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ABSTRACT

The inhibition ability of six bis-benzimidazole derivatives against corrosion of mild steel in acidic
medium was modeled by the electronic and lipophilic descriptors such as: the energy of the highest
occupied molecular orbital (E,,, ), the energy of the lowest unoccupied molecular orbital (E,,,.),
the dipole moment (1), the molecular critical volume (V), the inhibitor concentration (C), the log-
arithm of the partition coefficient (log P), and the molecular mass (M), by means of quantitative
structure property relationships (QSPR). To do so, the structure electronic properties of these mol-
ecules were investigated by using three quantum methods: a semi-empirical method (AM1), the
Hartree-Fock method (HF) and the density functional theory method (DFT), at B3LYP/6-311G level
of theory. The correlation was developed by three mathematical models, based-QSPR approaches:
the multiple linear regression (MLR), the multiple polynomial regression (MPR) and the partial least
squares regression (PLS). A very good determination coefficient (R?= 0.99), adjusted determination
coefficient (R? , = 0.99) and predicted determination coefficient (Rzmd = 0.97), were obtained. The
calculated inhibition efficiency increased in the order OBBI > HBBI > BBI > MBBI> BBBI > EBBI, was
in good agreement with experimental results.

Keywords: Corrosion inhibition; Benzimidazole; AM1; HF; DFT (B3LYP)/6-311G; QSPR; MLR; PLS;

MPR

1. Introduction

Corrosion of materials is one of the main problems in
industry that is associated to significant economic losses,
especially, in steel industry, where acids are being used
to pickling, descaling and cleaning. Because of the high
aggressiveness of the said environment, the use of inhibi-
tors compounds containing nitrogen, oxygen and sulphur
atoms such as: amines, pyridines, imidazoles and benzim-
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idazoles represents generally, an effective means of pro-
tection against corrosion of mild steels in many industries
[1-10]. The selection of an inhibitor is generally, based on
its mechanism of action [11]. In fact, in the acidic media, the
adsorption process of inhibitors is related to the presence of
heteroatoms as well as a triple bond or an aromatic ring in
their molecular structure. It requires the existence of attrac-
tive forces between the adsorbed molecule and the metal
surface. According to the type of interactions, the adsorp-
tion can be physisorption, chemisorption or a combina-
tion of both. Physisorption is due to electrostatic attractive
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forces between inhibiting organic ions and the electrically
charged surface of the metal. Chemisorption is due to inter-
action between unshared electron pairs or n-electrons of the
adsorbed molecule with the metal, in order to form a coor-
dinate type of bond [12,13]. In this context, benzimidazole
and its derivatives whose basic skeleton is a bicycle con-
taining nitrogen, are considered as a potential class of corro-
sion inhibitors, in hydrochloric acidic media [14-20]. They
are bolaform surfactants characterized by the delocalized
n-electrons in the aromatic ring and two N-hetero-atoms
which facilitates their adsorption onto the metallic surface
and increases their corrosion inhibition potential.

Parallel to the experimental study, several efforts are
supplied, at present, to predict, in theory, the inhibiting
corrosion efficiency. Indeed, the use of quantum chemi-
cal methods as a theoretical investigation is a very pow-
erful tool, in determining the molecular characteristics
to develop some insights into the corrosion inhibition
mechanism [21-23]. In fact, various quantum chemical
calculations have been widely used to bring about the
relationship between the corrosion inhibition and the
structural electronic properties of a wide range of organic
corrosion inhibitors [24-27]. However, the theoretical
study cannot be rigorous to report the whole experimental
conditions, because of the enormous complexity of the cor-
rosion phenomena. Then, statistical methods can supply
useful qualitative and quantitative information, for a bet-
ter understanding of this process.

Quantitative structure-activity relationships (QSAR)
or, more general, quantitative structure-property relation-
ships (QSPR) has proven to be versatile tools to study either
chemical or biological systems. In more than 50 years of
active development, the field of QSAR/QSPR modeling has
grown tremendously with respect to the diversity of both
methodologies and applications. In this context, several
successful QSAR/QSPR models have been published over
the last years which encompass a wide span of biological
and physicochemical properties [28,29].

Although this approach finds broad application for
assessing potential impacts of biological, chemicals, mate-
rials, and nanomaterials systems, the design of reliable sta-
tistical models usually faces multicollinearity, overfitting,
and spurious variables [29,30]. To overcome these incon-
veniences, Todeschini and Coworkers have proposed aux-
iliary rules [31-33] to obtain suitable mathematical models
with predictive ability, by using a minimum number of
variables/descriptors. The use of this technique allows
minimizing the number of variables tested, while eliminat-
ing the redundant variables or those having a negligible
contribution in the model QSPR.

The choice of suitable molecules for inhibiting corrosion
applications might be solved using QSPR as reported by
several authors [34-39], especially, in acidic media, where
the correlation has been the subject of several investiga-
tions. For instance, it has been reported by Growcock et al.
[34,35], Abdul-Ahad and Al Madfai [36], Dupin et al. [38]
and Lucovits et al. [38,39]. Indeed, when studying a pre-
diction of biological activity, a large number of samples
obligatory required for QSAR development. In contrast, in
the field of corrosion inhibition, when applying QSPR to
estimate the efficiency of corrosion inhibitors, the experi-
mental conditions have a strong influence on the values

obtained [39-42] and the definition of property (efficiency
of corrosion inhibitors) in terms of experimental conditions
is an essential part of the approach, which implies that the
data must be obtained according to a single experimental
protocol. In this context, in the present work, we were con-
strained to limit ourselves to the six molecules published
experimentally, each taken at 4 different concentrations so
that the number of individuals rises to 24 while carefully
respecting the experimental conditions for obtaining these
efficiencies. The aim of the present study is to perform a
detailed quantum chemical as well as statistical calcula-
tions on molecular electronic and structural properties of
six bis-benzimidazole molecules denoted hereafter BBI,
MBBI, EBBI, BBBI, HBBI, OBBI, collected in Table 1, already
studied as mild steel corrosion inhibitors in 1 M HCl in the
range of concentration from 10~ to 10* M with distinguish-
able efficiencies [43]. On the basis of some studies which
has been reported the influence of certain properties in the
corrosion inhibition processes [39,40-42]. The present inves-
tigation projects to explore the possible correlation between
corrosion inhibition efficiency and a number of molecular
indices such as E,, ., E, ;oo 1 V., Log P and M, by means
of AM1, HF and DFT as quantum methods, along with the
statistical models MLR, PLS and MPR, by presenting their
principles as well as the various tools used for their imple-
mentation and evaluation: experimental databases, descrip-
tors and data analysis tools.

2. Computational methodology
2.1 Quantum chemical calculations

Theoretically, the quantum chemistry is the most wide-
spread method to study the phenomenon of corrosion
inhibition. It ensures the optimized structure and brings
out the descriptors which relate the corrosion inhibiting
character, in order to have some insights into the experi-
mental results as well as the complex process of corrosion
inhibition. In this context, different methods and several
bases were used. Depending on the nature of the theoretical
study undertaken and the calculated properties, the most
popular methods were: the semi-empirical method (AM1),
the Hartree-Fock method (HF), the Post HF method (MP2)
and the density functional theory method DFT/ B3LYP. The
most tested bases were: 3-21G; 6-31G; 6-311G; 6-31G (d, p);
6-31+G (d, p); 6-31++G (d, p); 6-311G (d, p); 311+G (d, p) and
311++G (d, p) as usually reported in the literature [45-53].

Theoretical parameters such as the energies of the high-
est occupied and lowest unoccupied molecular orbitals
(E omoand E, ), the energy gap (AE), the dipole moment
(p), the molecular weight (M), the logarithm of the partition
coefficient (log P), the absolute electronegativity (x), the
global hardness (1), the ionization potential (IP), the elec-
tron affinity (EA) and the fraction of electrons transferred
from the inhibitor molecule to the metal surface (AN), were
determined in the first stage of this work.

The ionization potential IP and the electron affinity EA

are related to E,, ,and E, , ., respectively through the
equations [53]:
IP=—E 1)

HOMO
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Table 1

Molecular structures, names and abbreviations of the studied bis-benzimidazole derivative molecules

Structure Name Abbreviation
. n 1H,1'H-2,2’-bibenzimidazole BBI
A\
CO~10
N N
H
@[N\ 2,2’-methanediylbis(1H-benzimidazole) MBBI
N>—>\N H
H N /4
©:N\ 2,2’-ethane-1,2-diylbis(1H-benzimidazole) EBBI
N
H
N=—
NH
©:N\ 2,2’-butane-1,4-diylbis(1H-benzimidazole) BBBI
N
H
NH
Ej\N
@[N\ 2,2’-hexane-1,6-diylbis(1H-benzimidazole) HBBI
N
H
NH \N
2,2’-octane-1,8-diylbis(1H-benzimidazole) OBBI

N
0
N
H
N—
f NH

EA=-E

LUMO

IP+EA
@ -

The electronegativity y, the global hardness n and the
softness ¢ were evaluated, based on the finite difference
approximation, as linear combinations of the calculated IP 1, = IP-EA

and EA [53]:

®)

4)
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Moreover, for a reaction of two systems with different
electronegativities, the electronic flow will occur from the
organic inhibitor with lower electronegativity towards that
of higher value (metallic surface), until the chemical poten-
tials are equal [54]. Therefore, the fraction of electrons trans-
ferred (AN) from the inhibitor derivative to the metallic
atom was calculated according to Pearson electronegativity
scale [54]:

XFe — Xinh
Py Y 6
Z(nPe + ninh) ( )
A theoretical value for the electronegativity of bulk iron
of .= 7eV and a global hardness of n,,= EA were used, by
assuming that for a metallic bulk IP = EA because they are
softer than the neutral metallic atoms [55].

2.2. QSPR calculations

As a second part of this study, the correlation between
the calculated theoretical parameters and the experimen-
tal corrosion inhibition efficiency E% was studied. Statis-
tically, several linear or non-linear regression models were
proposed in the literature in similar studies [36-39]. The
choice of a predictive model represents the essential stage
for every study. The main QSPR models undertaken in the
present study, are as follows:

2.2.1. Multiple linear regression model (MLR)

This model makes it possible to determine the calcu-
lated or predicted inhibition efficiency as a function of the
theoretical descriptors according to the following Eq. (7):

Ecat% = AX]‘Ci +B ()

where B is a constant, A is a quantum chemical index coef-
ficient; X is a quantum chemical index characteristic for the
molecule j; C, denotes the inhibitor concentration

2.2.2. Partial least squares regression model (PLS)

PLS regression is a relatively recent model that general-
izes and combines features from principal component anal-
ysis and multiple regression. It originated from the social
sciences (specifically economy, Herman Wold, 1966), but
became popular first in chemo-metrics (i.e., computational
chemistry) due in part to Herman’s son Svante. It was
rapidly interpreted in a statistical framework (Frank and
Friedman, 1993; Helland, 1990; Hoskuldsson, 1988; Tenen-
haus, 1998) [56]. It is particularly useful when it is needed
to predict a set of dependent variables from a large set of
independent variables (i.e., predictors); by the elimination
of some predictors (e.g., using step-wise methods), or by
performing a principal component analysis (PCA) of the
predictors matrix [56]. PLS uses the same model expresses
by Eq. (7).

2.2.3. Multiple polynomial regression (MPR)

The multiple polynomial regression (MPR) is consid-
ered, in our knowledge, as new model for QSPR methods,
notwithstanding the fact that it is used in other domains. It
is a homogeneous quadratic polynomial of second degree
with a number of variables, based on the semi-empirical
QSPR approach. In the field of corrosion inhibition, it is
expressed by Eq. (8):

o/ —
Eca1% = cst +(ap + mE,  +5E

+azu +a4LogP + asV, + agM)C;

8
+ (bOEHOMO + blELUMO + bzu ( )

+b3LogP + b,V + bsM)C?

wherg ay a4, a, a, a, a, b, b, b, b, b, and b,are quantum
chemical index coefflgen’.cs; E,omor ELUMO., W log P., VC zfmd
M are quantum chemical index characterizing the inhibitor
molecule.

3. Results and discussion
3.1. Quantum calculation
3.1.1. Molecular geometry

To bring about the quality of the theoretical and statis-
tical results, the geometries of the whole molecules, consid-
ered in this work, are fully optimized at AM1, HF and DFT
level of theory using the B3LYP functional together with
6-311G basis set in gaseous phase, by means of Gaussian 03
set of programs [57]. The absence of imaginary frequencies
in the vibrational spectra proves that the equilibrium struc-
tures correspond to the minima energy for each bis-benzim-
idazole derivative.

The final optimized structures along with the bond
lengths are shown in Fig. 1. The pertinent bend lengths are
N,C, N,C, N,C, N,C,and C,C, (equivalent to N,C,, N,C,,
N,C,, N,C,, and C,C,, respectively), remain almost the same
whatever the studied molecule or the method. Hence the
optimized structures for all the studied compounds exhibit
a similar conformation.

Besides, Table 2 exemplifies the dihedral angles, and
similar results are obtained, except for the dihedrals: [N,
C,C,ClLIC,C,C,N,] for MBBl and [N, C, C, C_],
[C,w C C, N|] for EBBL. Accordingly, the choice of the
appropriate method cannot be made based on the structural
parameters such as bond distances and dihedral angles
got from AM1, HF and DFT/B3LYP methods. However, it
should be noted that HF calculations tend to underestimate
the lengths of most bonds.

Thus, the structural parameters cannot constitute a
criterion that can define the best method to conduct the
theoretical study. However, the CPU (central processing
unit) results, also reported in Table 3, show that the AM1
method is the fastest of the three methods. The analysis
of these results shows that the CPU related to the DFT/
B3LYP method is relatively higher in comparison with the
HF method, because of the consideration of electronic cor-
relation that this method makes during the calculation of
molecular systems.
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Fig. 1. Optimized molecular structures and bond lengths of the studied inhibitors calculated in gas phases at AM1 (black), HF (red)
and B3LYP/6-311G (green).
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Fig. 1. (Continued).

With the aim of discriminating between these three
methods and to keep only one, we based ourselves on the
following magnitudes CPU, E_ and AE. Indeed, AM1 can be
quickly ruled out due to the positive values of the obtained
total energy despite the extremely low time of calculation,
CPU. Furthermore, the energy gap is very high which reflects
an extremely low reactivity of the whole molecules. Besides,
the comparable study of both methods HF and DFT reveals
that the total energy presents usually the minima for the DFT
method with a calculation time which remains lower for the
small molecules to become higher when the molecular size
is more important. Further, the energies gap obtained with
DFT are always weaker than those stemming from HE. In this
established fact, DFT thus gets ready as a successful method
of choice to lead the rest of the theoretical study.

3.1.2. Global Molecular reactivity descriptors

The E,,,,, are the highest values at DFT in comparison
with those of AM1 and HF methods. E,,,, is often asso-
ciated with the electron donating ability of the molecule,
Therefore, high value of E,,,indicates high tendency of
the molecule to donate electrons to appropriate acceptor
which is an empty molecular orbital of low energy.

The E
with those of AM1 and HF methods. Therefore, the energy
of the lowest unoccupied molecular orbital indicates the
ability of the molecule to accept electrons. A low value

Lumo are the lowest values at DFT in comparison

of E, ,,nindicate high tendency of the molecule to accept
electrons from the metal surface [58]. Therefore, for all
the previous reasons, the AM1 and HF methods are ruled
out. Whereas, the DFT appears as the suitable theoretical
method in the present study.

The results presented in Table 3 allowed to classify the
undertaken inhibitors into two groups: the first one is (BBI
and MBBI) namely; group A, the second is (EBBI, BBBI, HBBI
and OBBI) namely; group B. For group A, the obtained val-
ues of E,,  corresponding to each organic inhibitor indi-
cate that £, (BBI) = E,,, (MBBI). In the opposite, BBI
have the lowest E, ., (-1.752 eV) when compared to MBBI
(-1.040 eV), which indicate a better capability for BBI to
accept electrons from the mild steel surface. For group B, it
can be clearly seen that E,,,,  and E, ., follow the order as:
OBBI > HBBI > EBBI > BBBI, for HOMO and BBBI > HBBI >
EBBI > OBBI, for LUMO. The highest value of E,,,, , and the
lowest E, ,,,, of OBBI indicates the best inhibition efficiency
than the other compounds.

The gap between the E,,, and E, ,  energy levels of the
molecules constitutes an important parameter of reactivity
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Table 2

Pertinent dihedral angels, in degree, of the studied inhibitors calculated at AM1, HF and DFT/B3LYP in gas phases

Inhibitor Dihedral angle AM1 HF DFT/B3LYP
BBI [N, C,C,N,] 179.99 179.99 180.00
MBBI [N, C, Cls, Gl 55.88 32.78 2771
[C,C, Cy N, 106.25 14713 152.27
EBBI [N, C,C, C.l 97.37 65.75 57.57
[C, Cm, 5 Gl 7141 79.86 7943
[C, CsC,N] 168.37 160.63 145.38
BBBI [N, C,C, C] o 72.59 73.99 76.21
[C,C,C,C,l 178.39 177.89 177.67
[C, C C, Cl 179.99 180.00 179.97
[C, C,, CuCl 178.41 177.89 177.65
HBBI [N, C,C, C,l 59.89 67.03 65.70
[C,C,C,C,l 174.85 176.68 175.74
[C,, C, Cpr Cpl 177.71 178.01 179.93
[Cy C., C Cl 78.96 69.18 70.01
[C,C, Cu C,l 178.46 17797 178.96
[Cy Cw G,y Gl 179.58 179.16 179.58
OBBI [N, C,C, C,l 59.65 66.39 66.29
[C, C,,, C,, Gl 175.11 17741 176.79
[C,, C,, C,, Cl 180.00 177.37935 178.83
[C,, C,, Cy Cpl 78.720 68.45 68.63
[C,, C, Cw, C,l 178.74 176.89 177.58
[C, Cy CC.l 178.40 179.07 178.48
[Cy C, C Cl 177.67 179.35 179.21
[C,C,CyCl 73.70 71.52 70.52

for an inhibitor molecule towards adsorption on to the metal-
lic surface. As AE decreases, the reactivity of the molecule
increases, leading to an increase of E %. Indeed, lower values
of the energy difference represents an indicator of good inhi-
bition efficiency, because the energy to remove an electron
from the last occupied orbital to the lower unoccupied orbital
will be low [59]. The value of AE, indicated in Table 2, show
that; BBI < MBBI for group A and OBBI < HBBI < BBBI < EBBI
for group B, which suggests that the inhibitors BBI and OBBI
have the lowest energy gap for the two groups, and hence
highest reactivity in comparison to the other compounds,
could have better performance as corrosion inhibitor which
is in agreement with the experimental values of E %.

For the dipole moment, there is an inconsistent, in the
literature, on the correlation between the dipole moment
and inhibition efficiency [60]. However, it is well reported
that higher value of dipole moment probably increases the
adsorption of chemical compound on metal surface [61]
which increases the contact area between the molecule and
surface of iron then increasing the corrosion inhibition abil-
ity of inhibitors. The results indicate that the values of p do
not follow a well-defined order; which implies that p is not
a very determinant parameter for E %, in this study.

Hardness and softness are the basic chemical concepts,
called the reactivity descriptors which have been theoreti-
cally justified within the framework of density functional
theory (DFT) [62]. They are the important properties to
measure the molecular stability and reactivity. A hard mole-
cule has a large energy gap and a soft molecule has a small
energy gap [52]. Table 4 shows the order of hardness as:
BBI < MBBI for group A and OBBI < HBBI < BBBI < EBBI
for group B and the order of softness as: BBI > MBBI for
group A and OBBI > HBBI > BBBI > EBBI for group B, which
implies that BBI have the highest inhibition efficiency when
compared to MBBI, whereas OBBI have also a highest E %
in comparison with HBBI, BBBI and EBBI.

The number of electrons transferred AN is also cal-
culated and reported in Table 4. Values of AN show that
the inhibition efficiency resulting from electron dona-
tion agrees with Lukovits’s study [63]. Generally, if AN
< 3.6, the inhibition efficiency increases by increasing
electron-donating ability of these inhibitors to donate
electrons to the metal surface. From results of Table 4, AN
increases in the following order: BBI > MBBI for group A
and OBBI > HBBI > BBBI > EBBI for group B. The results
indicate that AN values correlates strongly with experi-
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Table 3

215

Quantum chemical parameters of compounds BBI to OBBI using AM1, HF and DFT calculations

Inhibitor Parameter AM1 HF DFT/B3LYP Log P M/g-mol™ V_/cm*mol™
BBI E omo (€V) —-8.665 -8.024 —-6.090 2.019 234.262 681.5
E o €Y) -0.740 1.876 -1.752
AE (eV) 7925 9.900 4.337
u (D) 0.001 0.000 0.001
E_ (eV) 5.899 —20499.252 —20631.539
CrU 2min2ls 1h54minls 59minbs
MBBI Eomo (€V) -8.893 -8.187 —-6.020 3.838 248.289 7375
E, o €Y) -0.230 2.856 -1.040
AE (eV) 8.663 11.043 4980
u (D) 1.839 4.220 4.768
E, (eV) 5.582 —21560.678 -21700.711
CPU 6min44s 4h20min27s 4h15min3s
EBBI Erovo (€Y) -8.879 -8.024 —6.238 2.776 262.316 793.5
E vo (€V) -0.070 2.856 —-0.658
AE (eV) 8.809 10.88 5.58
u (D) 0.001 6.154 6.269
E,(eV) 5.328 —22603.2 —22769.906
CPU 3 min 12s 3h53min54s 5h30min4ls
BBBI E ono (€V) -8.893 -8.323 —6.266 3.610 290.370 905.5
E omo (€Y) -0.016 3.155 —-0.688
AE (eV) 8.877 11.478 5.578
n (D) 0.008 0.001 0.023
E,(eV) 4.738 —24745.036 —-24908.417
CPU 4min32s 5h51min46s 7h14min27s
HBBI Eomo (€V) —-8.855 —8.268 —-6.198 444 318.424 1017.5
E oo (€Y) 0.022 3.182 —-0.662
AE (eV) 8.878 11.45 5.536
u (D) 1.7570 5.267 5.104
E,(eV) 4.209 —26867.969 —27046.965
Cru 6 min 42s 8h6min23s 9h51min2s
OBBI E omo (€V) -8.840 -8.187 —6.134 5.279 346.478 1129.5
E o €Y) 0.033 3.236 —-0.622
AE (eV) 8.873 11432 5.512
u (D) 2.482 6.556 6.905
E_ (eV) 3.645 —-28990.929 —29185.501
CruU 10 min 7s 10h 59 minls 15h36 min47s

mental inhibition efficiencies. Thus, the highest fraction
of electrons transferred is associated with the best inhib-
itor (BBI) for group A and (OBBI) for group B, while the
lowest fraction is associated with the inhibitor that has
the least inhibition efficiency (MBBI) for group A and
(EBBI) for group B.

It is to be concluded from the evolution of the consid-
ered global descriptors that AE, n, ¢ and AN follow the ten-
dency of experimental inhibition efficiencies of the studied
molecules. They can explain the molecular reactivity in
terms of corrosion inhibition efficiency. On the contrary,

E E u and y do not follow the same order of the

HOMO’ "~'LUMO,
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Table 4

Quantum chemical parameters of compounds BBI to OBBI using DFT calculations

Inhibitor PI/eV EA/eV 1/eV n/ev c/eV?! AN Eexp%
BBI 6.090 1.752 3921 2.169 0461 0.709 88.6
MBBI 6.020 1.040 3.53 249 0.402 0.696 82.1
EBBI 6.238 0.658 3.448 2.79 0.358 0.631 28.1
BBBI 6.266 0.688 3477 2.789 0.359 0.636 52.3
HBBI 6.198 0.662 343 2.768 0.361 0.644 88.8
OBBI 6.134 0.622 3.378 2.756 0.362 0.657 90.2

experimental corrosion inhibition effect of the molecular
derivatives. Accordingly, these last descriptors are not rep-
resenting indexes in the description of the corrosion inhibi-
tion process.

Experimentally, the comparative study of the inhibition
power shows that the inhibition efficiency decreases as the
number n of methylene group of the junction between the
two benzimidazole nuclei increases from n = 0 to n = 2; it
reaches its minimum value at n = 2 (EBBI). And it increases
again, from n =4 to reach its maximum value at n = 8 (OBBI).
Consequently, the comparison between the experimental
and the theoretical results shows that there is a concordance
between them. In can be concluded that the quantum study
can describe microscopically the evolution of the chemical
system at the metal/solution interface and allows giving
some insights into the experimental results.

3.2. QSPR study
3.2.1. Statistical analysis
3.2.1.1. Principle of QSPR analysis

Taking into account the complexity of the corrosion
inhibition process, the regression analysis is used to cor-
relate quantum chemical parameters and inhibitor con-
centrations (C,) with the efficiency E%. It is a statistical
technique used to study the relationship between one
dependent variable and several independent variables that
minimizes the difference between experimental and pre-
dicted values using the least-squares method, which con-
sists on minimizing the residual sum square. This implies
an analysis of variance, by decomposing the total variance
SS_, which is measured by the sums of squares of the sam-
ple, into two partial variances: the explanatory variance
(SSW) and the residual variance (SS, ), and these two vari-
ances are compared.

551 = Ssreg + 55,6 9)

A specific indicator allows translating the explained
variance by the model, it is the coefficient of determination,
and its formula is as follows:

R2= 5 1 SSps
SSr

SSy (10)

Indeed, R? is certainly a relevant indicator, it presents
sometimes-boring defect; it tends to increase automatically
when other variables are added in the model. Therefore, it is
ineffective when comparing models containing a different
number of variables. It is in this case recommended to use
the adjusted coefficient of determination which is corrected
by the degree of freedom (DF):

1o N-1 x(1-R?)
N-P-1

SSus , N-1

adj SS;  N-P-1

(11)

3.2.1.2. Regression equations

Using the statistical software Minitab 16 the values of
the different regression models are as follows:

a. Multiple Linear Regression MLR
For AM1 quantum calculations

E.% =—-105.148 + 0.07C; — 16.115E50pm0
— 47.675LogP + 3555 +0.612M

R?=0.97

(12)

For HF/6-311G quantum calculations

E % = —1987.837 +0.07C; — 271.006Eg0pm0 i
~113.750E; ;10 +12.1721 + 0.448 M (13)
R?=0.97

For DFT-B3LYP/6-311G quantum calculations

E.% = —2156.230 +0.07C; — 332.709E5;000
~106.976E; 10 +11.886LogP +14.483M

R?=0.97

(14)

b. Partial Least Squares Regression (PLS)
For AM1 quantum calculations

E.yy% =—82.057 +0.066C; — 16.122E50010
—2.368E; 0 — 44.647 LogP + 34.6631

R?*=0.96

(15)
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For HF/6-311G quantum calculations
Eoy1% =1129.5+0.046C; —133.193Egomo

—16.718E ;p0 + 5.498LogP + 5.04u (16)
R?=0.96
For DFT-B3LYP/6-311G quantum calculations
Eoy1% =1785.228 + 0.08C; — 272.131E0oMm0 an

—95.104E; 0 + 6.849L0ogP +13.511
R?=0.96

A first analysis of the statistical parameters, in partic-
ular the coefficient of determination R? reveals that the
two models MLR and PLS are very efficient. However, the
diagnosis of residue diagrams shows the lack of a quadratic
term in the two models.

For this purpose, we have proposed a multiple polyno-
mial regression (MPR) with quadratic terms as a suitable
concept for better modeling the inhibition efficiency of
bis-benzimidazole derivatives.

c. Multiple polynomial regression (MPR)
For AM1 quantum calculations:

Ecu% = —67.6 —11.8Eg0pmo — 21.3EL o
—37.5LogP +0.15V, +29.9
~0.557Egomo X Ci + 2.44E; o0
x C; +0.767u x C; —1.25LogP

x C; +0.005E0pm0 X CZ — 0.022E; 1m0
x C? = 0.007u x C? +0.0116LogP x C?
R?=0.99

(18)

For HF/6-311G quantum calculations

Ecai% =—=1078 —154E0p10 — 85.2E; ypio
—1.1LogP +0.12V, +9.54u — 20.5E0pM0
x C; —4.88E p0 X C; +0.587u x C;
—0.345LogP x C; +0.617V, x C; —2.45M

X C; +0.177Epomo X C2 +0.042E; 1m0
x C% —0.0051L x C? +0.02M x C?
R?=0.99

(19)

For DFT-B3LYP/6-311G quantum calculations

Eca%=-860—121E  -764E
—~0.26LogP +0.09V, +9.34u —20.1E
xC;=3.02E X C;+0.59xC; +0.97LogP xC;

+047V, xC; —1.94M x C; +0.174E (20)

HOMO

xC7+0.026E  xC?-0.0051xC}
—0.008LogP x C? +0.01M x C?
R?=0.99

The predicted E_, % values calculated from the Egs.
(12)—(20) using the MLR, PLS and MPR models are given
in Table 5 along with the residual errors (RE) and the aver-
age (Av) of the whole equations proposed for AM1, HF and
DFT.

The comparison between experimental and calculated
efficiency values is represented in Figs. 2—4.

From Figs. 24 it seems that the value of the calculated
efficiencies E_, % obtained from the MLR, PLS and MPR
models by DFT are in very good agreement with the exper-
imental efficiencies E % values and show a good correla-
tion between the corrosion inhibition efficiency and the
molecular structure in comparison with those obtained by
the AM1 and HF methods.

Moreover, in order to decide on the best method for cal-
culating the quantum descriptors as well as the top regres-
sion method for modeling the inhibition efficiency of the
bis-benzimidazole derivatives, an analysis of the variances
was carried out.

3.2.2. Correlation and variance analysis
3.2.2.1. Correlation analysis

For MLR model, statistical characteristics of the obtained
Eq. (17) are: N = 24; r = 0.98; R? = 0.97 and Rzad/. =0.97; Rzmd
= 0.96; PRESS= 556.92 and SD = 2.34, where R is the cor-
relation coefficient; R?is the determination coefficient; R?
is the adjusted determination coefficient; SD is the standard
deviation and N is the number of observations.

For PLS model, statistical characteristics of the obtained
Eq. (20) are: N = 24; r = 0.97; R? = 0.97; Rzad}. =0.97; szd =
0.95; PRESS= 601.29 and SD= 2.46.

Correlation matrix between the six descriptors is shown
in Table 6.

For MPR model, statistical characteristics of the obtained
Eq.(23) are: N =24,r=099,R*=0.99, R’ , =0.99; R*  =0.97;
PRESS=441.17 and SD = 0.32.

MLR, PLS and MPR regression coefficients using DFT-
B3LYP/6-311G calculations are represented in Table 7.

The characteristics values of models (r, R? and R’ dj)
demonstrate that the MLR, PLS and MPR models explain
the inhibition efficiency (E%) with a high level of signifi-
cance. However, to choose the appropriate model, it was
necessary to compare the prediction indicators of the stud-
ied regressions. Effectively, the predicted determination
coefficient (R? ) and the predicted residual error sum of
squares (PRE§S) are the most used parameters to evalu-
ate the quality of prediction of statistical models. So, the
obtained values of these parameters show that the MPR is
the more significant predictive model due to its low PRESS
which equals 441.17 value and high predicted determina-
tion coefficient R?  =0.97.

To confirm the predictive power of the selected models,
the correlation between experimental and predicted effi-
ciency is illustrated in Figs. 5-7.

According to the statistical results, we generally notice
that the inhibition efficiency is directly connected to the
selected molecular descriptors. From the correlation matrix
(Table 6) and regression coefficients (Table 7), we note that
critical volume (V), and molar mass (M), are perfectly cor-
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Fig. 2. Eexn % and E_, % obtained by (MLR, PLS and MPR) models Egs. (12), (15), (18) proposed of compounds BBI-OBBI using AM1

calculations.
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Fig.3.E, % and E_, % obtained by (MLR, PLS and MPR) models Egs. (13), (16), (19) proposed of compounds BBI- OBBI using HF/6-

311G calculation.

related (r = 1.000), and have a negligible regression coef-
ficient, whose value tends to 0, which implies that these
both variables are redundant, and have low representations
in the explanation of the three models. In fact, they can be
removed. Contrary, the E,, ., E,;o,0r 10g P and p descrip-
tors have significant regression coefficients and a very
important contribution. Furthermore, Fig. 8 exemplifies the
residual errors (RE) versus the observation in order to high-
light the presence or not of a systematic error in develop-
ing the three QSPR models (MLR, PLS and MRP) by using
AM1, HF and DFT calculation methods.

According to Fig. 8, a random dispersion of the resid-
ual errors on both sides of zero testifies that no systemic

error exists, as suggested by Jalali-Heravi and Kyani [64].
Accordingly, the three proposed models can be success-
fully applied to predict the corrosion inhibition efficiency
of bis-benzimidazole.

3.2.2.2. Variance analysis

For the three undertaken models (MLR, PLS and MPR),
the sums of squares SS, degrees of freedom DF, mean
squares MS, F, and p-value associated with F  are sum-
marized in ANOVA Table 8.

The significance and adequacy of the suggested mod-
els are checked by using ANOVA. Indeed, the ANOVA
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Fig. 4. E, % and E_, % obtained by (MLR, PLS and MPR) models Eq. ((14), (17), (20)) proposed of compounds BBI- OBBI using

B3LYP/ 6-311G calculations.

Table 6
The correlation matrix between selected descriptors
Variable 105 C,/M E omo/€V E v’V Log P V /em’mol™ /D M/g mol™
10°C,/M 1.000
E oo’V 0.036 1.000
E imo/eV -0.119 —-0.596 1.000
Log P -0.116 —-0.109 0.741 1.000
V_/cm’mol™ -0.119 —-0.505 0.749 0.859 1.000
w/D -0.051 0.525 0.309 0.746 0.373 1.000
M/g mol™! -0.119 —-0.505 0.749 0.859 1.000 0.373 1.000

analysis allows us to split the variations into two compo-
nents; the first one is associated to the regression whereas
the second is related to the residual error. The assessment
of the ANOVA results for the selected models shows
that the variation related to the regression SS_ is largely
greater than the residual error SS_; thereby the experi-
mental value F _is then largely superior to F_ with risk
estimations (p-value) significantly inferior to the tolerated
risk (5%).

3.2.3. Validation

As is previously indicated, the validity of three models
is verified by:

— Ahigher correlation coefficient R and lower standard
error SD, indicate that the models are more reliable.
— The comparison of the residual sum of squares value

and the explained sum of squares value S5 )SS, .

— The Fisher test shows that the F is much greater
than the F, with a critical probability (p-value < 0.
0001) very clearly below to 5%, which indicates that
the null hypothesis is wrong.

Generally, we can conclude, with 95% of confidence,
that the models bring globally a significant amount of infor-
mation, and show that the inhibition efficiency is directly
related to the selected molecular descriptors, which means
that the good quality and best prediction of selected models.
But from Figs. 2—4, and considering the difference between
the experimental (E, %) and the calculated efficiency (E_,
%), we notice that, I\XPR model demonstrate a very signifi-
cant regression compared with PLS and MLR models which
is clearly shown in correlation Figs. 5-7, and demonstrated
by the high adjusted determination coefficient R? = 0.99.
This later show that about 99% of the variables are consid-
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Table 7
MLR, PLS and MPR regression coefficients using DFT-B3LYP/6-311G calculations
Variable MLR PLS MPR
Constant -1785.229 -2156.230 -860.2
10°C,/M 0.080 0.070 0
E omo’eV -272.131 -332.709 -121.14
E, omo/€V -95.105 -106.976 -76.377
Log P 6.850 11.886 -0.262
V_/cm*mol™ 0.017 0 0.09718
n/D 13.501 14.483 9.344
M/g mol™ 0.068 0 0
100
100 90 _
o 2 —
90 - 2 ™ L] ] _ R - 0.99
. R*=0.97 " 7
80 . " 704
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- L] ]
70 - . ¢ -
60 w® )
O\Oﬁ ] LIJg 50-.
S 504
L ] 2 40 4
404 . ]
| 304
304 |
] 5 20
20 - T ¥ T v T ¥ T v T T T v T v T v
S 20 30 40 50 60 70 80 9 100
20 30 40 50 60 70 80 9 100 E %
% exp
exp

Fig. 5. The experimental vs predicted efficiencies (Eq. (14)) of
bis-benzimidazole derivatives.

Ecal%
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Fig. 6. The experimental vs. predicted efficiencies (Eq. (17)) of
bis-benzimidazole derivatives.

Fig. 7. The experimental vs. predicted efficiencies (Eq. (20)) of
bis-benzimidazole derivatives.

ered in the response, and the calculated points are close to
the bisector.

The overall comparison between the results of AM1, HF
and DFT as quantum methods and the results of MLR, PLS
and MPR as statistical results, shows that the choice of the
quantum calculation method does not affect much the sta-
tistical results. On the other hand, the examination of the
results of this study shows that DFT is the best method of
quantum study in comparison with AM1 and HE. Similarly,
MPR is the most predictive statistic models to study the
inhibitors selected in this work.

Finally, a deep analysis of the present results and those
reported elsewhere, for the same family of the used mol-
ecules [65-73], shows that the benzimidazole derivatives
are good corrosion inhibitors. Exceptionally, bis-benzimid-
azoles perform as efficient inhibitors. They provide valu-
able insights into the interaction mechanism of the used
nitrogenate-heterocyclic inhibitors, also on the relationship
between their electronic and lipophilic molecular properties
and their corrosion-inhibition ability.

4. Conclusion
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Fig. 8. The residual error (RE) between the average (Av. -1, Av. -2 and Av. -3) and the experimental inhibition efficiency of compounds
1-6 at different concentrations.

From the above results, the following conclusions can
be drawn:

The bis-benzimidazole derivatives namely: BBI,
MBBI, EBBI, BBBI, HBBI and OBBI, present good
inhibiting efficiencies E% of steel corrosion in acid
medium at very low concentrations, and E% of these
organic inhibitors can be directly linked to the struc-
ture electronic parameters.

The AM1, HF and DFT calculations were used and
DFT seems to be the most performed based on total
energy and energy gap despite the highest CPU

observed.

The evolution of the undertaken global descriptors
shows that AE, n, o and AN follow the tendency
of experimental inhibition efficiencies EW% of the
studied inhibitors. In the opposite, E,, ., ELUMO/ U
and y seem not to be suitable to describe the Em %
tendency.

A direct correlation is established, for the different
studied molecules, between the structure electronic
properties and the corresponding corrosion inhibi-
tion efficiencies E% in acid medium by using three
statistical models MLR, MPR and PLS.

Table 8
ANOVA for the three models (MLR, PLS and MPR)
Model Source SS DF MS F,. Sta p-value
MLR Regression  13181.36807 1 13181.36807 917.94398 4.30 <0.0001**
Residual 31591263 22 13181.36807
error
Total 13497.2807 23
PLS Regression  13158.71175 1 13158.71175 855.04492 4.30 <0.0001**
Residual 338.56895 22 15.3895
error
Total 13497.2807 23
MPR Regression  13491.22354 1 13491.22354 49001.00515 4.30 <0.0001**
Residual 6.05716 22 0.27533
error
Total 13497.2807 23

** Indicates highly significant at level 99%



— The higher values of the adjusted and the predicted
determination coefficients ( Rza i
as an irrefutable proof of the high predictive ability
of these models. And MPR seems to be the most rel-
evant model.

— Such study allows to rationalize, even to forecast the
chemical reactivity, in order to predict the inhibit-
ing efficiencies of new benzimidazole compounds,
and to assist the organic chemist to the synthesis of
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pred’

promising molecules as corrosion inhibitors.
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Symbols

AM1

HF

DFT
B3LYP/6-311G

E

HOMO

]

LUMO

Austin Model 1

Hartree-Fock

Density Functional Theory

Becke, 3-parameter, Lee-Yang-Parr/
Basis set 6-311G

Highest occupied molecular orbital
energy

Lowest unoccupied molecular orbital
energy

Dipole moment

Molecular critical volume
Concentration of inhibitor
Logarithm of the partition coefficient
Molar mass of the molecule
Calculated or predicted corrosion
inhibition efficiency

Experimentally corrosion inhibition
efficiency

Quantitative Structure Property Rela-
tionships

Multiple Linear Regression

partial least squares

Multiple polynomial regression
Number of observations

Correlation coefficient
Determination coefficient

Adjusted determination coefficient
Predicted determination coefficient
Predicted residual error sum of square
Sum of squares

Residual sum of squares

Regression sum of squares

Total sum of squares

Degree of freedom

Mean of squares

Statistic value of the Fisher.
Observed value of the Fisher
Probability value

Critical probability value

Standard error (standard deviation)

R? ) are considered

N-1
P

N-P-1

— Total degree of freedom
— Explained degree of freedom
— Residual degree of freedom
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