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Abstract
The adsorption analysis of some organic inhibitors consisting of Pyridine, 2-Methylpyridine, 3-Methylpyridine, 4-Methyl-
pyridine and 2, 4-Dimethylpyridine onto aluminum (111) metal surface based on optimized coordination of binding on the Al 
(111) metal surface has been accomplished. In this research, the ONIOM approach has been performed with a three-layered 
level of high level of DFT method using 6–31 + G* and LANL2DZ basis sets by the physico-chemical software of Gaussian 
09, a medium semi-active part that includes important electronic contributions, and a low level part that has been handled 
using MM2 force field approaches. The physico-chemical properties of adsorption -surface complexes are one of the prin-
cipal parameters for determining and choosing the adsorption. The characteristic of the metal (111)-lattice in solutions of 
hydrochloric acid and nitric acid by some heterocyclic compounds including Pyridine, 2-Methylpyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 4-Dimethylpyridine has been estimated through NMR and IR results. Nitrogen atom in pyridine 
cycle with the most influence on the NMR shielding of isotropic and anisotropic tensors has leaded us toward the active site 
for adsorption onto Al (111) surface. Moreover, the IR spectrum for each of these heterocyclic compounds consisting of 
Pyridine, 2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 2, 4-Dimethylpyridine has been indicted in the fre-
quency range between 500 cm−1 and 3250 cm−1 by the strongest peaks about 550 cm−1, 1500 cm−1, and 3250 cm−1. In this 
work, the co-adsorption of Cl− / NO3− anions with H+

ads cation onto aluminum-surface through the optimized adsorption 
energy for these compounds on a top site of metal (111) has been accomplished. Our calculations have illustrated that the 
adsorption stability energy of pyridine and its derivatives depends on the structure, the adsorption site and the acidic media.

Keywords  Langmuir adsorption · Freundlich adsorption · Metal (111) surface · DFT · NMR · IR

Introduction

It is well known that heterocyclic compounds containing 
nitrogen atoms are good corrosion inhibitors for many met-
als in various acidic media [1–11]. For example, benzo-
triazole on the Cu and Fe electrode [12–15], isoquinoline 

derivative [16] and imidazole derivatives [17] on the Fe 
electrode are sufficient inhibitors for corrosion of these met-
als [1–17]. Commonly, metal alloys are applied in the fields 
of automobile manufacturing, national defense industry, 
aviation industry, electronics and daily important manufac-
turing with their perfect properties [18]. In fact, aluminum 
is produced by Hall-Héroult method with problems of high 
energy consumption, serious corrosion of equipment, envi-
ronmental pollution etc. [19, 20]. It is necessary to explore 
a low-temperature green production method of metal, and 
it is also a research turning point in this field. Recently, a 
magnificent development has been seen in low temperature 
metal electrolysis. It has been focused on the replacement of 
cryolite molten salt system by molten salt system with lower 
melting point such as chloride or fluoride. These methods 
can reduce the electrolysis temperature to a certain extent, 
but the reduction is not enough [18–20]. The appearance of 
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ionic liquids provides a possibility for the development of 
low-temperature aluminum electrolysis technology.

In some studies, an ionic system has been discovered 
composing of some inorganic or organic anions and organic 
cations and is liquid at or near room temperature [21–24]. 
It has the advantages of non-volatile, wide electrochemical 
window, wide liquid temperature range, good thermal stabil-
ity, conductivity and variable combination of properties, and 
is largely applied in different fields such as electrochemis-
try, catalysis, organic synthesis, extraction and separation 
[21–32].

In recent years, ionic liquids, as a new type of green elec-
trolyte, have been used for aluminum electro-deposition and 
electrolysis refining at or near room temperature and some 
development has been made [26–31]. Nevertheless, there 
are still some problems to be solved, such as high electrolyte 
viscosity and dendrite phenomenon in the deposition layer 
[27–30]. The addition of additives is one of the common 
methods to address these problems [31, 32].

In recent years, some progress has been made through 
the impacts of additives such as chloride, acetonitrile, aro-
matic compounds, carbonyl small molecules, halo-alkanes, 
nicotinic acid and their derivatives on electro-deposition of 
aluminum in ionic liquids [33–36].

The influence of methyl carbonate on electro-deposition 
of metal in [EMIM] Cl/AlCl3 system by cyclic voltammetry 
was accomplished [37]. It has been explored that that Nano 
Al could be prepared by adding nicotinic acid into [EMIM] 
Cl/AlCl3 [38, 39].

When various properties of organic compounds are to 
be expressed, it is necessary that the electron structure of 
a set of organic compounds be studied. Organic substances 
utilized as corrosion inhibitors were selected and judged 
on the basis of their physicochemical properties [40, 41], 
and relatively little attention has been paid to the quanti-
tative evaluation of the internal and steric effect of these 
substances upon their inhibition efficiency. Although a lot 
about inhibition of corrosion by aniline derivatives has been 
investigated, the series of p-substituted anilines seems to be 
very suitable for verifying the previously obtained quantum 
chemical and corrosion inhibition dependencies, and also, it 
was interesting to study the protonated forms [42].

Recently, it has been investigated the interaction between 
imidazole and the Al (111)-lattice. This surface is often used 
in experimental investigations as it is easy to prepare and 
clean using standard annealing methods and sputtering tech-
niques, making it an ideal prototype metal substrate [43]. 
The interaction of imidazole building blocks with metal 
surfaces is also of particular interest to the zeolite commu-
nity as there has been a growing trend in coupling porous 
materials, such as zeolite imidazole frameworks (ZIFs), with 
metallic supports to create a new type of functional materials 
[44, 45]. These meta-materials are developed to improve on 

the current properties of ZIFs for gas separation, gas storage 
and catalysis [46–48].

The inhibition efficiency depends on the parameters of 
system: metal composition, pH and structure of inhibitor 
molecule. It is well known that heterocyclic compounds 
containing nitrogen atoms are good corrosion inhibitors for 
many metals in various acidic media, for example: benzo-
triazole at the Cu and Fe electrode, isoquinoline derivatives 
and imidazole derivatives at the Fe electrode are sufficient 
inhibitors for corrosion of these metals [49–65]. Recently, 
it was reported that pyridine and its derivatives had been 
used as corrosion inhibitors of the aluminum electrode [66, 
67]. The present work is an extension of the earlier work and 
reports the role of Pyridine, 2-Methylpyridine, 4-Methylpyr-
idine and 2, 4-Dimethylpyridine as corrosion inhibitors for 
aluminum surface in hydrochloric acid (HCl) and nitric acid 
(HNO,). In this paper, quantum chemical values of these 
substances were calculated by the HF and B3LYP methods.

These days, with the development of computational tech-
niques and methods, First Principles method has become 
the effective means to study the structure, properties and 
reaction mechanism of compounds and materials. By calcu-
lating the frontier orbital distribution, Fukui index, charge 
distribution of heavy atoms and other quantum chemical 
parameters, people can study the reaction activity, charge 
transfer, structure–activity relationship and so on.

The microscopic interaction and reaction mechanism 
between molecules can be deeply revealed from these 
quantum chemical parameters, which provide a useful way 
to understand adsorption behavior between molecules and 
interfaces at the atomic and molecular levels. It has been 
successfully applied to the study of various metal lattice 
properties [69–71]. Valencia et al. studied the adsorption 
mechanism of [EMIM]BF4 on the Li(100) lattice with den-
sity functional theory (DFT), and found that adding a small 
amount of [EMIM]BF4 to Li ion battery can prevent dendrite 
formation and improve battery performance [68, 69].

Clarke et al. studied the effect of [EtNH3] BF4 on the Li-
ion battery system by DFT and molecular dynamics simula-
tion (MD). These works provide a new way to explore the 
interaction mechanism between additives and metal lattice 
in ionic liquids [70]. Aromatic compounds, as a kind of ring 
compounds with delocalized bonds, are widely used as addi-
tives in electrolysis and electroplating because of their stable 
structure and difficult decomposition. Pyridine derivatives 
have been widely used because of their strong polarization 
and leveling ability in solution and ionic liquids. It is found 
that Nicotin-amide, Pyridine-2-formamide and Pyridine-
4-formamide can be used as effective leveling agents for 
electro-deposition of aluminum in [Bmim] Cl/AlCl3 [71]. 
The results showed that the order of the deposition was 
Nicotin-amide > Pyridine-2-formamide > Pyridine-4-forma-
mide. However, the mechanism is still unclear, especially 
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the interaction between additives and electrode, charge 
transfer and adsorption behavior and characteristics. Due to 
its stable chemical properties and low hydrogen evolution 
over potential, platinum has a very important application 
in electrochemistry, such as auxiliary electrode, modified 
electrode substrate, electro-catalysis, etc. Platinum electrode 
is commonly used in the measurement of electrochemical 
properties of aqueous solution, molten salt, organic electro-
lyte and ionic liquid, such as cyclic voltammetry, polariza-
tion curve and electrochemical impedance. Therefore, it is 
very important to study the adsorption of molecules on the 
lattice of Pt electrode. At the same time, Platinum has good 
catalytic performance, which is used as a catalyst in fuel cell, 
petrochemical industry, automobile exhaust purification and 
other fields [72].

Material and Method

Pyridine and its Derivatives

Pyridine is a weak alkaline, water-miscible liquid with 
chemical formula of C5H5N as an organic compound with 
a principal heterocyclic structure which has the potential 
of adsorption onto surfaces for preventing and deducing 
degradation rates [73, 74]. 2-Methylpyridine with formula 
C6H7N is the compound colorless and liquid having unpleas-
ant odor like pyridine that is basically employed to produce 
vinylpyridine and the agrichemical nitrapyrin. 2-methypyri-
dine and 4-methypyridine are more degradable and indicate 
less effect during volatizing from compounds in environment 
than 3-methypyridine [73, 74].

A dimethyl derivative of pyridine (C7H9) is Dimethyl-
pyridine with identical properties with pyridine, but the 
existence of the methyl groups might prevent some of the 
more direct activities through several isomers of 2,3-Dime-
thyl Pyridine; 2,4-Dimethylpyridine; 2,5-Dimethylpyri-
dine; 2,6-Dimethylpyridine; 3,4-Dimethylpyridine; and 
3,5-Dimethylpyridine [73, 74].

NMR Method

1H-NMR calculations on inhibitors of Pyridine and four 
derivatives of 2-Methylpyridine, 3-Methylpyridine, 4-Meth-
ylpyridine and 2, 4-Dimethylpyridine have been estimated 
to unravel the indicated atoms of nitrogen, carbon and 
hydrogen in the active sites of these compounds through 
the formation of the binding between inhibitors and surface 
(Scheme1).

The 1H- NMR measurements demonstrate the active 
sites of Pyridine and four derivatives of 2-Methylpyridine, 
3-Methylpyridine, 4-Methylpyridine and 2, 4-Dimethyl-
pyridine for binking to the Al (111)—surface exploring the 

most electronegative atoms for attaching to the Al (111)- 
surface which represent the maximal shift in all levels in the 
1H-NMR spectra (Scheme1).

Then, the NMR data of isotropic (σiso), anisotropic shield-
ing tensor (σaniso), and eigenvalues of chemical shielding 
including σ11, σ22, σ33 for Pyridine and four derivatives of 
2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine have been calculated using Gaussian 
09 program software [75] and reported in Table 1.

Moreover, the solution of H+, Cl− and NO3
− has impacted 

on the nuclear magnetic resonance data and chemical shield-
ing of nitrogen, carbon and hydrogen atoms in Pyridine and 
four derivatives of 2-Methylpyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 4-Dimethylpyridine (Fig. 1). In 
Fig. 1, it has been indicated that nitrogen atom in pyridine 
cycle has the most influence on the NMR shielding which 
directs us toward the active site for adsorption onto Al (111) 
surface.

The quantum chemical calculations yield the CS tensors 
in principal axes system to evaluate the isotropic chemical-
shielding (CSI), anisotropic chemical-shielding (CSA) [76]:

In fact, we have found that the isotropic and anisotropy 
shielding increase with the occupancy and consequently 
the negative charge in pyridine cycle influenced by nitrogen 
atom (Fig. 1).In Fig. 1, it has been exhibited that the graph 
of nitrogen atom has the same attitude but a considerable 
deviation from carbon and hydrogen atoms. 

IR Method

The infrared (IR) calculations have been accomplished for 
Pyridine and four derivatives of 2-Methylpyridine, 3-Meth-
ylpyridine, 4-Methylpyridine and 2, 4-Dimethylpyridine at 
different levels of theory to obtain the more accurate equi-
librium geometrical parameters, IR spectral (Scheme 2) 
and data for each of the determined structure. The IR spec-
trum for each of these compounds has been seen in the fre-
quency range between 500 cm−1–3250 cm−1 by the strongest 
peaks about 550 cm−1, 1500 cm−1, 3250 cm−1 for Pyridine, 
2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine (Scheme 2).

Scheme 2 demonstrates the relationship between intensity 
and frequency of Pyridine and four derivatives of 2-Meth-
ylpyridine, 3-Methylpyridine, 4-Methylpyridine and 2, 
4-Dimethylpyridine in different normal modes of sharp 
peaks at B3LYP/6–31 + G* methods. The calculations of 
the relative harmonic frequencies, IR intensities, dipole 
moments and ∆H, ∆G, ∆S for active points of Pyridine and 

(1)CSI(ppm) =
(

�33 + �22 + �11

)

∕3

(2)CSA(ppm) = �33 −
(

�22 + �11

)

∕2
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four derivatives of 2-Methylpyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 4-Dimethylpyridine have been 
reported in Table 2.

Figure 2 has illustrated that the variation of Gibbs free 
energy behaves as a linear relation observed between tem-
perature and ∆S which increases with temperature:

ONIOM Simulation

In this work, it has been performed the advanced ONIOM 
simulation. So, the combination of three levels in decreasing 
order of accuracy has been defined including high, medium, 
and low levels of theory. High-level has been done using the 
DFT method of B3LYP with 6–31 + G* basis set for carbon 
and hydrogen atoms and LANL2DZ for some aluminum 
atoms in the adsorption cites. Medium-level has been done 
on the nitrogen, carbon and hydrogen in the adsorption cites 

(3)ΔG = − TΔS + ΔH

(4)ΔG = −9.8604T − 150.79;R2 = 0.8

due to semi-empirical methods. Finally, a low-level has been 
performed on the other aluminum atoms with MM2 force 
fields (Scheme 3) [77].

The three-layered method of ONIOM permits us to inves-
tigate 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 [78].

This three-layered model has been employed to activation 
barriers for the pyridine, 2-Methylpyridine, 3-Methylpyri-
dine, 4-Methylpyridine and 2, 4-Dimethylpyridine onto alu-
minum (111) metal surface. In general, the results for both 
geometry optimizations and single point energy calculations 
agree well with benchmark predictions.

We have run a density functional theory (DFT) study on 
the mechanisms onto Al(111) up to adsorbed by N-atoms 
of Pyridine, 2-Methylpyridine, 3-Methylpyridine, 4-Meth-
ylpyridine and 2, 4-Dimethylpyridine. We have found that 
the surface binding site preferences of N-atoms are largely 
affected by the presence of neighboring N-atoms. The 

(5)EONIOM = Ehigh + Emedium + Elow

Scheme 1   1H-NMR spectra of Pyridine and four derivatives of 2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 2, 4-Dimethylpyri-
dine through the adsorption process by indicating the active zone of these compounds becoming close to the Al (111)-surface
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calculated Al-N pair distribution functions have indicated 
that the formation of clusters directs to shorter Al-N bond 
lengths when compared to the homogeneous growth.

In this research, atomic structure of the Al (111) surface 
has been built using Gaussian 09 program package through 
geometry coordination and optimized total-energy calcula-
tion. Result observations have revealed that the Al (111) 
surface calculated with the obtained structure parameters 
are in good agreement with those metal (111) achieved from 
other experimental calculations [79–84].

In fact, hybrid functional is a group of approximations 
for the exchange–correlation energy functional in DFT 
(Density Functional Theory) which combines a part of 

exact exchange from HF (Hartree–Fock theory) method 
with the rest of the exchange–correlation energy from 
other information such as empirical or ab initio method-
ologies. Therefore, the exact exchange energy functional 
is illustrated by the Kohn–Sham orbitals instead of the 
density, so 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 framework of DFT upon theoretical cal-
culations [85, 86].

The popular  B3LYP (Becke,   three-parame-
ter, Lee–Yang–Parr) exchange–correlation functional is 
[87–89]:

Table 1   NMR properties of some atoms for Pyridine and four derivatives of 2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 2, 
4-Dimethylpyridine in ppm at the adsorption site onto Al-surface

Pyridine

ppm N1 C2 C3 C4 C5 C6 H7 H8 H9 H10

σ11  − 415.8484  − 55.6476  − 55.6325  − 26.6582  − 34.2200  − 26.6683 21.0956 21.0941 23.1044 22.6162
σ22  − 139.9757 42.9145 42.9109 69.9254 43.5949 69.9111 22.7184 22.7195 24.8441 25.2658
σ 33 298.5734 158.4674 158.4718 183.6880 189.4656 183.6859 27.3881 27.3886 27.9334 27.6759
σiso  − 85.7502 48.5781 48.5834 75.6517 66.2801 75.6429 23.7340 23.7341 25.2940 25.1859
σaniso 576.4855 164.8340 164.8326 162.0544 184.7781 162.0645 5.4811 5.4817 3.9592 3.7349
2-Methylpyridine
ppm N1 C2 C3 C4 C7 H8 H9 H12 H13 H14
σ11  − 427.9947  − 55.8361  − 55.2599  − 24.0264 146.6990 21.4826 22.8963 26.4033 26.4181 26.4033
σ22  − 124.1781 50.0577 21.7570 73.5525 165.1137 22.7184 24.2815 28.8013 30.9764 28.8013
σ33 296.9953 157.6795 156.0693 173.9242 193.6457 27.4278 29.9916 35.0529 35.0395 35.0529
σiso  − 85.0592 50.6337 40.8554 74.4834 168.4861 23.8763 25.7231 30.0858 30.8114 30.0858
σaniso 573.0817 160.5687 172.8207 149.1611 37.7393 5.3273 6.4027 7.4506 6.3423 7.4506
3-Methylpyridine
ppm N1 C2 C3 C4 C7 H8 H9 H12 H13 H14
σ11  − 460.6697  − 50.3439  − 53.5888  − 30.3435 153.0595 21.5865 21.0897 25.9726 26.7095 25.9739
σ22  − 131.9599 51.4421 55.1546 34.0059 170.5739 22.6655 21.4032 29.1668 30.8906 29.1677
σ33 305.9783 160.3759 150.6288 186.0586 195.5358 27.6310 28.9794 35.6328 35.8269 35.6338
σiso  − 95.5504 53.8247 50.7315 63.2403 173.0564 23.9610 23.8241 30.2574 31.1423 30.2585
σaniso 602.2931 159.8268 149.8459 184.2273 33.7191 5.5050 7.7329 8.0631 7.0269 8.0630
4-Methylpyridine
ppm N1 C2 C3 C5 C7 H8 H9 H12 H13 H14
σ11  − 442.8446  − 54.8676  − 54.5144  − 37.5648 150.3669 21.5589 21.4305 25.9222 26.3870 25.9222
σ22  − 124.1064 49.2261 49.9527 16.7197 168.1602 22.3079 22.3144 29.2645 30.7531 29.2645
σ33 310.1984 157.2010 157.7865 187.2899 196.1229 27.9207 27.9080 35.7194 35.8803 35.7194
σiso  − 85.5842 50.5198 51.0749 55.4816 171.5500 23.9292 23.8843 30.3021 31.0068 30.3021
σaniso 593.6738 160.0217 160.0673 197.7124 36.8594 5.9873 6.0355 8.1260 7.3102 8.1260
2, 4-Dimethylpyridine
ppm N1 C2 C3 C5 C7 C8 H12 H13 H15 H16
σ11  − 411.5838  − 54.3551  − 53.5042  − 37.3973 146.9390 150.7271 26.4246 26.2725 25.8744 26.3501
σ22  − 117.0329 50.1313 22.7822 16.2475 165.2607 168.1174 28.7276 31.3274 29.4641 30.7157
σ33 299.0557 154.7457 153.8136 184.3507 193.8190 196.3136 35.2331 34.9493 35.7291 36.0721
σiso  − 76.5204 50.1740 41.0305 54.4003 168.6729 171.7194 30.1285 30.8497 30.3559 31.0460
σaniso 563.3641 156.8576 169.1746 194.9256 37.7191 36.8913 7.6570 6.1493 8.0598 7.5392
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where � = 0.20, b = 0.72, c = 0.81 is a generalized gradient 
approximation: the Becke exchange functional [85] and the 
correlation functional of Lee, Yang and Parr [86] for B3LYP 
and ELSDA

c
 is the VWN local spin density approximation to 

the correlation functional [90].

(6)
E
B3LYP
XC

= (1 − �)ELSDA
x

+ �E
HF
x

+ bΔEB
x
+ (1 − c)ELSDA

c
+ cE

LYP
c

The Al (111)-surface has been constructed by rigid system 
and Z-Matrix format of which a blank line has been placed 
and after that the following information has been illustrated. 
The rigid PES has been performed at B3LYP/6–31 + G* for 
Pyridine and its family (2-Methylpyridine, 3-Methylpyri-
dine, 4-Methylpyridine and 2, 4-Dimethylpyridine) adsorbed 
onto the Al (111)-surface using Gaussian 09 program pack-
age [75]. For Al (111), the small energy difference between 
the formation of Al (111)- inhibitor complexes can direct 
us to a pretty coated surface for preventing the corrosion.

Results and Discussion

Inhibitors usually only reduce corrosion; but in some cases, 
like closed water systems, proper inhibition can virtually 
eliminate corrosion. Most inhibitors prevent or reduce cor-
rosion of aluminum by either anodic or cathode reactions. 
Chromates suppress the anodic reactions and Chromate 
conversion coatings have been a widely used inhibitor for 
aluminum sheets.

In recent years, use of Chromates has decreased because of 
concerns for personnel and environmental toxicity. If anodic 
inhibitors are used in insufficient amounts, they may only 
restrict corrosion to fewer sites and actually increase corrosion 

Fig. 1   The NMR plot of isotropic (σiso), anisotropic (σaniso) and eigen-
value shielding tensors (σ11, σ22, σ33) calculated by level of theory 
B3LYP/6–31 + G*

Scheme 2   Changes of IR intensity (km/mol) versus frequency (cm−1) through the IR spectra for a Pyridine, b 2-Methylpyridine, c 3-Methyl-
pyridine, d 4-Methylpyridine and e 2, 4-Dimethylpyridine using B3LYP/6–31 + G* calculations
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at those localized sites. Most other inhibitors such as phos-
phates, silicates, nitrates, nitrites, benzoates, N-heterocyclic 
compounds and others have been used either alone or combi-
nation, affect the cathode reactions. Inhibitors of this type have 
been applied to effectively treat water systems, particularly 
closed systems. In this paper, the electronic structure of both 
inhibitor and aluminum-surface is important. The efficiency of 

an organic inhibitor of metallic corrosion does not only depend 
on the structure of the inhibitor molecule, but also charac-
teristics of the environment in which it acts, on the nature of 
the metal and the other experimental conditions. Under cer-
tain conditions of the experiment, the electronic structure of 
the organic inhibitors has a key influence on the corrosion 
inhibition efficiency to the metal. In this model, the adsorp-
tion molecule has been adsorbed at the Al (111)-lattice in an 
inclined state.

We have estimated the distance between Ν atom in the 
pyridine ring and its derivatives and aluminum atom in the 
Al (111)-lattice. It has been shown that the pyridine ring and 
its derivatives have three double bonds including six elec-
trons which are sufficient for aromatic ring formation without 
involving the lone pair electrons of the nitrogen atom. How-
ever, we cannot ignore that the nitrogen atom has a higher 
electronegativity than the carbon atoms.

Then the adsorption model of pyridine and its derivatives 
on the Al (111)-lattice has been optimized by Gaussian03 [75]. 
The stabilization Energy, Es, is given as:

(7)Es = Ep − Er

Table 2   Calculated functions of harmonic frequencies (cm−1), IR intensities (km/mol), Dipole Moments (µ, Debye) and ∆G, ∆H in kcal/mol 
and ∆S in cal/mol.K−1 at 300 K

Compounds Normal mode Intensity (km/
mol)

Frequency (cm−1) ∆G × 10–3 (kcal/
mol)

∆H × 10–3 (kcal/
mol)

∆S (cal/K.mol) µ (Debye)

Pyridine 5 59.7903 734.6462  − 155.7165  − 155.6960 68.502 2.4840
19 28.2186 1491.9495
22 16.3688 1629.2859
26 48.8404 3223.9243

2-Methylpyridine 9 45.3516 781.7032  − 180.3696  − 180.3459 79.498 2.0399
25 40.7927 1518.8941
29 41.2279 1639.3798
35 32.9596 3216.9408

3-Methylpyridine 9 23.0361 817.1902  − 180.3665  − 180.3445 73.611 2.6698
25 17.8787 1525.2042
30 25.4554 3043.2467
33 31.7158 3186.7542
36 24.4846 3227.0239

4-Methylpyridine 10 29.3105 828  − 180.3669  − 180.3450 73.599 2.9839
29 46.9895 1647.2223
30 21.0188 3044.0952
35 63.2199 3211.9458

2, 4-Dimethylpyri-
dine

13 20.3792 853.6878  − 205.0196  − 204.9947 83.596 2.5234
33 24.8782 1533.2415
36 72.0421 1651.8226
37 23.3950 3043.1158
43 20.9553 3191.5476
45 28.1390 3215.1544

Fig. 2   The changes of Gibbs Free energy for Pyridine and four deriv-
atives of 2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine at 300 K
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where Ep represents the total energy of the given adsorption 
model consisting of non-protonated pyridine by its deriva-
tives and the Al (111)-lattice, and Er is the sum of the total 
energy of the free non-protonated molecule of the inhibitor 
and the energy of the Al (111)-lattice without interaction. 
Besides, Es

+ shows the protonated stabilization energy; Ep 
represents the total energy of the given adsorption model 
consisting of protonated pyridine by its derivatives and the 
Al(111)-lattice, and Er is the sum of the total energy of the 
free protonated molecule of the inhibitor and the energy of 
the Al(111)-lattice without interaction.

Other calculated electronic properties include the net 
atomic charge (Q), the change value of the net charge of the 
─NH + group in the pyridine ring (∆Q NH

+), the net charge 
change of the Al- lattice (∆Q Al(111)-lattice), the adsorption 
distance (R), adsorption angle (A), and the adsorption dihe-
dral angle (D).

Metal (111) Surface Models

It has been investigated two model surfaces based on a unit 
cell of 3, (111) layers using a vacuum of 5, layers through the 
z-axis; the uppermost layer is allowed to relax in the compu-
tation, but the lower 2, layers are kept fixed. Using particle-
size-dependent Al reactivity, it has been discovered that the 
adsorption energy of small molecules doesn’t depend on the 

(8)E+
s
= E+

p
− E+

r
layers if there are more than 2, layers in the simulation. The 
surface constant applied to produce the model calculated at 
the PBE/PAW basis sets of theory consist of Electron density 
adsorption of imidazole / Al(111)/ slab complexes through 
different orientation [79–84].

Adsorbed Molecules on the Al (111) Surface

It has been investigated the suitability of each Al (111)-lat-
tice model for describing interactions with adsorbents by 
considering the adsorption energy of the Pyridine and four 
derivatives of 2-Methylpyridine, 3-Methylpyridine, 4-Meth-
ylpyridine and 2, 4-Dimethylpyridine. This is also of impor-
tance for catalysis, as for surface reactions there is usually 
a close correlation between binding energies and activation 
energies. For these molecules, the lone pair of the depro-
tonated nitrogen atom that is not involved in the aromatic 
system is the most reactive site and thus the most likely site 
to bind to Al-surface. After optimizing Al(111) interface 
(adsorption and first Al layer), we obtain an N–Al distance 
of 2.30 Å for the smaller Al(111)- surface.

Charge Density Analysis

For observing the interaction between the pyridine, its fam-
ily and the Al (111) surface, we have calculated the charge 
density difference (CDD) for the pyridine and its family 

Scheme 3   The mechanism of the adsorption of pyridine and its family (2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 2,4-Dimeth-
ylpyridine) onto Al(111) metal surface based on optimized coordination of adsorption on the Al(111) metal surface
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molecules at different adsorption sites for the large Al(111) 
surface model. The CDD is defined as:

where Qadsorbate/surface is the charge density of the adsorp-
tion system; Qsurface and Qadsorbate are the charge densities 
of the non-interacting surface and that of the adsorption, 
respectively. It has been modeled Pyridine, 2-Methylpyri-
dine, 4-Methylpyridine and 2, 4-Dimethylpyridine as proto-
nated compounds in hydrochloric acid (HCl) as weak bases 
(Table 3 and Fig. 3a, b). According to the values in Table 3, 
the charge changes of ─NH+ group (∆QNH

+) of the proto-
nated Pyridine, 2-Methylpyridine, 4-Methylpyridine and 2, 
4-Dimethylpyridine have been valued.

Non‑Protonated Pyridine and its Derivatives

The stability energy (Es), adsorbent energy (Εads), metal sur-
face energy (ΕAl/surf), and adsorption energy (Εads/surf) have 
been measured for non-protonated Pyridine, 2-Methylpyri-
dine, 4-Methylpyridine and 2, 4-Dimethylpyridine (Table 4 
and Fig. 4):

Figure 4 has shown that stability energy of Pyridine, 
3-Methylpyridine, 2-Methylpyridine, respectively has the 
optimized amount in these non-protonated compounds. 
The optimized geometry coordination of bond length (R), 
bond angle (A) and dihedral angle (D) for Pyridine, and four 
derivatives has been calculated (Table 5). Then linear regres-
sions have been measured with the inhibition efficiencies (η) 
versus the change value of the net charge (∆QN) of the –N 
group (R2 = 0.7072) in the Pyridine ring and four derivatives 

(9)ΔQads = Qadsorbate∕surface − Qsurface − Qadsorbate

(10)Es = Eads∕surf −
(

EAl∕surf + Eads

)

of 2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine 
and 2, 4-Dimethylpyridine (Fig. 5).

Protonated Pyridine and its Derivatives

The stability energy (Es
+), adsorbent energy (Εads), metal 

surface energy (ΕAl/surf), and adsorption energy (Εads/surf) 
have been measured for protonated Pyridine, 2-Methylpyri-
dine, 4-Methylpyridine and 2, 4-Dimethylpyridine (Table 6 
and Fig. 6a, b).

It has been modeled the Pyridine and four derivatives of 
2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine as protonated compounds in hydro-
chloric acid (HCl) as weak bases. The optimized geometry 
coordination of bond length (R), bond angle (A) and dihedral 
angle (D) for Pyridine, and four derivatives has been calcu-
lated (Table 7 and Fig. 6a).The charge fluctuation of ─NH+ 
group (∆QNH

+) via ES
+ for protonated Pyridine and four 

derivatives of 2-Methylpyridine, 3-Methylpyridine, 4-Meth-
ylpyridine and 2,4-Dimethylpyridine have been shown 
(Fig. 6b). The linear regression in Fig. 6b (R2 = 0.6245) has 
indicated a medium correlation among adsorption of these 
compounds onto Al (111) surface.

Since the ─NH+ group as an electron acceptor of the pro-
tonated pyridine ring has a positive charge, it accepts the 
electron of the aluminum atoms easily. The charge of the Al 
(111)-lattice is affected and turns positive by the adsorption, 
so the electronic transfer must be from the Al atom to the 
organic inhibitor through the frontier orbital of the inter-
face when the inhibitor is adsorbed onto the Al (111)-lattice 
(Fig. 6b).

(11)E+
s
= Eads∕surf −

(

EAl∕surf + Eads

)

Table 3   The calculated electronic charges of non-protonated Pyridine, 2-Methylpyridine, 4-Methylpyridine and 2, 4-Dimethylpyridine

Q = charge value before adsorption
Q' = charge value after adsorption
∆Q = Q'—Q

Inhibitor QAl-surf × 10–2 Q'
Al-surf × 10–2 ∆QAl- surf × 10–2 QN × 10–2 Q'

N × 10–2 ∆QN × 10–2

Pyridine 2.85 59.79 56.93  − 38.96  − 75.21  − 36.25
2-Methylpyridine 56.65 53.79  − 41.40  − 79.40  − 37.99
4-Methylpyridine 64.70 61.84  − 39.03  − 76.16  − 37.13
2, 4-Dimethylpyridine 58.95 56.10  − 41.58  − 79.40  − 37.83
b Optimized electronic charges of protonated Pyridine, 2-Methylpyridine, 4 Methylpyridine and 2, 4-Dimethylpyridine
Inhibitor QAl-surf × 10–2 Q'

Al-surf × 10–2 ∆QAl- surf × 10–2 QNH
+ × 10–2 Q' NH

+ × 10–2 ∆QNH
+ × 10–2

Pyridine 2.85 1.14 1.11  − 12.95  − 44.90  − 31.95
2-Methylpyridine 1.08 1.05  − 16.27  − 47.60  − 31.32
4-Methylpyridine 1.12 1.09  − 13.90  − 44.41  − 30.51
2, 4-Dimethylpyridine 1.07 1.04  − 17.04  − 47.53  − 30.49
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The N-Al adsorption distance has obtained from the opti-
mization calculations (Table 7). These results have exhibited 
that the N-Al covalent bond in Fig. 6a between the inhibi-
tor and the Al (111)-lattice has been formed. ∆QNH

+ repre-
sents the amount of the net charge of the ─NH+ group in the 
pyridine ring and its family group. ∆QNH

+  = Q’NH
+—QNH

+; 
Q’NH

+ is the charge of the ─NH+ group when the inhibitor is 
adsorbed onto the Al (111)-lattice and QNH

+ (= QN + QH
+) is 

the net charge of the ─NH+ group of the protonated pyridine 
and its derivatives (Fig. 6b).

Co‑Adsorption Modeling with Hydrogen Atom, Cl 
− and NO3

− Anions in Acidic Media

The optimized result by the DFT/B3LYP/6–31 + G* level 
of theory has indicated that Pyridine, 2-Methylpyridine, 
3-Methylpyridine, 4-Methylpyridine and 2,4-Dimethylpyri-
dine can be adsorbed onto the Al(111)-lattice in the inclined 
states and the inclined angles of the inhibitors adsorbed on 
the Al(111)-lattice are different from each other. Their com-
mon point is the N atom in the pyridine ring close to the Al 
(111)-lattice.

To investigate the relationship between the adsorption and 
its influence on the hydrogen entry onto the Al (111)-sur-
face, the co-adsorption of protonated pyridine with adsorbed 
hydrogen and Cl− has been modeled. The Al (111)-lattice 
with H+ and Cl− has been employed as the substrate for 
modeling the co-adsorption. The results of the optimized 
calculation have been shown in Table 8.

Fig. 3   Calculated electronic 
charge of a the non-protonated 
b protonated of Pyridine, 
2-Methylpyridine, 4-Methylpyr-
idine and 2, 4-Dimethylpyridine

(a)

(b)

Table 4   Stability energy (kcal/mol) of non-protonated pyridine and 
its derivatives

*η is the inhibition efficiency of pyridine and its derivatives [91]

Adsorption ΕAl/surf Εads Εads/surf Εs *η

Pyridine  − 35.86  − 248.12  − 284.02  − 19.9390 20.8
2-Methylpyridine  − 287.41  − 323.31  − 25.3315 65.65
4-Methylpyridine  − 287.42  − 323.32  − 19.4804 67.43
2, 4-Dimethyl-

pyridine
 − 326.72  − 362.62  − 22.8180 99
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It might be the adsorption of Cl− onto the Al (111)-sur-
face causes increasing the negative charge on the Al 

(111)-lattice, which improves the interaction between 
protonated pyridine and the Al (111)-lattice. We can con-
clude that the adsorption of the inhibitor is possible only 
at a lattice partially covered with solution of H+ and Cl−. 
Finally, the stability energy (Es

+) of protonated Pyridine, 
2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine 
and 2, 4-Dimethylpyridine onto Al(111)-lattice have been 
investigated through co-adsorption model in the solution 
of H+, Cl− and NO3

− (Tables 9 and 10 and Fig. 7).

Fig. 4   The changes of inhibition 
efficiencies (η) versus calculated 
stabilization energies (Es) for 
non-protonated Pyridine and 
four derivatives of 2-Methyl-
pyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 
4-Dimethylpyridine

Table 5   The calculated 
parameters of non-protonated 
pyridine and its derivatives

Inhibitor RN-Al(1) (Å) AC(20)-N(19)-Al(1) (o) D C(20)-N(19)-Al(1)-Al(4) (o)

Pyridine 1.7774 88.8968  − 11.8967
2-Methylpyridine 1.7945 146.5161  − 32.2029
3-Methylpyridine 1.7790 142.8958 84.9337
4-Methylpyridine 1.7707 144.2381 15.1716
2, 4-Dimethylpyridine 1.7896 149.0195 91.5205

Fig. 5   The linear regression of inhibition efficiencies (η) versus the 
net charge of the ─N group (∆QN) in the non-protonated Pyridine 
ring and four derivatives of 2-Methylpyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 4-Dimethylpyridine

Table 6   Stability energy (kcal/mol) of protonated pyridine and its 
derivatives

Adsorbate ΕAl/surf Εads Εads/surf Εs
+

Pyridine  − 35.86  − 248.47  − 284.42  − 53.60
2- Methylpyridine  − 287.78  − 323.72  − 43.31
4- Methylpyridine  − 287.79  − 323.73  − 42.85
2,4-Dimethylpyridine  − 327.11  − 363.02  − 31.57



1558	 F. Mollaamin et al.

1 3

Conclusion

The adsorption and diffusion of Pyridine, 2-Methyl-
pyridine, 3-Methylpyridine, 4-Methylpyridine and 2, 
4-Dimethylpyridine onto Al(111)-lattice have been 

investigated using ONIOM method with high, medium and 
low levels of 6–31 + G*/LANL2DZ, semi-empirical and 
MM2 basis sets, respectively by program package Gauss-
ian 09.

In this work, the efficiency of the organic inhibitors as 
the metallic coating has been studied through the electronic, 

Fig. 6   a Calculated stabiliza-
tion energies (ES

+) versus 
bond length between nitrogen 
atoms and Al (1), RN-Al(1) (Å), 
on co-adsorption model with 
hydrogen atom and Cl– anion 
for Pyridine and four derivatives 
of 2-Methylpyridine, 3-Methyl-
pyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine. b The 
charge changes of ─NH+ group 
(∆QNH

+) of the protonated 
Pyridine and four derivatives 
of 2-Methylpyridine, 3-Methyl-
pyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine versus 
protonated stability energy (ES.+ 
kcal/mol)

(a)

(b)

Table 7   The calculated 
parameters of Pyridine, 
2-Methylpyridine, 
3-Methylpyridine, 
4-Methylpyridine and 
2,4-Dimethylpyridine in 
hydrochloric acid (HCl)

Adsorption RN-Al(1)(Å) AC(20)-N(19)-Al(1) (o) D C(20)-N(19)-Al(1)-Al(4) (o)

Pyridine 1.9104 86.7495  − 10.9617
2-Methylpyridine 1.9477 132.5616  − 54.3351
3-Methylpyridine 1.9212 127.136 59.6346
4-Methylpyridine 1.9186 126.513  − 7.8007
2,4-Dimethylpyridine 1.9606 134.3384 63.1696



1559Nanocluster of Aluminum Lattice via Organic Inhibitors Coating: A Study of Freundlich…

1 3

thermodynamic features and characteristics of the environ-
mental condition on Pyridine, 2-Methylpyridine, 3-Meth-
ylpyridine, 4-Methylpyridine and 2, 4-Dimethylpyridine 
adsorbed by aluminum-surface.

An elaborate search for local minima in the adsorption 
potential energy landscape reveals that the intact pyridine 
adsorbs with the aromatic ring parallel to the surface. In 
the preferred path, the pyridine and its derivatives remains 

Table 8   The optimized 
geometry coordination of 
co-adsorption model for 
Pyridine, 2-Methylpyridine, 
3-Methylpyridine, 
4-Methylpyridine and 
2,4-Dimethylpyridine with H+ 
cation and Cl− anion

Adsorbate RN-Al(1)(Å) AC(20)-N(19)-Al (1) DC(20)-N(19)-Al(1)-Al(4) R H-Al(8) (Å) R Cl-Al(9) (Å)

Pyridine 1.9039 88.226  − 8.2088 1.4234 2.0914
2-Methylpyridine 1.9411 134.2746  − 43.3963 1.4148 2.094
3-Methylpyridine 1.9067 128.1313 47.5393 1.4232 2.0847
4-Methylpyridine 1.9107 127.7998 1.4097 1.4219 2.0916
2,4-Dimethylpyridine 1.9557 137.2764 43.7559 1.4233 2.0827

Table 9   Stability energy (kcal/mol) of the co-adsorption model with adsorbed hydrogen and Cl− for Pyridine, 2-Methylpyridine, 3-Methylpyri-
dine, 4-Methylpyridine and 2, 4-Dimethylpyridine onto Al(111)-lattice

Εs = Ε Al/surf/H+/Cl
−

/ads- (Ε Al/surf + EH
+  + ECl

− + Eads)

Adsorbate ΕAl/surf Εads ΕCl-/surf Εads/surf Es
+

Pyridine  − 35.86  − 248.47  − 460.25  − 745.20  − 385.25
2-Methylpyridine  − 287.78  − 784.50  − 374.51
4- Methylpyridine  − 287.79  − 784.49  − 371.78
2,4- Dimethylpyridine  − 327.10  − 823.78  − 355.60

Table 10   Stability energy (kcal/mol) of the co-adsorption model with adsorbed hydrogen and NO3
− for Pyridine, 2-Methylpyridine, 3-Methyl-

pyridine, 4-Methylpyridine and 2, 4-Dimethylpyridine onto Al (111)-lattice

Εs = ΕAl/surf/H+/NO3
−

/ads- (Ε Al/surf + EH
+  + ENO3

− + Eads)

Adsorbate ΕAl/surf Εads ΕNO3
−

/surf Εads/surf Es
+

Pyridine  − 35.86  − 248.47  − 280.22  − 565.16  − 377.42
2- Methylpyridine  − 287.79  − 604.46  − 367.53
4- Methylpyridine  − 287.80  − 604.58  − 367.87
2,4- Dimethylpyridine  − 327.09  − 643.74  − 347.77

Fig. 7   Calculated stabilization 
energies (ES

+) of Pyridine and 
four derivatives of 2-Methyl-
pyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 
4-Dimethylpyridine in through 
co-adsorption model in the 
solution of H+, Cl− and NO3

−
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parallel to the surface while performing small single rota-
tional steps with a carbon–carbon double bond hinged above 
a single Al atom.

The inhibition properties of the protonated pyridine and 
derivatives molecules are related to the sum of the net charge 
and the π charge of the six-ring, respectively. Pyridine and 
its derivatives have been adsorbed on the lattice of the Al 
electrode mainly in their protonated forms. The most prob-
able adsorption model of the inhibitors is one in which the 
N atom of the pyridine ring is close to the aluminum atom 
of the Al (111)-lattice in an inclined state. Moreover, it 
has been concluded that the adsorption of Pyridine and its 
derivatives including 2-Methylpyridine, 3-Methylpyridine, 
4-Methylpyridine and 2, 4-Dimethylpyridine adsorbed by 
aluminum-surface.

As the organic heterocyclic compounds might be possi-
ble only at a surface partly covered with solution of H+ and 
Cl−. The stability energy (Es

+) in the protonated pyridine, 
2-Methylpyridine, 3-Methylpyridine, 4-Methylpyridine and 
2, 4-Dimethylpyridine onto Al (111)-lattice has indicated 
the validity of co-adsorption model in the solution of H+, 
Cl− and NO3

− ions.
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