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Abstract: Molecular dynamic (MD) simulations and quantum chemical calculations were used to study the adsorption and inhibitive 

effect of (Z)-2-(2-(henicos-12-en-1-yl)-4,5-dihydro-1H-imidazol-1-yl) ethan-1-amine (HNED and 2-(2-((10Z 13Z)-nonadeca-10,13-dien-

1-yl)-4,5-dihydro-1H-imidazol-1-yl)-ethan-1-ol (NDDI) on iron at333 K and 353K using different chemical parameters. The results show 

the imidazoline ring to lay out plainly with the iron surface, with the molecules having different geometry structures at the different 

temperatures studied. The active sites for adsorption of these molecules were shown to be the N=C-N region on the imidazoline ring, the 

double bonded carbons atom at the hydrophobic tail and the rarely nitrogen and oxygen heteroatoms. Considering both the molecular 

dynamic simulation and the quantum chemical calculations, the order for the inhibitive/adsorption effect is given as NDDI > HNED at 

geometry optimization, NDDI > HNED at 333 K and HNED > NDDI at 353 K. Theoretically NDDI is more preferred based on the 

results obtained using their geometry optimized structures. The molecules are said to be physically adsorbed on the iron surface. 
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1. Introduction 
            

Metals and their alloys, most especially iron is used widely 

in industrial fields. The corrosion of metals lead to huge 

financial losses and many potential safety issues [1]. As a 

protection technique, the addition of corrosion inhibitor is a 

very good way to keep metals and their alloys away from 

corrosion from the environment [2]. Most corrosion 

inhibitors are mainly organic compound which slow down 

the corrosion process of a metal through the mechanism of 

adsorption [3] which is influenced by factors such as steric 

effect, electronic structure, aromaticity, electron density at 

the donor atoms and p-orbital character of the donating 

electrons [4]. Amines and their salts are said to be the most 

economic and effective corrosion inhibitors for oil and gas 

wells [5]. Imidazoline is a typical amine-nitrogen compound 

which is heterocyclic in nature. Heterocyclic organic 

compounds consisting of a π-system or heteroatoms such as 

N, S, or O are said to be good corrosion inhibitors and are 

used to prevent the deterioration of metals [6]. The lone 

electron pairs of electron in the hetero atoms and the 

planarity of a molecule are important features that determine 

the adsorption of molecules on the metallic surface [7]. 

Organic compounds also have heteroatoms such as nitrogen, 

oxygen, Sulphur and phosphorous in their aromatic or long 

chain system. The presence of these heteroatoms and 

suitable functional groups can trigger the adsorption of the 

inhibitor on the metal surface and are mostly assumed to be 

the active sites of a particular molecule [8]. 

 

Theoretical studies at molecular level have been reported to 

aim at gaining insight on the molecules chemical activities 

[9] and mostly in the study of the corrosion inhibition 

processes [10] considering model molecules and their 

structural and electronic properties. This includes quantum 

chemical calculations which have proven to be a very useful 

and powerful tool for studying the mechanism of corrosion 

inhibition [11].There is a strong relationship between the 

corrosion inhibition efficiencies/adsorption ability of most 

compounds with several quantum chemical parameters such 

as the works reported on Vinyl imidazole derivatives [12], 

Triazoles and Benzimidazole derivatives [13], Shift bases 

[14] and some Quinoxaline derivatives [15] just to mention a 

few. The quantum chemical principle is a very useful tool in 

predicting the inhibition potential of structurally related 

organic compound [16]. Molecular dynamic simulation 

gives a better understanding of how inhibitor molecules 

behave on a metal surface. Molecular dynamic study is very 

important for understanding structural changes, interactions 

and energetics of molecules which can greatly enhance our 

ability to control the essential interfacial properties of a 

system in a wide variety of problems e.g. corrosion. As such 

the adsorption of inhibitor molecule on surfaces has recently 

become the subject of intensive investigation in the study of 

corrosion [17]. 

 

In this study two imidazoline derivatives consisting mainly 

of the „head‟ (heterocyclic ring), the „anchor‟ (or „pendant‟) 

the substituent attached to the heterocyclic ring and the „tail‟ 

(the long alkyl hydrophobic tail) [18]wereinvestigated. 

Molecular dynamic simulation was performed to simulate 

the adsorption and to determine the modes of adsorption of 

these imidazoline derivatives on iron surface in a 

vacuum/gas phase in order to understand the interactions 
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between these molecules and the Fe surface. The interaction 

energy, binding energy, bond length and natural atomic 

charge have all been calculated for each of the dynamic 

structures obtained from the molecules at the two 

temperatures studied. Quantum chemical calculations were 

performed in the vacuum/gas phase at 333 K and 353K. 

Parameters such as dipole moment (), energy of 

deformation (Đ) van der waals accessible area (ʌ), highest 

occupied molecular orbital energy (EHOMO), lowest 

unoccupied molecular orbital (ELUMO), energy gap (ΔE), 

absolute electro negativity (χ), electron affinity (A), 

ionization potential (I), global hardness (ƞ), global softness 

(S), number of electron transfer (ΔN) and Fukui function 

f(r)were calculated to determine the active adsorption sites 

of the imidazoline molecules. The chemical structures of the 

compounds studied are shown in Table 1. 

 

Table 1: Name, chemical formula, abbreviation, structure and molecular weight of the imidazoline derivatives 
Name Chemical 

formula 

Abbreviation Structure Molecular 

weight(g/mol) 

(Z)-2-(2-(henicos-12-en-1-yl)-

4,5-dihydro-1H-imidazol-1-yl) 

ethan-1-amine 

 

 

C26H51N3 

 

HNED 
N

N

H

H

N

H

H

 

 

405.70 

2-(2-((10Z,13Z)-nonadeca-

10,13-dien-1-yl)-4,5-dihydro-

1H-imidazol-1-yl) ethan-1-ol 

 

 

C24H44N2O 

 

NDDI 

N

N
H

H

H

H

O H

 

 

376.60 

 

2. Computational Details 
 

This study was performed using Material Studio 

softwaredeveloped byAccelyrs Incorporation San Diego 

California. This software is a high-quality quantum 

mechanics computer program. This study employed three 

modules as described on the Accelrys website and they are 

Forcite module (an advanced classical molecular mechanical 

tool that allows fast energy calculations and reliable 

geometry optimization of molecules and periodic system), 

Vamp module (a semi empirical molecular orbital package 

for molecular organic and inorganic system) [19] and Dmol³ 

module (a program which uses the density functional theory 

(DFT) with a numerical radial function basis set to calculate 

the electronic properties of molecule cluster surface and 

crystalline solid materials from the first principle [20]. In 

this study the molecules were sketched, the hydrogens were 

adjusted and the molecules were cleaned using sketch tool 

available in the material visualizer.  

 

The molecular dynamic simulation was done using the 

forcite module in a simulation box of dimension (20.1Å × 

8.6Å ×34.4Å) with periodic boundary conditions to model a 

representative part of the interface devoid of any arbitrary 

effects. The box consists of an iron slab and a vacuum layer 

of height 28.1Å. The Fe crystals was cleaved along the (001) 

plane with the uppermost layer released and the inner layer 

fixed. 

 

The MD simulation was performed at temperatures of 333K 

and 353K respectively. The number of particle and the 

volume of each system in the ensemble are constant and the 

ensemble has a well-defined temperature (NVT Ensemble) 

with a time step of 0.1fs and simulation time of 5ps to show 

the effect of change in temperatures on the molecule 

properties. The value of the interaction energy of the 

molecules and the Fe (001) surface was calculated according 

to the following equation [21]  

           (1) 

 

Where EFe – molecule   is the interaction energy, Ecomplex is the 

total energy of the Fe crystal together with the adsorbed 

inhibitor molecule, EFe is the total energy of the Fe crystal 

and Emoleculeis the total energy of the inhibitor molecule. 

 

The binding energy is the negative energy of the interaction 

energy and it is given as 

                   (2) 

 

For the whole simulation procedure, the force field CVFF 

(Consistent Valence Force Field) was used. It is mainly used 

for the study of structures and binding energy, though it can 

also predict vibrational frequencies and conformation energy 

reasonably well. 

 

In order to further clarify the adsorption mechanism of the 

selected molecules quantum chemistry calculations were 

performed using two modules which are Vamp and Dmol
3
 

modules. Using the Vamp module, theoretical calculations 

were carried out at the Restricted Hartree-Fock level (RHF) 

using the Hamiltonian parametric method 3 (PM3) which is 

based on the neglect of diatomic differential overlap 

(NDDO) approximation. The BLYP (from the name Becke 

for the exchange part and Lee, Yang and parr for the 

correlation part) functional method was used using the 

Dmol
3
 module via DNP basic set. The Dmol

3
 uses the 

density functional theory (DFT). DFT has provided a very 

useful tool for understanding molecular properties and for 

describing the behavior of atoms in molecules. DFT 

methods have become very popular in the last decade due to 

their accuracy and shorter computational time. DFT has 

been found to be successful in providing insights into 

chemical reactivity and selectivity, in terms of global 

parameters such as electro negativity (χ), hardness (ƞ), and 

softness (S), and local ones such as the Fukui function f(r) 

and local softness s(r). Thus, for an N-electron system with 

total electronic energy E and an external potential v(r), the 

chemical potential ɣ, known as the negative of the electro 

negativity χ, has been defined as the first derivative of E 

with respect to N at constant external potential v(r) [22] 
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                            (3) 

 

Hardness (ƞ) has been defined within DFT as the second 

derivative of E with respect to N at constant external 

potential v(r) [22] 

                    (4) 

 

The number of electrons transferred (ΔN) from the inhibitor 

molecule to the metal surface can be calculated by using 

equation (5) [23] 

                        (5) 

 
where χFeand χmole denote the absolute electro negativity of 

iron and the molecule, respectively, and ƞFeand ƞmole denote 

the absolute hardness of iron and the molecule, respectively. 

In this study, we use the theoretical value of χFe=7.0 eV and 

ƞFe = 0 for the computation of number of transferred 

electrons [23]. The difference in electronegativity drives the 

electron transfer, and the sum of the hardness parameters 

acts as a resistance [24]. Electron affinity (A) and ionization 

potential (I)are related in turn to the energy of the highest 

occupied molecular orbital (EHOMO) and of the lowest 

unoccupied molecular orbital (ELUMO) using equations (6) 

and (7) [25] 

               (6) 

 

(7) 

 

Electronegativity (χ) is the measure of the power of an atom 

or group of atoms to attract electrons towards itself [26] and 

according to Koopman‟s theorem, electronegativity and 

global hardness is related to the electron affinity (A) and 

ionization potential (I) according to equation (8) and (9) 

 

 (8) 

 

ƞ =  ,  ƞ = -      (9) 

 

According to Yang and Parr, 1985 Global softness (S) can 

also be defined as the reciprocal of the global hardness as 

shown according to equation (10) 

 

 S =                          (10) 

 

The local reactivity of the imidazoline molecules was 

analyzed through evaluation of the Fukui indices [27]. The 

Fukui indices are measures of chemical reactivity, as well as 

an indicative of the reactive regions and the nucleophilic and 

electrophilic behavior of the molecule. Regions of a 

molecule where the Fukui indices is large are chemically 

softer than regions where the Fukui indices is small, and by 

invoking the hard and soft acids and bases (HSAB) principle 

in a local sense, one may establish the behavior of the 

different sites with respect to hard or soft reagents. The 

Fukui function f(r) is defined as the first derivative of the 

electronic density ρ(r) with respect to the number of 

electrons N at constant external potential v(r). Thus, using a 

scheme of finite difference approximations from Mullikan 

population analysis of atoms in MOP and depending on the 

direction of electron transfer, we have [27]. 

(11) electrophilic attack  

 

(12) nucleophilic attack   

  

Wheref
-
, f

 +
, , , and are the Fukui negative, Fukui 

positive, electronic densities of anionic, electronic densities 

of neutral and electronic densities of cationic species, 

respectively. 

 

The N corresponds to the number of electrons in the 

molecule. N+1 corresponds to an anion, with an electron 

added to the LUMO of the neutral molecule while N-1 

corresponds to the cation with an electron removed from the 

HOMO of the neutral molecule. All calculations in this 

study were done on the structures at geometry optimized, 

at333K and at 353K. The colour codes for the atoms in the 

molecules studied are gray for carbon, blue for nitrogen, red 

for oxygen and white for hydrogen. And the atoms have 

been numbered (FIG 2) for an in depth understanding of the 

role played by each of the atoms present in the molecules  

 

3. Results and Discussions 
 

3.1 Molecular dynamic simulation  

 

An adsorption model containing one imidazoline derivative 

molecule at a time and Fe surface was built using the 

Materials Studio software, and the simulation was performed 

using theForcitemodule resulting in the modes of adsorption 

of the imidazoline derivatives at geometry optimization, 333 

K and 353K on iron surface. These are shown in Fig.1a and 

1b. Equilibration of the system is established by the steady 

average values of energy as well as temperature [21]. The 

close contacts between the inhibitor molecules and iron 

surface as well as the best adsorption configurations for the 

compounds are shown in Fig.1. The calculated interaction 

and binding energy obtained from the molecular dynamics 

simulation are shown in Table 2. According to the modes of 

adsorption of the three (3) imidazoline derivatives on Fe 

(001) surface it is observed that the head group of the 

imidazoline molecule is mostly attached plainly to the metal 

surface while the alkyl hydrophobic tail deviates from the 

metal surface consequently preventing the surface from 

H2O. In this way, the exposed part of Fe surface can be 

reduced by the covering of the inhibitor molecules, 

consequently creating a barrier between the surface of the 

metal and the corrosive agents [28]. 
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(i)                                                     (ii)                                                         (iii) 

Figure 1: (a)Modes of adsorption of HNED at (i) geometry optimization (ii) 333 K and (iii) 353 K 

 
(i)                                                      (ii)                                                         (iii) 

Figure 1: (b) Modes of adsorption of NDDI at (i) geometry optimization (ii) 333 K and (iii) 353 K 

 

The values of the interaction energies are shown in Table 2, 

the two molecules show very low interaction energy at the 

two temperatures studied. The more negative the interaction 

energy the more it can effectively interact with the iron 

surface and the higher the binding energy and the inhibition 

efficiency. It is seen that all the molecules studied have a 

positive binding energy. The larger the value of the binding 

energy, the stronger the bonding between the molecules and 

the iron surface, the easier the molecules is adsorbed on the 

iron surface and thus the higher the inhibitor efficiency. 

NDDI shows the lowest interaction and highest binding 

energy at 333 K, while HNED shows the lowest interaction 

and highest binding energy at 353 K. 

 3.1.1 Geometry optimized structures, equilibrium 

geometry structures and energies of HNED and NDDI 

The geometry optimized structures and the equilibrium 

structures of HNED and NDDI are shown in Fig. 2. At 

geometry optimization, the system is said to be at the 

minimum energy state. The entropy of the molecules at 

geometry optimization can be said to be equal to zero. At 

equilibrium (333K and 353K) the entropy of the molecules 

increases due to temperature. The geometry of the molecules 

at equilibrium is brought about when the temperature and 

the energy of the system/molecules reach a balance [21]. It 

is also observed that the energy at geometry optimization is 

lower than the energy at equilibrium for each molecule as 

seen in table 2. This is because the temperature at 

equilibrium increases the entropy of the atoms in the 

molecule which leads to an increase in the energy of the 

system (molecule). Thus, the geometry optimized structures 

is said to be the most stable structure. 

 

3.1.2 Minimum Distance between Fe surface and 

imidazoline molecules 

Table 2 shows the Minimum distance between each of the 

adsorbed imidazoline derivatives and the Fe surface at 

equilibrium (333 K and 353 K). From Table 2 it is seen that 

3.078 Å to 3.410 Å are the minimum distance range 

observed between the imidazoline derivatives and the Fe 

surface. Due to the high distance value (d > 3 Å) [29, 30] 

observed between the imidazoline molecules and the Fe 

surface, it suggests the imidazoline molecules are physically 

adsorbed on the Fe surface.  
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Table 2: Interaction, binding, molecular energy and distance between Fe surface and the imidazoline derivatives of HNED 

and NDDI 

 Interaction Energy (Kcal/mol) Binding Energy (Kcal/mol) Molecular Energy (Kcal/mol) Distance (Å) 

 333 K 353 K  333 K 353 K Geo Opt 333 K 353 K 333 K 353 K 

HNED  -151 -191  151 191 74 166 171 3.398 3.329 

NDDI  -192 -150  192 150 60 167 143 3.078 3.410 

Figure 2: Structures of HNED and NDDI at Geometry optimization, 333 K and 353 K 

 

3.1.3 Bond length analysis 

Figure 3 shows the bond length in Armstrong unit (Å) for 

the geometry optimized and equilibrium structures of the 

molecules. It is observed that changes in the structural 

orientation of the atoms in the molecules at different 

temperatures bring about a change in the bond length of each 

of the atom in the molecule from each other. This clearly 

shows that at the two temperatures studied the inhibitors 

assume different conformations (Fig. 2). The changing 

structures of these inhibitor molecules at the two 

temperatures studied also reveals an effect on bond angles 

by torsional strain. It is clearly seen that atoms which are 

connected by double bonds shows shorter bond length than 

the ones connected by single bonds which is a known fact in 

chemistry. Energy of a certain value has to be supplied in 

order to break any bond. This means that the closer the 

nuclei of the bonding atoms are a greater supply of energy is 

needed to separate the atoms due to large force of attraction 

between the atoms. In other words, short bond length 

requires high dissociation energies to break the bond. From 

Fig. 3 it is observed that the heteroatoms (nitrogen and 

oxygen) bonded to a carbon atom show a shorter bond 

length than the carbon to carbon bond length at geometry 

optimized and at equilibrium (333 K and 353 K) structures. 

It means that more energy will be required to break this 

bond and hence a high chemical reactivity. The shorter the 

bond length the higher the bond energy and the higher is the 

reactivity of the bond. 

 

3.1.4 Natural atomic charge 

From conventional chemical theory, all chemical 

interactions can be by electrostatic or orbital interactions. 

Electrostatic interaction is propelled by the presence of 

electric charge on the molecule involved. Local electric 

charges have been proven to be very important in several 

chemical reactions as well as physiochemical characteristics 

of compounds [21]. Fig. 4shows the natural atomic charges 

in coulombs (C) for the imidazoline derivative molecules at 

geometry optimization as well as at equilibrium structures. It 

is observed that the atoms possess negative charges except 

for C8 carbon atom in HNED and NDDI. This may be due 

to inductive effect between the carbon atom and the N4 and 

N7 nitrogen atoms in HNED and NDDI knowing that the C8 

carbon atom is between two highly negatively charged 

nitrogen atoms. The C-N bond is strongly polarized towards 

the nitrogen atom and this can lead to high dipole moment. 

 

It was also observed that the charges become more negative 

at equilibrium structures from the geometry optimized 

structures. The hetero atoms involved (oxygen and nitrogen) 

are more negative than the carbon atoms for all the 

molecules studied except for the last carbon atom at the tail 

end of the molecules, this may be due to dipole moment 

(uneven distribution of charges) observed between the last 

carbon atom and the last hydrogen atom. The oxygen atom 

was found to be more negative than the nitrogen atoms in 

NDDI. The hydrogen atoms present in the imidazoline 

molecules are all positively charged. 

 
Molecule Geometry Optimization Equilibrium Structure at 333 K Equilibrium Structure at 353 K 

HNED 
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NDDI 

   

 

 

 
Figure 3: Bond length analysis for HNED and NDDI at Geometry Optimization, 333 K and 353 K 
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Figure 4: Natural atomic charge for HNED and NDDI at Geometry optimization and at equilibrium 

 

3.2 Quantum chemistry calculation 

 

To further understanding the interactions between the two 

molecules and the iron surfaces, the quantum chemical 

calculation was performed. The computed quantum 

chemical properties such as energy of highest occupied 

molecular orbital (EHOMO), energy of lowest unoccupied 

molecular orbital (ELUMO), energy gap (ΔE), dipole moment 

(), energy of deformation (Đ), van der waal accessible area 

(ʌ), electro negativity (χ), electron affinity (A), ionization 

potential (I), global hardness (ƞ), global softness (S), andthe 

fraction of electrons transferred from the inhibitor to iron 

surface (ΔN), are shown in Table 3. 

 

Table 3: Calculated quantum chemical parameters for 

HNED, NDDI and HDDE 

 HNED NDDI 

Quantum           

 parameter 

Geo Op 333 K 353 K Geo Op 333 K 353 K 

EHOMO(eV) -4.200 -4.234 -4.078 -4.312 -4.219 -4.172 

ELUMO (eV) 0.174 0.017 -0.242 -0.266 -0.389 -0.293 

ΔE gap (eV) 4.374 4.251 3.836 4.086 3.830 3.879 

 (Debye) 4.298 4.331 4.069 3.448 3.866 3.549 

Đ (eV) 2603.3 2237.6 2520.1 1706.8 1830.2 1641.7 

A (eV) -0.174 -0.017 0.242 0.266 0.389 0.293 

I (eV) 4.200 4.234 4.078 4.312 4.219 4.172 

ʌ (Å2) 611.8 599.3 607.1 556.9 553.9 558.0 

χ (eV) 2.01 2.11 2.16 2.27 2.30 2.23 

Ƞ 2.19 2.13 1.92 2.04 1.92 1.94 

S 0.46 0.47 0.52 0.49 0.52 0.52 

ΔN 1.140 1.148 1.260 1.159 1.224 1.229 

 

The frontier molecular orbital (FMO) theory is often used to 

predict the adsorption centers of inhibitor molecules which 

are responsible for the interaction with the metal surface 

atoms [31-33]. According to the frontier molecular orbital 

theory, the formation of a transition state is due to an 

interaction between the frontier orbital which are highest 

occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of reactants. The HOMO is 

known to be the orbital that could act as an electron donor 

while the LUMO is known to be the orbital that could act as 

the electron acceptor [33]. The widely-accepted concept 

about the inhibitor adsorption mechanism is that: the higher 

the HOMO energy, the greater the tendency of offering 

electrons to the metal surface atoms, and the higher the 

inhibitive/adsorption effect. Similarly, the lower the LUMO 

energy, the greater the tendency of accepting electrons from 

the metal surface atoms, and the better inhibitive/adsorption 

effect [32, 34]. From Table 3 HNED is seen to have the 

highest HOMO energy at geometry optimization and at 353 

K, while NDDI has the highest HOMO energy at 333 K 

meaning that these molecules can give out electrons to the 

vacant d-orbital of the Fe atom more efficiently at their 

respective state. The negative signs observed on the values 

of EHOMO shows that the adsorption is physisorption [35]. 

This is in line with the assumption made concerning the 

distance observed between molecules and the Fe surface 

(Table 2) that the adsorption observed by the molecules on 

the Fe surface may be physisorption. From Table 3 also 

NDDI shows the lowest LUMO energy at geometry 

optimization, 333 K and 353 K meaning that this molecule 

can accept electron from the d-orbital of the Fe atom more 

efficiently at the respective states, resulting in the creation of 

another bond and also the greater the amount of energy that 

will be released due to the addition of an electron to the 

molecule (electron affinity). The FMO theory also gives an 
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explanation of the energy gap (ΔE=ELUMO - EHOMO) which is 

a important parameter that is used to characterize the 

molecule‟s stability in chemical reactions, a decrease in the 

energy gap usually leads to easier polarization of the 

molecule, and that is the basis which the concept of 

„„activation hardness” has been defined on [31, 36]. It is 

widely accepted that smaller energy gap ΔE means better 

adsorption ability hence better inhibitive efficiency because 

the energy to remove an electron from the last occupied 

orbital will be low [4]. From Table 3 it is observed that 

NDDI shows a smaller energy gap at geometry optimization 

and at 333 K, while HNED shows a smaller energy gap at 

353 K. This is in agreement with the binding energy results 

obtained from the molecular dynamic simulation section in 

Table 2. 

 

Fig 5shows the HOMO and LUMO orbital plot on the 

imidazoline molecules, it can be observed that the HOMO 

location in the molecules is mostly distributed on the 

imidazoline ring and few of the plot is observed in pendent 

group joined to the imidazoline ring in HNED and NDDI, 

this is familiar to the preferred sites for electrophilic attack (f 
–
), we can say that the part of the molecules with high 

HOMO density will be oriented toward the iron surface as 

seen in Fig 1, and the adsorption could be by sharing the 

lone pair of electrons of nitrogen atom and the  electrons of 

the aromatic ring with the Fe surface [37]. The LUMO 

which gives the preferred sites for nucleophilic attack (f
+
) is 

mainly located around the double bonded carbon atoms in 

the alkyl hydrophobic tail in HNED and NDDI. Note that 

the blue and yellow isosurface depict the electron density 

difference; the blue regions show electron accumulation, 

while the yellow regions show electron loss. 

 

Total dipole moments as well as energy of deformability are 

parameters characterizing the interaction between molecules 

[21]. Dipole moment tells us about the charge separation in a 

molecule. The larger the difference in electronegativity of 

bonded atoms the larger the dipole moment [38]. 

Deformation energy on the other hand is the energy required 

to change the orientation of a molecule. From Table 3 NDDI 

shows a lower dipole moment at geometry optimization and 

at 333 K and HNED shows a lower dipole moment at 353 K. 

Molecule with lower dipole moment has been reported to 

show good inhibitive/adsorption effect [39]. Meanwhile 

some works has also shown that molecules with higher 

dipole moments have been shown to have good inhibition 

efficiency [1, 40]. Therefore, the dipole moment is not a 

significant factor in concluding the expected trend in 

adsorption. Ionization energy is a fundamental descriptor of 

the chemical reactivity of atoms and molecules. High 

ionization energy indicates high stability and chemical 

inertness and low ionization energy indicates high reactivity 

of the atoms and molecules [12]. HNED has the least value 

of ionization energy at geometry optimization and at 353 K 

while NDDI has the least value of ionization energy at 333 

K. Electron affinity of an atom or molecule is defined as the 

amount of energy released when an electron is added to a 

neutral atom or molecule in the gaseous state to form a 

negative ion [41]. NDDI has the largest amount of energy 

release at geometry optimization, 333 K and 353 K. Table 

3also shows the van der Waal accessible surface for HNED 

and NDDI at geometry optimization, 333 K and 353 K. 

HNEDhave a larger surface area than NDDI. This seems to 

have no effect in the adsorption ability of the molecules 

owing to the fact that NDDI has a better adsorption ability at 

geometry optimization and at 333 K. It may also be that the 

larger a molecule is the more its accessible surface area. The 

difference in surface area at geometry optimization, 333 K 

and 353 K may be due to the change in the configuration of 

these molecules at different temperatures as observed from 

FIG 2. 

 

Another important property to measure the molecular 

stability as well as reactivity of a molecule is the absolute 

hardness and softness. Chemical hardness fundamentally 

suggests the resistance towards the deformation or 

polarization of the electron cloud of the atoms, ions or 

molecules under small perturbation of chemical reaction. A 

hard molecule has a large energy gap and a soft molecule 

has a small energy gap [42]. From Table 3, NDDI at 

geometry optimized structure and at 333 K while HNED at 

353 K shows the lowest hardness and the highest softness. 

Normally, the molecule with the least value of global 

hardness (hence the highest value of global softness) is 

expected to have the highest adsorption/inhibitive ability 

[43] this is also in line with the binding energy and the 

energy gap results. For the simplest transfer of electron, 

adsorption could occur at the part of the molecule where 

softness(S), which is a local property, has a highest value 

[37]. 

 

The electronegativity values of the two molecules at 

geometry optimization, 333 K and 353 K are shown in Table 

3. When two system, Fe and inhibitor are brought together, 

electrons will flow from lower χ(inhibitor) to higher χ(Fe) 

until the chemical potentials become equal [12]. From Table 

3 it is observed that the two molecules show lower χ values 

compared to χ(Fe) which is 7.0ev, that means that electrons 

will flow more freely from the inhibitor molecule to the 

metal surface. The fraction of electron transfer (∆N) is 

brought about by the difference in electronegativity in the 

molecules which drives the electron transfer divided by two 

times the sum of the hardness parameter of the molecules 

and the iron surface [23]. These values are calculated and 

presented in Table 3. Values of ∆N shows that the 

adsorption ability resulting from electron donation agrees 

with Lukovits‟s study [43], that is if ∆N < 3.6, the 

adsorption ability increases by increasing electron donating 

ability of these molecules to donate electrons to the metal 

surface. The result indicates that ∆N values is in line with 

the binding energy results obtained in the molecular 

dynamic section and the energy gap results. Higher fraction 

of electron transfer indicates better inhibition efficiency and 

from Table 3 NDDI shows the highest number of electron 

transfer at geometry optimization and at 333 K, while 

HNED shows the highest number of electron transfer at 353 

K. 

 

To determine the active site of a molecule, three influencing 

and controlling factors: natural atomic charge, distribution of 

frontier molecular orbital and Fukui indices have to be 

considered [21]. Local reactivity is analyzed by means of the 

condensed Fukui function. Condensed Fukui functions allow 

us to distinguish each part of the molecule on the basis of its 

distinct chemical behaviour due to the different substituent 
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functional groups [12]. The nucleophilic and electrophilic 

attack is controlled by the maximum values of f 
+ 

and f 
–.
. 

The calculated Fukui indices for nucleophilic and 

electrophilic attack for the three selected inhibitors are 

tabulated in Table 4 (only C, N, and O are quoted) and their 

active sites are plotted in Figures 5. It can be seen from 

Table 4 that the largest values of f 
–
considering the geometry 

optimized molecular structures are located on the N7 and N4 

atoms (mainly the N=C-N region) located on the ring for 

both HNED and NDDI, which indicates that these two atoms 

prefer to form a chemical bond by donation of electrons to 

the metal surface. While the largest values of f 
+
 are located 

on the C8 and N7 atoms in HNED and C22, C18, C19 and 

C21 atoms for NDDI, which further suggest that these atoms 

will be responsible to form a back bond by the acceptance of 

electron from the metal surface. It is observed that the atoms 

mentioned for the electrophilic and nucleophilic attack are 

bonded to each other and are seen to have a shorter bond 

length as observed from the bond length analysis, this 

confirms that the double bond and a shorter bond length 

have a role to play in the inhibitive/adsorption ability of a 

molecule. But the particular atom which is more susceptible 

to electrophilic and nucleophilic attack in each of the 

molecules at geometry optimization and at the two 

temperatures studied is the atom with the highest Fukui 

indices value [44, 45] and these values are boldly 

highlighted in Table 4. For HNED and NDDI the N7 atom is 

the most susceptible atom for electrophilic attack, while the 

C8 atom for HNED and the C22 atom for NDDI is the most 

susceptible atom for nucleophilic attack based on the 

geometry optimized structure. 

 
Molecule HOMO Orbital Plot LUMO Orbital Plot Sites for Electrophilic Attack (f

-
) Sites for Nucleophilic Attack ( f 

+
) 

HNED 

    

NDDI 

    

Figure 5: HOMO and LUMO Orbital plots, Electrophilic and Nucleophilic attack plots at Geometry Optimization for HNED 

and NDDI 
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Table 4: Fukui indices (f
-
 and f

+
) values for (a) HNED and 

(b) NDDI 

(a) 
 f- f+ 

Atom Geo 

Opt 

Equilibrium 

333 K       353 K 

Geo 

Opt 

Equilibrium 

333 K       353 K 

O1 0.020 0.036 0.016 -0.001 0.005 0.008 

C2 -0.007 -0.013 -0.006 0.000 0.001 -0.001 

C3 -0.038 -0.052 -0.025 -0.001 0.000 -0.005 

N4 0.148 0.117 0.142 0.000 0.000 0.020 

C5 -0.042 -0.037 -0.042 -0.001 -0.002 -0.012 

C6 -0.037 -0.040 -0.033 -0.001 -0.001 -0.010 

N7 0.173 0.188 0.170 -0.002 0.003 0.093 

C8 0.027 0.038 0.035 -0.001 0.000 0.115 

C9 -0.017 -0.015 -0.019 -0.002 -0.001 -0.010 

C10 -0.014 -0.022 -0.019 -0.002 -0.002 -0.011 

C11 -0.007 -0.001 -0.002 -0.003 -0.006 -0.005 

C12 -0.006 -0.015 -0.005 -0.003 -0.001 -0.005 

C13 -0.004 -0.008 -0.002 -0.005 -0.003 -0.005 

C14 -0.003 0.004 -0.004 -0.007 -0.017 -0.004 

C15 -0.003 -0.003 -0.001 -0.008 -0.010 -0.009 

C16 -0.002 -0.003 -0.001 -0.023 -0.022 -0.017 

C17 -0.001 -0.003 -0.003 -0.030 -0.024 -0.012 

C18 -0.005 -0.005 -0.005 0.106 0.122 0.035 

C19 0.004 0.005 0.005 0.052 0.071 -0.002 

C20 0.000 -0.001 -0.001 -0.049 -0.042 -0.028 

C21 -0.003 -0.002 -0.004 0.065 0.044 0.021 

C22 0.004 0.005 0.004 0.113 0.094 0.042 

C23 -0.001 -0.002 -0.002 -0.039 -0.034 -0.034 

C24 -0.001 -0.001 0.000 -0.016 -0.016 -0.011 

C25 0.000 0.001 -0.001 -0.011 0.001 -0.011 

C26 -0.001 -0.002 0.000 -0.009 -0.015 -0.004 

C27 -0.001 -0.001 -0.001 -0.008 -0.011 -0.008 

(b) 
 f- f+ 

Atom Geo Opt Equilibrium 

333 K       353 K 

Geo Opt Equilibrium 

333 K        353 K 

N1 0.010 0.036 0.066 0.001 0.009 0.015 

C2 -0.017 -0.020 -0.031 -0.002 -0.011 -0.020 

C3 -0.037 -0.045 -0.031 -0.009 -0.012 -0.020 

N4 0.147 0.137 0.126 0.023 0.019 0.017 

C5 -0.043 -0.037 -0.046 -0.008 -0.015 -0.028 

C6 -0.038 -0.042 -0.025 -0.010 -0.016 -0.019 

N7 0.175 0.166 0.163 0.117 0.128 0.141 

C8 0.028 0.031 0.026 0.168 0.140 0.159 

C9 -0.019 -0.017 -0.017 -0.009 -0.018 -0.019 

C10 -0.012 -0.033 -0.014 -0.006 -0.012 -0.025 

C11 -0.007 0.002 -0.005 -0.005 -0.006 -0.016 

C12 -0.006 -0.009 -0.006 -0.003 -0.001 -0.008 

C13 -0.004 -0.006 -0.001 -0.004 -0.005 -0.002 

C14 -0.003 -0.008 -0.008 -0.004 -0.002 -0.008 

C15 -0.002 -0.003 0.002 -0.006 -0.005 -0.001 

C16 -0.002 -0.004 -0.004 -0.008 -0.005 -0.004 

C17 -0.001 0.000 -0.004 -0.009 -0.010 -0.007 

C18 -0.001 0.001 -0.002 -0.030 -0.017 -0.013 

C19 0.000 0.000 0.000 -0.033 -0.022 -0.011 

C20 -0.003 -0.004 -0.003 0.001 0.012 -0.007 

C21 0.002 0.003 0.002 0.012 0.009 -0.002 

C22 -0.002 0.000 -0.002 -0.045 -0.020 -0.007 

C23 -0.001 0.000 -0.002 -0.020 -0.014 -0.011 

C24 -0.001 -0.002 0.001 -0.013 -0.008 -0.003 

C25 -0.001 -0.002 0.001 -0.006 -0.004 -0.001 

C26 0.000 0.000 -0.001 -0.005 -0.003 -0.006 

C27 -0.001 0.000 -0.002 -0.004 -0.003 -0.001 

C28 0.001 0.000 0.001 -0.004 -0.003 -0.001 

C29 0.001 0.001 -0.001 -0.003 -0.001 -0.002 

 

4. Conclusion 
 

In conclusion, the molecular dynamic simulation shows the 

change in the structure of the molecules at 333 K and 353 K, 

this is further proved by the changes in bond length from the 

geometry optimized structures to the equilibrium structures 

at 333 K and 353 K observed by each of the atoms in the 

molecules. The molecular dynamic simulation on the Fe 

surface also indicates that the imidazoline derivatives uses 

the imidazoline ring to effectively adsorb on the surface of 

iron at 333 K and 353 K. The quantum chemical calculation 

based on the natural atomic charge, the frontier molecular 

orbital and the Fukui indices values and plots shows the 

active sites of the molecules to be the N=C-N region in the 

imidazoline ring, the nitrogen and oxygen heteroatoms and 

the double bonded carbon atoms in the hydrophobic tail of 

the imidazoline derivative molecules. The quantum 

chemistry calculation also reveals that the pendent group in 

HNED and in NDDI which is attached to the imidazoline 

ring shows little HOMO and LUMO electron density and 

therefore the pendent group is not majorly involved in the 

donation of electrons in these molecules to the surface of Fe 

which can aid adsorption. There is no LUMO electron 

density seen in the pendent group, therefore the pendent 

group is not involved in the accepting of electrons from the 

d-orbital of the Fe atoms. The sites for electrophilic attack is 

shown to be mainly in the ring (mainly the N=C-N region) 

for the two molecules studied, while the sites for 

nucleophilic attack is shown to be in the ring for HNED, 

andthe double bonded carbon atoms in the alkyl 

hydrophobic tail for HNED and NDDI.The adsorption 

ability of the molecule is given as at geometry optimization; 

NDDI > HNED, at 333 K; NDDI > HNED and at 353 K; 

HNED > NDDI. But based from the geometry optimized 

structure NDDI has a better adsorption ability theoretically 

than HNED. The more comprehensive adsorption/inhibitive 

ability of the molecules obtained from the quantum chemical 

calculations is very much in line with the binding energies of 

the molecules to the Fe surface obtained from the molecular 

dynamic simulation at both temperatures studied. 

 

5. Future Scope 
 

We recommend that a thorough experimental research be 

carried out on these compounds, because theoretically it has 

shown to be a good corrosion inhibitor most especially for 

iron as well as petroleum pipelines. We also suggest that 

higher temperatures should be considered in studying the 

corrosion inhibitive/adsorption effect of these compounds. 

This study shows that the structural orientation of the atoms 

in a molecule can determine the adsorption/inhibitive ability 

of a particular molecule. Some new quantum chemical 

parameters were introduced in this work and can be looked 

into for further study for the adsorption/inhibitive effect of 

any molecule. 
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