

  metals-13-00797




metals-13-00797







Metals 2023, 13(4), 797; doi:10.3390/met13040797




Article



Insights into the Corrosion Inhibition Performance of Isonicotinohydrazide Derivatives for N80 Steel in 15% HCl Medium: An Experimental and Molecular Level Characterization



Abdelkarim Ait Mansour 1[image: Orcid], Badr El-Haitout 1[image: Orcid], Raihana Jannat Adnin 2, Hassane Lgaz 3,*[image: Orcid], Rachid Salghi 1, Han-seung Lee 4,*[image: Orcid], Mustafa R. Alhadeethi 5[image: Orcid], Mouslim Messali 6, Khadija Haboubi 7 and Ismat H. Ali 8[image: Orcid]





1



Laboratory of Applied Chemistry and Environment, ENSA, University Ibn Zohr, P.O. Box 1136, Agadir 80000, Morocco






2



Department of Smart City Engineering, Hanyang University ERICA, 55 Hanyangdaehak-ro, Sangrok-gu, Ansan-si 15588, Gyeonggi-do, Republic of Korea






3



Innovative Durable Building and Infrastructure Research Center, Center for Creative Convergence Education, Hanyang University ERICA, 55 Hanyangdaehak-ro, Sangrok-gu, Ansan-si 15588, Gyeonggi-do, Republic of Korea






4



Department of Architectural Engineering, Hanyang University ERICA, 55 Hanyangdaehak-ro, Sangrok-gu, Ansan-si 15588, Gyeonggi-do, Republic of Korea






5



Department of Chemistry, College of Education, Kirkuk University, Kirkuk 36001, Iraq






6



Department of Chemistry, College of Science, Imam Mohammad Ibn Saud Islamic University, P.O. Box 90950, Riyadh 11623, Saudi Arabia






7



Engineering Science and Application Laboratory (LSIA), National Institute of Applied Sciences of Alhoceima, University Abdlmalk Essadi-Tetouan, Tétouan 93000, Morocco






8



Department of Chemistry, College of Science, King Khalid University, P.O. Box 9004, Abha 61413, Saudi Arabia









*



Correspondence: hlgaz@hanyang.ac.kr (H.L.); ercleehs@hanyang.ac.kr (H.-s.L.)







Academic Editors: Anthony Hughes, Anthony Somers and Hannu Hänninen



Received: 20 January 2023 / Revised: 30 March 2023 / Accepted: 12 April 2023 / Published: 18 April 2023



Abstract

:

In this work, two compounds of isonicotinohydrazide organic class, namely (E)-N′-(1-(4-(dimethylamino)phenyl)ethylidene) isonicotinohydrazide (MAPEI) and (Z)-N′-(2-oxo-2, 3-dihydro-1H-inden-1-ylidene) isonicotinohydrazide (OHEI) were synthesized and evaluated for corrosion protection of N80 steel in a concentrated acidic medium (15 wt.% HCl) at a temperature of 303 K. The weight loss method (gravimetric method) and electrochemical techniques, i.e., electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization curves (PPC), were used to evaluate the inhibition and adsorption characteristics of tested compounds. Further, surface characterization using a scanning electron microscope (SEM) was used to assess the surface morphology of steel before and after inhibition. Weight loss experiments at 303 K and 363 K showed that tested compounds’ performance decreased with the increase in temperature, particularly at low concentrations of inhibitors whereas they exhibited good stability at higher concentrations. Electrochemical tests showed that MAPEI and OHEI inhibitors were effective at 5 × 10−3 mol/L, reaching an inhibition efficiency above 90%. It was also determined that the adsorption of both inhibitors followed the Langmuir adsorption isotherm model. Furthermore, SEM analysis showed that the investigated compounds can form a protective layer against steel corrosion in an acidic environment. On the other hand, the corrosion inhibition mechanism was established from density functional theory (DFT), and the self-consistent-charge density-functional tight-binding (SCC-DFTB) method which revealed that both inhibitors exerted physicochemical interactions by charge transfer between the s- and p-orbitals of tested molecules and the d-orbital of iron. The results of this work are intended to deepen the research on the products of this family to control the problem of corrosion.
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1. Introduction


Corrosion is one of the biggest problems in industries that is affecting metallic materials (steel, copper, iron, …). The N80 steel is one of the most important metals in the oil industry because it is cheap, strong, and resistant to various environmental phenomena, and also has very important physical and mechanical properties [1,2,3]. Acid solutions such as 15–28% HCl are used in industries for the acidization process when transporting gas and oil in steel pipes to increase productivity. In this process, acid solutions attack the metal equipment and cause serious corrosion [4,5,6]. Thus, different procedures are needed to protect this metal from corrosion. In this regard, one of the cheaper and more effective methods to protect this metal is the addition of corrosion inhibitors to the acidic solution [7,8,9,10]. Based on the chemical nature of compounds, there are two classes of inhibitors, organic and inorganic; however, most effective inorganic compounds are dangerous and toxic to the environment. Many classes of organic compounds, however, are not dangerous and are eco-friendly and effective for protecting against metal corrosion, especially compounds that contain aromatic rings, heteroatoms such as N, O, or P, and π-systems [9,11,12,13].



Hydrazides are among the most used organic classes that are still in continuous interest due to their diverse and wide spectrum of biological and chemical applications [14,15]. Hydrazides are also versatile intermediates and starting materials for the preparation of a variety of heterocycles [16,17]. In corrosion inhibition studies, hydrazide derivatives have been widely exploited as important compounds for corrosion mitigation in various corrosive mediums. In a recent review, Prakash Shetty eloquently reported a number of uses of hydrazide derivatives as corrosion inhibitors of steels in different corrosive solutions [18]. Hydrazide compounds such as acetohydrazides, benzo hydrazide, azelaic acid dihydrazide, and leochemical-based hydrazides showed excellent corrosion inhibition properties for steel in acidic mediums [18].



Isonicotinohydrazides are used in biology in a variety of fields, including as a commercial drug for the prevention and treatment of tuberculosis, and also used as one of the best corrosion inhibitors because of their good anticorrosion properties [19,20,21]. More recently, Abd El-Lateef et al. [22] reported the application of a novel nicotinohydrazone Schiff base ligand and its complexes with Zn(II) and ZrO(II) for corrosion protection of mild steel in 1.0 mol/L HCl. The 5-sodium sulfonate-2-hydroxybenzylidene)nicotinohydrazone (H2LCs) and its complexes showed excellent corrosion inhibition abilities with the ZrO(II) complex (ZrOLCs) having the highest inhibition efficiency of 97.4% at 5 × 10−4 mol/L. In a recent study that tested the efficacy of Isonicotinohydrazide-based Schiff bases for J55 steel corrosion in 5% (w/v) HCl at various temperatures, Iroha and Dueke-Eze [23] reported an inhibition efficiency of 94.2% and 93.5% at 0.8 mmol/L of N-(5-nitro-2-hydroxybenzylidene)isonicotinohydrazide (N5N-2HBI) and N-(2-hydroxybenzylidene)isonicotinohydrazide (N-2HBI), respectively. The authors concluded that both compounds acted by blocking both anodic and cathodic corrosion reactions with a dominant anodic effect. In spite of these studies, research that has sought to investigate the corrosion inhibition characteristics of Isonicotinohydrazides for steels in highly acidic mediums is not reported. To the best of the authors’ knowledge, the study presented in this article is the first attempt to assess the corrosion inhibition properties of Isonicotinohydrazides for N80 steel in 15 wt.% HCl medium.



On the other hand, it has been proved that the corrosion inhibition process is a complex phenomenon that cannot be easily understood from only experimental studies. In this context, great efforts have been made to implement computational methods to investigate the adsorption characteristics of organic compounds on metal surfaces. Quantum chemical calculations are one of the classical methods to study the electronic and structural properties of organic compounds, aiming to provide a better explanation of their corrosion inhibition characteristics [24,25,26]. However, this approach is very limited in describing the interaction with metal surfaces including bond formation and breaking upon adsorption, which is an essential criterion for simulating the corrosion inhibition process by organic compounds. To overcome this limit, other methods such as first-principles density functional theory (DFT) and self-consistent-charge density-functional tight-binding method (SCC-DFTB) are needed to obtain more realistic insights into the corrosion inhibition process [27].



Herein, to understand the effect of the two compounds under investigation, i.e., (E)-N′-(1-(4-(dimethylamino) phenyl) ethylidene) isonicotinohydrazide (MAPEI) and (Z)-N′-(2-oxo-2,3-dihydro-1H-inden-1-ylidene) isonicotinohydrazide (OHEI) on the corrosion process of N80 steel in 15 wt.% HCl solution, several experimental tests were performed such as gravimetric analysis (WL), electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization (PDP) methods. Furthermore, a scanning electron spectroscope (SEM) was used to evaluate the morphology of the N80 steel with and without inhibitors. In addition, to explore further the inhibition mechanism, a comprehensive theoretical study was conducted using density functional theory (DFT), and the self-consistent-charge density-functional tight-binding method (SCC-DFTB). Thus, deep insights into the nature of interactions between tested compounds and the iron surface were obtained.




2. Materials and Methods


2.1. Materials and Samples


The N80 steel samples were purchased from local manufacturer in Casablanca, Morocco. N80 steel as the working electrode had the following weight percentages: 0.31%C, 0.19Si, 0.01%P, 0.008%S, 0.02Cr, and the rest used was Fe. The dimensions of the N80 steel used for gravimetric and electrochemical methods (EIS and PPC) were (4 cm × 2.3 cm × 0.3 cm) and (1.5 cm × 1.2 cm × 0.4 cm), respectively. This electrode was rubbed with abrasive paper (180–1200), cleaned with deionized water and ethanol, and air dried. The 15 wt.% HCl solution was prepared from a commercial chloride acid solution (37% HCl). Corrosion inhibitors were synthesized using the following procedure and Scheme 1:



Synthesis of N′-{(Z)-[4-(dimethylamino)phenyl]methylidene}pyridine-4-carbohydrazide (MAPEI): In a 50 mL (RBF), a mixture of 0.01 mmole of isoniazide (1) and 0.01 mmole of 4-(dimethylamino)benzaldehyde with few drops of glacial acetic acid in 25 mL of absolute ethanol was heated under reflux for 7 h. The solvent was removed and the precipitate was collected and recrystallized from ethanol to obtain the titled hydrazone as yellow crystals with m.p = 208–209 °C. IR (KBr): (C = O amide 1647 cm−1), (= C-H aromatic 3033 cm−1), (NH 3195 cm−1), (C = N 1591 cm−1). 1H NMR (400 MHz, DMSO): δ = 2.9 (s, 6H, -N(CH3)2), 6.7–8.7 (m, 8H, aromatic protons), 8.3 (s, 1H, -C = N), 11.7 (s, 1H, -NH). 13C-NMR δ = 38 (2CH3), 112–152 (11 aromatic carbons in two rings), 161 (C = O amide), 145 (C = N).



Synthesis of N′-[(3Z)-2-oxo-1,2-dihydro-3H-indol-3-ylidene]pyridine-4-carbohydrazide (OHEI): A mixture of 0.01 mmol isoniazide (1) with 0.01 mmol of Isatin with a catalytic amount of glacial acetic acid was refluxed for 8 h. The precipitate which is formed was collected and washed with ethanol then recrystallized from DMF to afford the titled hydrazone as an orange powder with m.p ≥ 295 °C. IR(KBr): (C = O amide 1669 cm−1), (C = O cyclic amide 1694 cm−1), (NH 3224 cm−1), (NH cyclic 3157 cm−1), (C = N 1616 cm−1). 1H NMR (400 MHz, DMSO): δ = 7.3–8.7 (m, 8H, aromatic protons in indole and pyridine nucleus), 10.9 (s, 1H, -NH). 13C-NMR δ = 112–152 (11 aromatic carbons in indole and pyridine), 163 (C = O amide), 162 (C = O amide), 132 (C = N).




2.2. Gravimetric Experiments


To extract the values of the N80 steel corrosion rate, the gravimetric procedure was carried out following the approved standard “ASTM G 31–72” [28]. The samples were immersed in a Pyrex glass cell, in an aerated medium comprising the corrosive solution elaborated in the absence and presence of the two inhibitors of the isonicotinohydraside family, i.e., MAPEI and OHEI at a temperature of 303 K and 363 K at an immersion time of 24 h. These tests were repeated three times for all tested concentrations: 10−4, 5 × 10−4, 10−3, and 5 × 10−3 mol/L. The corrosion rate CR in (     mm   y    − 1    ) of each sample was obtained from the following Equation (1):


   C R       mm   y    − 1     =   K × Δ W   A × ρ × t    



(1)




where ΔW is the mass in ±1 mg; t is the exposure time in ±0.01 h; A is the sample area in ±0.01 cm2;  ρ  is the metal density in g/cm3; and K = 8.67 × 104 is a conversion factor. The corrosion inhibition efficiency ƞ% of tested compounds and their degree of surface coverage (θ) were determined using the average corrosion rate, by following Equations (2) and (3) [29]:


  η =    C R 0  −  C R  I n h      C R 0    × 100  



(2)






  θ =  η  100    



(3)




where    C R 0    and    C R  I n h     are the non-inhibited and inhibited corrosion rates, respectively.




2.3. Electrochemical Measurements


To perform electrochemical analysis, an 80 mL Pyrex glass cell with a circulating water thermostat to keep the electrolyte at a temperature of 303 K was used. A reference electrode of saturated calomel (SCE), an auxiliary electrode of platinum, and N80 steel as the working electrode were used to constitute the three-electrode cell controlled by Volta Lab PGZ 100 instrument (Radiometer Analytical, Shanghai, China) and monitored by VoltaMaster 4.0 software. Before carrying out measurements, the working electrode was immersed in inhibited and blank solutions for a time of 120 min until the open circuit potential (OCP) reaches a steady state. Then, the non-destructive electrochemical impedance analyses were carried out under the same conditions, obtaining impedance curves in frequency values between 100 kHz and 10 mHz with the use of AC signals with 10 steps for each decade. Polarization tests in the potentiodynamic mode were performed with a scanning speed of 0.1667 mV/s [30,31]; this speed gives very efficient results in a quasi-stationary state. Potentiodynamic polarization curves in a potential range between −700 mV/SCE and −200 mV/SCE. To obtain well-validated values, we repeated these analyses three times. Electrochemical data were analyzed with the help of Z-View 2 (Scribner Associates Inc, Southern Pines, NC, USA) and EC-Lab demo software (BioLogic, Seyssinet-Pariset, France).




2.4. Surface Characterization


A field emission scanning electron microscope (FE-SEM) was used to investigate the morphology of the N80 steel surface in the absence and presence of inhibitors. N80 steel specimens were immersed in 15 wt.% HCl without and with 5 × 10−3 mol/L of the best-performing inhibitor (MAPEI) for 24 h, then treated and dried before analysis. SEM was performed through an FE-SEM apparatus (MIRA3 module, TESCAN, Brno, Czech Republic) operating at 15 V.




2.5. Theoretical Studies


2.5.1. Quantum Chemical Parameters


To investigate the chemical reactivity and determine their theoretical parameters such as highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies, a density functional theory calculation was performed. These parameters allow calculating other global reactivity parameters such as the electronegativity (χ), the ionization potential (IP), the electron affinity (EA), and the electron transfer fraction (ΔN) of the studied inhibitors (MAPEI and OHEI) according to the equations below. The Dmol3 code was used for all DFT calculations [32]. The conductor-like screening (COSMO) solvation module was used. The COSMO model, which is a popular continuum solvation model, incorporates solvation effects by using a scaled conductor instead of an exact dielectric boundary condition [33]. This approximation greatly simplifies the mathematical calculations and distinguishes COSMO from other solvation models. Additionally, COSMO utilizes Green’s function as the dielectric operator, making it the first continuum solvation model to have analytical gradients and use a realistic cavity shape. The generalized gradient approximation (GGA) with the double polarization numerical basis set (DNP) was applied. All other parameters and convergence criteria were default values of “Fine” quality of Dmol3 code. The following equations were used to determine the energy gap (Equation (4)), IP, EA,  X ,  η , and   Δ N   values:


  Δ  E  g a p   =  E  L U M O   −  E  H O M O     = IP − EA  



(4)






  I P = −  E  H O M O    



(5)






  E A = −  E  L U M O    



(6)






  X =   I P + E A  2   



(7)






  η =    E  L U M O   −  E  H O M O    2   



(8)






  Δ N =    Φ  F e   −  X  i n h     2 ×    η  i n h   +  η  F e        



(9)




where    Φ  F e     = 4.82 eV, and the value of the total hardness    η  F e     of iron is taken to be zero.



Local reactivity indices were used to examine the reactivity of each atom in molecules. To this end, the Fukui indices were analyzed and calculated using the following equations [34]:


   f k +  =  q k    N + 1   −  q k   N   



(10)






   f k −  =  q k   N  −  q k    N − 1    



(11)




where qk (N + 1), qk (N), and qk (N − 1) are the electron densities on atom k corresponding to N + 1, N, and N − 1 electrons systems, respectively.




2.5.2. SCC-DFTB Simulations


SCC-DFTB was carried out within the framework of spin-polarized DFTB using the DFTB+ code [34]. The exchange-correlation energy was described within the generalized gradient approximation (GGA) parameterized by Perdew–Burke–Ernzerh (PBE) [35]. The empirical dispersion correction was used to accurately describe the effect of van der Waals (vdW) interactions [36]. The Slater–Koster trans3d DFTB parameters were used. SCC formalism with 10−8 SCC tolerance, Broyden mixing scheme, and 0.01 smearing were used to speed up the convergence. All convergence thresholds were the default “Fine” quality values in the DFTB+ module. Monkhorst–Pack Brillouin zone k-point grids of (8 × 8 × 8) and (2 × 2 × 1) were used for the optimization calculation of the bulk lattice parameters and adsorption models, respectively. The initial lattice parameter of iron was 2.862 Å while the optimized one is 2.858 Å, confirming that selected methods and models were reasonable. It should be noted that for purely technical modeling reasons, results represented and discussed herein are for solid/vacuum interface. Therefore, this section focuses on the chemistry of the interactions between molecules and iron atoms to estimate the potential interactions and coordination properties.



The surface Fe(110) was built by constructing a periodic multi-slab model with a (5 × 5) supercell and a vacuum spacing of 20 Å along the z-direction to account for spurious interactions between slabs. The molecules were placed on the top side of the slab. The two bottom-most atomic layers were fixed to bulk positions whereas all other degrees of freedom were allowed to relax. A cubic box of 30 Å in size was created for SCC-DFTB calculations of standalone molecules. Inkscape software was used for the post-processing of all figures. The total energies of isolated molecules (noted Emol), Fe(110) iron surface (noted Esurf), and molecule/Fe(110) adsorption systems (noted Emol/surf) were used to determine the interaction energy as:


   E  inter   =  E  mol / surf   −    E  mol   +  E  surf      



(12)










3. Results and Discussion


3.1. Corrosion Rate Measurements


The gravimetric method allows the estimation of the corrosion rates of metallic materials and the performance of applied inhibitors. Herein, the effect of different concentrations of MAPEI and OHEI inhibitors on the corrosion rate of N80 steel in 15 wt.% HCl is investigated at 303 K and 363 K. Table 1 groups the weight loss results for N80 steel such as corrosion rate, surface coverage, and inhibition efficiency, while Figure 1a shows the relationship between these parameters (the variation of CR corrosion rate and efficiency as a function of the concentration of the two inhibitors MAPEI and OHEI at 303 K). It should be noted that the corrosion rate value of the blank is in line with previously reported studies on the corrosion inhibition of N80 steel in 15 wt.% HCl [37,38]. On the other hand, from data in Figure 1a and Table 1, it can be observed that the corrosion rate CR at 303 K decreases from 22 mm/year to a value of 0.88 mm/year and 1.98 mm/year for the compounds MAPEI and OHEI at 5 × 10−3 mol/L, respectively. This decrease in corrosion rate is attributed to the formation of a protective layer on the steel surface, mainly through the adsorption of inhibitors’ molecules via heteroatoms such as N and O and aromatic rings [39,40,41]. In consequence, the corrosion inhibition of both compounds increases with increasing amounts of inhibitors, reaching maximum values at 5 × 10−3 mol/L. It increases from 85% and 82% at low concentrations to 96% and 91% for MAPEI and OHEI at an optimum concentration of 5 × 10−3 mol/L, respectively.



Table 1 also shows the temperature effect on the inhibition efficiency of investigated compounds for N80 steel in 15 wt.% HCl solution. From the listed data, one can find that temperature has a significant effect on the inhibitors’ performance. At the same inhibitor concentration, the inhibition efficiency decreases as the temperature increases from 303 K to 363 K. For instance, at 5 × 10−3 mol/L of MAPEI, the corrosion rate decreases from 0.88 mm/y to 236.4 mm/y when the temperature increased from 303 K to 363 K, respectively. This decrease in corrosion inhibition performance at higher temperatures is found to be associated with the desorption of inhibitor molecules, leaving an increased surface area of the metal exposed to the acid attack [42]. It should be pointed out that this behavior is common for organic corrosion inhibitors except for a few cases where the temperature has a positive effect on the inhibition efficiency [43,44]. However, one can notice that tested compounds maintain a relatively higher inhibition efficiency at higher concentrations. It suggests that there should be a strong chemical bonding between inhibitor molecules and the N80 steel, thus contributing to the stability of molecule adsorption [45].



From Figure 1b, which represents the variation of C/θ as a function of the concentration of the two inhibitors MAPEI and OHEI at T = 303 K, it can be noticed that the two lines are linear which implies that the adsorption of the two inhibitors on the surface of N80 steel in 15 wt.% HCl matches well the Langmuir isotherm model [46]. In corrosion inhibition studies, many previously published works use the fitting of isotherm models to experimental data to determine some thermodynamical parameters such as   Δ  G  a d s     values, then making decisive conclusions about an inhibitor’s adsorption mechanism on metal surfaces [47,48,49,50]. However, recent studies indicated that this approach is not always true and should be considered with strict precautions [51,52]. Therefore, adsorption isotherm data are not reported in the present studies and no decisive conclusions about adsorption mechanisms can be made based on adsorption isotherms [53,54,55].




3.2. Electrochemical Impedance Spectroscopy (EIS)


Electrochemical impedance spectroscopy is a very useful non-destructive analytical method that allows the characterization of electrochemical behavior and corrosion inhibition mechanism of various metal/electrolyte interfaces [56]. Figure 2 depicts the Nyquist and Bode curves. In the absence and presence of inhibitors, Nyquist curves contain imperfect single depressed capacitive loops with almost analogous forms, indicating no modification in the corrosion mechanism [57]. This analysis is supported by Bode curves (Figure 2a’,b’) which show a simple one-time constant model in the case of MAPEI while there is the appearance of a second time constant for higher concentrations of OHEI. Semicircle imperfections are frequently linked to the heterogeneity of steel surfaces. Though, as inhibitor concentrations rise, the width of semicircles grows noticeably, indicating that inhibitor molecules are adsorbing and forming a protective layer against HCl attack [58,59].



Impedance curves should be fitted by equivalent circuits for a thorough analysis of the corrosion inhibition process. Figure 2c,d shows the most suited electrical equivalent circuit obtained by fitting the investigative data. It contains solution resistance (Rs), the constant phase element of the double layer (CPEdl), inhibitor film (CPEf), film resistance (Rf), and polarization resistance (Rp). The CPE is often used instead of capacitance to account for the non-ideal capacitive response from the interface. It is associated with the use of a solid electrode, in which the flattening is caused by a dispersion of frequency that is mainly attributed to roughness and inhomogeneities of the electrode surface [60,61]. All the fitted EIS data had Chi-squared values that are on the order of 10−3. Furthermore, the used electrical equivalent circuits have previously been found suitable to fit impedance data of N80 steel/15 wt.% HCl interfaces [62,63,64,65]. Equation (13) relates CPE to the impedance while Equation (14) determines double-layer capacitance values Cdl:


   Z  C P E =    1  Q       j ω    n     



(13)






   C  d l   =     Q ×  R p  1 − n        1 n     



(14)




where n and Q are the irregularity parameter and proportionality coefficient, respectively, j = imaginary unit, and ω = angular frequency.



Table 2 lists the inhibition efficiency ηEIS(%) and other EIS parameters obtained by fitting impedance curves. The corrosion inhibition performance is evaluated by calculating the corrosion inhibition efficiency using the following equation:


   η  E I S    %  =    R p  i n h   −  R p 0     R p  i n h     × 100  



(15)




where    R p  i n h     and    R p 0    represent the polarization resistance in the presence and absence of inhibitors, respectively.



The close inspection of data in Table 2 shows that the Rp value rises with the raise in the inhibitor concentrations, even in small concentrations 1 × 10−4 mol/L (47 and 36 Ω cm2 for MAPEI and OHEI, respectively), compared to the 15 wt.% HCl solution (5.51 Ω cm2), signifying a protecting film formation over the surface of N80 steel. Furthermore, as the inhibitor concentration is increased, the magnitudes of Cdl values decrease, indicating that more organic molecules are adsorbed on the surface of N80 steel, replacing H2O molecules, forming a thick barrier against the corrosive attack of HCl solution [66,67].



The impedance values rise with the addition of inhibitor concentrations in the estimated Bode curves (log Z vs. log f plot, Figure 2a’,b’), indicating that the corrosion rate decreases in the presence of an inhibitor. In the case of the OHEI inhibitor, only the one-time constant assures that the process of charge transfer contains the process of single relaxation, according to the single wave phase angle–frequency plots (phase angle vs. log f, Figure 1a’). However, two-time constants can be observed when increasing MAPEI concentrations are added to the HCl solution as indicated by the two points of inflection of the Bode phase plots in Figure 2b’. At high frequencies, the formed inhibitor film is represented by the Rf//CPEf time constant, while the Rct//CPEdl characterizes the double layer formed at the metal/solution interface at low frequencies [68]. Due to the adsorption of inhibitor molecules, the Bode curves significantly increase in the presence of compounds. The capacitive electrochemical behavior of the N80 steel solution interface is specified by a rise in the phase angle value approaching 70°.



As observed in Table 2, the values of the polarization resistance RP increase from 5.51 Ω cm2 without inhibitors to 241.1 Ω cm2 and 71.59 Ω cm2 for MAPEI and OHEI inhibitors, respectively. This increase is due to the formation of an insulating protective film on the surface of N80 steel attributed to the decrease in the electrical double layer Cdl values because of inhibitors adsorption on the N80 steel surface [69]. Furthermore, the inhibition efficiency ƞEIS(%) increases from 88.5% and 85.07% to 97.71%, and 92.30% at 5 × 10−3 M of MAPEI and OHEI, respectively. This increase in ƞEIS(%) reflects the excellent adsorption properties of tested inhibitors, which is attributed to the presence of several reactive sites in their molecular structure such as heteroatoms N, O, and aromatic rings. Upon adsorption, these active sites would help create a strong inhibitor layer on the steel surface by charge transfer between the inhibitor’s molecule and vacant d-orbitals of the steel surface [70].




3.3. Potentiodynamic Polarization Curves (PPC)


The potentiodynamic polarization curves allow the characterization of anodic and cathodic corrosion reactions of the steel surface in an HCl solution with and without inhibitors. Potentiodynamic polarization curves of N80 steel in the blank and inhibited 15 wt.% HCl solution are shown in Figure 3. Electrochemical parameters such as corrosion potential (Ecorr), corrosion current density (icorr), Tafel slopes (βa, βc), and inhibition efficiency (ƞPPC%), which is calculated using Equation (16), are listed in Table 3:


   η  P D P    %  =    i  c o r r  0  −  i  c o r r   i n h      i  c o r r  0    × 100  



(16)




where    i  c o r r  0    and    i  c o r r   i n h     symbolize the corrosion current densities of N80 steel in blank reference and inhibited solutions, respectively.



From PPC curves, it can be observed that the corrosion current densities of both anodic and cathodic reactions significantly decreased after adding an increasing amount of inhibitors MAPEI and OHEI. The significant reduction in anodic and cathodic branches is accompanied by a slight move of corrosion potential towards the anodic side. However, it is observed that each inhibitor’s concentration has a different effect on the corrosion potential. Some added concentrations led to cathodic corrosion potentials while most of the inhibitors’ concentrations led to more anodic corrosion potentials. This effect is more pronounced in the case of the OHEI compound. However, there is no obvious anodic shift of corrosion potential values. Furthermore, it is observed that there are no significant changes in the Tafel slope values upon the addition of compounds to the HCl solution, which means that both compounds have a mixed inhibition effect on both anodic and cathodic corrosion reactions, with a more pronounced effect on the anodic reaction [71,72,73,74]. Table 3 shows that the ƞPPC percentage increases from 83.70%, and 81.49% at 10−4 mol/L to 95.70%, and 92.52% at a maximum concentration of 5 × 10−3 mol/L of MAPEI and OHEI, respectively. As shown from EIS data, this excellent inhibition effect results from the effective adsorption of inhibitor molecules on the N80 steel surface, forming a protective barrier that blocks anodic and cathodic corrosion reactions.




3.4. Immersion Time Effect


To be effective as corrosion inhibitors, organic compounds should have a high inhibition efficiency at low concentrations and long-term stability among other conditions. From electrochemical tests, it has been shown that tested compounds are effective at 5 × 10−3 mol/L. However, this performance must be assessed under long time tests before any further consideration for field testing. Given the fact that both inhibitors MAPEI and OHEI show similar corrosion inhibition behavior and high corrosion protection of N80 steel in 15 wt.% HCl at T = 303 K, long-term tests are conducted only for the MAPEI compound. The effect of immersion times is performed for N80 steel in 15 wt.% HCl in the presence of 5 × 10−3 mol/L of MAPEI for an immersion period between 0.5 and 48 h at 303 K. Figure 4 shows the evolution of Nyquist and Bode EIS plots of N80 steel in 15 wt.% HCl inhibited with 5 × 10−3 mol/L of MAPEI over time while Table 4 lists the electrochemical parameters obtained by fitting impedance data using the electrical equivalent circuit in Figure 2. It can be seen that up to 36 h, the diameter of capacitive semicircles of Nyquist and Bode modulus values significantly increased reaching a high polarization value of around 2805 Ω cm2. Then it slightly decreased to around 1450 Ω cm2 when the immersion time reaches 48 h. The excellent inhibition performance of the tested inhibitor at a longer immersion time is attributed to the increase in the adsorption of inhibitor molecules on the N80 steel surface creating a multilayer of inhibitor molecules and therefore maximizing the protection of its surface [75]. When the inhibitor’s density on the steel surface increased, van der Waals interactions between interacting molecules would favor the desorption process, hence the stability of the formed inhibitor layer slightly decreased [76]. As 24 h is usually the needed time to ensure tubings’ protection against corrosion, it can be concluded that the tested compound has excellent corrosion protection performance under studied conditions.




3.5. FE-SEM Analysis


SEM analysis is used to characterize the surface morphology of the N80 steel surface without and with the addition of 5 × 10−3 mol/L of MAPEI compounds under the same experimental conditions for 24 h of immersion. Figure 5 shows the N80 steel surface morphology in the blank (Figure 5a) and blank inhibited with 5 × 10−3 mol/L of MAPEI (Figure 5b). It can be seen from Figure 5a that in the absence of an inhibitor, the N80 steel has a degraded surface morphology with the existence of cavities and unstructured corrosive products. However, the morphology of N80 steel is significantly improved in the presence of the inhibitor as shown in Figure 5b. It is observed that the surface of the N80 steel is smooth without corrosion attack due to the formation of a protective layer that blocks the corrosion attack.




3.6. Quantum Chemical Calculations


Recently, DFT calculations played a great role in corrosion inhibition research, because of their ability to reveal the reactivity of molecules and estimation of some quantum chemical parameters. Quantum chemical parameters can help understand the electronic properties of compounds thus getting insights into their ability to interact with other chemical species [77]. In this part, the global reactivity of the two inhibitor molecules MAPEI and OHEI and the local active sites of these molecules from the Fukui function indices are the main objectives. Figure 6 represents the optimized molecular structure, and frontier molecular orbitals, i.e., the highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO). From HOMO and LUMO iso-surfaces, it can be observed that their electronic densities are distributed on the entire molecular structure of compounds covering almost all functional groups. It reveals that the entire molecule can participate in donor–acceptor interactions with other chemical species; particularly, investigated molecules containing several nitrogen-based functional groups and carbonyl groups which can act as preferred adsorption sites.



Table 5 gathers values of quantum chemical parameters of both MAPEI and OHEI. The HOMO and LUMO energies are related to the ability of a compound to donate and accept electrons, respectively [78]. Inspecting data in Table 5, one can notice that OHEI has a less negative HOMO energy while the MAPEI has a high negative LUMO energy value. It suggests that OHEI might be the compound with the highest electron-donating ability while the MAPEI with the highest electron-accepting tendency. However, it can be observed that both compounds have identical energy gap values. The energy gap is a parameter that estimates the stability and reactivity of compounds. A compound with a high energy gap value is expected to have high stability and therefore less reactivity [78]. Given the identical values of the energy gap, both compounds are supposed to have similar reactivity and interactive force when interacting with other chemical species. Bearing these in mind, it must be noted that quantum chemical parameters are very limited in expecting the adsorption and performance of corrosion inhibitors as demonstrated by many recent studies [54,79].



The reactivity of inhibitors can also be assessed using Fukui function indices. Fukui functions are a useful way to estimate the local reactivity of each atom of molecules, thus giving very close insights into their contribution when interacting with metal surfaces. The Fukui function can be used to identify the sites within the molecule that is available for nucleophilic and electrophilic attacks. Atomic sites, where the Fukui function is large, are softer and vice versa [80]. The electrophilic Fukui index f+k characterizes the sites for nucleophilic attacks. The nucleophilic Fukui index f−k describes preferred sites for attack by electrophiles [81,82].



Figure 7 represents the Fukui function indices of molecules under investigation. In Figure 7, it is obvious that atoms N(1), C(4)-C(7), and O(8) of MAPEI and C(7), O(8), N(10), C(11), C(12), and O(16) of OHEI exhibit the highest electrophilic Fukui index f+k, thus acting as preferred atomic sites to accept electrons during a nucleophilic attack [83]. On the other side, atoms C(12), C(15), C(17), and N(9) of MAPEI, and N(13), C(14), C(15), O(16), C(18) and C(19) of OHEI have the highest nucleophilic Fukui index f−k, suggesting that they are favorable sites for donating an electron to accepting species [83]. It can be noticed that the active sites are distributed over the entire molecular structure of the molecules with heteroatoms showing the most reactivity, and thus expected to have strong interactions with vacant d-orbitals of iron atoms.




3.7. DFTB Calculations


3.7.1. Adsorption Energy


It has been shown that investigated compounds have a strong affinity to steel surfaces, which is demonstrated by their excellent corrosion inhibition performance. The parallel adsorption configuration is found to be the most stable adsorption geometries of large-size organic compounds [84]. In the present section, DFTB simulations are carried out to simulate the interactions and binding of molecules with iron atoms. Figure 8 represents the adsorption geometry of MAPEI and OHEI on the Fe(110) surface. From quantum chemical analysis, it has been shown that inhibitor molecules have widespread active sites that can potentially interact with iron atoms. It can be observed from Figure 8 that MAPEI and OHEI molecules adopt a parallel adsorption mode on the surface of the metal, which signifies high adsorption affinities on the surface of iron [85]. Moreover, it can be noticed that both molecules can bind to iron atoms via carbon and heteroatoms. In the case of MAPEI, it forms four Fe-C bonds with bond length distances of 2.24–2.30 Å, and one Fe-O bond with a bond length distance of 2.22 Å. Concerning the OHEI molecule, five Fe-C bonds are formed with bond length distances of 2.16–2.31 Å and a single Fe-O bond with a bond length distance of 1.94 Å. The bonds resulting from the adsorption of molecules onto the iron surface have the following theoretical radius sums for Fe-C (rC + rFe) and Fe-O (rO + rFe) are 2.08 and 1.98 Å, respectively [86]. It indicates that bonds formed between inhibitor molecules and iron atoms are covalent bonds. The formation of several covalent bonds confirms the high reactivity of inhibitor molecules and their tendency to effectively interact with the iron surface. This has been shown from the analysis of quantum chemical parameters and Fukui functions indices, which showed the existence of several active sites that include both carbon and heteroatoms. The energetic evaluation of the adsorption geometries of both molecules gives an interaction energy of −2.78 and −2.84 eV for MAPEI and OHEI, respectively. It should be noted here that both molecules have high and approximately equal adsorption energies, due to similar structural properties and functional groups [87]. The presence of several electron donating groups with lone pairs such as -NCH3, -NH-, and -N = adjacent to and on π-systems would activate the aromatic ring by increasing the electron density on the ring through a resonance donating effect, thus generating more nucleophilic sites that would interact with electrophiles. This would also explain the dominant role of carbon atoms in bonding with iron atoms [88,89].




3.7.2. Projected Density of States


To reveal the nature of the bonds and the potential charge transfer between the two molecules of MAPEI and OHEI and iron atoms, the projected density of states is determined. Figure 9 shows the plots of the projected density of states (PDOS) of adsorbed and isolated inhibitor molecules. In the adsorbed geometry, Figure 9a,b, it is observed that the molecular states between −5 and 5 eV are significantly changed after the adsorption and formation of covalent bonds between inhibitor molecules and iron atoms. The peaks obtained for the isolated molecules in Figure 9c,d show peaks with high intensity and well-defined molecular states. However, after adsorption on the iron surface, these molecular peaks broadened slightly because of the hybridization interaction. The inhibitors’ molecular orbitals will likely hybridize with metal d-states forming hybrid orbitals through the charge transfer process. As has been mentioned before, the presence of several heteroatoms and functional groups in the molecular structure of tested compounds promotes their adsorption on the iron surface. This high affinity to steel surfaces leads to excellent corrosion protection as shown by experimental studies.





3.8. Corrosion Inhibition Mechanism


Experimental tests provided the first information on the corrosion inhibition performance of tested compounds, which mainly consists of controlling both anodic and cathodic corrosion reactions with a more effect on the anodic side and then establishing a barrier against the effects of corrosion as demonstrated from electrochemical results. In strongly acidic solutions such as 15 wt.% HCl, the hydrogen depolarization reaction is the main reason for anodic dissolution. The spontaneous dissolution of iron is accompanied by the corresponding cathodic reaction of hydrogen evolution as shown in Equations (17) and (18), respectively [90]:


   Fe    →      Fe    2 +   + 2  e −   



(17)






  2  H  +   + 2  e −  →      H   2  ↑  



(18)







The corrosion process is controlled by the hydrogen depolarization that occurs in two steps as follows [90]:


   H  +   +  e −  →      H    ads    



(19)






   H  ads   +  H  ads   →      H   2  ↑  



(20)







Experimental results from potentiodynamic polarization curves revealed that, without an inhibitor, hydrogen depolarization dominates at the cathodic sites, resulting in a strong dissolution of N80 steel in 15 wt.% HCl solution. While after adding an increasing amount of tested compounds, inhibitors form a protective barrier on the interface separating corrosive media from metal, leading to a significant decrease in the anodic dissolution and hydrogen evolution reaction [91,92,93]. On the other hand, it is found from impedance data that the polarization resistance increases due to the decrease in the thickness of the double-layer capacitance. It demonstrated the high ability of isonicotinohydrazide compounds to form a protective barrier on the surface of N80 steel in a concentrated acidic medium, i.e., 15 wt.% HCl. Furthermore, the DFTB method was used to explain and evaluate the interactions between the two inhibitor molecules and the iron surface. According to this theoretical approach, it has been found that inhibitor molecules coordinate chemically with the iron atoms by a charge transfer principle that is validated by the strong hybridization of the s- and p-states of the inhibitor molecules as evident in the PDOS plots. The carbonyl group atoms had a stronger affinity with the iron surface, while no covalent bonds were formed between the nitrogen atoms and the iron surface. Nitrogen atoms are most likely physically interacting with the iron surface via pre-adsorbed chloride ions that act as intermediates [94,95].





4. Conclusions


In the present study, the corrosion inhibition performance of newly synthesized isonicotinohydrazide compounds for N80 steel in 15 wt.% HCl using an experimental and theoretical approach. Electrochemical tests by electrochemical impedance spectroscopy and potentiodynamic polarization revealed a high corrosion protection ability of tested compounds with inhibition efficiencies reaching 97.71% and 92.30% for MAPEI and OHEI, respectively, at a concentration of 5 × 10−3 mol/L and T = 303 K. Both inhibitors showed high corrosion inhibition properties thanks to the widespread active sites in their molecular structures. Furthermore, the MAPEI compound showed outstanding inhibition performance at a long immersion time of 48 h. FE-SEM analysis showed that the addition of MAPEI and OHEI inhibitors significantly improved the surface morphology of N80 steel immersed in 15 wt.% HCl. Quantum chemical calculations revealed that both molecules exhibited similar structural characteristics and chemical reactivity. When simulating their interactions with Fe(110) surface using DFTB simulation, inhibitor molecules were found to be very stable in the parallel adsorption mode, forming several covalent bonds with iron atoms. The analysis of adsorption geometries by PDOS revealed that inhibitor molecules covalently interact with iron atoms via a charge transfer process. The results from the present study demonstrate that compounds from isonicotinohydrazides can be very effective in protecting N80 steel in a highly corrosive medium of 15 wt.% HCl.
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Scheme 1. Synthesis procedure for MAPEI and OHEI compounds. 
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Figure 1. Relationship between corrosion rate, inhibition efficiency, and inhibitor concentrations for N80 steel after 24 h of immersion in 15 wt.% HCl inhibited with MAPEI and OHEI at 303 K (a) and Langmuir adsorption plots (b) for the adsorption of inhibitors on N80 steel surface. 
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Figure 2. EIS data of N80 steel in 15% HCl with and without different concentrations of inhibitors; (a,a’) Nyquist and Bode plots of MAPEI; (b,b’) Nyquist and Bode plots of OHEI, respectively. (c,d) Equivalent electrical circuits used to fit EIS data. 
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Figure 3. Potentiodynamic polarization curves of N80 steel in 15 wt.% HCl solution in the presence and absence of various concentrations of MAPEI and OHEI at 303 K. 
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Figure 4. EIS and Bode diagrams of N80 steel substrate immersed in 15% HCl solution with 5 × 10−3 M of MAPEI at 303 K at various immersion times. 






Figure 4. EIS and Bode diagrams of N80 steel substrate immersed in 15% HCl solution with 5 × 10−3 M of MAPEI at 303 K at various immersion times.



[image: Metals 13 00797 g004]







[image: Metals 13 00797 g005 550] 





Figure 5. FE-SEM analysis of N80 steel surface in 15 wt.% HCl in the blank (a,b) inhibited acid solution with 5 × 10−3 mol/L of MAPEI. 
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Figure 6. Optimized structures of MAPEI and OHEI molecules and their HOMO and LUMO iso-surfaces obtained at DFT-GGA-DNP level in the aqueous phase. 
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Figure 7. Graphical illustration of Fukui function indices of OHEI and MAPEI. 
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Figure 8. Optimized adsorption geometries of (a,b) OHEI and (c,d) MAPEI on Fe (110) surface obtained via DFTB calculations; (b,c): top views. 
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Figure 9. PDOS for (a) MAPEI, and (b) OHEI molecules adsorbed on Fe(110) surface and the Fe atoms beneath them (inset). (c,d) Isolated inhibitor molecules 7 Å above iron. 
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Table 1. Effect of MAPEI and OHEI concentrations on the corrosion data of N80 steel in 15% HCl at 303 K and 363 K.
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Concentration

(mol/L)

	
CR

(mm/y)

	
ƞ 

(%)

	
Θ






	
-

	
303 K

	
363 K

	
303 K

	
363 K

	
303 K

	
363 K




	
Blank

	
22 ± 1.8

	
1986

	
-

	
-

	
-

	
-




	

	

	

	
MAPEI

	

	

	




	
5 × 10−3

	
0.88

	
236.4

	
96

	
88.1

	
0.96

	
0.88




	
1 × 10−3

	
1.32

	
324.6

	
94

	
83.6

	
0.94

	
0.83




	
5 × 10−4

	
2.42

	
648.3

	
89

	
67.3

	
0.89

	
0.67




	
1 × 10−4

	
3.3

	
875.9

	
85

	
55.8

	
0.85

	
0.55




	

	

	

	
OHEI

	

	

	




	
5 × 10−3

	
1.98

	
341.2

	
91

	
82.8

	
0.91

	
0.91




	
1 × 10−3

	
2.86

	
458.6

	
87

	
76.9

	
0.87

	
0.87




	
5 × 10−4

	
3.52

	
788.1

	
84

	
60.3

	
0.84

	
0.84




	
1 × 10−4

	
3.96

	
1032

	
82

	
48.0

	
0.82

	
0.82
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Table 2. Electrochemical parameter values estimated according to EIS curves of N80 steel in 15 wt.% HCl solution in the presence and absence of several concentrations of MAPEI and OHEI at 303 K.
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	[Inhibitor]

(mol/L)
	Rp = (Rf + Rct)

(Ω cm2)
	Rf 

(Ω cm2)
	n
	Q

(µF/cm2)
	Cdl

(µF cm−2)
	ηEIS

(%)
	Chi-Squared

(×10−3)





	Blank
	5.51 ± 1.3
	-
	0.83 ± 0.004
	697 ± 1.353
	236
	
	2.4



	
	
	
	MAPEI
	
	
	
	



	5 × 10−3
	241 ± 1.2
	15
	0.69 ± 0.006
	89.14 ± 2.08
	15
	97.71
	3.1



	1 × 10−3
	131 ± 1.6
	9
	0.65 ± 0.003
	165.12 ± 1.9
	20
	95.82
	3.5



	5 × 10−4
	91 ± 1.9
	5
	0.74 ± 0.005
	207.44 ± 1.7
	51
	93.94
	2.1



	1 × 10−4
	48 ± 1.7
	-
	0.78 ± 0.002
	229.54 ± 2.1
	64
	88.50
	2.7



	
	
	
	OHEI
	
	
	
	



	5 × 10−3
	71 ± 1.4
	-
	0.85 ± 0.004
	93 ± 2.8
	38
	92.30
	4.5



	1 × 10−3
	56 ± 1.8
	-
	0.87 ± 0.005
	95 ± 1.7
	43
	90.15
	3.8



	5 × 10−4
	48 ± 1.4
	-
	0.78 ± 0003
	177 ± 1.6
	46
	88.59
	4.2



	1 × 10−4
	37 ± 0.9
	-
	0.75 ± 0.002
	241 ± 3.1
	49
	85.07
	5.4
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Table 3. Electrochemical parameter values estimated from potentiodynamic polarization curves of N80 steel in 15 wt.% HCl solution without and with various concentrations of MAPEI and OHEI at 303 K.
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	Concentration

(M)
	−Ecorr

(mV/SCE)
	βc

(mV/dec)
	−βa

(mV/dec)
	icorr

(µA cm−2)
	ηPPC

(%)





	Blank
	440 ± 0.5
	111 ± 4.3
	48.67 ± 3.2
	1771 ± 0.003
	-



	
	
	MAPEI
	
	
	



	5 × 10−3
	437.909 ± 0.3
	179.051 ± 4.2
	92.90 ± 2.9
	76 ± 0.005
	95.70



	1 × 10−3
	426.975 ± 0.6
	181.402 ± 3.8
	101.19 ± 3.7
	116.91 ± 0.007
	93.39



	5 × 10−4
	417.957 ± 0.8
	182.94 ± 4.2
	119.59 ± 3.3
	210.68 ± 0.004
	88.10



	1 × 10−4
	463.3 ± 0.9
	185.97 ± 4.1
	97.29 ± 3.1
	287.96 ± 0.008
	83.74



	
	
	OHEI
	
	
	



	5 × 10−3
	362.557 ± 0.2
	659.29 ± 3.9
	97,17 ± 2.8
	132.47 ± 0.002
	92.52



	1 × 10−3
	372.62 ± 0.9
	687.18 ± 4.3
	89.48 ± 3.2
	254.85 ± 0.001
	85.60



	5 × 10−4
	372.19 ± 0.6
	693.64 ± 3.9
	95.72 ± 3.5
	310.53 ± 0.005
	82.46



	1 × 10−4
	373.74 ± 0.7
	685.79 ± 4.5
	96.21 ± 3.1
	327.75 ± 0.003
	81.49
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Table 4. Electrochemical parameter values estimated according to EIS curves of N80 steel in 15 wt.% HCl solution in the presence of 5 × 10−3 mol/L of MAPEI at 303 K at various immersion times.
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	Time

(h)
	Rp

(Ω cm2)
	n
	Q

(µF/cm2)
	Cdl

(µF cm−2)
	Chi-Squared

(×10−3)





	0.5
	241 ± 1.2
	0.69 ± 0.006
	89.14 ± 2.08
	15
	3.1



	6
	633 ± 1.8
	0.68 ± 0.007
	65 ± 2.11
	14.5
	4.2



	12
	1220 ± 0.7
	0.73 ± 0.004
	43 ± 1.77
	14.4
	3.7



	24
	1870 ± 2.1
	0.69 ± 0.005
	42 ± 2.31
	13.4
	2.9



	28
	3010 ± 1.7
	0.68 ± 0.009
	38 ± 2.41
	13.7
	1.8



	36
	2805 ± 1.3
	0.68 ± 0.008
	37 ± 1.65
	12.7
	2.3



	42
	2330 ± 1.1
	0.71 ± 0.005
	39 ± 1.97
	14.6
	2.7



	48
	1450 ± 1.4
	0.72 ± 0.007
	38 ± 1.86
	12.3
	3.7
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Table 5. Calculated quantum chemical parameters of MAPEI and OHEI using DFT/GGA/DNP.
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Molecules

	
EHOMO

	
ELUMO

	
IP

	
EA

	
ΔEgap

	
χ

	
ƞ

	
ΔN110




	
(eV)

	
(eV)

	
(eV)

	
(eV)

	
(eV)

	
(eV)

	
(eV)






	
MAPEI

	
−5.601

	
−3.539

	
5.601

	
3.539

	
2.062

	
4.57

	
1.03

	
2.6




	
OHEI

	
−4.657

	
−2.594

	
4.657

	
2.594

	
2.063

	
3.62

	
1.03

	
3.06
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