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Abstract: The computational study was carried out to understand the anti-corrosion properties of Croweacin, a 

major chemical component of two essential oils of Ammi visnaga (L.) Lam collected from northern Morocco in 

2016 (EO16) and 2018 (EO18) against brass corrosion in a 3% NaCl medium. The study, moreover, considers the 

inhibitory effect of some minor compounds of EO18 such as Eugenol, Trans-Anethole, α-Isophorone, and Thymol. 

In this context, the quantum mechanics modelling using the density functional theory (DFT) method with B3LYP 

/6-31G (d, p) were conducted in the aqueous medium by the use of the IEFPCM model and SCRF theory. The 

DFT method was adopted to identify, analyze and interpret several elements such as the electronic features, the 

Frontier Molecular Orbitals (FMO) diagram, Molecular Electrostatic Potential (MEP), contours maps of the 

electrostatic potential (ESP), and the Mulliken population analysis. The DFT demonstrated that the studied 

compounds are excellent corrosion inhibitors. 

Furthermore, the Monte Carlo (MC) type simulation of molecular dynamics (MD) was carried out to provide 

information on the adsorption mechanism of the studied inhibitors through the active sites on the metal surface. 

This method informed us that the studied inhibitors have high adsorption energy when interacting with the metal 

surface, especially for Croweacin (-68.63 kcal/mol). The results obtained from DFT and the MC type simulations 

are in good agreement. 
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1. Introduction 
 

The serious consequences of the corrosion process 

have become a problem of global importance. In 

addition to our daily contact with this form of 

degradation, corrosion causes depletion of resources, 

loss or contamination of useful products, and thus, 

increase the economic costs and environmental risks 
1. Copper and its alloys (brass, bronze, etc.) have been 

widely used in water and steam systems to 

manufacture tubes, fittings, fasteners, and various 

components molded in ocean engineering. Despite its 

high resistance, this type of metal is very sensitive to 

corrosion in chloride-containing solutions, i.e. 

seawater. The presence of Cl- ions contributes 

drastically to corrosion mechanism and therefore, the 

metal dissolution 2. This serious dilemma dissipates 

enormous financial resources every year, and thus in 

a significant economic loss 3,4. 

In this context, searching for best protection of 

Copper and its alloys in a 3% NaCl solution               

(e.g. seawater) by using effective, economical, non-

toxic and above all environmentally friendly 

inhibitors remains the objective of many chemistry 

researchers today 5-7. Essential oils and their 

compounds have been cited as effective natural 

inhibitors of metal corrosion in the literature through 

various researches 8-10. These natural inhibitors are 

inexpensive and can be developed to be handy and to 
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meet the requirements of the industrial sector 11,12. 

These natural corrosion inhibition molecules may 

form a protective layer by adsorbing on the metal 

surface via covalent bonds (chemisorption) and/or 

electrostatic bonds (physisorption) 13. The corrosion-

inhibiting properties of this type of compound are due 

to the capacity of heteroatoms and the π electrons of 

the aromatic ring to share electrons with the metal 

surface, which leads to the formation of a protective 

film 14,15. 

As mentioned earlier, although essential oils are 

commonly used as green inhibitors in several studies, 

the understanding of their effect and their corrosion 

inhibiting mechanisms has not been well clarified. 

This may be due in part to the presence of many 

molecules belonging to different chemical families 

(Monoterpenes, Terpenes, Phenols, Sesquiterpenes, 

etc.) in essential oils. This makes it challenging to 

identify the active compound with the inhibitory 

property. Therefore, we have proposed to use 

computational chemistry as one of the solutions 

adopted in this work to solve this problem. 

Traditionally, inhibition performance tests are 

generally performed by the main known 

electrochemical methods such as polarization curves, 

electrochemical impedance spectroscopy (EIS) and 

weight loss. However, all of these techniques are 

expensive and time-consuming to study the inhibition 

processes 16. Currently, computational chemistry is 

used in all branches of chemistry, including the study 

of corrosion inhibitors, where it has become the most 

used tool to understand better the inhibitory power 

and the interaction mechanisms with the metal surface 
17. This technique has multiple advantages to evaluate 

the inhibition performance and to explore the 

inhibition mechanism more precisely and at lower 

cost 18. Within the same context, the theory of 

functional density (DFT), as a theoretical tool, has 

successfully shown the ability to define with high 

accuracy the geometric molecular properties, binding 

energies, as well as assessing the interaction between 

the inhibitor and the metal surface 19,20. This 

theoretical study of corrosion inhibitors is not 

considered complete unless simulation of molecular 

dynamics is used to give a more realistic and perfect 

vision of what is occurring experimentally. 

As a part of our ongoing research project, in our 

recently published paper 21,  we discussed the 

inhibitory performances of two Ammi visnaga (L.) 

lam extracts collected in 2016 (EO16) and 2018 

(EO18) on the corrosion of brass in 3% NaCl medium 

using electrochemical methods. These methods are 

based on the potentiodynamic polarization curves and 

electrochemical impedance spectroscopy (EIS). In the 

same approach, this paper focused on comparing the 

simulated theoretical results with their experimental 

counterpart. To this end and towards a better 

understanding of the inhibitory power of these two 

oils’ components, the inhibitory power of the majority 

compound (Croweacin) with all the other compounds 

were analyzed and compared. The aim is to provide 

satisfactory answers of the studied oils inhibition 

process through quantum mechanics (QM) modelling 

in the aqueous phase using DFT- B3LYP/6-31G(d,p) 

IEFPCM model and with the analysis of the electronic 

distribution of the studied compounds. Besides, 

molecular dynamic simulation based on the Monte 

Carlo (MC) method was adopted to complete the DFT 

calculations and to look for a logical explanation of 

the high inhibitory power of EO18 compared to 

EO16. Besides, since brass was used in the 

experimental study and because copper constitutes the 

largest fraction of brass 21, we intended to comprehend 

the interaction of the studied inhibitors on the surface 

of copper. 

 

2. Materials and methods 
 

2.1. Quantum mechanics methodology 

To get the analysis of the studied compounds 

electronic features in this work, the quantum 

mechanics (QM) computations utilizing density 

functional theory (DFT) were conducted 15,22. All 

computational studies were carried out with the 

Gaussian (09W)  program 23. The optimized geometry 

was carried using the DFT method in the scheme of 

the hybrid function of Becke three-parameters; Lee, 

Yang, and Parr (B3LYP) with the 6-31G(d,p) basic set 

has been used to provide electronic-structure 

properties and precise geometries for a large number 

of organic compounds 24. The DFT study was done in 

an aqueous medium using the Integral Equation 

Formalism Polarizable Continuum (IEFPCM) model 

and self-consistent reaction field (SCRF) theory 25 to 

simulate the experimental conditions of the corrosive 

medium. Since the corrosive medium is neutral, all 

calculations were performed in the neutral form of the 

studied molecules. The results obtained were 

visualized with the Gaussview software 26. 

In addition, the electronic-structure parameters 

analyzed here include the energy of the highest 

occupied molecular orbital (EHOMO), the energy of the 

lowest unoccupied molecular orbital (ELUMO), the gap 

energy (∆Egap), the ionization potential (I), the 

electron affinity (A), the dipole moment (μ), the 

electronegativity (χ), the electrophilicity index (ω), 

the hardness (η), the softness (σ), and the fraction of 

electrons transferred (ΔN). 

To understand the fraction of electrons transferred 

(ΔN) between the brass and the inhibitors, we rely on 

copper (ΔNCu) because of its high percentage in this 

alloy (brass) 21. According to the simple charge 

transfer by donation and back-donation (∆Eback-donation) 

model proposed by Gomez et al. 27, an electronic 

back-donation process could occur governing the 

interaction between the inhibitor molecule and the 

metal surface. The ΔEback-donation implies that when        

η > 0 and ΔEback-donation < 0 the charge transfer to a 

molecule, followed by a back-donation from the 

molecule, is energetically favored. All these 
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parameters have been calculated according to 

equations (1-9) as indicated in the literature 24,3. 

           (1) 

              (2) 

              (3) 

              (4) 

              (5) 

                (6) 

               (7) 

           (8) 

Where XCu = 4,48 eV and ηCu = 0 eV  28. 

            (9) 

 

2.2. Molecular dynamics simulation 

Molecular dynamics simulation of the Metropolis 

Monte Carlo (MC) type implemented using Material 

Studio 8.0 software from Accelrys Inc. 29 was used to 

assess the nature of the interaction between the 

inhibitor and the metal. We built the adsorption 

system on the surface of copper (Cu (111)), 
considering that brass is one of its alloys, in addition 

to being the dominant element of this metal 21. The 

selected crystalline surface Cu (111) is the most 

stable, as the literature had shown 30,31. For the 

theoretical study to be homogeneous and sequential, 

we have extracted the selected inhibitory molecules, 

which has been studied in its neutral forms in the 

aqueous medium using DFT at the B3LYP / 6-31G  

(d, p) level to be used in the simulation system of MC. 

The calculations were applied using the COMPASS 32 

at 298 K force field to optimize the structures of all 

system components and represent a technological 

breakthrough in the force field method. The 

COMPASS force field is the first ab initio forcefield 
33 which allows precise and simultaneous prediction 

of chemical properties (structural, conformational, 

vibrational, etc.) including the one in the condensed 

phase (equation of state, cohesive energies, etc.) for a 

wide range of chemical systems 17. The simulation of  

MC between the inhibitors and the Cu atoms was 

carried out in a simulation box                       

(20.44×20.44× 38.34Å) with boundary conditions 34. 

The Cu (111) surface was constructed from the 

optimized crystal surface using a 4 x 4 super-cell, and 

then a 30Å vacuum layer is maintained on the Cu 

(111) surface.  

 

3. Results and Discussion  
 

3.1. Quantum mechanics results 
The use of ab initio QM computations based on DFT 

was evaluated to comprehensively understand the 

electrochemical results which showed a best 

inhibitory effect of EO18 (E = 95.65 (%)) compared 

to EO16 (E = 85 (%)) 21. This method allows in-depth 

analysis of the quantum chemical parameters 

structures of major molecules (Croweacin and 

Linalol) and minor compounds (Monoterpenes, 

Phenols, Phenylpropenes, Terpene Alcohols, Ethyl 

Alcohols and Sesquiterpenes) of these two EOs 21. 

From a quantum chemical point of view, it is known 

from the literature that adsorption of molecules 

inhibiting corrosion on a metal surface takes place by 

means of a donor-acceptor mechanism 35. Such 

interaction occurs between sites rich in electrons with 

an electron-donating capacity, namely heteroatoms, 

aromatics, and multiple bonds which characterize the 

inhibitory molecule and the sites poor in electrons 

with an electron acceptance capacity that 

characterizes metal atoms on the other hand. 

The DFT method used was adapted to rationalize this 

adsorption mechanism. Thus, we have calculated the 

electronic parameters such as EHOMO, ELUMO, ΔEgap, 

and μ. These parameters will provide us with 

preliminary information of the compounds 

responsible for the inhibition in EO16 and EO18 

(Table 1). 

Generally, the donation of electrons and the 

acceptability of an inhibitory molecule are determined 

by the Frontier Molecular Orbitals (FMO). The study 

of the highest occupied molecular orbit (HOMO) and 

the lowest unoccupied molecular orbit (LUMO) is 

essential to explain the molecules chemical reactivity. 

It is known that one of the energy values of the highest 

occupied molecular orbital (EHOMO) is higher and that 

the energy of the lowest unoccupied molecular orbital 

(ELUMO) is lower. This leads the electron transfer 

tendency to an appropriate acceptor molecule and 

facilitates adsorption on the metal surface 36. 

Furthermore, the difference between these energy 

levels (∆Egap) is a vital descriptor depending on the 

reactivity of the inhibitory molecule regarding the 

adsorption on the metal surface. The lower is the value 

of ∆Egap indicate the higher is the reactivity of the 

inhibitor and thus the excellent adsorption ability 37. 
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Table 1. Quantum chemical parameters for the studied molecules of EO16 and EO18 in their neutral forms 

obtained in the aqueous phase with the DFT at the B3LYP/6-31G (d,p) level. 

Molecules 
EHOMO 

(eV) 

ELUMO 

(eV) 

ΔEgap 

(eV) 

A 

(eV) 

I 

(eV) 

μ 

(Debye) 

EO16 

β- Pinene -6.31 0.68 6.99 -0.68 6.31 0.93 

2-Methylpropyl butanoate -7.43 0.30 7.64 -0.30 7.43 2.43 

Amyl isobutyrate -7.32 0.28 7.60 -0.28 7.32 2.30 

Limonene -7.71 2.14 9.85 -2.14 7.71 0.80 

Isobutyl valerate -7.46 0.32 7.78 -0.32 7.46 2.43 

Linalol -6.20 0.45 6.65 -0.45 6.20 1.76 

γ-Terpinene -6.00 0.75 6.75 -0.75 6.00 0.06 

Menthol -7.02 2.24 9.26 -2.24 7.02 1.91 

2-Methylbutyl 2-methylbutyrate -7.36 0.27 7.63 -0.27 7.36 2.45 

Amyl isovalerate -7.21 0.47 7.68 -0.47 7.21 1.83 

Croweacin -5.68 0.01 5.69 -0.01 5.68 2.08 

Citronellyl isobutyrate -6.20 0.27 6.47 -0.27 6.20 2.47 

EO18 

α-Pinene -6.00 0.76 6.76 -0.76 6.00 0.24 

Linalol -6.20 0.45 6.65 -0.45 6.20 1.76 

α-Isophorone -6.54 -1.27 5.27 1.27 6.54 5.62 

Linalyl valerate -6.22 0.21 6.43 -0.21 6.22 2.65 

Bornyl acetate -7.21 0.44 7.65 -0.44 7.21 1.91 

Thymol -5.87 0.00 5.87 0.00 5.87 1.87 

Geranyl acetate -6.17 0.29 6.46 -0.29 6.17 2.86 

Trans-Anethole -5.48 -0.62 4.86 0.62 5.48 1.87 

Citronellyl propionate -6.20 0.33 6.53 -0.33 6.20 2.45 

Croweacin -5.68 0.01 5.69 -0.01 5.68 2.08 

Eugenol -5.61 0.07 5.68 -0.07 5.61 3.25 

(Z) Farnesyl acetate -6.05 0.15 6.20 -0.15 6.05 3.17 

  

The results of EO16 compounds (Table 1) revealed 

that the highest energy EHOMO characterizes the 

Croweacin = -5.68 eV, the lowest energy                      

ELU MO = 0.01eV, and the lowest value of ∆Egap (5.69 

eV) compared to other molecules. Thus, Croweacin 

could perform better as a corrosion inhibitor. 

Croweacin revealed to have a large dipole moment 

value. This latter parameter proved to enhance the 

adsorption between the Croweacin molecule and the 

metal surface 38. In this analysis, we also noted that 

almost all the EO16 compounds, in addition to the 

second major compound (Linalol), have high dipole 

moments. Although the obtained values of the 

quantum parameters (EHOMO, ELUMO and ΔEgap) for 

these compounds (Linalool, β- Pinene, Amyl 

isobutyrate, γ-Terpinene,etc.) are not equivalent to 

those obtained for Croweacin, it turned out, from this 

calculation, that EO16 compounds have no inhibitory 

performance except Croweacin. These results show 

that he does not always exist a correlation between the 

dipole moment and the effectiveness of the corrosion 

inhibition. Some authors have addressed this 

divergence to which we have referred 39,40. 

Considering that the study of the EO18 compounds 

listed in (Table 1) has shown that there are, in addition 

to Croweacin, other minor compounds                   

(Trans-Anethole, Eugenol, α-Isophorone, and 

Thymol) with low values of the energy gap ∆Egap 

compared to other molecules of the same oil. This 

indicates that the reactivity of these molecules for the 

metal surface is fundamentally allowing them to be 

easily adsorbed on the metal surface, and therefore 
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enhance the inhibitory efficiency. These same 

compounds have the lowest values of ELUMO energy, 

which increases their probability to accept electrons 

from the metal surface by forming covalent bonds 41. 

(Fig.1) presents the Frontier Molecular Orbitals 

(FMO) diagram of these compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Frontier Molecular Orbitals (FMO) diagram of the selected inhibitors in their neutral forms calculated 

in the aqueous phase with the DFT at the B3LYP/6-31G(d,p) level. 

 

According to (Fig.1), the value of the ∆Egap decreases 

according to this order: 

Thymol > Croweacin    Eugenol > α-Isophorone 

> Trans-Anethole 

Therefore, it can be deduced that these molecules are 

relatively reactive chemical species; in other words, 

they are able to share electrons with the metal surface 

to establish coordination bonds 42. It can also be noted 

that there is an insignificant difference in donation 

capacity, which is slightly higher for Trans-Anethole. 

The dipole moment (μ) is an electronic descriptor of a 

molecule to rationalize its structure. There is, 

however, no consensus on the correlation between the 

dipole moment and the corrosion inhibition efficiency 
8,43. There is a view that a high dipole moment 

promotes high inhibition efficiency, while there is 

also a dissenting opinion 44,45. This difference was 

evident in our EO16 compounds analysis and EO18 

results. 

The compounds that have shown inhibitory properties 

in EO18 are characterized by a large value of dipole 

moment, which is distributed as follows: 

α-Isophorone  > Eugenol >  Croweacin > Thymol 

Trans-Anethole 

However, some EO18 compounds have shown a high 

dipole moment value, although with the absence of 

corrosion inhibitors properties. These analyzes 

confirm the confusion previously described by many 

researchers on the correlation between μ and the 

inhibition efficiency. We can, therefore, conclude that 

the high value of this parameter does not always 

distinguish the corrosion inhibitor or its relationship 

with the inhibition efficiency. 

According to the studied quantum chemical 

parameters, it is clear that Croweacin, as a major 

compound, exhibits characteristics associated with a 

corrosion inhibitor and therefore responsible for the 

main inhibition properties of EO16 and EO18. In 

addition, after analysis of EO18 compounds, it turns 

out that in addition to the Croweacin, other minor 

compounds (Trans-Anethole, Eugenol, α-Isophorone 

and Thymol) have an inhibitory power. Previous 

research works have already confirmed the inhibitory 

properties of Trans-Anethole, Eugenol, and Thymol 
8,44,46. This gives us a preliminary idea of assuming 

that, in addition to Croweacin, these minor 

compounds are suitable corrosion inhibitors, which 

enhance the inhibitory capacity of EO18 compared to 

EO16. To confirm our assumption and show the 

inhibitory forces of each detected compound, we have 

calculated other quantum parameters such as 

electronegativity (χ), electrophilicity index (ω), the 

hardness (η), the softness (σ), the fraction of electrons 

transferred (ΔNCu), and the back donation           

(∆Eback-donation) (Table 2). 
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Table 2. Chemical reactivity indices for the selected inhibitors in their neutral forms calculated in the aqueous 

phase using DFT at the B3LYP/6-31G(d,p) level. 

Quantum parameters Croweacin 
Trans-

Anethole 
Eugenol Thymol α-Isophorone 

χ (eV) 2.83 3.05 2.77 2.93 3.90 

η (eV) 2.84 2.43 2.84 2.93 2.63 

σ (eV-1) 0.35 0.41 0.35 0.34 0.38 

ω (eV) 1.41 1.91 1.35 1.46 2.89 

ΔNCu (eV) 0.29 0.29 0.30 0.26 0.11 

ΔEback-donation (eV) -0.71 -0.60 -0.71 -0.73 -0.65 

Etot (a.u) -651.81 -463.31 -538.52 -464.53 -426.43 

 

Electronegativity (χ) is a factor that determines the 

electrons attractiveness towards chemical species. 

This is an important indicator to determine the 

fraction of the electron transferred from the inhibiting 

molecule to the metal surface. According to the 

literature, a good corrosion inhibitor has a low 

electronegativity value (χ) 47,48. Table 2 shows the 

order of the electronegativity of the studied 

molecules: 

α-Isophorone >Trans-Anethole > Thymol > 

Croweacin > Eugenol 

The obtained electronegativity values show that these 

compounds are useful inhibitors with a preference for 

Eugenol. 

Hardness (η) and softness (σ) are important quantum 

descriptors for estimating reactivity and molecular 

stability. According to the principle of HSAB (Hard 

and Soft Acids Bases) 49, a hard molecule is associated 

with low basicity which means a low electron-

donating ability; while a soft molecule is related to 

high basicity and a high tendency to donate electrons. 

This suggests that a higher value of (σ) and a lower 

value of (η) are associated with a higher capacity of 

electron donor and therefore, high inhibition 

efficiency. In our case, the results in (Table 2) show 

that the values of (η) follow the following sequence: 

Thymol ≥ Eugenol  Croweacin > α-Isophorone    

> Trans-Anethole 

These results are consistent with the general belief 

that hard molecules should have a large energy gap 

∆Egap and that a soft molecule should have a low   

∆Egap 
50. In our work, the studied compounds are 

characterized by a low hardness with a preference for 

Trans-Anethole. They also have the feeblest ∆Egap, 

normally the inhibitor with the lowest hardness value 

(hence the highest softness value) should have the 

highest inhibitory efficacy. Consequently, these 

results confirm the inhibitory efficacity of these 

molecules. 

As for the values of (σ), the studied structures are 

classified in descending order as follows: 

Trans-Anethole >  α-Isophorone  >  Croweacin      

 Eugenol ≥   Thymol 

This trend shows that these compounds are reactive 

and have a high absorption capacity on the surface. 

This is in good agreement with the experimental 

observation 21. 

The inhibition efficiency is also affected by the value 

of the electrophilicity index (ω). According to several 

researchers 51,52, a good nucleophile (donor) is 

characterized by a lower value of (ω). On the other 

hand, a good electrophile (acceptor) is characterized 

by a high value of (ω) 53. Consequently, a molecule 

with a lower value of (ω) is a good corrosion inhibitor. 

As for the values of (ω), the studied inhibitors are in 

descending order as follows: 

α-Isophorone > Trans-Anethole > Thymol >   

Croweacin > Eugenol 

The low value of (ω) observed for each of the five 

studied compounds in the aqueous phase indicates 

their higher tendency to donate electrons to the metal 

surface with a preference for Eugenol. These results 

confirms the inhibitory performance of these 

compounds, which affirm the experimental results 

obtained in our previous study 21. 

The transfer of electrons occurs from the inhibitor to 

the surface atoms of the metal when ΔN> 0, and vice 

versa if ΔN <0 54. ΔNCu has also been calculated for 

the studied inhibitors (Table 2). The values of ΔN 

obtained to follow the following sequence: 

Eugenol Croweacin  Trans-Anethole  ≥  Thymol   

> α-Isophorone 

These results confirm the high ability of these 

compounds to donate electrons with a clear preference 

for Eugenol, Croweacin, Trans-Anethole, and 

Thymol. 

The information obtained from this study has 

demonstrated that the studied molecules can transfer 

electrons to the surface of copper and form a 

coordinate covalent bond. These results are consistent 

with the Lukovit study 55. The donation and back-

donation (∆Eback-donation) of charges were also 
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calculated in this work. This parameter is just to 

provide information regarding the electronic back-

donation process that could occur between the 

inhibitory molecule and the atoms of metal surface 21. 

If η> 0 and ∆Eback -donation <0, the electron donation 

capacity of the molecule on the metal surface 

increases, which enhances the inhibition efficiency. 

According to the calculations of ΔEback-donation for the 

studied compounds, they are less than zero                       

(-0.73 at -0.60 eV) these values indicate that these 

molecules appear to be good inhibitors for corrosion. 

The total energy (Etot) calculated by DFT is also 

another critical parameter. Etot of a system is made up 

of internal, potential, and kinetic energy. Hohenberg 

and Kohn 56 have proved that Etot of a system, 

including that of the numerous physical effects of 

electrons in the presence of static external potential, is 

a unique function of the charge density. The minimum 

value of the total energy functional is the ground state 

energy of the system. The electronic charge density, 

which yields this minimum, is then the exact single-

particle ground state energy 57. In our work, the           

Etot for the studied inhibitors is as follows:                                  

-651.81, -538.52, -464.53, -463.31, and -426.43 (a.u) 

for Croweacin, Eugenol, Thymol, Trans-Anethole, 

and α-Isophorone respectively. These high negative 

values of Etot, confirming the inhibitory efficacy for 

these compounds with a preference for the primary 

compound (Croweacin). 

Through the above and based on the quantum 

chemical parameters obtained, it is clear that the 

compound responsible for the inhibition power in 

EO16 is Croweacin. However, regarding EO18, there 

is probably a high inhibitory force due to the presence, 

in addition to the primary compound (Croweacin), the 

minor compounds (Eugenol, Trans-Anethole,               

α-Isophorone, Thymol), which enhanced the 

inhibition efficiency of EO18. These results 

somewhat explain the electrochemical study obtained 

in our previous work 21. 

 

3.1.1. Electronic distribution 

The chemical structures of the selected inhibitors, in 

its neutral forms, are presented in (Fig.2). 

 

 

Figure 2. Chemical structures of Croweacin, Trans-Anethole, Eugenol, Thymol, and α-Isophorone in their 

neutral forms 

 

(Fig.3) presents the HOMO, LUMO and the 

optimized molecular structures of the studied 

inhibitors in their neutral forms. It shows that the 

electronic densities HOMO and LUMO are 

distributed almost over the entire surface of the 

studied inhibitors. The positive and negative regions 

are indicated by the green and red colors, respectively. 

It is noted that LUMO is distributed over the benzene 

ring and the carbon atoms. At the same time, the 

density of HOMO orbital is firmly located over the 

aromatic cycle and the heteroatoms. This implies that 

the regions of these molecules develop the strongest 

tendency to accept and donate electron
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Figure 3. The optimized structures, HOMO and LUMO of the selected inhibitors in their neutral forms obtained 

in the aqueous phase using DFT at the B3LYP/6-31G (d.p) basis set 

 

3.1.2. Electrostatic potential  

Following the above approach concerning the visual 

representation of the chemically active sites for the 

studied compounds, (Fig.4) illustrates the molecular 

electrostatic potential (MEP). 
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Figure 4. (a) MEP and (b) Contour maps of (ESP) of the selected inhibitors in their neutral forms obtained in the 

aqueous phase using DFT at the B3LYP/6-31G (d.p) basis set 
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This tool provides information on the reactive sites for 

electrophilic and nucleophilic attacks. (Fig.4) shows  

different values of the electrostatic potential on the 

surface of the selected inhibitors which are  

 

represented by different colors: red, orange, and 

yellow representing regions with most negative 

electrostatic potential related to electrophilic attack, 

while light blue - blue represents regions with positive 

electrostatic potential are favorable for nucleophilic  

attack 58. On the other hand, the green color represents 

the region of zero potential. It can be seen that the 

negatively charged areas (nucleophiles) are located in 

the benzene rings and the heteroatoms. These 

electron-rich sites are the preferred sites for 

adsorption on metallic surfaces 59. In addition, the 

same figure presents the outline of the electrostatic 

potential (ESP) of the studied compounds. It shows 

that the contour maps of ESP for all inhibitors is 

present on the surface of aromatic rings and also on 

heteroatoms (oxygen atoms). This indicates that these 

molecules are adsorbed in a plane way on the surface 

of the metal substrate 60. 

3.1.3. Mulliken population analysis 

From our results discussed above (the quantum 

chemical parameters, the molecular electrostatic 

potential (MEP), and the contour maps of the 

electrostatic potential (ESP)), we could conclude that 

the studied molecules are more sensitive to the 

acceptation and donation of electrons than the atoms 

of the surface metal. Therefore, to support the 

experimental results 21, it will be beneficial to identify 

the most reactive sites in these selected inhibitors. The 

Mulliken atomic charges are used to provide 

assistance to the active sites of nucleophilic and 

electrophilic attacks. The Mulliken atoms charges 

calculated for the studied inhibitors are presented in 

(Table 3). 

  

Table 3. Mulliken atoms charges for the selected inhibitors in their neutral forms calculated in the aqueous 

phase using DFT at the B3LYP/6-31G (d.p) basis set. 

 

The examination of these results shows that all 

heteroatoms (O) and some carbon atoms            

(benzene rings, and double bonds) have negative 

charges with high electron density. These atoms, 

therefore, behave like nucleophilic centers when they 

interact with the metal surface to form coordinate 

bond 61.  In this context, it is shown for the Croweacin 

that the most negative charges are found on of the 

double bonds and oxygen atoms                                       

(C1, C2, C14, O8, O12, and O13). Concerning Trans-

Anethole and based on the data in (Table 3), the most 

negative charges are found on the oxygen atom (O10). 

Thus some carbon atoms of the aromatic ring carry the 

most negative charges (C2, C3, C8, and C9). 

Moreover, and considering Eugenol, the negative 

charges appeared mainly on the C = C double bonds 

(C4, C5, C10 and C9) and the two oxygen atoms      

(O3 and O11). Regarding Thymol, the oxygen atom 

(O11) and the aromatic ring carbon atoms represent 

the most negative charges. Finally, the largest 

negative values are located on the atoms                       

(O1, C3, C5, and C9) for the α-Isophorone. 

On the other hand, the most positive charges are 

located in the remaining carbon atoms of these 

Croweacin Trans-Anethole Eugenol Thymol α-Isophorone 

Atom 
Mulliken   

charge 
Atom 

Mulliken   

charge 
Atom 

Mulliken   

charge 
Atom 

Mulliken   

charge 
Atom 

Mulliken   

charge 

C (1) -0.139 C (1) 0.343 C (1) 0.328 C (1) -0.153 O (1) -0.548 

C (2) -0.166 C (2) -0.134 C (2) 0.282 C (2) 0.107 C (2) 0.416 

C (3) -0.266 C (3) -0.159 O (3) -0.590 C (3) -0.385 C (3) -0.163 

C (4) -0.090 C (4) 0.121 C (4) -0.129 C (4) -0.144 C (4) 0.133 

C (5) 0.277 C (5) -0.122 C (5) -0.162 C (5) -0.151 C (5) -0.220 

C (6) 0.052 C (6) -0.086 C (6) 0.094 C (6) 0.111 C (6) -0.010 

C (7) 0.280 C (7) -0.361 C (7) -0.277 C (7) -0.144 C (7) -0.311 

O (8) -0.547 C (8) -0.157 C (8) -0.022 C (8) -0.310 C (8) -0.312 

C (9) 0.288 C (9) -0.147 C (9) -0.268 C (9) -0.303 C (9) -0.240 

C (10) 0.308 O (10) -0.534 C (10) -0.174 C (10) 0.245 
C 

(10) 
-0.381 

C (11) -0.018 C (11) -0.092 O (11) -0.565 O (11) -0.586 ** **** 

O (12) -0.557 ** **** C (12) -0.088 ** **** ** **** 

O (13) -0.552 ** **** ** **** ** **** ** **** 

C (14) -0.263 ** **** ** **** ** **** ** **** 
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inhibitors representing the sites through which 

nucleophiles can attack. These inhibitors can, 

therefore, accept electrons from the metal through 

these atoms 62. 

Consequently, the analysis of the Mulliken atoms 

charges of these inhibitors in their neutral forms 

showed that these molecules, through these active 
adsorption sites, probably form a barrier preventing 

the aggressive ions from interacting with the metal 

surface, reducing as such the rate of corrosion. 

 

3.2. Molecular dynamic simulation study 

The studies of quantum chemical parameters, MEP, 

the contour maps of (ESP) and the Mulliken 

population analysis alone are not sufficient to predict 

the performance of the studied inhibitors despite their 

success in exploring their mechanism of action. 

 

Figure 5. Side and top views of equilibrium adsorption configurations for Cu (111)/ inhibitors systems obtained 

using the MC simulations 
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Therefore, we used the Monte Carlo (MC) type 

simulation of molecular dynamics (MD) to clarify the 

interaction between these inhibitors in their neutral 

forms and the copper surface 21, as well as to 

understand better the inhibitory properties of these 

inhibitors, which could have given EO18 high 

inhibiting power compared to EO16. 

The system reaches equilibrium only if both the 

temperature and the energy reach a balance 63. The 

final equilibrium structures and most stable low-

energy configuration of Croweacin; Trans-Anethole; 

Eugenol; Thymol, and α-Isophorone over the metal 

surface (i.e., Cu (111)) were studied in (Fig.5) using 

the simulation of MC. 
 

The examination of this figure clearly shows that there 

are strong interactions between the studied inhibitory 

molecules in their neutral forms and the Cu atoms. It 

is clear from (Fig.5) that the inhibitors were able to 

adsorb on the surface with parallel orientation. This 

mode of adsorption can be attributed to the strong 

interaction between the aromatic rings and the 

heteroatoms (O) of these studied inhibitors and the 

metallic surface. 

(Fig.6) presents the probability distribution curves for 

the adsorption energies of the studied inhibitors 

during the energy optimization process at 298 K. It 

can be seen that the distribution curves for the 

adsorption energies for all inhibitors fluctuating 

throughout the simulation are slight. This can serve as  

an indication for the system to reach the equilibrium 

state 64.  

As observed in the same figure, it is evident that all 

the studied compounds have negative energy which is 

as follows: -68.63; -55.10; -52.77; -46.69; and                 

-44.57 (kcal/mol) for Croweacin; Trans-Anethole; 

Eugenol; Thymol, and α-Isophorone respectively. We 

note an apparent preference for the major compound 

(Croweacin) which has higher negative adsorption 

energy when interacting with the copper surface. The 

adsorption energies with negative values testify to the 

adsorption of inhibitive compounds onto the metal 

surface 18,15. These results confirm the inhibitory 

power of Croweacin and the other minor compounds. 
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Figure 6. Adsorption energy distribution for Cu (111)/inhibitors systems obtained from MC  

 



Mediterr.J.Chem., 2020, 10(4)       A. Chraka et al.              387 

 

Following the above discussion, the different energies 

of the simulated systems have been calculated and the 

results obtained are grouped in (Table 4). In the 

calculations carried out, it was considered that the 

energy of the substrate (surface of the Copper) is 

equal to zero. Total energy (ET) is defined as the sum 

of the energies of the adsorbed compounds. The 

adsorption energy (Eads) is the energy required for the 

compound to be adsorbed on the metal surface. In 

addition, the adsorption energy reports the energy 

released (or expected) when the relaxed adsorbate 

component was adsorbed on the substrate. Eads is 

defined as the sum of the rigid adsorption energy 

(ERigid) and the deformation energy (Edef) for the 

adsorbate compounds. ERigid reports the energy 

released (or required) when the non-relaxed adsorbed 

compounds (i.e. before the geometry optimization 

step) are adsorbed on the substrate. Edef refers to the 

energy released when the adsorbed adsorbate 

compounds are relaxed on the surface of the substrate. 

(Table 4) shows (dEads/dNi), which is the energy of the 

substrate–adsorbate configurations where one of the 

components of the adsorbate has been removed 17. 

According to the simulation process, the studied 

inhibitors give the maximum energies of adsorption in 

a negative value (Table 4). The examination of the 

results shows that the Eads values of the five inhibitors 

on the surface are respectively -44.57; -46.69; -52.77; 

-55.10; and -68.63 (kcal/mol) for α-Isophorone, 

Thymol, Eugenol, Trans-Anethole and Croweacin 

respectively. The negative apex of Eads indicates that 

the adsorption of these inhibitors on the surface is 

spontaneous, powerful, and stable with a clear 

preference for Croweacin with the rest of the 

compounds because it has higher negative adsorption 

energy.

 

Table 4. The energetic outputs and descriptors obtained from MC simulations of neutral inhibitors over the Cu 

(111) substrate. (All values are given in Kcal/mol). 

 

To better understand the inhibitory performances of 

these studied compounds, we compared their 

adsorption energies with other inhibitors published in 

previous researches that studied their inhibitory 

effects on copper corrosion using the Molecular 

dynamics simulations. 

Awad et al. 65 have reported that neutral forms 

compound 5-AMT, 5-AMeTT, 1-AMeTT and 5-ATA 

act as good inhibitors of copper corrosion. The results 

of the Molecular dynamics simulations for these 

inhibitors have shown that a flat orientation adsorbs 

them and the values of the adsorption energy were 

respectively -30.405, -32.582, -29.071 and   

-22.966 (kcal/mol) for 5-AMT, 5-AMeTT, 1-AMeTT 

and 5-ATA. Our results are in good agreement with 

Awad et al. 65 results, and our inhibitors have the same 

direction of absorption on the copper surface. 

Moreover, the absorption energy values of 5-AMT,     

5-AMeTT, 1-AMeTT and 5-ATA were negative and 

somewhat close to the values of Thymol and                  

α-Isophorone, but lower compared to the values of 

Croweacin, Eugenol, and trans–Anethole. These 

comparisons guarantee that all studied compounds in 

this paper are also good inhibitors. 

All the above results confirm that Croweacin is 

responsible for the corrosion inhibition power in 

EO16 and EO18, and probably the inhibitory capacity 

of the minor compounds (α-Isophorone, Thymol, 

Eugenol, and Trans-Anethole) help Croweacin to give 

EO18 a high inhibitory power. These results are in 

good agreement with the experimental outcomes 

obtained in our previous work 21, as well as the 

quantum chemical calculations (i.e. DFT). 

To confirm the above results and for a more in-depth 

study concerning the adsorption of these compounds 

on the metal surface, we analyzed the bond lengths 

between the heteroatoms of these inhibitors and the 

surface after stimulation of MC (Table 5). As 

indicated in the literature, the shortest bond distances 

between active centers (O) and metal atoms were less 

than 3.5Å showing the formation of a strong chemical 

bond (Chemisorption) between these atoms 14, while 

the bond distance more than 3.5Å indicates that the 

Van-der-Waals type interaction (physisorption) 66. 

Thus, the bond distances calculated for the 

heteroatoms formed by these studied inhibitors is less 

than 3.5Å, suggesting that the chemical adsorption 

could be the crucial role in this inhibition process. 
 

 

 

Systems ET 

 

Eads 

 

ERigid Edef dEads/dNi  (Inhibitors) 

Cu (1 1 1) / Croweacin -33.51 -68.63 -56.95 -11.68 -68.63 

Cu (1 1 1) / Trans-

Anethole 
-40.67 -55.10 -51.41 -3.69 -55.10 

Cu (1 1 1) / Eugenol -46.25 -52.77 -51.11 -1.66 -52.77 

Cu (1 1 1) / Thymol -64.08 -46.69 -46.42 -0.27 -46.69 

Cu (1 1 1) / α-Isophorone -119.31 -44.57 -42.31 -2.26 -44.57 
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Table 5. Bond lengths values between the selected inhibitors in their neutral forms and Cu (111) surface after 

molecular adsorption. 

 
These results (Table 5) confirm the high inhibitory 

capacities of the major (Croweacin) and minor 

(Trans-Anethole, Eugenol, Thymol and                            

α-Isophorone) compounds. Therefore, Croweacin 

remains the main compound responsible for corrosion 

inhibition in these two extracts. The high inhibition 

efficiency of the EOs, mainly for EO18, can be 

attributed to the adhesion of these inhibitors 

(Croweacin, Trans-Anethole, Eugenol, Thymol and 

α-Isophorone) to the metal surface by numerous 

heteroatoms and double bonds. These later contribute 

to the formation of strong chemical bonds with the 

metal surface, which leads to the creation of a secure 

protective layer. This phenomenon offers a rapid 

increase in the effectiveness of the major inhibitor 

(Croweacin) as shown in the experimental results of 

EO18 23. 

 

4. Conclusion 
 

This work confirms that theoretical studies can 

provide a comprehensive understanding of the anti-

corrosion properties of Essential Oil. In this paper, the 

molecular and electronic properties of our inhibitors 

(Croweacin, Trans-Anethole, Eugenol, α-Isophorone 

and Thymol) identified by DFT demonstrated the 

existence of a correlation between the molecular 

structure of the studied inhibitors and their inhibitory 

power. Mulliken atomic charges have also shown that 

the oxygen atoms and some carbon atoms in the 

aromatic ring and double bonds are active centers for 

adsorption on the metal surface. 

Monte Carlo simulation studies have shown that the 

studied inhibitors have high adsorption energy when 

interacting with the copper surface, especially for the 

major compound (Croweacin). It also gave us an idea 

of the possible synergistic phenomenon within these 

studied inhibitors and the metal surface, explaining 

the high efficiency of EO18 over EO16. Moreover, 

these methods revealed that the adsorption of these 

studied inhibitors is occurring via chemisorption. 

The results above from two different fields, the first 

based on quantum mechanics (QM) calculation with 

density functional theory (DFT) and the second based 

on classical physics (the simulation of (MC)) are in 

good agreement.  

Finally, this study allowed us to discover a new and 

good green inhibitor namely Croweacin, which was 

not previously reported as a corrosion inhibitor at the 

limit of the authors knowledge. 
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