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1. Introduction 

Corrosion inhibition of materials has been the focus of research for centuries and in many cases has been well 

analyzed and understood [1-4]. Corrosion of materials has continued to receive interest in the technological 

world. In the field of corrosion inhibition, scientists are persistent in seeking better and more efficient ways of 

combating the corrosion of metals. Addition of corrosion inhibitors to the corrosion environment with respect to 

the other methods of corrosion inhibition has been employed [5].The use of inhibitors is one of the most 

practical methods for protection against corrosion in acidic media. To be effective, an inhibitor must also 

transfer water from the metal surface, interact with anodic or cathodic reaction sites to retard the oxidation and 

reduction corrosion reaction, and prevent transportation of water and corrosion-active species on the metal 

surface. Mild steel is one of the most frequently used materials in many engineering applications like parts of 

machines, pipelines, boilers and in chemical storage. It has natural tendency to corrode whenever it comes in 

contact with corrosive or reactive environments [6-8]. Normally metals corrode at slow rate in air but when acid 

interacts with the metals, corrosion rate becomes very high [9-10]. Several methods are used to protect metals 

and alloys from corrosion but the use of inhibitors to protect the metals in the corrosive environment is one of 

the most common methods. Organic compounds which have different heteroatoms such as N, O, S ,P, and 

aromatic rings in their structure are reported as effective inhibitors [11-14].  

 Indazole derivatives have been extensively studied because of their interesting chemical and pharmacological 

activities[15] including antitumor[16], antiplatelet [17], anti-viral [18], anti-microbial[19] , anti-cataract [20], 

anti-cancer[21], anti-inflammatory [22], antimicrobial [ 23] and anti-spermatogenic [24]. 
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ABSTRACT 

Corrosion inhibition performance of 3-bromo-6-nitro-1-(prop-2-yn-1-yl)-1H-

indazole (E1) on the corrosion behavior of MS surface in 1.0 M HCl was 

investigated by gravimetric, analytical methods potentiodynamic polarization and 

electrochemical impedance spectroscopy and supported by quantum chemical 

calculation. The inhibition efficiency of E1 was found to increase with increasing 

inhibitor concentration. The E% reached 87% at 10
-3

M. Polarization studies showed 

that this compound was cathodic inhibitor. The inhibition actions of this compound 

were discussed in view of blocking the electrode surface by means of adsorption of 

inhibitor molecule obeying Langmuir adsorption isotherm. Data obtained for 

inhibition efficiency from the two test techniques are in reasonably good agreement 

with quantum chemical parameters calculated at DFT/B3LYB/6-31G (d, p). 
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The adsorption ability of inhibitors onto metal surface depends on the nature and surface charge of metal, the 

chemical composition of electrolytes, and the molecular structure and electronic characteristics of inhibitor 

molecules. Density functional theory (DFT) has grown to be an useful theoretical method to interpret 

experimental results, enabling one to obtain structural parameters for even huge complex molecules, and it can 

explains the hard and soft acid base (HSAB) behavior of organic molecules. DFT connects some traditional 

empirical concepts with quantum mechanical interpretations [25, 26]. Therefore, DFT is a very powerful 

technique to probe the inhibitor/surface interaction and to analyze experimental data. In this work, the efficacy 

of the organic compound 3-bromo-6-nitro-1-(prop-2-yn-1-yl)-1H-indazole (E1) (Figure 1) as corrosion 

inhibitor for mild steel in 1 M HCl solution using electrochemical techniques. Thermodynamic activation 

parameters were evaluated from experimental data. The relationships between the inhibition performances of the 

investigated inhibitor in 1M HCl and some quantum chemical parameters, such as the highest occupied 

molecular orbital energy (E HOMO ), the lowest unoccupied molecular orbital energy (E LUMO ), the energy gap 

between E LUMO and E HOMO (ΔE LUMO-HOMO ) and dipole moments. The molecular structure of (E1) is given in 

Figure 1. 

 
Figure 1.Chemical structure of 3-bromo-6-nitro-1-(prop-2-yn-1-yl)-1H-indazole (E1). 

2. Experimental  

2.1. Synthesis of inhibitor 

To a solution of 0.01 mol (0.5 g) of 3-bromo-6-nitroindazole and 0.01mol (1.2 ml) of propargyl bromide in 40 

ml of THF were added 0.01 mol of potassium bicarbonate (1.38 g) and 0.16 g of  tetra n-butylammonium 

bromide (TBAB). The mixture reaction was stirred for 48 h after that THF was removed under vacuum. The 

final product was purified by chromatography on silica gel with hexane/ ethyl acetate (8:2) as eluent, and 

recrystallized from ethanol ethanol.  
 

 
Scheme 1.Synthesis of 3-bromo-6-nitro-1-(prop-2-yn-1-yl)-1H-indazole (E1). 

Yield: 78%; mp: 505K; 
1
H NMR (300 MHz, DMSO-d6) δ (ppm):3.51(t, J=2.55Hz, 2H);5.56 (d, J= 2.55Hz, 2 

H); 7.85 (dd, J=0.6Hz,J=9Hz, 1H); 8.05 (dd, J=1.8Hz, J=9Hz, 1H ) 8.89 (dd, J=0.6Hz,J=1.8Hz,1H).
13

C NMR 

(75 MHz, DMSO-d6) δ(ppm): 39.70 (CH2);77.5 (CH); 78.35 (Cq); 108.07-117.02-121.33 (CH, Ar) 126.68 

(Cq-Br);121.83 -139.51-147.70 (Cq, Ar) (Figure 2). 

2.2. Theory and computational details 

Quantum chemical calculations are used to correlate experimental data for inhibitors obtained from different 

techniques (viz., electrochemical and weight loss) and their structural and electronic properties. According to 

Koop man's theorem [27], EHOMO and ELUMO of the inhibitor molecule are related to the ionization potential (I) 

and the electron affinity (A), respectively. The ionization potential and the electron affinity are defined as I = 

−EHOMO and A = −ELUMO, respectively. 
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Figure 2:

1
H NMR and 

13
C NMR spectrum of (E1). 

Then absolute electronegativity (χ) and global hardness (η) of the inhibitor molecule are approximated as 

follows [28]: 

  ,                                       (1) 

  ,                                      (2) 

Where I = -EHOMO and A= -ELUMO are the ionization potential and electron affinity respectively.  

The fraction of transferred electrons ΔN was calculated according to Pearson theory [27]. 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. ΔN is given as follows:   

                                                                   (3) 

Where χFeand χinh denote the absolute electronegativity of an iron atom (Fe) and the inhibitor molecule, 

respectively;  ηFe and ηinh denote the absolute hardness ofFe atom and the inhibitor molecule,  respectively. In 

order to apply the eq.4  in  the  present  study,  a  theoretical  value  for  the electronegativity of bulk iron was 

used  χFe = 7 eV and a global hardness of ηFe = 0, by assuming that for a metallic bulk I = A because they are 

softer than the neutral metallic atoms [29]. 
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The electrophilicity has been introduced by Sastri and al. [28], 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 ω as a measure of energy lowering owing to maximal electron flow between donor and acceptor 

and ω is defined as follows: 

                                                                                   (4) 

The Softness σ is defined as the inverse of the η [30]: 

                                                                                        (5) 

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 [30]: 

𝑓𝑘
+  =  𝑃𝑘 𝑁 + 1 − 𝑃𝑘 𝑁      𝑓𝑜𝑟 𝑛𝑢𝑐𝑙𝑒𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘             (6) 

𝑓𝑘
−  =  𝑃𝑘 𝑁 − 𝑃𝑘 𝑁 − 1      𝑓𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑝ℎ𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘               (7) 

fk
+  =  [Pk N + 1 − Pk N − 1 ]/2     for radical attack              (8) 

3. Results and discussion 
3.1. Gravimetric measurements  

The corrosion rate of MS specimens after exposure to 1M HCl solution with and without the addition of various 

concentrations of 3-bromo-6-nitro-1-(prop-2-yn-1-yl)-1H-indazole (E1) was calculated in mg cm
-2

 h
-1

 and the 

data obtained are given in Table 1.  

The inhibition efficiencies (Ew%) were calculated and the data obtained given in the same Table 1. It can be 

seen from Table 1 that, the addition of E1 to the aggressive solution reduces the corrosion rate of MS. The 

corrosion rate decreased and inhibition efficiency increased with increasing inhibitor concentration suggests that 

the inhibitor molecules act by adsorption on the metal surface [31]. 

The corrosion behavior of MS in 1 M HCl in the absence and presence of E1 was studied at temperature 308K 

using weight loss technique and data obtained at time (6h) are shown in Table 1. 

The corrosion rate (v) is calculated using the following equation: 

                                                                               (9) 

Where: w is the average weight loss, S the total area, and t is immersion time. With the corrosion rate calculated, 

the inhibition efficiency (Ew) is determined as follows:  
 

                                                 (10) 
Where:  v0 and v are, respectively, the values of corrosion rate with and without inhibitor. 

 

Table 1: Weight loss values of various concentrations of E1 in 1M HCl solution at 308 K 
 

 

 

 

 

 
 

3.2. Adsorption isotherm  

The adsorption isotherm that describes the adsorptive behavior of organic inhibitors is important in order to 

know the mechanism of corrosion inhibition. Basic information dealing with interaction between the inhibitor 

Inhibitor Concentration 

(M) 

v 

(mg.cm
-2 

h
-1

) 

Ew 

(%) 

θ 

1M HCl -- 0.828 -- -- 

3-bromo-6-nitro-1-

(prop-2-yn-1-yl)-1H-

indazole E1 

10
-6

 0.345 58 0.58 

10
-5

 0.288 65 0.65 

10
-4

 0.192 77 0.77 

10
-3

 0.113 86 0.86 
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molecules and the metal surface can be provided by adsorption isotherms. Several adsorption isotherms were 

attempted to fit the degree of surface coverage values (θ) to adsorption isotherms including Frumkin, Temkin, 

Freundlich and Langmuir isotherms. The θ values for various concentrations of inhibitor in acidic media have 

been evaluated from the gravimetric measurements (Table 2). The best fit was obtained in the case of Langmuir 

isotherm which assumes that the solid surface contains a fixed number of adsorption sites and each site holds 

one adsorbed species [31]. The plot of Cinh/θ vs. Cinh (Figure3) yields a straight line with correlation coefficient 

of 0.999 for both mediums providing that the adsorption of E1 on the MS surface obeys Langmiur adsorption 

isotherm. This isotherm can be represented as [32]: 

 (11) 

Where Cinh is the molar concentration of the inhibitor and Kads is the equilibrium constant for the adsorption-

desorption process. The value of Kads (Figure3) was found to be 1.63 105 M
-1

 in 1.0 M HCl. 

The relatively high value of adsorption equilibrium constant reflects the high adsorption ability of E1 on MS 

surface [32]. The Kads is related to the standard free energy of adsorption, by the following equation[33]:  

∆𝐺𝑎𝑑𝑠 = −𝑅𝑇. 𝑙𝑛(55,5. 𝐾) (12) 
Where R is gas constant and T is absolute temperature of experiment and the constant value of 55.5 is the 

concentration of water in solution in mol L
-1

. 

The value was calculated as -40.99 kJ mol
-1

 in 1.0 M HCl. The negative value of indicates the spontaneity of the 

adsorption process and the stability of adsorbed layer on the MS surface. It is well known that the values of the 

order of -20 kJ mol
-1

 or lower indicate a physisorption; those of order of -40 kJ mol
-1

 or higher involve charge 

sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond 

(chemisorption)  [34]. On the other hand, the adsorption phenomenon of an organic molecule is not considered 

only as a purely physical or chemical adsorption phenomenon. A wide spectrum of conditions, ranging from the 

dominance of chemisorption or electrostatic effects, arises from other adsorptions experimental data [34]. 
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Figure 3: Langmuir isotherm of MS in the 1M HCl in presence E1 calculated by weight loss technique at 308.
 

3.3. Electrochemical Measurements 

The electrochemical measurements were carried out using Volta lab (Tacussel - Radiometer PGZ 100) 

potentiostat controlled by Tacussel corrosion analysis software model (Voltamaster 4) at static condition. The 

corrosion cell used had three electrodes. The reference electrode was a saturated calomel electrode (SCE). A 

platinum electrode was used as auxiliary electrode of surface area of 1 cm
2
. The working electrode was carbon 

steel of the surface 1cm
2
. All potentials given in this study were referred to this reference electrode. The 

working electrode was immersed in the test solution for 30 minutes to establish a steady state open circuit 

potential (Eocp). After measuring the Eocp, the electrochemical measurements were performed. All 

electrochemical tests have been performed in aerated solutions at 308 K. The EIS experiments were conducted 

in the frequency range with high limit of 100 kHz and different low limit 0.1 Hz at open circuit potential, with 
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10 points per decade, at the rest potential, after 30 min of acid immersion, by applying 10 mV ac voltage peak-

to-peak. Nyquist plots were made from these experiments. The best semicircle can be fit through the data points 

in the Nyquist plot using a non-linear least square fit so as to give the intersections with the x-axis. 

 

3.3.1. Tafel Polarization Study  

Figure 4 shows anodic and cathodic polarization plots recorded on MS electrode in 1 M HCl in absence and 

presence of different concentrations of E1 inhibitor. Electrochemical corrosion parameters, such as corrosion 

potential Ecorr (mV/SCE), cathodic βc Tafel slope (mV/dec), the corrosion current density Icorr (μA cm
−2

) and 

inhibition efficiency EP (%) are given in Table 2. 
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Figure 4: Polarization curves of MS in 1.0 M HCl without and with different concentrations of E1 at 308 K. 

 

From the Figure4, it can be seen that the addition of E1 causes a remarkable decrease in the corrosion rate i.e., 

shifts the cathodic curves to lower current densities. In other words, both cathodic and anodic reactions of MS 

electrode are drastically inhibited after the addition of E1. This may be ascribed to adsorption of inhibitor over 

the corroded surface of MS[35]. The cathodic current–potential curves (Figure5) give rise to parallel lines 

indicating that the addition of E1 to the 1M HCl solutions does not modify the hydrogen evolution mechanism 

and the reduction of H
+
 ions at the MS surface which occurs mainly through a charge transfer mechanism. The 

inhibitor molecules are first adsorbed onto MS surface and blocking the available reaction sites. In this way, the 

surface area available for H
+
 ions decreases while the actual reaction mechanism remains unaffected [36]. 
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Figure 5:The cathodic parallel lines (curve current–potential). 
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Table 2. Electrochemical parameters and corresponding inhibition efficiency for corrosion of the MS in 1.0 M 

HCl in the absence and the presence of different concentrations of E1 at 308 K. 

 Concentration 

(M) 
Ecorr 

(mV/SCE) 
-βc 

(mV/dec) 
Icorr 

(mA/cm
2
) 

E 

(%) 

1M HCl -- -454 140 1381 -- 

 

E1 

10
-3

 -461 136 689 50 

10
-4

 -473 123 465 66 

10
-5

 -461 119 352 75 

10
-6

 -459 104 251 82 
 

From Table 2, also can find that the corrosion potentials of inhibitor shift slightly in the positive direction in 

HCl to negative direction. On the other hand, in both mediums, the cathodic Tafel slope βc change with 

insignificant trend in anodic and cathodic directions. From previous results, it can be concluded that tested 

inhibitor probably act as cathodic inhibitor in HCl [37]. As it can be seen from Table 2, in both solutions when 

the concentration of inhibitor increases the inhibition efficiencies increase, while corrosion current densities 

decrease. The results obtained in both mediums by potentiodynamic polarization confirm the better inhibitive 

performance of investigated inhibitor. 

3.3.2. Electrochemical impedance spectroscopy (EIS)  

In order to better define the effect of our additive and concentration on the corrosion process, Nyquist plots of 

MS in uninhibited and inhibited acidic solutions containing various concentrations of 3-bromo-6-nitro-1-(prop-

2-yn-1-yl)-1H-indazole (E1) are shown in Figure6 in 1.0 M HCl.  

The existence of a single semicircle shows a single charge transfer process during dissolution which is 

unaffected by the presence of inhibitor molecules. Deviations from perfect circular shape are often referred to 

the frequency dispersion of interfacial impedance, which arises due to surface roughness, impurities, 

dislocations, grain boundaries, adsorption of inhibitor, and formation of porous layers and in homogenates of the 

electrode surface [37-38]. 

 

Figure 6:Nyquist plots of MS in 1.0M HCl without and with different concentrations of E1 at 308k. 

The diameter of the semicircle increases after the addition of E1 to the aggressive solution. This increase more 

and more pronounced with increasing inhibitor E1 concentration. The electrochemical parameters derived from 

EIS measurements (including, Rct, transfer charge, double layer capacitance Cdl (μF cm
−2

) and the inhibitor 

efficiency values E (%) are given in Table 3. Double layer capacitance values were obtained at maximum 

frequency (fmax) at which the imaginary component of the Nyquist plot is maximum and calculated using the 

following equation [39]: 

It is evident from the results collected in Table 3, that E1 inhibits the corrosion of MS in 1 M HCl at all the 

concentrations used, and the inhibition efficiency (E%) increases continuously with increasing concentrations at 

308K. EIS results show also that the Rct values increase and the Cdl values decrease with increasing the 

inhibitor concentration. The increase in Rct value can be attributed to the formation of protective film on the 
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metal/solution interface [40]. On the other hand, the decrease in Cdl values can result from a decrease in local 

dielectric constant and/or an increase in the thickness of the electrical double layer. It can be assumed that the 

decrease of Cdl values is caused by the gradual replacement of water molecules by adsorption of inhibitor 

molecules on the MS surface [41].  
 

Table 3.Electrochemical impedance parameters and inhibition efficiency for MS in 1.0 M HCl solution with E1 

at 308K. 

      Concentration     

     (M) 
 

Parameters 

1M HCl    10
-6

 10
-5

 10
-4

 10
-3

 

Real Center 9.25 47.96 50.01 67.31 79.22 

Imag. Center 1.62 12.12 12.06 14.77 22.47 

Diameter 15.13 96.24 99.72 134.19 161.06 

n 0.81 0.71 0.82 0.87 0.79 

Low Intercept  Rs (Ω.cm
2
) 1.86 1.39 1.63 1.86 1.89 

High Intercept Rt (Ω.cm
2
) 16.64 94.536 98.393 132.77 156.56 

Depression Angle 12.42 14.58 14.00 12.71 16.20 

ωmax ( rad s
-1

) 929.60 184.69 113.41 89.66 66.8 

Estimated Rt(Ω.cm
2
) 14.78 93.14 96.75 130.90 154.66 

Estimated Cdl(F.cm
-2

) 7.11 E-5 6.45E-5 5.84E-5 4.31E-5 3.29E-5 

E (%) -- 83 85 88 90 

 

EIS spectra of the E1 were analyzed using the equivalent circuit which is shown in Figure7. indicates that a 

single charge transfer reaction and fits well with our experimental results. The constant phase element, CPE, is 

introduced in the circuit instead of a pure double layer capacitor to give a more accurate fit [42]. 

 

Figure7: Equivalent circuit model used to fit experimental EIS. 

3.4. Quantum chemical calculations 

The chemical reactivity can be explained according to the frontier molecular orbital theory, by the interaction 

between the HOMO (the highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) 

of the reacting species. All the global chemical indexes are summarized in Table 4. The FMOs (HOMO and 

LUMO) are very important for describing chemical reactivity. The HOMO containing electrons, represents the 

ability (EHOMO) to donate an electron, whereas, LUMO haven't not electrons, as an electron acceptor represents 

the ability (ELUMO) 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 [43]. Firstly, 

in this study, 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 E HOMO 

indicate an increase for the electron donor and this means a better inhibitory activity with increasing adsorption 

of the inhibitor on a metal surface, where as ELUMO indicates the ability to accept electron of the molecule. The 

adsorption ability of the inhibitor to the metal surface increases with increasing of EHOMO and decreasing of 

ELUMO. The HOMO and LUMO orbital energies and image of P1 were performed and were shown in Table 4 

and Figure 8.High ionization energy (I= 6.9130 eV, I= 6.7916 eV in gas and aqueous phases respectively) 
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indicates high stability [44], the number of electrons transferred (ΔN) was also calculated and tabulated in Table 

1. The ΔN < 3.6 indicates the tendency of a molecule to donate electrons to the metal surface [45-46]. 

 

Table 4. Quantum chemical descriptors of the studied inhibitors at B3LYP/6-31 G** in gas, G and aqueous, A 

phases and the inhibition efficiencies as given in [47, 48]. 

Inhibitor Phase TE  

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

Gap ΔE 

(eV) 

µ 

(D) 

IP 

(eV) 

EA 

(eV) 

Χ 

(eV) 

η 

(eV) 

ω 

 

σ 

 

ΔN 

 

 

E1 

G -31540.3 -6.9130 -3.1751 3.7378 2.6726 6.9130 3.1751 5.0441 1.8689 6.8067 0.5351 0.5233 

A -31540.6 -6.7916 -3.3044 3.4872 3.0180 6.7916 3.3044 5.0480 

 

1.7436 7.3073 0.5735 0.5598 

 

To get some insight into the local reactivity of the studied inhibitors, the Fukui functions were computed since 

they are the relevant reactivity indicators in the electron-transfer controlled reactions such as corrosion 

inhibition process [49, 50].Their values are used to identify which atoms in the inhibitors are more prone to 

undergo anelectrophilic or a nucleophelic attack. 

For a system of N electrons, independent single-point calculations were made for corresponding N+1 and N-1 

electron systems. The resulting natural population analysis yields to P k (N-1), P k (N), and P k (N+1), the 

population for all atoms k. In a finite-difference approximation from Mulliken population analysis of atoms in 

molecules, depending on the direction of the electron transfer, then the condensed Fukui functions were 

computed using the following equations from the Exact Theory [50]. 

The calculated values of the f k
 + 

for all inhibitors are mostly localized on the indazole ring. Namely C2, Cl13, 

O14, O15, N16 and C21, indicating that the benzodiazepine rings will probably be the favorite site for nucleophilic 

attacks [51-52]. The results also show that O15 atom is suitable site to undergo both nucleophilic and 

electrophilic attacks, probably allowing them to adsorb easily and strongly on the MS surface. 

Table 5: Pertinent natural populations and Fukui functions of E1calculated at B3LYP/6-31G in gaseous (G) and 

aqueous phases. 

Atom k Phase  P(N) P(N+1) P(N-1) fk
-
 fk

+
 fk

0
 

C2 
G 0,1851 0,3691 0,3673 0,1840 -0,1822 0,0009 

A 0,3718 0,3841 0,3634 0,0123 0,0084 0,0104 

Cl13 
G 0,2214 0,3838 0,0716 0,1624 0,1498 0,1561 

A 0,1655 0,3323 0,1425 0,1668 0,0230 0,0949 

O14 
G -0,2041 -0,2303 -0,4551 -0,0262 0,2510 0,1124 

A -0,3175 -0,2838 -0,5147 0,0337 0,1972 0,1155 

O15 

 

G -0,2075 -0,2358 -0,4545 -0,0283 0,2470 0,1094 

A 
-0,3169 -0,2819 -0,5111 

0,0350 0,1942 0,1146 

N16 
G -0,3959 -0,5417 -0,611 -0,1458 0,2151 0,0347 

A -0,6016 -0,5277 -0,6096 0,0739 0,0080 0,0410 

C21 
G -0,4795 -0,3241 -0,438 0,1554 -0,0415 0,0570 

A -0,4227 -0,3772 -0,4387 0,0455 0,0160 0,0308 

The geometry of E1 in gaseous and aqueous phases (Figure 8) was fully optimized using DFT based on Beck's 

three parameters exchange functional and Lee–Yang–Parr nonlocal correlation functional (B3LYP)[53-54] and 

the 6–31G. The optimized molecular and selected angles, dihedral angles and bond lengths of E1are given in 

(Figure 8). The optimized structure shows that the molecule E1and have a non-planar structure. The HOMO 

and LUMO electrons density distributions of E1are given in (Table 6). 
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(E1) Gaseous phase                                          (E1) Aqueous phase 

Figure 8: Optimized molecular structures and selected  dihedral angles (red), angles (blue) and bond lengths 

(black) of the studied inhibitors calculated in gaseous and aqueous phases using the DFT at the B3LYP/6-31G  

level. 

 

Table 6: The HOMO and the LUMO electrons density distributions of E1 in gaseous and aqueous phases 

computed at B3LYP/6-31G level for neutral forms. 
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After the analysis of the theoretical results, we can say that the molecule E1have a non-planar structure. In 

fact,the CH2 group is almost perpendicular to the indazole core. 

 

3.5. SEM studies 

The surface morphology of MS was investigated with scanning electron microscopy (SEM). For this purpose, 

MS coupons were immersed in blank and 10
-3

M-E1 containing solution, for 6h. After 6h, the coupons removed 

from the solution, washed with distilled water and dried at room temperature. Then SEM images were taken 

with 500x magnitudes. 
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SEM images of MS were obtained in blank and 10
-3

M-E1 added test solution after 6 h immersion time, given in 

Figure 9. 

 

 

 

 

 

 

Figure 9. SEM images of mild steel coupons after 6 h immersion time in (left) 1 M HCl solution; (right) with 

the addition of 10
-3

 M-E1 (The images show x500 magnification). 

As can be seen from Figure 9, 6 h immersion time was sufficient to understand the effect of both corrosive 

environment and inhibitor on MS. The steel surface is highly corroded in HCl solution, due to crystallographic 

diversities from side to side, there seen some regions more severely damaged than the neighborhood. On the 

other hand, when inhibitor is added to the corrosive test solution, inhibitor molecules adsorbed on the MS 

surface strongly, thus a protective layer formed on the MS surface by the 10
-3

M-E1. The mild steel surface is 

protected against the attack of corrosive environment by this adsorption layer and corrosion rate is significantly 

reduced, in 1 M HCl solution in the presence of 10
-3

M-E1. To sum up, the SEM images together with other 

results clearly confirmed that protection efficiency of this inhibitor is exceptionally good. 

 

4. Conclusion  
 

According to experimental and theoretical findings, it could be concluded that:  

 3-bromo-6-nitro-1-(prop-2-yn-1-yl)-1H-indazole (E1) is a good corrosion inhibitor for the MS 

protection in both acid solutions. The inhibitory efficiency of this compound depends on its 

concentration in both acid solutions.  

 EIS plots indicated that Rct values increase and Cdl values decrease with increasing inhibitor 

concentration.  

 Polarization curves indicated that E1 act as cathodic type inhibitor.  

 The adsorption of E1 on the MS surface from two acid solutions follows Langmuir adsorption isotherm. 

The thermodynamic parameters suggest that this inhibitor E1 is strongly adsorbed on the MS surface. 

 The quantum chemical parameters are obtained and discussed in view of experimental results; 
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