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Abstract- In this work, we are interested in the study of the anti-corrosion effect of new organic
compounds of the typebenzimidazolium derivativesnominated 1,3-Dinonyl-2-(nonylthio)-1H-
benzimidazolium bromide (ImdC7B), 1,3-Didecyl-2-(decylthio)-1H-benzimidazolium
bromide (ImdC8B) and 1,3-Didodecyl-2-(dodecylthio)-1H-benzimidazolium bromide
(ImdC9B)on the corrosion of mild steel (MS) in 1 M hydrochloric acid and 1 M HCI media
exploiting electrochemical techniques [polarization curves (PC) and impedance spectroscopy
(IS)]. In addition to that a correlation between molecular structures and inhibitory activity was
carried out exploiting the DFT (Density Functional Theory) method and molecular dynamics
(MD) simulation. The results obtained show an increase in efficiency with concentration. A
maximum of 94.7%, 95.7% and 96.9% is reached for a concentration of 10-3 M of ImdC7B,
ImdC8B and ImdC9B respectively. Polarization curves studies have demonstrated that these
compounds are some mixed inhibitors. The ImdC7B, ImdC8B and ImdC9Bare adsorbed on
the surface of MS according to Langmuir model. Reactivity parameters predicted from density
functional theory calculations suggested the involvement of protonated forms of the molecules
in the inhibitive process, which is also supported by the adsorption characteristics derived from
MD simulations.
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1. INTRODUCTION

Corrosion of metals and alloys is a universally known phenomenon which causes
considerable material losses, direct and indirect, each year for industry and the community.
Even more serious, corrosion can cause irreversible damage to the environment and even loss
of human life since it is likely to cause health problems (pollution, contamination, etc.) but also
to affect devices and structures. in service (transport equipment for example) by causing serious
alterations such as the general reduction in thickness, the generation of bites, but also stress
corrosion cracks in welded areas or in their vicinity. All these considerations justify the interest
currently shown in all fields in the fight against corrosion and also the numerous works devoted
to the study of corrosion. Several organic compounds, mainly those with electronegative
functional groups (containing heteroatoms) and electrons (m) with a conjugated double or triple
bond, have an inhibiting effect on the corrosion of iron and steels in an acid medium. The main
use of these inhibitors in acid solutions is in industrial pickling, descaling and acid cleaning
processes [1-8]. Acid inhibitors require a polar group by which the molecule can adsorb and
thus form a protective layer preventing corrosive agents in the aggressive environment on the
metal surface, these include organic groups (O, N, S, P, amine and OH) [9-16]. The size,
orientation and shape of the molecule are decisive parameters in the inhibition of corrosion
[17].

A very large number of research studies have been published on transition metal complexes
of benzimidazole derivatives. Some of the reports relate to their use as antifungal agents,
antibacterials, antivirals etc., as well as their role in protecting metals from corrosion, several
of these products have proven their ability to act as corrosion inhibitors of different metals and
alloys in different aggressive media [18-21]. It is therefore from this perspective that we are
interested in the study of the inhibition of corrosion by certain organic products synthesized
from benzimidazole.

In this work, we are interested in the study of two new series of synthesized organic
compounds such as 1,3-Dinonyl-2-(nonylthio)-1H-benzimidazolium bromide (ImdC7B), 1,3-
Didecyl-2-(decylthio)-1H-benzimidazolium bromide (ImdC8B) and 1,3-Didodecyl-2-
(dodecylthio)-1H-benzimidazolium bromide (ImdC9B) vis-a-vis the corrosion of MS-substrate
in molar solution of hydrochloric acid. This study was carried out by coupling stationary and
transient electrochemical techniques. The effect of the molecular structure of these compounds
and their action on performance is compared with a theoretical calculation of the partial charges
of the atoms as well as the energies of the molecular orbitals (Enomo, ELumo) and the gap
energy which have been calculated. Therefore, to make the relationship between these quantum
parameters and the inhibitory performance. In addition to DFT, molecular dynamics (MDS)
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simulation allowed us to correlate molecular structure and anticorrosion activity and to estimate

the mechanism of interaction between inhibitory molecules and the MS surface.

2. EXPERIMENTAL
2.1. Inhibitors Metals and aggressive solutions

Exploiting a hacksaw, we cut the metal plate (MS-substrate) to have the dimensions of 25%
20x1 mm for the use of weight loss measures, and circular coupons of 100 mm? for
electrochemical studies.

Table 1. Molecular structures of IndC7B, ImdC8B and ImdC9B
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The maintenance of the metal surface before each experiment is carried out as follows,
polishing, degreased, washed and dried by air. MS-substrate consist: C=0.21%, Mn= 0.05%,
P=0.09%, Si=0.002%, Al=0.01%, S=0.05% and the remaining iron.

The control corrosive electrolyte solution of 1 M HCIl was prepared by appropriately
diluting the stock solution of the acid (37% HCI) with distilled water. IndC7B, ImdC8B and
ImdC9Bcontaining solutions were prepared in 1 M HCI at various concentrations of ImdC7B,
ImdC8B and ImdC9B (1 pM, 10 uM, 100 uM and 1000 uM). Table 1 groups the molecular

structures of the compounds studied.

2.2. Electrochemical corrosion evaluation

This experiment was carried out only at room temperature, just to have gain some insights
into the electrochemical behavior of the electrode/electrolyte systems being studied. The
measurements were conducted in a glass cell equipped with the working, reference and counter
electrodes. The working electrode (WE) is a MS-substrate of 1 cm % 1 cm square dimension

that has been covered with epoxy resin at one side, exposing only one side with 100 mm?
surface area. A Hg,ngClzm / CI” (saturated KCl solution) was exploited as the reference

electrode (RE), while a platinum plate was exploited as the counter electrode (CE)[22,23]. The
electrochemical cell was connected to a Voltalab-PGZ 301potentiostat/galvanostat. The open-
circuit potential (OCP) of the WE in each test solution was monitored for 30 min, within which
a relatively stable OCP was assumed by the electrode. The potential of the WE was polarized
(potentiodynamically) between -250 mV and +250 mV, relative to the OCP at the ASTM-
recommended scan rate of 0.5 mV/s.

Percentage inhibition efficiencies (%Pppp) were calculated as:

lcnrr(O) -

lcorr(i)
o et 100 (1)

lcorr(O)

%RPDP =

Based on the stable Eocp, the electrochemical impedance spectroscopy (EIS) testing was
undertaken in the frequency window of 100 kHz to 100 mHz at an AC amplitude of 10 mV.
Percentage inhibition efficiencies (%Pgis) were calculated as:

R . —-R
%Py =Mxloo (2)

p(i)

where, %P, and %P, ,are inhibition efficiency calculated from impedance, and

polarization study, respectively. Besides, i

are the polarization resistance, and corrosion
corr(0) >

lcorr(i )

current of blank media. Similarly, R are the polarization resistance, and corrosion

p(i)?

current of inhibited medium.
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2.3. DFT and MD simulation details

Numerous works have been done exploiting density functional theory (DFT) calculations
to understand the effect of molecular structure on the inhibitory efficacy of organic molecules
[24]. The DFT method has been exploited to correlate experimentally revealed phenomena
with the characteristic of the electronic structure [25]. For this purpose, quantum chemical
calculations of the desired molecule in neutral and protonated forms were done via the
Gaussian 09 software package [26]. In addition, DFT calculations were performed via B3LYP
and 6-311++G (d, p) basis set in the gaseous phase [27]. The quantum chemical descriptors
such as Epomo, Erumo, AEgap, global hardness (7), global electronegativity (y), fraction of
electron transferred (AN;19), and dipole moment (1) are exploited and calculated via Benhiba
et al. [28].

To estimate the interaction and adsorption proprieties of L3 molecule with the Fe (110)
surface, we called upon molecular dynamics (MD) simulation exploiting the Forcite module
which is included in Materials Studio (Ver.8) [29,30]. The MD simulation was executed in a
32.270* 32.270* 43.134A> simulation box with periodic boundary conditions, which was
composed of the chemical species (with L3, SH30" + 5CI-+500H20) and slab of Fe (110). The
COMPASS force field has been exploited [31]. the system studied was performed in the
presence of Andersen thermostat at 303 K, NVT ensemble, with a simulation time of 2000 ps
and a time step of 1.0 fs [32].

3. RESULTS AND DISCUSSION
3.1. Polarization curves technique

Tafel curves recorded for steel electrode in 1 M HCI containing various concentrations of
ImdC7B, ImdC8B and ImdC9B at 303 K are presented in Fig. 1

The polarization curves of Figure 1 show that the addition of ImdC7B, ImdC8B and
ImdC9B to the corrosive medium (1 M HCI), induces a general lowering of the cathodic and
anodic current densities. This effect is all the more marked when the concentration of added
ImdC7B, ImdC8B and ImdC9B increases. These results suggest that ImdC7B, ImdC8B and
ImdC9B reduces the anodic dissolution and delays the reduction of the H* protons. In the
cathodic field, the addition of inhibitors in corrosive medium results in a significant reduction
in the cathodic partial current as well as a slight modification of the cathode Tafel slopes. These
branches have a wide range of linearity, which proves that Tafel's law is well verified in this
area. These remarks show that the reduction reaction of H" protons on the surface of MS-
substrate is not modified by the addition of ImdC7B, ImdC8B and ImdC9B and that it takes
place according to a pure activation mechanism [33,34]. IndC7B, ImdC8B and ImdC9B seems
to adsorb first on the surface of the metal before acting by simply blocking the active sites
[35,36]. In the anode domain, the addition of ImdC7B, ImdC8B and ImdC9B results in a
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decrease in the anode current densities. In addition, we observe for all the studied
concentrations of ImdC7B, ImdC8B and ImdC9B, the presence of two linear portions. In the
first region, that of the low polarization potentials, the density of the anode current increases
slightly in a limited potential domain. In the second region, that of the high potentials, once the
desorption potential (Eq=-0.2 V for the three inhibitors) exceeds the anodic current density
increases rapidly.

The corrosion potential (Ecor), the corrosion current densities (icor), the kinetic corrosion
parameters (B4, fc resulting from the extrapolation of the anode and cathode slopes of Tafel)

and the inhibitory efficacy (%Pppp) are collated in Table 2.

Table 2. Polarization data of MS in 1 M HCI with / without ImdC7B, ImdC8B and ImdC9B
at 303 K.

Medium Conc. Tcorr -Ecorr Ba -Be Prop
(M) (LA cm?) (mV/SCE) (mV/dec) (mV/dec) (%)
HCl 1 579.0 477.0 110 118.0 —
107 30.4 386.0 86.8 101.4 94.7
ImdC7B 10" 45.8 384.8 92.2 097.3 92.1
10° 150.0 372.0 90.8 096.5 74.1
10 205.0 333.7 78.1 105.9 64.6
10° 26.6 386.2 86.2 119.6 954
ImdC8B 10" 45.7 390.7 90.4 135.6 92.1
10° 125.1 388.4 78.9 108.6 78.4
10° 201.0 381.0 79.5 98.5 65.3
107 22.0 390.0 83.6 102.0 96.2
ImdC9B 10* 50.2 425.6 97.2 129.1 91.3
10° 89.5 387.0 80.4 099.3 84.5
10° 100.0 343.1 72.6 150.9 82.7

A displacement of corrosion potential (Ecorr) is to be reported. Under these conditions, an
inhibitor is generally considered to be anodic or cathodic, when the difference between the
corrosion potential (Ecorr) without and with inhibitor is greater than 85 mv [37]. In the present
study, the (Table 2) reveals a displacement in the corrosion potential which exceeds 85 mV for
the different concentrations of the three compounds. In addition, the values of the corrosion
potential (rcorr) shifted towards the positive direction, thus indicate that the inhibitors in
question ImdC7B, ImdC8B and ImdC9B act as inhibitors having predominantly anodic. The
efficacy values increase with the concentrations of ImdC7B, ImdC8B and ImdC9B, the product
ImdC9B proves to be the best inhibitor in this group with an efficacy which reaches 96.2% at
103 M.
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3.2. EIS

In order to better understand the mode of action of these corrosion inhibitors, we studied
their behavior through the electrochemical impedance spectroscopy technique; several studies
have been carried out to determine the reaction mechanisms (charge transfer, diffusion,
adsorption, etc.) exploiting this technique [38-40]. The Nyquist diagrams of steel immersed in
acid solutions without and with the addition of different concentrations for ImdC7B, ImdC8B
and ImdC9B are presented in Figure2.
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Fig. 2. Nyquist plots of steel in 1 M HCI with and without ImdC7B, ImdC8B and ImdC9Bat

303 K, and the relevant equivalent circuit

Nyquist diagrams illustrate capacitive loops (semicircle) whose center is below the abscissa
axis. The phase difference noted between the ideal case and the impedance diagrams obtained
in our study has been attributed to the frequency dispersion in the majority of works [41,42] as
well as to various physical phenomena such as roughness and non-homogeneity of the surface.

They indicate that the corrosion of steel in the absence and in the presence of inhibitor is
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controlled by a charge transfer process [43], the increase in the concentrations of organic
compounds in the HCI (1M) medium produces a change in the shape and size of the diagrams,
which have a similar shape for all the concentrations tested, indicating that almost there is no
change in the corrosion mechanism. In low frequencies, the impedance behavior is linked to
the adsorption of inhibitors on the metal surface and the accumulation of all other species on
the metal / solution interface (inhibitors, corrosion products, etc.) [44].

Electrochemical parameters have been obtained employing fitting tool of ZView 2.80
software. Otherwise, the 2 has been exploited to find the model best suited to our system, the
very low values of ¥2 (=1 x 1073) illustrated in Table 3 allowed us to say that there has a very
good correlation between the simulated curves and the experimental curves obtained in this
study. The values of the parameters associated with these measurements and extracted from
the circuit of Figure 2 adopted in this study (resistance, capacity, inhibition performance...)
are collated in Table 3. Following these various observations, the electrochemical interface
metal/electrolyte is equivalent to an electrical circuit consisting of a polarization resistance R,
in parallel with a constant phase element (CPE), the assembly is in series with the solution
resistance (R;) as shown in Figure 2. This resistance R, include in addition to the resistance of
the inhibitor film (Ry) the resistance to charge transfer (Re/) (R, = Ry + Rer) [45]. The utilize of
such a CPE instead of a capacitor explains the deviations from the ideal dielectric behavior,
and is linked to the inhomogeneities of the surface which causes greater depression in the
semicircular form of Nyquist [46,47]. The impedance, Z, of the CPE is given by the formula
[42]:

Zepp =—— 3)
0 (iw)n

Where Q is the CPE modulus, o is called the angular frequency; i is the imaginary roots
and n is may be employed as an indicator of the surface homogeneity. When n = +1, -1 or 0,
CPE depicts pure capacitor, inductor or resistor, respectively. The values of Cy4 were estimated
through the next formula [42]:

C, = ( Ql/n R]lj—n/n) 4)

From Table 3, we note that when the concentration of ImdC7B, ImdC8B and ImdC9B
reduces, the Q values decrease, this can be explained by the increase in the quantity of ImdC7B,
ImdC8B and ImdC9B molecules adsorbed on the surface of MS. Nevertheless, the values of
phase change (n) tend to move towards unity due to the changes in the homogeneity of the
solution and also due to the changes taking place at metal/solution interface. This phenomenon
can be correlated to the surface assimilation of ImdC7B, ImdC8B and ImdC9B molecules on

MS that mitigates the penetration of corrosive media [48].
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Table 3. Impedance parameters of MS in 1 M HCI with and without ImdC7B, ImdC8B and

ImdC9B at 303 K.

Conc. Rs Rp CPE Cal xx107 Pes
Medium (mM) (Qcm?) (Q cm?) Qx10° n (uF cm?) (%)
(uF S" cm?)

Blank — 0.66+0.02 23.0+0.2 29.38+0.12 0.8970.003 165.5 5.0 —
107 1.22+0.01 240.242.1 12.24+0.10 0.768+0.003 422 1.2 90.4

ImdC7B 104 1.2540.02 204.643.1 13.02+0.09 0.832+0.008 62.6 3.1 88.8
10° 0.96+0.02 128.3£1.2 15.1620.09 0.844+0.005 732 3.6 82.1

10 1.19+0.01 102.8+1.1 18.18+0.07 0.857+0.004 93.9 1.8 77.6

103 1.22+0.03 534.4+3.5 06.21£0.02 0.8220.005 29.7 4.0 95.7

ImdC8B 10+ 1.82+0.03 384.343.0 08.47+0.01 0.828+0.008 41.6 28 94.0
10° 1.30+0.02 307.0£2.4 10.83+0.02 0.822+0.004 51.8 3.2 92.5

10 1.82+0.03 260.8+1.5 18.0240.03 0.832+0.004 97.2 2.9 912

103 2.62+0.01 751.6+4.4 05.92+0.02 0.84620.003 33.6 0.8 96.9

ImdC9B 104 2.55+0.01 611.843.5 07.77+0.01 0.828+0.004 413 4.0 96.2
10° 1.89+0.03 327.443.6 08.81+0.02 0.856:0.003 48.5 3.2 93.0

10 1.01£0.02 248.942.3 12.5540.03 0.858+0.003 70.7 2.0 90.7

3.3. Determination of the adsorption isotherm and thermodynamic parameters

The inhibition of corrosion of metals by organic compounds is explained by their
adsorption on the metal surface. The adsorption isotherms are then an important complement
capable of determining the electrochemical mechanism which leads to the adsorption of these
organic compounds on the surface. In order to obtain the type of adsorption corresponding to
our study, we plotted the Cinn/0 as a function of the concentration of ImdC7B, ImdC8B and
ImdC9B. Figure 3 represents the adsorption isotherm of ImdC7B, ImdC8B and ImdC9B. The
recovery rate of the metal surface is related to the concentration of the inhibitor by the following

relationship [49]:
Cinh X 071 = (Kads )71 + C[nh (5)

In the equation, Ciu is the concentration of ImdC7B, ImdC8B and ImdC9B. Kags is the
adsorption equilibrium constant and 6 is the surface coverage area governs by ImdC7B,
ImdC8B and ImdC9B. The degree of surface coverage (0) was evaluated from the polarization
curves technique and the values of this parameter are gathered in the Table 2. The plot of the
Langmuir adsorption isotherm obtained from equation 5 and the values given in Table 4 is

given in Figure 3.
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Fig. 3. Isothermal adsorption of ImdC7B, ImdC8B and ImdC9B on MS in 1 M HCl at 303 K

Table 4. Langmuir isotherm adsorption parameters for MS in 1 M HCI containing ImdC7B,
ImdC8B and ImdC9B at 303 K.

Inhibitors R’ Slopes Kads AG,,
(L/mol) (KJ/mol)
ImdC7B 1.0000 1.05 4.59x10° -42.96
ImdC8B 1.0000 1.05 4.57x10° -42.95
ImdC9B 0.99999 1.04 4.24x10° -42.76

Upon adsorption of any component in the metal / electrolyte interphase, new forces of
attraction appear. As a result, all adsorptions are generally accompanied by a release of energy.
The standard free enthalpy of adsorption (AG,, ) and the adsorption constant (Kads) are

connected by equation (6)[50-52]:

AG,, =—-RxTxLn(55.5xK,, ) (6)

55.5 is the concentration of water in the solution expressed by mol/L, R is the gas constant and
T is the absolute temperature.

The values obtained from AG,, is negative and the value of Kags is very high which reveals
to adsorption of a ImdC7B, ImdC8B and ImdC9Bcompounds strongly on the surface of MS
and demonstrate the adsorbed layer stability on the surface of MS. In general, when the results
of free energy of adsorption reach to -20 KJ mol™! this reveal to the electrostatic reaction
between the charged metal and inhibitor charged molecules, and this relation was named by
physical adsorption. But when the values of free energy adsorption more negative than -40 KJ

mol-!, this include transfer or contribution of the electrons from the molecules of the inhibitor
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on the surface of the metal to give a coordination bond and this relation was named by chemical
adsorption [53]. The free energy adsorption values, which gained were about equal to -43 KJ
mol-'for the three tested compounds (Table 4), and this assured that the mechanism of
adsorption of ImdC7B, ImdC8B and ImdC9B on MS-substrate surface in a 1 M HCI solution,
includes chemical adsorption [54].

3.4. Quantum chemical computation method

In order to follow the influence of the carbon chain on the electronic behavior of the
benzimidazolium bromide (ImdC7B, ImdC8B and ImdC9B), we exploited the quantum
chemical computation method. The geometrical relaxation of these cationic forms is carried
out after the optimization process by the DFT concept. The optimized molecular geometry and
the of FMO (HOMO and LUMO) electron densities of the benzimidazolium bromide series is
illustrated in Figures 4 and 5, respectively. The optimized structures (Figure 4) of the
investigated ion forms show no negative frequencies, which indicates that the special geometry
of these forms is quite stable. As appeared in Figure 5, the LUMO electron densities are located
on the molecular skeleton of benzimidazolium for the three ionic compounds. This presents
that all atoms within this zone are ready to receive the electrons for the IndC7B, ImdC8B and
ImdC9B species. Though, the electron density distribution of HOMO varies from one molecule
to another in our series. This behavior is probably due to the influence of the increase of the
carbon chain from C8 to C9. The regions occupied by the HOMO density are considered as
electron donor units to the lacunae found in the metal surface of the iron. All regions occupied
by FMO densities present the molecular reactivity of the species studied, hence the appearance
of the corrosion-inhibitory property of MS-substrate. In addition, we can see that this
characteristic makes it possible to predict the mode of adsorption of these ionic forms on the
metal surface.

Enomo and Erumo are the critical descriptors to calculate the adsorption level of an inhibitor
molecule on the metal steel [55]. In the light of the data outlined in Table 5, it is evident that
the Enomo of the ImdCO9B is higher than that of the IndC7B and ImdC8B. It strongly suggests
that the molecule with C10 in the carbon chain has the greatest propensity to send electrons to
the metallic surface. Hence, the results consolidated in Table 5 reveal that the ImdC9B provides
the lowest value of the AEgap, which is a confirmation of the highest reactivity with the metallic
surface. The literature demonstrates that the difference in electronegativity () behaves like the
thrust such that the transfer of charge occurs between two atoms, which must transfer through

the global hardness () which acts as a resistance in the movement of electrons [56].
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x and n were significantly smaller for ImndC9B than for the ImdC7B and ImdC8B cationic
forms. This implies that this compound (ImdC9B) has a stronger potential to absorb on the
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steel surface. The fraction of transmitted electrons (ANi19) was the largest in the case of
ImdC9B, supporting the greatest preference for the donation of electrons. A high value of this
descriptor indicates a high chemical reactivity [57]. Dipolar moment (p) is another descriptor
exploited to evaluate the reactivity of a molecule [58]. A high value of this descriptor indicates
a high chemical reactivity. In our case, de compound ImdC9B validates this property.

All the calculation results obtained confirm the order of inhibitory efficacy ImdC7B <
ImdC8B < ImdC9B, the improvement in the linear carbon chain thus contributes to an increase

in chemical reactivity.

Table 5. DFT calculated descriptors of benzimidazolium bromide, ImdC7B, ImdC8B and
ImdC9B.

Benzimidazolium Enomo ELumo AEgsp X n ANi1o n
bromide (eV) (eV) (eV) (eV) (eV) (D)
ImdC7B -10.183 -5.230 4.953 7.7065 2.4765 -0.583 7.346
ImdC8B -10.027 -5.221 4.806 7.624 2.403 -0.583 8.295
ImdC9B -9.826 -5.219 4.607 7.5225 2.3035 -0.587 9.465

Active local centres located in benzimidazolium bromide, IndC7B, ImdC8B and ImdC9B,
are determined exploiting the Fukui functions which are computed via the DMol® module
introduced in the Materials Studio package (Ver. 8.0) [59]. In this study, the Generalized
Gradient Approximation (GGA) of the Perdew-Burke-Ernzerh of (PBE) formula was exploited
for the electron exchange potential-electron correlation, and the all-electron calculations were
carried out with a double numerical basis (DNP).

The Fukui functions allow to find the reactive sites that are directly responsible on the
electrophilic
( f, ) and nucleophilic ( ;") attacks of the IndC7B, ImdC8B and ImdC9B. We accept that the
most condensed functions contain the most reactive sites with the metal surface [60].

The two Fukui functions are calculated and determined exploiting the following two equations:

» Nucleophilic attack— f," = K(N +1)- P (N) (7)
» Electrophilic attack— f, = F, (N ) -B (N - 1) (8)

where Px (N), Px(N+ 1) and Px (N-1) are the neutral, anionic and cationic of the molecule,
respectively.

Table 6 presents the values of the Fukui functions for the two electrophilic and nucleophilic
attacks of the cationic forms investigated. The comprehensive analysis of the results shows that
these forms present a majority property of accepting electrons from the donor centres located
in the metallic surface of the iron. The most favourable atoms to receive electrons for the three
cationic forms are C (3), C (4), C (5), C (6), N (7) and C (8). These atoms are responsible for
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the molecular reactivity, indicating a considerable inhibitory efficacy against MS-substrate
corrosion. The electron donor effect is almost absent for the three species studied, due to the
protonated (cationic) form which normally blocks the release of electrons towards empty

orbitals.

Table 6. Fukui functions of ImdC7B, ImdC8B and ImdC9B calculated at the
DFT/GGA/DNP level

Atoms —fm o fE e L S

C(1) 0.004 0.016 0.002 0.014 0.002 0.013
C(2) 0.005 0.016 0.000 0.017 0.000 0.017
C(3) 0.015 0.053 0.007 0.040 0.006 0.040
C(4 0.013 0.053 0.001 0.033 0.001 0.033
C(5 0.019 0.053 0.009 0.045 0.008 0.045
C(6) 0.012 0.053 0.008 0.054 0.007 0.054
N(7) 0.007 0.045 0.005 0.059 0.005 0.059
C(8 0.003 0.092 0.001 0.098 0.002 0.097
N(9) 0.009 0.045 0.001 0.056 0.001 0.055
S(10) 0.012 0.102 0.002 0.084 0.001 0.084
C(11) 0.003 0.034 0.002 0.022 0.001 0.022
C(12) 0.003 0.008 0.001 0.011 0.001 0.011
C(13) 0.005 0.007 0.003 0.013 0.002 0.013
C(14) 0.006 0.009 0.004 0.008 0.003 0.008
C(15) 0.003 0.004 0.001 0.005 0.000 0.005
C(16) 0.007 0.004 0.005 0.006 0.003 0.006
C(17) 0.010 0.004 0.007 0.005 0.005 0.005
C(18) 0.015 0.002 0.013 0.004 0.010 0.004
C(19) 0.018 0.002 0.021 0.003 0.015 0.003
C(20) 0.027 0.001 0.025 0.002 0.020 0.002
C(21) 0.026 0.002 0.033 0.001 0.020 0.001
C(22) 0.028 0.003 0.036 0.001 0.034 0.001
C(23) 0.010 0.006 0.008 0.006 0.007 0.006
C(24) 0.016 0.004 0.013 0.005 0.012 0.005
C(25) 0.020 0.002 0.020 0.003 0.020 0.003
C(26) 0.031 0.002 0.026 0.002 0.023 0.002
C(27) 0.030 0.002 0.031 0.002 0.032 0.001
C(28) 0.032 0.003 0.028 0.002 0.034 0.001
C(29) 0.004 0.004 0.001 0.005 0.001 0.005
C(30) 0.007 0.002 0.000 0.003 0.000 0.003
C(31) 0.008 0.002 0.001 0.003 0.000 0.003
C(32) 0.012 0.001 0.000 0.001 0.000 0.001
C(33) 0.012 0.002 0.001 0.002 0.000 0.002
C(34 0.014 0.001 0.001 0.002 0.000 0.002

C (87) 0.001 0.001 0.001 0.002
C (88) 0.002 0.002 0.002 0.002
C (89) 0.003 0.001 0.003 0.003
C (99) 0.000 0.003
C (100) 0.000 0.003

C (101) 0.000 0.001
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3.5. MD simulation analysis

Molecular dynamics (MD) simulation allows us to try to understand the behavior and
configurationally change in the structure of the inhibitor molecules when they come into
contact with the steel surface in order to perform adsorption mode analysis [61-63]. Figure 6
illustrates the final adsorption configuration of the cationic forms ImdC7B, ImdC8B and
ImdC9B on the Fe (110) surface. During the simulation, the investigated cationic forms shift
towards the ferrous surface under the effect of the attractive forces in order to eliminate the
water layer. This shows that the adsorption of the species studied is parallel with the first layer
of iron atoms. This implies a high degree of interaction. This indicates that the physical
interactions are taken into account [64]; we could easily surmise that ImdC9B compound would
be the better inhibitor than ImdC7B and ImdCS8B.

2 ImdC7

Fig. 6. Side (left) and top (right) views of the equilibrium adsorption configurations of
ImdC7B, ImdC8B and ImdC9B on the Fe (110) surface in HCI.

The energy values, namely E ineraction and E pinding of the simulated system (inhibitory

species-Fe (110)) are given in Table 7. After examination of the results of this table, it can be
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seen that the negative values of E interaction Of three simulated systems indicate the spontaneity
of the interaction process [65]. The more negative value of E interaction (-861.458 kJ/mol) and the
more positive value of E pinding (861.458 kJ/mol) of ImdC9B indicates that this compound
interacts and adsorbs more efficiently on the steel surface than ImdC7B and ImdC8B [66].
These simulation results show that the adsorption performance of the cationic forms on the iron
surface increases in the following sequence: ImdC7B< ImdC8B< ImdC9B. This classification
is the same as who got through the experience. Therefore, it can be concluded that the increase
of the carbon chain has a positive influence on the adsorption performance of the protonated
molecules on the iron surface, resulting in a better corrosion protection efficiency of the steel
[67].

Table 7. Calculated quantum chemical descriptors for IndC7B, ImdC8B and ImdC9B

Systems E interaction E binding
(kJ/mol) (kJ/mol)
ImdC7B-Fe(110) -839.821 839.821
ImdC8B-Fe(110) -856.670 856.670
ImdC9B-Fe(110) -861.458 861.458
6
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Fig. 7. RDF of ImdC7B, ImdC8B and ImdC9B on the Fe (110) surface at 303 K

The adsorption of inhibitor compounds on the metallic surface is largely dependent of the
types of bonds that are formed between them [68]. The radial distribution function (RDF)
method concentrates on the structural assessment of the MD simulation results and has been
applied to reveal the type of chemical and physical bonds [69]. Figure 7 shows that the observed
values at the first peak for each bond length of the adsorption of the cationic forms ImdC7B,
ImdC8B and ImdC9B on the Fe (110) surface at the simulated temperature of 303 K are within
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the chemisorption range (1-3.5A) [70]. These results prove that the species studied adsorb

efficiently on the metal surface by coordination bonds.

4. CONCLUSION

The present work relates to the study of the inhibition of corrosion of MS-substrate by
organic compounds of benzimidazolium type in a 1 M HCl medium. The results obtained in
this study showed that the inhibitory efficacy increases with increasing concentration of
inhibitor. The best inhibitor in this series is the compound ImdC9B with an efficiency which
can reach up to 96.9% at 103 M. The adsorption of all the organic inhibitors tested in this work
follows the Langmuir isotherm model. The polarization curves show that the inhibitors tested
are inhibitors predominantly anodic. The impedance measurements show that the polarization
resistances increase with the increase in the concentration of each inhibitor, on the other hand,
the double layer capacity decreases due to the adsorption of the compounds on the steel surface
thanks to the formation of a protective layer of the acid solution. The theoretical approaches

exploited support the experimental results well.
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