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ABSTRACT 

Al-Mg surface doped silicon, germanium and tin is theoretically studied using first-principles density functional 

theory (DFT) at the CAM-B3LYP/EPR-III, LANL2DZ,6-31+G(d,p) level of theory to explore the chemical adsorption 

and corrosion inhibition of organic carbenes through coating process. The fluctuation of NQR is estimated the inhibiting 

role of pyridine and its derivatives (picoline, 3-picoline,4-picoline,2,4-lutidine) for (Si, Ge, Sn)-doped Al-Mg alloy 

nanosheet due to concerning nitrogen in the benzene ring of related heterocyclic compounds becoming close to the 

monolayer nanosurface of Al-Mg-X (X = Si, Ge, Sn) nanoalloys. The NMR spectroscopy remarks that (Si, Ge, Sn)-doped 

Al-Mg alloy nanosheet has maximum band wavelengths approximately between 10 ppm–2000 ppm accompanying the 

sharpest peaks for inhibitors → Al-Mg-X which are between 10 ppm–100 ppm. IR spectroscopy has exhibited that (Si, 

Ge, Sn)-doped Al-Mg alloy nanosheet with the fluctuation in the frequency of intra-atomic interaction leads us to the 

most influence in the vicinage atoms generated due to inter-atomic interaction. The maximum IR spectrum for complexes 

of [inhibitor → Al-Mg-X (X = Si, Ge, Sn)] is observed in the frequency range between 500 cm−1–3500 cm−1. This work 

exhibits that proper monitoring of the coating mechanism by Langmuir adsorption can illustrate inhibiting the aluminum 

nanoalloys corrosion through an investigation of their structural and thermodynamic properties. This work investigates 

the characteristics, band structure, and projected density of state (PDOS) of Al-Mg nanoalloy doped with Si, Ge, Sn 

elements for increasing the corrosion inhibition of the surface through adsorption of organic molecules of carbenes in the 

surface coatings process. This article can be helpful in a range of applications which uses Al-Mg alloy for the study of 

energy storage and adsorption of air pollution or water contamination. Many different approaches such as surface coatings, 

alloying and doping can be adopted to protect the surface. 

Keywords: Al-Mg-Si; Al-Mg-Ge; Al-Mg-Sn; DFT; CAM-B3LYP 

1. Introduction 

Aluminum nanoalloys (Al-Mg) have been the principle 

compounds applied for airframe structures until the enhancing 

tendency in the application of composites of the polymer matrix. 

Aluminum-Mg nanoalloys are thinner than further aluminum 

nanoalloys and much less fulminant than other nanoalloys consisting 

of large values of Mg. Aluminum-Si is one of the most significant 

aluminum nanoalloys with vast contents of Si in foundry and has a 

great finiteness of usages in the air activities through a best mixture 

of micromechanical economy[1–5]. 

Si element in aluminum-silicon based foundry nanoalloys 

impacts expandable characteristics at different temperatures, but its 
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function appears more important in lack of nanoalloy metals such as Mg, Fe and Cu[5]. However, the 

interactions between solute atoms and vacancies in Al-Mg-Ge nanoalloys are not vivid. 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[6–16]. 

The aim of this paper is the application of heterocyclic materials as corrosive inhibitors for Al and its 

nanoalloys. Because diverse characteristics of organic structures are to be represented, it is essential that the 

electrons of a set of organic structures be discussed[17–19]. Therefore, operated organic compounds as corrosion 

stoppers were chosen and determined on the basis of their physicochemical characteristics[20,21] and relatively 

little consideration has been dedicated to the quantitative estimation of the internal and steric influence of these 

compounds upon their inhibition yield. In other works, it has been studied the interaction between imidazole 

and the aluminum surface which is often employed in experimental researches[22–39]. 

The microscopic interaction and reaction mechanism between molecules could be profoundly disclosed 

from the quantum chemical characteristics, which prepare a beneficial path to find adsorption attitude between 

molecules and interfaces at the atomic and molecular stages[40–45]. 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 aluminum in [Bmim] 

Cl/AlCl3 with the unclear mechanism in finding the intermolecular interaction between additives and electrode, 

charge distribution, and adsorption comportment[42]. 

The interaction of magnesium microstructure, and embedding with other atoms applying the density 

functional theory (DFT) approach, was studied among scientist. The first-principle analysis of the charge 

transfer in magnesium corrosion by mixing water molecules in their structure was investigated[46]. Furthermore, 

the researchers used the DFT approach for calculation of Al-Cu-Mg nanoalloys, which led to stability effects 

during the addition of specific atom amounts in those alloys[47]. Then, the properties of Li, Al, and Cd-doped 

Mg alloys using a first-principle calculation to calculate the cohesive energy and its electronic structure were 

evaluated[22]. The results exhibited that Mg-Al alloy has the lowest cohesive energy and is the most stable 

alloy[48]. The DFT calculation was also used in other researches to illustrate the structure of water over metal 

surfaces; results showed that strong adsorption of the water molecule on the metal surface leads to weaker 

hydrogen bonding among the molecules[49,50]. It was also DFT was used on stepped Pt surfaces which indicated 

that surfaces with a lower coordination number have a higher intention to adsorb water molecules[51–53]. It was 

presented an analogous adsorption manner for water clusters on both flat and stepped transition metal 

surfaces[54,55]. The thermodynamic behavior of dissolution in the alloy sheets of transition metals on the basis 

of DFT calculations was investigated[56]. 

Among various approaches to improve the sensing performance of alloy surfaces, the metal-doped 

method is perceived as effective, and has received great attention and is widely investigated. However, it is 

still a challenge to construct heterogeneous non-metal/metalloid/metal-doped surface with an excellent sensing 

performance. 

The present work intends to accomplish an extension of the previous works[45] of the role of pyridine and 

its family compounds as corrosion inhibitor for aluminum nanoalloys which have been generated by adding 

some elements including Si, Ge, and Sn to Al-Mg nanoalloy and forming the Al-Mg-X (X = Si, Ge, Sn) 

nanoalloys surface. These complexes have been investigated using NMR, IR, and NQR spectroscopy. 
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2. Theoretical insights, applied material and method 

2.1. Aluminum nanoalloys 

Light weight or corrosion resistance of aluminum nanoalloys make them suitable in engineering structures 

and components. The particular components for nanoalloying of Al element are copper, magnesium, 

manganese, silicon, tin, nickel and zinc[57,58]. 

The lattice of Nanoalloys of Al-Mg-Si 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, 

appropriate clusters start reorganizing into periodic constructions (Scheme 1a)[59–61]. Triple Al nanoalloys of 

Al-Mg-Si are extendedly applied as car bodies replacing heavier metals related to the economic pressure which 

needs the decrease of CO2 emission and fuel consumption. Al-Si nanoalloys without Cu additions are employed 

when appropriate corrosion resistance is needed. So, Mg is able to replace with Cu. In fact, Mg and Si can 

produce the intermetallic hardening phase Mg2Si which precipitates in the α-aluminum matrix and enhances 

the efficiency of resistance. The principal restrictions of the triple nanoalloy of aluminum-magnesium-silicon 

cast ingredients are because of the remarkable impact of the solidity situations on the final microstructure. The 

final cast ingredients unavoidably consists of a determined number of defects like oxide films, shrinkage and 

gas porosity, which impress the exhaustion behavior and the mechanical parameters[62–67]. 

In some researches, the precipitation in an Al-Mg-Ge nanoalloy (Scheme 1b) has been studied applying 

annular dark field scanning TEM (ADF-STEM) and high-resolution transmission electron microscopy 

(HRTEM). The fine precipitates had forms including a near-hexagonal network of Ge atoms with sub-cell 

dimensions a = b ≈ 0.405 nm, c = 0.405 nm which is very identical to the Si network that relates all precipitate 

constructions in the Al-Mg-Si nanoalloys and its equilibrium phase is β-Mg2Ge corresponds to its phase 

diagram. In some investigations, the precipitation sequence of Al-Mg-Ge nanoalloys consisting of various 

components of Mg2Ge has been studied by TEM and HRTEM observation and hardness test for finding the 

impact of Mg2Ge components on age-hardening treatment of the nanoalloys[68–72]. 

 
(a) 

 
(b) 

Scheme 1. (Continued). 
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(c) 

Scheme 1. IR spectra for aluminum nanoalloys (Al-Mg-X) consisting of (a) Al-Mg-Si; (b) Al-Mg-Ge; and (c) Al-Mg-Sn. 

Moreover, the frequency range of IR spectrum for each compounds in Scheme 1 has been shown in the 

maximum frequency approximately between 1500 cm−1–4500 cm−1, for Al-Mg-X (X = Si, Ge, Sn), concerning 

the strongest peaks about 2722 cm−1 (Scheme 1a), for Al-Mg-Si, 3437.64 cm−1 for Al-Mg-Ge (Scheme 1b), 

and 2002.22 cm−1, 4073.06 cm−1 for Al-Mg-Sn (Scheme 1c). 

2.2. Corrosion resistance increment by nanoalloy ingredients 

Al-nanoalloy with high corrosion resistance of that 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. 

But, despite 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[73]. The principal corrosion trouble 

accompanied with Al and its nanoalloys relates to the localized breakdown of the inactive film which conducts 

to the start and increase of corrosion cavities in a chloride medium[74]. 

Aluminum nanoalloys can be susceptible to intergranular corrosion if second-phase micro constituents 

are formed at grain boundaries. A corrosion potential of the nanoalloy different from that of the matrix will 

also cause intergranular corrosion. The presence of appreciable amounts of soluble alloying elements, such as 

Cu, Mg, Si, and Zn, will make these nanoalloys susceptible to stress-corrosion cracking[75]. 

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 galvanic[75]. The non-heat treatable 

nanoalloys have a higher corrosion resistance toward general corrosion compared to the heat treatable 

nanoalloys. However, the nanoalloys containing the Al-Mg2Si system also show considerable resistance to 

general corrosion. The same behavior is observed for the nanoalloys that do not contain copper (Al-Zn-Mg). 

The nanoalloys’ resistance to pitting corrosion increases significantly with increasing purity[76]. 

2.3. Three-layer ONIOM method 

In theoretical ONIOM method, any combination of three levels in the reducing order of accuracy can be 

accepted in ONIOM3 with three level of high [QM1/ab-intio, DFT], medium [QM2/semi-empirical], and low 

[QM3/MM] (Scheme 2)[77–82]. 

In this research, 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[83]: 

𝐸ONIOM = 𝐸high(QM1) + 𝐸medium(QM2) + 𝐸low(QM3) (1) 

The ONIOM method could be lightly extended and popularized to an n-layer method[84]: 

𝐸ONIOM𝑛 = ∑ 𝐸[level (𝑖), model (𝑛 + 1 − 𝑖)]

𝑛

𝑖=1

− ∑ 𝐸[level (𝑖), model (𝑛 + 2 − 𝑖)]

𝑛

𝑖=2

 (2) 
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Scheme 2. Process of physical and chemical adsorption of pyridine, 2-picolone, 3-picoline, 4-picoline and 2,4-lutidine onto 

Aluminum nanoalloy in different levels containing high, medium and low levels by theoretical ONIOM method of calculation. 

The three-layer method of ONIOM permits us to investigate a larger system more precisely than the one-

layered model which can treat a medium size system very accurately like a very large system with modest 

accuracy[85]. 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 (X = Al, Mg, Ga, Si) 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-picoline → Al-Mg-Ge, 2-picoline → Al-Mg-Sn; 3-picoline → Al-Mg-Si, 3-

picoline → Al-Mg-Ge, 3-picoline → Al-Mg-Sn; 4-picoline → Al-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 (Scheme 2). 

2.4. Theory of Langmuir adsorption 

The Langmuir isotherm is extremely applied in the identification of inhibitor adsorption status 

specification and it is represented as follows[86]: 

𝐶𝑖𝑛ℎ

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ (3) 

where 𝐶𝑖𝑛ℎ  is the inhibitor concentration; θ is the fractional coverage of the steel surface and Kads is the 

equilibrium constant of the adsorption and desorption procedures[87]. 

∆𝐺𝑎𝑑𝑠
𝑜 = −𝑅𝑇ln(55.5𝐾𝑎𝑑𝑠) (4) 

where 𝑅 is the gas constant (8314 JK−1mol−1), 𝑇 is the absolute temperature (𝑇) and the value 55.55 (mol−1) 

is the concentration of water in solution. 

The pyridine, 2-picoloine,3-picoline, 4-picoline and 2,4-lutidine as corrosion inhibitors on the triple 

aluminum nanoalloys surface containing Al-Mg-Si, Al-Mg-Ge, and Al-Mg-Sn have been observed (Scheme 

2). 

2.5. Theoretical method of density functional theory (DFT) 

The Hohenberg-Kohn (HK) functions have severely made the electronic density admissible as basic 

variable to electronic and structure calculations. On the other hand, progress the practical DFT approaches 

only became remarkable after Kohn and Sham published their famous set of equations which are represented 

as Kohn-Sham (KS) equations[88–102]. 

Density functional theory (DFT) calculations have been performed using Gaussian 16 revision C.01[103] 
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software. The input files for the corrosion inhibitors adsorbed onto the Al-Mg-Si, Al-Mg-Ge, and Al-Mg-Sn 

surfaces (Scheme 1) have been prepared with GaussView 6.1[104] due to the rigid system and Z-Matrix format 

of which a blank line has been placed and using LANL2DZ,EPR-III, 6-31+G(d,p) basis sets to determine 

chemical shielding, frequencies, occupancy and hybrid of natural atomic orbitals, electrostatic potential, 

electronic potential, energy gap of frontier orbitals, natural atomic charges, electron density mapping, and other 

quantum properties for this investigation. The rigid PES has been run at CAM-B3LYP/EPR-III, LANL2DZ, 

6-31+G(d,p) for pyridine and its family (2-picoline, 3-picoline, 4-picoline and 2,4-lutidine) adsorbed onto 

aluminum and its nanoalloys. 

3. Results and discussion 

Adsorbing pyridine and its family as heterocyclic corrosion inhibitors on the Al-Mg-X (X = Si, Ge, Sn) 

nanoalloys surface in NaCl solution approve by the most suitable Langmuir isotherm (Scheme 2). 

3.1. Nuclear magnetic resonance 

The NMR data of isotropic (σiso) and anisotropic shielding tensor (σaniso) for some metal atoms (Al, Mg, 

Si, Ge, Sn) participating in interatomic interaction with inhibitors and intra-atomic with themselves estimate 

by Gaussian 16 revision C.01 program software[103] and represent in Table 1. 
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Table 1. NMR properties of σiso and σaniso of metal atoms for Al-Mg-X (X = Si, Ge, Sn) nanoalloys surface in ppm which have been coated by pyridine, 2-picoline, 3-picoline, 4-picoline , and 2,4-

lutidine. 

Pyridine → Al-Mg-Si 

ppm Al7 Mg8 Si9 Mg10 Al11 Mg12 Al13 Si14 Al15 Si16 Mg17 Al18 

σiso 619.45 827.59 201.63 436.94 658.21 786.47 758.82 373.33 463.06 308.64 291.11 123.53 

σaniso 800.53 337.29 1044.88 451.02 691.46 538.17 845.76 561.66 1205.85 1682.51 857.32 1829.51 

Pyridine → Al-Mg-Ge 

ppm Al7 Mg8 Ge9 Mg10 Al11 Mg12 Al13 Ge14 Al15 Ge16 Mg17 Al18 

σiso 639.03 768.50 1714.47 281.83 549.07 703.86 752.08 1489.20 616.03 1023.15 202.15 93.80 

σaniso 695.25 326.45 978.15 597.09 679.09 338.51 459.01 1362.93 845.31 1733.32 765.66 1652.22 

Pyridine → Al-Mg-Sn 

ppm Al7 Mg8 Sn9 Mg10 Al11 Mg12 Al13 Sn14 Al15 Sn16 Mg17 Al18 

σiso 795.26 785.86 4212.92 405.20 547.50 722.13 790.10 4403.13 716.31 4151.35 468.21 578.28 

σaniso 467.52 335.81 1497.96 755.24 435.82 436.32 329.44 564.75 460.63 1399.02 491.62 499.38 

2-picoline → Al-Mg-Si 

ppm Al8 Mg9 Si10 Mg11 Al12 Mg13 Al14 Si15  Al16 Si17 Mg18 Al19 

σiso 547.50 811.34 325.38 429.64 583.66 786.51 745.19 324.86 631.27 -336.12 302.92 197.84 

σaniso 749.14 349.00 918.18 427.22 768.70 547.46 806.08 863.07 1085.79 1746.70 749.35 1770.22 

2-picoline → Al-Mg-Ge 

ppm Al8 Mg9 Ge10 Mg11 Al12 Mg13 Al14 Ge15 Al16 Ge17 Mg18 Al19 

σiso 595.84 763.75 1868.86 309.32 570.59 710.52 733.08 1578.57 699.88 1031.16 238.00 210.18 

σaniso 627.46 347.78 864.77 570.58 625.56 335.33 449.33 1465.55 626.70 1988.63 745.57 1379.96 

2-picoline → Al-Mg-Sn 

ppm Al8 Mg9 Sn10 Mg11 Al12 Mg13 Al14 Sn15 Al16 Sn17 Mg18 Al19 

σiso 711.59 808.21 4060.17 355.29 569.23 721.75 699.53 4262.19 800.53 3821.24 402.70 340.94 

σaniso 445.41 369.75 1423.99 694.78 546.22 375.06 377.64 918.10 391.11 1927.02 590.98 921.89 
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Table 1. (Continued). 

3-picoline → Al-Mg-Si 

ppm Al8 Mg9 Si10 Mg11 Al12 Mg13 Al14 Si15 Al16 Si17 Mg18 Al19 

σiso 733.03 798.77 199.78 455.99 312.04 702.91 656.81 508.72 923.58 102.46 410.38 743.75 

σaniso 745.05 378.25 971.75 593.99 358.88 435.08 836.79 1485.19 1284.65 1252.98 605.29 1902.23 

3-picoline → Al-Mg-Ge 

ppm Al8 Mg9 Ge10 Mg11 Al12 Mg13 Al14 Ge15 Al16 Ge17 Mg18 Al19 

σiso 708.06 774.67 1648.50 429.07 379.48 664.96 624.80 1941.46 846.16 1327.04 376.30 684.07 

σaniso 617.89 320.78 1503.76 524.68 346.88 235.91 510.45 1540.89 1298.03 1166.44 487.82 1054.43 

3-picoline → Al-Mg-Sn 

ppm Al8 Mg9 Sn10 Mg11 Al12 Mg13 Al14 Sn15 Al16 Sn17 Mg18 Al19 

σiso 182.99 651.81 3900.49 203.22 445.28 655.20 172.06 3900.75 573.85 3178.76 449.78 314.73 

σaniso 1163.02 316.16 3913.05 966.55 2235.32 428.80 1137.11 1567.85 794.32 5118.22 594.58 1040.78 

4-picoline → Al-Mg-Si 

ppm Al8 Mg9 Si10 Mg11 Al12 Mg13 Al14 Si15 Al16 Si17 Mg18 Al19 

σiso 660.33 650.19 1773.56 593.12 600.43 650.63 889.35 631.37 659.12 847.34 7.00 1121.07 

σaniso 1743.10 120.77 3537.62 1068.64 537.64 416.84 361.20 2067.32 2164.84 2986.28 1691.41 2968.60 

4-picoline → Al-Mg-Ge 

ppm Al8 Mg9 Ge10 Mg11 Al12 Mg13 Al14 Ge15 Al16 Ge17 Mg18 Al19 

σiso 619.85 702.07 1241.25 391.16 660.95 594.26 868.76 1219.63 367.35 1306.15 39.88 378.92 

σaniso 739.71 332.37 1493.86 444.18 609.94 457.60 191.57 2026.75 1189.31 2192.83 883.71 1044.62 

4-picoline → Al-Mg-Sn 

ppm Al8 Mg9 Sn10 Mg11 Al12 Mg13 Al14 Sn15 Al16 Sn17 Mg18 Al19 

σiso 532.41 665.58 2808.10 231.23 737.28 707.70 733.92 4636.84 494.17 3482.18 299.83 270.21 

σaniso 722.56 244.02 2123.19 1102.60 895.87 318.25 358.67 1063.81 2352.60 3346.55 819.46 676.12 

 

 

 



 

9 

Table 1. (Continued). 

2,4-lutidine → Al-Mg-Si 

ppm Al9 Mg10 Si11 Mg12 Al13 Mg14 Al15 Si16 Al17 Si18 Mg19 Al20 

σiso 534.00 570.29 267.97 113.53 544.22 544.18 810.57 239.56 747.80 716.73 474.26 770.17 

σaniso 794.01 370.10 1724.90 1165.43 554.93 196.40 449.00 1879.34 1819.60 2501.82 859.81 1249.52 

2,4-lutidine → Al-Mg-Ge 

ppm Al9 Mg10 Ge11 Mg12 Al13 Mg14 Al15 Ge16 Al17 Ge18 Mg19 Al20 

σiso 894.19 753.17 1549.59 400.06 708.57 728.14 900.32 2619.47 817.67 1572.28 417.67 730.11 

σaniso 648.07 330.70 1459.82 266.00 585.62 309.12 422.45 755.89 800.26 1438.71 383.47 1480.02 

2,4-lutidine → Al-Mg-Sn 

ppm Al9 Mg10 Sn11 Mg12 Al13 Mg14 Al15 Sn16 Al17 Sn18 Mg19 Al20 

σiso 522.34 649.65 4337.03 416.52 6.66 754.56 609.79 4629.61 749.72 3647.98 290.98 395.20 

σaniso 1849.17 282.48 1527.75 552.92 1405.52 330.11 837.73 1164.24 406.80 2470.95 750.37 1851.19 

𝜎𝑖𝑠𝑜 (ppm) = (𝜎33 + 𝜎22 + 𝜎11)/3 (5) 
𝜎𝑎𝑛𝑖𝑠𝑜 (ppm) = 𝜎33 − (𝜎22 + 𝜎11)/2 (6) 
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The Gauge Invariant Atomic Orbital (GIAO) approach proposes as an accurate model for NMR 

computations, and ONIOM has achieved much attention for achieving NMR chemical shifts in inhibitor-

surface complexes: 

𝜎𝑖𝑠𝑜,𝑂𝑁𝐼𝑂𝑀 = 𝜎𝑖𝑠𝑜,ℎ𝑖𝑔ℎ(𝑄𝑀1) + 𝜎𝑖𝑠𝑜,𝑚𝑒𝑑𝑖𝑢𝑚(𝑄𝑀2) + 𝜎𝑖𝑠𝑜,𝑙𝑜𝑤(𝑄𝑀3) (7) 

It presents that σiso and σaniso enhance with the occupancy and then the negative charge of nitrogen atom 

in pyridine and its derivatives diffusing onto Al-Mg-X (X = Si, Ge, Sn) nanoalloy surface (Figure 1a–e). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. (Continued). 
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(e) 

Figure 1. NMR spectroscopy for (a) pyridine → Al-Mg-X; (b) 2-picoline → Al-Mg-X; (c) 3-picoline → Al-Mg-X; (d) 4-picoline → 

Al-Mg-X; and (e) 2,4-lutidine → Al-Mg-X, by showing the active nitrogen atom in heterocyclic compounds becoming close to the 

nanosurface (X = Si, Ge, Sn). 

Pyridine → Al-Mg-Si, pyridine → Al-Mg-Ge, pyridine → Al-Mg-Sn; 2-picoline → Al-Mg-Si, 2-picoline 

→ Al-Mg-Ge, 2-picoline → Al-Mg-Sn; 3-picoline → Al-Mg-Si, 3-picoline → Al-Mg-Ge, 3-picoline → Al-

Mg-Sn; 4-picoline → Al-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 exhibit maximum band wavelengths approximately 

between 10 ppm–2000 ppm for these compounds (Figure 1a–e). In fact, the sharpest peaks for inhibitors → 

Al-Mg-X are approximately between 10 ppm–100 ppm (Figure 1a–e). 

In fact, the adsorption of pyridine, 2-picoline, 3-picoline, 4-picoline and 2,4-lutidine molecules introduce 

spin polarization on the Al-Mg-X (X = Si, Ge, Sn) nanoalloy surfaces, indicating that it can be employed as a 

magnetic nitrogen heterocyclic sensor for these inhibitors detecting. 

3.2. Nuclear quadrupole resonance (NQR) 

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; 𝜔𝐿 = 𝛾𝐵, where 

𝛾 the gyromagnetic ratio is and 𝐵 is the magnetic field external to 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 → 

Al-Mg-X (X = Si, Ge, Sn) complex (Table 2). 

Table 2. The electric potential for elements of pyridine and its privatives that have been adsorbed on the Al-Mg-Si/Ge/Sn surface by 

CAM-B3LYP/EPR-III,6-31+G(d,p) calculation extracted of NQR method. *Y = Al-Mg. 

Atom type Pyridine → *Y-Si Atom type Pyridine → *Y-Ge Atom type Pyridine →*Y-Sn 

Al7 −43.7553 Al7 −43.7127 Al7 −43.7008 

Mg8 −38.7059 Mg8 −38.6713 Mg8 −38.6524 

Si9 −48.2934 Ge9 −153.2693 Sn9 −283.4296 

Mg10 −38.9599 Mg10 −38.9070 Mg10 −38.8547 

Al11 −43.7540 Al11 −43.7154 Al11 −43.6980 

Mg12 −38.7213 Mg12 −38.6723 Mg12 −38.6283 

Al13 −43.3077 Al13 −43.2488 Al13 −43.1719 

Si14 −48.0553 Ge14 −153.0196 Sn14 −283.1590 

Al15 −43.6037 Al15 −43.5209 Al15 −43.4337 

Si16 −48.3099 Ge16 −153.2700 Sn16 −283.4193 

Mg17 −38.9674 Mg17 −38.9147 Mg17 −38.8664 

Al18 −43.6048 Al18 −43.5153 Al18 −43.4242 
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Table 2. (Continued). 

Atom type 2-picoline → *Y-Si Atom type 2-picoline → *Y-Ge Atom type 2-picoline → *Y-Sn 

Al8 −43.7532 Al8 −43.7111 Al8 −43.6978 

Mg9 −38.7053 Mg9 −38.6701 Mg9 −38.6501 

Si10 −48.2966 Ge10 −153.2712 Sn10 −283.4305 

Mg11 −38.9638 Mg11 −38.9092 Mg11 −38.8567 

Al12 −43.7545 Al12 −43.7164 Al12 −43.6948 

Mg13 −38.7230 Mg13 −38.6731 Mg13 −38.6269 

Al14 −43.3057 Al14 −43.2478 Al14 −43.1702 

Si15 −48.0602 Ge15 −153.0194 Sn15 −283.1586 

Al16 −43.6097 Al16 −43.5260 Al16 −43.4388 

Si17 −48.3185 Ge17 −153.2727 Sn17 −283.4172 

Mg18 −38.9481 Mg18 −38.8946 Mg18 −38.8520 

Al19 −43.6090 Al19 −43.5166 Al19 −43.4294 

Atom type 3-picoline → *Y-Si Atom type 3-picoline → *Y-Ge Atom type 3-picoline → *Y-Sn 

Al8 −43.7246 Al8 −43.6836 Al8 −43.6548 

Mg9 −38.7172 Mg9 −38.6724 Mg9 −38.6337 

Si10 −48.3054 Ge10 −153.2696 Sn10 −283.4215 

Mg11 −38.9386 Mg11 −38.8866 Mg11 −38.8567 

Al12 −43.7254 Al12 −43.6885 Al12 −43.6676 

Mg13 −38.7274 Mg13 −38.6861 Mg13 −38.6696 

Al14 −43.3043 Al14 −43.2547 Al14 −43.1730 

Si15 −48.0667 Ge15 −153.0218 Sn15 −283.1552 

Al16 −43.5783 Al16 −43.4986 Al16 −43.4257 

Si17 −48.3069 Ge17 −153.2718 Sn17 −283.433 

Mg18 −38.9721 Mg18 −38.9132 Mg18 −38.8602 

Al19 −43.6161 Al19 −43.5207 Al19 −43.4232 

Atom type 4-picoline → *Y-Si Atom type 4-picoline → *Y-Ge Atom type 4-picoline → *Y-Sn 

Al8 −43.7531 Al8 −43.72321 Al8 −43.6892 

Mg9 −38.6963 Mg9 −38.6559 Mg9 −38.6105 

Sn10 −48.3207 Ge10 −153.2842 Sn10 −283.4131 

Mg11 −38.9586 Mg11 −38.9060 Mg11 −38.8429 

Al12 −43.7227 Al12 −43.6807 Al12 −43.6533 

Mg13 −38.7142 Mg13 −38.6753 Mg13 −38.6433 

Al14 −43.3023 Al14 −43.2577 Al14 −43.1513 

Sn15 −48.0718 Ge15 −153.0270 Sn15 −283.1463 

Al16 −43.5906 Al16 −43.4921 Al16 −43.4153 

Sn17 −48.3389 Ge17 −153.2830 Sn17 −283.4194 

Mg18 −38.9153 Mg18 −38.8685 Mg18 −38.8356 

Al19 −43.5522 Al19 −43.4668 Al19 −43.4193 
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Table 2. (Continued). 

Atom type 2,4-lutidine → *Y-Si Atom type 2,4-lutidine → *Y-Ge Atom type 2,4-lutidine → *Y-Sn 

Al9 −43.7221 Al9 −43.7298 Al9 −43.6618 

Mg10 −38.7127 Mg10 −38.6854 Mg10 −38.6395 

Si11 −48.3286 Ge11 −153.2770 Sn11 −283.4141 

Mg12 −38.9369 Mg12 −38.8957 Mg12 −38.8555 

Al13 −43.7453 Al13 −43.7243 Al13 −43.6687 

Mg14 −38.7352 Mg14 −38.6900 Mg14 −38.6681 

Al15 −43.2998 Al15 −43.3161 Al15 −43.1563 

Si16 −48.0899 Ge16 −153.0344 Sn16 −283.1494 

Al17 −43.5770 Al17 −43.5085 Al17 −43.4290 

Si18 −48.3147 Ge18 −153.2780 Sn18 −283.4319 

Mg19 −38.9704 Mg19 −38.9008 Mg19 −38.8602 

Al20 −43.5921 Al20 −43.5114 Al20 −43.4272 

In NQR, nuclei with spin ≥ 1, there is an electric quadrupole moment which is accompanied with 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[105–108]. Moreover, the electric potential as the amount of work energy 

through transferring the electric charge from one site to another site in presence of electric field has been 

measured for pyridine, 2-picolone, 3-picoline, 4-picoline and 2,4-lutidine adsorbing onto Al-Mg-X (X = Si, 

Ge, Sn) nanoalloys surface using CAM-B3LYP/EPR-III, LANL2DZ, 6-31+G(d,p) level of theory. It is 

observed the effect of the substitution of aluminum atoms in Al-Mg nanoalloy surface with silicon, germanium 

and tin through resulted electric potential using NQR analysis (Table 2). It’s obvious that the graph of Al-Mg 

is fluctuated by Si, Ge, Sn atoms in the related nanoalloys. In Table 2, it is remarked the regions of electric 

potential changes for all Al, Mg, Si, Ge, and Sn in Al-Mg-X (X = Mg, Ga, Si) versus atomic charge which are 

coated by pyridine and its family (Table 2). 

The values of changes of charge density show a more important charge transfer from nitrogen heterocyclic 

inhibitors of pyridine, 2-picoline, 3-picoline, 4-picoline and 2,4-lutidine as the electron donor adsorbed onto 

Al-Mg-X (X = Si, Ge, Sn) nanoalloy surfaces which act as the electron acceptors (N → Al). In fact, Al sites in 

Al-Mg-X (X = Si, Ge, Sn) nanoalloy surfaces have higher interaction energy from Van der Waals’ forces with 

pyridine and its nitrogen heterocyclic family that can make them highly stable toward coating information on 

the surface. 

It is assumed that the priority for selecting the surface binding of N-atom in pyridine, 2-picoline, 3-

picoline, 4-picoline and 2,4-lutidine in adsorption sites can be impacted by the existence of close atoms of 

magnesium, silicon, germanium and tin in the Al-Mg-X (X = Si, Ge, Sn) surfaces. 

3.3. Infrared spectroscopy 

The IR computations are done for three aluminum nanoalloys containing Al-Mg-Si, Al-Mg-Ge, Al-Mg-

Sn, and the organic heterocyclic inhibitors including pyridine, 2-picoline, 3-picoline, 4-picoline and 2,4-

lutidine adsorbed onto these nanoalloys surface. Therefore, it has been modeled the several complexes 

including pyridine → Al-Mg-Si, pyridine → Al-Mg-Ge, pyridine → Al-Mg-Sn; 2-picoline → Al-Mg-Si, 2-

picoline → Al-Mg-Ge, 2-picoline → Al-Mg-Sn; 3-picoline → Al-Mg-Si, 3-picoline → Al-Mg-Ge, 3-picoline 

→ Al-Mg-Sn; 4-picoline → Al-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. These structures are computed at CAM-

B3LYP function accompanying LANL2DZ, 6-31+G (d,p), EPR-III basis sets (Table 3). 
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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 nanoalloys surface including Al-Mg-Si, Al-Mg-Ge and Al-Mg-Sn at 300 K. 

Compound ∆E° × 10−4 

(kcal/mol) 

∆H° × 10−4 

(kcal/mol) 

∆G° × 10−4 

(kcal/mol) 

S° (cal/K.mol) Dipole moment 

(Debye) 

RN-Al (Å) 

Al-Mg-Si −177.5928 −177.5928 −177.5950 75.321 1.7232 - 

Al-Mg-Ge −512.9296 −512.9295 −512.9319 79.090 1.5308 - 

Al-Mg-Sn −124.6274 −124.6274 −124.6276 79.866 2.2570 - 

Pyridine −15.3793 −15.3792 −15.3813 68.627 2.0338 - 

Pyridine → Al-Mg-Si −192.9530 −192.9530 −192.9557 91.157 2.4712 1.9295 

Pyridine → Al-Mg-Ge −525.5452 −525.5452 −525.5479 92.175 1.9259 1.9293 

Pyridine → Al-Mg-Sn −1261.6266 −1261.6266 −1261.6293 91.695 2.9003 1.9300 

2-picoline −17.8155 −17.8154 −17.8176 73.692 1.7413 - 

2-picoline → Al-Mg-Si −195.3850 −195.3857 −195.3876 88.761 2.0490 1.9298 

2-picoline → Al-Mg-Ge −527.9771 −527.9770 −527.9800 98.159 1.6681 1.9297 

2-picoline → Al-Mg-Sn −1264.0571 −1264.0570 −1264.0598 94.310 2.8543 1.9305 

3-picoline −17.8154 −17.8153 −17.8175 73.725 2.2156 - 

3-picoline → Al-Mg-Si −195.3898 −195.3898 −195.3924 88.868 2.7985 1.9298 

3-picoline → Al-Mg-Ge −527.9835 −527.9834 −527.9861 90.872 2.4932 1.9297 

3-picoline → Al-Mg-Sn −1264.0664 −1264.0663 −1264.0691 94.245 3.3364 1.9302 

4-picoline −17.8154 −17.8154 −17.8176 73.717 2.4672 - 

4-picoline → Al-Mg-Si −195.3848 −195.3847 −195.3873 88.658 3.9757 1.9298 

4-picoline → Al-Mg-Ge −527.9762 −527.9761 −527.9789 92.459 2.8767 1.9297 

4-picoline → Al-Mg-Sn −1264.0539 −1264.0539 −1264.0567 94.969 4.1486 1.9304 

2,4-lutidine −20.2516 −20.2515 −20.2539 78.728 2.1610 - 

2,4-lutidine→ Al-Mg-Si −197.8160 −197.8159 −197.8188 94.990 3.9424 1.9299 

2,4-lutidine→ Al-Mg-Ge −530.4323 −530.4322 −530.4351 97.365 2.0410 1.9296 

2,4-lutidine→ Al-Mg-Sn −1266.4886 −1266.4885 −1266.4913 94.545 4.2363 1.9302 

Figure 2a–e results that this conservative surface contains an [inhibitor → Al-Mg-X (X = Si, Ge, Sn)] 

complexes. The maximum IR spectrum for each of these materials is observed in the frequency between 500 

cm−1–3500 cm−1 by the sharpest peaks about 3100 cm−1, 3350 cm−1, 1550 cm−1, 1550 cm−1, and 3075 cm−1, for 

pyridine → Al-Mg-X, 2-picoline → Al-Mg-X, 3-picoline → Al-Mg-X, 4-picoline → Al-Mg-X and 2,4-lutidine 

→ Al-Mg-X, respectively (Figure 2a–e). 

 
(a) 

Figure 2. (Continued). 



 

15 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 2. Diagram of IR spectra for (a) pyridine→ Al-Mg-X; (b) 2-picoline → Al-Mg-X; (c) 3-picoline → Al-Mg-X; (d) 4-picoline 

→ Al-Mg-X and (e) 2,4-lutidine → Al-Mg-X adsorbed on the Al-Si surface using CAM-B3LYP/EPR-III, LANL2DZ,6-31+G(d,p) 

calculations. Note: (X = Si, Ge, Sn). 

The correctness of the selected isotherm for the adsorption process of pyridine → Al-Mg-Si, pyridine → 

Al-Mg-Ge, pyridine → Al-Mg-Sn; 2-picoline → Al-Mg-Si, 2-picoline → Al-Mg-Ge, 2-picoline → Al-Mg-Sn; 

3-picoline → Al-Mg-Si, 3-picoline → Al-Mg-Ge, 3-picoline → Al-Mg-Sn; 4-picoline → Al-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 is reported in Figure 3. 

The value of inhibitor adsorption on the Al-nanoalloys is measured by the ∆𝐺𝑎𝑑𝑠
𝑜  parameter. 

∆𝐺𝑎𝑑𝑠
𝑜 = ∆𝐺𝑖𝑛ℎ→Al−Mg−X

𝑜 − (∆𝐺𝑖𝑛ℎ
𝑜 + ∆𝐺Al−Mg−X

𝑜 ); X = Si, Ge, Sn (8) 

It is predicted that the adsorption of the inhibitor on the Al-Mg-X (X = Si, Ge, Sn) nanoalloys surface 
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might be physical and chemical nature (Table 3). As shown in Table 3, all the computed ∆𝐺𝑎𝑑𝑠
𝑜  amounts are 

very close, which exhibits the agreement of the evaluated data by all methods and the validity of the 

computations. 

 
Figure 3. The Gibbs free energy for adsorption of pyridine and its derivatives as corrosion inhibitors on the aluminum nanoalloys 

consisting of Al-Mg-Si, Al-Mg-Ge and Al-Mg-Sn versus dipole moment (Debye). 

3.4. Potential energy (PE) 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 having both 

an attractive and a repulsive component. Accompanying the Equation (9), it is investigated the Morse potential 

as follows[109]: 

𝑉M(𝑟) = 𝐷𝑒(𝑒−2𝛼(𝑟−𝑟𝑒) − 2𝑒−𝛼(𝑟−𝑟𝑒)) (9) 

where 𝐷𝑒  is the equilibrium bond energy and 𝑟𝑒  the bond interval. So, the optimized PE of interatomic 

interaction for pyridine → Al-Mg-Si, pyridine → Al-Mg-Ge, pyridine → Al-Mg-Sn; 2-picoline → Al-Mg-Si, 

2-picoline → Al-Mg-Ge, 2-picoline → Al-Mg-Sn; 3-picoline → Al-Mg-Si, 3-picoline → Al-Mg-Ge, 3-

picoline → Al-Mg-Sn; 4-picoline → Al-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 (Table 3). 

Then, the interval between nitrogen atom in benzotriazole, oxygen atom in 8-hydroxyquinoline, and sulfur 

atom in in pyridine, 2-picoline, 3-picoline, 4-picoline and 2,4-lutidine, respectively, with aluminum in Al-Mg-

X (X = Si, Ge, Sn) nanoalloys nanosurface is estimated (Table 3 and Figure 4). 

 
Figure 4. The graph of PE (kcal/mol) of interatomic interaction versus interval (Å) of N atom in pyridine and its family with 

aluminum in Al-Mg-X (X = Si, Ge, Sn) nanoalloys surface. 

Based on Figure 4, it can be assumed that for the [heterocyclic inhibitors → (Al-Mg-X)] nanoalloys 

nanosurface, Lennar Jones potential as an intermolecular pair potential can be described[110]: 

𝑉𝐿𝐽(𝑟) = 4𝜀 [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

] (10) 
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where 𝜀 is the profundity of the potential well and 𝜎 is the interval at which the potential = 0. The attractive 

term proportional to 
1

𝑟6  in the potential comes from the balancing the van der vdW forces, while the 
1

𝑟12 

repulsive term is much more approximate[111]. 

Regarding the enhanced molecule-sensing property of non-metal/metalloid/metal-doped Al–Mg surface, 

the effective sensitized region can be accumulated of the dopant, which contributed to the exigence to preserve 

a defined quantity of the doped Si, Ge and Sn. 

4. Conclusion 

In this research, the competence of the organic heterocyclic inhibitors as the aluminum nanoalloy coating 

is investigated through the thermoelectric traits and specifications of the environmental condition extracted 

from NMR, NQR, IR spectra, electric potential, charge distribution and other quantum data analysis which 

have been accomplished on pyridine → Al-Mg-Si, pyridine → Al-Mg-Ge, pyridine → Al-Mg-Sn; 2-picoline 

→ Al-Mg-Si, 2-picoline → Al-Mg-Ge, 2-picoline → Al-Mg-Sn; 3-picoline → Al-Mg-Si, 3-picoline → Al-Mg-

Ge, 3-picoline → Al-Mg-Sn; 4-picoline → Al-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. 

Regarding NMR results, the sharpest peaks for inhibitors → Al-Mg-X are approximately between 10 

ppm–100 ppm. Moreover, NQR approach has indicated that the regions of electric potential changes for all Al, 

Mg, Si, Ge, and Sn in Al-Mg-X (X = Mg, Ga, Si) versus atomic charge which are coated by pyridine and its 

family. In addition, the maximum IR spectrum for each of these materials is observed in the frequency between 

500 cm−1–3500 cm−1 by the sharpest peaks about 3100 cm−1, 3350 cm−1, 1550 cm−1, 1550 cm−1, and 3075 cm−1, 

for pyridine → Al-Mg-X, 2-picoline → Al-Mg-X, 3-picoline → Al-Mg-X, 4-picoline → Al-Mg-X and 2,4-

lutidine → Al-Mg-X, respectively. 

An elaborate investigation for the mechanism of local minima in the adsorption potential energy 

landscape represents that the intact pyridine, 2-picoline, 3-picoline, 4-picoline and 2,4-lutidine adsorb with the 

aromatic ring parallel to the Al-Mg-X (X = Si, Ge, Sn) nanoalloys 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 aluminum atom in Al-Mg-Si, Al-Mg-Ge, and Al-Mg-Sn. The most eventual 

adsorption state of the inhibitors is one in which the nitrogen of the pyridine ring is near the Al atom in Al-

Mg-Si, Al-Mg-Ge, and Al-Mg-Sn in an inclined state. The excellent molecule sensing performance is attributed 

to increased atom vacancies after doping and the increased adsorption of the molecules. This work presents an 

approach to synthesize other uniform metal-doped Al–Mg nanosurface and is also believed to be further 

extended to prepare other doped metal surface semiconductor nanostructures. 
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