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Abstract: The metal corrosion threat in the metallurgical industry is becoming increasingly important. So in this 

work, the inhibition properties of 2-(1,3-dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-yl) propanenitrile 

for copper corrosion in 1 M nitric acid medium were evaluated by mass loss technique, density functional theory 

(DFT) and quantitative structure-property relationship (QSPR) model. The results show that this compound was 

excellent anticorrosive properties with a maximum inhibition efficiency of 89.39 % for a concentration of 0.2 

mM at 323 K. The inhibition efficiency increases with increasing temperature and inhibitor concentration. 

Adsorption isotherms reported that the molecule adsorbs on copper surface according to Langmuir isotherm. 

Thermodynamic adsorption and activation parameters were determined and analyzed. They revealed 

spontaneous adsorption and a strong interaction between the molecule and copper surface. DFT calculations at 

the B3LYP level with 6-31G(d,p) and 6-311G(d,p) basis set permitted to explain the electronic exchanges 

between molecule and copper, thus justifying the experimentally obtained inhibition efficiency values. A local 

reactivity study of molecules indicated that N (29) and C (7) atoms are the likely sites for nucleophilic and 

electrophilic attacks, respectively. In addition, QSPR model was used to correlate experimental inhibition 

efficiency with the descriptor parameters of the studied molecule, and it is found that the calculated inhibition 

efficiencies are close to experimental inhibition efficiencies. Finally, this study showed a good correlation 

between theoretical and experimental data. 

 

Keywords: 2-(1,3-Dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-yl); Copper corrosion; Mass loss; 

Density functional theory; Quantitative structure-property relationship. 

 

1. Introduction   
 

Copper has a wide application in industries due to its 

remarkable physical, mechanical, anticorrosive, and 

biological properties 1,2. For example, it is used in 

manufacturing electronic equipment, automotive 

equipment, building materials, plumbing and piping 

equipment, industrial equipment, and coin 

manufacture. In addition, the pleasing appearance of 

copper and its alloys lends a touch of quality, even 

prestige, to the design of public spaces, furniture, 

objects, and decorative items. However, acid 

washing is performed periodically to descale and 

clean these copper metal systems to maintain this 

quality touch. Unfortunately, industrial use of acid 

solutions in many mechanical processes causes 

copper dissolution 3,4. This dissolution is greatly 

enhanced in the petroleum industry, where etching 

and acid stripping promote corrosion of the metals 

involved. Nitric acid is commonly used to perform 

these pickling operations, so the search for 

compounds to add to these solutions to control 

copper dissolution during these different operations 

in an industrial setting is important. 

Within this framework, copper protection and 

maintenance are necessary. Among the various 

corrosion prevention methods, the inhibitors seem to 

be the most practical and convenient method to 

increase corrosion resistance 5,6. However, some 

inhibitors are toxic. Therefore, the natural organic 

compounds used to preserve the environment, either 

synthesized or extracted from aromatic herbs and 

medicinal plants, are favored 7-10. These compounds 

generally have π bonds and heteroatoms (P, S, N, 

and O) and can promote electronic exchanges 
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between the inhibitor and the metal 11,12. These 

exchanges participate in the formation of a protective 

barrier on the metal surface. 

Therefore, the present work investigated 2-(1,3-

dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-

3yl) propanenitrile anticorrosive properties for 

copper corrosion in 1 M nitric acid solution. The 

choice of this compound in this study resides in the 

fact that it presents a large molecular surface with 

heteroatoms (N and O) and would be less toxic 

because it is an antifungal agent that belongs to the 

series of benzimidazolyl 2-cyanochalcones. Indeed, 

this molecule has been used to fight opportunistic 

mycotic infections due to development in humans or 

animals because of the strong resistance that triazole 

derivatives presented 13,14. Currently, concerning 

environmental preservation and the search for non-

toxic inhibitors, the drugs are ideal candidates to 

fight against metal corrosion. Several studies have 

proven the inhibition performance of some         

drugs 15-17. This study will also aim to prove the 

inhibition behavior of this antifungal. This choice is 

also because this compound can be synthesized with 

cheap raw materials. 

Metal-inhibitor interactions are associated with many 

complex processes that can be studied at the 

molecular level using appropriate models such as 

density functional theory (DFT). This theory, which 

is based on quantum chemicals, has become a means 

to elucidate the mechanism and a tool to predict 

organic molecules' behavior in corrosion process 

control 18-20. Thus in recent years, Density Functional 

Theory (DFT) has become a reliable and inexpensive 

method used in corrosion inhibition. While the 

quantitative structure-property relationship (QSPR) 

predictive model 21 highlights the correlation 

between theoretical molecular parameters and 

experimental results. 

 

2. Experimental  
 

2.1. Material 

2.1.1. Inhibitor molecule 

The inhibitor molecule used in our work is 2-(1,3-

dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-

yl) propanenitrile (formula C15H10ON4). Its structure 

is given in Figure 1. This molecule is of the 

benzimidazolyl 2-cyanochalcone series. The 

molecular weight is M = 262.27 g/mol. This organic 

compound has been synthesized in the Laboratory 

according to a series of methods 22,23. Its molecular 

structure was identified by: RMN-1H, 13C, 

spectroscopies, and mass spectroscopy.  

RMN 1H (DMSO-d6, δ ppm): 8.40 (1H, s, C=CH). 
13C: 145.14 (C=CH); 116.04 (C≡N); 102.38 (C=CH). 

SM [EI, 70 eV]: 245 ([M] +, 39); 244 ([M-H] +, 96). 

Washing in hexane: 52 %. mp: 222°C. 
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Figure 1. Chemical structure of 2-(1,3-dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-yl) propanenitrile 

(DBP) 

 

2.1.2. Chemical solutions 

Analytical grade 70 % nitric acid from FISHER was 

used to prepare the corrosive solution. The solution 

was prepared by diluting the commercial nitric acid 

solution using distilled water. The blank was a 1M 

HNO3 solution. From this corrosive solution, we 

prepared four concentrations of the compound 2-

(1,3-dihydrobenzimidazol-2-ylidene)-3-oxo-3-

(pyridin-3-yl) propanenitrile, which are 0.04 mM, 

0.06 mM, 0.14 mM and 0.2 mM. 

 

2.1.3. Copper samples preparation  

Copper samples used in this study were in the form 

of a rod measuring 10 mm in length and 2.2 mm in 

diameter with mass m = (0.2338 ± 0.0001) g; they 

were cut from commercial copper of 99.5 % purity. 

The copper samples were polished with silicon 

carbide abrasive paper ranging in size from 150 to 

600, rinsed with distilled water, cleaned with 

acetone, and rinsed with distilled water before being 

dried in an oven (MEMMERT) at 80°C. Then, pre-

treated samples were kept in a desiccator without 

humidity and weighed with Analytical Balance 

(KERN) of accuracy ± 0.1mg. 

 

2.2. Mass loss method 

For gravimetric tests, pre-treated samples were 

immersed in 50 mL 1 M HNO3 with or without the 

tested compound. A Selecta water thermostat 

(RAYPA) ± 0.5°C is controlled to maintain 

temperatures ranging from 25°C to 50°C. After 1 

hour, the samples were removed, washed with 

distilled water, dried, stored in a desiccator, and 

reweighed. All tests were performed in aerated 

solutions.  From the mass loss values, the average 

copper corrosion rate (W), material recovery rate (θ), 

and inhibitor inhibition efficiency (IE (%)). These 

different quantities will be determined according to 

the inhibitor concentration and medium reaction 
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temperature. The following expressions are used to 

determine these quantities: 

            (1)

         

               (2) 

            (3) 

Δm: mass loss (g), m1, and m2 are, respectively, the 

masse (g) before and after immersion in solution test; 

t: immersion time (h); Se: the total surface of the 

sample (cm2); w0 and w; are respectively the copper 

corrosion rates in absence and presence of 2-(1,3-

dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-

yl) propanenitrile. 

 

2.3. Quantum chemistry calculations  

Quantum chemistry calculations were performed 

with Gaussian 09 software 24 in 6-31G (d,p) and          

6-311G (d, p) bases and using the hybrid functional 

B3LYP, a version of density functional theory (DFT) 

that uses the three-parameter Becke functional (B3) 

with a mixture of Hartree-Fock and DFT exchange 

terms associated with the gradient-corrected 

correlation function of Lee et al. 25,26. Indeed, DFT 

considers the electronic correlation, and the results 

are better than those obtained with the Hartree-Fock 

method for similar computation times. Furthermore, 

the complete optimization of molecule geometry has 

been performed at B3LYP/6-31G (d,p) level. 

The calculations were performed in the gas phase 

and allowed to determine: Quantum chemical 

descriptors, including LUMO energy (ELUMO), 

HOMO energy (EHOMO), energy gap (ΔE), dipole 

moment (μ), and Mulliken atomic charges. 

Furthermore, the reactivity parameters such as 

ionization energy (I), electronic affinity (A), 

electronegativity (), global hardness (), global 

softness ( ), and the fraction of electrons transferred 

(ΔN) were derived from the quantum chemical 

descriptors. Fukui indices were determined from 

Mulliken atomic charges. 

Indeed, density functional theory (DFT) states that 

electronic properties can be described in terms of 

electron density functionals by locally applying 

appropriate relations to a homogeneous electronic 

system. This theory states that changes in electronic 

energy 𝑑𝐸[𝜌(𝑟)] are related to changes in the number 

of electrons 𝑁 and changes in external potential 

 felt by the electron distribution density 

functional theory (DFT), expressed as follows: 

       (4) 

The chemical potential, which is opposite to 

electronegativity (χ), is equal to the first derivative of 

energy concerning electrons number and defined by 

the following relation 27:  

          (5) 

Using Koopmans's theorem 28, ionization potential 

(𝐼) and electron affinity (𝐴) of DBP are calculated 

using the following expressions: 

𝐼 = −EHOMO                (6) 

𝐴 = −𝐸LUMO               (7) 

The energy gap (∆𝐸) between the two energies 

(LUMO-HOMO) can be used as a measure of 

molecule excitability. It is defined by: 

∆𝐸 = 𝐸LUMO − 𝐸𝐻𝑂MO                (8) 

Electronegativity 29, which measures the power of an 

atom or a group of atoms to attract electrons towards 

itself, can be written as: 

          (9) 

Global hardness  ) measures the resistance of an 

atom to charge transfer 29 can be assessed by the 

following equation: 

        (10) 

Global softness ( ) is the inverse of global hardness 

 ; itt measures the ability of an atom or a group of 

atoms to receive electrons 29. It is formulated as 

follows: 

            (11) 

The fraction of electrons transferred between the 

inhibitor molecule and the metal (ΔN) is calculated 

according to the Pearson electronegativity relation 30: 

           (12) 

In this case  and denote the absolute 

electronegativity of copper and inhibitor molecule, 

respectively. The calculations were performed using 

the following theoretical values:  = 4.98 eV 31 

and  η = 0 32. 

The electrophilicity index (ω), which characterizes 

the ability of a compound to accept or donate 33 

electrons, can be calculated by: 

           (13) 

Jose ́L. Gazquez et al. 34 introduced new descriptors 

derived from electron affinity (𝐴) and ionization 

potential (𝐼) to explain the electron donating and 

accepting character of a chemical species. 
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Thus the ability of a molecule to accept electrons or 

charge is related by electroaccepting power (ω+), 

which is expressed as follows: 

           (14)

           

As for the character of a molecule to give electrons 

or charge defined by electrodonating power ω- and is 

expressed by: 

                (15) 

Local reactivity descriptors derived from DFT have 

been widely used to predict the most reactive 

molecular sites for the electrophilic, nucleophilic, or 

concerted attack. These local descriptors are based 

on Fukui functions and dual descriptors. 

Fukui function is defined as the derivative of the 

electron density (𝑟) concerning 𝑁, the total number 

of electrons in the system, at constant external 

potential V(𝑟) acting on an electron due to all the 

nuclei in the system 35: 

       (16) 

Fukui functions  and  are calculated 

according to the following finite difference 

approximation 35 equal to the electron densities of 

LUMO and HOMO orbitals, respectively: 

Nucleophilic attack 

        (17) 

Electrophilic attack 

        (18) 

Where   is the electronic 

population of atoms  in cationic, neutral, and 

anionic forms, respectively. 

Dual descriptor unambiguously identifies the likely 

sites for nucleophilic and electrophilic attacks 36,37. It 

can be calculated using the following equation. 

         (19) 

The equation gives the condensed form of the dual 

descriptor: 

          (20) 

 

2.4. Quantitative Structure-Property Relationship 

(QSPR) details 

To study DPB experimental behavior and to predict 

the behavior of analogous molecules to the studied 

compound, quantitative structure-property 

relationship (QSPR) has been used in this work. In 

fact, QSPR model is a mathematical approach that 

attempts 38 to correlate experimental inhibition 

efficiencies of DPB with its quantum chemical 

parameters determined from DFT. We used the non-

linear model of Lukovits et al. 39, which is given as 

follows: 

        (21) 

In this case, Ci represents different concentrations for 

inhibitor, which are 40 𝜇𝑀, 60 𝜇𝑀, 140 𝜇𝑀, and 200 

𝜇𝑀, A and B are real constants that will be 

determined when solving the system of equations. 

We tested sets of three parameters (x1, x2, x3). Then 

the equation becomes:  

(22) 

This equation permits a system of four equations 

with four unknowns A, B, D, and E. It is thus a 

question of finding for the molecule the set of 

coefficients A, B, D, and E, which permits obtaining 

the value of the inhibition efficiency closest to the 

experimental value. The calculations were carried 

out using the EXCEL software. 

 

3. Results and Discussion  
 

3.1. Gravimetric studies 

3.1.1. Corrosion rates and inhibition efficiency 

Figures 2 and 3 show copper corrosion rate and 

inhibition efficiency evolution versus concentration 

for DBP at different temperatures. 
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Figure 2. Copper corrosion rate versus concentration for different temperatures 

 

 

Figure 3. The inhibition efficiency of DBP versus temperature for different concentrations 

 

Figure 2 shows that the copper corrosion rate 

regularly decreases as the inhibitor concentration 

increases and increases with increasing temperature. 

However, this rate is very high in DBP absence. This 

means that the copper corrosion is sufficiently 

reduced when the concentration DBP increases.  

Figure 3 shows that the inhibition efficiency 

increases with DBP concentration and temperature. 

When the inhibitor concentration increases, the 

coverage rate of the copper surface increases. This 

coverage rate may be due to molecule adsorption of 

the metal surface. Similar results have been obtained 

in the literature 40. 

The copper surface is thus covered with a protective 

film layer, isolating it from the aggressive 

environment. 

These results highlight the excellent DBP inhibitory 

power in 1 M HNO3 solution copper corrosion 

control. Furthermore, the highest inhibition 

efficiency obtained for 0.2 mM and T = 323 K is 

89.39 %, confirming that DBP is effective at high 

temperatures. 

 

3.1.2. Adsorption isotherms and thermodynamic 

parameters details 

We used adsorption isotherms to study the 

relationship between the amount of DBP adsorbed 

on the copper surface and its concentration in phase 

in contact with metal at a constant temperature. 

Thus, several isotherms were tried, namely 

Langmuir, El-Awady, Temkin and Freundlich 

isotherms. These tests to fit the experimental data 

showed Langmuir isotherm is the best. Indeed the 

determination coefficients (R2) of the lines obtained 

in the Langmuir isotherm case are closer to unity 
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than those of other isotherms studied (El-Awady, 

Temkin, and Freundlich). The equation of this 

isotherm is given by the following relation 41: 

             (23) 

Where: inhibitor concentration and adsorption 

equilibrium constant. 

Figure 4 gives the representation of the plot of 

Langmuir adsorption isotherm. 

The regression parameters of straight lines obtained 

are recorded in Table 1. 

 

 
Figure 4. Langmuir's adsorption isotherm plots of DBP on copper in 1 M HNO3 

 

Table 1. Langmuir adsorption isotherm parameters. 

Temperature (K) Equation R2 

 

298 
 

 

0.9952 

 

303 
 

 

0.9949 

 

308 
 

 

0.9921 

 

313 
 

0.9526 

 

 

318 
 

0.9707 

 

323 
 

0.9818 

 

By analyzing Table 1, we observed that the straight 

lines slopes of this isotherm were almost equal to 

unity. So DBP adsorbs on copper according to 

Langmuir isotherm. In this case, the adsorption is 

monolayer, and the interactions between adsorbed 

particles are negligible. 

Using the equations in Table 1, we determined the 

adsorption constants (Kads). The changes in standard 

adsorption-free enthalpy (  ) were calculated 

using the following equation 42: 

        (24)                           

Where 𝑅 is the gas constant, 𝑇 is the absolute 

temperature, and 55.5 is the concentration of water 

(in mol/L) in the solution. 

Standard enthalpy change ( ) and the standard 

entropy change ( ) were determined by 

plotting of  versus temperature (figure 5) 

from the equation: 

              (25)                                             
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Figure 5.   versus temperature for DBP adsorption on copper in 1 M HNO3 

 

The different values of adsorption constants and  

 

 

Thermodynamic Adsorption parameters are recorded 

in Table 2.

 

Table 2. Thermodynamic Adsorption parameters. 

T(K) Kads(M-1) 
   

298 10515.2471 -32.8788  

 

      9.1330 

 

 

      141.1000 
303 11210.7623 -33.5917 

308 12468.8279 -34.4183 

313 12836.9704 -35.0527 

318 13623.9782 -35.7699 

323 13888.8888 -36.3900 

 

The standard free energy change of 

adsorption  values are negative, which can 

characterize the interaction of adsorbed molecules 

with the metal surface, showing that the adsorption 

of the inhibitor on copper is spontaneous and the 

stability of adsorbed layer 43. These values decrease 

with increasing temperature, indicating an increase 

in intensities at the interactions between adsorbed 

molecules with temperature. This increase could 

justify the high values of inhibition efficiencies 

obtained experimentally. An increase in the 

equilibrium constant (  is also observed with 

increasing temperature, indicating that the rise in 

temperature favors DBP adsorption on the copper 

surface. Moreover, free energy change of adsorption 

values ranges from -32.87 kJ.mol-1 to                          

-36.38 kJ.mol-1, thus showing the two adsorption 

modes for the molecule; 43 physisorption and 

chemisorption. The standard enthalpy change 

is positive, reflecting the endothermic 

character of DBP adsorption on copper surface 44. 

The values  are positive; this reveals that the 

disorder increases during DBP adsorption on copper 
44. This disorder is related to the water molecules' 

desorption which is replaced by inhibitor molecules. 

 

3.1.3. Adejo–Ekwenchi isotherm 

To determine the adsorption nature and the 

temperature domains affiliated with this nature, 

Adejo-Ekwenchi isotherm 45 was used. The 

characteristic equation of this model is as follows: 

        (26)                                                   

Where  and  are Adejo-Ekwenchi isotherm 

parameters. 

The curves of this model are obtained by plotting 

 versus . 
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Figure 6.  versus   

 

The regression parameters of the obtained lines are recorded in Table 3. 

Table 3. Parameters of Adejo-Ekwenchi isotherm plots. 

 

Table 3 examination shows that determination 

coefficients (R2) are close to unity. These values 

confirm the applicability of this model. Furthermore, 

parameter b values are increasing, disclosing that the 

adsorption process is dominated by chemisorption 45. 

 

3.1.4. Effect of temperature and activation 

parameters 

The temperature has a great influence on the 

corrosion rate of a metal. The activation parameters 

that depend on the temperature permit understanding 

the inhibitor adsorption activity. So, the temperature 

dependence of the corrosion rate can be expressed by 

the Arrhenius equation: 

          (27)                                                          

This equation can also be expressed according to the 

following relation: 

        (28) 

Where 𝑊 is the corrosion rate,  is the activation 

energy, R is the universal gas constant, T is the 

absolute temperature, and A is the frequency factor. 

Activation enthalpy  and activation entropy 

 of the corrosion process is also calculated using 

the Eyring transition state equation in the following 

form: 

     (29)                                     

The logarithmic form of this expression leads to: 

        (30)                                 

Where  is the activation entropy,   is the 

activation enthalpy, 𝑅 is the perfect gas constant, ℵ is 

Avogadro number, and ℎ is Planck's constant. 

The representation of log (W) versus (1/T) and the 

transition state plots of log (W/T) versus (1/𝑇) are 

given respectively in Figures 7 and 8. 

 

T (K) R2 b 
  

298 0.9818 0.5685 0.8997 7.9377 

303 0.9682 0.5689 0.9157 8.2356 

308 0.9845 0.6577 1.0560 11.3762 

313 0.9781 0.7315 1.1738 14.9210 

318 0.9730 1.0722 1.6220 41.8793 

323 0.9787 1.1648 1.7850 60.9536 
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Figure 7. Arrhenius plots for copper corrosion in 1M HNO3 for DBP different concentrations 

 

 
Figure 8. Transition state plots for DBP different concentrations 

 

The apparent activation energy  was obtained 

from the slopes of straight lines in Figure 7. The 

values of activation enthalpy and activation 

entropy  were obtained, respectively, from the 

slopes and intercepts of the straight lines obtained 

from the plot of log (𝑊/𝑇) versus. 1/𝑇 (Figure 8). 

All the activation parameter values are recorded in 

Table 4. 

 

Table 4. Thermodynamic activation parameters of copper dissolution in 1 M HNO3 in the absence and presence 

of DBP. 

 

A comparison of the activation energy  

obtained in the presence and absence of an inhibitor 

provides insight into the nature of adsorption 46. In 

our study, the activation energies  are all 

positive, and those of the inhibited solutions are 

higher than those of the blank (uninhibited solution). 

These observations reveal that the DBP adsorption 

on the copper surface is dominated by 

chemisorption. The activation enthalpy 

values are positive. In this case, the 

dissolution process of copper in 1 M nitric acid is 

endothermic. The values of activation entropy 

Concentration (mM) 
   

blank 78.9477 70.9825 -44.2073 

0.04 57.6013 54.6770 -101.9446 

0.07 57.5707 54.5986 -103.8009 

0.14 48.9050 44.2717 -142.3371 

0.2 39.8968 36.4922 -169.3101 
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 are negative, showing that the disorder 

decreases while passing from the reactant to the 

activated complex 47.  

 

3.2. Quantum chemistry consideration 

3.2.1. Global reactivity  

DPB optimized structure is presented in Figure 9. In 

addition, global reactivity parameter values of DPB 

obtained from DFT calculations are reported in 

Table 5. 

 

Figure 9. DBP Optimized structure by B3LYP/6-31G (d,p) 

 

Table 5. Quantum Chemical parameters for DPB obtained with DFT at B3LYP/6-31G (d,p) and B3LYP/6-311G 

(d,p). 

 

Experimental results showed that DBP adsorbs on 

the copper surface. To better explain this adsorption 

phenomenon, quantum chemical calculations have 

been solicited. Indeed the chemical reactivity of an 

organic compound generally depends on the frontier 

molecular orbitals (FMO), comprising the highest 

occupied molecular orbital (HOMO), and the lowest 

unoccupied molecular orbital (LUMO) 48. In 

addition, the lower the energy value of the lowest 

unoccupied molecular orbital (ELUMO), the more 

likely the molecule can receive electrons. 

Furthermore, the high energy value of the occupied 

molecular orbital (EHOMO) indicates that the molecule 

tends to donate electrons to an appropriate acceptor  

with low energy vacant orbital 48. Table 4 shows that 

DBP has a high value of EHOMO and a low value of 

ELUMO. Therefore, the electron transfer between 

copper and DBP is justified by the high inhibition 

efficiency values obtained experimentally. 

The electronic distribution densities of HOMO and 

LUMO orbitals are represented in Figure 9. The 

distribution of HOMO and LUMO electronic density 

appears mainly around the molecule's heteroatoms 

(N and O). These observations revealed that the 

donor-acceptor character of the studied molecule 

could first involve these heteroatoms before 

extending to the other atoms. 

Quantum chemical parameters 6-31G (d, p) 6-311G (d, p) 

EHOMO (eV) -7.7558 -5.9909 

ELUMO (eV) -1.8518 -1.8354 

Energy gap E (eV) 5.9040 4.1554 

Dipole moment µ (D) 6.9687 6.9347 

Ionization energy I (eV) 7.7558 5.9909 

Electron affinity A (eV) 1.8518 1.8354 

Electronegativity  (eV) 4.8038 3.9132 

Hardness  (eV) 2.9520 2.0777 

Softness  (eV)-1 0.3387 0.4813 

Fraction of electron transferred N 0.0298 0.2567 

Electrophylicity index  3.9090 3.6851 

Electroaccepting power  1.8757 1.9881 

Electrodonating power  6.6795 5.9015 

Total energy ET (Ha) -866.5479 -871.9604 
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(a)                                                                                     (b) 

Figure 10. Distribution densities of HOMO (a) and LUMO (b)  

 

The molecule reactivity depends on its energy gap 

(E) value. In fact, a more reactive molecule has a 

low energy gap value while a less reactive molecule 

has a high energy gap value 49. Studied molecule has 

a low energy gap value which is 5.9040eV in base 6-

31G(d,p) and 4.1554eV in 6-311G(d, P5, while that 

of copper is in order of 2.3414eV therefore, it would 

be easier for HOMO electrons of DBP to migrate to 

the vacant copper orbital of copper ( . 

These electronic exchanges justify the good 

inhibition performances of DBP obtained 

experimentally. 

According to literature 50, account the divergent 

points of view on dipole moment (µ) dipole, there is 

no significant relationship between µ values and 

inhibition. 

The low ionization energy (I = 7.7558 eV in 6-31G 

(d, p) and I = 5.9909 eV in 6-311G (d, p)) value 

obtained justifies its high inhibition efficiencies 

obtained experimentally. 

In this study, the electronegativity value (χ) of the 

molecule is lower than that of copper (4.98 eV) in 

the two-basis set (table 5). Therefore, it results that 

∆N > 0. So copper has the best attraction capacity. In 

this case, there is a possible movement of electrons 

from the molecule to copper 40. Similar results have 

been obtained in previous studies 51. 

The studied molecule has the value of low hardness 

(η) and high softness (σ) in basis sets 6-31G (d, p) 

and 6-31G (d, p). Therefore, these values show that 

DBP adsorbs on copper surface 52. This adsorption is 

responsible for the best inhibition efficiencies 

obtained. 

Generally, a high electrophilicity index (𝜔) describes 

a good electrophile, while a low value indicates a 

good nucleophile. The values obtained in the basis 

set show that DBP is a good electrophile, hence its 

ability to accept electrons from the metal 48. These 

observations corroborate with the experimental data. 

Electrodonating power ( = 5.9015) value is closer 

to the value of the ionization potential (I = 5.9909 

eV) in the 6-311G (d, p) basis set. This result implies 

that the molecule can give electrons to the metal. As 

for the electroaccepting power  1.8757) 

value, it is closer to the electron affinity (A = 1.8518) 

in 6-31G (d, p) basis set. Thus, the tested molecule 

also has a good ability to accept electrons from the 

metal. These observations justify the good donor and 

acceptor capacity of the tested molecule. This could 

reinforce its ability to protect the metal in the studied 

solution. Table 5 analysis also informs that hardness 

(η) is positive, and total energy ET is negative, which 

confirms that the inhibitor charge transfer to the 

metal is energetically favorable. Similar results were 

obtained in our previous studies 18. 

  

3.2.2. Local reactivity  

The Mulliken charges, Fukui indices, and the dual 

descriptor have been computed to reflect the 

electrophilic and nucleophilic attack sites. All these 

quantities are listed in Table 6. 

 

Table 6. Mulliken atomic charges, Fukui functions, and dual descriptor for DBP by B3LYP / 6-31 G (d, p). 

Atoms 
   

 
 

 

1 C 0.087251 0.236601 -0.016051 -0.14935 0.252652 -0.402002 

2 C 0.096382 0.233823 -0.01984 -0.137441 0.253663 -0.391104 

3 C -0.039206 -0.105472 0.133203 0.066266 -0.238675 0.304941 

4 C 0.068124 -0.160284 0.038622 0.228408 -0.198906 0.427314 
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5 C 0.058895 -0.160087 0.022031 0.218982 -0.182118 0.4011 

6 C -0.033724 -0.104986 0.136475 0.071262 -0.241461 0.312723 

7 C -0.131222 0.892071 0.131669 -1.023293 0.760402 -1.783695 

8 H 0.00096 0.178676 -0.007174 -0.177716 0.18585 -0.363566 

9 H -0.00304 0.169311 -0.002544 -0.172351 0.171855 -0.344206 

10H -0.002674 0.169469 -0.001759 -0.172143 0.171228 -0.343371 

11H 0.000755 0.182317 -0.007244 -0.181562 0.189561 -0.371123 

12H -0.00433 0.381586 -0.001709 -0.385916 0.383295 -0.769211 

13H -0.004015 0.35067 -0.000508 -0.354685 0.351178 -0.705863 

14C 0.561038 -0.32719 -0.074897 0.888228 -0.252293 1.140521 

15C -0.068485 0.628323 0.22429 -0.696808 0.404033 -1.100841 

16C -0.102146 0.288547 0.0085 -0.390693 0.280047 -0.67074 

17C 0.01479 -0.234099 -0.0577 0.248889 -0.176399 0.425288 

18C 0.022471 0.17187 0.18558 -0.149399 -0.01371 -0.135689 

19C 0.034366 0.113893 0.125781 -0.079527 -0.011888 -0.067639 

20C 0.02474 -0.158192 0.00969 0.182932 -0.167882 0.350814 

21C -0.011224 -0.042516 0.082188 0.031292 -0.124704 0.155996 

22H -0.000664 0.155513 0.001879 -0.156177 0.153634 -0.309811 

23H -0.001076 0.165895 -0.010204 -0.166971 0.176099 -0.34307 

24H -0.001828 0.209494 -0.006998 -0.211322 0.216492 -0.427814 

25H 0.000237 0.191666 -0.004399 -0.191429 0.196065 -0.387494 

26N 0.133424 -0.505999 -0.016285 0.639423 -0.489714 1.129137 

27O 0.074116 -0.685976 0.154382 0.760092 -0.840358 1.60045 

28N 0.125392 -0.818694 0.003303 0.944086 -0.821997 1.766083 

29N 0.110222 -0.84903 0.003633 0.959252 -0.852663 1.811915 

30N -0.009529 -0.5672 -0.033915 0.557671 -0.533285 1.090956 

 

Figure 11 shows the skeleton of 2-(1,3-dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-yl) propanenitrile 

(DBP) from DFT B3LYP/6-31G (d,p). 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. 2-(1,3-dihydrobenzimidazol-2-ylidene)-3-oxo-3-(pyridin-3-yl) propanenitrile (DBP) skeleton. 

 

Local reactivity values parameters recorded in           

Table 6 indicate that N (29) with the maximum value 

of and  is the most probable site for 

 nucleophilic attacks. While C (7)), with the total 

value of  and the most negative value,  is 

the most probable site for electrophilic attacks. 
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3.3. Inhibition Mechanism 

DBP inhibition effect can be explained by 

experimental results, which were justified by 

theoretical data. 

In nitric acid solution, DBP is protonated and will be 

in equilibrium with its corresponding neutral form 

according to the following equation:   

 

The negative charge on copper surface adsorbs 

protonated form due to sulfate ions  presence 

of nitric acid solution. This adsorption is done on 

copper by electrostatic bonds: this is physisorption. 

These bonds are weak. This type of bond is sensitive 

to temperature and does not allow to fight effectively 

against corrosion at high temperatures. 

DBP adsorbs onto the copper surface through donor-

acceptor interactions between the free electron pairs 

of heteroatoms and the π-electron system of aromatic 

rings. These electron transfers create a copper-

inhibitor complex on the copper surface, showing 

chemisorption existence. These electron transfers are 

justified by the values of quantum chemical 

parameters such as fraction electrons transferred 

(N), EHOMO, ELUMO, and energy gap (E) that the 

studied molecule displays. The complex formed is 

resistant to high temperatures, which justifies the 

values of IE at high temperatures showing the 

predominance of chemisorption. The mechanism of 

inhibition is illustrated in the figure below. 

 

 
Figure 12. Schematic representation of copper corrosion inhibition mechanism by DBP 

 

3.4. Quantitative Structure-Property Relationship 

(QSPR) assessment 

QSPR model consists of finding a set of quantum 

chemical parameters that will correlate the 

experimental data (experimental inhibition 

efficiency) and theoretical data (calculated inhibition 

efficiency). So, the different coefficient values 

calculated with EXCEL software for the different 

sets of parameters are recorded in Table 8. The 

values of inhibition efficiencies at 298 K (Table 7) 

have been used for this part. 

 

Table 7. Inhibition efficiencies of DBP at 298 K for different concentrations. 

Concentration(mM) IE (%) 

0.04 25.0067 

0.07 38.1305 

0.14 62.5033 

0.2 68.7528 
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Table 8. Calculated constants of the different sets of parameters. 

Set of parameters A B D E 

(  3.436X1012 -1.3744X1012 -166.666667 -9.6207X1012 

(  0.11712299 -4.08653846 -0.72115385 0.50448718 

(  -8 -9.5 -119.06 667.45 

(  -70.8333333 33.3333333 24.780303 -606.228788 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Calculated versus experimental inhibition efficiencies for a different set of parameters 

 

The statistical parameters were determined to 

correctly identify the best parameters that could 

correlate with the experimental and theoretical 

inhibition efficiencies. These parameters are 

expressed as follows 38: 

 

The sum of square errors (SSE): 

 

              (31)                                    

The root means square error (RMSE): 

             (32)                                       

The Mean Percent Deviation (MPD): 

        (33)                                     

 

Table 9. Determination coefficients statistical parameters of different sets. 

Set of parameters R2 SSE RMSE MPD 

(  0.9945 59.6031 3.8601 0.0961 

(  0.9937 38.1727 3.0892 0.07548 

(  0.9936 36.9600 3.0397 0.0736 

(  0.9895 137.8725 5.8709 0.0888 
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Examination of Table 9 about statistical parameters 

and determination coefficients shows that 

(  can be considered as the best set of 

parameters to correlate theoretical and experimental 

results. Indeed, these parameters' statistical 

coefficients (SSE, RMSE, MPD) have low values. In 

addition, the value of Mean Percent Deviation (MPD 

= 0.0736) confirms the consistency between 

experimental and theoretical results determined 

using QSPR model. This excellent correlation 

between the observed values obtained and the 

calculated values (R2 > 0.99) is due to DBP good 

solubility in 1 M nitric acid solution. 

 

4. Conclusion 
 

The mass loss technique showed that DBP is an 

effective inhibitor of copper corrosion in 1 M HNO3 

solution. The copper corrosion rate increases with 

temperature and decreases with increasing DBP 

concentration. DBP inhibition efficiency depends on 

temperature and concentration. According to 

Langmuir isotherm, the isotherms adsorption study 

showed that the molecule adsorbs on the copper 

surface. Adejo - Ekwenchi isotherm showed that this 

adsorption is dominated by chemisorption. The 

thermodynamic parameters adsorption and activation 

revealed that the adsorption process is spontaneous 

and endothermic, and the adsorbed layer is stable 

with the predominance of chemisorption. The 

quantum chemical parameters from DFT calculations 

explained the interactions between copper and DBP. 

These interactions are essentially based on electronic 

exchanges between the two entities. Then the local 

reactivity parameters such as Fukui functions 

 and dual descriptor indicated the 

probable sites of electrophilic and nucleophilic 

attacks within the molecule. Finally, the quantitative 

structure-property relationship (QSPR) model 

showed that the parameter set (  permits 

showing a good correlation between theoretical 

parameters and experimental results.QSPR is also 

sufficient to predict the efficiencies of analogous 

molecules using the theoretical approach. There is a 

good consistency between the experimental and 

theoretical results. 
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