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Abstract: The reactivity and adsorption behavior of five organic inhibitors of pyridine and its 

derivatives of 2-picoline, 3-picoline, 4-picoline, and 2,4-lutidine at the Al(111) lattice in hydrochloric 

acid was studied by the principle of the HF and B3LYP level using the 6-31G and LANL2DZ basis sets 

from the program package gaussian 03. The compound was adsorbed on the metal lattice based on the 

calculated results, mainly in their protonated forms. In the Al (111)-lattice, the charge is transferred to 

the inhibitor, and the organic inhibitor is adsorbed at the Al (111)-lattice in an inclined state. The 

quantum chemical calculations of molecular reactivity show that the frontier orbitals of the four 

additives are distributed around the nitrogen atom of the pyridine ring, the aluminum atom of Al (111)-

lattice, and active electrophilic centers are located on the nitrogen atoms of the pyridine ring. All five 

molecules were adsorbed with the chemical adsorption on the Al (111)-lattice, and the order of 

adsorption was 2-picoline>2, 4-lutidine> 4-picoline> 3-picoline> pyridine. The N atoms of four 

derivatives form N-Al bonds with the Al atoms of the Al (111)-lattice, which makes derivatives stably 

adsorb on the Al lattice. 
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1. Introduction 

Recently, the inhibition efficiency depends on the parameters of the system: metal 

composition, pH, and structure of inhibitor molecule (Scheme 1). Inevitably, heterocyclic 

structures, including nitrogens, are corrosion inhibitors for some metal surfaces in different 

acidic environments [1-11]. For instance, the compounds of benzotriazole at the copper and 

iron surface [12-15], derived isoquinoline, and imidazole [16, 17] at the iron surface are 

efficient inhibitors for corrosion of these compounds [1-17]. 

Recently, it was studied that pyridine and its derivatives had been applied as corrosion 

inhibitors of the aluminum electrode [18, 19]. The researchers investigated the corrosion 

inhibition of aluminum electrodes with the pyridine and its derivatives by means of a basic 

quantum chemical method (MNDO) [20]. In this article, it has been debated the impact of 

organic inhibitors of pyridine and its derivatives of 2-picoline, 3-picoline, 4-picoline, and 2, 4-

lutidine on the inhibition of Al (111) lattice in HCl media using the quantum mechanical 

method of Hartree-Fock and density functional theory by B3LYP basis set. The electronic 
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structure of the organic inhibitors has a key effect on the efficiency of metal corrosion 

inhibition. 

 
Scheme 1. Adsorption of inhibitors on the metal composition depending on pH and structure of inhibitor 

molecule.  

Commonly, aluminum alloys and aluminum are applied in the fields of automobile 

manufacturing, national defense industry, aviation industry, electronics, and important daily 

manufacturing with their perfect properties [21, 22]. In fact, aluminum is produced by the Hall-

Héroult method with high energy consumption, serious equipment corrosion, environmental 

pollution, etc. [23, 24]. 

It is necessary to explore a low-temperature green production method of aluminum, and 

it is also a research turning point in this field. Recently, magnificent development has been 

seen in low-temperature aluminum electrolysis. It has been focused on the replacement of the 

cryolite molten salt system by the molten salt system with lower melting points like 

chloride/fluoride. The electrolysis temperature can be reduced to a certain extent bt these 

strategies [22-24]. The ionic liquids are prepared for the progress of low temperature in 

aluminum electrolysis methodology. 

In some studies, an ionic system has been discovered composing some inorganic or 

organic anions and organic cations and is liquid at or near room temperature [25-28].  

In fact, non-volatile, electrochemical parameters, temperature range, stability, and 

conductivity properties are largely applied in different fields such as electrochemistry, 

catalysis, organic synthesis, extraction, and separation [25-36].  

In recent years, as a new type of green electrolyte, ionic liquids have been used for 

aluminum electrodeposition and electrolysis refining at or near room temperature, and some 

development has been made [29-34]. Nevertheless, some problems are still to be solved, such 

as high electrolyte viscosity and dendrite phenomenon in the deposition layer [31-34]. The 

addition of additives is one of the common methods to address these problems [35,36]. 

Recently, some developments have been done with the effects of some aromatic 

compounds on the electrodeposition of aluminum in ionic liquids [37-40].  

The influence of methyl carbonate on electrodeposition of aluminum in 

[EMIM]Cl/AlCl3 system by cyclic voltammetry has been studied [41]. It has been explored 

that Nano Al could be prepared by adding nicotinic acid into [EMIM] Cl/AlCl3 [42,43].  
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2. Materials and Methods 

With the development of computational techniques, an operative key has recently 

explored the reaction paths of structures. People can study the reaction activity, electron 

transfer, structure-activity relationship by calculating the Fukui index, charge distribution of 

heavy atoms, and the other quantum chemical parameters. The interaction between structures 

can be shown from the quantum chemical factors preparing a sufficient way to study adsorption 

mechanisms among molecules and interfaces at different levels. It has been used to the 

discovery of different metals lattice properties [44-46]. Valencia et al. studied the adsorption 

mechanism of [EMIM]BF4 on the Li (100) lattice with DFT (density functional theory ), and 

explored that pouring a small value of [EMIM]BF4 to Li-ion battery can inhibit dendritic 

existence and develop battery action [44,45]. Clarke et al. studied the effect of [EtNH3] BF4 on 

the Li-ion battery system by DFT and molecular dynamics simulation (MD). These works 

provide a new way to explore the interaction mechanism between additives and metal lattices 

in ionic liquids [46]. 

As a kind of ring compound with delocalized bonds, aromatic compounds are applied 

in electrolysis with a stable formula and hard analysis. Derivatives of pyridine have been 

applied because of their strong decomposition and limit of their ability in liquid media. In fact, 

Nicotinamide, Pyridine-2-formamide, and Pyridine-4-formamide can be applied as sufficient 

agents for electrodeposition of Al in [Bmim] Cl/AlCl3 [47]. The data indicated that the 

displacement was Nicotinamide> Pyridine-2-formamide> Pyridine-4-formamide. The way is 

uncertain, particularly the interaction between additives and electrode, charge transfer, and 

adsorption phenomenon. Because of the chemical elements and low hydrogen evolution 

overpotential, platinum has a very important application in electrochemistry, such as an 

auxiliary electrode, modified electrode substrate, electro-catalysis, etc.  

A platinum electrode is commonly used to measure electrochemical properties of a 

water media, molten salt, electrolyte of organic compounds, and ionic liquid, like cyclic 

voltammetry, polarization graph, and electrochemical measurement. It is significant to learn 

the adsorption of structures on the surface of the Pt atoms, which have the best catalytic action 

applying like a catalyst in the fuel cell, petrochemical industry, automobile exhaust 

purification, and other fields (Scheme 2) [48]. 

 
Scheme 2. Pyridine adsorption and diffusion on Pt (111) investigated with density functional theory. 
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In this paper, the interaction mechanism of pyridine and its derivatives of 2-picoline, 3-

picoline, 4-picoline, and 2, 4-lutidine with Al (111)-lattice was studied by the First Principles 

method. The reactivity and adsorption behavior of the five compounds on the Al (111)-lattice 

were analyzed, and the interaction mechanism of pyridine amide derivatives on the Al (111)-

lattice was revealed to provide a theoretical reference and guidance for electrodeposition of 

aluminum in ionic liquids. All calculations have been carried out using the HF and B3LYP 

method and the 6-31G and LANL2DZ basis sets from the program package gaussian 03 [49]. 

For each of the crystal systems, there is, in principle, an infinite number of the possible 

lattice that can be exposed. The interval of the closest approach of atoms is 0.28630 nm [50]. 

In this model, we use the Al (111) - lattice formed by the crystal plane of Al atoms (Figure 1). 

 

Figure 1. Two layers of Al-surface formed by aluminum atoms on (111) crystal plane. 

Pyridine, C5H5N, is a mixed heterocyclic compound containing one nitrogen atom. The 

homologs of pyridine are commonly called pyridine bases. So, pyridine can be mixed at all 

rates with water and the most common organic solvents with a boiling point of 35°C higher 

than benzene. Some important compounds include pyridine,2-methypyridine(2- picoline),3- 

methypyridine(3-picoline),4-methypyridine(4-picoline),2,4-dimethypyridine(2,4-

lutidine)(Figure 2) [50].  
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Figure2. (a) Pyridine and  four derivatives including (b) 2-picoline, (c) 3-picoline, (d) 4-picoline, (e) 2, 4-

lutidine. 

Then the adsorption model of pyridine and its derivatives on the Al (111)-lattice have 

been optimized by gaussian 03 (Figure 3).  
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Figure 3. Al (111) - lattice formed by crystal plane of Al atoms adsorbed by pyridine and its derivatives. 

The stabilization Energy, Es, is given as: 

Es= Ep- Er                                                                  (1) 

Es
+ = Ep

+- Er
+                                                                                          (2) 

where Ep represents the total energy of the given adsorption model consisting of non-

protonated pyridine by its derivatives and the Al (111)-lattice, 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
+  show the protonated stabilization Energy with Ep represents 

the total energy of the given adsorption model consisting of protonated pyridine by its 

derivatives, and the Al (111)-lattice, Er is the total energy of the protonated complex of the 

inhibitor and the energy of the aluminum- surface. 

Other theoretical elements consist of the electronic charge (Q), the change value of the 

electronic charge of the ─NH + part in the pyridine cycle (∆Q NH +), the changes of the 

electronic charge of the aluminum - lattice (∆Q Al(111)- lattice), the adsorption distance (R), 

adsorption angle (A), and the adsorption dihedral angle (D). 

3. Results and Discussion 

Some inhibitor materials like phosphates, silicates, nitrates, nitrites, benzoates, N-

heterocyclic compounds, and others influence the reaction in the cathode. Inhibitor materials 

of this forme have been applied in the water media [50]. 

Inhibitor materials usually only decrease corrosion, but sometimes such as H2O groups 

proper, inhibition can prevent the corrosion. A surface does this action through the reactions of 

anode or cathode. Chromate prevents the reactions of the anode by using chromate conversion 
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coatings as an inhibitor for Al-surfaces. If anodic inhibitors are not enough, they may prevent 

the corrosion to limited positions and multiply the corrosion at other localized positions. 

In fact, in this research, the electronic foundation of substances of the inhibitor and the 

Al-aluminum lattice is important. The efficiency of an organic inhibitor of metallic corrosion 

depends on the structure of the inhibitor molecule and properties of the medium on the nature 

of the metal and the other experimental situations. With these experimental situations, the 

electronic foundation of the organic molecule of inhibitors has a principal impact on the yield 

of corrosion of the metal. 

In this model, inhibitor molecules of pyridine and four derivatives, including 2-picoline, 

3-picoline, 4-picoline, and 2,4-lutidine have been adsorbed at the Al(111)- lattice in an inclined 

state (Figure 3). We found the distance between N atom in the pyridine ring and the Al atom 

in the Al(111)- lattice [51]. 

3.1. Non-protonated pyridine and its derivatives.  

Table 1 has shown that the corrosion inhibition efficiencies might relate to the 

stabilization energies (Es) (Figure 4). The simple regressions are obtained with the inhibition 

efficiencies (η) and the change value of the net charge of the ─N group in the pyridine ring and 

four derivatives (∆QN) of 2-picoline, 3-picoline, 4-picoline, and 2,4-lutidine (Table 1). The 

linear regression shows the following relationships (Figure5):  

η=-3387.9 ∆QN - 1199.8         ,            R² = 0.7072                                       (3) 

Table 1. The calculated parameters of non-protonated pyridine and its derivatives. 
Inhibitor  RN-Al(1) (Å) AC(20)-N(19)-Al (1)   D C(20)-N(19)-Al (1)-Al (4)  ES (kcal/mol) ∆QN (e) ∆Q Al- lattice (e) η 

Pyridine 1.78 88.89 -11.89 -19.94 -0.36 0.57 20.80 

2-Picoline 1.79 146.51 -32.20 -25.33 -0.38 0.54 65.65 

3-Picoline 1.78 142.89 84.93 -18.91 -0.37 0.55 60.00 

4-Picoline 1.77 144.24 15.17 -19.48 -0.37 0.62 67.43 

2,4-Lutidine 1.79 149.02 91.52 -22.82 -0.38 0.56 99.00 

η is the inhibition efficiency of pyridine and its derivatives [20]. 

 
Figure 4. Calculated stabilization energies (Es) versus inhibition efficiencies (η) on the non-protonated pyridine 

and four derivatives of 2-picoline, 3-picoline, 4-picoline, and 2,4-lutidine. 
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Figure 5. The linear regression of inhibition efficiencies (η) versus the net charge of the ─N group (∆QN) in the 

pyridine ring and four derivatives of 2-picoline, 3-picoline, 4-picoline, and 2,4-lutidine. 

3.2. Protonated pyridine and its derivatives. 

It has been modeled the pyridine and four derivatives of 2-picoline, 3-picoline, 4-

picoline, and 2,4-lutidine as protonated compounds in hydrochloric acid (HCl) as weak bases 

(Figure 6). According to the values in Table 2, the charge changes of ─NH+ group (∆QNH
+) of 

the protonated pyridine and four derivatives of 2-picoline, 3-picoline, 4-picoline, and 2,4-

lutidine have been valued as the simple regression as follows (Figure 7):  

∆QNH+= 865.94 ES
+ + 227.15     ,      R² = 0.6245                       (4) 

  

Figure 6. Protonated Pyridine and four derivatives of 2-picoline, 3-picoline, 4-picoline and 2,4-lutidine in HCl. 
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Table 2. The calculated parameters of protonated pyridine and its derivatives in hydrochloric acid (HCl). 

Inhibitor  RN-Al(1)(Å) A C(20)-N(19)-Al (1) D C(20)-N(19)-Al(1)-Al(4) ES
+ (kcal/mol) ∆QNH+(e) ∆QAl- lattice (e) 

Pyridine 1.91 86.75 -10.96 -53.60 -0.32 1.11 

2-Picoline 1.95 132.56 -54.33 -43.31 -0.31 1.08 

3-Picoline 1.92 127.13 59.63 -45.52 -0.32 1.09 

4-Picoline 1.92 126.51 -7.80 -42.85 -0.30 1.07 

2,4-Lutidine 1.96 134.34 63.17 -31.57 -0.30 1.04 

 
Figure 7.The charge changes of ─NH+ group (∆QNH

+) of the protonated pyridine and four derivatives of 2-

picoline, 3-picoline, 4-picoline, and 2,4-lutidine versus protonated stability energy (ES
+ kcal/mol). 

Because the ─NH+ group of the protonated pyridine ring has a positive charge, it 

accepts the electron of the aluminum atoms easily; that is, it is an electron acceptor. The charge 

of the Al (111)-lattice is affected and turns positive by the adsorption, so the electronic transfer 

may be from the Al atom to the organic inhibitor through the frontier orbital of the interface 

when the inhibitor is adsorbed on the Al (111)-lattice (Figure 7). 

The N-Al adsorption distance has been obtained from the optimization calculations 

(Table 2). These results show that the N-Al covalent bond between the inhibitor and the Al 

(111)-lattice has been formed. 

Based on equation 2, Ep represents the total energy of the given adsorption model 

consisted of protonated pyridine derivatives and the Al(111)- lattice, Er is the sum of the total 

energy of the free protonated molecule of the inhibitor and the total energy of the Al (111)-

lattice without interaction. 

∆QNH
+ represents the change value of the net charge of the ─NH+ group in the pyridine 

ring. ∆QNH
+

 = Q’NH
+ - QNH

+; Q’NH
+

 is the charge of the ─NH+ group when the inhibitor is 

adsorbed on the Al (111)-lattice, QNH
+ (= QN + QH

+) is the net charge of the ─NH+ group of the 

protonated pyridine and its derivatives (Figures 6,7). 

3.3.  Co-adsorption modeling with a hydrogen atom and Cl - anion in acidic media.  

The key factor of their inhibition properties is their electronic and molecular structure 

characteristics but not their molecular areas. The results optimized by the HF method show that 

∆QNH
+= 865.94 ES

+ + 227.15 

R² = 0.6245
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they can be adsorbed on the Al(111)- lattice in the inclined states, and the inclined angles of 

the inhibitors adsorbed on the Al(111)- lattice. 

The Al (111)-lattice with one hydrogen and one Cl- was used as the substrate for 

modeling the co-adsorption (Figure 8). The results of the optimized calculation are shown in 

Table 3. 

Table 3. The quantum mechanical calculated of co-adsorption model with a hydrogen atom and Cl - anion. 

Pyridine 1.90 88.22 -8.21 1.42 2.09 -385.25 

2-Picoline 1.94 134.27 -43.39 1.41 2.09 -374.51 

3-Picoline 1.90 128.13 47.54 1.42 2.08 -371.84 

4-Picoline 1.91 127.80 1.41 1.42 2.09 -371.78 

2,4-Lutidine 1.95 137.27 43.75 1.42 2.08 -355.60 

Es= EAl(111)- lattice+H+Cl
-
+inhibitor– (EAl(111)- lattice+EH+ ECl

- +Einhibitor) 

Comparing Table 3 to 2, we can find the stabilization energy increases. It may be the 

adsorption of Cl-that causes the increase of the negative charge on the Al (111)-lattice, which 

improves the interaction between protonated pyridine and the Al (111)-lattice. We can 

conclude that the adsorption of the inhibitor is possible only at a lattice partially covered with 

hydrogen and Cl-. It is now clear why pyridine and its derivatives can act as an inhibitor of 

aluminum corrosion. 

 

Figure 8. Calculated stabilization energies (Es) versus bond length between nitrogen atoms and Al (1), R N-Al(1) 

(Å), on co-adsorption model with a hydrogen atom and Cl – anion for pyridine and four derivatives of 2-picoline, 

3-picoline, 4-picoline, and 2,4-lutidine. 

In this way, the molecule of pyridine is directed to the sheet in doing a single rotation 

with a carbon-carbon double bond above a single platinum element. It has been discussed that 

C2–Pt π-bond is higher than the carbon-nitrogen to platinum π-bond. 

4. Conclusions 

The adsorption, diffusion, and dissociation of pyridine, C5H5N, and four derivatives of 

2-picoline, 3-picoline, 4-picoline, and 2,4-lutidine on Al(111)-lattice have been investigated 

with density functional theory with LANL2DZ and 6-31G basis sets of theoretical level of 

gaussian 03 software. The potential energy of adsorption has been shown that pyridine 
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molecule is adsorbed through the aromatic cycle directed to the sheet. In this way, pyridine and 

the molecules of its derivatives maintain jointed to the sheet in acting the rotation movement 

by a carbon-carbon double bond on a single aluminum element. 

The computations are applied to discover the past practical results from the introduction 

for pyridine molecule and its organic derivatives on Al (111)-lattice. 

The characteristics of the protonated molecules of pyridine and its derivatives 

compounds depend on the electronic charges and also the π charge of the six-cycle. Pyridine 

and its derivatives have been adsorbed on the lattice of the Al electrode, mainly in their 

protonated forms. An adsorption template of the inhibitors can be possible, forming a junction 

between the nitrogen element and the molecule of the pyridine cycle near the element of the Al 

(111)-lattice in an inclined state.  
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