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Abstract 

The aim of this article is to highlight some of the pitfalls frequently encountered in the literature. 

Firstly, deductions based on correlations obtained for a few isolated inhibitors. Secondly, the 

inability of quantum methods to account for the aggressiveness of the environment. Thirdly, 

distrust in the interpretation of small differences between energy descriptors in terms of 

correlation between experimental results and quantum calculations. Finally, the use of overly 

simplistic surface models. This study highlights the limitations of local reactivity descriptors 

such as EPF and NPF calculated according to NBO and not according to NPA for the isolated 

molecule 6-chloro-2-phenylimidazo[1,2-b]pyridazine in both its neutral CP-IPZ and protonated 

CP-IPZH forms. Also, the calculation of NEBD according to QTAIM, then the calculation of 

GEDT at the level of the transition states of the iron-CP-IPZH complex. The resulting 
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descriptors take no account of the nature or concentration of the corrosive medium (1 M and 

5 M HCl). In addition, DM and MC were used to take account of the concentration of the 

corrosive solution, inhibitor-metal interactions and the dynamic aspect of the adsorption 

process. It was shown that despite the difference in adsorption energy of CP-IPZH, which 

follows the trend in terms of the aggressiveness of the medium, does not reflect the low 

polarization resistance in 5 M HCl, i.e. ten times lower than that in 1 M HCl. 

Keywords: acid corrosion, 1 M and 5 M HCl, DFT, NBO, QTAIM, NBED, GEDT, MD and 

MC simulations. 
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1. Introduction 

Over the last decade, many researchers have made frequent use of quantum chemistry and/or 

molecular dynamics approaches to understand the corrosion inhibition mechanism of 

organic compounds. The aim of these calculations is to gain a better understanding of the 

details at the atomic scale, to interpret experimental results and to predict new corrosion 

inhibitors [1–10]. The above approaches often require approximations to make the 

calculations feasible. These approximations can introduce systematic errors that limit the 

accuracy of the results obtained [1, 2, 4]. 

The conventional MEPTIC (molecular electronic properties to inhibition-efficiency 

correlation) approach, which is still relevant today, involves determining the structural, 

electronic and energetic parameters of inhibitor molecules in the isolated state, in both the 

gas and aqueous phases, by implicitly treating the solvent using polarizable continuum 

models in order to correlate them with the inhibitor efficiencies obtained experimentally 

using electrochemical methods. Indeed, the structural and electronic properties of inhibitors, 

generally derived from density functional theory (DFT), are used to conjecture trends in the 

adsorption bonds of various inhibitor molecules with the metal matrix surface [1–6]. 

Among the descriptors calculated, according to the literature using DFT theory, are the 

energies of the molecular frontier orbitals; the highest occupied (HOMO) and the lowest 

vacant (LUMO), from which the HOMO–LUMO energy gap is deduced, parameters that 

play a crucial role in the theory of hard and soft acids and bases (HSAB) such as 

electronegativity, chemical hardness or softness, and the rate of electron transfer from the 

inhibiting molecule to the surface [1, 7]. In addition to these global parameters, other local 

properties such as reactivity indices based on Fukui functions, atomic charges, molecular 

electrostatic potential maps and the spatial distribution of HOMO and LUMO orbitals are 

also considered relevant [1, 3]. 

However, it is important to remember that no attention is paid to the substrate and the 

stability of the inhibitors in the corrosive solution, i.e. possible acid-base, complexation or 

precipitation reactions, or even redox reactions during polarization of the electrochemical 

interface. As a result, the MEPTIC approach has widely been debated and criticized both 

conceptually and statistically in the literature by Kokalj et al. [1, 3–5]. For example, Kokalj 
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openly states that there is no direct link between structural and electronic properties and 

corrosion inhibiting efficacy, and that the relationship is much more complex. In addition, 

N. Kovacevic et al. [8] have pointed out that, in general, certain organic compounds may 

eventually undergo reactions with the constituents of the medium, leading to the formation 

of new products. In this case, the intrinsic electronic properties of the inhibitors initially 

introduced into the corrosive solution should not be correlated with inhibitory efficacy. 

In addition, the correlation between the electronic properties of stable molecules, apart 

from the effect of solvation or interaction with the metal matrix, and their inhibiting power 

is a second warning. Whatever the level of theoretical calculation considered, however 

important it may be, the study of the inhibitor-surface bond remains insufficient to explain 

the effectiveness of a corrosion inhibitor. Consequently, other effects must also be taken into 

account. 

Furthermore, Lindsay et al. [9] have argued that in terms of predictive character, such 

an approach can easily be misleading due to the complexity of the corrosion inhibition 

phenomenon where a variety of factors can influence inhibitory efficacy. These include the 

nature of the corrosive solution and its chemical characteristics, temperature, the chemical 

composition of the samples and their surface conditions. In practice, it is commonly accepted 

that the surface of steels is perfectly smooth, with a simple crystallographic orientation, but 

in reality, it is generally jagged and riddled with structural defects. These different factors 

do not intervene individually, but in a more or less complex relationship with each other. 

The confluence of these different factors makes it impossible to envisage a systematic 

correlation between experimental results and quantum computation. If one of the 

determining factors is not taken into account, the results may be misinterpreted and lead to 

erroneous conclusions. 

To remedy this, it would be advisable, if possible, to model rigorously the interactions 

between the various components of the corrosion system. Recently, several efforts have been 

made to improve the reliability of theoretical calculations [1, 3]. Consequently, the theoretical 

study can only be useful and effective if there is sufficiently convincing and correct modeling 

of the reality of the interfacial processes. On the contrary, they aim to emphasize that when 

the factors are carefully modeled and the results intelligently interpreted, the understanding of 

the corrosion process and its inhibition can be greatly improved. 

The aim of this work is to highlight a comparison between theoretical results and the 

corresponding experimental data in order to identify the pitfalls to be avoided if a theoretical 

calculation is not to be misinterpreted. To do this, we chose to study the corrosion of a C38 

mild steel and its inhibition by an organic molecule derived from imidazo-pyridazine, 6-

chloro-2-phenylimidazo[1,2-b]pyridazine (CP-IPZ), in two acidic media of very different 

aggressiveness. The polarization resistances obtained using electrochemical impedance 

spectroscopy, at the optimum concentration of 10–3 mol·L–1 of CP-IPZ, are 1016 and 

94 Ω·cm2 respectively, with inhibitory efficiencies of 94 and 88% in 1 M HCl and 5 M HCl. 

These experimental results are the subject of an exhaustive electrochemical study, submitted 

for publication, comparing different electrochemical techniques (EVT, PEIS, CASP, VASP, 
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LPR and TAFEL Plot). In addition, the method used to synthesize and characterize the CP-

IPZ inhibitor molecule using 1H, 13C and FTIR NMR was described, as was the time-

dependent stability of this molecule in the corrosive solution using HPLC-MS. 

In the present work, the theoretical study that we have carried out concerns the 

consideration and verification of the stability, as a function of pH, of the inhibitor molecule 

studied by means of a Marvinsketch study. In addition, three theoretical approaches (DFT), 

natural bond orbitals (NBO) theory and quantum theory atomic in molecules (QTAIM) were 

used to understand and predict the behavior of the CP-IPZ molecule, its reactivity and its 

chemical properties. Each of these approaches offers specific advantages and limitations, 

and their choice often depends on the nature of the problem being studied and the 

computational resources available. 

In addition, numerical simulation approaches (molecular dynamics (MD) and Monte 

Carlo (MC)) are used to simulate the interactions between inhibitor molecules and the metal 

surface, as well as the corrosion processes that occur on an atomic scale, and to predict the 

adsorption properties of the inhibitor on the metal surface. 

2. Calculation Details 

2.1. Partial charge calculation using Marvinsketch software 

The Charge plugin implemented in Marvinsketch software is used to calculate the value of 

the partial charge of each atom of the compound 6-chloro-2-phenylimidazo[1,2-

b]pyridazine. The charge is expressed in atomic units. 

2.2. Theoretical calculations procedure 

The NBO (natural bond orbitals theory), DFT (density functional theory), and quantum 

theory atomic in molecules (QTAIM) are three consistent theoretical approaches that are 

used to give more supplementary information regarding the molecular structure of inhibitor 

(CP-IPZH) and understand its reactivity behaviour towards iron surface [11]. Optimization 

of the inhibitor’s structure was carried out using the self-consistent field (SCF) calculations 

including Kohn-Sham (KS) theory (DFT) with hybrid functional B3LYP by 6-311G+(d, p) 

basis set for hydrogen, carbon, nitrogen chlorine atoms, and to the basis set LanL2DZ level 

for iron atoms at transition states (TSs) [11]. The active sites existing within the compound 

CP-IPZH have been analysed according to the local reactivity indices such as electrophilic 

Parr functions EPF (for electrophilic attack) and nucleophilic Parr function NPF (for 

nucleophilic attack) based on the Mulliken atomic spin density (MASD) calculations that 

achieved in terms of natural bond orbitals theory (NBO) and not in terms of natural 

population analysis (NPA) that we criticized in this work. The partial atomic charge and non-

bonding electron density (NBED) for the main atoms of CP-IPZH were calculated at the 

level of the NBO and QTAIM theories, respectively. These calculations were done in the 

aqueous phase through an implicit solvation model (SMD) via Gaussian 09 Revision-D.0l 

[11, 12]. The TSs of the corresponding complexes “inhibitor Fe” were localized using 
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transition state theory on the basis of second-order Gonzalez-Schlegel integration quadratic 

synchronous transit-guided quasi-Newton (QST2) approach using B3LYP functional at DFT 

method. The global electronic density transfer (GEDT) at the TSs was calculated as the sum 

of the natural atomic charges, found through an NBO analysis, of the atoms belonging to 

both donor and acceptor fragments characterized the TSs structures [11]. The direction of 

the electron density flux takes place from the donor fragment (positive value of GEDT) to 

the acceptor fragment (negative value of GEDT). 

2.3. MC and MD simulations procedure 

The modeling of interfacial interactions between inhibitor molecule and metal surface was 

studied using Monte Carlo (MC) and molecular dynamic (MD) simulations in aqueous phase 

[13–15]. MC and MD calculations were carried out in a simulation box of 

24.823752 Å×24.823752 Å×53.241658 Å dimensions, which composed from six Fe(110) 

layers and 35 Å as a vacuum region. To mimic solution phase [16], the following 

formulation, with one inhibitor molecule, were adopted with: 600H2O+5H3O++5Cl– 

(1 M HCl medium) and 600H2O+25H3O++25Cl– (5 M HCl medium) ions system on 

Fe(110) surface. In this work, MD simulations were performed with NVT canonical 

ensemble for a simulation time of 700 ps with 1.0 fs as a time step [17]. The temperature of 

the studied systems was fixed at 298 K by means of the Berendsen’s thermostat. Herein, the 

COMPASS III (Version 1.0 was used as a force field to calculate the interaction energies 

between inhibitor molecules and metal surfaces, and to estimate the associated 

thermodynamic and kinetic properties. Atom-based and Ewald summation methods are used 

to accurately and realistically calculate Van der Waals and non-bonding electrostatic 

interactions, contributing to more accurate modeling of interactions between inhibitor 

molecules and metal surfaces, respectively [18]. To account the effect of solution on the 

protonation state of inhibitor molecule, both neutral and protonated forms were considered 

during MC and MD simulations. The adsorption energy (Eads) was estimated using 

Equation (1) [19, 20]. 

 Eads=E(110)/inhibitor–EFe(110)–Einhibitor (1) 

where E(110)//inhibitor, EFe(110) and Einhibitor are the potential energies of the inhibitor/surface 

system, the bare surface and the isolated inhibitor respectively. 

Generally, the type of interfacial interactions between adsorbate and adsorbent can be 

predicted based on the length of potential established bond. For this, the pair correlation 

function, currently known as the radial distribution function (g(r)), was analyzed. This 

function (2) is defined as the probability of finding the particle B within the range (r+dr) 

around the particle A [21]. 
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3. Results and Discussion 

3.1. In silico approach studies 

The chemical properties of inhibitors, as well as their protective power, depend largely on 

their ability to be ionized in aqueous solution. Most molecules contain specific functional 

groups that can accept or release protons in particular circumstances. Each ionization 

equilibrium between the protonated and deprotonated forms of the molecule can be described 

by a constant value called pKa [6]. The ratio between protonated and neutral forms is closely 

dependent on pH, temperature and the ionic activity of the bulk phase. The ionization 

constant Ka, at a temperature T, is obtained from the activity ratio of the base and its 

conjugate acid, multiplied by the proton activity. The distribution of partial charges is a key 

factor in determining many of a molecule’s physicochemical properties, such as ionization 

constants, reactivity, etc. 

 
Figure 1. Partial charge values of each atom of CP-IPZ inhibitor. 

Analysis of Figure 1 shows that the unsaturated N atoms (–N=C) of imidazole and 

pyridazine have a rich electron density (in red). These two sites appear to have a tendency 

to be protonated in an acidic environment. In fact, their free electron pair is not involved in 

aromaticity, since the p orbital is already engaged to form a π bond (its pair is therefore in a 

sp2 hybridized molecular orbital). On the other hand, the nitrogen atom common to the 

imidazole and pyridazine nuclei is not likely to be protonated, despite having a density of  

–0.1e; in fact, it hybridizes in sp2 and places its doublet in a pure p orbital in order to 

participate in conjugation. 

Like the partial charge, the distribution is highly sensitive to the protonation-

deprotonation process (near and far from the protonation site). The pKa values of all atoms 

that gain or lose protons are calculated at 298 K, using Marvin software, on the basis of the 

partial charge distribution. Figure 2 shows the distribution of microspecifics/macrospecifics 

as a function of pH. 
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Figure 2. Distribution diagram of CP-IPZ micro-species at T=298 K and at different pH of the 

medium. 

On Figure 2, it can be seen that 6-chloro-2-phenylimidazo[1,2-b]pyridazine {CP-IPZ} 

is a base capable of protonating in an aqueous solution on the unsaturated nitrogen atom  

(–N=C) of imidazole to give rise to the formation of its conjugate acid 6-chloro-2-

phenylimidazo[1,2-b]pyridazin-1-ium {CP-IPZH}. This pair (CP-IPZH/CP-IPZ) is 

characterized by pKa=2.3. 

In the corrosive solution of molar or five times molar hydrochloric acid, the pH of the 

solution remains below the pKa–2 value, so that the compound CP-IPZ (neutral form) has a 

percentage distribution approaching 0%. This suggests that the CP-IPZ form is highly 

unstable and transforms entirely into CP-IPZH (protonated form), becoming an ultra-

majority form with a percentage of almost 100%. 

Figure 3 represents the structure of the majority form of protonation at pH=0. 

 

Figure 3. Structure of the majority protonated form of CP-IPZ inhibitor at pH=0. 
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The partial charge value of each atom of the compound 6-chloro-2-phenylimidazo[1,2-

b]pyridazin-1-ium is given in Figure 4. 

 
Figure 4. Partial charge value of each atom of CP-IPZH. 

Analysis of Figure 4 shows that the partial charge distribution of the protonated 

nitrogen (–N+=C) on the imidazole ring and its neighboring atoms in the CP-IPZH structure 

(acid form) is very different from that observed in the CP-IPZ structure (base form). This 

shows that this distribution is highly sensitive to the protonation-deprotonation process. 

Secondly, since corrosion inhibition is mainly controlled by physical or chemical adsorption 

of the inhibitor onto the steel surface, it would be imperative to take protonation into account 

for a better understanding of the inhibition mechanism. 

Using Marvinsketch software, based essentially on highlighting the partial charges on 

the various atoms of the CP-IPZ inhibitor molecule, it was found that, irrespective of the 

nature of the corrosive medium (1 M or 5 M HCl), and the majority form acting as inhibitor 

is only the protonated form. On the other hand, the experimental study revealed that the 

5 M HCl solution was 10 times more aggressive than the 1 M HCl solution, with polarization 

resistances increasing from 94 to 1016 ·cm2. This comparison of experimental results and 

theoretical calculation shows that the calculation cannot predict the adsorption capacity of 

this inhibitor molecule, given the corrosivity of both media. 

Thus, identifying the structure of the majority compound in the corrosive solution and 

calculating the distribution of partial charges on its various atoms are by no means the 

exclusive factors determining inhibition efficiency (%IE). In fact, corrosion inhibition is a 

much more complex phenomenon, depending on the interaction of a variety of contributing 

factors (cf. Introduction). 

3.2. Theoretical results 

Concerning the quantum descriptors adopted for the prediction of the overall reactivity of 

the inhibitor towards the metal surface in the literature, we have frequently cited them as 

follows the energy gap HOMO/LUMO, the gap back/donating, global chemical hardness, 

global chemical softness, electron affinity, electronegativity, global electrophilicity, global 
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nucleophilicity and so on [1, 22–24]. However, when we return to the relationship dedicated 

to the calculation of these descriptors, we mentioned that they are directly linked to the 

HOMO’s and LUMO’s energies that characterize the molecular structure of the inhibitor. 

Here, we would like to ask the following questions: 

1. Is the reactivity (whether global or local) of a molecule always governed by the electron 

density located at the molecular frontier orbitals (HOMO and LUMO)!!? 

2. If this reasoning is correct, what will be the position of the quantum model that its principle 

is based on the probabilistic existence of the electron (electron density) and not according 

to the classical model that considers localization of electrons (e.g. Lewis model for bond 

construction)!!? 

According to the literature [1, 3], the active sites existing in an organic molecule of the 

inhibitor are more often determined based on the Fukui indices such as Fukui functions f – 

(electrophilic attack) and f + (nucleophilic attack) which are calculated in terms of the natural 

population analysis (NPA) theory. However, from the literature, the NPA analysis requests 

just the natural population calculations in which atomic partial charges (natural charges) are 

obtained through summation over natural atomic orbitals. In the contrary, the NBO analysis 

requests a full natural bond orbital analysis in which atomic charge is evaluated through 

electron density that is delocalized within all molecular systems. This indicates that the NBO 

calculations will be more consistent than the NPA ones to evaluate perfectly the local 

reactivity behaviour of the studied structure of CP-IPZH. 

3.2.1. Local reactivity behavior of CP-IPZH 

To determine the active centers of the inhibitor molecule, EPF and NPF functions, charge 

distribution (CD) and non-bonding electron density (NBED) were considered and discussed. 

So, regarding the adsorption process, atomic sites on a molecule with a high value of EPF or 

enough value of NBED behave like nucleophilic atomic sites when they react with iron 

atoms’ surface to form covalent bonds. Also, atomic sites with a high value of NPF or not 

enough value of NBED may be responsible for forming coordination bonds by accepting 

electron density from the metal. Generally, the atomic centers with a negative or negligible 

value of Parr indices are considered as not active centers. QTAIM analysis is widely 

exploited to make clear the bonding and non-bonding regions in a molecular system, by 

calculating the electron density that circulates within the molecular system. This calculation 

allows also an evaluation of the probability of finding an electron in the area space of a 

reference electron located at a given point and with the same spin. Physically, this event the 

amount of spatial localization of the reference electron and offers a method for the plotting 

of electron pair probability in a molecular system. There are two types of electron density 

that circulate within a molecular system such as bonding electron density (BED) and non-

bonding electron density (NBED).  
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3.2.1.1. NBO charge distribution and Parr functions analysis 

The results of the charge distribution (CD) obtained according to natural bond orbitals 

analysis (NBOA) calculations are analyzed and discussed for the most active sites of CP-

IPZH. A schematic illustration of the CD is given in Table 1 and Figure 5. EPF and NPF 

values of CP-IPZ and NPF and CD values of CP-IPZH are calculated for the main atoms of 

the CP-IPZH (Table 1 and Figure 5). 

 
Figure 5. Charge distribution values (in parenthesis) around atomic sides of CP-IPZH 

inhibitor obtained according natural bond orbitals analysis (NBOA). 

Table 1. Calculated Parr functions EPF and NPF (for CP-IPZ) and NPF (for CP-IPZH). 

Atom No. EPF (CP-IPZ) NPF (CP-IPZ) NPF (CP-IPZH) CD (CP-IPZH) 

N 1 0.312 –0.055 0.060 –0.456 

N 2 0.008 –0.028 0.093 –0.198 

N 3 0.074 0.006 0.448 –0.356 

C 4 –0.068 0.139 –0.012 0.391 

C 5 0.400 –0.072 0.183 –0.318 

C 6 0.112 0.141 0.257 –0.304 

C 7 0.037 0.012 –0.092 0.164 

C 8 –0.056 0.3488 –0.098 ≈0 

C 9 –0.056 0.1028 0.141 0.117 

C 10 –0.005 0.158 –0.036 –0.077 

C 11 0.073 0.073 0.052 –0.211 

C 12 –0.018 –0.053 0.021 –0.188 

C 13 0.094 0.252 0.052 –0.212 
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Atom No. EPF (CP-IPZ) NPF (CP-IPZ) NPF (CP-IPZH) CD (CP-IPZH) 

C 14 –0.009 –0.069 –0.019 –0.191 

C 15 0.037 0.075 0.033 –0.184 

Cl 16 –0.002 0.021 –0.007 ≈0 

Note to Table 1: negative null values of EPF and NPF are considered not reactive. 
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Figure 6. Graphic representation for EPF and NPF values of CP-IPZ and for NPF and CD 

values of CP-IPZH. 

From Table 1 and Figure 6, the N1 atom of CP-IPZ has a great tendency to be protonated 

(high NPF value) and the same result was proved according to calculations obtained by 

MarvinSketch software (cf. §3.1.). 

From Figures 1 and 2, the following atoms of CP-IPZH such as N1, N2, N3, C5, C6, C11, 

C12, C13, C14 and C15 have an ability to interact and/or share their excess electrons with 

electron-deficient regions of the metal. On the other hand, the atoms, which present a deficit 

of electrons (C4, H17 and C7), can bond with the regions of the metal, which have excess 

electrons. These results indicate that the CP-IPZH inhibitor can adhere to the metal surface 

through two modes of interaction: i) chemical (covalent) and ii) physical (non-covalent) 

which may be due to dipole-dipole interactions, induced dipole-dipole and induced dipole-

induced dipole. The presence of one and/or two principle interaction modes will be 

confirmed in the rest of the work using RDR analysis. 
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3.2.1.2. NBED analysis using QTAIM theory 

In order to contribute more understanding of the local reactivity associated with the nitrogen 

(N1, N2 and N3) and chlorine (Cl12) atoms of CP-IPZ (non-protonated form) and CP-IPZH 

(protonated form), non-bonding electron density (NBED), which calculated according to the 

QTAIM theory are calculated and deliberated (Figures 7 and 8).  

Based on the results of the QTAIM analysis (Figures 7 and 8), it can be seen that for 

the inhibitors studied, the N1 and N3 atoms have sufficient NBED values (close to 2e for N3 

in the protonated form CP-IPZH or greater than 2e for N1 and N3 in the neutral form CP-

IPZ) to be able to form bonds with the electron-deficient regions of the metal. In contrast, 

the chlorine atom is associated with an insufficient NBED value (well below 6e), which 

could be due to the delocalisation of the valence electron density of chlorine under the 

mesomeric +M effect. Furthermore, Figure 8 shows that the NBEDs of CP-IPZ atoms are 

distinct from those of CP-IPZH atoms, indicating that the NBEDs are highly sensitive to 

protonation. Given the complexity of the electrochemical interface and inhibition processes, 

NBEDs may also be sensitive to other factors such as the interaction with the steel surface 

as well as the nature and concentration of the electroactive species contained in the corrosive 

solution. Therefore, blind interpretation of NBED results obtained for the inhibitor molecule 

alone, without taking into account all the relevant factors that may influence their correct 

determination, may lead to erroneous conclusions.  

 

Figure 7. NBED values over the mains atoms of CP-IPZ and CP-IPZH. 
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Figure 8. Graphic illustration of NBED over the main atoms of CP-IPZ and CP-IPZH. 

Local reactivity indices for activated sites in an isolated inhibitor, although they can 

provide useful information for anticipating how molecules interact with metal surfaces, 

should not be considered as true adsorption factors, as is sometimes assumed in the literature, 

and should therefore be interpreted with caution. In fact, they generally do not take into 

account the specific interactions at the metal-inhibitor interface, the aggressiveness of the 

corrosive solution and the solvation effects, which can now play a decisive role in the 

adsorption of the inhibitor on the steel surface and in the stability of this adsorption. By 

neglecting these effects, the results obtained may not be representative of the real interactions 

between the inhibitor and the steel surface in a hydrochloric acid solution. It is therefore 

essential to take these factors into account in the following sections of this document in order 

to be able to interpret the results more accurately and to strengthen the correlation between 

theoretical and experimental results.  

3.2.2. GEDT study at TS 

In order to take into account the interaction of the inhibitor with the steel surface for a better 

understanding of the inhibition mechanism, we attempted to study the GEDT property at the 

transition state (TS) level. To this end, an empirical Grimme GD3 dispersion scheme was 

added to the B3LYP function of the DFT theory. Unlike the B3LYP function, the corrected 

B3LYP-GD3 function appears to be reliable for studying GEDT in the transition state [21]. 

The main purpose of the calculation of the global electron density transfer (GEDT) in 

the transition states which correspond to the three possibilities of adsorption of CP-IPZH on 

the steel surface (Figure 9) is to evaluate the quantity of electrons exchanged between the 

inhibitor and the steel surface.  
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This approach is suggested by several theorists because it evaluates the GEDT from the 

donor fragment to the acceptor one at the transition state and not at the state in which the 

inhibitor and the surface are separated, something that we see more appropriate for better 

examination of the global electron density transfer for the studied complexes such as 

Fe@N1-CP-IPZH, Fe@N2-CP-IPZH and Fe@N3-CP-IPZH (Figure 9). Unfortunately, this 

property is frequently evaluated in the corrosion inhibition topic by the following formula 

which we see meaningless since it deals with the transfer of electrons in the separate state of 

inhibitor and bulk iron (Fe(110)) [22–24]. 
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Therefore, the computed GEDT at the TSs (Figure 9) is increased in the following 

order: TS(Fe@N3-CP-IPZH)>TS(Fe@N1-CP-IPZH)>TS(Fe@N2-CP-IPZH). Otherwise, 

the length inhibitor-surface at TS increased as follows TS(Fe@N3-CP-IPZH)<TS(Fe@N1-

CP-IPZH)<TS(Fe@N2-CP-IPZH). These results exhibit the following trend of the 

interaction strength for the studied inhibitor: N3>N1>N2. This is in good accordance with 

the trend obtained according NBO and QTAIM analysis. 

 
Figure 9. DFT/B3LYP-GD3 calculated of transition states structures for all possible 

complexes. Distance inhibitor-surface is calculated in Å; GEDT: global electron density 

transfer. 

3.2.3. Kinetic aspect of Fe-complexation 

The evaluation of relative free energy (∆G), activation energy (∆Ga) and localization of the 

transition states (TSs) for the proposed complexes (Figure 10) were assessed using QST2 
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approach. Table 2 shows some theoretical parameters like free energy G, relative free energy 

∆G and activation energy ∆Ga calculated for all possible complex structures. 

Table 2. B3LYP/6-311G++(2d,2p)/LanL2DZ computation for free energy (G) and GD3-B3LYP/6-

311G++(2d,2p)/LanL2DZ for activation energies (Ga) of TSs leading to the corresponding complexes. 

Inhibitor Stationary points G (a.u) ΔGa (kcal·mol–1) 

CP-IPZH 

CP-IPZH+5Fe –915.2215642 – 

COM1 –964.3702454 – 

COM2 –964.3133529 – 

COM3 –964.3744481 – 

TS-COM1 (B3LYP-GD3) –915.1394218 51.545 

TS-COM2 (B3LYP-GD3) –915.1378745 52.516 

TS-COM3 (B3LYP-GD3) –915.1423254 49.723 

Note to Table 2: COM1: Fe@N1-CP-IPZH; COM2: Fe@N2-CP-IPZH; COM3: Fe@N3-CP-IPZH. 

According to Table 2, we noticed that the COM3 complex presents the lowest value of 

ΔG with respect to the other complexes COM1 and COM2. To this result, the 

thermodynamic stability of the concerned complexes can be abiding by the following 

trend: COM3>COM1>COM2. This indicates that COM3 has the greatest attachment and 

non-desorption to the iron surface with respect to COM1 and COM3. In addition, we noticed 

that the changing of a nitrogen atom (N1, N2 then N3) of the CP-IPZH inhibitor causes an 

important change in the activation energy barrier, which is higher for N1 and N2. This 

indicates that the coordination of CP-IPZH at N3 with the iron surface is more kinetically 

favoured (lower value of ∆Ga) than at N1 and N2. This could be attributed probably to the 

less electron density population around N1 and N2 (Figures 8 and 9). These results show that 

the adsorption of CP-IPZH onto the iron surface is greater in the following order:  

Fe@N3-CP-IPZH>Fe@N1-CP-IPZH>Fe@N2-CP-IPZH. The same trend was concluded 

from the computation of GEDT at TS (Figure 9). The energetic barrier (ΔGa) associated with 

the three complexation possibilities is illustrated in Figure 10. 

Hence, natural atomic charges, calculated according to NBO, are used to evaluate the 

global electron density transfer GEDT at TS transition states. GEDT represents the sum of 

the natural atomic charges of the chemical species involved in the reaction, thus quantifying 

the net electron transfer during the inhibitor-iron interaction. It should be noted that although 

NBO analysis is widely used to assess natural atomic charges and electron density transfer, 

it does have certain limitations. These include approximations and simplifications inherent 

to the method, as well as the dependence of the result on the choice of database and other 

calculation parameters. It is therefore important to take these limitations into account, and to 

consider the results obtained by other approaches, in order to obtain a complete 

understanding of electron density transfer at the transition state level. 
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Quantum approaches are all based on static calculations and do not take into account 

the dynamics of corrosion and inhibition reactions. This means that kinetic processes and 

temporal changes in inhibitor adsorption and corrosion reaction are not taken into account, 

limiting the ability to fully understand the inhibition mechanism in a dynamic context. In 

addition, solvent effects are often implicitly incorporated using continuum solvent models 

or electrostatic potentials. The concentration of the corrosive medium, the properties of 

substrates (structural defects, composition,) and many others, still remain a challenge to 

correctly model the corrosion inhibition phenomenon. 

 
Figure 10. Graphic illustration of the three complexation possibilities. 

Despite these limitations, quantum mechanical calculations can still provide valuable 

information on the electronic properties of inhibitor molecules and contribute to a deeper 

understanding of the corrosion inhibition mechanism. However, an integrated approach 

combining quantum mechanical calculations with molecular dynamics simulations, 

experimental studies and more complete models taking into account the complex interactions 

in the real system may be necessary for a complete study of the phenomenon. 

3.3. MC and MD simulations results 

In order to highlight the concentration effect of the corrosive solution and the dynamic aspect 

of the adsorption process of the inhibitor on the steel surface, MC and MD simulations were 

carried out to study the adsorption behaviour of the inhibitor examined in its neutral form 

(CP-IPZ) and in its protonated form (CP-IPZ-H) with an ionic system of 600H2O+5H3O++ 

5Cl– (1 M HCl medium) and 600H2O+25H3O++25Cl– (5 M HCl medium) on the Fe(110) 

surface. The adsorption configurations and positions of the inhibitor molecules studied in 

neutral (CP-IPZ) and protonated (CP-IPZH) forms on the Fe(110) substrate are shown in 

Figures 11 and 12. 
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Figure 11. MC simulation results adsorption configurations and positions of the neutral (CP-

IPZ) and protonated (CP-IPZ-H) inhibitor forms were adopted with: 600H2O+5H3O++5Cl–  

(1 M HCl medium) and 600H2O+25H3O++25Cl–  (5 M HCl medium) ions system on Fe(110) 

surface. 

 
Figure 12. Equilibrium adsorption configuration of CP-IPZ (Neutral) and CP-IPZ-H 

(Protonated) inhibitor forms were adopted with: 600H2O+5H3O++5Cl–  (1 M HCl medium) 

and 600H2O+25H3O++25Cl–  (5 M HCl medium) ions system on Fe(110) surface, obtained 

via MD. 
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The adsorption energies (Eads) are calculated and then represented in Figure 13. For the 

distribution of the Eads for the neutral (CP-IPZ) and protonated (CP-IPZ-H) onto the Fe(110) 

substrate in the both media by MC simulations.  

 
Figure 13. Adsorption energy distribution curves for neutral (CP-IPZ) and protonated (CP-

IPZ-H) inhibitor forms were adopted with: 600H2O+5H3O++5Cl–  (1 M HCl medium) and 

600H2O+25H3O++25Cl–  (5 M HCl medium) ions system on Fe(110) surface, obtained via 

MC. 

According these results, the values of Eads can be classified according to the following 

order: protonated CP-IPZ-H in 1 M HCl medium (–210.75 kcal·mol–1)>protonated CP-

IPZ-H in 5 M HCl medium (–183.75 kcal·mol–1)>neutral CP-IPZ in 1 M HCl medium  

(–144.45 kcal·mol–1)>neutral CP-IPZ in 5 M HCl medium (–84.11 kcal·mol–1). Based on 

the obtained values, tested inhibitor shows a remarkable affinity toward Fe(110) surface. 

This leads to the formation of a layer on the metal surface that prevents the passage of 

corrosive agents into protected surface [25, 26]. On the other hand, it can be noted that the 

CP-IPZ-H form in both media demonstrates more tendency to adsorb on the metal surface 

in comparison with CP-IPZ form in the both media. Consequently, protonated inhibitor in 

both media can form more strongly adherent protective film upon metal surface and then can 

offer better protection character against corrosion than neutral form. Similar trend has been 

reported in the literature [27]. Besides, it is clear from Figures 12 and 13 that the inhibitor 
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molecules are placed closely to the surface, which underlined their ability to interact with 

the surface. Furthermore, the adsorption geometry of both forms of inhibitor on the Fe(110) 

surface in both media exhibits a parallel orientation, involving almost its entire molecular 

skeleton. In this context, it is well recognized that parallel adsorption configuration of an 

inhibitor can provide an enhanced metal coverage, consequently good protection against 

corrosion [28, 29]. These results confirm the trend in experimental inhibitory efficiencies 

recorded in the presence of a 10–3 M concentration of CP-IPZ in 1 M and 5 M hydrochloric 

acid solutions, but they are still insufficient to justify the large difference in polarisation 

resistance observed in both media. 

3.3.1. Radial distribution function (RDF) 

To complement the geometric investigation of the adsorption behaviors of studies inhibitor, 

the radial distribution function (RDF) was analyzed. RDF is a suitable computational tool to 

estimate the length of bond between the adsorbed inhibitor molecule and the target surface. 

It is well known that the inter-atomic distance between 1.0 and 3.5 Å is generally associated 

with the chemical bonding, whereas non-bonding one (i.e. physical interaction) 

corresponding to distance longer than 3.5 Å [30, 31]. 

In our case, Figure 14 summarizes the distance between iron atoms and N and Cl atoms 

of inhibitor in its both forms and for the both media, which correspond to the highest peak 

of RDF curves. As can be seen from Figure 14, except Fe–N3 (3.31 Å) for CP-IPZ, Fe–N3 

(3.17 Å) for CP-IPZ-H in 1 M HCl medium, Fe–N3 (3.13 Å) for the both forms (CP-IPZ and 

CP-IPZ-H) in 5 M HCl medium, all the inter-atomic distances are less than 3.5 Å, which 

indicates that chemical bonding can be manifested between the tested inhibitor molecule and 

protected surface in its both forms and for the both media.  

It is interesting to note that the difference in adsorption energy of the CP-IPZH 

(majority form) evaluated in the corrosive media 1 M and 5 M HCl hardly exceeds 

27 kcal·mol–1, whereas the experimental study clearly shows that the difference in terms of 

steel resistance in the two environments considered is now quite substantial, of the order of 

almost 900 ·cm2. It should also be noted that the orders of magnitude of the Fe–N and  

Fe–Cl bonds are practically very comparable and less than 3.31 Å, which argues in favour 

of chemisorption, whatever the aggressiveness of the medium, and moreover for both forms 

of the inhibitor molecule, protonated or not. In this respect, Kokalj [1] stressed that molecular 

parameters are only indicators, and that indicators are most useful when they show clear 

trends with significant differences. He also stated that Equation (1) commonly used in the 

literature to calculate adsorption energies is adequate for structural relaxations, whereas its 

usefulness for MD is questionable. This means that small differences should not be relied 

upon, even if the parameters have been carefully obtained through rigorous and convergent 

calculations carried out according to highly advanced theoretical principles and taking into 

account the various factors contributing to the complexity of the system under study. 
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Figure 14. RDF of the N and Cl atoms of the neutral and protonated forms were adopted with: 

600H2O+5H3O++5Cl–  (1 M HCl medium) and 600H2O+25H3O++25Cl–  (5 M HCl medium) 

ions system on Fe(110) surface, obtained via MD. 



 Int. J. Corros. Scale Inhib., 2023, 12, no. 3, 888–912 908 

    

 

In addition, all the tests in the dynamic simulations are carried out on a reticular plane 

(110) of the iron. Assuming that the steel can be assimilated to pure iron with a centered 

cubic structure, it is therefore essential to interpret the results obtained by the MD 

simulations with great caution, particularly when it comes to correlating them with the 

(experimental) corrosion resistance of real steel in an aggressive solution containing an 

inhibitor. This is because the corrosion resistance of the steel depends not only on the 

concentration and composition of the aggressive solution and the structure of the inhibitor, 

but also on many factors such as its heterogeneous chemical composition, its structural 

characteristics (crystalline structure, roughness, and calamine defect). 

All these considerations once again justify the fact that, despite all our efforts to 

approximate the real electrochemical system, the theoretical calculation still falls short of 

our expectations. 

4. Conclusion 

• The microspecies distribution diagram of the CP-IPZ molecule, obtained from the 

distribution of partial atomic charges calculated using Marvinsketch software, shows that 

the neutral form CP-IPZ is very unstable at pH < (pKa–2 = 0.3) and transforms entirely into 

CP-IPZH (protonated form), thus becoming an ultra-majority form with a percentage of 

almost 100% in the electrolytic solution. In addition, the N3 nitrogen atom in CP-IPZH 

has the highest charge density, which may give it the ability to coordinate with the iron 

atoms that make up C38 steel. 

• The local reactivity indices (NPF) calculated according to (NBO) and not according to 

(NPA) as well as the charge distribution of the CP-IPZH atoms, showed that the nitrogen 

atoms (N1, N2, N3) present the greatest capacity to interact and/or to share their excess 

electrons with the regions of the metal, which present a deficit in electrons. 

• The results of the QTAIM analysis indicate that, for the two forms of inhibitor studied, 

the N1 and N3 atoms have sufficient NBED values (close to 2e for N3 in the protonated 

form CP-IPZH and greater than 2e for N1 and N3 in the neutral form CP-IPZ), which could 

allow them to form bonds with the electron-deficient regions of the metal. 

• The CD, EPF, NPF and NEBD values for the protonated and non-protonated forms of the 

isolated molecule (CP-IPZ) are distinct, indicating that they are overly sensitive to 

protonation, and therefore to the molecular geometry used as a starting point in the 

calculations. It is important to note that the above parameters can also vary depending on 

the interactions of the inhibitor molecules with the steel surface, and the nature and 

concentration of the electro-active species contained in the corrosive solution. 

• The results of the GEDT global electron density transfer, evaluated at the transition state 

(TS) level in order to take into account the metal-inhibitor interaction, and those of the 

free energies ∆G as well as the activation energies ∆Ga showed that the adsorption of CP-

IPZH on the iron surface occurs more prominently in the following order:  

Fe@N3-CP-IPZH>Fe@N1-CP-IPZH>Fe@N2-CP-IPZH confirming previous results. 
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All the theoretical approaches mentioned above provide only limited information on 

interactions between the inhibitor and the metal surface in the static state and do not take 

into account the effects of the aggressiveness of the corrosive medium. Consequently, they 

cannot be useful to predict the difference in inhibition behaviour of CP-IPZ in 1 M and 

5 M HCl. In fact, ignoring these factors can lead to unrepresentative results or significant 

biases. 

The results of the MD and MC studies, which aim to take into account the inhibitor-

metal interactions, the effect of the nature and concentration of the electro-active species 

present in the corrosive solution and the dynamic aspect of the inhibitor adsorption process 

on the steel surface, show that the protonated form CP-IPZH exhibits interesting inhibiting 

properties compared to the neutral form CP-IPZ in 1 M and 5 M HCl due to the difference 

in their adsorption energies. In addition, both forms of inhibitor adsorb onto the Fe(110) 

surface in both media by adopting a parallel orientation at a distance of less than 3.5 Å, 

which is often interpreted in the literature as if the inhibitor involved almost its entire 

molecular skeleton, thus blocking the oxidation reaction at more active sites on the steel 

surface via chemical adsorption. 

 On the other hand, the small difference recorded between the adsorption energy of CP-

IPZH (ultra-majority form) in 1 M and 5 M HCl, combined with the large difference in 

experimental polarization resistance recorded in these two media in the presence of the same 

inhibitor concentration, constitute serious reasons for questioning previous interpretations. 

It is important to not attribute protective performance solely to adsorption, but rather to 

consider it as one of the factors controlling protection. In the same vein, we note that Kokalj 

in reference [1] stated that it is essential to recognize that molecular parameters are only 

indicators and that indicators are most useful when they show clear trends with significant 

differences. It is therefore necessary not to rely on small differences in order to avoid 

ambiguous interpretations. It is also important to bear in mind that molecular dynamics 

results must be interpreted with caution when transferred to real conditions. Experimental 

conditions may differ from simulation conditions for reasons of feasibility (for example, the 

(110) iron plane is often chosen to avoid the complexity of modeling steel characteristics), 

which may lead to discrepancies between molecular dynamics and experimental results. All 

these considerations once again justify the fact that, despite all our efforts to approximate 

the real electrochemical system, the theoretical calculation still falls short of our 

expectations. 

To make progress in understanding the mechanical aspects of corrosion inhibition, the 

corresponding modeling must take more and more factors into account, as there are huge 

gaps to be filled, involving several orders of magnitude of length and time scales. With this 

in mind, multi-scale modeling using the ICME paradigm should be the new way forward. 
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