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1. Introduction

The corrosion phenomenon of materials [1] is an important topic in many industries because of its consequences
on industrial equipment including vessels, engineering vehicles, mining equipment, packaging machineries, etc.
Corrosion mostly involves the deterioration of the materials and it is widely common in metals. The use of
inhibitors [2] is one of the most practical methods to protect metals against corrosion, especially in acidic media.
Most of the organic inhibitors [3, 4] containing nitrogen, oxygen, sulphur, phosphorus atoms, and multiple
bonds in their molecules facilitate adsorption on the metal surface. Many researchers [5] conclude that the
adsorption on the metal surface depends mainly on the physicochemical properties of the inhibitor, such as the
functional group, molecular electronic structure, electron density at the donor atom, 7 orbital character and the
molecular size. The planarity and the lone electron pairs in the heteroatoms [6] are important features that
determine the adsorption of molecules on the metallic surface.

A large number of organic compounds [7-9] have been investigated as corrosion inhibitors for different types
of metals. With increased awareness towards environmental pollution and control, the search for less toxic and
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environmentally friendly corrosion inhibitors is becoming increasingly important. Thus, researchers focused
their works on several drugs, including molecules in the class of B-lactam antibiotics [10, 11], cephalosporins
[12], quinolones [13-15], antifungal drugs [16], etc.

Quantum chemical calculations have been widely used to study reactive mechanism and to elucidate many
experimental observations. They have been proved [17, 18] to be a very powerful tool for studying corrosion
inhibition mechanism. Density functional theory (DFT) [19, 20] has provided a very useful framework for
developing new criteria for rationalizing, predicting and eventually understanding many aspects of chemical
processes [21, 22]. During the last decades, density functional theory has undergone fast development,
especially in the field of organic chemistry, as the number of accurate exchange-correlation functionals
increased. Moreover, starting from the work of Fukui and its frontier molecular orbitals (FMOs) theory [27], the
same authors further generalized the concept and proposed the Fukui function as a tool for describing the local
reactivity in molecules [28].

The 1H-indazole nucleus is rarely found in nature [29-31] and their derivatives have a considerable importance
in pharmaceutical industry. [32-34] . With respect to biological applications, these derivatives are found potent
(anticancer, antimicrobial, and other important therapeutic properties) [35-36]. Before moving on to synthetic
methods, the Studies of the structure and physicochemical properties of indazole ring have been reviewed by
Speranza M., et al [37]. The lack of methods to prepare indazole has recently inspired several groups to develop
routes to these compounds [38-41]. Additionally, the nitro-indazole, and its derivatives have received much
attention, as their intriguing physical and biological properties including, leishmanicidal activity, anti-
inflammatory, anti-viral, anti-microbial, anti-cancer, anti-platelet and anti-spermatogenic activity [42].

In this work, the efficacy of the organic compound 1-benzyl-6-nitro-1H-indazole (Fig 1) as an acid corrosion
inhibitor for copper in nitric acid solution, using mass loss technique and to analyze the inhibition efficiency in
the light of the global and local quantum chemical parameters.

Figure 1.Chemical structure of 1-benzyl-6-nitro-1H-indazole (P1).

2. Experimental
2.1. Synthesis of inhibitor

To a solution of 6-nitro-1H-indazole (1 g, 5 mmol) in THF (30 ml) were added benzyl bromide (0.8 g, 5 mmol),
potassium carbonate (0,9 g, 4 mmol) and a catalytic quantity of tetra-n-butylammonium iodide. The mixture
was stirred at room temperature for 48 h. The solution was filtered and the solvent removed under reduced
pressure. The residue was recrystallized from ethanol to afford the title compound as yellow powder (yield:

70%).
O

N
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Scheme 1.Synthesis of 1-benzyl-6-nitro-1H-indazole (P1).

O,N

Yield:63%; mp: 391K ; '"H NMR (CDCl;; 300MHz) & (ppm) : 5.83 (s, 2H, NCH2), 7.22-7.29 (m, 5H,
CHAY), 7,9 (dd, J = 9HZ; J=1,9HZ, 1H, H5), 8,01 (dd, J = 9HZ; J= 0,6HZ,H4).8.35 (d, J= 0,9HZ, 1H H3),
8,8.(d, J= 1,9HZ, 1H,H7).*C NMR (CDCl;;75MHz) d(ppm): 52.5 (NCH2), 107.3-115.5-122.8-127.9-128-
129.9 (6CHAr),134.5 (CH=N), 127.2-134.5- 138.5-146.5 (Cq).
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Figure 2:'H NMR and **C NMR spectrum of P1.

2.2. Experimental procedure

For the weight loss technique the investigated steel materials of chemical composition in weight (0.2% C,
0.38% Si, 0.09% P, 0.01% Al, 0.05% Mn, 0.05% S). The samples of mild steel were mechanically polished with
different emery paper SiC (grade 120, 1200) before each experiment, washed with distilled water and acetone
and finally dried at room temperature.

The aggressive solution 1 M HCI is prepared by dilution of Analytical Grade 37% HCI with bidistilled water
and the concentration range of inhibitors was 10°-10°M. Gravimetric measurements were carried out in a
double walled glass cell equipped with a thermostat-cooling condenser, before immersion. The initial weight of
each specimen was noted using an analytical balance and then the specimens were immersed in HCI solutions
with and without inhibitor after 6 h of immersion at 308K the specimens were washed and reweighed.
Electrochemical measurements were conducted using a potentiostat PGZ100 piloted by Voltamaster software
and connected to a conventional three electrode cylindrical Pyrex glass cell. The working electrode (WE) had
the form of a disc cut from the steel sheet, a saturated calomel electrode (SCE) was used as reference and a
platinum plate was used as counter electrode. Before all experiments, the potential was stabilized at free
potential during 30 min, the polarization measurements were performed by applying a controlled potential scan
automatically from —800 to —200 mV at a scan rate of 1 mV/s [43]. A 10 mV peak to- peak sine wave over an
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frequency range extending from 10 mHz to 100 MHz was used for the impedance measurements. All tests have
been performed in non-deaerated solutions and the impedance diagrams are given in the Nyquist and Bod
representation. All electrochemical studies were made at 308 K for an immersion time of 1/2 h, with different
concentrations of inhibitor.

2.3. Quantum Chemical Calculations

All the quantum chemical calculations have been carried out with Gaussian 09 programme package [44-45]. In
our calculation we have used B3LYP, a hybrid functional of the DFT method, which consists of the Becke’s
three parameters; exact exchange functional B3 combined with the nonlocal gradient corrected correlation
functional of Lee-Yang-Par (LYP) has been used along with 6-31G(d, p) basis set. In the process of geometry
optimisation for the fully relaxed method, convergence of all the calculations has been conirmed by the absence
of imaginary frequencies. The aim of our calculation is to calculate the following quantum chemical indices: the
energy of highest occupied molecular orbital (Enomo), the energy of lowest unoccupied molecular orbital
(ELumo), energy gap (AE), hardness (n), sotness (o), electrophilicity index (), the fraction of electrons
transferred (AN) from inhibitor molecule to the metal surface, and energy change when both processes occur,
namely, and correlate these with the experimental observations.

The electronic populations as well as the Fukui indices and local nucleophilicities are computed using NPA
(natural population analysis) [46-48]. Our objective, in this study, is to investigate computationally inhibitory
action of isatin derivative E1 with chloridric acid in gas and in aqueous phase using B3LYP method with
6-31G(d, p) basis set.

2.3.1. Theory and computational details

Theoretical study of bezothiazine derivative with chloridric acid as corrosion inhibitors was done by using the
Density Functional Theory (DFT) with the B3LYP [49] /6-31G(d, p) method implemented in Gaussian 09
program package.

In this study, some molecular properties were calculated such as the frontier molecular orbital (HOMO
and LUMO) energies, energy gap (Ecap), charge distribution, electron affinity (A), ionization

Popular qualitative chemical concepts such as electronegativity [50, 51] (x) and hardness [52] (n) have been
provided with rigorous definitions within the purview of conceptual density functional theory [53-55].

Using a finite difference method, working equations for the calculation of x and n may be given as [53]:

_I+4 . Egomo + Erumo
x="2 oy = oMo &

_I-4 . Egomo— Erumo
n="" o q=-— Houe @)

Where | = -Epomo and A= -E, ywo are the ionization potential and electron affinity respectively.

Local quantities such as Fukui function defined the reactivity/selectivity of a specific site in a molecule.

Using left and right derivatives with respect to the number of electrons, electrophilic and nucleophilic Fukui
functions for a site k in a molecule can be defined [56].

fif = q,(N+1)— q.(N) for nucleophilic attack  (3)
fi = qp(N)— q.(N—1) for electrphilic attack 4

fi = [gq.(N+1)— q,(N—1)]/2 forradical attack (5)

where, qk(N), gi(N+1) and gc«(N-1) are the natural populations for the atom k in the neutral, anionic and
cationic species respectively.

The fraction of transferred electrons AN was calculated according to Pearson theory [57]. This parameter
evaluates the electronic flow in a reaction of two systems with different electronegativities, in particular case; a

metallic surface (Fe) and an inhibitor molecule. AN is given as follows:
Xre—Xinh

N = ZEdmho (g

2(NFetinh)
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Where yFe and yinh denote the absolute electronegativity of an iron atom (Fe) and the inhibitor molecule,
respectively; nmFe and ninh denote the absolute hardness of Fe atom and the inhibitor molecule, respectively.
In order to apply the eq. 6 in the present study, a theoretical value for the electronegativity of bulk iron was
used xFe =7 eV and a global hardness of nFe = 0, by assuming that for a metallic bulk | = A because they are
softer than the neutral metallic atoms [57].

The electrophilicity has been introduced by Parr et al. [58], is a descriptor of reactivity that allows a quantitative
classification of the global electrophilic nature of a compound within a relative scale. They have proposed the ®
as a measure of energy lowering owing to maximal electron flow between donor and acceptor and o is defined
as follows.

W ==
)
The Softness ¢ is defined as the inverse of the n [59].
)
n

2.4. Molecular simulation study

The Metropolis Monte Carlo simulations (MCS) methodology [60] using the DMol3 module [61] and
Adsorption Locator [62] implemented in the Materials Studio8.0 developed and distributed by BIOVIA
(formerly Accelrys) [63], has been employed to build the system adsorbate/substrate.

The MCS process tries to find the lowest energy adsorption sites of the single inhibitor molecules on clean iron
surface in water and hydrochloric acid solution system.

DMol3 geometry optimization was used to search the most stable conformational space of the single inhibitor
molecule in the neutral form before putting it on the metallic surface and were performed by (m-GGA/ M11-L
) functional [64] with the DNP+ as basis set for all atoms.

Simulations were carried out with a slab thickness of 5A, a super cell of (7 x 7 ) and a vacuum of 30 A along the
Cz-axis in a simulation box (35,175 x 35,175 x 40,266 A3) with periodic boundary conditions to model a
representative part of the interface devoid of any arbitrary boundary effects.

For the whole simulation procedure, the Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies (COMPASS) force field [65] is considered for calculating the interaction forces between
different atoms; it was applied to find out the most adorable low energy adsorption sites along with their suitable
configuration.

Finally, we can obtain the adsorption energy value for the most stable configuration of single inhibitor molecule
(P1)/Fe (111)/10HCI/50H,0 system. Moreover, each adsorption system also included the effect of water and
hydrochloric acid molecules to simulate the actual environment. More detail of Monte Carlo Method is
referenced from the published article [66].

3. Results and discussion
3.1. Weightloss measurements

Mass loss studies were performed in the absence and presence of 1-benzyl-6-nitro-1H-indazole. The
concentration in that molecule ranges from 10° to 10® M. The increase in 1-benzyl-6-nitro-1H-indazole
concentration is accompanied by a decrease in corrosion rate and increase in inhibition efficiency (Table 1).
These results show that 1-benzyl-6-nitro-1H-indazole P1 acts as an inhibitor of mild steel corrosion in 1M HCI.

3.2. Adsorption considerations

The adsorption isotherm reveals more information on the interaction between the metal surface and the
inhibitor. Figure 3 shows the linear dependence of C/0 as a function of concentration C of inhibitors where 0 is
the surface coverage. The degree of surface coverage(0) at different concentrations of the inhibitor in 1M HCI
were evaluated from weight loss measures using the flowing formula:

0 = Ew(%)/100 9)
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Table 1.The weight loss parameters obtained for mild steel in 1 M HCI containing different concentrations of

P1.
Inhibitor Concentration v E. 0
M) (mg.cm™h™) (%)
1M HCI -- 0.828 -- --
10° 0.289 65 0.65
- 10° 0.213 74 0.74
10* 0.125 85 0.85
10° 0.078 91 0.91

Inhibitor adsorbs on the steel surface according to the Langmuir kind isotherm model which obeys the relation

[67]:

Cab

8

K 1

555

1
Km-l-Cu_h

exp (55)

(10)

K is the equilibrium constant of the adsorption process and 55.5 is the concentration of water in solution

expressed in mol L™,

The Figure3 (plot of C/6 versus C) gives straight line with slope near to 1, meaning that the adsorption of the
inhibitor under consideration on mild steel / acidic solution interface obeys Langmuir’s adsorption.
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Figure 3: Langmuir adsorption of 1-benzyl-6-nitro-1H-indazole on the MS surface in 1M HCI solution at 308K.

The value of AGygs for P1 is -40.10 kJ/mol. The large negative values of AGads confirmed the spontaneity of the
adsorption process and stability of the adsorbed layer on the mild steel surface. Generally, the magnitude of
AGads is around -20 kJ/mol or less negative is assumed to be due to electrostatic interaction between the
inhibitor and the charged metal surface (i.e. physisorption). The values of AGads around -40 kJ/mol or more
negative indicate that a charge sharing or transferring from organic species to the metal surface occurs to form a
coordinate type of bond (i.e. chemisorption). The calculated values of AGads suggest a strong interaction
between the inhibitor and the surface of mild steel, this interaction involves chemisorption [68].
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3.3. Electrochemical impedance spectroscopy measurements

Nyquist impedance plots of MS in 1.0 M HCI solution containing different concentrations of 1-benzyl-6-nitro-
1H-indazole (P1) are given in Figure 4. We can see that all impedance spectra display a single depressed
capacitive arc over the frequency range studied, and this is often considered to related to the charge-transfer
process [68]. The capacitive arcs are not perfect semicircles, and this difference could be attributed to the
frequency dispersion as results of the roughness and inhomogeneous of electrode surface [69]. With the
concentration of inhibitor increasing, the capacitive reactance arc radius became larger.

-75

P1 ~—#-— 10-3M.Z

-50

-Zi [ ohm.cm?]

o5 |- 4}5@?.——.,- ..
-

Zr [ ohm.cm?]

Figure 4. Nyquist plots for MS in 1.0 M HCI containing various concentrations of 1-benzyl-6-nitro-1H-indazole

The Randles equivalent circuit (Figure 5) model was used. Rct is the charge transfer resistance, Rs is the
solution resistance, and CPE represents a constant phase element. CPE has the value of the frequency-
distributed double-layer capacitance. The impedance function of the CPE has the form [70].
The impedance function of the CPE has the form [70].
1
Y,(Go)

CPE
(12)

WhereY0 is a proportionality coefficient, j is the imaginary number, wis the angular frequency (w=2xf, here f is
the AC frequency in Hz), and n is a phase shift, which is related to the system homogeneity. When the CPE
represents a pure capacitor, n=1. The capacitance values (Cdl) can be calculated as follow:

Yvoa)n—l

a- sin(nm/2) (13)

The fitted impedance data such as Rs, Rct and CPE constants YO and n are listed in Table 2.

Figure 5. Equivalent circuit used to fit the EIS data.

As seen in Table 2, the R values increased considerably after the addition of inhibitor, and they continuously
increased as inhibitor concentration increases and hence an increase in inhibition efficiency. This can be
attributed to the formation of an insulating layer on the mild steel surface, which forms a barrier for mass and
charge-transfer at the electrode surface [68]. The thickness of the barrier layer (d) is related to Cdl, i.e.,
CdI=(£0eS)/d. Apparently the Cdl values strongly decreased with increasing inhibitor concentration, which
resulted from a decrease in the local dielectric constant eand/or an increase in the thickness of the electrical
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double layer, suggesting that the inhibitor strongly adsorbed to the metal/solution interface [68]. The best
corrosion inhibition efficiency is 85% when the concentration of P1 is 10 M.

Table 2.EIS parameters obtained for mild steel in 1 M HCI in absence and presence of different concentration
of P1 inhibitor.

Concentration
M) IMHCI | 10° 10° 10* 10°
Prameters
Real Center 9.25 33.739 37.114 48.21 51.02
Imag. Center 1.62 12.945 12.134 14.755 18.02
Diameter 15.13 69.288 74.821 94.502 104.19
n 0.81 0.84 0.86 0.83 0.82
Low Intercept R; (Q.cmz) 1.86 1.604 1.7261 3.3216 2.1388
High Intercept R (Q.cm?) 16.64 65.874 72.502 93.098 99.901
Depression Angle 12.42 21.941 18.927 18.196 20.236
Omax (rad s7) 929.60 292.86 229.98 152.74 149.09
Estimated Rt(Q.cmZ) 14.78 64.269 70.776 89.777 97.762
Estimated Cd|(F.Cm'2) 7.11 E-5 | 6.9279E-5 6.4372E-5 5.8116E-5 | 4.9281E-5
E (%) - 77 79 84 85
10° - -100
C —&— Blank.Z
r 5 loamz P1
~@— 10-5M.Z |
r 10-6M.Z
102 -
o
XL
10t
FS
10° Ll vl vl vl vl il HHH\H,SO
107 10? 10° 10t 10? 10° 10* 10°

Frequency (Hz)

Figure 6. Bode plot for stainless steel in 1 M HCI solution containing various concentrations of inhibitors P1.

As seen from Figure 6, Bode plots refer to the existence of an equivalent circuit containing a single constant
phase element in the interface of mild steel/solution. The increase of absolute impedance at low frequencies in
Bode plot confirms the higher protection with the increasing of inhibitor P1 concentration. According to
appearance of phase angle plots, increasing the concentration of P1 inhibitor in 1 M HCI results in more
negative values of phase angle indicating good inhibitive behaviour of inhibitor which may be due to the
adsorption of more inhibitor molecules on mild steel surface at higher concentration.

3.4. Potentiodynamic polarization measurements

Potentiodynamic polarization curves for mild steel in 1 M HCI without and with various concentrations of P1 at
308K are shown in Figure 7. The presence of P1 causes a prominent decrease in the corrosion rate i.e. shifts
both anodic and cathodic curves to lower values of current densities. Namely, both cathodic and anodic
reactions of mild steel electrode corrosion are drastically retarded by P1 in 1 M HCI.
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Figure 7. Potentiodynamic polarization curves for mild steel in 1 M HCI without and with different
concentrations of P1 at 308K.

Values of corrosion current densities (l.r), corrosion potential (E..r), cathodic Tafel slope (Bc), anodic Tafel
slope (Ba), and inhibition efficiency (Ep) are listed in Table 3. Clearly, Icorr decreases remarkably while Ep
increases with the inhibitor concentration and the maximum Ep is up to 89% at 10M P1. There is no definite
trend in the shift of E, in the presence of P1, therefore, P1 can be arranged as a mixed-type inhibitor, and the
inhibition action is caused by geometric blocking effect [68]. Namely, the inhibition action comes from the
reduction of the reaction area on the surface of the corroding metal [70]. Tafel slopes of . and B, do not change
upon addition of P1, which indicates that adding P1 does not change the reaction mechanism.

Table 3. Potentiodynamic polarization parameters for the corrosion of mild steel in 1 M HCI containing
different concentrations of P1 at 308K.

C Ecorr Icorr -BC Ba ED
(M)  (mVWs.SCE) (pA/em®)  (mV/dec) (mV/dec) (%)

1M HCI -- -450 1381 140 185 --
10° -455 542 106 105 61

10 -444 410 133 110 70

P1 10° -475 213 109 85 85
10°® -467 151 94 75 89

Inhibition efficiencies obtained from weight loss (E.,), potentiodynamic polarization curves (E,) and EIS are in
good reasonably agreement.

3.5. Quantum chemical calculations

In the last few years, the FMOs (HOMO and LUMO) are widely used for describing chemical reactivity.
The HOMO containing electrons, represents the ability (Enomo) to donate an electron, whereas, LUMO
haven't not electrons, as an electron acceptor represents the ability (E umo) to obtain an electron. The
energy gap between HOMO and LUMO determines the kinetic stability, chemical reactivity, optical
polarizability and chemical hardness—softness of a compound [71].

In this paper, we calculated the HOMO and LUMO orbital energies by using B3LYP method with 6-31G(d,p).
All other calculations were performed using the results with some assumptions. The higher values of Epomo
indicate an increase for the electron donor and this means a better inhibitory activity with increasing
adsorption of the inhibitor on a metal surface, whereas E, yuo indicates the ability to accept electron of the
molecule. The adsorption ability of the inhibitor to the metal surface increases with increasing of Eyomo and
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decreasing of E_ ymo. High ionization energy (1= 6.67 eV, I= 3.46 eV in gas and aqueous phases respectively)
indicates high stability [72-74], the number of electrons transferred (AN) was also calculated and tabulated in
Table 4. The number of electrons transferred (AN) was also calculated and tabulated in Table 5. The AN(gas) <
3.6 and AN(aqueous) < 3.6 indicates the tendency of a molecule to donate electrons to the metal surface [75].

Table 4. Quantum chemical descriptors of the studied inhibitor at B3LYP/6-31G(d,p) in gas, G and aqueous, A phases

Phase

Prameters Gas Aqueous
Total Energy TE (eV) -23693.1 -23693.5
Eromo (eV) -3.6105 -6.7198
ELumo (eV) -1.5382 -1.5178
Gap 4E (eV) 2.0723 5.2020
Dipole moment p (Debye) 3.2235 3.7417
lonisation potential | (eV) 3.6105 6.7198
Electron affinity A 1.5382 1.5178
Electronegativity y 2.5743 4.1188
Hardness 7 1.0362 2.6010
Electrophilicity index w 3.1980 3.2611
Softness o 0.9651 0.3845
Fractions of electron transferred AN 2.1356 0.5539

The calculated values of the " for all inhibitors are mostly localized on the indazole ring. Namely Cs, Ny,
015, O13, Co4,Nog and N,g, indicating that the indazole ring will probably be the favorite site for nucleophilic
attacks. The results also show that O,, atom is suitable site to undergo both nucleophilic and electrophilic
attacks, probably allowing them to adsorb easily and strongly on the mild steel surface.

Table5. Pertinent natural populations and Fukui functions of the studied inhibitors calculated at B3LYP/6-31G(d,p)

in gas, G and aqueous, A phases.

Atom k phase P(N) P(N-1) P(N+1) fi fih f0

Cs G 6,22279 6,35169 6,14786 0,1289 0,0749 0,1019
A 6,21788 6,33946 6,15457 0,1216 0,0633 0,0924

N1 G 6,51139 6,59527 6,49592 0,0839 0,0155 0,0497
A 6,47721 6,6126 6,47084 0,1354 0,0064 0,0709

O, G 8,37564 8,54389 8,33335 0,1682 0,0423 0,1053
A 8,39704 8,5907 8,37152 0,1937 0,0255 0,1096

Oi3 G 8,38492 8,54636 8,35235 0,1614 0,0326 0,0970
A 8,40172 8,59326 8,37844 0,1915 0,0233 0,1074

C24 G 6,22992 6,2503 6,14648 0,0204 0,0834 0,0519
A 6,23802 6,24601 6,12189 0,0080 0,1161 0,0621

Nag G 7,01569 7,12076 6,99647 0,1051 0,0192 0,0621
A 7,03173 7,11136 6,99425 0,0796 0,0375 0,0586

Nag G 7,24158 7,27952 7,13087 0,0379 0,1107 0,0743
A 7,26838 7,29555 7,16869 0,0272 0,0997 0,0634

The final optimized geometries of P1 in gas and aqueous, selected valence bond angle and dihedral angles and

bond lengths are given in Figure8.
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P1Gas phase P1 Aqueous phase

Figure 8. Optimized molecular structures, selected dihedral angles (red), valence bond angle (blue) and bond lengths
(black) of the studied inhibitors calculated in gas and aqueous phases at B3LYP/6-31G(d,p) levelof P1

After the analysis of the theoretical results obtained, we can say that the moleculeP1 have a non-planar
structure.

Table 6 : The HOMO and the LUMO electrons density distributions of the studied inhibitors computed at
B3LYP/6-31G (d,p) level in gas and aqueous phases.

P1Gas phase P1Aqueous phase

HOMO

LUMO

The inhibition efficiency afforded by P1 may be attributed to the presence of electron rich O.
3.6. Molecular simulation study

In the current study, the studied inhibitor molecule (P1) has been simulated as adsorbate on steel surface (111)
substrate in presence of some molecules of water and hydrochloric acid to find the most favorable configuration
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for single inhibitor molecule (P1), solvent molecules and steel surface system as the temperature is slowly
decreased. Molecular dynamics techniques are applied on a system comprising a (one-inhibitor molecule (P1)
/50H,0/10HCI / Fe (111)). Each inhibitor molecule (P1) is placed on the iron surface (111), optimized and then
run guench molecular dynamics. The Monte Carlo simulation process tries to find the lowest energy for the
whole system. The structure of the adsorbate (P1) is minimized until it satisfies certain specified criteria. The
optimization energy curve of single inhibitor molecule (P1) in the neutral form before putting it on Fe (111)
surface obtained by DMol® module at m-GGA/ M11-L /DNP+ level has been presented in Figure 9.

DMol3 Geometry Optimization

-G70,71
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\]
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-570,724

Optimization Step
Tokal Energy

Figure 9.0ptimized geometric structure for the neutral form of P1-inhibitor in aqueous phase at m-GGA/ M11-
L/DNP+ level of theory.

The Metropolis Monte Carlo method in Adsorption Locator module provides four step types for a canonical
ensemble: conformer, rotation, translation and regrowth [76]. The adsorption energy distribution for (Fe (111) /
P1 /50 H,O/10HCI) system obtained by adsorption locator module are shown in Figurel0.

Energy Distribution

0,6

3000 -z700 -2400 -z100 -1800 -1500 -1200 -a00 -£00 -300 ]
Energy (keal/mol)

HCL HzO P1
Figure 10.Energy distribution for Fe (111) / P1 /50H,0/10HCI interface obtained through the Monte Carlo
simulation.

Figure 10 shows the adsorption energy distribution of inhibitor molecule (P1) on steel surface in water and
hydrochloric acid solution. The adsorption energy of inhibitor molecule (P1) reaches (-118,06Kcal/ mol), which
shows the adsorption stronger for Fe-inhibitor (P1) complex.

A typical adsorption energy distribution of Fe (111) / P1 /50H,0O/50HCI system consisting of total energy, Van
der Waals energy, average total energy, electrostatic energy and intermolecular energy is given in Figure 11.
Figure 11 shows total energy distribution for Fe (111) / (P1) / 50 H,O/10HCI system during energy optimization
process. The equilibrium configurations of the single inhibitor molecule (P1) adsorbed onto the iron surface
(111) in water and hydrochloric acid molecules obtained by adsorption locator module are given in Figure 12.
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Side and top views of the most suitable P1 conformation adsorbed on the Fe (111)/50 H,O/10HCI interface
obtained through the Monte Carlo simulation as shown in Figurel2.
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Figure 11. Total energy distribution for Fe (111) / (P1) / 50 H,O/10HCI complex during energy optimization
process calculated by adsorption locator module.

Figure 12. Side and top views of most stable adsorption configuration for Fe (111) / P1 /50 H,O/10HCI
interface obtained through the Monte Carlo simulation.

As seen in Figure 12, it can be observed that the adsorption actives centers on the iron surface (111) are the lone
pair of electrons on the atoms(=N- &-O-) and II-electrons of nitro-indazole ring and observed also that the
neutral form of inhibitor molecule (P1) adsorbed in a planar manner onto the Fe (111) in acid medium, to
maximize contact and surface coverage, ensuring a strong interaction for Fe (111) / P1 /50 H,O/10HCI interface.
This is mainly due to the extension of a high inhibition effect observed experimentally (IE., tend to 91%). For
the Fe-inhibitor (P1) complex, the calculated dihedral angles around the nitro-indazole ring are close to 0° or
180°, indicating planarity of the nitro-indazole ring.

Noteworthy, the bond angles between Fe, (-O- or —-N=) and (=C-) of nitro-indazole ring after molecular
adsorption on iron surface(111) is: Oreo013.n12:183.364°, Oreo14-c12:t131.78°, Openi1.co:t104,617°nd dre.nzo-
n10:+135,160°, which indicate that the 1-benzyl-6-nitro-1H-indazole are nearly parallel onto the iron surface
(111) in aqueous acid solution.

The measured shortest bond distances (Figl2) between the closest heteroatoms (-O- & =N-) of nitro-indazole
ring and iron surface (111) at equilibrium were as follows: Fe-inhibitor (P1) complex: (dee o13: 3.55A, dee_o14:
2.747A, de nio: 3.399A, dee nzo: 3.094A and dee naa: 2.921A),it is observed from the bond distances, that all the
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bond distances exist at around 2.7-3.55A, which signifies that the chemical bonds can be formed between active
centers(-Oqs-,-014-,=N19-,=N3o-&=N3;-) of investigated compound and Fe(111) atoms, confirming the high
inhibition efficiency of tested inhibitor [77].

The outputs and descriptors calculated by the Monte Carlo simulation of P1 conformations on iron (111) surface
in water and hydrochloric acid solution obtained through the Monte Carlo simulation, such as total energy,
adsorption energy, rigid adsorption energy and deformation energy are exposed in Table 7.

Table 7. Outputs and descriptors for the lowest adsorption configurations for Fe (111) / P1/ 50 H,O/10HCI
interface obtained through the Monte Carlo simulation. (All values in Kcal/mol).

structures Er Ea R.AE De dE.q4s/dN; dE.4s/dN; dE.4s/dN;
10" 10+ P1*10° HCI H,0
Substrate 0,000
P1 3,98*10°
HCI 1,694
H,0 0,0303
Fe(111)-1 | -875,608 | -4,916 | -911,67 | -4,005 -4,066 -16,052 9,341
Fe(111)-2 | -858,808 | -4,899 | -89553 | -4,004 -4,063 -16,454 -8,340
Fe(111)-3 | -848,491 | -4,8389 | -884,32 | -4,005 -4,057 -15,836 -7,586
Fe(111)-4 | -845939 | -4,8387 | -882,85 | -4,004 -4,063 -15,964 -7,351
Fe(111)-5 | -841,168 | -4,882 | -876,26 | -4,006 -4,060 -15,872 -0,833
Fe(111)-6 | -832,529 | -4,873 | -868,58 | -4,005 -4,061 -16,015 -0,395
Fe(111)-7 | -831,830 | -4,872 | -867,59 | -4,005 -4,062 -15,902 -0,143
Fe(111)-8 | -826,306 | -4,867 | -860,22 | -4,007 -4,056 -16,330 -6,101
Fe(111)-9 | -823,424 | -4,864 | -856,53 | -4,008 -4,060 -16,247 -0,543
Fe(111)-10 | -823,070 | -4,864 | -857,96 | -4,006 -4,062 -16,184 0,273

The parameters presented in Table 7 include total energy (Er), in Kcal/mole, of the substrate/adsorbate system.
The total energy is defined as the sum of adsorption energy and the internal energy of the sorbate [11]. In
addition, the adsorption energy (E ) for the Fe (111) / P1 / 10HCI/50 H,0 interface obtained by the Monte
Carlo simulation were calculated. The adsorption energy is given by the formula as:

Es = Efp1 /sonciysonzo/ Fe (111) — (Epy — Efer111) ~ Esomzo- Esonct) (14)

The adsorption energy is defined as the sum of the rigid adsorption energy (R.A.E) and the deformation energy
(Dg) for the adsorbate components. The rigid adsorption energy reports the energy, in Kcal/mol, released (or
required) when the unrelaxed P1 molecule, before the geometry optimization step are adsorbed on the iron
surface (111) in acid medium. The deformation energy (Dg) reports the energy, in Kcal/mol, released when the
adsorbed inhibitor molecule (P1) is relaxed on the iron surface (111). Table 7 also gives (dEa/dN;), which
reports the energy of substrate—adsorbate configuration where one of adsorbate component has been removed.

It is quite clear from Table 7 that all adsorption energy values for Fe (111)/P1/50H,0/10HCI) system is
negative, which suggest that the inhibitor molecule (P1) is quickly and tightly adsorbed onto the iron surface
(111) in acid solution. High absolute value of the adsorption energy reflects a strong adsorption behavior [78].
The adsorption energy value of the P1 (-4,91610°Kcal/mol) in equilibrium configuration, is far higher than that
of water molecules (-9,341Kcal/mol) and hydrochloric acid molecules (-16,052Kcal/mol). This indicates the
possibility of a progressive replacement of the water and hydrochloric acid molecules from the surface of the
iron leading to the formation of a stable layer that can protect the plate against aqueous corrosion. The result
indicate that the inhibitor molecule (P1) has the strongest interaction with the iron surface(111) in water and
Hydrochloric acid solution, which corroborate very well with inhibition efficiency obtained from experimental
results. The adsorption density of inhibitor molecule (P1) on the metal surface in water and Hydrochloric acid
solution are given in Fig 13.

As can be seen from Figure 5, the inhibitor molecule (P1) is likely to adsorb on the iron surface (111) in acid
medium to form stable organic adsorption layers, and can be seen as a barrier to protect iron from corrosion. In
addition, it has high adsorption energy to Fe surface as seen in Table 7.
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Figure13. Adsorption density field for Fe (111) / P1/ 50HCI/50 H,0 inteface obtained through the Monte Carlo

simulation.

Conclusion
The following conclusions may be drawn from the study:

» The inhibition efficiency of indazole derivative (P1) for mild steel in HCI solution increases with
increasing concentration.

» The corrosion current density significantly decreases and corrosion potential slightly changes with the
addition of P1 in HCI solution, and the synthesized inhibitor of P1 is mixed type inhibitor.

» The adsorption of P1 on the mild steel surface obeys Langmuir isotherm.

» The presence of P1 in 1.0 M HCI solution increases charge transfer resistance, while it reduces double

layer capacitance values. This result can be attributed to the increase of electrical double layer’s

thickness.

The large efficiency of an inhibitor P1 is due to the presence of many atom of oxygen in this indazole

derivative. The calculated quantum chemical parameters such as HOMO-LUMO gap, Exomo, ELumos

dipole moment () and total energy (TE) were found to give reasonably good correlation with the

efficiency of the corrosion inhibition.

» Both experimental, quantum chemical and Monte Carlo simulations results showed that the inhibition
efficiency of P1 is affected by the heteroatoms (N,O) and n-system presented in our compound.
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