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Abstract 

Quantum chemical calculations, based on DFT methods at B3LYP/6-311G(d;p) level 

of theory, were performed, by means of the G09 set of programs, on two p-menthanic 

compounds. The objective of this work was to attempt to find relationships between the 

intrinsic electronic properties and inhibiting efficiencies of two p-menthanique 

compounds, denoted P and PO, which have been previously studied experimentally as 

mild steel corrosion inhibitors in acidic medium. Based on these results, the 

Quantitative Structure–Activity Relationships (QSAR) studies allowed us to calculate 

the theoric inhibitive efficiencies for this p-menthanic compounds, of which the 

experimental study, was yet made. The structural electronic properties of the whole p-

menthanique compounds were investigated by means of number of global and local 

theoretical reactivity descriptors.  The results showed that the electronic effect of the 

heteroatom and conjugate π double bonds markedly influenced the performance of the 

studied inhibitors. 
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1. Introduction 

Corrosion of mild steel is an inevitable process that produces deterioration of materials and their properties resulting in 

massive economic losses especially when it’s occur in aggressive media like hydrochloric acid [1]. The study of 

corrosion process and their inhibition by organic inhibitors is a very active field of research [2]. Most efficient 

inhibitors are organic compounds containing electronegative functional groups and π-electrons in triple or conjugated 

double bonds [3]. Thus, the effectiveness of corrosion inhibitors is highly linked to their structural and electronic 

properties. Therefore, the use of theoretical study to correlate the electronic descriptors with the corrosion inhibition 

efficiency has been widely used in order to explain the experimental results, and also to elucidate the mechanism of 

corrosion inhibition process [4-5].  The aim of this work is to investigate structural relationships between the 

corrosion-inhibition efficiency and molecular properties of the surfactant molecules calculated at the density 

functional theory (DFT) levels. The study focuses on the prevention of steel corrosion in acidic medium and 

particularly on the corrosion- inhibition efficiency of the two p-menthanic derivatives (Fig1). Calculated molecular 

properties, comprising the energy of the highest occupied molecular orbital (EHOMO), the energy of the lowest 

unoccupied molecular orbital (ELUMO), dipole moment (μ), and the total atomic charges (TAC), have been correlated to 

available experimental data[6]. Quantitative structure–activity relationship (QSAR) analysis[7] has been used to 

correlate the corrosion-inhibition activity of the studied molecules with the molecular structures. Multidimensional 

linear regression fits were used to determine relationships between the average corrosion-inhibition efficiency and the 

calculated molecular properties. The influence in the aqueous phase of the inhibitor molecules on the corrosion rate 

has been analyzed.  

 

Table 1: Molecular structures, names and abbreviations of the studied p-menthanic molecules 

Inhibitor Formula 

 

Name Abbreviation 

 

O  

 

 

p-menthan-5(8)-en-3-one 

(Pulegone) 

 

 

P 

O

O

 

 

 

p-menthan-3-one Oxide 

(Pulegone Oxide) 

 

 

 

PO 

 

2. Materials And Methods 

2-1. Quantum-chemical calculations methodology  

In computational chemistry tools, the DFT offers the fundamentals for interpreting multiple chemical concepts used in 

different branches of Chemistry. In order to explore the theoretical-experimental consistency, quantum chemical 

calculations were performed with complete geometry optimizations using standard Gaussian-03 software package [8]. 

Geometry optimization were carried out by B3LYP functional at the 6-311G (d,p) basis set and at the density 

functional theory (DFT) level. Recently, Density functional theory (DFT) has been used to analyze the characteristics 

of the inhibitor/ surface mechanism and to describe the structural nature of the inhibitor in the corrosion process [9]. 
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Furthermore, DFT is considered a very useful technique to probe the inhibitor/surface interaction as well as to analyze 

the experimental data. Since electrochemical corrosion takes place in liquid phase, and for a better approach of the 

experimental results, we used the Self-Consistent Reaction Field (SCRF) theory, with Tomasi’s Polarized Continuum 

Model (PCM) [10], to include the effect of solvent in the computations. This approach models the solvent as a 

continuum of uniform dielectric constant (ε) and defines the cavity where the solute is placed as a uniform series of 

interlocking atomic spheres. The quantum chemical investigations were used to look for good theoretical parameters 

to be correlated with the inhibitive performance of the studied p-menthanic derivatives. To do so, some of molecular 

properties, describing the global reactivity such as: the energy of the Highest Occupied Molecular Orbital, the energy 

of the Lowest Unoccupied Molecular Orbital, the energy gap (ΔE), the electrical dipole moment (μ), the Ionization 

Potential (IP), the Electron Affinity (EA), the electronegativity (χ), the global hardness (η), and the fraction of 

transferred electrons (ΔN) were calculated. Other parameters describing the local selectivity of the studied molecules 

such as the local natural populations and the Fukui functions were also considered. In order to estimate some of the 

previous descriptors, the Koopmans’ theorem was used [11] to relate the HOMO and LUMO energies to the IP and 

EA, respectively: 

IP = -EHOMO                EA = -ELUMO 

Then the electronegativity χ and the global hardness η were evaluated, based on the finite difference approximation, as 

linear combinations of the calculated IP and EA [11]: 

χ =  ½ (IP +E A)                       η = ½ (IP - E A) 

The fraction of transferred electrons ΔN was calculated according to Pearson theory [12]. This parameter evaluates the 

electronic flow in a reaction of two systems with different electronegativities, in particular case; a metallic surface (Fe) 

and an inhibitor molecule. ΔN is given as follows: 

 

where χFe and χinh denote the absolute electronegativity of an iron atom (Fe) and the inhibitor molecule, respectively; 

ηFe and ηinh denote the absolute hardness of Fe atom and the inhibitor molecule, respectively. In order to apply the eq. 

5 in the present study, a theoretical value for the electronegativity of bulk iron was used χFe = 7eV and a global 

hardness of ηFe = 0, by assuming that for a metallic bulk IP = EA because they are softer than the neutral metallic 

atoms [12]. 

The electrophilicity is a descriptor of reactivity that allows a quantitative classification of the global electrophilic 

nature of a molecule within a relative scale. Parr et al [13] have proposed electrophilicity index as a measure of energy 

lowering due to maximal electron flow between donor and acceptor. They defined electrophilicity index(ω) as follows. 

 

Fukui functions were computed since it provides an avenue for analyzing the local selectivity of a corrosion inhibitor 

[14]. Their values are used to identify which atoms in the inhibitors are more prone to undergo an electrophilic or a 

nucleophilic attack. The change in electron density is the nucleophilic f
+
 and electrophilic f

-
 Fukui functions, which 

can be calculated using the finite difference approximation as follows [15]. 

f
+
 = q(N+1) - q (N) 

f
-
 = q(N) - q (N-1) 

where qN, q(N+1) and q(N-1) are the electronic population of the atom in neutral, anionic and cationic systems. 
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2- 2 . Qsar study 

Inhibitor concentrations and the calculated molecular properties were correlated with the average of the experimental 

inhibition efficiencies (EEXP in %) using multidimensional linear regression, based on the QSAR approach, analyses 

performed with MATLAB program. Experimental measurements, were used to quantify the experimental corrosion-

inhibition efficiency (EEXP in %). The following proposed relation inhibition efficiency and quantum chemical index 

can be obtained: 

         Eq (1) 

where (ECAL in %) is the calculated inhibition efficiency, Aj constants are the linear regression coefficients determined 

by regression analysis, Xj is a quantum chemical index characteristic of molecule (j) and Ci denotes the experiment’s 

concentration (i). In this work, Xj is constructed as a composite index of quantum chemical parameters EHOMO, ELUMO, 

μ, and TAC. For the regression analysis, the molecular properties and Ci ranging from 1g.dm
-3

 to 10g.dm
-3

 are injected 

in Eq. (1). The Aj coefficients were obtained by fitting the HOMO-LUMO gaps, dipole moments (μ), and TAC to 

EEXP using the Eq.(1) at different level of DFT. 

 

3- Results And Discussion 

3-1. Global molecular reactivity  

The corrosion inhibitive process of organic molecules is defined as reaction involving the transfer of electrons 

between the inhibitor and the material surface. Hence, it can be explained according to Fukui’s frontier molecular 

orbital theory, by the interaction between the HOMO and LUMO of the reacting species [31]. The calculated energies 

of the frontier orbital’s and other parameters derived from these orbital’s as well as the corresponding experimental 

inhibiting efficiencies of P and PO are collected in Table 2. 

 

Table 2. Quantum chemical descriptors of the studied inhibitors at B3LYP/6-311G(d,p) in gas, G and aqueous, A 

phases and the inhibition efficiencies Eexp as given in [16]. 

 

Inhibitor 

 

phase Etot 

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

E 

(eV) 

χinh ηinh ∆N μ (Debye) w TAC 

(eV) 

Eexp 

(%) 

 

P 

G 

 

-

12678,99 

-

6,19 

-

0,99 

5

.19 

3

.59 

2

.59 

0

.65 

2.81 2

.49 

-

4.53 

 

8

4 A 

 

-

12678,50 

-

6.41 

-

1.11 

5

.29 

3

.76 

2

.65 

0

.61 

3.80 2

 .67 

-

4.61 

             

 

PO 

G -

14725,37 

-

6,46 

-

0,62 

5.86 3

.54 

2

.92 

0

.59 

2.19 2

.14 

-

4.88 

 

7

7 A -

14724,69 

-

6.55 

-

0.81 

5.74 3

.68 

2

.87 

0

.577 

2.86 2

.36 

-

4.95 

 

As EHOMO is often associated with the electron donating ability of a molecule, high value of EHOMO is likely to indicate 

the tendency of the molecule to donate electrons to an appropriate acceptor with lower energy empty molecular 

orbital. The calculated values of EHOMO of the studied inhibitors in gas as well as in aqueous phases are presented in 

Table2. 
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The presence of the conjugated double bonds, as electron releasing through the mesomere (+M) effect in the pulegone 

molecule, should increases the electron density, enhancing its nucleophilicity [17]. On the other hand, the absens of 

conjugated double bonds in pulegone oxide, creates density deficiency, which will probably decrease their 

nucleophilicities. These assumptions explain the trend of the computed values of the EHOMO of the studied 

inhibitors. Indeed, the P displays the highest value  in comparison with PO, which indicates that P is more likely to 

undergo nucleophilic attack more than the PO. The order of decreasing HOMO energy of the undertaken inhibitors is 

as follows: 

EHOMO (P) > EHOMO (PO) 

Likewise, the ELUMO is associated with the electron accepting ability of the molecule, consequently, the low value of 

ELUMO the high tendency to accept electrons from suitable electron donors. The values of the ELUMO presented in Table 

3 show that P in gas phase has the lowest ELUMO when compared to PO which indicate better capability of P to accept 

electrons from the mild steel surface. This can also be explained by the electron deficiency in the pulegone molecule 

resulting of the conjugated bonds. The decreasing ELUMO can be ranked as follows: 

ELUMO (P) ˂ ELUMO (PO)  

 But in the aqueous phase (Table 3) we notice the inverse of what we have deduced in the case of the gaseous phase. 

This result can be explained by a slight stability of the pulegone in the aqueous phase. ELUMO (PO) ˂ ELUMO (P) 

The gap between the EHOMO and ELUMO energy levels of the molecules is an important parameter as a function of 

reactivity of the inhibitor molecule towards the adsorption on the metallic surface. As ΔE decrease the reactivity of the 

molecule increases leading to increase in the %IE of the molecule. Lower values of the energy difference will render 

good inhibition efficiency, because the energy to remove an electron from the last occupied orbital will be low [18]. 

Hard molecules have high HOMO-LUMO gap [19] and thus soft bases inhibitors are the most effective for metals 

[20]. The value of ΔE indicated in table 1 show the following relation; P> PO, with a slight increase of ΔE in the 

aqueous phase, which suggests that the inhibitor P in gas and aqueous phase has the lowest energy gap and highest 

reactivity in comparison to the other compound, could have better performance as corrosion inhibitor. The decreasing 

energy gap is as follows:  ΔE (P) < ΔE (PO). The dipole moment (μ) is a measure of the polarity of a covalent bond, 

which is related to the distribution of electrons in a molecule. However its relation to the efficiency of corrosion 

inhibitors is not yet well established and there is no agreement in the literature on the way of interpreting the trend of 

the dipole moment values in a set of corrosion inhibitors [21]. In fact, the computed values of the dipole moment do 

not allow any kind of interpretation with regards to the literature. From the computed results in aqueous phase (Table 

3), we realize that the stabilization effect of the solvent is mainly noticed in the increase of the dipole moment d values 

in solution, which is probably a result of the polarization of the inhibitor molecules (solutes) by the solvent, leading to 

an increase in the charge separation in the molecules [22]. Absolute hardness is important propertie to measure the 

molecular stability and reactivity. It is apparent that the chemical hardness fundamentally signifies 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[46]. In our 

present study P with low hardness value 2.59(eV) in gas phase and 2.65(eV) in aqueous phase compared with PO 

(2.92 eV), have a low energy gap. Normally, the inhibitor with the least value of global hardness (hence the highest 

value of global softness) is expected to have the highest inhibition efficiency [23].  According to Lukovits’s study 

[24], the fraction of transferred electrons describes the trend of electrons donation within a set of inhibitor. Generally, 

in the case of ΔN less than 3.6, the inhibition efficiency increases with the increase in electron-donating ability to the 

metal surface. The obtained values of ΔN reported in Table 3 are all below 3.6 and show that P presents the higher 

value of ΔN (0.65 eV), which implies good disposition of this inhibitor to donate electrons to the mild steel surface. 
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The transferred electrons increase as follows:  ΔN (PO) < ΔN (P). According to the definition, this index measures the 

propensity of chemical species to accept electrons. A good, more reactive, nucleophile is characterized by lower value 

of ; and conversely a good electrophile is characterized by a high value of . This new reactivity index measures 

the stabilization in energy when the system acquires an additional electronic charge ΔN from the environment. 

 

Inhibitor 

 

Pulegone in gas phase  Pulegone Oxide in gas phase 

 

 

 

 

 

Structure 
            

O 15

14

12

13

20

16

3

    

 

             

O

O

 

 

 

Structure optimisée 

  

 

 

 

 

HOMO 

 

 

 

 

 

 

 

 

 

LUMO 

 

 

 

 

 

Figure 1. The optimized molecular structures, and the HOMO and the LUMO electrons density distributions of the 

studied inhibitors computed at B3LYP/6-31G(d,p) level in gas phase. 

 

3-2. Local molecular reactivity 

Fukui functions compute local reactivity indices that makes possible to rationalize the reactivity of individual 

molecular orbital contributions. The condensed Fukui function and local softness indices allow one distinguish each 

part of the molecule on the basis of its distinct chemical behaviour due to the different substituted functional group. 
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The fk
+
, measures the changes of density when the molecules gains electrons and it corresponds to reactivity with 

respect to nucleophilic attack. On the other hand, fk
-
 corresponds to reactivity with respect to electrophilic attack or 

when the molecule loss electrons. The calculated Fukui functions for the molecules P and PO are presented in Tables 3 

and 4. According to fukui indices, C13 and C14 are the most reactive sites for nucleophilic attack and O15 is the site 

of electrophilic attack in the compound P in gas and aqueous phases. In the inhibitor PO, C13 is the site of 

nucleophilic attack and O15, O28 are the sites of electrophilic attack.  

 

Table 3. Pertinent natural populations and Fukui functions of the studied inhibitor (pulegone P) calculated at 

B3LYP/6-31G(d,p) in gas (G) and aqueous (A) phases 

inhibitor phase Atom 

N° 

qN qN+1 qN-1 fk
+
 fk

-
 

 

 

 

 

 

 

 

 

 

P 

 

 

 

 

 

G 

C12 

C13 

C14 

O15 

C16 

H17 

H18 

H19 

C20 

 

-

0,16376 

0,10392 

0,55789 

-

0,57783 

-

0,70814 

0,24595 

0,24899 

0,24134 

-

0,70373 

-0,19610 

-0,10116 

0,33969 

-0,74555 

-0,68760 

0,20707 

0,19919 

0,21222 

-0,68608 

 

-0,13159 

0,19862 

0,58068 

-0,19913 

-0,71277 

0,27773 

0,28353 

0,26442 

-0,70628 

 

-0,03234 

-0,20508 

-0,21819 

-0,16772 

0,02054 

-0,03888 

-0,04980 

-0,02912 

0,01765 

 

-0,03217 

-0,09470 

-0,02279 

-0,37870 

0,00463 

-0,03178 

-0,03454 

-0,02308 

0,00255 

 

 

 

 

A 

C12 

C13 

C14 

O15 

C16 

H17 

H18 

H19 

C20 

-

0,15748 

0,08633 

0,58178 

-

0,60161 

-

0,71584 

0,25424 

0,2544 

0,24433 

-

0,71362 

-0,19612 

-0,11916 

0,34363 

-0,78204 

-0,69182 

0,20947 

0,20849 

0,2222 

-0,68971 

0,03398 

0,25029 

0,59102 

-0,35017 

-0,73877 

0,29688 

0,30026 

0,2664 

-0,73806 

-0,03864 

-0,20549 

-0,23815 

-0,18043 

0,02402 

-0,04477 

-0,04591 

-0,02213 

0,02391 

-0,19146 

-0,16396 

-0,00924 

-0,25144 

0,02293 

-0,04264 

-0,04586 

-0,02207 

0,02444 
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Table 4. Pertinent natural populations and Fukui functions of the studied inhibitor (pulegone  oxide  

PO) calculated at B3LYP/6-31G(d,p) in gas(G) and aqueous (A) phases. 

inhibitor phase Atom 

N° 

qN qN+1 qN-1 fk
+
 fk

-
 

 

 

 

 

 

 

 

PO 

 

 

 

 

 

 

G 

C12 

C13 

C14 

O15 

C16 

H17 

H18 

H19 

C20 

O28 

 

0,15533 

0,26255 

0,57758 

-0,54346 

-0,69146 

0,23662 

0,26160 

0,23525 

-0,6918 

-0,55893 

 

0,15388 

0,23372 

0,22557 

-

0,77120 

-

0,68530 

0,20727 

0,23661 

0,22128 

-

0,68680 

-

0,61390 

0,15407 

0,27297 

0,61374 

-0,22799 

-0,70894 

0,2685 

0,27344 

0,24605 

-0,71397 

-0,34621 

 

-0,00145 

-0,02883 

-0,35201 

-0,22778 

0,00616 

-0,02935 

-0,02499 

-0,01397 

0,00503 

-0,05493 

 

0,00126 

-0,01042 

-0,03616 

-0,31547 

0,01748 

-0,03188 

-0,01184 

-0,01080 

0,02217 

-0,21272 

 

 

 

 

 

A 

C12 

C13 

C14 

O15 

C16 

H17 

H18 

H19 

C20 

O28 

0,15769 

0,27289 

0,59437 

-0,57673 

-0,69424 

0,24277 

0,25901 

0,24161 

-0,69448 

-0,58331 

0,15305 

0,24344 

0,21411 

-

0,82364 

-0,6916 

0,22626 

0,24354 

0,23169 

-

0,69099 

-

0,64038 

0,19106 

0,29071 

0,63715 

-0,24105 

-0,72176 

0,2771 

0,27103 

0,25601 

-0,72524 

-0,38569 

-0,00464 

-0,02945 

-0,38026 

-0,24691 

0,00264 

-0,01651 

-0,01547 

-0,00992 

0,00349 

-0,05707 

-0,03337 

-0,01782 

-0,04278 

-0,33568 

0,02752 

-0,03433 

-0,01202 

-0,0144 

0,03076 

-0,19762 

 

3-3. Linear regression analysis. 

According to the slight difference values obtained through the calculation using these descriptors parameters, 

multidimensional linear least-square fit regression analysis was performed using MATLAB software. Several attempts 

to find correlations between calculated molecular properties of the inhibitor molecules and the corrosion-inhibition 

efficiency have been reported in the literature[25–29]. In the regression analysis, the inhibitor concentrations (Ci) and 

the obtained molecular properties in the quantum chemical calculations were correlated with the average of 

experimental inhibition efficiencies (Eexp%). Three experimental methods, namely weight loss, impedance 

spectroscopy (EIS) methods and potentiodynamic polarization measurements were used[16]. The linear regression 

model shown in Eq. (1) quoted above gives the calculated corrosion-inhibitor efficiency (ECAL in %). The quality of.  
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Figure2. Experimental inhibitor efficiencies of the pulegone molecule in gas phase measured at different 

concentrations as compared to fitted values from B3LYP calculations. 

 

 

 

Figure 3. Experimental inhibitor efficiencies of the Pulegone molecule in aqueous phase measured at different 

concentrations as compared to fitted values from B3LYP calculations. 

 

Table 5. Comparison of experimental (EEXP in %) and calculated (ECAL in %) corrosion-inhibition efficiencies of the P, 

and PO molecules as a function of the concentration (in g.dm
-3

) using three computational levels[16]. 

 

Inhibitor 

 

Concentration 

(g/l) 

E cal (%) E exp (%) 

 

 

 

Pulgone 

(P) 

1 64,00 64,00 

2 66,34 67,00 

3 68,67 71,50 

4 71,01 78,00 

5 73,35 79,70 

10 85,02 85,00 

 

 

Pulgone oxide 

(PO) 

1 56,72 50,00 

2 59,24 64,00 

3 61,76 67,00 

4 64,28 71,00 

5 67,80 75,00 

10 79,40 78,00 

 



  

 Mor. J. Chem. 6 N°2 (2018) 283-293 

292 
 

the fit depends of the high correlation coefficient, R
2
. Then, R

2
 values close to one indicate that the investigated model 

satisfactorily reproduce experimental corrosion-inhibition efficiencies. The Aj coefficients were obtained by fitting all 

used descriptors to EEXP using the Eq. (1) at different level of theory. Figure 2,3 shows the correlation between the 

experimental inhibition efficiency (Eexp%) and the calculated inhibition efficiency (Ecal%). The calculated and 

measured corrosion-inhibitor efficiencies are compared in Table 5. It can be seen from Figure 2 that the model 

illustrate good correlation with the experimental corrosion- inhibition efficiencies [(comparison between (Ecal%) and 

(Eexp%)] and the obtained R
2
 value is 0.90 in gas phase and 0.93 in aqueous phase. Thus, multidimensional regression 

analysis using calculated molecular properties can be useful for estimating corrosion-inhibition efficiencies with the 

goal to design new effective corrosion-inhibitor molecules. Thus, the aim is to estimate the efficiency of the inhibitor 

compounds by using several molecular properties and as the inhibition efficiency. A composite index consisting of 

more than one quantum chemical parameter is therefore used for characterizing the inhibition performance of the 

molecules 

 

4- Conclusion 

The corrosion-inhibition efficiency of the inhibitor molecules in HCl medium have been investigated computationally 

at DFT. The molecular properties obtained in the quantum chemical calculations are correlated to available 

experimental data for P, and PO in gas and aqueous phase. The calculations predict that P is a better corrosion 

inhibitor than PO. PCM calculations indicated that polar solvents slightly stabilize the inhibitor.  

By using QSAR, we consider that the calculated quantum parameters study give a good correlation between calculated 

and experimental corrosion-inhibition data. 
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