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Abstract

The present study was designed to determine the inhibition effect of 2-(1H-benzimidazol-
2-yl)-3-(4-hydroxyphenyl) acrylonitrile in IM HNO; using a combined experimental and
theoretical approach. Mass loss techniques revealed that 2-(1H-benzimidazol-2-yl)-3-(4-
hydroxyphenyl) acrylonitrile inhibition efficiency is dependent on its concentration and
temperature. It has been shown that the studied molecule inhibits copper corrosion by an
adsorption behavior by donating and accepting electrons. Kinetic parameters have been
determined and discussed. Quantum chemical parameters calculated by means of density
functional theory (DFT) have shown that studied molecule reactivity is strongly related to
the electronic properties, which could help to understand the molecule-metal interactions.
The reactive sites have been determined by means of Fukui Functions and dual
descriptor. Quantitative structure-property relationship (QSPR) model introduced in this
study was used to find a set of quantum chemical parameters capable of correlating the
experimental and theoretical data in order to design more suitable organic corrosion
inhibitors. The theoretically obtained results were found to be consistent with the
experimental data reported.
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1. Introduction

Because of its consequences on industrial equipment the corrosion of materials [1] is
of great concern for various industries. It is in this context that copper metal structures
corrosion is a phenomenon that has attracted the attention of researchers in recent years
[2,3]. In fact, the strength of copper wire and the reliability of the contacts it provides are
main reasons for its widespread use in the electrical industry, from construction to
distribution, including the manufacture of electrical equipment and electronic
components. Moreover, copper and its alloys are not attacked by water or by a large
number of chemical products [4]. Often, during its use, these metallic copper structures
are covered with scale. However, acidic solutions are widely used in various industries
for cleaning copper in order to remove these scales [5]. These acid solutions promote the
metal structures dissolution that have undergone this cleaning. In order to reduce this
dissolution and to ensure the safety of users, manufacturers have resorted to the use of
corrosion inhibitors [6-8]. According to them, the reliability, performance and safety of a
large number of technical systems depend on the protection against corrosion. As a result
the life service of metal equipment used in industry also depends on the type of
protection. Inhibitors are substances that protect metals from corrosion by decreasing the
rate of dissolution. Many compounds have been used as copper corrosion inhibitors [9-
12]. Among these compounds, a distinction is made between organic and inorganic
compounds. Unfortunately, most of these inorganic compounds and some organic
molecules have been shown to be toxic and environmentally unfriendly, therefore, their
use is limited due to environmental concerns [13,14]. So, the new organic inhibitors use
that are less toxic, biodegradable and meet environmental standards are recommended
[15-19]. Organic corrosion inhibitors containing nitrogen, sulfur, oxygen atoms and
n-electrons in conjugated triple or double bonds are of increasing interest in the field of
corrosion control. In addition, the stability of adsorbed inhibitor films formed on the
metal surface to protect it from corrosion depends on these atoms and m-electrons
[20-22].

The choice of 2-(1H-benzimidazol-2-yl)-3-(4-hydroxyphenyl) acrylonitrile as a
copper corrosion inhibitor in this study is based on the existence in this molecule of some
heteroatoms and (m)-bonds capable of providing electron transfer to metal surface. This
molecule is an antifungal so it would not present a toxicity risk. The drugs use as
corrosion inhibitors for metals in different aggressive environments is plebiscite
nowadays with the aim of preserving the environment [23,24].
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Experimental investigations can be interpreted by quantum chemical calculations
[25,26]. These calculations can predict the inhibitory activity of organic compounds.
Thanks to the progress in the technology of implementations have reached a point where
predicted properties with reasonable accuracy can be obtained from the density function
theory (DFT) [27-30]. The theoretical aspect based on density function theory and
quantitative structure-property relationship have been addressed in this work to clearly
explain the inhibition mechanism of studied molecule and to evaluate it structural
properties and its inhibition ability.

Thus, the present study aims to investigate experimentally the inhibition effect of
2(1H-benzimidazol-2-yl)-3-(4-hydroxyphenyl) acrylonitrile of copper corrosion in 1M
nitric acid solution and to correlate its inhibition efficiency with its molecular structure
by using density function theory and quantitative structure-property and quantitative
structure-property calculations. Finally, the expected results will allow a better
understanding of electronic exchanges between inhibitor and copper, which results will

be discussed with the studies reported in literature.

2. Experimental Procedure
2.1. Inhibitor and solutions

The benzimidazolyl acrylonitriles derivative used in the study, namely 2-(1H-
benzimidazol-2-yl)-3-(4-hydroxyphenyl) acrylonitrile with an antifungal effect was
synthesized in the Laboratory according to Van Allan method [31]. The molecular
structure was identified by RMN-1H, 13C, spectroscopies and mass spectroscopy is
given in Figure 1.

RMN 1H (DMSO-d6, § ppm): 8.40 (1H, s, C=CH). 13C: 145.14 (C=CH); 116.04 (C=N);
102.38 (C=CH). SM [EL 70 eV]: 245 (IM]*, 39); 244 ([M-H]*, 96). Washing in hexane:
52%. PF: 222°C.

N OH

Figure 1. Molecular structure of 2-(1H-benzimidazol-2-yl)-3-(4-hydroxyphenyl)
acrylonitrile (BHPA).
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An aqueous aggressive solution of 1 M HNO; was prepared by dilution of analytical
grade 65% HNOj; from FISHER with double-distilled water. This solution was used as a
blank solution in this experimental part. The different inhibitor concentrations that were
prepared from this blank solution for the gravimetric tests were 10°mM, 5.10°mM,
10?mM and 3.10mM.

2.2. Copper specimens preparation

Copper specimens in the form of a rod measuring 10 mm long and 2.2 mm in
diameter were cut from commercial copper of 99.5% purity. Then these copper
specimens were successively polished with metallographic emery papers of fineness
varying from 150 to 600 grains. Finally, they were washed thoroughly with bidistilled
water, degreased and dried with acetone, then rinsed again with bidistilled water and
dried in a MEMMERT oven at 80°C for 20 minutes. This treatment aims to remove all

traces of grease and native oxide before use.
2.3. Mass loss technique

The mass loss technique is the basic measurement method to evaluate corrosion
because of its reliability in results. This method consists in determining the mass loss of a
copper specimens (m;) immersed in 1M HNO; solution for 1h in the absence and
presence of namely 2-(1H-benzimidazol-2-yl)-3-(4-hydroxyphenyl) acrylonitrile. A water
thermostat from RAYPA set at +0.5°C maintains the temperature, ranging from 298K to
323K. After 1 hour elapsed time, each specimen was removed from the solution, rinsed
thoroughly with bidistilled water, dried, and then reweighed (m,) accurately.

2.4. Density function theory calculations

Quantum chemistry provides tools to interpret multiple chemical concepts used in
different branches of chemistry. Indeed in this method, quantum chemical calculations
using density functional theory (DFT) are performed to explore the relationship between
the molecular properties of the inhibitor and the inhibition efficiency. In this study, all
calculations were performed using Gaussian 09 Program [32] in the gas phase with the
three-parameter Becke B3LYP hybrid Lee-Yang-Parr functional [33] in the base set
6-311G(d,p). In addition, these sets were chosen because they give very accurate results.
A full optimization was performed using Gaussview 09 program package. The following
quantum chemical quantities were computed: highest occupied molecular orbital energy
(Enomo ), lowest unoccupied molecular orbital energy (Erymo), energy gap (AE), dipole

moment (p), electron affinity (A), the ionization energy (I), electronegativity (y),
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hardness (1), softness (o), electrophylicity index (), fraction of electron transferred
(AN) and total energy (Er). The reactivity sites analysis within the molecule was
performed by the local quantities such as Fukui functions and dual descriptor.

2.5. Quantitative structure-property relationship calculations

This model was used to find a mathematical combination between experimental
inhibition efficiency and the theoretical molecular parameters. These mathematical
relations fitted to experimental values are intended to provide reliable theoretical tools
capable of studying the interaction between the inhibitor with the metal surface in the
acidic solution in order to estimate the inhibition efficiencies of molecules analogous to
the molecule studied. In this approach experimental results were adapted to the empirical
nonlinear model first proposed by Lukovits et al. [34] and verified by Khaled [35].This
model is based on Langmuir adsorption isotherm and can be determined as follows:

[Ax; + B]c;

IE %) = *
cate (%) 1+ [Ax; + B]C,

100. (1)

In this model the equations used to predict the theoretical inhibition efficiencies are
determined from the inhibitor concentrations (C;). A and B are real constants that will be
determined when solving the system of equations.

3. Results and Discussion

3.1. Corrosion inhibition study

Corrosion rate (W), surface coverage (6) and the inhibition efficiency (IE %)
acquired by mass loss technique were determined by the following expressions:

Am m{—my

W= Se.t Set (2)
g Vo= W 3
=W, 3)
Wo—W
IE(%) = ——— 100 (4)
Wo

Am: is the mass loss (g), mq and my, are, respectively, the mass (g) before and after
immersion in the solution test; t: the immersion time (h) ; Se: the total surface of sample
(cm?) ; Wy and W; are, respectively, the copper corrosion rates in the absence and
presence of BHPA.

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45
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The evolution of inhibition efficiency versus concentration in BHPA for different
temperature is presented in Figure 2.

920
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—8—T = 318K

10 —8—T = 323K

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Cipn(mM)

Figure 2. Inhibition efficiency of BHPA for different concentrations and temperatures.

Figure 3 indicates the Inhibition efficiency versus temperature for different

concentrations.
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Figure 3. Inhibition efficiency versus temperature for different concentration of BHPA.
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Figures 2 and 3 analysis indicate clearly that, BHPA inhibition efficiency increases
with increasing temperature and inhibitor concentration. Thus temperature and inhibitor
concentration combined action influences BHPA behavior on copper surface. It appears
from these observations that BHPA adsorbs strongly on copper surface when temperature
and concentration of BHPA increase. This adsorption favors the establishment of a
protective layer which becomes thicker when the temperature and BHPA concentration
increase. Accordingly, it is deduced that BHPA can effectively inhibit copper corrosion
in 1 M.HNO; at high temperature.

3.2. Adsorption isotherm and thermodynamic adsorption parameters

Copper corrosion inhibition by BHPA in 1M HNO; results from its adsorption on
metal surface. Indeed this process can be considered to a chemical reaction during which
water molecules adsorbed on metal surface are replaced by the organic molecules coming
within the solution. This reaction process between organic molecule within the solution
(Org(sory) and the adsorbed water molecule (H20q45)) can be represented by the

following reversible equation:
0rg(sony + XH20(4a5)207 G (ads) + XH20 (501 %)

In order to gain more insight into adsorption behaviour of the studied compounds,
attempts were made to fit the experimental data into various adsorption isotherms
including: Langmuir, Temkin, El-Awady and Freundlich. It is found from this study that
Langmuir isotherm with the best fits obtained (R?>0.98) can better indicate the
interaction between BHPA and copper surface. The equation of this isotherm is the
following [36]:

Cinh _
6 K ads

+ Cinh (6)
where Cj,j: inhibitor concentration and K ;45 adsorption equilibrium constant.

. . Cin
Figure 4 depicts the plots of Th versus Cinp.

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45
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Figure 4. Langmuir adsorption isotherm plots for BHPA at different temperatures.

The straight lines obtained have slopes that are greater than unity for all
temperatures. However, these deviations are attributed to interactions between the
adsorbed species. Therefore Langmuir adsorption isotherm cannot be applied rigorously.
Then this adsorption can be correctly described by the modified Langmuir model or
isotherm of Villamil ef al. [37]. The equation of this suitable model is given by:

Cinh _ n

= —— 4+ nC; 7
0 Kads+n inh ( )

where n is the slope of the plot and n8 is the effective covered surface fraction of the

metal.

The suitable isotherm study leads to the determination of thermodynamic adsorption
parameters adsorptions which are essential in metal corrosion inhibition study in a

corrosive medium.

Thus the variation of adsorption free enthalpy (AGY,,) is expressed by the following

relation:
AGY . = —RTIn(55.5 K 44) (8)

In this relation R is the gas constant, T is the absolute temperature, and 55.5 is the
concentration of water (in mol/L) in the solution.

http://www.earthlinepublishers.com



Experimental and Theoretical Assessments on Anticorrosion Performance ... 25

The values of K45 (Adsorption Equilibrium Constant) are obtained from Villamil
isotherm parameters.

Variation of adsorption enthalpy (AH2,. ) and entropy (ASS,. ) were deduced from

the equation below:

AGaas = AHgqs — TASg 9

ads
The plot of AGY;; versus temperature (Figure 5) leads to these parameters: ASS ;. and

AHY ;s were determined respectively from the intercept and the slope of the straight lines.

Villamil isotherm parameters and thermodynamic adsorption parameters are
collected in Table 1.

-39
40 AG®,4 =-0.1961T + 18.222
R2=10.9931
a0 41
=
g 42
H
)
~ -43
g
D 44
<
-45
46
205 300 305 310 315 320 325
T(K)

Figure 5. Variation of adsorption free enthalpy versus temperature.

Table 1. Villamil isotherm and thermodynamic adsorption parameters.

T (K) Equation R Kaas AGY,, AHS,, ASS 4,
(103M™Y) | (kjmol~Y) | (kymol~Y) | (Jmol~1K~1)
298 Cg"‘ = 1.4482C;pp, + 0.005 0.9893 200.0 -40.17
303 % =1.4526C;, + 0.0041 0.9895 2439 -41.35
308 CZ"I = 1.3759C;np + 0.0039 0.9915 256.4 -42.16
- 18.22 196.1
313 %’l = 1.2419C;,;, + 0.0037 0.9847 270.3 -42.98
318 CZ"’ =1.1557Cin, + 0.0033 0.9897 303.0 -43.97
323 % =1.1207Csp, + 0.0026 0.9928 384.6 -45.30

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45
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The negative values of the variation of adsorption free enthalpy indicate that
adsorption process is spontaneous while the adsorbed layer is stable [38]. Angs values
obtained in this study are lower than -40 kJ/mol, thus reflecting chemisorption existence.
In fact chemisorption is attributed to coordination bonds between N, O atoms of BHPA
molecule and copper surface. According to previous studies if Angs values exceeds -20
kJ/mol physical adsorption exists while less than -40 kJ/mol concern chemical
adsorption. Both adsorption modes exist in the range of -20 kJ/mol to -40 kJ/mol
[39,40]). The increase in K z4svalues with temperature reveals that increasing temperature
enhance BHPA inhibition performance [41]. Therefore these results confirm the
inhibition efficiencies obtained with the mass loss technique. Variation of adsorption

enthalpy (AHgdS) values are positive indicating an exothermic process of BHPA
adsorption on copper [41]. The increase in disorder created by water molecules

desorption during BHPA molecules adsorption on copper is justified by the positive
values of adsorption entropy variation [42] (AS 0 )

ads

The study of adsorption parameters revealed that BHPA adsorbs on copper
chemically. In order to definitively check this adsorption nature Adejo-Ekwenchi
isotherm was used [43]. The equation of this isotherm is the following:

1
log (m) = logK 45 + blogCinp (10)

where K g and b are Adejo-Ekwenchi isotherm parameters. The plot of log (ﬁ)

versus logCiyp is given by Figure 6.

0.9

0.8 ®T=298K
0.7 ® T=303K

s 06 T=308K
ﬁ 0.5 e T=313K
“f.: T=318K
= 0.4 T=323K
0.3
0.2
0.1
0
-3.5 -3 -2.5 -2 -1.5 -1

logCiyp

Figure 6. Adejo-Ekwenchi adsorption isotherm plots for BHPA at different temperatures.
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The corresponding parameters to this isotherm deduced from the lines obtained are

reported in Table 2.
Table 2. Adejo-Ekwenchi adsorption isotherm parameters.
T(K) R? b logK sg Kir
298 0.9820 0.2083 0.2083 1.615
303 0.9848 0.2086 0.2086 1.616
308 0.9906 0.2298 0.2298 1.697
313 0.9597 0.2990 0.2990 1.990
318 0.991 0.3732 0.3732 2.361
323 0.9932 0.3796 0.3796 2.396

Analyzing Table 2, it can be seen that the parameters b and K4g increase with
increasing temperature, confirming the chemisorption preponderance [43].

3.3. Kinetic thermodynamic parameters

In an acidic environment, metal dissolution is generally influenced by temperature.
The temperature accelerates the corrosion reactions. Indeed, the corrosion rate increases
exponentially with the increase of temperature according to the following Arrhenius
equation:

a

2.3RT an

logW = logA —
where W is the corrosion rate, E, is the apparent activation energy, R is the universal gas
constant, T is the absolute temperature and A4 is the frequency factor.

The transition state equation has been used for accessing the values of variations of
enthalpy and entropy. It is expressed by following relation:

o)) 5 -
oI\7)='9\Rh) t 23R T 23RT (12)

In this relation: AS}, is variation of activation entropy, AH}, is variation of activation
enthalpy, R is the perfect gas constant, X is Avogadro number and 4 is Planck’s constant

. . . 1 .
To determine the apparent activation energy the plot of logW versus 7. (Figure 7) was

used. The slopes of the straight lines obtained (— Zi“R) permit to access to apparent

activation energy values.

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45
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. 1. . . .
Figure 8 shows the plot of lo g(%) versus - which leads AS; and AH,; values. In this
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Figure 8. Log (g) versus ;- for different concentrations.
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The copper dissolution parameters are recorded in Table 3.

Table 3. Dissolution parameters for copper in 1M HNO:s.

Cinn (MM) E . (kJmol™1) AH(kJmol™1) AS;(Jmol~1K~1)
0 78.4 69.43 -49.51
0.001 66.7 64.17 -69.32
0.006 63.8 60.06 -84.67
0.010 52.0 50.38 -118.83
0.030 46.2 43.59 -143.40

Table 3 inspection indicates that the apparent activation energy in BHPA presence
are lower than the value obtained in its absence. However the activation mechanism is
influenced by chemisorption [44]. This gradual decrease in activation energy in BHPA
presence shows that initially copper dissolution is rapid. This dissolution is then
attenuated by the formation of the Cu-Inh complex on copper surface.

The positive values of activation enthalpy variation (AH}) indicate that copper
dissolution reaction is endothermic [44]. The negative values of variation of activation
entropy (AS}) implies that the activated complex is an association [45,46]. It is also
observed that the disorder decreases when the inhibitor concentration increases. A
protective layer is then formed on copper surface as the temperature increases, justifying
the increase in inhibition efficiency at high temperature.

3.4. Theoretical analysis
3.4.1. Inhibitor molecular reactivity

To prove the molecule reactivity and its ability to be a good inhibitor against
corrosion, the global reactivity parameters of neutral (BHPA) molecule and its protonated
form (BHPAH") were calculated. These parameters determined using DFT at
6-311G(d,p) level could allow to correlate the inhibition efficiencies obtained
experimentally and to explain BHPA adsorption mechanism on copper surface.
Optimized molecular structures of the neutral and protonated form of BHPA using DFT
at 6-311G(d,p) are displayed by Figure 9. They are listed in Table 4.

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45
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Table 4. Calculated global reactivity parameters obtained by DFT/6-311G(d,p).

Parameters BHPA BHPAH"
Erono (€V) 25.8491 -8.7084
ELUMO (eV) -2.4347 -5.7088
AE (V) 3.4147 2.9393
i (Debye) 3.2447 21.2608
I = —Enowo (€V) 5.8491 8.7084
A= _ELUMO (CV) 2.4347 5.7088
X=— Hp =22 (eV) 4.1419 7.2086
n=""(eV) 1.7073 1.4697
o =7 (V) 0.5857 0.6804
Xcu — Xinh
AN = S Ainh 0.2454 20,7582
2(Mcu + Ninn)
2 I A 2
oot 447 5.024 17.6790
21 4(l—A)
Eq(Ha) -856.0103 -856.3006
CPU time 5h06min55s 6h18min30s

According to previous studies [47,48], high Eyomo value provides information about
the electron donation ability of an inhibitor molecule to an empty metal orbital, while low
ELumo value means that the molecule tends to accept electrons from metal orbitals. In this
study, it results that BHPA has a high value of Eyomo and a low value of Ej 0 therefore
BHPA has a good potential to give and receive electrons from the metal. The analysis of
Table 4 reveals that the protonated form has a good electron accepting property hence a
strong adsorption on copper surface, which leads to a better inhibition efficiency of the
studied molecule. These results confirm the high values of inhibition efficiencies
obtained experimentally.

The molecule reactivity molecule can be related to its energy gap value which is the
difference in energy between HOMO and LUMO (AE = Epymo—Enomo) [49]. Indeed,
when the energy gap decreases, the molecule reactivity increases, which leads to an
increase in the inhibition efficiency, whereas the increase in energy gap favors the fall
molecular reactivity. The analysis of energy gap value obtained indicates that the tested
compound is reactive. The protonated form has a lower value than the neutral molecule
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which suggests that BHPA becomes more reactive in its protonated form hence its better
ability to bind to copper surface compared to neutral molecule. Figure 9 shows the
distribution of the electron density of HOMO and LUMO orbitals of protonated and
neutral forms of BHPA. It results that for the both forms, this distribution touches almost
the whole molecule , revealing electronic conjugation of aromatic ring, double and triple
bonds. These observations justify the good reactive character of BHPA.

According to some reports [50,51], there is no significant relationship between dipole
moment (1) and inhibition efficiency. This lack of consensus on the correlation between
dipole moment and inhibition efficiency in the literature makes the interpretation of this
parameter with experimental data complex. Analysis of dipole moment value obtained
indicates a considerable difference between that of neutral molecule and that of
protonated form. Based on these observations no link can be established.

The reactivity of a molecule is also related to its global softness (o) and its global
hardness () [52]. In fact the hardness of a compound is the level of resistance to
deformation or polarization of substances under the effect of a chemical reaction. While
hardness inverse called global softness (o) [52], measures the ability of a chemical
species to receive electrons. softness and hardness values in both forms clearly indicate
the molecule is highly reactive in the protonated form. Thus, to receive electrons from the
metal, the molecule tends to protonate. It is very obvious that BHPA good inhibition
capacity obtained experimentally is due to its low resistance to deformation and its ability
to receive electrons from copper.

For the calculation of fraction of transferred electrons (AN) according to Pearson
electronegativity relation [53] we apply theoretical values: y, = 4,98 eV [54] and 7.y,
= 0 [55]. The results gathered in Table 4 show that electronegativity () value of neutral
molecule is lower than that of copper (4.98 eV) and AN>0, while electronegativity (y) of
protonated form is higher than that of copper with AN<0. These observations reveal that
the compound donates electrons to copper in the neutral form and receives electrons from
copper in its protonated form [56]. It is apparent from this study that protonation of an
organic compound during corrosion inhibition of a metal enhances its reactivity and in

this case its anticorrosive properties.

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45
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Figure 9. Electron density distribution of HOMO and LUMO orbitals for BHPA
protonated and neutral forms.

Electrophilicity index (w) was introduced by Yang and Parr [57] and its expression is
electron affinity (A) and ionization energy (I) dependent. Electron affinity (A) measures
the ability of a compound to accept a single electron while ionization energy measures
the energy required to remove an electron. Electrophilicity index measures the ability of a
compound to accept electrons [57]. The high w value of BHPA obtained reveals that it is
a good electrophile. This electrophilic character is more intense in the protonated form,
so it appears that the protonated form accepts electrons from the metal more easily. This
reactivity confirms the good inhibiting power observed experimentally.
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Table 4 examination indicates that total energy (Et) value of the protonated species is
lower than neutral form, suggesting that protonated species is more reactive than neutral
species [26]. Therefore, protonated species is more likely to adsorb onto the copper
surface [58,59]. These results are in agreement with the experimental trends reported.

3.4.2. Reactivity active sites

In metal corrosion inhibition case by electron transfer, Fukui functions and dual
descriptor give information on a molecule sites on which the nucleophilic, electrophilic
or radical attacks are directed [60]. The active sites of reactivity identified by means of
Fukui functions and dual descriptor permit to distinguish the chemical attitude of each
atom within BHPA.

The condensed Fukui functions are computed calculated using the finite difference
approximation where the electron density is replaced by an electron population g as
given by the following expressions:

Nucleophilic attack ff=qN+1)—q(N) (13)
Electrophilic attack fr =q(N) —qr(N —1) (14)
Radical attack fo=q(N+1)—qe(N—1) (15)

where qi(N + 1), qx(N) and qi(N — 1) are the atoms charges on the systems with
(N + 1), N and (N — 1) electrons respectively.

Dual descriptor [61,62] can be calculated using the following equation:
Afr(r)=fi —fx (16)
Local descriptors values calculated using DFT/6-311G(d,p) are listed in Table 5.

According to the literature, the atoms with the highest values of f¥ and Afy(r))
represent the most probable sites for nucleophilic attacks while the atoms with the highest
value of f7, and the lowest value Af(r)) is the most probable center for electrophilic
attacks.

Table 5 analysis clearly shows that O(29) atom is the most probable site for
nucleophilic attacks while C(7) is the most probable site for electrophilic attacks.

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 17-45



34

Mougo André Tigori et al.

Table 5. Calculated Mulliken atomic charges, Fukui functions and dual descriptor for
BHPA.

Atom | q(N + 1) qk(N) qk(N —1) fr fic Afi(r)
1C 0.071219 0.219662 -0.018246 | -0.148443 | 0.237908 | -0.386351
2C 0.137517 0.219913 -0.005886 | -0.082396 | 0.225799 | -0.308195
3C -0.079898 -0.153486 0.018931 0.073588 | -0.172417 | 0.246005
4 C 0.209819 -0.147031 0.029371 0.35685 | -0.176402 | 0.533252
5C -0.016539 -0.150777 -0.008353 | 0.134238 | -0.142424 | 0.276662
6 C 0.059359 -0.145776 0.043739 0.205135 | -0.189515 | 0.39465
7 C 0.043808 0.433367 0.038086 | -0.389559 | 0.395281 | -0.78484
8 H 0.002652 0.143671 -0.001136 | -0.141019 | 0.144807 | -0.285826
9 H -0.009379 0.142063 -0.001721 | -0.151442 | 0.143784 | -0.295226
9 H 0.000011 0.140400 0.000154 | -0.140389 | 0.140246 | -0.280635
10 H | -0.003245 0.150753 -0.002204 | -0.153998 | 0.152957 | -0.306955
12 N 0.108923 -0.542002 0.046281 0.650925 | -0.588283 | 1.239208
13 N | -0.026299 -0.659538 0.029030 0.633239 | -0.688568 | 1.321807
14H 0.000395 0.341441 -0.001550 | -0.341046 | 0.342991 | -0.684037
15C 0.155910 0.063392 0.047241 0.092518 | 0.016151 | 0.076367
16 C -0.038962 0.319292 -0.009525 | -0.358254 | 0.328817 | -0.687071
17C 0.014529 -0.169701 0.442348 0.18423 | -0.612049 | 0.796279
18C 0.006963 -0.206531 -0.100724 | 0.213494 | -0.105807 | 0.319301
19C 0.096436 0.347515 0.221179 | -0.251079 | 0.126336 | -0.377415
20C 0.009911 -0.190067 -0.107361 0.199978 | -0.082706 | 0.282684
21C 0.018046 -0.148014 0.197730 0.16606 | -0.345744 | 0.511804
22C 0.092529 0.129413 -0.101347 | -0.036884 | 0.23076 | -0.267644
23C 0.033330 -0.209526 0.172962 0.242856 | -0.382488 | 0.625344
24 H -0.000789 0.130704 0.003913 | -0.131493 | 0.126791 | -0.258284
25H -0.000856 0.154851 0.004179 | -0.155707 | 0.150672 | -0.306379
26 H -0.001214 0.193707 -0.009610 | -0.194921 | 0.203317 | -0.398238
27H -0.001876 0.145171 -0.008657 | -0.147047 | 0.153828 | -0.300875
28 N 0.060269 -0.502297 0.074870 0.562566 | -0.577167 | 1.139733
290 0.061109 -0.655466 0.029330 0.716575 | -0.684796 | 1.401371
30H -0.002108 0.310799 -0.001339 | -0.412907 | 0.412138 | -0.625045
31H -0.001570 0.194097 -0.021683 | -0.195667 | 0.21578 | -0.411447
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Figure 10 displays BHPA molecule with the natures and labels of the atoms allowing
easier identification of the reactivity sites.
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Figure 10. BHPA molecule with the natures and labels of the atoms.

3.4.3. Quantitative structure-property relationship (QSPR) consideration

This investigation by QSPR model was carried out on the basis of experimental data
at 298K. Referring to the empirical linear model proposed by Lukovits ef al. [34]
equation (1) becomes:

[Ax1 + Bxy + Dx3 + E]Cl

0, =
1E ¢q1c(%) 1+ [Ax1 + Bx; + Dx3 + E]C

% 100. (17)
i

Coefficients A, B, D and E values are determined based on the four concentrations
(1uM, 6uM, 10uM and 30uM) of BHPA and a set of molecular quantum chemical
parameters. Thus solving a system of four equations with four unknowns will yield these
coefficients. These coefficients will allow to find equations or the best set of molecular
quantum chemical parameters useful to predict the inhibition efficiency of molecules
analogous to the studied compound. The calculations were investigated using the EXCEL
software. Calculated inhibition efficiency versus experimental inhibition efficiencies is
given by Figure 11a and 11b.

QSPR model validation is done from the statistical parameters whose expressions are
given below:
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The sum of square errors (SSE):

2
SSE=Z£V:1 (IEexp_IEcalc) (18)
The root mean square error (RMSE):
2
RMSE:\/Zi\Ll (IEexlz:l_IEcalc) (18)

Tables 6 and 7 summarize different coefficients and statistical parameters values.

Table 6. Coefficients A, B, D and E, Coefficient determination (R?) and SSE, RMSE

values for BHPA neutral.

Set of parameters A B D E R? SSE RMSE
(0,01 41454.3716 1138.742 48310.9033 241004.291 0.9846 | 344.85 | 9.258

(Erumo.Enomo X) 139.844324 2830.22891 -1852.85036 23381.7711 0.9819 | 418.92 10.234
(WAE) -32.1846388 12.7930555 -42.7932846 110.733967 0.9696 | 699.07 | 26.440
(AAN,Exomo) 7.5049.10'* -4.1309.10% -1.2555.1013 -3.9199.10'% | 0.9794 | 484.26 11.003

Table 7. Coefficients A, B, D and E, Coefficient determination (R?) and SSE, RMSE

values for BHPA protonated.

Set of parameters A B D E R? SSE RMSE
(o,0]) 24686.6526 81.3092409 -41090.4071 339673.074 0.9838 | 368,05 9.593
(Erumo.Enomo, x) | 20918.3157 1457.98327 1024.59882 124765.673 0.9656 | 837.77 14.472
(WAE) 3200.07071 -4555.78251 -3598.28268 -49349.8473 | 0.9612 14173,11 | 59.53
(AAN,Exomo) -9876.22138 4028.28126 7.0037.10"3 6.1003.10™ 0.9794 | 11276.88 | 53.094

As can be seen in Tables 6 and 7, it obviously appears that (o,a/) with the lowest
statistical parameters values for the neutral and protonated species with R? > 0.98 is the
best set of molecular quantum chemical parameters for correlating experimental (IEexp
(%)) and calculated inhibition efficiency (IEcalc(%)).The best set of molecular quantum
chemical parameters which is global softness (o), electrophilicity index(® )and ionization
energy (I) combination confirms the electron acceptor character of BHPA protonated
form. This protonated form would be the inhibition process base. It is observed that the
same set of molecular quantum chemical parameters allows to correlate BHPA inhibition
efficiency and the molecular structures for the neutral and protonated species. Therefore,
it is deduced that BHPAH™ strongly participates in copper corrosion inhibition in nitric
acid solution.
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Figure 11a. IEcalc(%) versus IEexp(%) for BHPA neutral form.
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Figure 11b. IEcalc(%) versus IEexp(%) for BHPA protonated form.
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3.5. Inhibition mechanism

The experimental data showed that BHPA adsorption on copper surface is dominated
by chemisorption. Indeed BHPA is protonated in acid solution according to the following

equation:
N
W ow
- N =
N “ N03 | @®
1 _ H 2 o H
H \¥ oH NO; N i

The comparison of quantum chemical parameters values of protonated species with
those of neutral species indicates that the protonated form which has the lowest energy
gap is more reactive. This reactivity occurs through electron acceptor donor between the
incompletely filled d-orbitals of copper and the unshared electron pairs of the
heteroatoms, which could explain the predominance of chemisorption. Moreover there
are electrostatic interactions between NO3 ions on copper surface and the protonated
species derived from the inhibitor which shows the existence of physisorption. This
mechanism is described by the following schematic:

0
N ~d

e : e
H H N _H

% S &
H "*, I H%
e .

i L - D
Cu Cu Cu

: cu’ion @@»: NO3 ion : Chemisorption mwmwmmnm :Physisorption

Figure 12. Pictorial representation of BHPAadsorption on copper surface in 1.0 M
HNO;.
4. Conclusion

This study focused on investigating the inhibition potential of 2-(1H-benzimidazol-2-
yl)-3-(4-hydroxyphenyl) acrylonitrile in 1M HNO; by the experimental and theoretical
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techniques. From the main results obtained, the following conclusions can be drawn:

Gravimetric measurements clearly indicate that BHPA inhibition efficiency
increases with temperature and concentration. So BHPA can protect copper

against corrosion at high temperature with low concentrations.

BHPA adsorption obeys the modified Langmuir model or Villamil model and
Adejo-Ekwenchi isotherm reveals that this adsorption is dominated by

chemisorption.

Thermodynamic adsorption and activation parameters indicate a spontaneous,
endothermic adsorption process, an increase in disorder and a Cu-Inh complex
formation on copper surface, thus reducing copper dissolution in HNO;.

Quantum chemical calculations revealed that BHPA is highly reactive and in
addition its protonated form facilitates inhibitor-copper interactions. These
results allow us to conclude that protonated specie have more acceptor than
electron donor properties.

0(29) and C(7) are considered respectively as the nucleophilic and electrophilic
attack centers.
The insights gained from QSPR model permits to screen organic molecules of the

same family before experimental validation. Therefore the set of parameters (o,
,I) allows to perform this correlation.

Finally theoretical results are in agreement with the experimental data.
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