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Abstracts 

Quantum chemical study of some methylquinolines on inhibition of aluminium corrosion in hydrochloric acid and effect of 

methyl group at 5, 7 and 8 position on quinoline was investigated theoretically with the aid of material studio using density 

functional theory (DFT). The simulations were performed by means of the DFT electronic program DMol
3
 using the Mulliken 

population analysis in the Material Studio. DMol
3
 permitted the analysis of the electronic structures and energies of molecules, 

solids and surfaces. The analysis of the quantum chemical parameters, the adsorption parameters form the simulation of the 

molecules, the Mulliken and Hirshfeld values of the fukui indices for the three molecules of the 5-MeQ, 7-MeQ and 8-MeQ 

indicated that all the three molecules exhibits high potential for inhibition of aluminium corrosion in HCl environment, with 

5-MeQ being the best among all. The most popular parameters which play a prominent role are the eigen values of the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), the HOMO-LUMO gap (ΔE), chemical 

hardness and softness, electro-negativity and the number of electrons transferred from inhibitor molecule to the metal surface. 

All the molecules showed good corrosion inhibition tendency, however, 5-MeQ molecule gives better aluminium corrosion 

inhibition potential than other two molecules. The orientation of the Methyl substituent on the core quinoline was found to be 

responsible for intra-molecular intraction which leads to weaker attraction to the aluminium surface for the 7-MeQ and 8-MeQ 

molecules hence lower corrosion inhibition tendency than 5-MeQ molecule despite having the same molecular mass. 
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1. Introduction 

Generally the study of corrosion inhibition activity by some 

organic molecules and their derivatives on metals has been the 

subjects of investigations in the quest to design a befitting 

inhibitor on the basis of properties and environment of the 

metal in question [1]. However, a wide range of organic in-

hibitors offers desirable attributes such as non-toxicity, a 

variety of choices and readily availability [2]. Meanwhile, 

they cannot universally protect all metals in the same aggres-

sive media, thus prompting the search for efficient metal or 

medium-specific inhibitors. Consequently, organic inhibitors 

of various classes have been the subject of intensive research 

interest as potential materials for the surface protection of 

ferrous and non-ferrous metals and their alloys against ag-

gressive environments [3]. 

Just like iron, aluminium is globally widespread in appli-

cation, and as one of the less noble non-ferrous metal it has a 

strong tendency to undergo all forms of corrosion in aggres-

sive environments. Despite having a protected oxides films, it 

do undergo passivation (gradual removal of the protective 

oxides). The extraction of aluminium from its ore (bauxite) is 

virtually energy extensive and economically expensive ne-

cessitating the needs for protection against severe corrosion 

attack in corrosive environment [4, 5]. 

Hydrochloric acid is a common acidic medium for these 

purposes because it is more economical, efficient and less 

troublesome compared to other mineral acids. In the actual 

facts, Cl
-
 from various sources including neutral salts, has the 

ability to cause pitting corrosion at vulnerable spots of passive 

film-protected non-ferrous metal [6]. 

Many experimental methods and modern surface charac-

terization tools have been created to evaluate and characterize 

the performance of corrosion inhibitors for metals and alloys 

[7]. These methodologies are often expensive, time consum-

ing and tedious. Computational methods have already proven 

to be very useful in determining the inhibitors molecular 

structure and elucidating its electronic properties and reactiv-

ity. The aim of assessing the efficiency of a corrosion inhib-

itor, with the help of computational chemistry tools, is to 

search for compounds with desired properties, using mathe-

matically quantified and computerized forms [7]. The de-

velopment of DFT, force fields and molecular dynamic (MD) 

simulations, abolition, semi-empirical and Hartree-Fock 

model approaches provides potential solutions [8]. The pio-

neering work of Hohenberg and Kohn (1964) and Kohn and 

Sham (1965) [8] has made DFT one of the more popular tools 

among computational chemical methods, because it focuses 

on the electron density P(r) as the carrier of all information in 

the molecular ground state, rather than on a single-electron 

wave function [9]. Several molecular parameters and de-

scriptors widely used in the molecular characterization of 

corrosion inhibitors' effectiveness on the metal surfaces have 

been derived from DFT. Computational chemistry serve as a 

modern tool in developing novel molecules for the protection 

of metals and alloys that are important engineering contribu-

tors [10]. 

Methylquinolines are nitrogenous bicyclic heterocyclic 

compound with molecular formula of C9H9N, as such it is 

expected to show a reasonable inhibition against metallic 

corrosion because of its association with high electron density 

(10-π and 2-nonbondinggvc electrons) [11, 12]. Quinoline 

derivatives containing polar substituent such as methyl (–CH3) 

can effectively adsorb and form highly stable chelating com-

plexes with surface metallic atoms through coordination 

bonding [8]. The available studies for corrosion inhibition of 

quinoline molecules focuses on the nature and type of func-

tional groups (being substituted or non-substituted) attached 

to the quinoline molecule. To our knowledge, this is the first 

investigation for effect of position of substituent groups in 

corrosion inhibition for aluminium in acidic environment by 

quantum chemical method. However, the following Figures 1, 

2 and 3 are the structures of the methyl substituted quinolines 

at position five, seven and eight respectively as investigated 

by computational method. 

 
Figure 1. The structure of 5-MeQ. 

 
Figure 2. The structure of 7-MeQ. 

 
Figure 3. The structure of 8-MeQ. 
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2. Methodology 

2.1. Materials 

The materials and instruments used in this research include: 

aluminium, hydroxy-quinoline derivatives and Dell Computer 

Core i5 16G RAM of high resolution, install with Material 

studio Version 2017. 

2.2. Procedures 

2.2.1. Sketching of Molecules 

Materials Studio icon on the desktop was double-click to 

start the program. New project dialogue was opened and 

named according to structure of interest (5-MeQ, 7-MeQ, or 

8-MeQ,). This starts by sketching a ring, followed by the 

remaining parts of the molecule to produce the substituted 

quinoline molecule. This was achieved by choosing File, 

followed by New, from the menu bar to open the New Doc-

ument dialogue.3D Atomisticwas selected from the options 

and the Ok button was clicked.To sketch a ring and/or cyclic 

compounds, four, five and six membered rings are provided 

as templates in Materials Studio and can be sketched easily 

using the Sketch Ring tool. The Sketch Ring button was 

clicked on the Sketch toolbar. The cursor changed to the 

sketching cursor, with a number 6 in the centre of a ring de-

noting that a six-membered ring was drawn when clicking in 

the new document. The next step was to place the phenyl 

ring in the 3D Atomistic document. By default, the Sketch 

Ring tool generates a ring of carbons connected by single 

bonds. So, for a six-membered ring, it typically produces a 

cyclohexane ring minus the hydrogen atoms. However, by 

holding down the ALT key and clicking in the 3D Viewer, an 

aromatic ring was added directly. Other part of the molecule 

were attached to the ring by selecting the element in the 

dropdown list under „Element used to sketch” arrow. The 

cursor was moved over one of the carbon atoms in the 3D 

Viewer. When the atom changed colour to light blue, it was 

clicked on it. The cursor was moved away to sprout a bond. 

It was clicked again to place the other atoms eg carbon atom. 

Substituents are attached to appropriate position to create the 

quinoline derivative (eg 5-methylquinoline etc). The ESC 

key was pressed to cancel further drawing (Materials Studio 

8, 2017). 

The change in colour of the carbon atom as the cursor 

moves over it indicates that the carbon can be selected. After 

attaching all the required atoms to the molecule, the final 

step was to add the hydrogen atoms by clicking the Adjust 

Hydrogen button on the toolbar. The Adjust Hydrogen tool 

automatically fills up any empty valences in a structure with 

hydrogen atoms to satisfy them. The sketched structure 

needs to be cleaned by using the Clean tool to tidy up the 

geometry. 

2.2.2. Optimization of the Molecules 

The sketched molecules will not have an accurate geome-

try, so all molecules were subjected to geometry optimiza-

tion to refine the geometry of their structures so as to mini-

mize their torsional and conformational energies as well as 

global minimum energy of the molecules. This was achieved 

using the DMol
3
 geometry optimization task in Accelrys 

Material Studio 8.0. The access to the DMol
3
 optimization 

dialog box which allows the set up and displays the parame-

ters that control the simulation in a DMol
3
 optimization dia-

log task was traced either through the menu or through the 

Modules toolbar. The DMol
3
 toolbar on the Modules toolbar 

was clicked and Calculation from the dropdown list/task bar 

was selected to display the DMol
3
 calculation dialog box 

where the following properties; task: geometry optimization, 

quality: fine were selected, which set the geometry optimiza-

tion convergence thresholds for any change, maximum force 

and minimum displacement between optimization cycles. 

The optimization stopped when the energy convergence was 

satisfied, along with either the displacement or gradient cri-

teria. If the calculated initial gradients were below the 

threshold, the optimization will successfully stop without 

making a single step and without comparing displacements 

and energies. Three sets of convergence thresholds were 

available; coarse, medium and fine. The fine was selected 

which have values of 1 x 10
-5

 energy (Hartree), maximum 

force (Hartree Å
-1

) of 0.002 and maximum displacement (Å) 

of 0.05. The use symmetry box was checked, indicating that 

the symmetry information was used in the calculation, while 

spin unrestricted box which searches for spin unrestricted 

solution was not checked. The exchange correlation func-

tional theory level, LDA was selected followed by the PWC 

local density functional to be used was also selected. The 

geometry optimization was conducted and the optimized 

structures were saved for further use in quantum calculations 

of some structural and electronic properties. The following 

are the parameters to be assessed: 

HOMO (at orbital number), LUMO (at orbital number), 

Molecular Mass (g/mol), Dipole Moment (Debye), EHOMO 

(eV), ELUMO (eV), Gap Energy (ΔE) (eV), Ionization Poten-

tial (IP) (eV), Electron Affinity (EA) (eV), Global Hardness 

(η) (eV), Global Softness (σ) (eV)
-1

, Absolute Electronega-

tivity (χ) (eV), Chemical Potential (μ) (eV), Global Electro-

philicity Index (ω) (eV), Nucleophilicity Index (ε) (eV)
-1

, 

Electron Donating Power (ω
-
) (eV), Electron Accepting 

Power (ω
+
) (eV), Net Electrophilicity (∆ω

±
) (eV), Energy of 

Back Donation (ΔEb-d) (eV), Total Number of Electrons, 

Fraction of Electrons Transferred (∆N) [13-15]. 

2.2.3. Calculation of the Quantum Chemical 

Parameters 

The electronic structure of the molecules, including the dis-

tribution of frontier molecular orbitals EHOMO and ELUMO, Fukui 

indices were assessed, with a view to establishing the active 
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sites as well as local reactivity of the molecule [16]. The sim-

ulations were performed by means of the Density Functional 

Theory (DFT) electronic program DMol
3
 using the Mulliken 

population analysis in the Material Studio 8.0 software. 

DMol
3
permits analysis of the electronic structures and energies 

of molecules, solids and surfaces using DFT. Electronic pa-

rameters for the simulations include restricted spin polarization 

using the DND basis set and the Perdew Wang local correlation 

density functional. Local reactivity of the studied compounds 

was analysed by means of the Fukui indices (FI) to assess re-

gions of nucleophilic and electrophilic behaviour. The elec-

tronic and structural properties of a sketched molecule was 

requested through the Properties tab of the DMol
3
 calculation 

dialog. These properties were computed as part of the calcula-

tion and viewed using the DMol
3
 Analysis dialog. The proper-

ties that can be accessed through the Properties tab include: 

band structure, density of states (DOS), electron densities, 

frequencies, Fukui functions, optics, orbitals and population 

analysis (Materials Studio 8, 2017). 

2.2.4. Quench Molecular Dynamic Simulation 

One common molecular dynamics method, called quench 

molecular dynamics, perform a standard molecular dynamics 

calculation with an additional geometry optimization step, in 

which a geometry optimization is performed on every frame 

in the trajectory file. Effectively, molecular dynamics is used 

to sample many different low energy configurations (Materi-

als Studio 8, 2017). 

In this work, Forcite Plus were used to perform molecular 

dynamics on a system comprising organic molecules (The 

quinoline derivatives), and a metal (aluminium) surface. The 

aluminium surface was cleaved from the rutile form of the 

aluminium crystal structure. The molecule was placed on the 

surface, optimized before quench molecular dynamics was 

ran. A study table was used to look for the lowest energy 

conformation and finally was also used to calculate the 

binding energy which is the ultimate target (Materials Studio 

8, 2017). 

3. Results and Discussions 

 
Figure 4. Optimized structure, electrondensity, HOMO and LUMO of 5-MeQ. 

 
Figure 5. Optimized structure, electrondensity, HOMO and LUMO of 7-MeQ. 

 
Figure 6. Optimized structure, electrondensity, HOMO and LUMO of 8-MeQ. 
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Table 1. The Values of electronic parameters and Eigen values of 5-MeQ, 7-MeQ and 8-MeQ. 

Electronic/structural property 5-MeQ 7-MeQ 8-MeQ 

HOMO (at orbital number) 68 68 68 

LUMO (at orbital number) 69 69 69 

EHOMO (eV) -4.969 -4.932 -4.886 

ELUMO (eV) -3.092 -3.135 -3.141 

∆E (eV) 1.877 1.797 1.745 

Molecular mass (g/mol) C9H9N 131 131 131 

Ionization potential (IP) (eV) 4.969 4.932 4.886 

Electron affinity (EA) (eV) 3.092 3.135 3.141 

Absolute/Global hardness (η) 0.939 0.899 0.873 

Global softness (σ) 1.065 1.112 1.146 

Absolute electronegativity (χ) 4.031 4.034 4.014 

Total number of electrons 67 67 67 

Fraction of electrons transferred (∆N) 0.835 0.871 0.909 

Energy of back donation (∆Eb-d) -0.235 -0.225 -0.218 

Chemical Potential (μ) (𝑒𝑉) -5.124 -6.012 -5.917 

Electrophilicity Index (ω) (𝑒𝑉) 19.959 32.688 25.561 

Nucleophilicity (ε) (𝑒𝑉)−1 0.035 0.038 0.039 

Electron Accepting Power (𝜔+) (𝑒𝑉) 21.519 28.522 26.328 

Electron Donating Power (𝜔−) (𝑒𝑉) 65.912 58.351 49.429 

Net Electrophilicity (∆𝜔±) (𝑒𝑉) 87.431 86.873 75.757 

 

Quantum chemical calculations were performed in order to 

gain insights at the molecular level, electron distribution of 

the different inhibitor molecules used as well as to understand 

the nature of their interactions with the aluminium surfaces 

[17, 18]. The first consideration was to assess the electronic 

structures of the molecules, including the distribution of 

frontier molecular orbitals and Fukui indices, with a view to 

establish the active sites as well as local reactivity of the 

molecules [19]. In this research, 5, 7, and 8-methylquinolines 

are employed as the aluminium corrosion inhibitors tested 

theoretically in acid medium. The quantum chemical calcu-

lations for electronic and structural properties are shown in 

Table 1 of same substituent attached to the core quinoline. 

The most popular parameters which play a prominent role are 

the eigen values of the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO), 

the HOMO-LUMO gap (ΔE), chemical hardness and softness, 

electro-negativity and the number of electrons transferred 

from inhibitor molecule to the metal surface [20, 21]. 

EHOMO: Represents the energy of the highest occupied molec-

ular orbital. It indicates the ability of a molecule to donate elec-

trons (nucleophilicity). Higher       values imply better elec-

tron-donating ability [22, 23]. According to the frontier molecu-

lar orbital theory (FMO) of chemical reactivity, transition of 

electron is due to an interaction between HOMO (highest occu-

pied molecular orbital) and LUMO (lowest unoccupied molec-

ular orbital) of reacting species [24]. The energy of HOMO is 

directly related to the ionization potential and characterizes the 

susceptibility of the molecule toward attack by electrophiles. 

Higher values of EHOMO are likely to indicate a tendency of the 

molecule to donate electrons to appropriate acceptor molecules 

with low energy or empty electron orbital [25]. 

ELUMO Represents the energy of the lowest unoccupied 

molecular orbital. Indicates the ability of a molecule to accept 

electrons (electrophilicity). Lower       values imply better 

inhibition efficiency, as the molecule can accept electrons 

from the metal surface. 

                

Represent energy gap. A smaller gap indicates easier elec-

tron transfer, facilitating corrosion inhibition.      : Higher 
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values suggest better inhibition efficiency, as the molecule 

can donate electrons to the metal surface [26].      : Lower 

values indicate better inhibition efficiency, as the molecule 

can accept electrons from the metal surface [27]. Higher 

      and lower      values typically correspond to better 

corrosion inhibition efficiency [28]. A smaller    (gap en-

ergy) indicates a more effective corrosion inhibiton. Among 

the three molecules used as aluminium corrosion inhibitors in 

this study, the molecule with higher EHOMO and low ELUMO is 

5-MeQ. All the molecules used here inhibits the aluminium 

corrosion to high extent, but 5-MeQ here displays superior 

inhibition efficiency comparatively. 

Global Hardness (η): Measures the resistance to electron 

density changes. Higher η indicates a harder molecule, less 

prone to polarization. The values of global hardness obtained 

here in Table 1 is relatively high for almost all the molecules 

but higher in 5-MeQ. This shows that the 5-MeQ molecule 

functions effectively without undergoing any polarization 

which may hinder performance. Global Softness (σ) is the 

inverse of global hardness. Higher σ indicates a softer mole-

cule, more prone to polarization [29, 30]. 

Nucleophilicity: Measures the ability to donate electrons. 

Higher nucleophilicity indicates better electron-donating 

ability. The molecule 5-MeQ showed high nucleophilicity. 

This indicated direct confirmation of its better performance as 

inhibitor for aluminium corrosion [31]. 

Electrophilicity: Measures the ability to accept electrons. 

Higher electrophilicity indicates better electron-accepting 

ability [32]. 5-MeQ has the least electrophilicity among the 

three molecules. Ionization Potential (IP): The energy re-

quired to remove an electron. Lower IP indicates easier elec-

tron removal. Table 1 shows that IP = 5-MeQ˂ 7-MeQ ˂ 

8-MeQ in order of increasing ionization potential compara-

tively. 

Electron Affinity (EA): The energy released when an elec-

tron is added. Higher EA indicates easier electron addition 

[32]. Table 1 revealed that all the molecules used here have 

electron affinity, but 5-MeQ exhibits the highest. 

Absolute Electronegativity ( ): A measure of the tendency 

to attract electrons. Higher   indicates higher electronegativ-

ity. From the Table 1, 5-MeQ have highest values of ( ). 

Chemical Potential (µ): Measures the tendency of a mol-

ecule to gain or lose electrons [33]. Lower µ indicates a higher 

tendency to gain. Generally the Table 1 shown the correlation 

between the chemical potential of each molecule and its al-

uminium corrosion inhibition performance. 

Nucleophilicity Index ( ): A dimensionless parameter indi-

cating nucleophilicity. Higher 𝜔 indicates better nucleophilic-

ity [34]. There is a strong correlation between the value of 𝜔 

and corrosion inhibition of each of the molecules as shown in 

Table 1 above. 5-MeQ exhibit higher  comparably. 

Electrophilicity Index (𝜔): A dimensionless parameter in-

dicating electrophilicity. Higher 𝜔 indicates better electro-

philicity [34]. The electrofilicity index of each of the above 

hydroxy-quinolines tested here as corrosion inhibitors for 

aluminium is approximately related to the performance of 

each molecule as indicated in Table 1 above. 

Electron Accepting Power (ω
+
): Measures the ability of a 

molecule to accept electrons. Higher ω
+
indicates better elec-

tron-accepting ability, enhancing corrosion inhibition. Elec-

tron Donating Power (ω
-
): Measures the ability of a molecule 

to donate electrons. Higher ω
-
indicates better elec-

tron-donating ability, enhancing corrosion inhibition. The 

molecule 5-MeQ exhibit higher electron donating power (ω
+
) 

as shown in the Table 1 above.Net Electrophilicity (∆ω
±
): A 

comprehensive measure of electrophilicity, considering both 

electron-accepting and donating abilities. Higher ∆ω
± 

indi-

cates better overall electrophilicity, enhancing corrosion in-

hibition [35]. This is in agreement with what was obtained as 

shown in Table 1 for all the quinoline derivatives used here. 

Energy of Back Donation (     ): Measures the energy 

associated with the back-donation of electrons from the metal 

surface to the inhibitor molecule. It indicates the strength of the 

feedback bond between the metal and inhibitor. Lower energy 

values indicate stronger back-donation, enhancing corrosion 

inhibition. It stabilizes the metal-inhibitor complex, reducing 

metal reactivity. There is low values of energy of back Dona-

tion for all the molecules as indicated in Table 1 above. 

Fraction of Electron Transferred (  ): Measures the extent 

of electron transfer between the inhibitor and metal surface. It 

indicates the degree of charge transfer and covalent bonding. 

Higher    values indicate more electron transfer, enhancing 

corrosion inhibition.   facilitates the formation of a protective 

layer on the metal surface[35]. Generally there are adequate 

number of electrons transferred between the inhibitors and the 

metal for all the molecules used in this research. This has jus-

tified the inhibition performance of all the hydroxy quinoline 

molecules used as corrosion inhibitors for aluminium [35]. 

3.2. Quench Molecular Dynamic Simulation 

Table 2. The Statistical information for confirmation of electronic parameters for all the inhibitors. 

 5-Me 7-MeQ 8-MeQ 

K: H-(I+J) K: H-(I+J) K: H-(I+J) 

Number of sample points 3 3 3 
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 5-Me 7-MeQ 8-MeQ 

K: H-(I+J) K: H-(I+J) K: H-(I+J) 

Range 5.599100e-006 2.674590e-006 2.588430e-005 

Maximum -36.18401592 -37.69900337 -36.24262087 

Minimum -36.18402152 -37.69900604 -36.24264675 

Mean -36.18401828 -37.69900449 -36.24263015 

Median -36.18401742 -37.69900405 -36.24262283 

Variance 5.599170e-012 1.287820e-012 1.384530e-010 

Standard deviation 2.898060e-006 1.389870e-006 1.441110e-005 

Mean absolute deviation 2.154730e-006 1.037270e-006 1.106790e-005 

Skewness -0.27190500 -0.28344900 -0.37688200 

Kurtosis -2.33333000 -2.33333000 -2.33333000 

 

The statistical Table 2 provide insights into the electronic 

parameters of different quinoline derivatives based on the 

values of K:H−(I+J)K: H-(I+J)K:H−(I+J). Key statistical 

metrics such as range, mean, median, variance, standard de-

viation, skewness, and kurtosis have been used to describe the 

electronic behaviour of each molecule. 

Variation in Electronic Parameters: The range of values 

varies significantly across the quinoline derivatives. The 5-Me, 

7-MeQ, and 8-MeQ show extremely small ranges (in the order 

of 10−610^{-6}10−6 or lower), suggesting very stable elec-

tronic properties [36]. The mean and median values are very 

close for all the compounds, suggesting a symmetric distri-

bution of data [36]. 

Skewness measures the asymmetry of the distribution.The 

5-MeQ and 8-MeQ exhibit negative skewness, suggesting a 

longer left tail.Most values are close to zero, meaning the data 

is fairly symmetric [36].The kurtosis values are consistently 

around -2.333, suggesting a platykurtic distribution (flatter 

than a normal distribution).This means the data distributions 

are broad and have fewer extreme values (outliers) [37]. The 

Large variance and standard deviation indicate significant 

dispersion, meaning the electronic parameters fluctuate 

widely.Low variance (8-MeQ: 1.38 × 10⁻¹⁰) suggests very 

little variation, meaning highly stable electronic proper-

ties.The 5-Me, 7-MeQ, 8-MeQ compounds have very low 

range and variance, this has justified their stable electronic 

properties.This stability could make them more predictable 

for applications requiring consistent electronic behavior [37]. 

For Corrosion Inhibition: Stable electronic parameters 

may indicate consistent adsorption behavior, making these 

derivatives (5-Me, 7-MeQ and 8-MeQ) better corrosion in-

hibitors. For Electronic Applications, 5-MeQ, 8-MeQ could 

be useful in applications where consistent electronic proper-

ties are required due to their Low variance and high stability 

[38]. 

Table 3. The Values of adsorption parameters for the interaction of 5-MeQ, 7-MeQ and 8-MeQ with the Al (110) surface. 

Adsorption properties(kcal/mol) 5-MeQ 7-MeQ 8-MeQ 

Total kinetic energy 20.86564353 20.86564353 20.86564353 

Total potential energy 49.33195320 28.73858242 43.85037143 

Energy of molecule 57.03095656 64.92259834 80.09299230 

Energy of Al(110) surface 0.00000000 0.00000000 0.00000000 

Adsorption energy -37.69900337 -36.18401592 -36.24262087 

 

The binding energy (Ebind) between the metal surface and the inhibitor molecules are presented on Table 3. To quanti-
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tatively estimate the interaction between each quinoline and 

the aluminium surface, the adsorption/binding energy, (Eads / 

Ebind), was calculated using Equation: Binding Energy = Etotal 

– (Einhibitor + EAl surface). In each case, the potential energies 

were calculated by averaging the energies of each structure's 

lowest energy. As can be seen from the data, the binding 

(adsorption) energies are all negative suggesting stable ad-

sorption structures [38]. However, the magnitude of the cal-

culated binding energies is < 100 kcal mol
−1

. This is despite 

the fact that the simulations did not take into consideration the 

specific covalent interactions between the molecules and the 

Al surface. This has been reported by by [38] to be in the 

range of physisorptive interactions. From the Table 3, it is 

observed that the binding energies for the quinoline molecules 

on Al (110) slab are of the magnitude between -30.60 to 

-50.69 (kcal mol
−1

). This implies that the molecules are partly 

adsorbed on the Al surface. A detailed analysis of the on-top 

view of the adsorbed molecules on Al (110) emphasizing the 

soft epitaxial adsorption mechanism with accommodation of 

the molecular backbone in characteristic epitaxial grooves on 

the metal surface [38]. 

3.3. Fukui Indices 

The sites at which an atom can bind to the metal surface is 

very important in corrosion studies. The figures in the pren-

tices are the positions of each atom in the molecule, and the 

values outside are the extent of nuleophilic or electrophilic 

interaction of the atom with the aluminium surface as shown 

in Table 4 below. 

Table 4.Sites For Electrophilic And Nucleophilic Attack (Fukui Indices). 

Molecule 

Electrophilic (F-) Nucleophilic (F+) 

Mulliken Hirshfeld Mulliken Hirshfeld 

Atom Value Atom Value Atom Value Atom Value 

5-MeQ C (05) 0.105 C (03) 0.097 C (10) 0.120 C (10) 0.106 

 C (09) 0.101 C (04) 0.091 C (04) 0.103 C (04) 0.102 

 C (04) 0.092 C (07) 0.090 C (09) 0.102 C (05) 0.098 

 C (10) 0.114 C (10) 0.102 C (05) 0.101 C (03) 0.097 

 C (04) 0.106 C (07) 0.100 C (03) 0.099 C (09) 0.092 

7-MeQ C (05) 0.105 C (03) 0.097 C (10) 0.120 C (10) 0.106 

 C (07) 0.101 C (04) 0.091 C (04) 0.103 C (04) 0.102 

 C (04) 0.092 C (09) 0.090 C (09) 0.102 C (05) 0.098 

 C (10) 0.114 C (10) 0.102 C (05) 0.101 C (03) 0.097 

 C (04) 0.106 C (07) 0.100 C (03) 0.099 C (09) 0.092 

8-MeQ C (05) 0.105 C (03) 0.097 C (10) 0.120 C (10) 0.106 

 C (08) 0.101 C (04) 0.091 C (04) 0.103 C (04) 0.102 

 C (04) 0.092 C (09) 0.090 C (08) 0.102 C (05) 0.098 

 C (10) 0.114 C (10) 0.102 C (05) 0.101 C (03) 0.097 

 C (04) 0.106 C (04) 0.100 C (03) 0.099 C (08) 0.092 

 

The Fukui functions derived from Density Functional 

Theory (DFT) calculations and provides insight into how 

electron density redistributes when adding or removing an 

electron [39]. The local reactivity of the inhibitor molecules 

was analyzed through the evaluation of Fukui indices. The 

condensed Fukui functions allowed us to distinguish each part 

of the molecule on the basis of its distinct chemical behaviour 

due to different functional group or substituent [40]. Thus, the 

site for nucleophilic attack will be the place where the value of 

F
+
 is a maximum and the site for electrophilic attack will be 

the place where the value of F
-
 is maximum [40]. 

The values of the Fukui functions for a nucleophilic and 

electrophilic attack for all the inhibitors as given in Table 4 

(for the nitrogen the carbon atoms). Inspection of the values of 
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Fukui functions presented shows that the quinoline deriva-

tives have propitious zones for nucleophilic cattack located on 

(C and N). The HOMO location on each molecule agrees with 

the atoms that exhibit greatest values of indices of Fukui, both 

indicated the zones by which the molecule would be adsorbed 

on the aluminium surface [40]. 

Electrophilic Attack Susceptibility: This measures the change in 

electron density when an electron is added to the system.High values 

electrophilic attack susceptibility indicate regions that are more 

susceptible to electrophilic attack.In quinoline derivatives, this is 

crucial for understanding interactions with electrophilic species, 

such as protons or metal ions[40]. 

Nucleophilic Attack Susceptibility: This measures the 

change in electron density when an electron is removed from 

the system.High values of nucleophilic attack susceptibility 

indicate sites where nucleophiles are likely to attack.This is 

particularly useful in studying quinoline derivatives‟ interac-

tions in redox reactions [41]. 

For the5-MeQ, 7-MeQ, and 8-MeQ, the presence of the 

methyl (-Me) group slightly modifies the electron density 

distribution, affecting reactivity.Typically, methyl groups 

donate electron density, making adjacent positions more 

susceptible to electrophilic attack. 

 
A 

 
B 

Figure 7. The final side snapshots of adsorbed 5-MeQ, 7-MeQ and 8-MeQ molecules, from left to right respectively, on aluminium (110) 

reflection. (A) Single molecules. (B) Many molecule. 

Further information on the interaction between the inhibi-

tors and the aluminium surface can be provided by the mo-

lecular dynamics simulations. The adsorption of quinoline 

derivatives molecules on the aluminium surfaces were ana-

lyzed at a molecular level by molecular dynamics simulations, 

using Forcite quench molecular dynamics to sample many 

different low energy configurations and to identify the low 

energy minima [42]. As shown in Figure 7, the optimized 

molecules were used for the simulation. Solvent and charge 

effects were neglected in all the simulations and calculations 

were performed at the metal/vacuum interface [42]. Although 

this is clearly an over simplification of the actual situation, it 

is adequate to qualitatively illustrate the differences in the 

adsorption behaviour of the molecules and provide sufficient 

insight to the study objectives [43]. 

Figure7 shows representative snapshots of the cross-section 

of the lowest energy adsorption configurations for the single 

molecules on the Al (110) surface from the top (A) and for 

more than one molecule from the bottom (B). The molecules 

can be seen to maintain a flat-lying adsorption orientation on 

the metal surface thereby maximizing contact and enhancing 

the degree of surface coverage. This parallel adsorption ori-

entation also facilitates interaction of π - electrons of the 

quinoline nucleus and the heteroatom (N) in the molecules 

with the metal surfaces [44]. 

4. Conclusion 

From the analysis of the quantum chemical parameters, the 

adsorption parameters from the simulation of the molecules, 

the Mulliken and Hirshfeld values of the fukui indices for the 

three molecules of methylquinolines (5-MeQ, 7-MeQ and 

8-MeQ); all the three molecules exhibits very high potential 
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for inhibition of aluminium corrosion in HCl environment. 

However, 5-MeQ is superior to 7-MeQ and 8-MeQ. The dif-

ference in the quantum chemical properties responsible for 

high inhibition efficiency shown by the molecules despite 

having the same mass and structure is believed to come from 

orientation of the methly substituent (−CH3) position on the 

parent quinoline molecule. Intra-molecular interaction is 

suspected to occurred in 7-MeQ and 8-MeQ which leads to 

poor donation of free electron from the entire molecule in the 

formation of the metal-inhibitor complex. The stronger the 

intra-molecular interaction, the slower the complex formation 

hence reduced inhibition efficiency. Methyl group at position 

5 do not likely form intra-molecular interaction, as a result, 

5-MeQ readily form complex with the aluminium and dis-

played excellent properties for higher corrosion inhibition 

performance than other two molecules. Corrosion inhibition 

efficiency of heterocyclic compound can be influence by the 

position of substituent attached to the parent molecule. 

Abbreviations 

5-MeQ 5-Methylquinoline 
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