
Article J. Braz. Chem. Soc., Vol. 34, No. 3, 309-324, 2023
©2023  Sociedade Brasileira de Química

https://dx.doi.org/10.21577/0103-5053.20220110

*e-mail: pln@ufc.br
Editor handled this article: Rodrigo A. A. Muñoz (Associate)

Inhibition of Copper Corrosion in Acid Medium by Imidazole-Based Compounds: 
Electrochemical and Molecular Approaches

Stefane N. Costa,a Francisco W. Q. Almeida-Neto,b Emmanuel S. Marinho, c 
Othon S. Campos,d Adriana N. Correia b and Pedro de Lima-Neto *,b

aPrograma de Pós-Graduação em Engenharia e Ciência de Materiais,  
Universidade Federal do Ceará, Campus do Pici, 60440-554 Fortaleza-CE, Brazil

bDepartamento de Química Analítica e Físico-Química, Universidade Federal do Ceará,  
Campus do Pici, 60440-900 Fortaleza-CE, Brazil

cFaculdade de Filosofia Dom Aureliano Matos, Universidade Estadual do Ceará,  
62930-000 Limoeiro do Norte-CE, Brazil

dDepartamento de Química e Física, Universidade Federal do Espírito Santo,  
Campus Guararema 29500-000 Alegre-ES, Brazil

Chemically modified imidazole molecules: 4-(1H-imidazol-1-yl)aniline, 4-(1H-imidazol-
1-yl)benzaldehyde, 4-(1H-imidazol-1-yl)phenol and (4-(1H-imidazol-1-yl)phenyl)methanol 
were investigated as inhibitors of the copper (Cu0) corrosion in 0.5 mol L-1 H2SO4 medium. 
The electrochemical corrosion data were obtained by monitoring open circuit potential, linear 
potentiodynamic polarization and electrochemical impedance spectroscopy techniques, while 
the computational density functional theory (DFT) method was applied to correlate the electronic 
properties of the molecules with corrosion inhibition efficiencies. All molecules had inhibited the 
Cu corrosion, and the inhibition values lied between 80 and 94%. A good correlation between 
the inhibition efficiencies values and Gibbs adsorption energy was found, showing that the more 
negative Gibbs energy, better interaction between the corrosion inhibitor with the Cu0 surface, 
diminishing its corrosion in 0.5 mol L-1 H2SO4 medium. The DFT calculations showed significative 
differences in electronic and reactivity properties of imidazole and other molecules. The higher 
corrosion inhibition of imidazole derivates could be explained by electrophilic characteristic of 
these molecules, since there are empty molecular orbitals spread over mainly in benzene rings 
that make a metal-ligand charge transfer, receiving electronic density from the copper surface by 
backbonding, according to the electronic Fukui functions and the potential charge distribution 
considering the map of electrostatic potential.
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Introduction

The corrosion of materials, specifically the metallic 
ones, is one of the major problems faced by humankind, 
which lead to huge economic losses that also contributes 
to environmental pollution.1 Cu0 is one of those metallic 
materials that has been widely used in industries, having 
many technological applications due to its high electrical 
and thermal conductivity, good malleability and excellent 
corrosion resistance.2 However, when Cu0 is attacked by 
hydrochloric and sulfuric acids, which are frequently used 

in pickling industrial processes, can suffer dissolution in 
these aggressive media.3

For preventing metallic corrosion, one of the most 
applied methods is the use of organic or inorganic 
compounds as corrosion inhibitors.4 Regarding of organic 
substances, the corrosion inhibition usually happens 
based on the adsorption of the molecule over the surface 
of the metallic materials through heteroatoms, such as 
nitrogen (N), oxygen (O), sulfur (S) and phosphorus (P), 
in addition to multiple bonds or aromatic rings.5

Several types of substances are being investigated 
as potential corrosion inhibitors for Cu0, such as: 
azoles,6 amines,7 amino acids,8 thiazoles,9 pyrimidine10 
and Schiff’s base.11 In addition to having interesting 
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chemical and pharmacological properties, imidazole-
based compounds have aromatic heterocyclic containing 
heteroatoms (N), which contribute to the adsorption of 
these species on the metal surface.12,13 Although imidazole 
(IM) itself is not a promising corrosion inhibitor,12,14 the 
corrosion inhibition efficiency (εinh) increases when polar 
chemical groups are added to the IM, such as phenyl, 
methoxy, amine, sulfhydryl, etc.15 This is attributed to the 
heteroatoms of these substituents which tend to create a 
coordination compound between the corrosion inhibitor 
and the metallic surface, improving the adsorption of 
molecules on the metal surface.16 In this context, the 
understanding of the interactions between the corrosion 
inhibitor and the metallic surface at a microscopic level 
has great importance for corrosion inhibition researchers, 
since one knows which molecular or electronic properties 
could be related to corrosion inhibition, making possible 
to correlate the calculated molecular properties with 
experimental data, such as εinh, for proposing chemical 
modifications of the molecule to synthesize new molecules 
with better corrosion inhibition performance.17 In recent 
years, the so-called computational chemistry has been 
present in research not only on the subject of corrosion 
inhibitors, but also in the chemistry of materials such 
as the use of machine learning tools to study failures in 
metallic structures18 or even using the ab initio method 
based on density functional theory (DFT) methodology, 
which uses quantum mechanics to determine molecular 
properties to evaluate macroscopic phenomena such as 
adsorption of inhibitor at the electrode/solution interface.19 
Thus, the correlation between experimental results and 
theoretical calculations allows to deepen the physical and 
chemical understandings of the phenomenon of corrosion 
inhibition.20

Therefore, the aim of this investigation is the application 
of imidazole-based compounds towards Cu0 corrosion 

inhibition in acidic medium and correlating these 
experimental data with in silico analysis of the inhibitor 
molecules by using DFT methods.

Experimental

Chemicals

All chemicals were purchased from Sigma-Aldrich 
Brazil (Barueri, Brazil) and used as received, without any 
further purification or separation. The 2D representations 
of investigated molecules are shown in Figure 1. 

Electrochemical experiments

Electrochemical techniques, such as open circuit 
potential monitoring (Eoc), potentiodynamic polarization 
(PP) and electrochemical impedance spectroscopy (EIS), 
were used to assess the performance of the imidazole 
and its derivatives as inhibitors of the Cu0 corrosion in 
0.5 mol L-1 H2SO4. All electrochemical experiments were 
carried out in a conventional three-electrode connected 
to Autolab PGSTAT 302N potentiostat/galvanostat from 
Metrohm® (Utrecht, The Netherlands) and controlled 
by Metrohm® NOVA® 2.1.4 software (Utrecht, The 
Netherlands), which allows the acquisition of experimental 
data and further treatment and analysis. The working 
electrode was a Cu0 disk embedded in glass tubes with 
epoxy resin and with a disk exposed area of approximately 
0.18 cm2. The counter electrode was a platinum plate 
with an area of 1.13 cm2 and the reference electrode was  
Ag(s)/AgCl(s)/Cl- (aq., saturated KCl). All solutions used in 
this investigation were prepared by water purified by the 
Milli-Q system (Darmstadt, Germany).

Prior the electrochemical corrosion tests, the Cu0 
surface was submitted to a sanding process with silicon 

Figure 1. 2D chemical representations of imidazole (IM) (a), 4-(1H-imidazol-1-yl)aniline (IA) (b), 4-(1H-imidazol-1-yl)benzaldehyde (IB) (c), 
4-(1H-imidazol-1-yl)phenol (IF) (d) and (4-(1H-imidazol-1-yl)phenyl)methanol (IFM) (e).
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carbide (SiC) sandpapers with 100, 220, 400 and 600 mesh 
granulations. After, the Cu0 surface was washed with water. 
Finally, the samples were immersed in a 0.5 mol L-1 H2SO4 
aerated solution and in the absence (blank solution) 
and presence of the imidazole-based compounds in the 
following concentrations: 0.1 × 10-3, 0.25 × 10-3, 0.5 × 10-3 
and 1 × 10-3 mol L-1. 

The impedance data were obtained at Eoc and after 
1 h of immersion of the Cu0 in the testing solution. The 
frequency was ranged between 20 kHz to 6 mHz and a 
potential amplitude of 10 mV was applied. The PP curves 
were obtained at the concentration of 1 × 10-3 mol L-1, 
after 1 h of immersion time, and the potential was sweep 
between ± 300 mV around the Eoc value, and the scan 
rate used was 1 mV s-1. All electrochemical experiments 
were carried out at the laboratory room temperature (ca. 
25 °C) in triplicate.

Computational calculations
 
The input files were prepared using the GaussView 5.021 

software and all the calculations were done using the 
Gaussian 09 software.22 Since the acidic medium was used 
in the experimental tests, the DFT calculations were carried 
out considering that all molecules were protonated. To make 
a proper theoretical-experimental model, the inhibitors 
molecules were optimized using the Minnesota 06 hybrid 
meta exchange-correlation functional (M06-2X) with 
the 6-311++G(d,p) basis set.23,24 All molecules were 
submitted for calculation with water as implicit solvent 
by the solvation method IEF-PCM.25,26 The isosurfaces 
of the frontier molecular orbitals (FMO) were rendered 
using the trial version of the ChemCraft software.27 Then, 
the global quantum reactivity descriptors were calculated 
from the energy values of the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO): the energy gap (ΔEgap, equation 1),28 the 
ionization potential (IP, equation 2),29 the electron affinity 
(A, equation 3),29 the electronegativity (χ, equation 4),30,31 

the global hardness (η, equation 5),32-34 the global 
softness (S,  equation  6),35 the global electrophilicity 
index (ω, equation 7),36 the global nucleophilicity index 
(ε, equation 8),37 and the fraction of electrons transferred 
(∆N, equation 9).38 For the Cu metallic bulk, it can be 
classified as soft (ηM = 0)39 and its electronegativity (cM) 
has the value of 4.68 eV.40 Finally, to create a local reactivity 
characterization map, the electronic Fukui functions 
for the nucleophilic (f+) and the electrophilic (f-) attack 
obtained from the Multiwfn software41 and the molecular 
electrostatic potential (MEP) were calculated using the 
M06-2X/6-311++G(d,p) computational level and the 

isosurfaces were rendered by the VESTA42 and Gabedit43 
software respectively. 

ΔEgap = ELUMO - EHOMO	 (1)

IP = -EHOMO	 (2)

A = -ELUMO	 (3)

	 (4)

	 (5)

	 (6)

	 (7)

	 (8)

	 (9)

Results and Discussion

Electrochemical studies

Figure 2 shows the evolution of the Eoc values with 
the immersion time of the Cu electrode in 0.5 mol L-1 
H2SO4 solution. Considering the blank solution, the Eoc 
values showed a slightly shift towards more negative 
potential (from 27 to 19 mV), followed by the formation 
of a potential plateau after 900 s. For other solutions 
containing imidazole-based compounds, the Cu0 electrode 

Figure 2. Variation of the open circuit potential with the immersion time 
of Cu0 in 0.5 mol L-1

 H2SO4. These measurements were carried out at 
laboratory room temperature (ca. 25 °C) and in the presence and absence 
(blank) of imidazole-based compounds at 1 × 10-3 mol L-1.
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displayed more negative Eoc values compared with its Eoc 
values shown in the blank solution. Furthermore, it can be 
noted that for all investigated corrosion inhibitors, the Eoc 
values shift towards more negative, and the stabilization 
period of 1 h was enough to reach a steady state.44 The 
Eoc monitoring shows that imidazole and their derivatives 
probably have a greater inhibitory effect on the cathodic 
reaction than the anodic reaction of the Cu0 corrosion.45 
This phenomenon is explained by the adsorption of the 
imidazole-based molecules on the active sites on the Cu0 
surface, changing the oxygen concentration at the electrode/
solution interface.45-47 

Potentiodynamic polarization curves obtained for Cu0 
in aerated 0.5 mol L-1 H2SO4 solution in the presence and 
absence of the imidazole-based compounds are shown in 
Figure 3. Figure 3a shows that the corrosion potentials 
(Ecorr) for imidazole-based compounds are shifted towards 
more negative values in comparison to the blank curve, 
as seen in Figure 2. In addition, the cathodic branches of 
all curves showed a tendency to reach a current density 
plateau, indicating that the predominant cathodic reaction 
on Cu0 surface in H2SO4 medium is the oxygen reduction 
reaction (ORR).48 Thus, the shifting of the Ecorr towards 
more negative values in the presence of the imidazole-
based compounds was attributed to the inhibition of the 
ORR related to the adsorption of the investigated molecules 
blocking the cathodic sites of Cu0 electrode.

Two distinct regions (from 0.0 to 0.15 V and from 
0.15 to 0.30 V) can be seen in the anodic branch from 
blank solution (Figure 3) which suggest that Cu0 corrodes 
in aerated 0.5 mol L-1 H2SO4 by two different dissolution 
pathways through two intermediates, CuI

ads and CuII
ads, as 

described by Cordeiro et al.49 The mechanism proposed 
by Cordeiro et al.49 is described by the electrochemical 

reactions displayed in equations 10 to 13. According to 
this mechanism, near the corrosion potential only CuI

ads 
species are present and the copper electrodissolution 
occurs via k2. For higher anodic overpotentials the second 
electrodissolution path (k4) becomes important and CuII

ads 
species predominates on the copper surface. Finally, 
since the electrochemical impedance measurements were 
obtained at open circuit potential, we will consider the 
dissolution to CuII

sol only through CuI
ads (k2), followed by 

its diffusion to the solution.
The addition of all corrosion inhibitors decreased the 

anodic density current. Initially, there is the formation of the 
cuprous ion on the Cu0 surface (CuI

ads, equation 10), which 
is adsorbed on the surface of the electrode as described 
by Cordeiro et al.49 In the absence of the imidazol-based 
compounds, CuI ion is oxidized to cupric ion (CuII), 
followed by its diffusion to the solution (equation 11). 
In presence of the imidazole-based molecules, the CuI

ads 
ion reacts with the inhibitor (Inh) to form a complex film 
adsorbed on the Cu0 surface (equation 14), which acts as 
a physical barrier that alters the Cu0 dissolution kinetics, 
causing the non-occurrence of the Tafel’s relationship in 
the anodic curves. Finally, the Figure 3b shows that the 
both values of the cathodic and anodic current densities 
obtained in the presence of the corrosion inhibitors are 
smaller compared to those obtained in the absence of the 
imidazole derivatives, showing that both ORR and Cu0 
dissolution are inhibited by the studied imidazole-based 
compounds.

	 (10)

	 (11)

Figure 3. (a) Potentiodynamic polarization curves obtained for Cu0 in 0.5 mol L-1 H2SO4 medium in the absence (blank) and presence of imidazole-based 
compounds at 1 × 10-3 mol L-1. (b) The obtained cathodic and anodic current densities are plotted versus corrosion overpotential. All curves were achieved 
at laboratory room temperature (ca. 25 °C).
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	 (12)

	 (13)

CuI
ads + InhI

sol → [Cu-Inh]II
ads	 (14)

Since Tafel extrapolation method cannot be applied 
to determine the corrosion current, the εinh values were 
calculated from the polarization resistance (Rp) values 
derived from the potentiodynamic polarization curves using 
the equation 15.50 In this equation, Rp

0 is the polarization 
resistance obtained from blank solution and Rp is the 
corresponding value obtained from the solutions containing 
the imidazole-based molecules.

	 (15)

The corrosion parameters calculated from mathematical 
analyses of the potentiodynamic polarization curves are 
displayed in Table 1. Regarding Ecorr values, all potential 
shifts were lower than 85 mV, which can classify imidazole 
and its derivatives as mixed inhibitors with cathodic 
efficiency predominantly.51 According to the Rp values, 
it is possible to verify that imidazole and its derivatives 
favored the inhibition of Cu0 dissolution and that the εinh 
followed the following sequence: 4-(1H-imidazol-1-yl)
phenol (IF) > (4-(1H-imidazol-1-yl)phenyl)methanol 
(IFM) > 4-(1H-imidazol-1-yl)benzaldehyde (IB) > 
4-(1H-imidazol-1-yl)aniline (IA) > imidazole (IM). 
Therefore, all imidazole-based molecules are more efficient 
in the inhibition of the Cu0 dissolution compared to the 
imidazole molecule. 

To obtain more information regarding the behavior 
of inhibitors on the surface of the Cu0 electrode, EIS 

measurements were performed in 0.5 mol L-1 H2SO4 
medium, in the absence and presence of imidazole 
derivatives at 1 × 10-3 mol L-1, as shown in Figure 4. In 
Figure 4a, it is possible to observe that all Nyquist curves 
show one capacitive semicircle at high-frequency region, 
followed by a straight line at low-frequency region.52 This 
straight line is known as Warburg impedance, and it could 
be associated with the ORR due to the diffusion of the 
dissolved gas from the solution to the Cu0 surface53 and to 
the diffusion of the CuII species towards the solution. Since 
the oxygen dissolved in the electrolyte interacts with Cu0 
surface, there is an adsorption of the oxygen molecules on 
the active sites of the electrode. In this context, there is a 
competition between oxygen gas and inhibitor molecule 
by the surface of the electrode, and the capacitive arcs 
achieved for the imidazole and all imidazole derivatives 
are larger compared to that obtained in the absence of these 
molecules, indicating that all tested molecules promoted 
an increase in the charge transfer resistance of the Cu0 
dissolution. The adsorption of the corrosion inhibitors on 
the Cu0 surface becomes a barrier that lead to the inhibition 
of its dissolution kinetics by the blockage of the anodic 
active sites.54

Figures 4b and 4c shows the typical Bode plots obtained 
for the studied systems. In Figure 4b, it can be noted that 
in presence of the corrosion inhibitors, impedance modules 
increased by one order of magnitude in the low-frequency 
region compared to the blank solution, confirming that the 
derivatives are efficient against Cu0 corrosion in the H2SO4 

medium.55 In addition, in Figure 4c, all phase angles plots 
display a maximum extended of approximately 80° in the 
high frequency region, suggesting the formation of a layer 
on the Cu0 surface.48,56 

Since the capacitive arcs observed in the Nyquist 
diagrams (Figure 4a) are related with two coupled 
processes, the equivalent electric circuit, shown in Figure 5, 
was used to fit all impedance data.57-62 In this circuit, R1 is 
the resistance of the solution, R2 is the resistance of the 
chemical species adsorbed on the Cu0 surface, R3 is the 
charge transfer resistance; W is the Warburg impedance; 
Q1 is the element film phase constant, and Q2 is the double 
layer phase constant element.56 The phase constant element 
(Q) was used to replace the capacitance in the equivalent 
electrical circuits, since the surface presents irregularities 
or roughness due to Cu0 surface sanding.63 All impedance 
parameters derived from equivalent electric circuit analyses 
are listed in Table 2 and the εinh values were calculated 
according to equation 15, where RP

0 (Rp
0 = R2

0 + R3
0) is the 

polarization resistance obtained from the blank solution, 
while Rp (Rp = R2 + R3) is the polarization resistance in the 
presence of the inhibitor. 

Table 1. Electrochemical parameters obtained from the potentiodynamic 
polarization curves for Cu0 corrosion in 0.5 mol L-1 H2SO4 medium in the 
absence and presence of imidazole-based compounds at 1 × 10-3 mol L-1

Ecorr / mV Rp / (kΩ cm2) εinh / %

Blank 0.08 ± 0.01 10.91 ± 0.19 -

IM -22 ± 0.01 16.58 ± 0.12 52.04 ± 0.09

IA -39 ± 0.02 19.47 ± 0.09 78.57 ± 0.02

IB -22 ± 0.03 19.54 ± 0.11 79.21 ± 0.05

IFM -50 ± 0.01 19.85 ± 0.04 82.05 ± 0.03

IF -86 ± 0.02 21.17 ± 0.07 94.07 ± 0.10

Ecorr: corrosion potential; Rp: polarization resistance; εinh: inhibition 
efficiency; IM: imidazole; IA: 4-(1H-imidazol-1-yl)aniline; IB: 
4-(1H-imidazol-1-yl)benzaldehyde; IF: 4-(1H-imidazol-1-yl)phenol; 
IFM: (4-(1H-imidazol-1-yl)phenyl)methanol.
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Table 2 shows a significant increase in R2 values for 
all imidazole derivatives, confirming that the adsorption 
of compounds on the Cu0 surface prevents the charge 
transfer process.63-65 Since R2 represents the double layer 
resistance from electrode/solution interface, Q1 also 
represents the charge distribution in this region. Aiming a 
better representation for constant phase data, the Hsu and 
Mansfeld64 and Brug et al.65 models for pseudocapacitance 
conversion were applied for Q1 and Q2 values to, respectively, 
C1 and C2 values, as shown in equations 16‑17.64,65 In these 
equations, the resistance of the electrolyte (R1), the charge 
transfer resistance of the Cu0 electrode (R2), the admittance 
values (Yo) of Q1 and n correspond to the values derived 
from the electrochemical fit.

C1= Y0
1/n R1

1-n/n	 (16)

	 (17)

In addition, Table 2 also shows that the R2 values 
increased in the following order:  IM < IA < IB < IFM < IF, 
while R3 values do not followed any trend. Moreover, 
C1 and C2 followed an inverse trend of charge density. 
This behavior can be attributed to the replacement of 
H2O molecules on the electrode surface by molecules of 
imidazole derivatives.66 In addition, the diffusion impedance 
fitted from Warburg element circuit decreased in the same 
trend from R2. This effect suggests a blockage of the active 
surface area of Cu0 electrode, and the modified imidazole 
molecules diminishes the CuII diffusion towards solution 
and that also hinders the oxygen adsorption on Cu0 surface. 
The classical Warburg semi-infinite diffusion depends upon 
the surface coverage, as shown in equations 18 and 19.67

Zdiff = σt-1/2(1 – j)	 (18)

In equation 18, Zdiff is the impedance of the Warburg 
element, σ is the Warburg coefficient t is the applied 
frequency and j is equal to –11/2. The Warburg coefficient 
for a particular situation which the diffusion of reduced 

Figure 4. Nyquist (a) and Bode (b,c) plots obtained for Cu0 after 1 h of immersion in 0.5 mol L-1 H2SO4 in the absence and presence of imidazole and its 
derivatives at 1 × 10-3 mol L-1. All diagrams were obtained at room temperature of the laboratory (ca. 25 °C). The solid lines represent impedance simulation 
carried out by the equivalent circuit shown in Figure 5.

Figure 5. Drawing of the equivalent electrical circuit used to fit the EIS 
diagrams.
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and oxidized species is the same is shown in equation 19. 

	 (19)

In equation 19, R is the universal gas constant, 
T the absolute temperature, As the active electrode area, 
F the Faraday’s constant, C the concentration of the 
electrochemical species, D the diffusion coefficient and 
θ the surface coverage of the electrode. Since the Warburg 
coefficient is inversely proportional to the surface coverage, 
this means that the increase of the surface coverage by the 
inhibitors molecules leads to a decreased the corresponding 
σ values and, consequently, the diminishing of Zdiff occurs 
due to σ decrease. For instance, the equivalent impedance 
equation for this electrochemical system is shown in 
equation 20, which represents the equivalent impedance 
equation for the electric circuit shown in Figure 5. 

When Zdiff → 0 , , and Zeq equation tends 

to be like a double RC equivalent circuit equation, given 
by equation 21:

	 (20)

	 (21)

In an electrochemical application of equation Zeq in 
the presented electrochemical cell, the corrosion of Cu0 in 
H2SO4 0.5 mol L-1 solution is inhibited by all investigated 
molecules and, consequently, the diffusion of CuII ions do 
not occur due to the formation of the [Cu-InH]II

ads film 
on the Cu0 surface, which is contrary to what happens in 
the absence of inhibitors, as it is better indicated in the 
corresponding plots shown in Figure 3. In this context, 

the Bode plots for modified imidazole molecules tends to 
behavior like a pure resistor, in contrast with blank solution, 
as shown in Figure 4b. This behavior agrees with literature 
showing the effect of inhibitor adsorption over the electrode 
surface, which hinders the diffusion of CuII ions to the 
bulk solution.61 The εinh was calculated from equation 15 
and the obtained values are listed in Table 2, which range 
from about 50% for the IM up to about 81% IF. Thus, as 
well as the inhibition efficiency determined by the PP 
technique, the EIS technique presented the same sequence 
as: IF > IFM > IB > IA > IM.

Adsorption isotherms

To understand the nature of adsorption process of 
the inhibitors, EIS measurements were performed with 
the variation of the concentration for imidazole and its 
derivatives and the obtained Nyquist plots are shown in 
Figure 6. In addition, EIS parameters derived from these 
Nyquist diagrams using the equivalent electric circuit, 
shown in Figure 5, are displayed in Table 3. 

It can be seen in Table 3 that the polarization resistance 
presents a gradual increase as the concentration of 
inhibitors increases in the solution. Moreover, the surface 
coverage (θ), calculated from equation 22, increases as the 
inhibitor concentration also increased. Thus, the Langmuir 
isotherm model68 was applied according the equation 23. In 
equation 22, CInh is the inhibitor concentration and Kads is the 
equilibrium constant for the adsorption/desorption process. 
The isotherm plots of the studied corrosion inhibitors are 
shown in Figure 7.

	 (22)

	 (23)

Table 2. Fitted values obtained from the analyses of impedance diagrams, shown in Figure 4, using the equivalent electric circuit shown in Figure 5. The 
corrosion inhibition efficiency values obtained from the fitted data are also listed. The constant phase element was converted to pseudocapacitance using 
Brug method

Inhibitor R2
a / (Ω cm2) C1

b
 × 107 / (F cm-2) R3

c / (Ω cm2) C2
d

 × 107 / (F cm-2) Wdiff
 e / (Ω cm2) εinh

f / %

Blank 367.72 ± 1.86 2.04 ± 0.97 132.24 ± 7.90 1.99 ± 0.23 3.20 ± 0.02 -

IM 936.44 ± 7.20 8.90 ± 2.47 64.10 ± 4.27 8.92 ± 5.54 2.54 ± 0.04 50.03

IA 1868.22 ± 4.79 4.59 ± 0.17 363.60 ± 24.18 4.44 ± 0.28 1.58 ± 0.01 77.60

IB 2127.63 ± 4.23 3.32 ± 0.89 289.38 ± 23.30 3.28 ± 0.26 1.57 ± 0.03 79.32

IFM 2175.60 ± 9.41 4.61 ± 0.41 277.47 ± 7.01 4.54 ± 0.49 1.13 ± 0.09 79.62

IF 2281.86 ± 7.64 4.30 ± 0.04 353.02 ± 9.71 4.22 ± 0.36 1.02 ± 0.01 81.03
aCharge transfer element for R2; bpseudocapacitance from double layer; ccharge transfer element for R3; dpseudocapacitance for electrode surface; ediffusion 
impedance; finhibition efficiency. IM: imidazole; IA: 4-(1H-imidazol-1-yl)aniline; IB: 4-(1H-imidazol-1-yl)benzaldehyde; IF: 4-(1H-imidazol-1-yl)phenol; 
IFM: (4-(1H-imidazol-1-yl)phenyl)methanol.
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As can be seen in Figure 7, all isotherms are linear, 
which indicates that the inhibitors formed a monolayer on 
the substrate surface, effectively reducing the corrosion 
rate.56 This gives us the information that each active site is 
occupied by only one molecule of the derivatives that do not 
interact with each other.69 Except for imidazole molecule, 
the adsorption isotherms obtained for the modified 
imidazole compounds have similar angular coefficient 
and intercept. From Langmuir boundary conditions, 
the adsorption sites are unique and individual for each 
molecule, and the adsorbate will not interact laterally 
with other adsorbent sites. Therefore, the Langmuir 
model indicates that modified imidazole molecules had 
the same adsorption behavior. On the other hand, the 
modified imidazole molecules have different lateral groups, 
therefore, it is expected the existence of lateral interactions 
between the adsorbed molecules, which is not taken in 
consideration in the Langmuir model. Thus, the Frumkin 
isotherm model70 was applied using equation 24 to evaluate 
the lateral interaction between the corrosion inhibitors 
molecules adsorbed on Cu0 surface, and the isotherm plots 

for each investigated corrosion inhibitor molecule are 
shown in Figure 8. In equation 24, b is an intermolecular 
factor taken from experimental data,

	 (24)

From Figure 8, it can be observed that for the Frumkin 
model, all isotherms are linear, and, except for the IM 
molecule, all the other molecules presented a positive slope, 
which is characteristic of lateral attractions during the 
adsorption process, while a negative slope stands for lateral 
repulsion between the adsorbed molecules,71,72 and Table 4 
shows the fitted intermolecular factor changes regarding the 
molecular modification of imidazole molecule. 

The molecular modification of the imidazole molecule 
brought the capacity of lateral interactions due to both 
polar and non-polar groups, which increased the capacity 
of those molecules to create a protective layer in the copper 
electrode in acidic medium and the decrescent order of the 
intermolecular factor is: IF > IA > IFM > IB > IM. Since 

Figure 6. Nyquist diagrams obtained for Cu0 immersed in 0.5 mol L-1 H2SO4 at different concentrations of the studied corrosion inhibitors and obtained at 
room temperature (ca. 25 °C). The solid lines represent the adjust of the experimental data by the equivalent electric circuit shown in Figure 5.
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lateral attractive interactions helps creating a protective 
layer of corrosion inhibitor molecule, the Frumkin isotherm 
suggest that the IM molecule is not an efficient corrosion 

inhibitor for Cu0 in acidic medium due to the repulsion 
forces between the IM molecules adsorbed on Cu0 surface.

For comparison with other isotherms, a Temkin 
isotherm model was applied by using equation 25, and the 
results are presented in Figure 9. In equation 25, B is related 
to the heat of adsorption, while Kf is the Temkin adsorption 
constant. In Figure 9, the Temkin adsorption isotherms, in 
a qualitative way, showed to be like the Frumkin isotherms 
in Figure 8: the IFM and IA isotherms were close one to 
another, but except IB isotherm the other isotherms were 
parallel. Also, the R2 values were all greater than 0.9, 
which means that a strong linear correlation was achieved. 
Since there is a consideration of the adsorbent-adsorbent 

Table 3. EIS parameters derived from the Nyquist plots, shown in Figure 6, 
using the equivalent electric circuit shown in Figure 5

CInh × 10-3 /
(mol L-1)

RP / (Ω cm2) θ

Blank - 499.95 ± 0.19 -

IM

0.10 537.10 ± 0.11 0.07 ± 0.02

0.25 599.30 ± 0.09 0.17 ± 0.04

0.50 713.56 ± 0.12 0.30 ± 0.08

1.00 1000.56 ± 0.13 0.50 ± 0.03

IA

0.10 935.98 ± 0.05 0.47 ± 0.01

0.25 1380.96 ± 0.12 0.64 ± 0.10

0.5 1774.65 ± 0.10 0.72 ± 0.13

1.0 2231.82 ± 0.13 0.78 ± 0.19

IB

0.10 771.82 ± 0.01 0.35 ± 0.29

0.25 1073.75 ± 0.23 0.53 ± 0.12

0.5 1837.04 ± 0.15 0.73 ± 0.09

1.0 2416.98 ± 0.17 0.79 ± 0.13

IFM

0.10 948.46 ± 0.15 0.47 ± 0.17

0.25 1425.85 ± 0.21 0.65 ± 0.12

0.50 1852.39 ± 0.12 0.73 ± 0.11

1.0 2453.07 ± 0.09 0.80 ± 0.13

IF

0.10 1198.87 ± 0.03 0.58 ± 0.19

0.25 1567.30 ± 0.02 0.68 ± 0.11

0.50 2237.46 ± 0.09 0.78 ± 0.05

1.0 2634.88 ± 0.09 0.81 ± 0.12

CInh: corrosion inhibitor concentration; RP: polarization resistance; 
θ:  surface coverage; IM: imidazole; IA: 4-(1H-imidazol-1-yl)aniline; 
IB: 4-(1H-imidazol-1-yl)benzaldehyde; IF: 4-(1H-imidazol-1-yl)phenol; 
IFM: (4-(1H-imidazol-1-yl)phenyl)methanol.

Figure 7. Langmuir’s linear relationships obtained for the corrosion 
inhibition of Cu0 in 0.5 mol L-1 H2SO4 solution in presence of imidazole 
and imidazole-based compounds.

Figure 8. Frumkin adsorption isotherms plots obtained for imidazole 
and its derivatives.

Table 4. Intermolecular factors obtained from linearized Frumkin isotherm 
plots shown in Figure 8 for lateral groups of the studied molecule inhibitors 
for copper in H2SO4 0.5 mol L-1 solution

Molecule
Intermolecular 

factor (b)
Lateral group

IM -0.68  

IA 2.77

 

IB 0.48

 

IFM 2.45

 

IF 4.60

 

IM: imidazole; IA: 4-(1H-imidazol-1-yl)aniline; IB: 4-(1H-imidazol-1-yl)
benzaldehyde; IF: 4-(1H-imidazol-1-yl)phenol; IFM: (4-(1H-imidazol-
1-yl)phenyl)methanol.
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interactions, but the adsorption enthalpy decreases when 
the surface coverage increases. In this context, the IF 
isotherm had the most surface recover than other molecules, 
confirming its better corrosion protection towards copper 
electrode.

θ = Bln Kf + Bln CInh 	 (25)

From the data obtained from the Langmuir and Frumkin 
isotherms, it was possible to obtain Kads and, consequently, 
the free adsorption energy (ΔGads) of the compounds 
under study, by equation 26. In this equation, ΔGads is the 
adsorption energy, R is the real gas constant and T is the 
temperature in Kelvin.73 Finally, the computed data for both 
isotherm models are displayed in Table 5.

ΔGads = -RT ln(55.6 × Kads)	 (26)

The data displayed in Table 5 show that the Langmuir 
model fits better the experimental results of the Cu0 corrosion 
inhibition in acid medium by the tested imidazole-based 
compounds, since the Kads value increases and the ΔGads 
value shifts to more negative values in the same order of the 
εinh (Tables 1 and 2), while for the Frumkin model the order 
was not followed. In addition, the negative ΔGads values 
ensures that the adsorption of inhibitors is a spontaneous 
process forming a stable layer. Moreover, it is known that 
ΔGads values around -20 kJ mol-1 are generally attributed 
to physisorption of the inhibitor molecule on the metal 
surface, which is attributed to the electrostatic interactions 
between molecules and the electrode surface, while values 
more around than -30 kJ mol-1, are attributed to adsorption 
by chemisorption, that is, to the electronic transfer between 
the molecules and the surface and, consequently, creating 
a chemical bond.14 Therefore, correlating ∆Gads (Table 5) 

with the εinh (Tables 1 and 3), it is possible to note that the 
εinh increase with the increase of the chemical character of 
the interaction between the corrosion inhibitor molecule 
with the Cu0 surface.

Computational results

The quantum chemical calculations were used to 
understand the charge transfer process between the 
candidate molecules for corrosion inhibitors in this work 
and the Cu0 metallic surface. In Figure 10, the optimized 
structures in water (implicit solvent) are shown using the 
M06-2X/6-311++G(d,p) computational level for molecules 
that are candidates for corrosion inhibitors. The simulated 
molecular structures are not entirely planar, as the aromatic 
ring is not in the same plane as the imidazole ring. The 
functional M06-2X predicted similar values for the dihedral 
angle between the aromatic ring and the imidazole ring: 
47.47º (IA), 45.16º (IB), 49.79º (IF), and 46.69º (IFM). 
Structurally, the only difference between these molecules 
is the functional group bonded in the aromatic ring and 
the charge value, since the acidic medium was used in the 
experimental tests, these molecules are in a protonated 
state according to the methodology used in previous work 
of the research group.74

Then, from the optimized structure of these molecules, 
the frontier molecular orbitals (HOMO and LUMO) were 
computed at the same level of theory, as well as the energy 
values of these molecular orbitals. Figure 11 shows the 
isosurfaces rendered for the HOMO and LUMO of the 
title molecules of this work. For the IA molecule, HOMO 
is mainly spread over the aromatic and imidazole rings, 
while LUMO is spread over the π* anti-ligand positions 
in the aromatic and imidazole rings. There is only a small 
contribution to the HOMO of the amine (protonated) 

Figure 9. Temkin adsorption isotherms plots obtained for imidazole and 
its derivatives. 

Table 5. Kads and ΔGads values for imidazole derivatives in 0.5 mol L-1 
H2SO4 solution for Cu0 surface

Molecule
Kads

a 
(Langmuir)

ΔGads
 b 

(Langmuir) / 
(kJ mol-1)

Kads
c 

(Frumkin)

ΔGads
d 

(Frumkin) / 
(kJ mol-1)

IM 7.30 × 102 -26.29 7.06 × 102 -26.21

IA 3.94 × 103 -30.47 3.45 × 104 -35.85

IB 5.60 × 103 -31.34 6.37 × 103 -31.66

IFM 1.03 × 103 -32.85 3.10 × 104 -35.57

IF 1.61 × 104 -33.96 2.05 × 105 -40.26
aAdsorption constant from Langmuir isotherm model; bGibbs energy from 
Langmuir isotherm model; cadsorption constant from Frumkin isotherm 
model; dGibbs energy from Frumkin isotherm moldel. IM:  imidazole; 
IA: 4-(1H-imidazol-1-yl)aniline; IB: 4-(1H-imidazol-1-yl)benzaldehyde; 
IF: 4-(1H-imidazol-1-yl)phenol; IFM: (4-(1H-imidazol-1-yl)phenyl)
methanol.
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group. For the IB molecule, HOMO is spread similarly 
to the IA molecule, however, there is a lower probability 
density spread over the imidazole ring in the IB molecule 
compared to the IA. It is possible to see an increase in the 
contribution of the functional group of the molecule IB 
(carbonyl group) compared to the amine group present in 
the molecule IA. This fact shows that there is a change in 
the reactivity site between the IB and IA molecules. For the 
IF and IFM molecules, the distribution of HOMO is like 
the isosurfaces spread mainly over the aromatic ring and in 
the functional groups, phenol, and methoxy, respectively. 
LUMO also shows to have a similar probability distribution 

for these two molecules, the electronic density is mainly 
spread over the π* antibonding positions in the aromatic 
and imidazole rings, however, there is an increase in the 
probability density in the imidazole ring of these two 
molecules when compared to the IA and IB molecules 
that have a higher electronic density in the aromatic ring 
for LUMO.

From the analysis of the frontier molecular orbitals, it 
is already possible to notice the differences in the reactive 
sites of the title molecules of this work, while IA and IB 
show a greater probability of interaction with the metallic 
Cu0 surface using the imidazole ring to donate electronic 
density and the aromatic ring to receive via retro-donation 
from the metallic surface. In the case of the IF and IFM 
molecules, the donation of electronic density is more 
probable using the aromatic ring, since the acceptance of 
charge coming from Cu0, is more propensity to occur in 
the imidazole ring. 

As the differences occur in the electronic properties, 
from the energy values of HOMO and LUMO, the 
quantum reactivity descriptors for the molecules of 
interest in this work were calculated and the results are 
shown in Table 6. The HOMO is related to the nucleophilic 
power of the molecule, since the higher the energy of this 
molecular orbital, the higher the propensity to donate 
electronic density. The LUMO is related to electrophilic 
power since the lower the energy value, the higher the 
propensity of the molecule to receive extra electronic 
density. Analyzing the data obtained in Table  6, it is 
possible to see that the HOMO energy values for the 
IA and IB molecules are close when compared to the 
imidazole molecule, with IB showing a greater difference 
of approximately 0.3 eV and IA of only 0.017 eV. As 
stated earlier, the probability density in the imidazole 
ring is greater than that of the aromatic ring for IA and 
IB, so when these molecules interact with metallic Cu0, 
it is to be expected that the spatial arrangement of these 
molecules has the imidazole ring preferably facing the 
metallic surface. The IF and IFM molecules have higher 
HOMO energy values, which show greater reactivity when 
the interaction site is the aromatic ring compared to the 
imidazole ring. This trend is confirmed by the ionization 
potential (IP), which is related to the energy of HOMO 
and the nucleophilicity index (e), hence the IF and IFM 
molecules, when compared to IA, IB, and the imidazole, 
has a greater tendency to donate electronic density.

The results for the LUMO energy values show that the 
IA and IB molecules are more likely to receive electronic 
density since they have the lowest energy values within 
the set of the five molecules. For these two molecules, the 
electronic density is more likely to spread over the empty 

Figure 10. Optimized molecular geometry of the IM (a), IA (b), IB (c), 
IF (d), and IFM (e) obtained at M06-2X/6-311++G(d,p) level of theory 
in water as implicit solvent. 

Figure 11. Frontier molecular orbitals calculated at M06-2X/6‑311++G(d,p) 
level of theory in water for the molecules IM (a), IA (b), IB (c), IF (d), 
and IFM (e) with isovalue = 0.03.
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molecular orbitals in the aromatic ring, which again shows 
a greater reactivity when compared to the imidazole ring. 
The IF and IFM molecules also have lower LUMO values 
than imidazole since they can accommodate the extra 
negative charge density better than imidazole. This trend 
is also in agreement with the quantum descriptors such as 
the electronic affinity (A) and the electrophilicity index (w). 
Therefore, according to the frontier molecular orbitals, it is 
noted that the IA and IB molecules have higher electrophilic 
character, whereas the IF and IFM molecules have higher 
nucleophilic character. Therefore, these molecules should 
interact differently with metallic Cu0.

Another way to evaluate reactivity is through the energy 
gap between HOMO and LUMO. When this quantum 
descriptor is used, both nucleophilic and electrophilic 
characters are considered, since a smaller value of the 
energy gap implies a greater propensity to donate and 
accept electronic density, which confirms greater reactivity. 
According to the calculated results, the increasing order 
of the energy gap is IB < IF < IFM < IA < IM. This trend 
is the same as that obtained for the descriptors of global 
hardness and softness. Since a metallic bulk is classified as 
soft, as the IB molecule has the lowest hardness (greatest 
softness), it is expected to be the most reactive when 
considering only the energy gap. However, the order of 
corrosion inhibition found by the theoretical energy gap 
was practically the opposite of the experimentally predicted 
order. The data suggest that as the energy gap considers 
both the nucleophilic and electrophilic character of the 
molecules, it was seen that the availability of the LUMO 
cannot predict a correct order, but only the HOMO, so the 
energy gap is not a suitable quantum descriptor of reactivity 
to raking these molecules as corrosion inhibition of Cu0 in 
acidic media. 

Finally, using the quantum descriptors of electro
negativity (χ) and the fraction of electrons transferred (∆N), 
it is possible to evaluate how the charge transfer process 
occurs between the organic molecule and the Cu0 metallic 
surface. Molecules IA and IB have greater electronegativity 
than the metallic surface, so the natural direction of the 
charge flow will be from Cu0 to the molecule (∆N < 0), 
as previously discussed showing the greater electrophilic 
character of these two molecules. The IF and IFM 
molecules, on the other hand, have less electronegativity 
than metallic Cu, so the charge flow will be from the 
molecule to the metal (∆N > 0), thus showing the greater 
nucleophilic character discussed in the HOMO analysis. 
Therefore, it can be concluded that the action of these 
organic molecules as corrosion inhibitors is mainly due 
to the acceptance of electronic density (IA and IB) and 
the donation of electronic density (IF and IFM). All these 
imidazole derivatives have great potential to act as corrosion 
inhibitors, with the IB, IF and IFM molecules having greater 
corrosion efficiencies than the IA molecule since, within 
the four derivatives, it is the molecule that is least likely 
to interact with Cu0. 

It is possible to see in Figure 12 that the calculated 
isosurfaces for the title molecules show both the 
probability of donation (HOMO) and acceptance (LUMO) 
of electronic density. However, a greater understanding 
of the local reactivity of these molecules is necessary so 
that it is possible to recognize the trends presented in the 
global quantum reactivity descriptors. In this context, 
electronic Fukui functions were calculated based on the 
electronic density calculated for these molecules and the 
isosurfaces are shown in Figure 12. The green colored 
isosurfaces mean positive values of the Fukui functions 
and those with blue color represent negative values. The 

Table 6. Global quantum reactivity descriptors computed for the molecules IM, IA, IB, IF, and IFM at M06-2X/6-311++G(d,p) level of theory

IM IA IB IF IFM

HOMO energy (EHOMO) / eV -9.519 -9.502 -9.182 -8.273 -8.623

LUMO energy (ELUMO) / eV -0.103 -1.185 -1.660 -0.540 -0.683

Energy gap (ΔEgap) / eV 9.417 8.317 7.521 7.734 7.940

Ionization potential (IP) / eV 9.519 9.502 9.182 8.273 8.623

Electron affinity (A) / eV 0.103 1.185 1.660 0.540 0.683

Electronegativity (χ) / eV 4.811 5.343 5.421 4.406 4.653

Global hardness (η) / eV 4.708 4.159 3.761 3.867 3.970

Global softness (σ) / eV–1 0.212 0.240 0.266 0.259 0.252

Electrophilicity index (w) / eV 2.458 3.433 3.907 2.511 2.727

Nucleophilicity index (e) / eV–1 0.407 0.291 0.256 0.398 0.367

Fraction of electrons transferred (∆N) 0.018 -0.044 -0.059 0.074 0.041

IM: imidazole; IA: 4-(1H-imidazol-1-yl)aniline; IB: 4-(1H-imidazol-1-yl)benzaldehyde; IF: 4-(1H-imidazol-1-yl)phenol; IFM: (4-(1H-imidazol-1-yl)
phenyl)methanol.
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greater the value of the Fukui function, the greater the 
probability that the molecule will suffer a nucleophilic 
(f+) or electrophilic (f-).

For a nucleophilic attack (the molecule acts as an 
electrophilic site), the IA molecule has positive values of f + 
function in atoms in the aromatic ring and in the imidazole 
ring. The IB molecule has positive values predominantly in 
the aromatic ring and the carbonyl group. The IF and IFM 
molecules have the distribution of the f+ function similar 
with the positive values mostly distributed in the imidazole 
ring. The IA and IB molecules have a greater electrophilic 
character because they are more likely to accept electronic 
density, with the IB molecule being more propensity to 
stabilize this extra negative charge because of the oxygen 
atom. The IF and IFM molecules could also have a high 
electrophilic character, however, it is in the imidazole ring 
that the electrophilic interaction site resides, so the negative 
charge cannot be spread efficiently.

For the electrophilic attack (the molecule acts as a 
nucleophilic site), the IA molecule presents positive values 
of the Fukui function in the imidazole ring, whereas the IB, 
IF and IFM molecules have positive values mainly in the 
aromatic ring and the oxygenated functional group. This 
result shows that these three molecules have a similar way 
of donating electronic density, but with greater effectiveness 
in the stabilization by the resonance effect in the IB 
molecule, IF and IFM have a greater nucleophilic character 
as previously predicted.

To finalize the local analysis of reactivity, the molecular 
electrostatic potential was calculated for molecules at the 
same level of theory as the frontier molecular orbitals and 
the results are shown in Figure 13. The region colored in 
red represents negative charges, the region-colored orange 
to yellow represents partially negative charges, the region 
in green represents charges tending to neutrality, the region 
in light blue, partially positive charges, and the dark blue 
region positive charges. It is possible to note that the IA 
molecule has a partial positive charge on the hydrogen 
atoms attached to the nitrogen atoms, and in the aromatic 
and imidazole rings the charge density is well distributed, 
showing that among the four molecules derived from 
imidazole, it must be the least reactive. The IB, IF and IFM 
molecules have a similar charge distribution. The three 
have a partially positive charge on the imidazole ring, a 
partially negative charge distributed on the aromatic ring, 
showing that it is in fact a site for the donation of electronic 
density and a negative charge on the oxygen atoms of the 
functional groups. This result shows agreement between 
what has been said about the frontier molecular orbitals 
and the electronic Fukui functions. 

From the results of the adsorption Gibbs energy (ΔGads) 
using the Langmuir isotherm, the increase of adsorption 
energy follows the same tendency as the electronic density 
donation power using the HOMO energy value (IM < IA < 
IB < IFM < IF). According to the HOMO energy value 
(Table 6), the IF, IFM, and IB molecules have a higher value 

Figure 12. Isosurfaces for the electronic Fukui functions for nucleophilic 
(f+) and electrophilic (f-) attack for the molecules IM (a), IA (b), IB (c), 
IF (d), and IFM (e) with isovalue = 0.36.

Figure 13. Molecular electrostatic potential computed for the molecules 
IM (a), IA (b), IB (c), IF (d), and IFM (e) at M06-2X/6-311++G(d,p) level 
of theory in water with isovalue = 0.01. 
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for the energy for this molecular orbital, which implies a 
higher tendency to donate the electronic density to the Cu0 
surface. Even though the FMO distribution (Figure 11) 
showed that the IA molecule has an electronic density in the 
benzene ring that can be donated, however, the electronic 
Fukui function (Figure 12) for the electrophilicity attack (f -) 
demonstrated that the probability of the electronic density 
donation using the benzene ring for the IA molecule is almost 
nonexistent. Hence, for the IA molecule, the interaction with 
the Cu0 surface should occur using the imidazole ring and 
this fact can be seen in the adsorption isotherms since the 
∆Gads is higher considering all the derivates. 

For the IF, IFM, and IB molecules, the donation of the 
electronic density should occur using the benzene ring as 
showed the isosurfaces of the electronic Fukui functions. 
The IF molecule can interact using both the π electronic 
density spread over the benzene ring and the electronic 
density in the hydroxyl group. The IFM molecule can use 
the electronic density spread over in the aromatic ring and in 
the methoxy group to donate electrons to the Cu0. However, 
it has a lower probability compared with the hydroxyl 
group of the IF molecule. The IB molecule can use besides 
the aromatic ring, the electronic density in the carbonyl 
group, however, the delocalization effect decreases the 
probability of electronic donation to the Cu0 surface, and 
this molecule should have the higher ∆Gads from these three 
sets of derivates (IF, IFM, and IB). The MEP distribution 
(Figure  13) also corroborates with the previous results 
due to the increase of the yellow-colored region over the 
aromatic ring for the IB, IFM, and IF molecules. Hence the 
charge available to be donated to the Cu0 surface is higher 
for the IF molecule, which explains the lowest value for 
the ∆Gads for this molecule.

Conclusions

The electrochemical corrosion tests demonstrated that 
the investigated imidazole derivative molecules inhibit the 
Cu0 corrosion in acid medium in the following sequence: 
IF > IFM > IB > IA > IM. The adsorption data demonstrated 
that the Langmuir model fit better the experimental 
inhibition efficiency than the Frumkin model isotherms. 
Furthermore, the correlation between the ∆Gads values 
and εinh values showed that the last increased with the 
chemical character of the interaction between the corrosion 
inhibitor molecules with the Cu0 surface. The different 
DFT functions did not significantly change the molecular 
data, but global hardness of the modified molecules was 
different in comparison with imidazole molecule, since 
the chemical groups brings more chemical information 
and better corrosion inhibition efficiency. Since then, the 

Fukui analysis showed that modified imidazole modified 
molecules presented a higher electrophilic behavior, which 
could be accepted as a good capacity of receiving the 
electron density from Cu0 electrode. In this context, the 
harmonic correlation of computational and experimental 
data led to successfully show the chemical modification of 
imidazole molecules for better anticorrosion efficiency in 
acidic media towards the protection of Cu0 surfaces.
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