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Abstract
The physicochemical attributes of inhibitor → metal & metal alloys nanosheet can be one of the fundamental factors for 
recognizing determining and selecting the Langmuir adsorption through IR, NMR, NQR, NBO, UV–VIS, HOMO/LUMO, 
and charge distribution and other quantum attributes. Then, the fluctuation of occupancy of natural bond orbitals has been 
estimated for pyridine → Al–Al, pyridine → Al–Mg, pyridine → Al–Ga, pyridine → Al–Si; 2-picoline → Al–Al, 2-pico-
line → Al–Mg, 2-picoline → Al–Ga, 2-picoline → Al–Si; 3-picoline → Al–Al, 3-picoline → Al–Mg, 3-picoline → Al–Ga, 
3-picoline →  Al–Si, 4-picoline → Al–Al, 4-picoline → Al–Mg, 4-picoline → Al–Ga, 4-picoline → Al–Si, and 2,4-luti-
dine → Al–Al, 2,4-lutidine → Al–Mg, 2,4-lutidine → Al–Ga, and 2,4-lutidine → Al–Si through the Langmuir adsorption 
process due to concerning the nitrogen atom in the benzene ring of related heterocyclic compounds becoming close to the 
monolayer nanosurface of aluminum and its alloys. Nuclear magnetic resonance has certainly has focused on the aluminum 
shielding in the intra-atomic interaction with magnesium, gallium, and silicon and simultaneously interatomic interaction 
with nitrogen atoms in organic heterocyclic inhibitors through variety of high, medium, and low layers of ONIOM method. 
In addition, on the basis of the computed amounts of UV–VIS spectra for pyridine and its family adsorbing on the Al alloy 
surface, there are maximum adsorption bands between 150 and 240 nm. Two maximum adsorption bands for pyridine, 
2-picoline, 3-picoline, and 4-picoline are at 200 nm and 250 nm. Besides, it has been observed two maximum adsorption 
bands for 2,4-lutidine around 170 nm and 210 nm, respectively.

Keywords  Langmuir adsorption · Organic heterocyclic inhibitors · Al–Mg · Al–Ga · Al–Si · ONIOM · CAM-B3LYP/EPR-
III, LANL2DZ, 6–31 + G(d,p) · NMR · NQR · NBO · IR · UV–VIS · HOMO · LUMO

1  Introduction

Material choice is one of the common methodologies applied 
to avoid corrosion. Apart from specific necessities linked to 
the actual usage and the corrosion ambiance, there are also 
common parameters to be remarked in material choice. The 
mechanical and physical characteristics including strength, 

hardness, flexibility, and density, stability to corrosion, and 
to service situations are among the most important [1–4].

In some researches, an ionic structure has been explored 
containing several organic and inorganic anions and organic 
cations in liquid state with close to room temperature [5–8]. 
It has the benefits of non-fugacious, extended electrochemi-
cal frame, vast liquid temperature limitation, appropriate 
thermal resistance, conductivity and changing mixture of 
characteristics, and is extendedly employed in the variety of 
scientific and technological branches [9–16]. It is clear that 
heterocyclic structures consisting of N atoms are effective 
corrosion inhibitors for disparate groups of metals in diverse 
acidic media [17–27].

Because diverse characteristics of organic structures 
are to be represented, it is essential that the electrons of a 
set of organic structures be discussed. Therefore, operated 
organic compounds as corrosion stoppers were chosen and 

 *	 Fatemeh Mollaamin 
	 smollaamin@gmail.com

1	 Department of Biomedical Engineering, Faculty 
of Engineering and Architecture, Kastamonu University, 
Kastamonu, Turkey

2	 Department of Chemical Engineering, Central Tehran 
Branch, Islamic Azad University, Tehran, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-023-00751-y&domain=pdf


	 Journal of Bio- and Tribo-Corrosion (2023) 9:33

1 3

33  Page 2 of 17

determined based on their physical and chemical character-
istics [28, 29], and little consideration has been dedicated to 
the quantitative estimation of the internal and steric influ-
ence of these compounds upon their inhibition yield. In other 
works, it has been studied by the interaction between imida-
zole and the aluminum surface which is often employed in 
experimental researches [30–45].

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 factors for electro-deposition of alu-
minum in [Bmim] Cl/AlCl3 with the unclear mechanism in 
finding the intermolecular interaction between additives and 
electrode, charge distribution, and adsorption comportment 
[46–57].

The present work intends to accomplish an exten-
sion of the previous investigations [58–60] of the role of 
pyridine and its family compounds as corrosion inhibitor 
for aluminum and its alloys containing Al–Al, Al–Mg, 
Al–Ga, and Al–Si nanosheets through CAM-B3LYP/EPR-
III, LANL2DZ,6–31 + G(d,p) theoretical methods using 
NMR, IR, NQR, NBO, ESP, and UV–VIS spectroscopy and 
HOMO–LUMO orbital frontier analysis.

2 � Modeling Strategy and Computational 
Method

Aluminum (Al) has high thermal and electrical conductiv-
ity with acceptable flexibility reflectivity and a low weight 
[61–63]. However, the special alloying elements are Cu, Mg, 
Mn, Si, Sn, Ni, and Zn. Light weight and corrosion resist-
ance of aluminum alloys make them suitable in engineering 
structures and components [61, 64–83].

The aim of this paper is the application of nitrogen het-
erocyclic compounds as corrosion inhibitors for aluminum 
nanosheet and its alloy surfaces (Scheme 1a–d).

The spectroscopy of IR for each of these compounds 
in Scheme  1 was observed in the maximum frequency 
approximately between 1000 and 1700 cm−1,Al–Al; 1000 
and 1800 cm−1, Al–Mg; 1000 and 1600 cm−1, Al–Ga; and 
1400 and 2400 cm−1, Al–Si, respectively, concerning the 
strongest peaks about 1500 cm−1, Al–Al; 1000 cm−1 and 
1800 cm−1, Al–Mg; 1400 cm−1, 1500 cm−1, and 1600 cm−1, 
Al–Ga; 1500  cm−1 and 2100  cm−1, Al–Si, respectively 
(Scheme 1a–d).

For improving the quantum mechanics and molecu-
lar mechanic “QM/MM” electrostatic interactions and 

containing polarization of the “QM” wave function by 
the “MM” environment, the one-electron term defining 
the atomic charges in the MM environment system might 
increase to the QM Hamiltonian that is employed to the QM 
approach [84, 85].

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 (Scheme 2) [86].

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 [87].

The “ONIOM” method could be lightly extended and 
popularized to an n-layer method [88, 89]:

This three-layered form has been employed to acti-
vate barriers for the pyridine, 2-picoline, 3-pico-
line, 4-picoline and 2,4-lutidine onto monolayer 
Al-X (X = Al, Mg, Ga, Si) surface toward forming 
the Langmuir adsorption complexes ,including pyri-
dine → Al–Al, pyridine → Al–Mg, pyridine → Al–Ga, pyr-
idine → Al–Si; 2-picoline → Al–Al, 2-picoline → Al–Mg, 
2-picoline → Al–Ga, 2-picoline → Al–Si; 3-picoline → Al–Al, 3-pico-
line → Al–Mg, 3-picoline →  Al–Ga, 3-picoline → Al–Si, 
4-picoline → Al–Al, 4-picoline → Al–Mg, 4-picoline → Al–Ga, 
4-picoline → Al–Si, and 2,4-lutidine → Al–Al, 2,4-luti-
dine → Al–Mg, 2,4- lutidine → Al–Ga,  and 2,4- luti-
dine →  Al–Si (Schemes 1 and 2).

Density functional theory (DFT) calculations have been 
performed using Gaussian 16 revision C.01 [90–104] soft-
ware. The calculation have been carried out using LAN-
L2DZ, 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 

(1)EQM∕MM = EQM + EMM + EQM−MM .

(2)EONIOM = Ehigh(QM1) + Emedium(QM2) + Elow(QM3).

(3)

EONIOMn =
n
∑

i=1
E[level(i),model(n + 1 − i)]

−
n
∑

i=2
E[level(i),model(n + 2 − i)].
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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 alloys in which the small energy difference between 
the formations of nitrogen → aluminum complexes can 

Scheme 1   IR spectra for aluminum alloys (Al-X) consisting of a Al–Al, b Al–Mg, c Al–Ga, and d Al–Si
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lead us to an appropriate coated surface for ignoring the 
corrosion.

3 � Results and Discussion

3.1 � Nuclear Magnetic Resonance

NMR data of isotropic (σiso), anisotropic shielding ten-
sor (σaniso), and eigenvalues of chemical shielding 
including σ11, σ22, and σ33 for pyridine → Al–Al, 2-pico-
line → Al–Al, 3-picoline → Al–Al, 4-picoline → Al–Al, and 
2,4-lutidine → Al–Al have been calculated using Gaussian 
16 revision C.01 program software  [103] and reported in 
Table 1.

The calculation of nuclear magnetic resonance “NMR” 
for chemical shifts for assigning the structural and geo-
metrical of compounds has been accomplished. In fact, 
Gauge Invariant Atomic Orbital “GIAO” method has been 
suggested as an accurate method for “NMR” parameter cal-
culations, and “ONIOM” has obtained much attention for 
achieving “NMR” chemical shifts in inhibitor-surface com-
plexes, for instance, isotropic chemical shielding becomes 
[67, 105, 106]

(4)
�iso,ONIOM = �iso,high(QM1) + �iso,medium(QM2) + �iso,low(QM3).

In Fig.  1, it was that the isotropic and anisotropy 
shielding augment with the occupancy and consequently 
the negative charge of nitrogen atom in pyridine and its 
derivatives diffusing onto Al–Al surface. It was illustrated 
that the curve of “N” atom has the same attitude but a 
remarkable deviation from “C” and “H” atoms (Fig. 1a–e).

The heterocyclic organic inhibitors of pyridine, 
2-picoline, 3-picoline, a 4-picoline, and 2,4-lutidine have 
approximately shown the identical behavior (20–80 ppm) 
(Fig.  1a–e). The sharpest peak of NMR spectrum has 
been almost observed in 25 ppm for these compounds. 
The weakest peaks of NMR spectrum have approximately 
appeared in 80 ppm for all five heterocyclic organic inhibi-
tors containing pyridine, 2-picoline, 3-picoline, 4-picoline, 
and 2,4-lutidine (Fig. 1a–e). Moreover, in Fig. 1a–e, it has 
been shown that an electrostatic potential (ESP) surface or 
map of a molecule which presents the partial distribution 
of change along the molecule’s surface helps to assign 
molecular polarity.

Moreover, the complexes of Langmuir adsorption 
consisting of pyridine → Al–Ga, 2-picoline → Al–Mg, 
3-picoline → Al–Ga, 4-picoline → Al–Si, and 2,4-luti-
dine → Al–Al have exhibited maximum band wave-
lengths approximately between 10 and 2500  ppm for 
these compounds (Fig. 1aʹ–eʹ). In fact, the sharpest peaks 
for pyridine → Al–Ga,10–500 ppm; 2-picoline → Al–Mg, 
10–200 ppm; 3-picoline → Al–Ga, 10 ppm and 2400 ppm; 

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 con-
taining high, medium, and low 
levels by theoretical ONIOM 
method of calculation
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4-picoline → Al–Si, 10 ppm–200 ppm; and also 2,4-luti-
dine → Al–Al, 10 ppm–200 ppm, respectively (Fig. 1aʹ–eʹ).

3.2 � Nuclear Quadrupole Resonance (NQR)

In this article, the calculated nuclear quadrupole reso-
nance (NQR) frequency for pyridine and its heterocyclic 
derivatives is proportional to the product of the nuclear 

quadrupole moment, a property of the nucleus, and the 
“EFG” in the neighborhood of the nucleus [107–110].

In this work, 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 aluminum surface using 

Table 1   NMR attributes of some atoms for  pyridine →Al-Al, 2-picoline→Al-Al, 3-picoline→Al-Al,4-picoline →Al-Al, and 2,4- lutidine →Al-
Al complexes in ppm

Pyridine → Al–Al

ppm N1 C2 C3 C4 C5 C6 H7 H8 H9 H10

σ11  − 415.85  − 55.64  − 55.63  − 26.66  − 34.22  − 26.67 21.09 21.09 23.10 22.61
σ22  − 139.97 42.91 42.91 69.92 43.59 69.91 22.722 22.72 24.84 25.26
σ33 298.57 158.46 158.47 183.69 189.46 183.68 27.39 27.39 27.93 27.67
σiso  − 85.75 48.58 48.58 75.65 66.28 75.64 23.34 23.73 25.29 25.18
σaniso 576.48 164.83 164.83 162.05 184.78 162.06 5.48 5.48 3.96 3.73

2-picoline → Al–Al

ppm N1 C2 C3 C4 C7 H8 H9 H12 H13 H14

σ11  − 427.99  − 55.83  − 55.26 -24.02 146.70 21.48 22.89 26.40 26.42 26.40
σ22  − 124.18 50.05 21.75 73.55 165.11 22.72 24.28 28.80 30.97 28.80
σ33 296.99 157.68 156.07 173.92 193.64 27.42 29.99 35.05 35.04 35.05
σiso  − 85.06 50.63 40.85 74.48 168.48 23.87 25.72 30.08 30.81 30.08
σaniso 573.08 160.57 172.82 149.16 37.74 5.32 6.40 7.45 6.34 7.45

3-picoline → Al–Al

ppm N1 C2 C3 C4 C7 H8 H9 H12 H13 H14

σ11  − 460.67  − 50.34  − 53.59  − 30.34 153.06 21.5865 21.09 25.97 26.71 25.97
σ22  − 131.96 51.44 55.15 34.00 170.57 22.6655 21.40 29.16 30.89 29.16
σ33 305.98 160.37 150.63 186.06 195.53 27.6310 28.98 35.63 35.82 35.63
σiso  − 95.55 53.82 50.73 63.24 173.05 23.9610 23.82 30.25 31.14 30.26
σaniso 602.29 159.82 149.84 184.22 33.72 5.5050 7.73 8.06 7.02 8.06

4-picoline → Al–Al

ppm N1 C2 C3 C5 C7 H8 H9 H12 H13 H14

σ11  − 442.84  − 54.86  − 54.51  − 37.56 150.36 21.56 21.43 25.92 26.38 25.92
σ22  − 124.10 49.22 49.95 16.72 168.16 22.30 22.31 29.26 30.75 29.26
σ33 310.20 157.20 157.78 187.29 196.12 27.92 27.91 35.72 35.88 35.72
σiso  − 85.58 50.52 51.07 55.48 171.55 23.93 23.88 30.30 31.00 30.30
σaniso 593.67 160.02 160.06 197.71 36.86 5.98 6.03 8.12 7.31 8.12

2, 4-lutidine → Al–Al

ppm N1 C2 C3 C5 C7 C8 H12 H13 H15 H16

σ11  − 411.58  − 54.35  − 53.50  − 37.39 146.94 150.72 26.42 26.27 25.87 26.35
σ22  − 117.03 50.13 22.78 16.24 165.26 168.11 28.72 31.32 29.46 30.71
σ33 299.05 154.74 153.81 184.35 193.82 196.31 35.23 34.95 35.73 36.07
σiso  − 76.52 50.17 41.03 54.40 168.67 171.72 30.13 30.85 30.35 31.04
σaniso 563.36 156.85 169.17 194.92 37.72 36.89 7.65 6.15 8.06 7.54
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CAM-B3LYP/EPR-III, LANL2DZ,6−31 + G(d,p) level of 
theory (Table 2).

Since the electric potential for a group of point charges is 
identical to the sum of the point charges of individual poten-
tials, the measurements are done simply based on summation 
of potential fields which is scalar instead of summation of 
the electric fields.

In addition, in Fig. 2a–e, it has been plotted the electric 
potential of NQR method for elements of pyridine and its 
privatives that were adsorbed on the Al–Al surface using 

CAM-B3LYP/EPR-III, LANL2DZ,6−31 + G(d,p) theoreti-
cal level.

In Fig. 2a–d, the polynomial graphs (order = 2) of elec-
tric potential versus atomic charges of atoms for pyridine, 
2-picoline, 3-picoline, 4-picoline, and 2,4-lutidine adsorb-
ing on the Al–Al surface using CAM-B3LYP/EPR-III, 
LANL2DZ,6−31 + G(d,p) with relation coefficient of 
R2

pyridine = 0.7594, R2
2-picoline = 0.9436, R2

3-picoline = 0.9951,
R2

4-picoline = 0.9912, and R2
2,4-lutidine = 0.9317, respectively, 

are observed.

Fig. 1   Chemical shift of NMR 
spectroscopy for a pyridine and 
aʹ pyridine → Al–Ga; b 2-pico-
line and bʹ 2-picoline → Al–Mg;  
c 3-picoline and cʹ 3-pico-
line → Al–Ga; d 4-picoline 
and dʹ 4-picoline → Al–Si; and 
e 2,4-lutidine and eʹ 2,4-luti-
dine → Al–Al through the Lang-
muir adsorption mechanism by 
denoting the active N atom in 
heterocyclic compounds becom-
ing near the nanosheet
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In addition, it observed the effect of substitution of alu-
minum atoms on Al–Al surface with magnesium, gallium, 
and silicon in aluminum alloys (Al–Mg, Al–Ga, and Al–Si) 
through resulting electric potential using NQR analysis 
(Fig. 3). It is obvious that the graph of Al–Al is fluctuated 
by Mg, Ga, and Si atoms in the related alloys. Fig. 3 remarks 
the changes of electric potential for nitrogen, carbon, hydro-
gen, aluminum, magnesium, gallium, and silicon, in Al-
X(X = Mg, Ga, Si).

3.3 � Theory of Natural Bond Orbitals (NBO)

“NBO” analysis of pyridine and four derivatives of 2-pico-
line, 3-picoline, 4-picoline, and 2, 4-lutidine has illustrated 
the character of electronic conjugation between bonds in the 
inhibitor and aluminum alloys (Table 3 & Fig. 4).

It observed the fluctuation of occupancy of natural 
bond orbitals for pyridine → Al–Al, pyridine → Al–Mg, 
pyridine → Al–Ga, pyridine → Al–Si; 2-picoline → Al–Al, 
2-picoline → Al–Mg, 2-picoline → Al–Ga, 2-pico-
line → Al–Si; 3-picoline → Al–Al, 3-picoline → Al–Mg, 
3-picoline → Al–Ga, 3-picoline → Al–Si, 4-picoline → Al–Al, 4-pico-
line → Al–Mg, 4-picoline → Al–Ga, 4-picoline → Al–Si, 
and 2,4- lutidine → Al–Al, 2,4- lutidine → Al–Mg, 2,4- 
lutidine → Al–Ga,  and 2,4- lutidine → Al–Si accompany-
ing the Langmuir adsorption model by exhibiting the active 
nitrogen atom in heterocyclic compounds becoming near the 
nanosurface (Fig. 4).

3.4 � Spectroscopy of Infrared (IR)

“IR” calculations were carried out for three aluminum alloys 
containing Al–Mg, Al–Ga, and Al–Si, and the organic het-
erocyclic inhibitors including pyridine, 2-picoline, 3-pico-
line, 4-picoline and 2,4-lutidine adsorbed onto these alloys 
surface. Therefore, it has modeled the several complexes, 
including pyridine → Al–Al, pyridine → Al–Mg, pyri-
dine → Al–Ga, pyridine → Al–Si; 2-picoline → Al–Al, 2-pico-
line → Al–Mg, 2-picoline → Al–Ga, 2-picoline →  Al–Si; 
3-picoline → Al–Al, 3-picoline → Al–Mg, 3-picoline → Al–Ga, 3-pico-
line → Al–Si, 4-picoline → Al–Al, 4-picoline → Al–Mg, 
4-picoline → Al–Ga, 4-picoline → Al–Si, and 2,4-luti-
dine → Al–Al, 2,4-lutidine → Al–Mg, 2,4-lutidine → Al–Ga,  
and 2,4-lutidine → Al–Si. These structures have been com-
puted at CAM-B3LYP level of theory applying 6 − 31 + G 
(d,p) /EPR-III /LANL2DZ basis sets to obtain the more 
accurate equilibrium geometrical parameters, physical and 
thermodynamic properties for each of the determined struc-
ture (Table 4).

Based on Fig. 5a–e, the “IR” spectroscopy analysis, 
it has been resulted that this protective film contains the 
inhibitor → Al-X (X = Al, Mg, Ga, Si) complexes. The “IR” 
spectrum for each of these compounds was indicated in the 
frequency range between 500 cm−1 and 3500 cm−1 by the 
strongest peaks about 550 cm−1, 3250 cm−1, 1750 cm−1, 
2000  cm−1, 2800  cm−1, for pyridine → Al–Si, 2-pico-
line → Al–Si, 3-picoline → Al–Si, 4-picoline → Al–Si and 
2, 4-lutidine → Al–Si, respectively (Fig. 5a–e).

Table 2   The electric potential for elements of pyridine and its privatives that was adsorbed on the Al–Al surface by CAM-B3LYP/EPR-III, 
6–31 + G(d,p) calculation extracted of NQR method

Atom type Pyridine Atom type 2-picoline Atom type 3-PICOLINE Atom type 4-PICOLINE Atom type 2,4-LUTIDINE

N1  − 18.1114 N1  − 18.115136 N1  − 18.110144 N1  − 18.112662 N1  − 18.121783
C2  − 14.5086 C2  − 14.516368 C2  − 14.517693 C2  − 14.516211 C2  − 14.52114
C3  − 14.5086 C3  − 14.506846 C3  − 14.519341 C3  − 14.516054 C3  − 14.51142
C4  − 14.5376 C4  − 14.54768 C4  − 14.532927 C4  − 14.547136 C4  − 14.555813
C5  − 14.5275 C5  − 14.537316 C5  − 14.539921 C5  − 14.5262 C5  − 14.531572
C6  − 14.5376 C6  − 14.545873 C6  − 14.543523 C6  − 14.54722 C6  − 14.554003
C7  − 1.13554 C7  − 14.536675 C7  − 14.529742 C7  − 14.527281 C7  − 14.539233
C8  − 1.13556 H8  − 1.123562 H8  − 1.124348 H8  − 1.123384 C8  − 14.530294
H9  − 1.1264 H9  − 1.123551 H9  − 1.123569 H9  − 1.123247 H9  − 1.127589
H10  − 1.12628 H10  − 1.118441 H10  − 1.118189 H10  − 1.122598 H10  − 1.128015
H11  − 1.12641 H11  − 1.123821 H11  − 1.121914 H11  − 1.122607 H11  − 1.128148

H12  − 1.14265 H12  − 1.134918 H12  − 1.132548 H12  − 1.145187
H13  − 1.144245 H13  − 1.140255 H13  − 1.138134 H13  − 1.146726
H14  − 1.14265 H14  − 1.134911 H14  − 1.132548 H14  − 1.145187

H15  − 1.135508
H16  − 1.141087
H17  − 1.135508
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The amounts of  ΔGo
ads

 versus dipole moment 
for pyr idine →  Al–Al, pyr idine →  Al–Mg, pyr i-
dine → Al–Ga, pyridine → Al–Si; 2-picoline → Al–Al, 2-pico-
line → Al–Mg, 2-picoline → Al–Ga, 2-picoline →  Al–Si; 
3-picoline → Al–Al, 3-picoline → Al–Mg, 3-picoline → Al–Ga, 3-pico-
line → Al–Si, 4-picoline → Al–Al, 4-picoline → Al–Mg, 
4-picoline → Al–Ga, 4-picoline → Al–Si, and 2,4-luti-
dine → Al–Al, 2,4- lutidine → Al–Mg, 2,4-lutidine → Al–Ga, 
and 2,4-lutidine → Al–Si have been plotted in Fig. 6.

For the adsorption mechanism, ΔGo
ads

  is calculated as 
follows:

On the basis of data in Table 4, it is predicted that the 
adsorption of the inhibitor on the Al alloy surface might be 
physical and chemical in nature. As shown in Table 4, all 
the computed ΔGo

ads
 amounts are close, which exhibits the 

accord of the evaluated data by all methods and the validity 
of the computations.

(5)
ΔGo

ads
= ΔGo

inh→Al−X
−
(

ΔGo

inh
+ ΔGo

Al−X

)

; X = Mg,Ga,Si
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Fig. 2   The electric potential versus atomic charge through NQR calculation for a pyridine, b 2-picoline, c 3-picoline, d 4-picoline, and e 
2,4-lutidine adsorbing on the Al–Al surface using CAM-B3LYP/EPR-III, LANL2DZ,6−31 + G(d,p)
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3.5 � Frontier Orbitals of HOMO & LUMO

The lowest unoccupied molecular orbital energy 
“LUMO” and the highest  occupied molecular 
orbital energy “HOMO” were computed for pyri-
dine → Al–Al, pyridine → Al–Mg, pyridine → Al–Ga, pyr-
idine → Al–Si; 2-picoline → Al–Al, 2-picoline → Al–Mg, 
2-picoline → Al–Ga, 2-picoline →  Al–Si; 3-picoline → Al–Al, 3-pico-
line → Al–Mg, 3-picoline → Al–Ga, 3-picoline → Al–Si, 
4-picoline → Al–Al, 4-picoline → Al–Mg, 4-picoline → Al–Ga, 
4-picoline → Al–Si, and 2,4- lutidine → Al–Al, 2,4-luti-

dine → Al–Mg, 2,4-lutidine → Al–Ga,  and 2,4-luti-
dine → Al–Si through the Langmuir adsorption process 
using CAM-B3LYP/6−31 + G (2d,p), EPR-III, LANL2DZ 
(Table 5).

The HOMO, LUMO, and band energy gap (ev) indi-
cated the pictorial explanation of the frontier molecular 
orbitals, which is an important factor for identifying the 
molecular characteristics of the high coating for aluminum 
and its alloys against the metal corrosion phenomenon 
(Table 5).

In other words, the HOMO shows the capability for giv-
ing an electron, while the LUMO as an electron acceptor 
exhibits the capability for achieving an electron. Therefore, 
the energy gap (∆E = E LUMO− EHOMO) indicates the energy 
difference between frontier HOMO and LUMO orbital 
introducing the stability for the structure and unravels the 
chemical activity of the molecule. In this work, energy gap 
establishes how inhibitors interact with the aluminum and its 
alloys monolayer surface. Besides, frontier molecular orbit-
als run an important function in the optical and electrical 
properties like in UV–VIS spectra [111].

Moreover, for getting more conclusive approving in 
identifying the compound characteristics of this structure, a 
series of chemical reactivity parameters consisting of chemi-
cal potential (µ), electronegativity (χ), hardness (η), softness 
(ζ), and electrophilicity index (ψ) has been done (Table 4) 
[112–115]. The amounts of the parameters in Table  4 
have exhibited a good stability of pyridine and its family 
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Fig. 3   The changes of the electric potential versus atom number 
through NQR calculation 4-picoline → Al–Al, 4-picoline → Al–Mg, 
and 4-picoline → Al–Si complexes accompanying CAM-B3LYP/
EPR-III, LANL2DZ,6−31 + G(d,p)

Table 3   NBO analysis for the 
organic heterocyclic inhibitor 
containing (pyridine, 2-picoline, 
3-picoline, 4-picoline, 
2,4-lutidine) → Al-X(X = Al, 
Mg, Ga, Si) structures

Inhibitor → metal & 
metal alloy surface

Bond orbital Occupancy Hybrids RN-Al (Å)

Pyridine → Al–Al BD (1)N 1-C2 1.95179 0.7476 (sp3.54)N + 0.6642 (sp2.77)C 1.7674
2-picoline → Al–Al BD (1) N 1-C3 1.93732 0.7639 (sp3.74) N + 0.6453 (sp2.23) C 1.8015
3-picoline → Al–Al BD (1) N1-C2 1.95219 0.7585 (sp2.30) N + 0.6517 (sp2.68) C 1.7790
4-picoline → Al-–Al BD (1) N1-C2 1.94120 0.7585(sp2.43) N + 0.6516 (sp2.65) C 1.7607
2,4-lutidine → Al–Al BD (1) N1-C2 1.97218 0.7693 (sp3.11) N + 0.6389 (sp2.05) C 1.7993
Pyridine → Al–Mg BD (1) N 1-C3 0.97078 0.7702 (sp 3.13) N + 0.6378 (sp2.24) C 1.7754
2-picoline → Al–Mg BD (1) N1-C2 0.97336 0.7545 (sp4.85) N + 0.6562 (sp 2.14) C 1.8129
3-picoline → Al–Mg BD (1) N 1-C3 0.96554 0.7731 (sp 4.62) N + 0.6343 (sp2.18) C 1.7819
4-picoline → Al–Mg BD (1) N 1-C3 0.97144 0.7621 (sp 4.36) N + 0.6475 (sp2.29) C 1.7732
2,4-lutidine → Al–Mg BD (1) N 1-C3 0.97544 0.7602 (sp4.06) N + 0.6497 (sp2.30) C 1.8017
Pyridine → Al–Ga BD ( 1) N1-C2 1.96366 0.7511 (sp2.98) N + 0.6602 (sp1.98) C 1.7632
2-picoline → Al–Ga BD (1) N 1-C3 1.96826 0.7575 (sp3.24) N + 0.6529 (sp2.10) C 1.8007
3-picoline → Al–Ga BD (1) N 1-C3 1.94781 0.7514 (sp3.27) N + 0.6599 (sp1.97) C 1.7743
4-picoline → Al–Ga BD (1) N1-C2 1.95603 0.7653 (sp3.03) N + 0.6437 (sp2.08) C 1.7601
2,4-lutidine → Al–Ga BD (1) N1-C2 1.96875 0.7544 (sp2.69) N + 0.6565 (sp2.08) C 1.7965
Pyridine → Al–Si BD (1) N1-C2 0.98320 0.7563 (sp2.84) N + 0.6542 (sp2.07) C 1.7723
2-picoline → Al–Si BD (1) N1-C2 0.98608 0.7470 (sp2.92) N + 0.6648 (sp2.08) C 1.8113
3-picoline → Al–Si BD (1) N1-C2 0.97756 0.7507 (sp2.93) N + 0.6606 (sp2.06) C 1.7805
4-picoline → Al–Si BD (1) N1-C2 0.97961 0.7449 (sp3.42) N + 0.6671 (sp1.96) C 1.7726
2,4-lutidine → Al–Si BD (1) N1-C2 0.98425 0.7580 (sp2.81) N + 0.6523 (sp2.10) C 1.8012
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Fig. 4   Diagram of occupancy 
extracted of NBO method 
for the organic heterocyclic 
inhibitors containing (pyri-
dine, 2-picoline, 3-picoline, 
4-picoline, 2,4-lutidine) → Al-
X(X = Al, Mg, Ga, Si) structures
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Table 4   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 nanosheet consisting of Al–Mg, Al–Ga, and Al–Si at 300 K

Material ∆Eo × 10–4 (kcal/mol) ∆Ho × 10–4 (kcal/mol) ∆Go × 10–4 (kcal/mol) ∆Go
ads × 102 

(kcal/mol)
So (cal/K.mol) Dipole 

moment 
(Debye)

Al–Al  − 179.9207  − 179.9206  − 179.9229 – 76.078 2.0432
Al–Mg  − 166.2904  − 166.2904  − 166.2926 – 75.228 0.3215
Al–Ga  − 701.4839  − 701.4838  − 701.4861 – 77.743 8.7320
Al–Si  − 193.9035  − 193.9035  − 193.9057 – 75.709 0.9580
Pyridine  − 15.3793  − 15.3792  − 15.3813 – 68.627 2.0338
Pyridine → Al–Al  − 195.2420  − 195.2419  − 195.2444 5.98 82.634 2.4602
Pyridine → Al–Mg  − 181.6098  − 181.6094  − 181.6094 6.45 88.026 2.7271
Pyridine → Al–Ga  − 716.8226  − 716.8226  − 716.8253 4.21 90.206 6.8254
Pyridine → Al–Si  − 209.2550  − 209.2549  − 209.2575 2.95 86.610 5.3876
2-picoline  − 17.8155  − 17.8154  − 17.8176 – 73.692 1.7413
2-picoline → Al–Al  − 197.6544  − 197.6543  − 197.6568 8.37 84.919 2.3156
2-picoline → Al–Mg  − 184.0349  − 184.0348  − 184.0375 7.27 90.184 2.9225
2-picoline → Al–Ga  − 719.2526  − 719.2526  − 719.2554 4.83 94.493 6.7381
2-picoline → Al–Si  − 211.6752  − 211.6752  − 211.6778 4.55 88.037 3.0597
3-picoline  − 17.8154  − 17.8153  − 17.8175 – 73.725 2.2156
3-picoline → Al–Al  − 197.6912  − 197.6912  − 197.6938 4.66 88.341 2.7906
3-picoline → Al–Mg  − 184.0555  − 184.0554  − 184.0580 5.21 87.228 3.7142
3-picoline → Al–Ga  − 719.2376  − 719.2375  − 719.2401 6.35 87.910 5.0212
3-picoline → Al–Si  − 211.6566  − 211.6565  − 211.6591 6.41 85.138 3.5042
4-picoline  − 17.8154  − 17.8154  − 17.8176 – 73.717 2.4672
4-picoline → Al–Al  − 197.6901  − 197.6901  − 197.6927 4.78 89.424 3.1315
4-picoline → Al–Mg  − 184.0535  − 184.0534  − 184.0559 5.43 84.850 2.4644
4-picoline → Al–Ga  − 719.2625  − 719.2624  − 719.2652 3.85 93.203 7.8674
4-picoline → Al–Si − 211.6786  − 211.6786  − 211.6812 4.21 88.469 4.2218
2,4-lutidine  − 20.2516  − 20.2515  − 20.2539 – 78.728 2.1610
2,4-lutidine → Al–Al  − 200.0561  − 200.0560  − 200.0587 11.81 91.272 2.7164
2,4-lutidine → Al–Mg  − 186.5020  − 186.5020  − 186.5048 4.17 93.257 3.0400
2,4-lutidine → Al–Ga  − 721.6913  − 721.6912  − 721.6941 4.59 95.307 7.0929
2,4-lutidine → Al–Si  − 214.1015  − 214.1014  − 214.1042 5.54 92.919 2.7789
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compounds through Langmuir adsorption on the aluminum 
and its alloys’ monolayer surface.

3.6 � UV–VIS spectroscopy

In this investigation, TD-DFT/6 − 31 + G (2d, p), EPR-III, 
LANL2DZ 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 Al–Al surface. 
The results consist of the vertical excitation energies, oscil-
lator strength, and wavelength which have been introduced 
in Fig. 7a–e.

In fact, based on the computed amounts of UV–VIS 
spectra for pyridine, 2-picolone, 3-picoline, 4-picoline, 
and 2,4-lutidine adsorbed on the Al–Al, Al–Mg, Al–Ga, 
and Al–Si surface, there are maximum adsorption bands 
between 150 and 240  nm (Fig.  7a–e). Two maximum 
adsorption bands for pyridine, 2-picoline, 3-picoline, 
and 4-picoline are at 200 nm and 250 nm (Fig. 7a–c). 
Besides, it has been observed two maximum adsorp-
tion bands for 2,4-lutidine around 170 nm and 210 nm, 
respectively (Fig. 7e). Moreover, the complexes of Lang-
muir adsorption containing pyridine → Al–Ga; 2-pico-
line → Al–Mg; 3-picoline → Al–Ga; 4-picoline → Al–Si; 
and 2,4-lutidine → Al–Al have been exhibited maximum 
band wavelengths between 500 and 2500 nm for these 
compounds (Fig.  7aʹ–eʹ). In fact, the sharpest peaks 
for pyridine → Al–Ga, 1400 nm; 2-picoline → Al–Mg, 
1500 nm; 3-picoline → Al–Ga, 1000 nm and 2800 nm; 
4-picoline → Al–Si, 2000 nm; and 2,4-lutidine → Al–Al, 
1000 nm, respectively (Fig. 7aʹ–eʹ).

4 � Conclusion

In this research, the adsorption and diffusion of pyri-
dine and its family on the Al alloys surface have been 
investigated based on Langmuir theory with “ONIOM” 
method with high, medium, and low levels of EPR-
III/6–31 + G(d,p)/LANL2DZ, semi-empirical, and MM2 
basis sets, respectively.

The yield of the organic heterocyclic inhibitors as 
the aluminum alloy coating was illustrated through 
the thermoelectric characteristics and features of 
the environmental condition extracted from NMR, 
NQR, NBO, UV–VIS spectra, HOMO/LUMO fron-
tier orbitals, and other quantum data analysis which 
have been accomplished on pyridine → Al–Al, pyri-
dine → Al–Mg, pyridine → Al–Ga, pyridine → Al–Si; 
2-picoline → Al–Al, 2-picoline → Al–Mg, 2-pico-
line → Al–Ga, 2-picoline → Al–Si; 3-picoline → Al–Al, 
3-picoline → Al–Mg, 3-picoline → Al–Ga, 3-picoline → Al–Si, 4-pico-
line → Al–Al, 4-picoline → Al–Mg, 4-picoline → Al–Ga, 
4-picoline → Al–Si, and 2,4-lutidine → Al–Al, 2,4- luti-
dine → Al–Mg, 2,4- lutidine → Al–Ga, and 2,4-luti-
dine → Al–Si.

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

Fig. 5   Diagram of IR spectra for a pyridine → Al–Si, b 2-pico-
line → Al–Si, c 3-picoline → Al–Si, d 4-picoline → Al–Si, and e 2, 
4-lutidine → Al–Si adsorbed on the Al–Si surface accompanying 
CAM-B3LYP/EPR-III, LANL2DZ,6−31 + G(d,p) calculations
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Fig. 6   Gibbs free energy for 
adsorption of pyridine and its 
derivatives as corrosion inhibi-
tors on the aluminum alloys 
nanosheet containing Al–Mg, 
Al–Ga, and Al–Si versus dipole 
moment (Debye)
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Table 5   The LUMO 
(a.u.), HOMO (a.u.), band 
energy gap (ev), and other 
parameters (ev) for the 
organic heterocyclic inhibitors 
containing (pyridine, 2-picoline, 
3-picoline, 4-picoline, 
2,4-lutidine) → Al-X(X = Al, 
Mg, Ga, Si) structures using 
CAM-B3LYP/6−31 + G (2d,p), 
EPR-III, LANL2DZ

∆E = ELUMO−EHOMO; µ = (EHOMO + ELUMO)/2; χ = −  (EHOMO + ELUMO)/2; η = (ELUMO −EHOMO)/2; ζ = 1/
(2η); ψ = µ2/(2η)

Inhibitor HOMO LUMO ∆E µ χ η ζ ψ

Pyridine → Al–Al 0.0220 0.0542 0.8762 1.0367  − 1.0367 0.4381 1.1413 1.2266
Pyridine → Al–Mg 0.01260 0.0909 2.1306 1.4082  − 1.4082 1.0653 0.4693 0.9307
Pyridine → Al–Ga  − 0.0643  − 0.0047 1.6218  − 0.9388 0.9388 0.8109 0.6166 0.5434
Pyridine → Al–Si  − 0.0118 0.0647 2.0816 0.7197  − 0.7197 1.0408 0.4804 0.2488
2-picoline → Al–Al 0.0386 0.0724 0.9197 1.5102  − 1.5102 0.4598 1.0873 2.4801
2-picoline → Al–Mg 0.0406 0.0960 1.5075 1.8585  − 1.8585 0.7537 0.6633 2.2913
2-picoline → Al–Ga  − 0.0540  − 0.0047 1.3415  − 0.7986 0.7986 0.6707 0.7454 0.4754
2-picoline → Al–Si 0.0026 0.0565 1.4667 0.8041  − 0.8041 0.7333 0.6818 0.4408
3-picoline → Al–Al 0.0392 0.0685 0.7973 1.4653  − 1.4653 0.3986 1.2542 2.6933
3-picoline → Al–Mg 0.0229 0.0825 1.6218 1.4340  − 1.4340 0.8109 0.6166 1.2679
3-picoline → Al–Ga  − 0.0552  − 0.0097 1.2381  − 0.8830 0.8830 0.6190 0.8077 0.6298
3-picoline → Al–Si  − 0.0019 0.0746 2.0816 0.9891  − 0.9891 1.0408 0.4804 0.4700
4-picoline → Al–Al 0.0290 0.0699 1.1129 1.3456  − 1.3456 0.5564 0.8985 1.6271
4-picoline → Al–Mg 0.0283 0.0915 1.7197 1.6299  − 1.6299 0.8598 0.5815 1.5448
4-picoline → Al–Ga  − 0.0495  − 0.0172 0.8789  − 0.9075 0.9075 0.4394 1.1379 0.9371
4-picoline → Al–Si  − 0.0103 0.0468 1.5537 0.4966  − 0.4966 0.7768 0.6436 0.1587
2,4-lutidine → Al–Al 0.0145 0.0636 1.3360 1.0626  − 1.0626 0.6680 0.7485 0.8451
2,4-lutidine → Al–Mg 0.0130 0.0893 2.0762 1.3918  − 1.3918 1.0381 0.4816 0.9330
2,4-lutidine → Al–Ga  − 0.0476  − 0.0138 0.9197  − 0.8353 0.8353 0.4598 1.0874 0.7587
2,4-lutidine → Al–Si  − 0.0025 0.0556 1.5809 0.7224  − 0.7224 0.7904 0.6326 0.3301
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represents that the intact pyridine, 2-picoline, 3-picoline, 
4-picoline, and 2,4-lutidine adsorb with the aromatic ring 
parallel to the Al alloy nanosheet. In the selected path, the 
these organic inhibitors remain parallel to the nanosheet 
while executing small single rotational steps with a “C–C” 
double bond belonged to above a single aluminum atom in 
Al–Mg, Al–Ga, and  Al–Si.

Author Contributions  Conceptualization and idea, FM; Method-
ology, FM and MM; Software, FM and MM; Validation, FM and 
MM; Formal analysis, FM and MM; Investigation, FM and MM; 
Data Curation, FM and MM; Writing of the original draft prepara-
tion, FM; Writing, reviewing, and editing of the manuscript, FM 
and MM; Visualization, FM and MM; Supervision, FM; Resources, 
MM; Project administration, FM. All authors have read and agreed 
to the published version of the manuscript.

Fig. 7   UV–VIS spectra for 
organic heterocyclic inhibitors 
adsorbing on the aluminum and 
its alloys surface using TD-
DFT/6−31 + G (2d,p), EPR-III, 
LANL2DZ, including a pyri-
dine and aʹ pyridine → Al–Ga;  
b 2-picoline and bʹ 2-pico-
line → Al–Mg;  c 3-picoline 
and cʹ 3-picoline → Al–Ga; 
d 4-picoline and dʹ 4-pico-
line → Al–Si; and e 2,4-lutidine 
and eʹ 2,4-lutidine → Al–Al
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