2 g g S % g N
Si network that relates all precipitate constructions in the afea ol R I
Al-Mg-Si alloys and its equilibrium phase is f-Mg,Ge cor-
responds to its phase diagram. In some investigations, the 2 o o < - o
precipitation sequence of AI-Mg—Ge alloys consisting of g ~ § g ~ g é = § g
various components of Mg,Ge has been studied by TEM ;‘ <=+ Rl IERE <&+
and HRTEM observation and hardness test for finding the 8
impact of Mg,Ge components on age-hardening treatment 5 © o - < o o
of the alloys [69-71]. 2 ol 22 el 22 ol 2o
Doernberg and his coworkers has done the thermody- % =8 =& = =& &
namic analysis for describing the binary systems for the s
liquid phase accompanying the solution model containing g = © < -
Al, Mg, Sn and Mg,Sn as the species [72]. A single ternary 7 " § % " g g i % %
interaction parameter was discovered sufficient to match all J <|lw <|s = R R
experimental information. Aluminum (fcc) and magnesium <
(cph) were defined as disordered substitutional solutions. %" o o o = - o
The allotropic figures of tin and the binary components :': | = = A I A A
Mg,Sn, Mg,Al, (B), and ¢ phases were behaved as stoichio- 5 =148« == e =&
metric phases [73]. g
Moreover, the degeneracy of NMR shielding for = o X Q@ z 2
each compounds has been shown in the maximum g |G % o5 2 w |23
range approximately between 50 ppm and 1400 ppm for E a|a& = S|= & S|
Al-Mg-Si (Scheme 1a); 200 ppm-2250 ppm for Al-Mg—Ge o%
(Schemelb); and 350-4500 for AI-Mg—Sn (Scheme 1c) &
alloys nanosurface. g R o298 ol 8 S
o | 2 on | — on | SE oo
Then, the NMR parameters of isotropic (c;,) and aniso- g =R A =8 & =& A
tropic shielding tensors (6,,;,) for aluminum, silicon, ger- kS
manium and tin for the ternary alloys of AlI-Mg-Si, Al-Ge ﬁ <
and All-Mg-Sn participating in interatomic interaction with g _ g 2 _ i § _ 2 §
inhibitors and intra-atomic interaction with themselves have = <&« <5 2 o I
been calculated by using Gaussian 16 revision C.01 program § ° -
software (Table 1 & Fig. 1) [74]. E ‘:TD (i ‘1’0
The quantum chemical calculations yield the chemical 2=z g =zl . E =zl . E
shielding (CS) tensors in principal axes system to evaluate Cldlglecl<|al §el<|al ¢ ¢
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Fig. 1 Isotropic NMR shielding
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the isotropic chemical-shielding (CSI), and anisotropic
chemical-shielding (CSA) [75]:

CSI(ppm) = (633 + 622 + c11)/3 €))

CSA(ppm) = 633 — (622 + 611)/2 2)

The calculation of nuclear magnetic resonance (NMR) for
chemical shifts for assigning the structural and geometrical
of compounds has been accomplished. In fact, Gauge Invari-
ant Atomic Orbital (GIAO) method has been suggested as an
accurate method for NMR parameter calculations (Table 1
and Fig. 1).

In fact, it has been represented that the isotropic shield-
ing of silicon, germanium and tin at the ternary alloys of
Al-Mg-Si, Al-Ge and All-Mg—Sn which can participate
in interatomic interaction with inhibitors and intra-atomic
interaction with themselves has the most fluctuation of NMR
shielding (Fig. 1).

Corrosion Resistance Increment by Alloy Ingredients

The high corrosion resistance of the Al-alloy is related to
a thin but very tight and tightly holding layer of Al oxide
produced on the surface of the compound which defends the
material against further oxidation. Despite of these attractive
properties, in the existence of offensive ions such as chloride
and halide, the protective layer might be locally ruined, and
a corrosive attack happens [76].

The principal corrosion trouble accompanied with Al and
its alloys relates to the localized breakdown of the inactive
film which conducts to the start and increase of corrosion
cavities in a chloride medium [77].

Aluminum alloys can be susceptible to intergranular cor-
rosion if second-phase micro constituents are formed at grain
boundaries. A corrosion potential of the alloy different from
that of the matrix will also cause intergranular corrosion. The
presence of appreciable amounts of soluble alloying elements

Mg6  Al7 Y8 Al9 Y10 Mgll All2

Atom type

such as Cu, Mg, Si, and Zn, will make these alloys susceptible
to stress-corrosion cracking [78].

Some of the common types of corrosion for Al which are
independent of the corrosive environment consist of pitting,
stress-corrosion cracking, exfoliation, intergranular, and gal-
vanic [78]. The non-heat treatable alloys have a higher corro-
sion resistance toward general corrosion compared to the heat
treatable alloys. However, the alloys containing the Al-Mg,Si
system also show considerable resistance to general corro-
sion. The same behavior is observed for the alloys that do not
contain copper (Al-Zn—Mg). The alloys’ resistance to pitting
corrosion increases significantly with increasing purity [79].

Three-Layer ONIOM Level

In theoretical ONIOM method, any combination of three levels
in the reducing order of accuracy can be accepted in ONIOM3.
The typically acceptable levels are high (QM1), medium
(QM2), and low (QM3or MM), where high level (QM1) often
is an ab initio or DFT method, medium level (QM2) is a low-
level ab initio, DFT, or semi-empirical (SE) QM method, and
low level is an SE QM method or an MM method [80].

In this work, through ONIOM method, QM1 has been
launched using the DFT method of CAM-B3LYP with
6-31+G(2d,p) basis set for carbon and hydrogen atoms and
LANL2DZ for some aluminum atoms in the adsorption cites.
QM2 has been performed on the nitrogen, carbon and hydro-
gen in the adsorption sites due to semi-empirical methods.
Finally, a QM3 has been considered on the other Al atoms with
MM2 force fields (Scheme 2) [80].

So, the mixing of three levels of QM1, QM2 and QM3 in
reducing order of accuracy has been assigned containing high,
medium, and low levels of theory [80].

Eoniom = Enighom1) t Emedium@m2) + Elowom3) 3)

The ONIOM method could be lightly extended and popu-
larized to an n-layer method [81]:
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Scheme 2 Process of physical
and chemical adsorption of pyr-
idine and its family (2-picolone,
3-picoline, 4-picoline and 2,4-
lutidine onto Aluminum surface
in different levels containing
high, medium and low levels by
theoretical ONIOM method of
calculation

Qm1

QM2

Eoniown = ., Ellevel(i), model(n + 1 — i)]
i=1

“

- Z E[level(i), model(n + 2 — i)]
i=2

The three-layer method ONIOM permits us to investi-
gate a larger system more precisely than the one-layer model
which can treat a medium size system very accurately like
a huge system with modest accuracy (Scheme 2) [82]. This
three-layer model has been employed to activate barriers
for the pyridine, 2-picoline, 3- picoline, 4- picoline and 2,
4-lutidine onto mono-layer Al-X-Y (X=Mg, Y =Si, Ge, Sn)
surface toward forming the Langmuir adsorption complexes
including pyridine — Al-Mg-Si, pyridine — Al-Mg-Ge,
pyridine — Al-Mg-Sn; 2-picoline — Al-Mg-Si, 2-pico-
line— Al-Mg-Ge, 2-picoline— Al-Mg-Sn; 3-picoline— Al-Mg-Si,
3-picoline — Al-Mg-Ge, 3-picoline — Al-Mg-Sn; 4-pico-
line — A1-Mg-Si, 4-picoline — Al-Mg-Ge, 4-pico-
line — Al-Mg-Sn; and 2,4- lutidine — AI-Mg-Si, 2,4- luti-
dine — Al-Mg-Ge, 2,4- lutidine — Al-Mg—Sn (Scheme 2).

Theory of Langmuir Adsorption

The Langmuir adsorption isotherm is applied to characterize
the equilibrium between adsorbate and adsorbent structure,
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QM3

where the adsorption system is limited to one molecular
layer. In fact, the study of the impact of the organic inhibitors
in solution and the nature of the corrosive aluminum alloys
on the adsorption bond strength yield information about the
mechanism of interaction of the inhibitor with the Al-alloys
surface, which in turn Langmuir adsorption isotherms pro-
vide excellently. The Langmuir isotherm is widely used in
the identification of inhibitor adsorption status specification
and it is represented as follows [83]:

Cinny 1

0 Kads ik (5)

where C,,, is the inhibitor concentration; 0 is the fractional
coverage of the steel surface and K, is the equilibrium con-
stant of the adsorption & desorption procedures.

Using the Langmuir isotherm, the equilibrium constant of
adsorption and desorption procedures (K ;) could be speci-
fied and depends on the standard free energy of adsorption
AG? . as follows [9]:

AG°, = —RTIn(55.5K ) (6)

where R is the gas constant (8314 J K~! mol™), T is the
absolute temperature (7') and the value 55.55 (mol™Yis the
concentration of water in solution.

The pyridine, 2-picoloine,3-picoline, 4-picoline and
2,4-lutidine as corrosion inhibitors on the ternary aluminum
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Scheme 3 Process of density functional theory computation within the Kohn—Sham approach

alloys surface containing Al-Mg-Si, AI-Mg-Ge, and
Al-Mg-Sn in NaCl solution was assigned by the most suit-
able Langmuir isotherm, which exhibits the chemisorptive
nature of the bond between the inhibitor molecules and the
Al-X-Y (X=Mg, Y =Si, Ge, Sn) alloys, the equilibrium
distribution of ions of the adsorbing compound between
the solid and liquid phases, and a monolayer attribute
(Scheme 2).

In Scheme 2, it has been observed that adsorbed mol-
ecules are kept on the Al-X-Y (X=Mg, Y =Si, Ge, Sn)
alloys with chemisorbed inhibitors having high protection.

Theoretical Method of Density Functional Theory
(DFT)

DFT or Density functional theory approaches are the stand-
ard and the most employed theoretical methods for electronic
structure calculations [84-88]. The appearance of the gener-
alized gradient approximation (GGA) for the exchange—cor-
relation functional increased the DFT accuracy [89] and the
foretold molecular structures, relative energies and frequen-
cies are nearly analogous to the second order Mgller—Plesset
perturbation theory (MP2) method, with notable triumph to
behave transition metal clusters [90]. The Hohenberg—Kohn
(HK) functions have severely made the electronic density
admissible as basic variable to electronic and structure cal-
culations. On the other hand, progress of the practical DFT
approaches only became remarkable after W. Kohn and L.
J. Sham published their famous set of equations which are
represented as Kohn—Sham (KS) equations (Scheme 3) [87].

Using the electronic density within the KS figure lets a
significant decrease of the computational request of quantum
calculations. Therefore, the KS approach simplifies the path
for investigating systems that cannot be studied by conven-
tional ab initio systems.

Kohn and Sham present the solution which uses mono-
electronic orbitals to estimate the kinetic energy in a simple
and approximately precise, by leaving a residual correction
that can be calculated apart. Therefore, one begins with a

reference system of M non-interacting electrons subjected to
the external potential v, and with Hamiltonian [87]:

M M M
N =2 P 2

H =- Z %Vl. + sz(?i) = Z‘hs; h, = _%V,' +v,(7;)

@)

By introducing the single particle orbitals y;, all elec-

tronic densities physically acceptable for the system of non-
interacting electrons can be written in the form:

M
o(7) = X @I’ ®)

Finally, the total energy could be calculated by the KS
method through the following equation:

9 ,
Elpl = Y niwi| 3V +veu(7) + 3 / |f @ | 07 |y} + B[]
i r—r
N N
1 ZaZﬂ
+ A —_— —_—
2 ; ;‘; R, - Rﬂ‘
&)

So, the exact exchange energy functional is illustrated by
the Kohn—Sham orbitals instead of the density, so it is placed
as the indirect density functional. This study has applied the
influence of the hybrid functional of three-parameter basis
set of B3LYP (Becke, Lee, Yang, Parr) within the frame-
work of DFT upon theoretical calculations [91, 92]. The
popular B3LYP (Becke, three-parameter, Lee—Yang—Parr)
exchange—correlation functional is [93-95]:

EZPT = (1 - ESPA + aEXF + DAED + (1 — o)ESSP* + cEXT

(10)
where @ = 0.20,b = 0.72, ¢ = 0.811s a generalized gradient
approximation: the Becke exchange functional [91] and the
correlation functional of Lee, Yang and Parr [92] for B3LYP
and ELSPA is the VWN local spin density approximation to
the correlation functional [96].
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Density functional theory (DFT) calculations have been
performed using Gaussian 16 revision C.01 [74] software.
The input files for the corrosion inhibitors adsorbed onto the
Al-Mg-Si, AI-Mg—Ge, and AlI-Mg—Sn surfaces (Scheme 1)
have been prepared with GaussView 6.1 [97] owing to the
rigid system and Z-Matrix format of which a blank line has
been placed and using LANL2DZ,6-31 + G(2d,p) basis
sets to determine chemical shielding, frequencies, occu-
pancy and hybrid of natural atomic orbitals, electrostatic
potential, electronic potential, energy gap of frontier orbit-
als, natural atomic charges, and other quantum properties
for this investigation. The rigid PES has been run at CAM-
B3LYP/LANL2DZ,6-31 + G(2d,p) for pyridine and its
family (2-picoline, 3-picoline, 4-picoline and 2,4-lutidine)
adsorbed onto aluminum and its alloys in which the small
energy difference between the formations of nitrogen — alu-
minum complexes can lead us to an appropriate coated sur-
face for ignoring the corrosion. So, it has been explored
that the surface binding site preference of N-atom is largely
influenced by the presence of neighboring nitrogen atoms.
The calculated nitrogen — aluminum pair distribution func-
tions have indicated that the formation of clusters directs to
shorter nitrogen — aluminum bond length compared to the
homogeneous growth.

Results and Discussion
Natural Bond Orbitals (NBO)

The Natural Bond Orbital (NBO) analysis of pyridine and
four derivatives of 2-picoline, 3-picoline, 4-picoline and 2,
4-lutidine has illustrated the character of electronic conjuga-
tion between bonds in the inhibitor and Al-X-Y (X=Mg,
Y =Si, Ge, Sn) alloys nanosurface (Table 2 & Fig. 2).

In Fig. 2, it has been observed the fluctuation of occu-
pancy of natural bond orbitals for pyridine — Al-Mg-Si,
pyridine — AlI-Mg-Ge, pyridine — Al-Mg-Sn; 2-pico-
line —» AI-Mg-Si, 2-picoline —» A1-Mg-Ge, 2-pico-
line— Al-Mg-Sn; 3-picoline— Al-Mg-Si, 3-picoline— Al-Mg-Ge,
3-picoline — Al-Mg-Sn; 4-picoline — Al-Mg-Si, 4-pico-
line — Al-Mg-Ge, 4-picoline — Al-Mg-Sn; and 2,4- luti-
dine — Al-Mg-Si, 2,4- lutidine — AI-Mg-Ge, 2,4- luti-
dine — Al-Mg-Sn through the Langmuir adsorption process
by indicating the active nitrogen atom in heterocyclic com-
pounds becoming close to the nanosurface.

Figure 2 has denoted two sharp graphs which belong
to the clusters of 2,4-lutidine — Al-Mg-Si and 2,4-luti-
dine — Al-Mg-Ge, respectively. Therefore, the interaction
between the partially filled d orbital of the metallic fragment
(dy, in of metal atoms) and the partially filled & orbital of the
N-heterocyclic carbenes causes the simultaneous donation
and back-donation interactions. On the other hand, com-
plexes with low d electrons indicate a portion both from =
donation and from & back donation; once components with
more d electrons are discussed, © back bonding overcomes
the interaction of the & orbitals of the N-heterocyclic car-
benes with the d orbitals of the metal center in the AI-X-Y
(X=Mg, Y =Si, Ge, Sn) alloys nanosheet. This exhibits
that the & interactions change the population of the d atomic
orbitals in the metal center, which might transfer electron
density to the N-heterocyclic carbenes in d°, or admit elec-
tron density in d'° metal-doped Al-surface.

Thermodynamic Analysis
In this part, the stability of the metal-doped Al-alloy clusters

of N-heterocyclic carbenes has been investigated through
thermodynamic properties which define the reactions that

Table 2 NBO analysis for the

: IO Inhibitor — metal and Bond orbital Occupancy Hybrids Ryal (A)

organ.chheteroc‘yc.hc mhlt.ntor metal alloy surface

containing (pyridine, 2-picoline,

3-picoline, 4-picoline, Pyridine— Al-Mg-Si ~ BD (1) NI—C2 0.9845 0.7552 (sp>*%) N+0.6555 (sp**®) C  1.9295

(2;:1‘11\22“;?):_5’1%?‘;0 dlogs  2Picoline—Al-MgSi  BD()NI—C2 09851 07550 (sp**) N+06557 (sp>") C 19298

nanosurface 3-picoline— Al-Mg-Si ~ BD (1) N1—C2 0.9858 0.7588 (sp>3*) N+0.6513 (sp>') C  1.9298
4-picoline— Al-Mg-Si ~ BD (1) NI—C2 0.9839 0.7616 (sp>®%) N40.6480 (sp>*3) C  1.9298
2,4-lutidine — Al-Mg-Si  BD (1) NI—C2 0.9881 0.7594 (sp>*) N+0.6507 (sp'*®) C  1.9299
Pyridine— Al-Mg-Ge ~ BD (1) NI—C2 0.9851 0.7551 (sp>**) N40.6556 (sp>®>) C  1.9293
2-picoline— Al-Mg-Ge ~ BD (1) NI—C2 0.9855 0.7549 (sp>**) N+0.6558 (sp>%%) C  1.9297
3-picoline— Al-Mg-Ge  BD (1) NI—C2 0.9848 0.7611 (sp>*>) N+0.6486 (sp>'2) C  1.9297
4-picoline— Al-Mg-Ge  BD (1) NI—C2 0.9830 0.7633 (sp>®) N+0.6460 (sp>*°) C  1.9297
2,4-lutidine — Al-Mg-Ge BD (1) NI—C2 0.9900 0.7493 (sp>>*) N+0.6622 (sp>*) C  1.9296
Pyridine— Al-Mg-Sn ~ BD (1) NI—C2 0.9852 0.7542 (sp>*) N+0.6555 (sp**) C  1.9300
2-picoline— Al-Mg-Sn  BD (1) NI—C2 0.9858 0.7547 (sp>¥) N+0.6561 (sp'*) C  1.9305
3-picoline— Al-Mg-Sn ~ BD (1) NI—C2 0.9842 0.7677 (sp>'") N+0.6409 (sp>'*) C  1.9302
4-picoline— Al-Mg-Sn  BD (1) N1-C2  0.9782 0.7697 (sp>°%) N+0.6384 (sp>?*) C  1.9304
2,4-lutidine — Al-Mg-Sn BD (1) NI—C2 0.9835 0.7620 (sp>*%) N+0.6476 (sp>*) C  1.9302
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Fig.2 Occupancy fluctua-
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N-heterocyclic carbenes endure in the metal coordination
sphere and maybe direct to decomposition of the N-hetero-
cyclic carbenes — metal clusters.

As it has been explained in the previous parts, it
has been modeled the several complexes including
pyridine — A1-Mg-Si, pyridine — Al1-Mg-Ge, pyri-
dine — AlI-Mg—Sn; 2-picoline — Al-Mg-Si, 2-pico-
line > AlI-Mg-Ge, 2-picoline —» A1-Mg-Sn;
3-picoline — Al-Mg-Si, 3-picoline — Al-Mg-Ge, 3-pico-
line —» AlI-Mg-Sn; 4-picoline — AI-Mg-Si, 4-pico-
line - AlI-Mg-Ge, 4-picoline - AI-Mg-Sn; and
2,4- lutidine — AlI-Mg-Si, 2,4- lutidine — AI-Mg-Ge,
2,4- lutidine — AlI-Mg-Sn. Then, these structures have
been computed at CAM-B3LYP level of theory employing
6-31+G (2d,p) /LANL2DZ basis sets to obtain the more
accurate equilibrium geometrical parameters, physical and
thermodynamic properties for each of the determined struc-
ture containing the distance between nitrogen atom in the
benzene ring of the heterocyclic inhibitors and aluminum
atom in the Al-X-Y (X=Mg, Y =Si, Ge, Sn) alloys nano-
surfaces, dipole moment, AE®, AH®, AG®, S°, respectively
(Table 3).

From Fig. 3, it could be found that the maximum of
the Langmuir adsorption isotherm plots based on AH?
might depend on the interactions between the inhibitor
structures and the Al-alloy surfaces. Comparing to AH}’
amounts, it is confirmed a good agreement among calcu-
lated results, as well as the correctness of the selected iso-
therm for the adsorption process of pyridine — Al-Mg-Si,
pyridine — Al-Mg-Ge, pyridine — Al-Mg-Sn; 2-pico-
line — Al-Mg-Si, 2-picoline — AlI-Mg-Ge, 2-pico-
line — A1-Mg-Sn; 3-picoline — A1-Mg-Si, 3-pico-
line— Al-Mg-Ge, 3-picoline— Al-Mg-Sn; 4-picoline— AI-Mg-Si,
4-picoline — Al-Mg-Ge, 4-picoline — Al-Mg-Sn; and

2,4- lutidine — Al-Mg-Si, 2,4- lutidine — Al-Mg-Ge, 2.,4-
lutidine — Al-Mg-Sn (Fig. 3).

The adsorptive capacity of inhibitor structures on the Al-
alloys surface is approved by the AG? , amounts.

AHst

X =Mg,Y = Si,Ge, Sn

+ AHY

= AHC (AH” ) );
FAI-X-Y (11

finh—Al-X-Y — Finh

On the basis of data in Table3, it is predicted that the
adsorption of the inhibitor on the AI-Mg-Y(Y = Si, Ge, Sn)
alloys surface might be physical and chemical nature. As
shown in Table3, all the computed AH? , amounts are very
close, which exhibit the agreement of the evaluated data by
all methods and the validity of the computations.

Besides, Fig. 4 has illustrated the changes of dipole
moment versus the distance among N atom in the benzene
ring of the pyridine,2-picoline,3-picoline,4-picoline and
2,4-lutidine with Al atom in the AI-X-Y (X=Mg, Y =Si,
Ge, Sn) alloys nanosurfaces. Figure 4 has shown that the
cluster of N-heterocyclic carbene of pyridine has the high-
est fluctuation during adsorption on the Al-Mg—Sn alloy
nanosheet through the electron transfer.

In addition, a dipole moment measurement in the process
of Langmuir adsorption between nitrogen atom in the ben-
zene ring of the heterocyclic inhibitors and aluminum atom
in the Al-X-Y (X=Mg, Y =Si, Ge, Sn) alloys nanosurfaces
illustrates the separation of two opposite electrical charges
of N and Al atoms (Table 4). In Fig. 4, the dipole moment
generated by the difference in the electronegativity of two
atoms (N, Al) in complexes (Table 4) based on equation:
u = g - r has been plotted versus the distance between N and
Al atoms in the inhibitors and aluminum alloys, respectively,
where p is the dipole moment, g is the magnitude of the
separated charge, and r is the distance between the charges.
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Table 3 The Physicochemical properties of adsorption for pyridine, 2-picoline, 3-picoline, 4-picoline and 2,4- lutidine as corrosion inhibitors on
the aluminum and its alloys surface including Al-Mg-Si, AI-Mg—-Ge and Al-Mg-Sn at 300 K

Structure Ry_a (A)  p(Debye)  AE°x107* AE% x 107 AH°x 1074 AG°x 107 S° (cal/K.
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) mol)
Al-Mg-Si - 1.72 - 177.59 - - 177.59 - 177.59 75.32
Al-Mg-Ge - 1.53 -512.93 - -512.93 -512.93 79.09
Al-Mg-Sn - 2.25 —124.62 - —124.62 —124.62 79.86
Pyridine - 2.03 - 15.38 - —15.38 —15.38 68.62
Pyridine — Al-Mg-Si 1.9295 2.47 -192.95 0.02 -192.95 -192.95 91.15
Pyridine — Al-Mg-Ge 1.9293 1.92 —525.54 2.77 —525.54 —525.54 92.17
Pyridine — Al-Mg-Sn 1.93 2.90 —1261.62 —1121.00 —1261.62 —1261.63 91.69
2-picoline - 1.74 -17.81 - -17.81 -17.81 73.69
2-picoline — Al-Mg-Si 1.9298 2.05 —195.38 0.02 —195.38 —195.38 88.76
2-picoline — Al-Mg-Ge 1.9297 1.67 - 527.97 2.77 —527.97 —527.98 98.16
2-picoline — Al-Mg-Sn 1.9305 2.85 —1264.05 - 1121.62 — 1264.05 — 1264.06 94.31
3-picoline - 2.21 -17.81 - -17.81 -17.81 73.72
3-picoline — Al-Mg-Si 1.9298 2.80 —195.40 0.00 —195.40 —195.39 88.87
3-picoline — Al-Mg-Ge 1.9297 2.49 —527.98 2.76 —527.98 —527.98 90.87
3-picoline — Al-Mg—Sn 1.9302 333 — 1264.06 —1121.63 —1264.06 —1264.07 94.24
4-picoline - 2.46 - 17.81 - -17.81 -17.81 73.71
4-picoline — Al-Mg-Si 1.9298 3.97 —195.38 0.02 —195.38 —195.38 88.66
4-picoline — Al-Mg-Ge 1.9297 2.87 —527.97 2.77 —527.97 —527.98 92.47
4-picoline — Al-Mg-Sn 1.9304 4.15 —1264.05 —1121.62 — 1264.05 —1264.05 94.97
2,4-lutidine - 2.16 —20.251 - —20.25 —20.25 78.73
2,4-lutidine — A1-Mg-Si 1.9299 3.94 -197.81 0.031 -197.81 -197.82 95.00
2,4-lutidine — A1-Mg-Ge 1.9296 2.04 —530.43 2.751 —530.43 —530.43 97.36
2,4-lutidine — Al-Mg—Sn 1.9302 4.23 —1266.49 - 1121.619 — 1266.49 — 1266.49 94.54
Fig.3 Changes of AH’ (kcal/ 200 o
mol) for some inhibitors which Pyridine 2-picoline
are linked to Al-X-Y (X=Mg, 0o+ o £
Y =Si, Ge, Sn) alloys nano- 0 2 , 4 6 3 10 12
surface using CAM-B3LYP/ 200 . R ; K
LANL2DZ.6-31+G(2d.p) & Al-Mg-Sn
calculations K
-400
= Al-Mg-Ge ) P “
AHOf -600
2-picoline — Al-Mg-Ge
-800
-1000
-1200 E
“# Pyridine — Al-Mg-Sn
-1400

Compounds

The role of cross conjugation in electron donating and  donating group have been explored towards the extent of
also accepting properties by nitrogen atoms in heterocyclic ~ corrosion protection with a significant resistance. DFT study
carbenes with metal atoms in AI-Mg-X (X =Si, Ge, Sn) and has unraveled the active centers of N-heterocyclic carbenes
n-electrons in corrosion inhibition has been seen from DFT  which are responsible for electron transfer to metal surface.
computations. The effects of the conjugation by the electron
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Fig.4 The changes of Gibbs

free energy for adsorption of

pyridine and its derivatives as

corrosion inhibitors on the alu-

minum alloys surface including 54
Al-Mg-Si, Al-Mg-Ge and Al-

Mg-Sn versus dipole moment 4.5 1
(Debye) 4
3.5 A

2 o4
15 -
1 o4
05 -
1.9292 1.9294 1.9296 1.9298 1.93 1.9302 1.9304 1.9306
Distance (A)
Table 4 The HOMO (a.u.), Inhibitor — Al-alloy HOMO LUMO AE  u X 1 ¢ v
LUMO (a.u.), band energy
gap (AE /ev) aI;d Ogler _ Pyridine — Al-Mg-Si —0.00850 0.04666 1.5009  0.5192 —0.51920.7505 0.6662 0.1796
quantities (ev) for the organic Pyridine—>Al-Mg-Ge - 0.0075 0.03160 1.0639 03279 —0.32790.5320 0.9398 0.1010
heterocyclic inhibitors
containing (pyridine, 2-picoline, ~ Pyridine— Al-Mg-Sn —0.0454 0.02397 1.8876 —0.2915 0.29150.9438 0.5297 0.0450
3-picoline, 4-picoline, 2 picoline— Al-Mg-Si  —0.05091 0.19332 6.6458 19376 — 1.93763.3229 0.1504 0.5649
24-lutidine) — Al-X— 2— picoline— Al-Mg-Ge ~— 0.02223 0.03506 1.5589  0.1745 — 0.17450.7794 0.6415 0.0195
Y(X=Mg, Y=S5i, Ge, Sn) 2 picoline— Al-Mg-Sn  — 0.026650.02406 1.3799 —0.0352 0.03520.6900 0.7246 8.9785
structures using CAM-
B3LYP/6-31+G (2d.p), 3-picoline— Al-Mg-Si ~ —0.00934 0.03944 1.3273  0.4095 —0.40950.6637 0.7533 0.1263
LANL2DZ 3-picoline— Al-Mg-Ge ~ — 0.02660 0.02671 1.4506  0.0015 —0.00150.7253 0.6893 1.5511
3-picoline—Al-Mg-Sn - 0.021210.02326 12101 0.0279 — 0.0279 0.6050 0.8264 6.4331
4-picoline—Al-Mg-Si  —0.002730.04448 12846  0.5680 — 0.56800.6423 0.7784 0.2511
4-picoline—Al-Mg-Ge ~ —0.071020.15782 62270  1.1809 — 1.18093.1135 0.1606 0.2239
4-picoline—Al-Mg-Sn  —0.025670.03110 1.5448  0.1477 —0.14770.7724 0.6473 0.0141
2 4-lutidine— Al-Mg-Si  — 0.006720.04927 15235  0.5790 — 0.57900.7618 0.6563 0.2200
2.4-lutidine— Al-Mg-Ge  — 0.00460 0.02766 0.8778  0.3137 —0.31370.4389 1.1392 0.1121
2,4-lutidine — Al-Mg-Sn  — 0.03001 0.03489 1.7660  0.0664 — 0.0664 0.8830 0.5662 0.0025

AE=E;ym0 — Enomos H=Enomo+ELumo)2; X == EBromo +Erumo)2; N1=ErLumo —Enomo)/2; {=1/

(2n); w=p"(2n)

The stability of Al-nanoalloy coated with various
N-heterocyclic carbenes has been investigated. An over-
coming impact has been seen with a significantly resist-
ance of Al-X-Y (X=Mg, Y =Si, Ge, Sn) alloys nanosur-
face compared to pure Al-surface [98, 99].

Herein, the stability of N-heterocyclic carbenes belongs
to methyl group substituents, double bond between car-
bons of the ring backbone, which donates aromatic char-
acter to that system and electron transferring from nitrogen
to metal-doped Al-alloy nanosheet. Figure 4 has observed

that the cluster of N-heterocyclic carbene of 2,4-lutidine
with two methyl group substituents has the highest dif-
fusion during adsorption on the AlI-Mg-Sn nanosheet
through the electron transfer.

Frontier Orbitals of HOMO and LUMO
The highest occupied molecular orbital energy

(HOMO) and the lowest unoccupied molecu-
lar orbital energy (LUMO) have been calculated for
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pyridine — Al-Mg-Si, pyridine — Al-Mg-Ge, pyri-
dine — Al-Mg-Sn; 2-picoline — AlI-Mg-Si, 2-pico-
line— Al-Mg-Ge, 2-picoline— Al-Mg-Sn; 3-picoline— Al-Mg-Si,
3-picoline — AI-Mg-Ge, 3-picoline — Al-Mg-Sn; 4-pico-
line —» AI-Mg-Si, 4-picoline —» Al1-Mg-Ge, 4-pico-
line — AI-Mg-Sn; and 2,4- lutidine — Al-Mg-Si, 2.4- luti-
dine — Al-Mg-Ge, 2.,4- lutidine — Al-Mg-Sn through the
Langmuir adsorption process using CAM-B3LYP/6-31+G
(2d,p), LANL2DZ (Table4).

The HOMO, LUMO and band energy gap (ev) indicated
the pictorial explanation of the frontier molecular orbital’s
which are an important factor for identifying the molecu-
lar characteristics of the high coating for aluminum and its
alloys against the metal corrosion phenomenon (Table 4).

In other words, the HOMO shows the capability for giv-
ing an electron while the LUMO as an electron acceptor
exhibits the ability for achieving an electron. Therefore, the
energy gap (AE=E | ymo- Enomo) indicates the energy dif-
ference between frontier HOMO and LUMO orbital intro-
ducing the stability for the structure and unravels the chemi-
cal activity of the molecule (Fig. 5).

In this work, energy gap establishes how organic inhibi-
tors (pyridine and its derivatives) interact with the aluminum
alloys [Al-X-Y (X=Mg, Y =Si/Ge/Sn)] monolayer surface.
Besides, frontier molecular orbitals run an important func-
tion in the optical and electrical properties like in UV—-Vis
spectrums [100]. Moreover, for getting more conclusive
approval in identifying the compound characteristics of this
structure, a series of chemical reactivity parameters consist-
ing of chemical potential (u), electronegativity (), hard-
ness (1), softness (), electrophilicity index (y) has been

Fig.5 The energy gap of

HOMO/LUMO (a.u.) for

adsorbing pyridine, 2-picoline,

3-picoline, 4-picoline and

2,4-lutiding on the Al-X-Y 0259
(X=Mg, Y =Si/Ge/Sn) alloys

surface 02 1

0.15 -
0.1 A

0.05 - °

done (Table 4) [101, 102]. The amounts of the parameters
in Table 4 have exhibited a good stability of pyridine and
its family compounds through Langmuir adsorption on the
monolayer aluminum alloys surface.

The illustration of donor—acceptor molecules depends on
the relative frontier molecular levels. The HOMO-LUMO
gap defines the charge transfer in organic molecules
adsorbed on the Al-alloy surface through simplified molec-
ular-level diagram. In fact, the amount of transferred charges
might be considerably small, as in the case of parallel and
perpendicular coordination, which indicate electronic cou-
plings smaller than in co-facial coordination. Figure 5 has
observed two sharp peaks which belong to the clusters
of 2-picoline — Al-Mg-Si and 4-picoline — AlI-Mg-Ge,
respectively. Figure 5 has indicated the energy level shifts
of molecule — surface-HOMO and molecule — surface
-LUMO of nanoclusters as a function of their distance d
orbitals from the high symmetry points of each metal-doped
on the Al-surface. Therefore, the HOMO level of molecule
is being lowered as it loses its electron, whereas the LUMO
level of surface is being raised as it gains partial charge.
The value of charge transfer is restricted by the cross spot of
these two frontier levels (Table 4 and Fig. 5).

Electronic properties (DOS and PDOS)

The electronic structures of Al-Mg-X (X =Si, Ge, Sn) have
been analyzed to simplify subsequent discussion for inter-
facial electronic properties using DFT/LANL2DZ basis
set. The graph of partial DOS (PDOS) has illustrated that
the p states of doped- Si, Ge-, and Sn- in the AlI-Mg alloy

LUMO

Frontier orbitals energy (a.u.)
[N X2
o
N
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are dominant through the conduction band (Fig. 6a—c). A
distinct metallic feature can be observed in the AI-Mg-X
(X=Si, Ge, Sn) alloys because of the strong interaction
between the p states of Al and the d state of Ge and Sn
near the Fermi energy. Moreover, the existence of covalent
features for these alloys has exhibited the identical energy
amount and figure of the PDOS for the p orbitals of Al and
d orbitals of Ge and Sn.

Figure 6a has shown that the Si states in the AI-Mg-Si
alloy have more contributions at the middle of the conduc-
tion band between -5 eV to -15 eV, while contribution of
Al sates are expanded and Mg states have minor contribu-
tions; Ge states in the Al-Mg-Ge alloy have more contribu-
tions at the middle of the conduction band between — 1 eV
to — 10 eV, while contribution of Al state are weak and
Mg states have the expanded contribution (Fig. 6b); and Sn
states in the AI-Mg-Sn alloy reveal the expanded contribu-
tion with the conduction band between — 1 eV to — 20 €V,
while Al and Mg states have the limited and minor contribu-
tions (Fig. 6¢).

The results also approved by the partial electron density
(PDOS), which have showed a certain charge association
between the Al-Mg alloy and doped elements of Si, Ge, Sn.
In other words, the Sn states have large contributions in the
valence band, while Si states have fewer contributions. Thus,
the cluster dominant of non-metallic and metallic features
and a certain degree of covalent features can illustrate the
increasing of the semiconducting direct band gap of (Si, Ge,
Sn)-doped the Al-Mg alloy.

UV-VIS

Time-dependent density functional theory “TD-DFT” is
an extension “DFT” which exhibits the equivalency of the
time-dependent wave function with the time-dependent
electronic density for extracting the efficient potential of an
artificial non-interaction model. The most special usage of
TD-DFT is in the measurement of excited state energies of
isolated systems and solid states which depends on the linear
response function indicating how the electron density alters
with changing the external potential [103].

In this investigation, TD-DFT/6-31+ G (2d, p), LAN-
L2DZ computations have been also done to identify the low-
lying excited states of pyridine, 2-picolone, 3-picoline,4-
picoline and 2,4-lutidine adsorbed on the AI-X-Y(X=Mg,
Y =Si, Ge, Sn) surface. The results consist of the vertical
excitation energies, oscillator strength and wavelength which
have been introduced in Fig. 7a—e.

In fact, based on the computed amounts of UV-VIS spec-
trums for pyridine, 2-picolone, 3-picoline, 4-picoline and
2,4-lutidine adsorbed on the Al-Mg-Y (Y =Si/Ge/Sn) alloys
surface, there are maximum adsorption band wavelengths
between 1000 nm and 4000 nm, respectively (Fig. 7a—e).
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Moreover, it has been observed the sharpest peak in 2250 nm
for all of these inhibitors adsorbed on the Al-Mg-Y (Y =Si/
Ge/Sn) alloys surface (Fig. 7a—e).

Consequently, comparing the three-body physical
and chemical properties of AI-Mg-Si, Al-Mg—-Ge and
Al-Mg-Sn, the Mg-Ge-vacancy interaction in the Al matrix
was stronger than the Mg-Si-vacancy interaction. The differ-
ence in the bond strength can be illustrated by the difference
in the atomic radii against the Al atom. However, the binding
energy change with different bond angles was included for
the Si and Ge cases. These results exhibit that analogous
interactions between inhibitor atoms and vacancies are one
of the reasons for the formation of similar adsorption bind-
ings in AI-Mg—Si and AI-Mg—Ge alloys. Furthermore, the
potent interactions between inhibitor atoms and vacancies
in AI-Mg—Ge alloys suggest that the clustering occurs more
rapidly than in Al-Mg-Si alloys, terminating in a speedy
increase of hardness at the early step of adsorption.

Conclusion

In this research, the adsorption and diffusion of pyridine
and its family on the Al-alloys surface have been investi-
gated based on Langmuir theory using ONIOM method with
high, medium and low levels of 6-31 + G(2d,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 heterocyclic
inhibitors as the aluminum-alloy coating has been stud-
ied through the thermoelectric features and characteris-
tics of the environmental condition extracted from NMR,
NBO, UV-VIS spectra, HOMO/LUMO frontier orbitals
and other quantum data analysis which have been accom-
plished on pyridine — Al-Mg-Si, pyridine — Al-Mg-Ge,
pyridine — Al-Mg-Sn; 2-picoline — Al-Mg-Si, 2-pico-
line — A1-Mg-Ge, 2-picoline — Al-Mg-Sn; 3-pico-
line— Al-Mg-Si, 3-picoline— Al-Mg-Ge, 3-picoline— A-Mg-Sn;
4-picoline — Al-Mg-Si, 4-picoline — Al-Mg-Ge, 4-pico-
line — AI-Mg-Sn; and 2,4- lutidine — Al-Mg-Si, 2,4- luti-
dine — Al-Mg-Ge, 2,4- lutidine — Al-Mg-Sn.

An elaborate investigation for the mechanism of local
minima in the adsorption potential energy landscape repre-
sents that the intact pyridine, 2-picoline, 3-picoline, 4-pico-
line and 2,4-lutidine are adsorbed with the aromatic ring
parallel to the Al-Mg alloy surface. In the preferred path, the
these organic inhibitors remain parallel to the surface while
performing small single rotational steps with a carbon—car-
bon double bond hinged above a single aluminum atom in
Al-Mg-Si, Al-Mg-Ge, and Al-Mg-Sn. The inhibition
properties of the protonated pyridine and derivatives mole-
cules are related to the sum of the net charge and the = charge
of the six-ring, respectively. Pyridine and its derivatives have
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Fig.7 UV-Vis spectrums for organic heterocyclic inhibitors adsorb-
ing on the aluminum alloys surface using TD-DFT/6-31+G (2d.p),
LANL2DZ including: a pyridine— Al-Mg-Y, b 2-picoline — Al-
Mg-Y, ¢) 3-picoline— Al-Mg-Y, d 4-picoline— Al-Mg-Y and e)
2,4-lutidine — A1-Mg-Y (Y =Si/Ge/Sn)
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been adsorbed on the lattice of the AI-Mg-Si, AI-Mg-Ge,
and Al-Mg-Sn electrodes mainly in their protonated forms.
The most probable adsorption model of the inhibitors is one
in which the N atom of the pyridine ring is close to the alu-
minum atom of Al-Mg-Si, Al-Mg-Ge, and Al-Mg-Sn in
an inclined state.

The authors intend to continue this research focusing on
the magnetic properties of nonmagnetic metal-doped SiC
monolayer which can be studied by DFT methods. There-
fore, different dopants such as Al, Ga, Li, Mg, Na and dop-
ing sites are selected and the magnetic treatment will be
discussed whether it is observed in Al-, Ga-, Li-, Mg-, and
Na-doped system like transition metal (TM) atoms.
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