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Abstract: In this work, the interaction of three natural compounds: carvacrol (Inh-1), camphor (Inh-2), and 
linalool (Inh-3) on the Al(111) surface have been studied using DFT/B3LYP/6-31G(d,p), to understand 
adsorption behavior on the metal surface. The obtained results indicate a significant correlation between the 
inhibitory efficiency (IE%) of aluminum corrosion and the quantum chemical reactivity parameters derived 
from DFT. In addition, the interactions between the three natural inhibitors and the aluminum surface were 
studied using Monte Carlo (MC) and molecular dynamics simulations, as a result, the three molecules have 
strong interactions with the metal surface and thus have excellent predictive power for inhibition against 
metal corrosion, the three corrosion inhibitors have higher inhibitory efficiency and can be used as inhibitors 
to minimize the corrosion rate of the metal, therefore, the efficiency of Inh-1 is more important than the 
efficiency of Inh-2 and Inh-3. 
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1. Introduction 
The metal that is most prevalent on earth is 
aluminum. It makes up around 8% of the total mass 
of the materials on the solid surface of the Earth. It 
is a very common material used in industry due to 
its excellent mechanical properties/weight ratio and 
its relatively low manufacturing cost. This material 
is one of the main components in the aeronautical 
and naval transport industry [1]. Corrosion has 
remained a major problem in several industrial 
sectors, affecting the performance of various 
materials, including aluminum. The cost of 
corrosion in industrialized nations is about 3-4% of 
their GDP [2]. Aluminum alloys acquire their 
stability through the oxide hydroxide film formed 
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on the surface. This tough, insulating film protects 
the metal from corrosion, by covering the entire 
surface; it prevents the electrons produced by the 
oxidation of the metal from reaching the oxide 
surface. This protective action cannot be provided 
if the oxide film is dissolved or has a defect.  
Exposure of aluminum to the marine environment 
leads to inter-granular exfoliation and cracking of 
the alloy. Chloride ions are characterized by their 
ability to penetrate the oxide film and by the 
formation of soluble complexes. Pitting and crevice 
corrosion are considered the most important types 
of corrosion of aluminum alloys in seawater [3, 4]. 
Methods used to improve the strength of aluminum 
alloys include corrosion inhibitors, which have 
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proven to be a reasonable and cost-effective way to 
protect metals from corrosion. Generally, they are 
organic or inorganic compounds added at low 
concentrations to a corrosive environment to slow 
down or stop the corrosion process of metals [5]. 
Organic compounds can adsorb to the metal 
surface, thanks to heteroatoms such as oxygen, 
sulphur, and nitrogen. Synthetic compounds, 
however, are known to have excellent corrosion 
inhibition potential, but their toxicity to humans and 
the environment is proportionately high [6]. 
Inhibitors based on natural substances present 
themselves as a potential, non-toxic and 
biodegradable alternative. Recent research is 
increasingly focusing on these substances as green 
inhibitors [7–10]. Several bio-organic families have 
shown an important inhibitory effect of corrosion, 
such as alkaloids, phenolic compounds, and 
terpenes [11–13]. 
To understand the adsorption process as well as the 
corrosion inhibition mechanism of volatile 
products, three major compounds of different 
essential oils were studied as corrosion inhibitors. 
Carvacrol (2-Methyl-5-(propan-2-yl) phenol) is a 
natural monoterpene that is a major component of 
the essential oils of Hope Cones, Origanum 
vulgare, and Origanum Elongatum [14, 15]. 
Linalool (3,7-dimethyl-1,6-octadien-3-ol) is a 
terpene alcohol, the major component of the 
essential oil of Hyssopus officinalis [16]. Camphor, 
which is predominantly composed of the essential 
oil of Thymus vulgaris [17], whose structure of the 
three compounds, has been shown in figure 1. 
 
2. Computational Method 
2.1. DFT computation 
Quantum methods have been widely used to 
understand and predict the inhibitory properties of 
organic inhibitors against corrosion [18, 19]. In this 
part, the quantum method DFT (Density Functional 
Theory) was used to study the adsorption mode and 
the nature of the molecule/surface interactions of 
the aluminum substrate. DFT calculations were 
performed to obtain the properties of the three 
organic molecules (carvacrol, linalool, and 
camphor) and to evaluate the protective character of 
the aluminum surface against corrosion. The 
effectiveness of organic inhibitors is often 
correlated to their electronic properties namely 
dipole moment (µ), electron density, HOMO and 

LUMO orbital energy, as well as indicators of 
molecular reactivity such as absolute 
electronegativity (𝝌𝝌 = −𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯−𝑬𝑬𝑳𝑳𝑳𝑳𝑯𝑯𝑯𝑯

𝟐𝟐
)[20], 

absolute hardness 𝜼𝜼 = 𝑬𝑬𝑳𝑳𝑳𝑳𝑯𝑯𝑯𝑯− 𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯
𝟐𝟐

 [20], 
nucleophilicity reactivity index  𝐍𝐍 = 𝐄𝐄𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇(𝐢𝐢𝐢𝐢𝐢𝐢) −
𝐄𝐄𝐋𝐋𝐋𝐋𝐇𝐇𝐇𝐇(𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐢𝐢𝐭𝐭𝐭𝐭𝐭𝐭𝐢𝐢𝐭𝐭𝐢𝐢𝐭𝐭) [21], local indices and 
fraction of electrons transferred ∆𝐍𝐍 = [𝛘𝛘𝐀𝐀𝐀𝐀 −
𝛘𝛘𝐢𝐢𝐢𝐢𝐢𝐢]/𝟐𝟐[𝛈𝛈𝐀𝐀𝐀𝐀 + 𝛈𝛈𝐢𝐢𝐢𝐢𝐢𝐢]  [22, 23] from the inhibitor 
molecule to the metal atom.  
(χinh) and (ηinh) denote respectively the absolute 
electronegativity and the hardness of the inhibitor. 
The theoretical values of absolute electronegativity 
(χAl) and hardness (ηAl) for the aluminum atom are 
respectively χAl  = 3.23 eV and ηAl = 2.77 eV  [24]. 
The geometries of the examined molecules were 
optimized using the B3LYP function with the base 
6-31G(d,p)  [25–27]. All calculations were carried 
out by the program GAUSSIAN 09 [28] and 
visualized by GaussView (Frisch et al., 2008).[29]  

2.2. Dynamics Molecular and Monte-Carlo 
simulations 

Molecular dynamics is a very useful molecular 
simulation method to study all types of 
molecule/substrate interactions in the presence of 
solvent molecules (H2O) and to identify the 
different adsorption modes of inhibitor molecules 
on the metal surface. The adsorption of the three 
molecules (Carvacrol, camphor, and linalool) on 
the aluminum surface is studied by applying Monte 
Carlo simulations (MC) using Materials Studio 6.0 
software [30], the Al(111) surface model was 
selected as the aluminum crystal's more stable and 
compact surface [31]. 
The simulation box used to model the Al (111) 
aluminum surface has the dimensions of (34.36 Å × 
34.36 Å × 51.68 Å) with periodic boundary 
conditions in all three directions and the inclusion 
of a 40 Å void layer at the C axis. The adsorption 
of these compounds on the Al(111) surface was 
simulated using the COMPASS (Condensed Phase 
Optimized Molecular Potentials for Atomistic 
Simulation Studies) force field [32], with 185 water 
molecules/one inhibitor molecule/6 sodium ions + 
6 chloride ions. The molecular dynamics 
simulations were performed at 298K, the canonical 
NVT ensemble, with a time step of 1 fs and a 
simulation period of 500 ps [33, 34]. The 
interaction energy between the inhibitor molecules 
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and the Al (111) interface was calculated according 
to the following equation [35–37]. 

Einteration = Etotal - (Einhibitor + EAl+ H 2 O) 
Etotal: the total energy of the simulation system. 
Einh: the energy of the free inhibitor molecule. 
EAl+H2O: The energy of the aluminum surface and 
the H2O molecules together, the binding energy 
being equal to the negative value of the interaction 
energy [36-38]: 

𝑬𝑬𝐁𝐁𝐢𝐢𝐢𝐢𝐁𝐁𝐢𝐢𝐢𝐢𝐁𝐁 =  −𝑬𝑬𝐈𝐈𝐢𝐢𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐢𝐢𝐭𝐭𝐢𝐢 

 
3. Results and discussion 
3.1. The relative stability of the three inhibitors 
The optimized structures of the three inhibitors in 
the isolated state and the gas phase (figure 2), show 
that the equilibrium geometry of carvacrol is planar. 
Additionally, the structural analysis of the three 
inhibitors indicates that carvacrol is less 

energetically stable, making it the most reactive 
molecule due to its high total energy value in the 
isolated state (Table 1). This allows us to think that 
this molecule can form a better corrosion-inhibiting 
layer on the aluminium surface, unlike the other 
two molecules.  
From the results of table 1, it can be observed that 
the reactivity of the three organic compounds varies 
in the following order: Inh-1>Inh-2>Inh-3. 
 
3.2. Electronic properties 
3.2.1. Net charges Analysis  

A study of the Mulliken electron population in 
inhibitor molecules has been carried out, these 
electron populations play an important role in 
determining the adsorption centers of the inhibitor 
on the metal surface [39, 40], table 2 shows the net 
atomic charge values of the three inhibitors. 

 
Table 1. DFT/B3LYP/6-31G(d,p) Total energies of carvacrol, camphor and linalool. 

Inhibitors Carvacrol Camphor Linalool 
The total energy in (a.u) -464.752 -465.946 -467.117 

 

 
Figure 1. The chemical structures of Carvacrol, Camphor and Linalool. 

 
Figure 2. The most stable configuration of carvacrol, camphor, and linalool optimized by DFT/B3LYP/6-

31(d,p) 
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Table 2. Net charges of the three organic inhibitors computed by the B3LYP/6-31G(d,p) approach. 

 
.

The interaction between the metal and the inhibitor 
is often considered preferential on atoms 
characterized by extremely negative atomic 
charges, in the carvacrol the negative charges were 
localized only on carbon atoms (C1, C3, C6, C10, 
C12, C16, and C22) and oxygen O20, suggesting 
that these centers can interact with the metal surface 
[41, 42], this shows that oxygen is a preferred site 
to adsorb onto the metal surface through a donor-
acceptor reaction to form a coordination bond. 
Table 2 also shows that the carbon atoms (C1, C2, 
C3, C4, C11, C16, C20, C24) and the oxygen O15 
of the camphor molecule are very electron rich. 
Nevertheless, the two carbon atoms C9 and C10 are 
electron-deficient sites. It can be deduced that the 
oxygen O15 can give electrons to the metallic 
surface. 

The linalool atoms (C2, C4, C8, C12, C15, C19, 
C21, C26, and O23) are more reactive toward an 
electrophilic attack, while the atoms with positive 
charges are more reactive toward a nucleophilic 
attack. In conclusion, the calculation of the net 
charges suggests mainly a possible electrophilic 
attack on the oxygen atom. 
 
3.2.2. LUMO-HOMO Energy gap 

The global and local reactivity of Camphor, linalool 
and carvacrol can be estimated by analyzing the 
HOMO and LUMO boundary molecular orbitals in 
the neutral and isolated states to identify the most 
favorable adsorption sites on the metal surface. The 
HOMO orbital is associated with the molecule's 
ability to donate electrons, while the LUMO is 
associated with its ability to gain electrons. 

 

 
Figure 3. B3LYP/6-31G(d,p) Energy gap of the three organic inhibitors 
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Table 3. Quantum chemical descriptors of the three neutral inhibitors calculated by B3LYP/6-31G(d,p) (the values are 
given in eV). 

Inhibitors ELUMO EHOMO Gap μ(Debye) χ η N ∆N 
Inh-1 0.178 -5.752 5.930 1.438 2.787 2.965 3.370 0.038 
Inh-2 -0.228 -6,235 6.007 2.957 3,231 3.003 2.887 -8.105 
Inh-3 0.415 -6,196 6.611 1.382 2.892 3.305 2.926 0.027 

 

Table 4. DFT/B3LYP/6-31G(d,p) Local reactivity descriptors of carvacrol. 
Site K 𝐏𝐏𝐭𝐭𝐭𝐭𝐭𝐭+(𝐭𝐭) 𝐏𝐏𝐭𝐭𝐭𝐭𝐭𝐭−(𝐭𝐭) 𝐟𝐟+(𝐭𝐭) 𝐟𝐟−(𝐭𝐭) 

C1 -0.1219 0.4131 -0.0028 0.1927 
C2 0.3293 0.0456 0.1509 0.0888 
C3 0.2738 -0.0079 0.1575 0.0161 
C4 -0.0923 0.2160 -0.0261 0.1247 
C5 0.3071 0.2828 0.1729 0.1090 
C6 0.2946 -0.1450 0.1358 -0.0091 

C10 -0.0069 -0.0016 -0.0015 -0.0374 
C12 0.0132 0.0102 -0.0067 -0.0025 
C16 0.0132 0.0102 -0.0071 -0.0021 
O20 -0.0042 0.1805 -0.0026 0.1654 
C22 -0.0299 -0.0168 -0.0008 -0.0648 

 

Table 5. DFT/B3LYP/6-31G(d,p) Local reactivity descriptors of camphor. 
Site K 𝐏𝐏𝐭𝐭𝐭𝐭𝐭𝐭+(𝐭𝐭) 𝐏𝐏𝐭𝐭𝐭𝐭𝐭𝐭−(𝐭𝐭) 𝐟𝐟+(𝐭𝐭) 𝐟𝐟−(𝐭𝐭) 

C1 0.0250 0.0053 -0.0040 0.0013 
C2 -0.0292 0.1796 -0.0182 0.0636 
C3 0.0029 0.0021 -0.0044 -0.0009 
C4 0.0007 -0.0003 -0.0107 -0.0103 
C9 0.0278 0.0288 0.0008 0.0140 
C10 0.5155 -0.0212 0.3343 0.0354 
C11 -0.0399 0.1374 -0.0354 0.0517 
O15 0.2777 0.5845 0.2138 0.3671 
C16 0.0040 -0.0021 -0.0188 -0.0153 
C20 0.0026 0.0199 -0.0074 -0.0055 
C24 0.0022 0.0014 -0.0170 -0.0128 

 

Studies have shown that the effectiveness of 
organic inhibitors is often correlated to the LUMO-
HOMO energy gap  [43, 44], the lower this gap the 
more favorable the adsorption of the organic 
molecule and thus better protection of the metal 
surface. DFT calculations on the three inhibitors in 
the isolated state show that carvacrol is the most 
reactive molecule given its low LUMO-HOMO gap 
value (5.93 eV) (figure 3). The corrosion inhibition 
efficiency of the studied inhibitors varies in the 
following order: Inh-1 > Inh-2 > Inh-3. 
Note also that the HOMO orbital energy (-5.752 
eV) is slightly higher for carvacrol than for 
camphor and linalool. This confirms the stronger 

ability to transfer electrons from carvacrol to the 
metal surface. The LUMO energy (-0.228 eV) of 
camphor is the lowest in the isolated state, so we 
can think that this molecule acts as an electrophile 
(electron acceptor) in a system where there will be 
electron transfer from the substrate to the molecule. 
3.2.3. Location of LUMO and HOMO orbitals 

The location of the FMO boundary molecular 
orbitals on the atoms of the three organic inhibitors 
provides valuable information about the local 
reactivity, as shown in Figure 4 for carvacrol, the 
HOMO orbital is highly condensed at the carbon 
atoms (C1 and C4), and the oxygen O20, indicates 
that the main interaction is between oxygen and 
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these two carbon atoms of the inhibitor and the 
surface atoms of the metal when the molecule is 
adsorbed, it is also noted that the LUMO is 
distributed on the four carbon atoms C2, C3, C5, 
and C6 of the aromatic ring, this suggests that when 
the molecule adsorbs on the surface of the metal, 
the aromatic ring of the inhibitor molecule can get 
electrons. This inhibitor can adsorb to the metal 
surface by electron transfer, the HOMO and LUMO 
orbital distribution of carvacrol, camphor, and 
linalool are presented in figures 4, 5 and 6. 
Figure 5 shows the iso-density of the HOMO orbital 
of camphor, according to this figure, the density of 
the HOMO orbital is well localized on the C2, C11, 
and O15 carbon atoms indicating that they are 
electron-rich, while the LUMO is condensed at the 
C10 carbon atom. This indicates that the 
nucleophilic attack is mainly done on the C10 atom, 
while, the carbon atoms (C2 and C11) and the 
oxygen O15 are sensitive to electrophilic attacks. 

As shown in Figure 5, the HOMO orbital density is 
well localized on the C2, C11, and O15 carbon 
atoms indicating that they are electron-rich, while 
the LUMO is condensed at the C10 carbon atom. 
This indicates that the nucleophilic attack is mainly 
done on the C10 atom, while, the carbon atoms (C2 
and C11) and the oxygen O15 are sensitive to 
electrophilic attacks. 
From Figure 6, it can be seen that HOMO is well 
localized on the three carbon atoms C1, C2, and 
C21 indicating that it is electron-rich, while LUMO 
is mainly localized on the two carbon atoms C19 
and C21. Therefore, the inhibitor can donate 
electrons via C1, C2, and C21 atoms to the 
unoccupied orbital to form coordination bonds, 
while the C19 and C21 carbons can accept 
electrons. 
 

 
Figure 4. HOMO and LUMO boundary orbital distribution of carvacrol. 
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Figure 5  Iso-density of the HOMO and LUMO orbitals of camphor. 

 
Figure 6. Iso-density of the HOMO and LUMO orbitals of linalool. 
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Figure 7.  B3LYP/6-31G(d,p), HOMO, and LUMO iso-surface of the complex (Inhibitor-Aluminum). 

 

Table 6. DFT/B3LYP/6-31G(d,p) Local reactivity descriptors of linalool. 
Site K 𝐏𝐏𝐭𝐭𝐭𝐭𝐭𝐭+(𝐭𝐭) 𝐏𝐏𝐭𝐭𝐭𝐭𝐭𝐭−(𝐭𝐭) 𝐟𝐟+(𝐭𝐭) 𝐟𝐟−(𝐭𝐭) 

C1 0.2111 0.2685 0.12896 0.17801 
C2 0.1995 0.2968 0.09323 0.18277 
C4 -0.0193 -0.0135 -0.01627 -0.04451 
C8 -0.0188 -0.0150 -0.02133 -0.04227 

C12 -0.0174 -0.0005 -0.01057 -0.03148 
C15 0.0183 0.0659 0.00261 0.00173 
C18 -0.0031 0.0176 -0.01067 -0.0117 
C19 0.2205 0.0601 0.17587 0.02163 
C21 0.3409 0.1805 0.18156 0.11962 
O23 -0.0003 0.0523 0.02167 0.05218 
C26 0.0053 0.0249 -0.0060 -0.00268 

 

Table 7. Difference between the two possible LUMO/HOMO combinations for the three inhibitors and aluminum (Values in eV). 
Inhibitors 𝐄𝐄𝐋𝐋𝐋𝐋𝐇𝐇𝐇𝐇 𝐄𝐄𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 |𝐄𝐄𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 − 𝐄𝐄𝐋𝐋𝐋𝐋𝐇𝐇𝐇𝐇(𝐀𝐀𝐀𝐀)| |𝐄𝐄𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇(𝐀𝐀𝐀𝐀) − 𝐄𝐄𝐋𝐋𝐋𝐋𝐇𝐇𝐇𝐇| 

Al -0.433 -5.986 ...... ...... 
Inh-1 0.178 -5.752 5.319 6.164 
Inh-2 -0.228 -6.235 5.802 5.698 
Inh-3 0.415 -6.196 5.763 6.401 
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Figure 8.  ELF localization domains and ELF basin attractor placements. 

 

Table 8. Valence basin classification based on synaptic order. 
Synaptic order Nomenclature Basin symbol 

0 Asynaptic V 
1 Monosynaptic V (Xi) 
2 Disynaptic V (Xi, Yj) 
≥ 3 Polysynaptic V (Xi, Yj, …) 
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3.3.3. Analysis of the global reactivity indices of 
carvacrol, camphor, and linalool 
To assess the protective character of the three 
inhibitors adsorbed on the aluminum surface, 
several quantum chemical descriptors can be 
evaluated. In this section, the dipole moment (μ), 
electronegativity (χ), hardness (η), nucleophilicity 
index (N) as well as the fraction of electrons 
transferred (∆N) from the inhibitor to the aluminum 
atom have been calculated by the B3LYP/DFT/6-
31G(d,p), all these quantum chemical descriptors 
are presented in table 3. 
According to the results presented in Table 3, 
carvacrol and camphor have respectively a dipole 
moment of (1.438 D) and (2.957 D), higher than 
that of linalool which is (1.382 D). Note that the 
higher the value of the dipole moment, the more 
favorable the interaction between the molecule and 

the aluminum surface. Thus carvacrol and camphor 
could interact more easily with metal surfaces than 
the linalool molecule. Carvacrol has a higher 
nucleophilicity index value (N = 3.370 eV), which 
suggests that this compound has a strong tendency 
to donate electrons to the free d orbital of the metal.  
This ability to donate electrons is confirmed by its 
low electronegativity (χ=2.787 eV). As can be seen 
from Table 3, camphor has a low nucleophilicity 
index (N=2.887 eV) while having an almost zero 
(ΔN) fraction, this indicates that the electron 
exchange is more favorable from the metal to the 
organic inhibitor camphor [45–48]. Therefore, the 
presence of carvacrol or camphor in the solution 
could reduce the destruction of the oxide layer and 
block the accessibility of the metal surface to 
corrosive agents. 
 

 

Table 9. Binding and interaction energies between the inhibitor molecule and the Al(111) surface. 
Systemes EInteraction (kJ/mol) Ebinding (kJ/mol) 

Al(111) + Inh-1 -48.599 48.599 
Al(111) + Inh-2 -47.736 47.736 
Al(111) + Inh-3 131.053 -131.053 

3.4. Reactivity local descriptors  
To identify the most electrophilic (electron 
acceptor) and nucleophilic (electron donor) site of 
carvacrol, camphor, and linalool, Parr functions 
[49] and Fukui functions [50] are examined, these 
functions are more relevant for the study of 
selectivity. 
The functions  𝑓𝑓+(𝑟𝑟)/𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟+(𝑟𝑟), expresses the 
electrophilic character when the molecule is 
attacked by a nucleophilic reagent, whereas the 
function 𝑓𝑓−(𝑟𝑟)/𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟−(𝑟𝑟) provides information 
about the electrophilic attack on a given site.  The 
largest value of the 𝑓𝑓(𝑟𝑟)/𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 (𝑟𝑟) function is 
assigned to the most reactive site [49, 50]. 
𝑓𝑓−(𝑟𝑟)/𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟−(𝑟𝑟)  functions calculation provides 
the biggest value to the carbon atom (C1 and C4) 
and the oxygen O20, thus, these should be the most 
reactive sites toward electrophilic attack. Table 4, 5 
and 6 reported, respectively, the local quantities for 
the most reactive sites of carvacrol, carvacrol, and 
linalool calculated by the DFT/B3LYP/6-31G(d,p) 
method. 
The most reactive sites toward a nucleophilic attack 
are the atoms C2, C3, C5, and C6, indeed, the 

functions 𝑓𝑓+(𝑟𝑟)/𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟+(𝑟𝑟) give the highest value 
to these carbon atoms. These reactive atoms 
promote the formation of stable organic layers 
which limits the contact between the aluminum 
surface and the aggressive external environment. 
Table 5 also clearly shows that the C2, C11, and 
O15 atoms of camphor act as electron-rich 
(nucleophilic) centers, while the C10 carbon atom 
is electron-deficient. In conclusion, the main 
interaction is through these atoms and the metallic 
surface of the aluminum. 
The determination of the local reactivity of linalool 
(Table 6) allows the identification of the different 
electronic transfers that take place during the 
linalool/ aluminium interaction. It appears that in 
the ground state, the two carbon atoms (C19 and 
C21) are the most electrophilic reaction sites, while 
the three carbon atoms (C1 and C2) are the most 
nucleophilic sites. These results predict that the 
atoms (C1 and C2) can transfer electrons to the 
aluminum surface. The inclusion of an oxygen atom 
and an unsaturated carbon ring, which have strong 
nucleophilic and electrophilic sites capable of 
exchanging electrons and reacting aggressively 
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with metallic surfaces [51–53], makes carvacrol a 
more effective inhibitor for enhancing aluminium's 
corrosion resistance. 
 
3.5. Study of inhibitor-aluminum complexes 
3.5.1. Orbital aspects of the complexes 

In this section, the three isolated complexes formed 
between an inhibitor molecule (carvacrol, camphor 
and linalool) and an aluminum atom were studied 
by the frontier molecular orbital (FMO) theory, 
from the analysis of the LUMO/HOMO gap 
calculation for the possible combinations between 
the three reactants and the aluminum atom, the main 
interaction is between the LUMO of aluminum and 
the HOMO of the inhibitors (Table 7), the 
LUMO/HOMO gaps of the formed complexes are 
collected in table 8 and the iso-surface of the 
formed complexes are presented in figure 7. 
The gap corresponding to the combination 
|𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝑖𝑖𝑖𝑖ℎ) − 𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻(𝐴𝐴𝐴𝐴)|  is smaller than that 
corresponding to the combination |𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝐴𝐴𝐴𝐴) −
𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻(𝑖𝑖𝑖𝑖ℎ)|. Therefore, the inhibitors behave as 

nucleophiles (electron donors) during the 
adsorption on the substrate surface. We also notice 
that the gap |𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴) − 𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻(𝐴𝐴𝐴𝐴)| is 
smaller; this indicates the adsorption of carvacrol 
on the aluminum surface is very favorable. 
Figure 7 shows a redistribution of the electron 
density of the HOMO and LUMO orbitals in the 
complex compared to the isolated molecule, 
especially on the most reactive sites of the three 
inhibitors. The iso-density change in the molecular 
orbitals of carvacrol, camphor, and linalool is a sign 
of coupling between the adsorbate and the substrate 
which also depends on the distance between the 
molecule and the substrate surface [54-58]. We also 
note that LUMO is highly condensed at the 
aluminum, showing that the inhibitor-aluminum 
complex could be the most reactive towards 
electron gain via the aluminum atom, the distances 
between the surface aluminum atom and the 
reactive atoms of the molecules involved in Al-X 
bond formation (X = potential active sites; i.e. O20, 
O15, and C2) are typical of covalent bonds. 
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Figure 9. Top and side view of adsorption configurations of carvacrol, camphor, and linalool on Al(111) 

in the aqueous phase. 

3.6. Topological analysis ELF of inhibitors 
Due to oxidation, corrosion is an electrochemical 
process that elevates a metal. Rust is the oxidation 
of metal in the presence of air and moisture. When 
a refined metal naturally transforms into a more 
stable state, such as its oxidation, hydroxylation, or 
sulfuration, corrosion begins and the material 
deteriorates. Most metals easily oxidize because 
they have the propensity to lose electrons to oxygen 
in the air or water. In this section, we'll describe the 
electronic distribution at the level of the inhibitors 

that were researched in both isolated form and 
combination with the metal. 
Chemical bonding has a solid foundation because 
of the topological analysis of ELF functions. In 
chemistry, it is frequently used to describe chemical 
bonding or reactivity. ELF attractors, or a 
maximum of the ELF function that identifies 
regions of electron pairing in space, locate areas 
with minimal Pauli repulsion. The nuclei-
containing core basins and the valence basins are 
the two categories of basins that distinguish the 
various areas of the molecular space. If a hydrogen 
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atom is present, a basin is protonated. A valence 
basin is linked to a core if the domain around the 
core attractor also surrounds the valence one and 
the two attractors are separated by a common 
separator. The connectivity of valence basins to a 
core attractor, which is determined by a synaptic 
order, is distributed differently. The terminology 
for the basins concerning synaptic order is shown in 
Table 8. 
To determine the most basic electronic structure of 
the isolated inhibitors and their complexes with the 
metal, we first evaluated the topology of ELF. The 
positions of the valence basin populations, ELF 
localization domains, and ELF basin attractors are 
depicted in Figure 8, these parameters are 
calculated by the Topmod software [59]. 
The topological analysis of the ELF of camphor 
shows the presence of two monosynaptic basins 
V(O) and V'(O) integrating a total population of 
5.20e, a disynaptic basin V(C1, O) integrating 
2.42e, and two disynaptic basins V(C6, C1) and 
V(C2, C10) integrating respectively 2.04e and 
1.88e. The formation of a complex between the 
camphor and the metal changes the electronic 
environment around the oxygen atom. The 
monosynaptic basins carried by the oxygen atom 
take a value of six electrons V(O)=6.06e, and the 
value of the disynaptic basin between the carbon C1 
atoms and the oxygen atom becomes V(C1, O) = 
1.47e, which shows that this molecule is capable of 
yielding an electronic density (0.15e) to the metal, 
consequently camphor is capable of protecting 
aluminum against corrosion. 

ELF topological analysis of carvacrol shows the 
presence of two monosynaptic basins gated by 
oxygen of value V(O)=4.56e, a disynaptic basin 
linked between the oxygen atom and the carbon 
atom C1, and six disynaptic basins gated by the 
aromatic nucleus of total value 17.37e. The 
formation of a complex between the oxygen atom 
of carvacrol and aluminum increases the value of 
the monosynaptic basin of oxygen and becomes 
V(O) = 4.63e and deprives the value of the 
disynaptic basin between oxygen and carbon C1, 
V(C1, O)=1.34e, therefore the metal is capable of 
accepting electrons (0.17e) from the alcohol 
function of carvacrol. 
ELF examination of the linalool reveals the 
existence of two disynaptic basins linked to the C1-
C2 and C6-C7 atoms with a value of V(C1, C2) = 

3.53e and V(C6, C7) = 3.80e respectively, two 
other disynaptic basins of value V(O, C3) = 1.25e 
and VC5, C6)=1.98e. 
In the complexation of the aluminum atom by the 
C6=C7 double bond of linalool, a change occurs 
around the double bond, the value of the basin 
V(C6, C7) becomes 2.52e and the value of the basin 
V(C5, C6) = 1.98e, while the electronic 
environment around the oxygen atom remains 
unchanged, consequently the C6=C7 double bond 
is capable of giving 1.28e to the metal. 
 
3.7. Monte-Carlo simulations 

Monte Carlo simulations are the use of randomized 
simulation techniques to model and understand 
chemical processes. These simulations can be used 
to study the dynamics of molecules, the 
thermodynamics of chemical systems, and reaction 
kinetics. Monte Carlo techniques can also be 
combined with other simulation methods to study 
complex systems such as nano-structured materials 
and interaction between inhibitors and metal 
surfaces. Top and side views of the adsorption 
patterns of carvacrol, camphor, and linalool on 
Al(111) in the aqueous phase were displayed in 
Figure 9. 
Figure 9 indicates the adsorption energies of the 
three inhibitors on the Al(111) surface are all 
negative. Therefore, the adsorption of these organic 
compounds is possible and favorable. They could 
provide protection and form a barrier to aluminum 
corrosion. Moreover, we noticed that the value of 
adsorption energy Eads which corresponds to 
inhibitor 1 is higher in absolute value than Eads of 
inhibitors 2 and 3. Adsorption energy is higher in 
absolute value, indicating a great interaction 
between the inhibitor molecule and the substrate 
surface. Therefore, the adsorption of the inhibitor 
on the metal surface Al(111) with high inhibitory 
efficiency. Figure 9, also reveals that carvacrol is 
adsorbed parallel to the aluminum surface. This 
indicates that strong interactions occur between 
carvacrol and aluminum atoms. The planar 
adsorption mode is due to the free electrons of 
oxygen and the π-electrons of the aromatic ring 
present in carvacrol, this orientation ensures a large 
adsorption surface area and thus high inhibitory 
efficiency. 
 
3.8. Molecular dynamics simulations 



Turkish Comp Theo Chem (TC&TC), 8(3), (2024), 13-22 

Fathia Laihemdi, Ali Barhoumi, Brahim Lizoul, Kamilia Mounich, Tariq Benabbouha, 
Mohammed Chafi, Abdellah Zeroual, Mohammed El idrissi 

 

15 
 

The computing interaction energies between the 
aluminum surface and carvacrol, camphor, and 
linalool are equal to - 48.599 kJ/mol, - 47.736 
kJ/mol, and 131.053 kJ/mol, respectively (Table 9). 
The more negative the interaction energy, the more 
strongly spontaneous the adsorption of the 
inhibitors on the aluminum surface. Therefore, the 
binding energy of inhibitors is higher; this makes 
the adsorption system more stable with higher 
inhibitor efficiency [60]. Theoretical calculations 
show that the inhibitory efficiency of the studied 
organic compounds varies in the following order: 
Inh-1 > Inh-2 > Inh-3. Therefore, carvacrol can 
better protect the aluminum surface from corrosion. 
The metal surface can be protected by the formation 
of an inhibitory layer. These results are in good 
agreement with the experimental results [61, 62]. 
 
4. Conclusions 
The quantum chemical descriptor values suggest 
that carvacrol may interact more readily with the 
aluminum metal surface than the camphor and 
linalool molecule. In addition, the study of the net 
charges on the atoms allowed us to show that the 
oxygen atom is the most negatively charged for the 
three inhibitor molecules. This site is classically 
considered a more reactive (electron donating) site. 
While the positive charges on the carbon atoms are 
likely to participate in bonding with the metal 
surface atoms. Local reactivity indices show that 
the O20, O15, and C2 sites associated with 
carvacrol, camphor, and linalool respectively act as 
electron donors during adsorption. The reactivity of 
the three inhibitors was discussed by calculating the 
energy gap between the HOMO and LUMO 
boundary orbitals; carvacrol would be more 
reactive in a system where there would be electron 
transfer from the molecule to the substrate. 
Monte Carlo (MC) simulations show that carvacrol 
is positioned parallel to the metal surface reflecting 
the coverage of a large portion of the aluminum 
surface. The Monte Carlo and molecular dynamics 
simulations show that the organic compounds 
exhibit high adsorption and binding energies in 
absolute value during the simulation process. This 
indicates that the studied inhibitors are likely to 
adsorb onto the aluminum surface to improve the 
corrosion resistance, these results are in clear 
agreement with experimental observations. 
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