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ABSTRACT 
The inhibitive performance of 4-phenylazopyrazolo-3,5-diamine (L1) and some of its 

derivatives, namely, 4- (2-methylphenylazo) pyrazolo -3,5 - diamine (L2), 4-(3 

methylphenylazo) pyrazolo -3,5- diamine (L3), 4- (4-methylphenylazo) pyrazolo -3,5-

diamine (L4), 4- (2-methoxyphenylazo) pyrazolo -3,5- diamine (L5), 4- (3-

methoxyphenylazo) pyrazolo-3,5-diamine (L6) and 4- (4-methoxyphenylazo)pyrazolo-3,5-

diamine (L7)  on the corrosion of iron were theoretically investigation by the density 

functional theory (DFT) with the hybrid B3LYP functional . 

Quantum chemical methods were employed  in order to investigate the structural 

modifications of systems resulting from substitution of methyl and methoxy groups 

substituted at the o-, m- and p- position of the phenyl ring attached to the pyrazol core via 

azo group.  

All inhibitiors under probe have been optimized using B3LYP in the presence of the 

sophisticated 6-311++G(d,p) basis set where polarized and diffused function were 

introduced to all heavy atoms and hydrogen in inhibitors involved in the study. Protonated 

and non-protonated inhibitors have been optimized in both gas phase and aqueous media. 

Aqueous media calculations have been performed by DFT(B3LYP)/6-311++G(d,p) in the 

presence of the approximate model of integration equation formation polarizable 

continuum method (IEF-PCM). 

The global and local quantum chemical descriptors, as well as Monte Crlo molecular 

dynamics were simulated and correlated with the available experimental data. The global 

quantum chemical descriptors; energy of the highest occupied molecular orbital (EHOMO), 

energy of the lowest unoccupied molecular orbital (ELUMO), Ionization energy (I), Electron 

affinity (A), Energy gap (DEgap), electronegativity (c), chemical potential (m), hardness (h), 

softness (), electropbhilicity (w), nucleophilicity (e),dipole moment (DM), the fractions of 

electrons transferred (ΔN), the energy of back donation (ΔEb-d), electronic charge 

accepting capability and the initial molecule-metal interaction energy (Δψ) and total 

natural negative  charge (Qmax) were calculated using B3LYP/6-311++G(d,p) to all of the 

inhibitors used in the study . 

Local quantum chemical descriptors; Fukui indices ( +, -,  0) and their related indices, 

local softness and local electrophilicity (a and wa, where a = +, - or 0), local dual fukui 

indices (Df ), dual local softness (D) and dual philicity (Dw) were also investigated.  
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The adsorption behaviors of the studied compounds on Fe (110) surface were investigated 

using Monte Carlo Simulations approach. The adsorption energies calculated using 

mentioned molecules on iron metal surfaces are found in full agreement with the 

experimental data. 

Calculations revealed that both of global and local quantum descriptors are highly 

correlated with the experimental data. 

Polarizability(a), molar volume(MV), electronic energy and total natural negative charg 

(Qmax) descriptors were the highest correlated with the experimental data and could be 

considered to examine the inhibitor effect. 
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  ملخص الرسالة

  

لتثبیط  B3LYP/6-311++G(d,p)تناولت الرسالة دراسة نظریة باستخدام نظریة الكثافة اإللكترونیة عند المستوى  

  في كل من الوسط الغازي و المائي. و قد اشتملت الدراسة على ثالثة جوانب. تآكل الحدید باستخدام مشتقات البیرازول 

) و HOMOالشواھد العامة و المشتقة من طاقة أعلى مستوى جزیئي ممتلئ (أما الجانب األول فاختص بحسابات  

ومن ثم حساب الفرق بینھما والذي یعرف مقدار التغیر في الطاقة. ثم  (LUMO)طاقة أقل مستوى جزیئي غیر ممتلئ 

لفة االلكترونیة والجھد یأتي حسابات العدید من الشواھد العامة مثل طاقة التأین الجزیئیة و السالبیة الكھربیة وطاقة األ

  الكیمیائي و الصالبة وغیرھا.... وبناًء على ھذه العوامل تم توقع ترتیب المركبات حسب قدرتھا على تثبیط تآكل الحدید، 

التي Fukui Function  أما الجانب الثاني فاشتمل على دراسة العوامل التفاعلیة المحلیة و تتمثل في وظیفة فوكیو 

  ت استعدادًا لمشاركة إلكتروناتھا مع سطح الحدید.تحدد أعلى الذرا

أما الجانب الثالث فاختص بمحاكاة دینامیكیة لقیاس طاقات االمتزاز باستخدام طریقة المحاكاة والتي یطلق علیھا مونتي 

د و ذلك بمحاكاة نموذج سطح الحدید و دراسة مدى امتزاز المركب المثبط على سطح الحدی Monte Carlo    كارلو 

  في المحلول.

وفي النھایة اشتملت الدراسة على مقارنة بین النتائج التي حصلنا علیھا من خالل الدراسة النظریة والنتائج التجریبیة 

لنفس المركبات في دراسة سابقة و قد بینت الدراسة النظریة لمشتق البیرازول بدون احالل أن ترتیب كفاءة التثبیط 

  للمحالیل كالتالي:

Parent (unsubstituted)  methyl-  methoxyl-  

  أما بالنسبة لنفس مجموعة اإلحالل وجد أن كفاءة التثبیط تعتمد على مكان مجموعة اإلحالل كالتالي:

ortho-  para-  meta 

  و قد وجد أن النتائج النظریة متوافقة تمامًا مع النتائج التجریبیة  كما ھو متوقع.
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CHAPTER ONE:  

Introduction, Overview and Background 

 

Computational chemistry refers to that branch of theoretical chemistry that investigate 

chemical problems using computer as an experimental tool. The main advantages of 

computational work rather than experimental is that, its low cost, relatively short time, 

acceptable precision, and no danger during course of work [1]. Computational chemistry 

uses a variety of computational methods, the choice depends on the accuracy wanted and 

the nature of the system at hand. The most three common methods are; 

1.1. ab initio 
It takes its name from the latin term meaning “from the beginning’’. It depends 

directly on theoretical principles with no inclusion of empirical data. The fundamental 

assumption of ab initio calculations is called Hartree Fock calculation (HF). This method 

neglect the columbic electron-electron repulsion in the calculation, the result is a calculated 

energy equal to or greater than the exact one. Another approximation in HF can be 

described by a wavefunction of some fundamental form. The functions used are often linear 

combination of slater type orbitals (STO) (e-αr ) or Gaussian type orbitals (GTO) (���� � ), 

so most HF calculations give a computed energy greater than Hartree Fock limit. 

The favorable aspect of ab initio is that it eventually converge to exact solution, on 

the other hand, the unfavorable aspect, it is expensive and takes enormous amount of 

computer CPU time, memory and disk space. Generally, ab initio calculations give very 

good qualitative and quantitative results increasingly as the molecule being studied becomes 

smaller [2]. 

1.2. Density Functional Theory  
An alternative to ab intio method is the Density Functional Theory (DFT), which expresses 

the total energy in terms of total electron density rather than the wavefunction. In DFT 

calculations an approximate Hamiltonian and expression are used for the total electron 

density [3]. Density functional theory (DFT) is based on electron density function rather 

than depending on the wavefunction. Electron density is measurable, for example, by X-ray 
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diffraction or electron diffraction. Theoretically, the square of a wavefunction is a direct 

measure of electron density. Electron density is a function of position only including three 

variables ρ(r)=f(x,y,z), on the other hand, the wavefunction is a function of 4n variables, 

three spatial coordinates and one spin coordinate, for each electron (Eq. (1.1)). 

�(�) = � �|Y ( ��, ��, … , ��|����, ���, … , ��� 
(1.1) 

 

Where ρ(r) is the probability of finding electron with arbitrary spin. The complexity of the 

function does not affected by the size of molecule, that electron density is a function of 

three coordinates only, while the wavefunction increases its complexity depending on the 

number of electrons and the size of molecule. The probability of finding a pair of electrons 

simultaneously is known as a pair density. Pair density contains all information about 

electron correlation. Both electron density and pair density are nonnegative. The functional 

F[f] is a function another function, in this case the electron density. The functional takes a 

function and provides a number, and illustrated in Eq. (1.2). 

�[�] = � �(�)��

�

�

 
(1.2) 

 

Where f(x) here is the function of electron density. The exact density functional is not 

known. Therefore, there is a list of functional which may have advantages and 

disadvantages. Some of functionals were developed from fundamental quantum mechanics 

and some depends on parameterizing functions to best reproduce experimental results, 

which is one way to improve the functional. There is another way to improve functional by 

comparing results with high-level ab initio. DFT can be regarded as a special kind of ab 

initio even though its exact solution is not known, In contrast to ab initio, DFT 

improvement does not depend upon improving basis set as ab initio. On the other hand DFT 

can use empirical parameters making two versions. But until now DFT is considered as ab 

initio in spirit due to its limited use of empirical parameters. So DFT tends to be classified 

either as ab initio method or as a class by itself [4]. 
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1.2.1. DFT methods 
Density functional can be classified into several methods. The simplest is called the Xα 

method. This type includes calculations with electron exchange but not correlation. The Xα 

method was introduced by J.C. Slater and is similar in accuracy to HF and sometimes better 

[5]. The simplest approximation to the complete problem called a local density 

approximation (LDA) which based only on the electron density. For high spin systems it is 

called the local spin density approximation (LSDA). LDA calculations have both qualitative 

and quantitative errors, bonds too short and too strong, making its widely use is for band 

structure calculations. A more complex set of functionals utilizes the electron density and 

its gradient called gradient-corrected methods. 

An important class is the hybrid methods that combine functionals from other 

methods with pieces of the Hartree-Fock calculations, usually the exchange integrals. All 

the above classes and methods are classified upon the type of correlation energy functional, 

the exchange energy functional, and the potential. In general, the most accurate methods are 

gradient corrected and hybrid calculations, but the last generation of hybrid functional a bit 

more accurate than gradient- corrected techniques can be found in References [2-3] 

1.2.2. Applications of DFT 
Applications of modern DFT calculation have been extended from small to large 

molecules. DFT calculation is a helpful tool in geometry optimization of small molecules to 

transition metal molecules. Recently, DFT have been applied to macromolecules, 

biomolecules and polymers [6]. DFT methods give well to excellent results in geometry 

optimization and transition state geometries [7]. Energy is an important application of DFT 

including both thermodynamic and kinetic aspects. Thermodynamic aspect can be shown by 

testing energies of homolytic dissociation, atomization energies and reaction energies. 

Kinetic aspect can be reported by testing activation energies. DFT can calculate normal-

mode frequencies which is important in determining the curvature of the potential energy 

from the number of imaginary frequencies. Zero point energy can be gotten from frequency 

calculations. Unidentified IR bands observed in experiment can be assigned, sometimes, on 

the basis of calculated spectrum [8]. 

Properties such as dipole moments, charges, bond orders and atoms-in-molecules are 

another example of application of DFT. A few other properties that can be calculated by 

DFT calculations are UV and NMR spectra, ionization energy, electron affinitiy, 
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electronegativity, hardness, softness and the Fukui function. The pictorial presentation of 

the results of calculations, called visualization, is a very important place in science, which 

can be achieved using DFT calculations. Animation of normal-mode frequencies enables us 

to ascribe a band in the calculated vibrational spectrum. Another field of the applications of 

visualization is the electrostatic potential that can be represented using color coding onto the 

Van der Waals surface. Similar applications can be found for molecular orbital visualization 

showing the location of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). Distributions of unpaired electrons spin radicals and 

the changes in orbitals and charge distribution as a reaction progress can be represented by 

the aid of visualization [9].  

1.2.3. Strengths and weakness of DFT: 
DFT has a lot of points of strength compared to other methods. DFT includes electron 

correlation in its theoretical basis, in contrast to wavefunction methods, which can take 

correlation in to account using add-ons to ab-initio parameterization in semiempirical 

methods. Another strength found in DFT is that, its calculations are basis-set saturated more 

easily than are ab initio. In addition, DFT appears to be the method of choice for geometry 

and energy calculations on transition metal compounds, for which ab initio often give poor 

results if conventional calculations used.  

Another point in favor using DFT is that it works with electron density, which is easily 

measured experimentally rather than a wavefunction [10]. DFT has points of weakness 

appears in some aspects as: the exact exchange-correlation functional is unknown. In 

addition, some functionals contain parameters which must be fitted to experiment, so one 

should be cautious about applying DFT to very novel molecules.  

DFT is not accurate as the highest-level ab initio methods, but it can handle much bigger 

molecules than can these methods. Also, DFT is unable to handle Van der Waals 

interactions. DFT nowadays is mainly a ground-state theory, but a lot of ways are 

developing to be applicable to excited states.  

1.3. Basis Sets 
Ab-initio and DFT methods mentioned above use mathematical description of orbitals 

called basis sets. The size and complexity of basis sets have increased due to computers 

development. Choosing the basis set should be done by striking a balance between size and 
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accuracy. If the used basis set is small, it is inaccurate, and if it is too large, it exceeds the 

capabilities of available computers [11]. 

1.4.  Metropolis Monte Carlo method: 
Experimentally, a molecular system is described by a small number of parameters, such as 

volume and temperature. The collection of molecular configurations that satisfy this partial 

knowledge is called an ensemble of configurations. An ensemble is described by a 

distribution function, ρm, that represents the probability of each configuration, m, in the 

ensemble. 

The configuration in an ensemble in sorption sample calculated by Monte Carlo method is 

done by generating a chain of configurations, m, n, ..., where the probability of transition 

from m to n is πmn. 

Thus, if configuration m is sampled with a frequency ρm, then, on average, ρmπmn of them 

are transformed to n.  Likewise, ρnπnm of configurations n are transformed to m. Clearly, 

these fluxes must be the same to preserve the density, ρ, otherwise, there would be a net 

flow from m to n (or vice versa) and this would increase ρn (or ρm) and a different ensemble 

would be sampled. Thus, the detailed balance condition for equilibrium obtained is 

(Eq.(1.3)). 

ρmπmn = ρnπnm  (1.3) 

In the Monte Carlo methods used in Sorption, the step to transform configuration m to n is a 

two-stage process. First, a trial configuration is generated with probability αmn. Then, either 

the proposed configuration, n, is accepted with a probability Pmn or the original 

configuration, m, is retained with a probability 1 - Pmn. The overall transition probability, 

πmn, is thus obtained from (Eq. (1.4)). 

πmn = αmnPmn  (1.4) 

Metropolis Monte Carlo method in sorption sample an ensemble by generating a chain of 

configurations with the ensemble density. Transforming a configuration is a two-stage 

process. First, a trial configuration is generated with probability αmn. Then, either the 

proposed configuration, n, is accepted with a probability Pmn or the original configuration, 

m, is retained with a probability 1 − Pmn. In the traditional Metropolis Monte Carlo method 
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trial configurations are generated without bias, αmn = αnm.  As such, the corresponding 

acceptance probability becomes: Eq. (1.5) 

��� = ��� �1,
��

��
�  (1.5) 

Thus, transitions of a configuration m to a more likely one (ρn > ρm) are always accepted, 

but transitions to configurations with a lower probability (ρn < ρm) are less likely to be 

accepted.                                                

In this method, the sorbate structure is treated as rigid and only rigid body translations and 

reorientations are incorporated [12]. 

1.5. Corrosion Prevention 
 
Corrosion prevention is an important issue for industrial application of materials [13]. 

Corrosion inhibition possesses advantages of economy, high-efficiency, and facile-

feasibility, and has been widely applied in various fields [14]. These inhibitors can adhere 

to a metal surface to form a protective barrier against corrosive agents in the environment 

[15]. The effectiveness of an inhibitor to provide corrosion protection depends to a large 

extent upon the interaction between the inhibitor and the surface [16]. 
The most efficient inhibitors are organic compounds that have  bonds and heteroatoms 

(sulfur, nitrogen, oxygen). The inhibition efficiency of organic inhibitors is reportedly 

connected to the formation of a layer on the metal surface through adsorption leading to 

blockage of active sites, thereby reducing the corrosion process [17,18 ] 

The efficiency of a corrosion inhibitor depends strongly on its adsorption on the metal 

surface. However, such a process involves many influencing factors beside the inhibitor, 

such as the nature of  the  metal,  the  environment  and  the  electrochemical  potential  at  

the  metal-solution  interface [19]. 

Therefore, a careful study of the adsorption process of an inhibitor on the metal surface 

needs to take into consideration all the necessary factors. In the selection of potential 

corrosion inhibitors, the most interesting factors to take into consideration include the 

electronic properties of the compounds. The geometry of the molecule has strong influence 

in the adsorption of the inhibitor on the metal surface as it informs of the optimal way by 

which the inhibitor might cover the metal surface.  Compounds  that  have  planar  



8 
 

geometry  often  have  higher  inhibition  efficiency due to high degree of coverage on 

metal surface  than corresponding compounds with less planar geometry [20,21,22 ]. While 

geometric parameters inform about the surface coverage of the metal by the inhibitor, 

electronic parameters inform about the molecule’s tendency to react and therefore bind on 

the metal surface. Such interactions between the inhibitor and the metal surface depend 

strongly on the electron density distribution in the inhibitor.  Regions  in  the  molecule  

that  have  high  electron  density  would preferably  donate  electrons  to  the  partially  

filled  or  the  vacant  d  orbitals  of  the  metal  resulting in  a donor-acceptor  bond [23]. 

For the purpose of determining the active sites of the inhibitor molecule, three influence 

factors: natural atomic charge, distribution of frontier orbital, and Fukui indices are 

considered. Electrical charges in the molecule were obviously the driving force of 

electrostatic interactions. It has been proven that local electron densities or charges are 

important in many chemical reactions and physico-chemical properties of compounds [24]. 

The inhibition efficiencies 4-phenylazopyrazolo-3,5-diamine and its derivatives on the 

corrosion of iron were investigated by quantum chemical and molecular dynamics 

simulation studies.  

Density  functional  theory  (DFT)  has  become  a useful  theoretical  method  that  is  

applied  to  successfully describe  the  chemical  reactivity  of  inhibitors  and  their  

adsorption  efficiency  on  metal  surface.  A  DFT-based quantum-chemical  

computational  simulation  of  suitable models  is  now  a  prevailing  tool  readily  

available  to corrosion  scientists  for  theoretical  investigation  of corrosion-inhibition 

mechanism. Such computations have been  widely  used  to  analyze  the  molecular  

electronic structures of adsorption-type inhibitors using a number of quantum  chemical  

descriptors  which  gives  important insights  on  corrosion  inhibition  mechanisms 

[25,26]. 

Quantum chemical calculations can complement the experimental investigations or even 

predict with confidence some experimentally unknown properties. Recently, DFT has been 

used to analyze the characteristics of the inhibitor/surface mechanism and to describe the 

structural nature of the inhibitor in the corrosion process [27]. Among the most popular 

electronic structure parameters are those that play a prominent role in the Hard and Soft 

Acid and Bases (HSAB) theory of chemical reactivity [28]. On the basis of HSAB 

principle, the inhibitor acts as a Lewis base while the metal acts as a Lewis acid. These 
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parameters are then used to estimate the bonding trend of various inhibitor molecules on 

metal surfaces and correspondingly the corrosion inhibition effectiveness. Accordingly,  

inhibition  efficiency  is  correlated to  the  molecular  and  structural  properties  of  

inhibitor compounds.  These  parameters  which  could  be  obtained  through theoretical 

calculations which includes,  chemical reactivity, charge distribution and the  frontier  

molecular orbit theory,  HOMO (higher occupied molecular orbital) energy, the LUMO 

(lower unoccupied molecular orbital) energy,  the  energy  of  the  gap,  (∆E),  chemical  

hardness (η)  and  softness  (σ),  electronegativity(c), dipole moment ,  and  electron 

transfer  number  (∆N) and total energy (ET). 

The molecular reactivity of the studied molecules was investigated and compared via 

analysis of frontier molecular orbitals. The energy of HOMO is associated with the 

electron donating ability of a molecule. High values of energy of HOMO state that the 

molecule is prone to donate electrons to appropriate acceptor molecules with low-energy 

and empty molecular orbital. On the other hand, LUMO energy level is an indicator of 

electron accepting abilities of molecules. It is important to note that the molecules that 

have lower LUMO energy value have more electron accepting ability. The reactive ability 

of the inhibitor is considered to be closely related to their frontier molecular orbitals, the 

HOMO and LUMO [29]. 

1.6. Previous studies 
Computational methods have evolved as important tools in corrosion inhibitor design 

during the last two decade, as calculations can provide a large amount of information of 

large numbers of compounds within reasonable timeframe [30]. Results from such studies 

can be used as suitable starting points for further experimental studies. They can also be 

important tools in the development of more suitable compounds to be used for metal 

protection, starting from already available compounds and through structural modifications 

identify derivatives with improved metal protection efficacy. Recently, there are lots of 

studies in the literature on the computational study of organic materials useful for metal 

protection [31]. The goal of this study is to gain insights at the molecular level on the 

interaction of the compounds under probe with metal surfaces [32]. 

Quantum chemical calculations based on DFT/B3LYP/6-31G (d,p) level and MD 

simulation were employed to study the adsorption behavior of benzoxazole (BOX) and 

benzothiazole (BTH) on a Fe(110) surface in water solution. The results was showed that 
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the corrosion inhibition performance mainly depends on the interaction between polar 

groups and the metal surface,  the values of frontier orbital energy, energy gap, binding 

energy, etc., indicate that the corrosion inhibition efficiency of benzothiazol is better than  

benzoxazole, which is consistent with the general trend—the inhibition efficiencies of 

molecules containing heteroatoms is such that  O < S, which was studied by Feng et al. 

[33]. The inhibitive action of some benzimidazole derivatives namely 2-(2-furanyl)-1H-

benzimidazole (FB), 2-(2-pyridyl) benzimidazole (PB) and 2-(4-thiazolyl) benzimidazole 

(TB), against the corrosion of iron in solutions of nitric acid were studied using DFT 6-

31G(d,p) . The calculated electronic parameters involved in the activity of the inhibitors 

confirmed that the position of the side chain in the benzimidazole moiety affects the 

pattern of activity. TB showed to be the most effective corrosion inhibitor, the 

effectiveness of the benzimidazole derivatives following the order TB > PB > FB. The 

same order was also supported by the experimental measurements [34]. 

Ebenso et al. studied the inhibition of N80 steel corrosion in 3.5% NaCl solution by some 

Porphyrinsderivatives. They found that the inhibition efficiency increases with increase in 

concentration for all the inhibitors. Whereas, showed that the corrosion inhibition 

performances of the porphyrins could be related to their EHOMO, ELUMO, ω, and μ 

values. Monte Carlo simulation studies showed that 4,4′,4″,4‴-(porphyrin-5,10,15,20-

tetrayl)tetrakis(benzoic acid)  (THP) has the highest adsorption energy, while 5,10,15,20-

tetra(4-pyridyl)-21H,23H-porphyrin  (T4PP) has the least adsorption energy in agreement 

with the values of σ from quantum chemical calculations. The results of the MC 

simulations agreed with the experimentally determined inhibition efficiencies [35]. 

Sasikumar et al. studied the inhibition of mild steel corrosion in 1 M HCl solution by some 

imidazolium-based ionic liquids (ILs), All the ILs studied showed appreciable inhibition 

efficiencies. In addition, the results of quantum chemical calculations using the B3LYP/6-

31+G(d,p) and MD simulations was in agree with the corresponding experimental 

observations [36]. 

The relationship between the electronic properties and corrosion inhibition efficiency of 

some pyrazine derivatives using DFT/B3LYP 6-311++G (d,p) calculations has been 

investigated by Behzadi et al. [37]. The molecular orbital analysis showed a good 

correlation between EHOMO, ELUMO and DE with inhibition efficiency of the pyrazine 

derivatives. 
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Obot et al. studied the corrosion inhibition of mild steel in 0.5 M HCl by metronidazole 

(MNZ) using experimental and theoretical methods. Density functional theory  (DFT) at 

the BLYP/6-31G (d,p) method was performed in order to gain some insights into the 

electron donor-accepting properties of MNZ, while molecular dynamics simulation was 

utilized to determine the binding properties of MNZ on Fe (1 1 0). Quantum chemical 

studies indicated that the hetero-atoms of the imidazole ring of metronidazole were the 

main active site of adsorption onto the metal surface. On the other hand, molecular 

dynamics simulations results indicated that metronidazole binds strongly on the Fe oxide 

surface utilizing the lone pair of electrons on the hetero-atoms as well as the  electrons on 

the heterocyclic ring [38]. 

Luo  et al. studied  Inhibition performance of omeprazole for mild steel in 0.1M H2SO4 

solution and investigated it through experimental and theoretical methods, quantum 

chemical calculations and molecular dynamics (MD) simulations. The study showed that 

the possible adsorption centers of the omeprazole molecule are benzene ring, 

benzimidazole ring, sulphinyl and the nitrogen atom of the hexaheterocyclic [39]. 

Ruxi Chen et al. studied the inhibition effect of 1-hydroxybenzotriazole (HOBT) on the 

corrosion of mild steel in 0.1 M H2SO4 solution and investigated by experimental and 

theoretical methods. Several stable end configurations on the Fe(110) surface were 

theoretically identified for HOBT, with the parallel adsorption configuration (based on the 

DFT-D level) being the most stable [40]. 

More recently, Savas et al. studied the adsorption and corrosion inhibition properties of 

some novel quinoline derivatives on Fe(110) surface using quantum chemical and MC 

simulation approaches, The theoretical data obtained via both DFT approach and MC 

simulations approach showed good agreement with experimental data and according to 

calculated binding energies the most effective inhibitor among studied molecules against 

the corrosion of iron is Q4, namely 2-amino-4-(4-(dimethylamino)phenyl)-7-hydroxy-1,4-

dihydroquinoline-3-carbonitrile [41]. 

1.7. Thesis Problem and Aims 
This study,  we  are  investigating  on theoretical  methods  to  elucidate  the  inhibition  

action  of  4- phenylazopyrazolo-3,5-diamine  and its o-, m- and p-methyl and methoxy-

derivatives  as  corrosion inhibitor for  mild  steel  cleaved   along  Fe  (110)  plane from 
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acidic solution phase using molecular and structural properties. This  was  done  by  

discussing  quantum  chemical parameters,  local  reactivity  indices  such  as  Fukui 

Function  and  the  binding  characteristics  of  these compounds  on  the  mild  steel  

surface  using  Monte Carlo (MC) simulations. 

In particular, this study is undertaken to: 

 Optimize the molecules under probe (scheme 1) using B3LYP/6-311++G(d,p) 

level of theory in protonated and non-protonated gas phase and in protonated 

and non-protonated aqueous phase using PCM solvating model.  

 Investigate theoretically the effect of 4- phenylazopyrazolo-3,5-diamine  and its, 

methyl and methoxy derivatives (Scheme 1) on the corrosion inhibition 

efficiency of Fe(110) using quantum chemical global and local descriptors.  

 Calculate the global descriptors EHOMO, ELUMO, Energy gap, Ionization energy, 

electron affinity, chemical potential, electronegativity, hardness, softness, 

electrophilicty, nucleophilicity ,the fractions of electrons transferred, the energy 

of back donation , electronic charge accepting capability and the initial 

molecule-metal interaction energy  and maximum charge are calculated and 

discussed. 

 Calculate the local quantum descriptors such Fukui indices, local softness will 

be calculated and discussed. 

 Calculate adsorption and binding energy in the acid chloride medium which is 

the most important ones owing to its dangerous effect on iron and iron alloys. 

 Calculate the proton affinity of the investigated molecules in both gas phase and 

aqueous medium. 

 Compare the theoretical results with the available experimental ones [42] by 

applying linear mathematical models. 
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Scheme 1:  structure of 4- phenylazopyrazolo-3,5-diamine  and its o-, m- and p-methyl and 

methoxy-derivatives   
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CHAPTER TWO: 

COMPUTATIONAL DETAILS 

 
In this chapter, we introduce a concise description of the DFT B3LYP computational 

method, which has been used in this work. All calculations have been carried out on 

the computational science center at the Universidad Autonoma de Madrid (CCC), 

Spain. The visualization, and some simple calculations have been carried out on a PC.  

2.1. Optimization and Frequency Calculations: 
 

Optimization is the process of finding an arrangement in space of a collection of atoms 

where the position on the potential energy surface is a stationary point. Molecular 

geometries of all the compounds under investigations were optimized using DFT with the 

hybrid B3LYP functional, This method was proven to be a reliable functional to study 

heterocyclic systems [43]. Geometry optimization and calculations were performed using 

6-311++G(d,p) basis functions. The calculations were done firstly by drawing the 

compounds using Gaussview 05 [44] and then the input file was transformed to Gaussian 

09 program [45]. 

For each stationary point, the harmonic vibrational frequency calculations have been 

carried out at the same level to characterize their nature as minima (all frequencies are real 

(positive) with no imaginary frequencies (negative)). The calculations were also used to 

estimate the zero-point energy corrections (ZPE) that were scaled by the empirical factor 

0.9806 [46], absolute entropies,  thermal corrections of energies, enthalpies and free 

energies. 

2.2. Solvent Effect 
 

There is an energy of interaction between solute and solvent, thus the properties of solute 

that depends on energy will be affected by the presence of solvent. The energy dependent 

properties such as geometry, vibrational frequency, total energy, and electronic spectrum 

will vary a lot with varying solvent. A lot of methods were used to calculate the solvent 
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effect. The simplest way is to include the solvent as a continuum with a given dielectric 

constant which creates a cavity around the molecule, then generate surface charges. In this 

study water was employed to study the solvent effect on the pyrazoles derivatives under 

probe. The DFT/B3LYP method using 6-311++G(d,p) basis sets accompanied with the 

approximate model of polarizable continuum method (PCM) [47], was employed. As a 

self-consistent reaction field (SCRF) model, the integral equation formalism for PCM 

(IEF-PCM) was employed. The IEF-PCM was used because it describes accurately the 

charge distribution of solute outside of the PCM cavity [48]. 

2.3. Natural Bond Order Analysis 
 

Natural bond orbital (NBO) analysis is the name of a whole set of analysis techniques. One 

of these techniques is the natural population analysis (NPA) for obtaining occupancies and 

atomic charges. NBO uses natural orbitals rather than molecular orbital which allow the 

study of interactions of different bonding, antibonding, core, and Rydberg orbitals. NBO 

analysis is a popular technique and less basis set dependent than Mulliken scheme [49]. It 

used to obtain atomic charges, occupancies, bond orders, and to analyze the second-order 

perturbation orbital interactions. In this study NBO analysis has been performed at 

B3LYP/6-311++(d,p) level of theory [50] as implemented in Gaussian09 package. The 

donor-acceptor stabilization energy Di,j associated with the delocalization from i to j can 

be estimated by Eq. 2.1 

∆��,� = ��

�(�, �)�

�� − ��
 

(2.1)

 

The Weiberg bond order analysis were included for some calculations using the Gaussian 

09 command pop=NBO read. 

2.4. Molecular Electrostatic Potential (ESP) 
 

In this study we have investigated the reactive sites of the investigated compounds using 

electrostatic potential computed on ρ(r) = 0.0004 a.u. surface,  Isovalue 0.02 at B3LYP/6-

311++G(d,p) level of theory. The range of energy in kcal/mol was chosen according to the 
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clearness of the variation of different sites colors and reactivity, to make it easy to compare 

between them.  Molecular electrostatic potential (ESP) map is related directly with 

predicting of the basicity and acidity of molecule and the reactivity of its sites toward 

nucleophilic and electrophilic attacks [51]. 

In MEP maps of the studied molecules, the different values of the electrostatic potential 

have been shown with the help of color scheme. In these maps, red color stands for the 

region of the most negative electrostatic potential and the blue one stands for the region of 

the most positive electrostatic potential, whereas, the green color stands for the region of 

the zero electrostatic potential. 

2.5. Proton affinities  
Proton affinities (PAs) of substituted 4-phenylazopyrazolo-3,5-diamine  in gas phase have 

been calculated at the DFT/B3LYP level with a 6-311++G(d,p) basis set. The influence of 

environment on PAs has been studied by means of SCRF solvent effect computations 

using PCM solvation model for water solvent. Protonation reactions (Eq. (2.2)) play an 

important role in organic chemistry and biochemistry [52] and are the first steps in many 

fundamental chemical rearrangements [53,54]: 

B + H+ → BH+ (2.2) 

where B is basic center in the molecule. The capability of an atom or molecule in the gas 

phase to accept a proton can be characterized by calculating, from the above reaction, the 

proton affinity (PA) in the gas phase, which give a deep understand of the correlations 

between molecular structures, molecular stability, and reactivity of the organic molecules 

[55]. Using standard conditions, the PA is defined as the negative of the enthalpy change 

DH, for the gas phase reaction (Eq. (2.2)) The PA is site-specific values and therefore must 

be calculated at each chemically different binding site in the molecule. This means that 

some molecules will have multiple PA values. 

All calculations were performed with the Gaussian 09  with tight self-consistent field 

convergence ,The gas-phase PA of a molecule A is determined according to (Eq.(2.3)): 

�� = − �∆��� + ∆���� + ∆���� −
5

2
��� 

(2.3) 

where DEel, DZPVE and DEvib correspond to the differences between total electronic 

energy, zero-point vibrational energy and temperature-dependent portion of vibrational 
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energy of the reactants and products at 298.15 K, respectively. Under the standard state 

conditions, the values of the enthalpy and entropy of the gas-phase proton are DH0 (H+) = 

2.5RT = 1.48 kcal/mol, which corresponds to the translational proton energy (a loss of 

three degrees of freedom is 3/2(RT) plus the PV work-term (=RT for ideal gas). It is 

convenient to define a new property H called enthalpy, which takes into account this work 

term correction; H=U+PV, where (U) is the heat for the process [56].  

To calculate the proton affinity in the solvent (water in our case), the reaction to be 

considered is identical to the one used in the gas phase (Eq. (2.2)) except that all 

constituents are solvated. PCM thermodynamic results, obtained from harmonic frequency 

analysis, were used to evaluate the PA value according to the following equation (Eq. 

(2.4)): 

PA =  −∆����H = −[H(BH����
� − H(B����) − H(H����

� )] (2.4) 

In this case the proton enthalpy is determined from summing the solvation enthalpy of the 

proton  DsolvH(H+) (−275.12) [57], the hydration enthalpy of proton which is very close to 

the experimental value (−275.14 kcal/mol) [58], with the proton gas-phase enthalpy 

H(H+(g)) = 1.48 kcal/mol. The hydration enthalpy of proton is calculated  by means of a 

combination of ab initio density functional theory and a polarizable continuum model 

within the self-consistent reaction field method. The ion-water cluster models here used 

include up to 13 water molecules solvating the ions. This allows the first and second 

solvation shells to be described explicitly from first principles. Vibrational contributions to 

enthalpy have been taken into account. Best model of the hydrated proton includes three 

molecules in the first hydration shell and nine molecules in the second shell. The 

calculated proton hydration is  −275.12 kcal/mol [59]. 

2.6. Visualization and Drawing 
 

Different packages of programs were used in this thesis to visualize and draw atoms. 

ChemCraftb_132 [60] was used to visualize structure parameters as bond lengths, bond 

angels, and torsion angels. All schemes were drawn with the aid of ChemDraw6.0 (2000). 

The curves were plotted using Microsoft Excels 2007. 
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CHAPTER THREE: 

RESULTS  AND DISCUSSION 
 

This chapter is partitioned into Three parts as follows: 

Part I: Quantum chemical calculations  

This part includes the calculation of quantum chemical calculations, which contains both 

global and local quantum descriptors.  

Part II: Molecular dynamic simulations 

This part includes the molecular dynamic simulations of the studied inhibitors based on the 

Monte Carlo method. 

Part III: Comparison between experimental and theoretical results. 

Part I: Quantum chemical calculations  

Equilibrium geometry structures 
As mentioned in the computation section, the compounds under probe were optimized by 

performing the DFT method using the B3LYP/6-311++G(d,p) level of theory in both the 

gas phase and aqueous phase. The optimized electronic structures correspond to energy 

minima with no imaginary frequencies were established. Figures 3.1 and 3.2 show the most 

relevant bond lengths and bond angles of the optimized structures of the studied molecules 

in the aqueous medium, respectively. However, studying of geometrical properties is not of 

our interest in this thesis. As can be shown in Figures 3.1 and 3.2, the geometrical structure 

of the parent molecule L1, that the bond lengths of C4-C5, N8-N9, and C10-C15 were 

slightly increased upon changing the medium from gas to aqueous. This change would aid 

increasing the area of compound. 

However, dihedral angel C4-N8-N9-C10 was closed to -180o when medium was changed 

from gas to aqueous, this is mean that compound closed to planar in aqueous medium. 

Compound that  has  planar  geometry  often  has  higher  inhibition due to increasing 

coverage degree on metal surface. The variation upon change the medium from gas phase 

to aqueous medium. Also, substituting the hydrogen atom by -CH3 and -OCH3 at o-, m- 

and p- position, with respect to the azo-group, to yield the molecules L2-L7 changes the 
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geometrical structures which are sometimes increased and sometimes decreased the bond 

lengths of the studied molecules. On the other hand, upon substitution process, the major 

change in the geometrical structure has been observed in the dihedral angles C4-N8-N9-

C10, which were closed to -180. This change is within the expected variation according to 

the type of the substituent groups -CH3, -OCH3 which have Inductive effect and resonance 

effect. 

Both methyl and methoxyl groups have +R effect but the inductive effect is +I and -I, 

respectively. Although the methyl group has +R, its effect is very slight as a result of 

hyperconjugation, leading to increase stability of compounds [61]. 
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Figure 3.1. Bond lengths in Å of L1L7 compounds in aqueous medium as predicted by 

B3LYP/6-311++G(d,p) level of theory.  
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Figure 3.2. Bending Angles in degrees () of L1L7 compounds in aqueous medium as 

predicted by B3LYP/6-311++G(d,p) level of theory. 
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3.1. Quantum chemical calculations  

3.1.1. Global Quantum Descriptors  

Quantum chemical descriptors are related to the electronic structure of organic materials 

and to the chemical mechanisms that are involved in covalent bond formation between 

them and the metal surfaces [62]. 

Among the most popular electronic structure parameters are those that play a prominent 

role in the Hard and Soft Acids and Bases (HSAB) theory of chemical reactivity [63]. On 

the basis of HSAB principle, the inhibitor acts as a Lewis base while the metal acts as a 

Lewis acid. These parameters are then used to estimate the bonding trend of various 

inhibitor molecules on metal surfaces and correspondingly the corrosion inhibition 

effectiveness.  

3.1.1.1.  EHOMO, ELUMO and Energy gap  
Frontier molecular orbital (FMO) theory is widely and extensively used to explain 

reactivities and stereo- and regioselectivities. The FMO theory assumes that the reaction 

rate of reaction is influenced by the energies of Highest Occupied Molecular Orbital 

(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) orbitals of the reactants 

[64].The analysis of HOMO and LUMO surfaces were carried out by the aid of 

GaussView05. The  B3LYP/6-311++G(d,p) level was used for this calculation.  These 

calculations are very important to detect the distribution of these frontier orbitals, their 

symmetry and the energy gab between them. According to DFT-Koopmans’ theorem [65], 

the ionization potential I can be approximated as the negative of the highest occupied 

molecular orbital (HOMO) energy I = - EHOMO , The negative of the lowest unoccupied 

molecular orbital (LUMO) energy is similarly related to the electron affinity A= - ELUMO.  

Figure 3.3 and 3.4 show the HOMO and LUMO surfaces of the non-protonated inhibitors 

under probe obtained at the B3LYP/6-311++G(d,p) level of theory in the aqueous medium. 

As can be seen in the figure, it is evident that the HOMO and LUMO distribute around 

amino nitrogen atom, the nitrogen atoms of the pyrazole ring and aromatic rings. In the 

case of the substituted methoxy compounds, the distribution of the surfaces is also shown 

around the oxygen atom of the methoxy group. Based on the HOMO and LUMO surfaces, 

one can say that the whole planar structure is the active center with several feasible 

adsorbed sites for the interaction. 
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Figure 3.3. Calculated highest occupied molecular orbital (HOMO) surfaces of non-

protonated inhibitor molecules using DFT/6-311++G(d,p) level of theory in aqueous 

medium. 
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Figure 3.4. Calculated lowest unoccupied molecular orbital (LUMO) surfaces of non-

protonated inhibitor molecules using DFT/6-311++G(d,p) level of theory in aqueous 

medium. 
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As it is known that molecular electrostatic potential (MEP) is related to the electronic 

density and is a very useful descriptor in understanding sites for electrophilic/ nucleophilic 

attack [66]. The electrostatic potential map of the studied molecules are shown in Figure 

3.5. The negative (red) regions of the MEP are related to nucleophilic reactivity and the 

positive (blue) regions to electrophilic reactivity. As can be seen from this figure, it is clear 

that more electron rich regions are mainly localized around the amino nitrogen atoms 

attached to the pyrazole ring and of the azo group.  

Previously, it was found that the inhibition efficiency of inhibitors has been found to 

correlate with the global quantum chemical parameters such as EHOMO, ELUMO, the energy 

gap between the LUMO and HOMO (Δ�gap=ELUMO-EHOMO) [22,24,29,41]. It was reported 

that using of quantum chemical calculations is a very important tool to establish useful 

correlation between molecular structure and corrosion inhibition efficiency. In consistent 

with Fukui’s theory, transition of electron is due to interaction between highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of reacting 

species. EHOMO is a quantum chemical parameter which is often associated with the 

electron donating ability of the molecule. Therefore, Obot et al. [67] reported that 

inhibitors with high values of EHOMO tend to donate electrons to a proper acceptor (metallic 

surface) with a low empty molecular orbital energy. In contrast, the ELUMO shows the 

ability of the molecule to accept electrons. The lower the value of ELUMO, the more 

probable it is that the molecule accepts electrons. Moreover, it was shown that the inhibitor 

does not only donate electron to the unoccupied d orbital of the metal surface but can also 

accept electron from the d orbital of the metal leading to the formation of a feed-back bond 

[68].   

Popova et al. [69] showed that the inhibition efficiency increases with the increasing 

EHOMO values. High EHOMO values indicate that the molecule tends to donate electrons to 

the appropriate acceptor molecules with a low energy empty molecular orbital. The lower 

value of ELUMO, suggests the molecule easily accepts electrons from the donor molecules.  
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Figure 3.5. Calculated electrostatic potential structures of non-protonated inhibitor 

molecules using DFT/6-311++G(d,p) level of theory in aqueous medium.   



29 
 

Table 3.1. Calculated total energies of the optimized structures (in hartree), EHOMO, ELUMO 
and the energy gap, DEgap, of the inhibitors under probe for both neutral and protonated 
forms both in the gas phase and the water phase 

Gas phase 

  non-protonated  Protonated 

 E EHOMO ELUMO DEgap  E EHOMO ELUMO DEgap 

L1 -677.63 -5.755 -2.051 3.704  -678.010 -9.549 -5.800 3.749 

L2 -716.953 -5.905 -2.056 3.849  -717.340 -9.413 -5.764 3.649 

L3 -716.954 -5.703 -2.004 3.699  -717.339 -9.359 -5.722 3.637 

L4 -716.954 -5.636 -1.968 3.668  -717.340 -9.256 -5.659 3.597 

L5 -792.180 -5.470 -1.944 3.526  -792.569 -9.033 -5.600 3.433 

L6 -792.183 -5.704 -1.977 3.727  -792.568 -8.886 -5.686 3.200 

L7 -792.183 -5.462 -1.896 3.566  -792.572 -8.824 -5.490 3.334 

Water phase 

  non-protonated  Protonated 

 E EHOMO ELUMO DEgap  E EHOMO ELUMO DEgap 

L1 -677.644 -5.859 -2.211 3.648  -678.050 -6.610 -3.045 3.565 

L2 -716.970 -5.805 -2.208 3.597  -717.377 -6.532 -3.035 3.497 

L3 -716.971 -5.825 -2.177 3.648  -717.380 -6.545 -3.019 3.526 

L4 -716.971 -5.769 -2.149 3.62  -717.379 -6.458 -2.978 3.480 

L5 -792.199 -5.682 -2.197 3.485  -792.607 -6.313 -2.986 3.327 

L6 -792.202 -5.856 -2.179 3.677  -792.609 -6.502 -3.032 3.470 

L7 -792.202 -5.619 -2.100 3.519  -792.611 -6.199 -2.907 3.292 
 

 

In this study, calculated EHOMO, ELUMO and the energy gap, DEgap, of the inhibitors under 

probe for both neutral and protonated forms both in the gas phase and the water phase are 

given in Table 3.1. It is evident from our results in Table 3.1 that inhibitors L7 and L5 have 

the highest EHOMO in the non-protonated form in both gas and aqueous media. For the 

protonated species, the picture is somewhat different. Our results show that the inhibitors 

L7 and L6 have the highest EHOMO in the protonated form in the gas phase, and the 

inhibitors L7 and L5 have the highest EHOMO values in the protonated form in the aqueous 

medium. This reflects that the electron-donating ability of Inhibitor L7 is strongest in either 

protonated or non-protonated in both gas phase and aqueous media. 

 

Based on our results of the EHOMO, the order of corrosion inhibition efficiency of the non-

protonated forms in the gas phase has the following trend: L7 > L5 > L4 > L3 > L6 > L1 > 

L2 and in the aqueous phase follows the order L7 > L5 > L4 > L2 > L3 > L6 > L1. 
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Whereas, the order of corrosion inhibition efficiency of the protonated forms in the gas 

phase has the following trend: L7 > L6 > L5 > L4 > L3 > L2 > L1, and in the aqueous 

medium can be arranged as follows: L7 > L5 > L4 > L6 > L2 > L3 > L1.  

As mentioned above, the ELUMO is directly related to the electron affinity and characterizes 

the susceptibility of the molecule towards attack by nucleophiles. As a result, the lower of 

ELUMO represents the stronger the electron accepting abilities of molecules. Reported 

results in related to Table 3.1 show, in all cases, that inhibitors L1 and L2 have the lowest 

ELUMO; thus, the interaction of iron with Inhibitor doesn’t depend on the case (protonated 

or non-protonated) and on the phase (gas or aqueous).  

The energy gap (∆Egap) is an important descriptor as a function of reactivity of the inhibitor 

molecule towards the adsorption on the metallic surface. It is well known that corrosion 

inhibitors with low values of the energy gap (DEgap) provide good inhibition efficiencies. 

This is due to that the excitation energy to remove an electron from the last occupied 

orbital will be low [70].  

Bereket et al. [71] showed that an excellent corrosion inhibitors are usually organic 

compounds which not only offer electrons to unoccupied orbital of the metal but also 

accept free electrons from the metal. It was also reported that a molecule with a low-energy 

gap is more polarizable and is generally associated with a high chemical reactivity and low 

kinetic stability, and is termed soft molecule [72]. Wang et al. [73] also pointed that 

adsorption of inhibitor onto a metallic surface occurs at the part of the molecule which has 

the greatest softness and lowest hardness.  

Our results in Tables 3.1 show, in all cases, that inhibitor L1 has the highest energy gap. 

The inhibitors L5 and L7 in their non-protonated and protonated forms in both gas and 

aqueous media have the lowest energy gap. It is also noticed that inhibitor L6 in its 

protonated form  in the gas phase only has the lowest energy gap among all the inhibitors 

under probe, and hence it could have a better inhibition performance on the iron surface as 

corrosion inhibitor in its protonated form and in gas phase only. Based on the energy gap 

discussion, one concludes that the inhibitive performance of the substituted methoxy 

compounds (Inhibitors L5, L7 and in some case L6) on the iron surface as corrosion 

inhibitor is more effective than the substituted methyl compounds (L2, L3 and L4) and the 

parent compound (L1).  
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Based on the above discussion and depending on the EHOMO, ELUMO and DEgap values given 

in Tables 3.1, the corrosion inhibition efficiency of the non-protonated species in gas phase 

as are arranged as: L5 > L7 > L4 > L3 > L1 > L6 > L2 and in aqueous phase as: L5 > L7 > 

L2 > L4 > L1 =L3 > L6. For protonated species in gas phase as: L6 > L7 > L5 > L4 > L3> 

L2 > L1 and in the aqueous medium as: L7 > L5 > L6 > L4 > L2 > L3 > L1.  

These results are almost in good agreement with the available experimental results [42]. 

However, from the results obtained for ELUMO of the non-protonated form in gas and 

aqueous phases the trend in the ELUMO does not correlate well in the experimentally 

determination inhibition efficiency. Already some authors claimed that LUMO energies of 

molecules may fail in terms of the explanation of their inhibition efficiencies. In such 

cases, calculated parameters from theoretical models may sometimes not be compatible 

with experimental results[74]. As mentioned above EHOMO, ELUMO energies calculated 

using various calculation levels are not compatible with experimental data. 

The energies of HOMO and LUMO for iron [75] are −7.9024 (eV) ,  −0.1510(eV) 

respectively, were compared to the values calculated for the pyrazoles compounds to 

determine the type of the interaction. LUMO–HOMO gaps for the interaction iron–

inhibitors are given in Table 3.2. From Table 3.2, it can be seen that the inhibitors L1, L2, 

L3, L4, L5, L6, L7 act as a Lewis base while iron will act as a Lewis acid. So inhibitors 

L1, L2, L3, L4, L5, L6, L7 will utilize the HOMO orbital to initiate the reaction with the 

LUMO orbital of iron. The interaction will have a certain amount of ionic character 

because the values of the LUMOFe–HOMOinh gap approximately fall between 5 and 6 eV 

[76]. A strong covalent bond can be expected only if the LUMOFe–HOMOinh gap is 

approximately zero [77]. Thus almost L1,L2, L3, L4, L5, L6, L7 act as anodic inhibitors. 

Table 3.2. HOMO–LUMO gap interaction of iron-inhibitor in aqueous medium by the DFT 
method. 
 

  LUMOinh-HOMOFe LUMOFe-HOMOinh 

L1 5.691 5.708 
L2 5.694 5.654 
L3 5.725 5.674 
L4 5.753 5.618 
L5 5.706 5.531 
L6 5.724 5.705 
L7 5.803 5.468 
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3.1.1.2. Chemical Potential and Electronegativity 
Density functional theory (DFT) has been found to be successful in providing insight into 

chemical reactivity and selectivity, in terms of global molecular properties, such as 

electronegativity(c) and chemical potential (m) [78]. Thus, for an N-electron system with 

total electronic energy (E) and an external potential v(r); the chemical potential (m), which 

is also the negative of the electronegativity (c), has been defined as the first derivative of 

the E with respect to N at constant v(r) [79] (Eq. 3.1.): 

c =  −m =  − �
∂E

∂N
�

�(�)
 

 (3.1)

 

In accordance with the earlier work of Iczkowski and Margrave [80], it should be noted 

that, when assuming a quadratic relationship between E and N and in a finite difference 

approximation, c may be written as (Eqs. (3.2)  and (3.3)): 

c  = �
I + A

2
� 

 (3.2) 

c =  − �
E����  + E����

2
� 

 (3.3) 

 

Where I and A are the ionization potential and electron affinity, respectively, thereby 

recovering the electronegativity definition of Mulliken [81]. Moreover, a theoretical 

justification was provided for Sanderson’s principle of electronegativity equalization, 

which states that when two or more atoms come together to form a molecule, their 

electronegativities become adjusted to the same intermediate value [82]. The calculated 

Ionization potential (-EHOMO), electron affinity (-ELUMO), electronegativity (c), and 

chemical potential, m, of the studied non-protonated and protonated inhibitors in both the 

gas phase and the aqueous medium are given in Table 3.3.  
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Table 3.3. Ionization potential (I) in eV, Electron affinity (A) in eV, electronegativity (c)in 
eV, and chemical potential (m)in eV of  the inhibitors under study. 

species 
Gas phase  Water phase 

I A c m  I A c m

 non-protonated 

L1 5.755 2.051 3.903 -3.903  5.859 2.211 4.035 -4.035 

L2 5.905 2.056 3.981 -3.981  5.805 2.208 4.006 -4.006 

L3 5.703 2.004 3.853 -3.853  5.825 2.177 4.001 -4.001 

L4 5.636 1.968 3.802 -3.802  5.769 2.149 3.959 -3.959 

L5 5.470 1.944 3.707 -3.707  5.682 2.197 3.940 -3.940 

L6 5.704 1.977 3.840 -3.840  5.856 2.179 4.017 -4.017 

L7 5.462 1.896 3.679 -3.679  5.619 2.100 3.859 -3.859 

                Protonated 
L1 9.549 5.800 7.675 -7.675  6.610 3.045 4.827 -4.827 

L2 9.413 5.764 7.589 -7.589  6.532 3.035 4.784 -4.784 

L3 9.359 5.722 7.541 -7.541  6.545 3.019 4.782 -4.782 

L4 9.256 5.659 7.458 -7.458  6.458 2.978 4.718 -4.718 

L5 9.033 5.600 7.317 -7.317  6.313 2.986 4.650 -4.650 

L6 8.886 5.686 7.286 -7.286  6.502 3.032 4.767 -4.767 

L7 8.824 5.490 7.157 -7.157  6.199 2.907 4.553 -4.553 

 

It is known that Ionization potential (-EHOMO) is a fundamental descriptor of the chemical 

reactivity of atoms and molecules. It is defined as the amount of energy required to remove 

an electron from a molecule. The lower the ionization potential the easier it is to remove an 

electron from a molecule. Consequently, high Ionization energy can be considered as an 

indication of the high stability and chemical inertness. Whereas,  a small Ionization energy 

gives an indication for the high reactivity of the atoms and molecules [83]. 

The ionization energy values of the studied inhibitor in their neutral and protonated forms 

in the gas phase and in the aqueous medium are presented in Table 3.3. According to our 

results, the lowest ionization energies is found for the inhibitor L7, which indicates the 

high inhibition efficiency among all the studied inhibitors. These results are highly 

compatible with the experimental data [42]. 

A good corrosion inhibitor has low electronegativity value. The obtained results in Table 

3.3 show that the electronegativity values of the studied molecules are larger in the 

protonated aqueous medium than those reported for the neutral species in gas phase.  
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Table 3.3 shows the order of electronegativity of the non-protonated studied inhibitors in 

the gas phase as L1 > L2 > L3 > L6 > L4 > L5 > L7. Hence an increase in the difference of 

electronegativity between the metal and the inhibitor is observed in the order L1 > L2 > L3 

> L6 > L4 > L5 > L7, while in the aqueous medium, some change in the order is observed 

and the order as: L1 > L6 > L2 > L3 > L4 > L5 > L7. Again L7 is the most effective 

corrosion inhibitors followed by L5.  

For the protonated species, and based on the results of Table 3.3 the order of the 

electronegativity is followed the trend L1 > L2 > L3 > L4 > L5 > L6 > L7 and  L1 > L2 > 

L3 > L6 > L4 > L5 > L7 in the gas phase and aqueous medium, respectively. These results 

also confirmed that inhibitor L7 is the most effective inhibitor among all the inhibitors 

under probe. In consistent with the Sanderson’s electronegativity equalization principle 

[84] L7 with a low electronegativity and high difference of electronegativity and hence 

high reactivity is expected which in turn indicates high inhibition efficiency. The same 

discusiion can be in turn conisdered for the chemical potential. 

3.1.1.3.  Hardness and Softness (): 
Hardness measures the resistance of an atom to a charge transfer [85 ] and it was estimated 

by Eq 3.4 : 

h = �
E���� − E����

2
� 

 (3.4)

The relationship between the hardness and the HOMO–LUMO gap is physically clear. It is 

apparent that the more stable molecular structure has the largest HOMO–LUMO energy 

gap [86]. Therefore, an electronic system with a larger HOMO–LUMO gap should be less 

reactive than one having a smaller gap.  

Lower values of the energy difference will render good inhibition efficiency, because the 

energy to remove an electron from the last occupied orbital for donation to the unoccupied 

d orbitals of the metal will be low [87]. This relationship is based on the Maximum 

Hardness Principle [88], which states that ‘there seems to be a rule of nature that molecules 

arrange themselves so as to be as hard as possible’. This principle is among the most 

widely accepted electronic principles of chemical reactivity and a formal proof of this 

principle was given by Parrand Chattaraj [89]. 



35 
 

The global hardness describes the capacity of an atom or group of atoms to receive 

electrons[90], was estimated by using the Eq 3.5 : 

σ =
1

h
=  �

2

E���� − E����
� 

 

 

(3.5)

Based on the hard and soft theory (HAST), it was reported that Chemical hardness (global 

hardness) and softness parameter are related to the description of the hard and soft 

acid/base through the acid-base theory [91] Obi-Egbedi et al. [92] reported that the global 

chemical hardness, h, and its physically inverse value, the global softness (), 

fundamentally signifies the resistance towards the deformation or polarization of the 

electro clouds of atoms, ions or molecules under small perturbation of chemical reaction.  

On other words, a hard molecule has the least tendency to react while a soft molecule has 

high tendency to react. A hard molecule has a large energy gap and soft molecule has a 

small energy gap. Additionally, adsorption of inhibitor onto a metallic surface occurs at the 

part of a molecule which has the greatest softness and lowest hardness.  

The results obtained for the chemical hardness and chemical softness descriptors during the 

course of this study in both the gas phase and aqueous medium for the neutral and 

protonated inhibitors, respectively, are given in Table 3.4.  

Table 3.4. Hardness (h in eV) and softness ( in eV-1) of the studied inhibitors.   

species 

non-protonated   Protonated 

Gas phase  water phase  Gas phase  water phase 

h   h   h   h 

L1 1.852 0.540  1.824 0.548  1.874 0.534  1.783 0.561 

L2 1.924 0.520  1.798 0.556  1.825 0.548  1.748 0.572 

L3 1.850 0.541  1.824 0.548  1.819 0.550  1.763 0.567 

L4 1.834 0.545  1.810 0.552  1.798 0.556  1.74 0.575 

L5 1.763 0.567  1.743 0.574  1.716 0.583  1.663 0.601 

L6 1.864 0.537  1.838 0.544  1.600 0.625  1.735 0.576 

L7 1.783 0.561   1.760 0.568   1.667 0.600   1.646 0.608 

 

The calculations indicate that L1 have the highest hardness among all the inhibitors under 

probe. It was pointed out that, the inhibitor with the least value of global hardness (hence 

the highest value of global softness) is expected to have the highest inhibition efficiency 

[93]. From our study, the following corrosion inhibition efficiency for neutral species may 
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be expected: L7> L5> L4> L6> L3> L2> L1 (in gas phase) and L5> L 7> L2> L4> L3 > 

L6> L1 (in aqueous medium), While for the protonated species, the ranking is as follows: 

L6 > L7 >L5 > L4 > L3 > L2 > L1 (in gas phase) and L7 > L5 > L6 > L4 > L2 > L3 > L1 

(in aqueous medium). These results are highly compatible with the experimental data. 

3.1.1.4.  Electrophilicity and Nucleophilicity: 
Recently, a new global chemical reactivity parameter has been introduced [94], called an 

electrophilicity index (w). It is defined as (Eq. (3.6)). 

w =
m�

2h
 =

c�

2h
 

 (3.6) 

According to the definition, this index measures the propensity of chemical species to 

accept electrons. The higher the value of w, the higher the capacity of the molecule to 

accept electrons. Thus, a good nucleophile is characterized by low values of m and w; and, 

otherwise, a good electrophile is characterized by high values of m and w. 

Nucleophilicity (ε) is physically the inverse of the electrophilicity as is given in the 

equation below (Eq. (3.7)). 

e =
1

w
 

 (3.7) 

Electrophilicity and nucleophilicity for protonated and non protonated inhibitors in both 

gas phase and aqueous medium are presented in Table 3.5.  

Table 3.5. Eletrophilicity (w in eV)) and Nucleophilicity (e in eV-1) of the studied inhibitors.   

species 

non-protonated   Protonated 

Gas phase  water phase  Gas phase  water phase 

w e   w e   w e   w e

L1 4.112 0.243  4.463 0.224  15.713 0.064  6.536 0.153 

L2 4.117 0.243  4.463 0.224  15.782 0.063  6.545 0.153 

L3 4.013 0.249  4.388 0.228  15.634 0.064  6.484 0.154 

L4 3.94 0.254  4.330 0.231  15.465 0.065  6.395 0.156 

L5 3.898 0.257  4.453 0.225  15.597 0.064  6.499 0.154 

L6 3.957 0.253  4.389 0.228  16.593 0.060  6.549 0.153 

L7 3.795 0.264  4.232 0.236  15.366 0.065  6.298 0.159 

 

The global electrophilicity, w, and the global nucleophilicity, e, which is physically the 

inverse of the electrophiliicty (w), are very important descriptors in determining the 
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inhibitor effectiveness in the corrosion of the metallic Fe. It is important to mention that 

electrophilicity is an index which measures the propensity of chemical specie to accept 

electrons. The higher the value of w, the higher the capacity of the molecule to accept  

electrons. Thus, a good nucleophile is characterized by low values of µ and w; whereas a  

good electrophile is characterized by high values of µ and w. According to Table 3.5, it is 

evident that the molecules having low nucleophilicty values are good electrophiles. Based 

on these results given in Table 3.5, the inhibitor L7 has the highest e and lowest w which in 

turn indicates a high inhibition efficiency.  

3.1.1.5.  The fraction of electrons transferred (DN)  
According to Pearson [95], the fraction of electrons transferred from the inhibitor molecule 

to the metallic surface is given by (Eq (3.8)).  

∆N =
c

��
− c

���

�2�h
��

+ h
���

��
  (3.8)

 

Herein,  χFe  and  χinh  represent  the  absolute electronegativity  of  iron  and  the  inhibitor  

molecule, respectively,  ηFe  and  ηinh represent the absolute hardness of  iron  and  the  

inhibitor  molecule.  Thus for the reaction of two systems with different electronegativities 

(as for a metallic surface and an inhibitor molecule), the following mechanism will take 

place: the electronic flow will occur from the molecule with the lower electronegativity 

(inhibitor molecule) toward that of a higher value (metallic surface), until the chemical 

potentials are the same. In order to calculate the transfer of electrons between iron and 

inhibitor molecule, for example, a theoretical value of 7 eV for the electronegativity of 

bulk iron cFe [96] and a global hardness hFe=0 are commonly used, by assuming that for a 

bulk metal I = A. It should be noted that the DN values do not indicate exactly the number 

of electrons leaving the donor and entering the acceptor molecule. The expression 

‘‘electron donating ability’’ has been suggested to be more adequate than ‘‘number of 

electron transferred’’. According to Lukovits, if DN < 3.6, the inhibition efficiency of 

organic inhibitor increases with increasing electron donating ability at the metal surface 

[97]. The number of electrons transferred (DNmax) of the compounds under probe were 

calculated for the neutral and protonated in the gas phase and in aqueous medium are 

tabulated in Table 3.6  
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It was pointed out that the positive number of electrons transferred (∆N) indicates that the 

molecules act as  an electron donors, while a negative number of electrons transferred (∆N) 

indicates that the molecules act as electron acceptor. Hence, the inhibition efficiency 

increases with increasing electron donating ability of these inhibitors to the metal surface. 

According to  Lukovits et al, if  DN<3.6, the inhibition efficiency increases with increasing 

electron donating ability at the metal surface. In this study, our molecules under probe 

possess charge transfer abilities towards mild steel. The value of DNmax < 3.6 eV indicates 

the tendency of a molecule to donate electrons to the metal surface.  

Table 3.6. The fraction of electrons transferred DNmax (eV) of the studied inhibitors. 

  Non-protonated   Protonated 

Species Gas Water   Gas Water 

L1 0.836 0.813  -0.18 0.609 

L2 0.785 0.832  -0.161 0.634 

L3 0.851 0.822  -0.149 0.629 

L4 0.872 0.84  -0.127 0.656 

L5 0.934 0.878  -0.092 0.706 

L6 0.848 0.811  -0.089 0.643 

L7 0.931 0.892   -0.047 0.744 

 

Our results revealed that the molecules under probe act as electron donors, except those of 

protonated in gas phase, which act as electron acceptor. The inhibition effieincy of the non-

protonated species in the gas phase has the following trend: L5 > L7 > L4 > L3 > L6 > L1 

> L2 and in the aqueous medium has the trend: L7 > L5 > L4 > L3 >  L2 > L1 > L6; 

whereas the results of the protonated species has the following trends: L7 > L6 > L5 > L4 

> L3 >  L2 > L1 and L7 > L5 > L4 >L6 >  L2 >  L3 > L1 in the gas phase and aqueous 

medium, respectively.  In general, one concludes that the result in acidic medium indicates, 

in both the gas phase and the aqueous medium, that the highest fraction of electrons 

transferred, DNmax, is associated with Inhibitor (L7), while the least fraction is associated 

with the inhibitor that has the least inhibition efficiency (L1). 

 

 



39 
 

3.1.1.6.  Initial molecule–metal interaction energy(DY) 
Another important property is the initial molecule–metal interaction energy (D), 

which has been calculated by Sastri and Perumareddi [98] using (Eq.(3.9)). 

DY = −
(c

��
− c

���
)�

4(h
��

+ h
���

)
 

 (3.9)  

 

We have calculated the D  for all the investigated species in their non-protonated and 

protonated forms. The results are gathered in Table 3.7. According to the results, the trend 

in molecule-metal interaction strength in the aqueous medium of the non-protonated 

species, (D), is L7 > L5 > L4 > L2 > L3 > L6 > L1 

Table 3.7. The initial molecule-metal interaction energy, D (eV), of the studied 

compounds  

  Non-protonated   Protonated 

Species Gas Water   Gas Water 

L1 -1.295 -1.205  -0.061 -0.662 

L2 -1.184 -1.246  -0.048 -0.702 

L3 -1.338 -1.233  -0.04 -0.698 

L4 -1.394 -1.277  -0.029 -0.748 

L5 -1.538 -1.343  -0.015 -0.83 

L6 -1.339 -1.21  -0.013 -0.718 

L7 -1.546 -1.401   -0.004 -0.909 

 

Moreover, inhibitor L7 has the largest the initial molecule-metal interaction energy (D), 

followed by inhibitor L5; whereas, the inhibitor L1 has the smallest value. On the other 

hand and in the acidic aqueous medium (Table 3.7) the initial molecule-metal interaction 

energy (D) of the studied inhibitors are arranged as follows:  L7 > L5 > L4 > L6 > L2 > 

L3 > L1. It is evident from these results that inhibitor L7 has also the largest the initial 

molecule-metal interaction energy (D), followed by inhibitor L5; whereas, the inhibitor 

L1 has the smallest value. 
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3.1.1.7.  Energy change for donation and back donation of charges: 
 

It is also important to consider the situation where a molecule receives a certain amount of 

charge at some center and then back-donates charge through the same center or through 

another one. To describe the energy change associated with these two processes, Gomez et 

al. [99], introduced the second order, simple charge transfer formula. This formula is 

regarded as a two-parameter expression, in which the donation and back-donation 

processes are differentiated through the use of the values of the chemical potential for each 

case, while the hardness is fixed to the value of  h = (m+ - m- ) in both situations, where m+ 

and m-  are the chemical potentials for the donation and back-donation processes, 

respectively. Thus, when the molecule receives a certain amount of charge, DN+: (Eq. 3.10) 

DE� =  m� DN� +
1

2
h(DN�) � 

 (3.10) 

whereas when the molecule back-donates a certain amount of charge, DN-  , then: 

DE� =  m� DN� +
1

2
h(DN�) � 

 (3.11) 

 

If the total energy (DEb-d) change is approximated by the sum of the contributions of Eqs. 

(3.10) and (3.11), and assuming that the amount of charge back-donation is equal to the 

amount of charge received, DN-  = -DN+, then; (Eq. 3.12) 

DEb-d = DE+ +DE- = (m+ - m- )DN + + h(DN+) 2  (3.12)

The most favorable situation corresponds to the case when the total energy change (DEb-d) 

becomes a minimum with respect to DN +, which implies that  DN + = -(m+ - m- )/2h  and 

that; 

DE��� =
−(m� − m�)�

4h
= −

h

4
 

 (3.13) 

According to Eq. (3.13), an electronic back-donation process might occur that governs the 

interaction between the organic inhibitor and the metal surface. The relation also shows 

that, if both processes occur, namely charge transfer to the molecule and back-donation 

from the metal surface, the energy change is directly proportional to the hardness of the 

molecule. 
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Based on this concept, if both the electron transfer to the molecule and back-donation from 

the molecule occurs simultaneously, the energy change is directly proportional to the 

hardness of the molecule. The ΔEback-donation (ΔEb-d) implies that when η > 0 and ΔEb-d < 0 

the charge transfer to a molecule, followed by a back-donation from the molecule, is 

energetically favored. In this context, hence, it is possible to compare the stabilization 

among inhibiting molecules, since there will be an interaction with the same metal, then, it 

is expected that it will decrease as the hardness increases. If it is assumed that the 

inhibition efficiency should increase when there is a better adsorption of the molecule on 

the metal surface, then the inhibition efficiency should increase when the stabilization 

energy that results from the interaction between the metal surface and inhibitor increases.  

According to our results given in Table 3.8, as expected and in agreement with the 

experimental results, [42] the calculated ΔEb-d exhibit the tendency: L5 > L7 > L4 > L3 >  

L1 > L6 > L2 (for non-protonated in gas phase), L5 > L7 > L2 > L4 > L3 > L1 > L6 (for 

non-protonated in water), L6 > L7 > L5 > L4 > L3 > L2>  L1 (for protonated in gas phase) 

and L7 > L5 > L6 > L4 > L2 > L3 >  L1 (for protonated in water).  

Table 3.8. The energy of back donation, DEb-d, (eV) of the studied inhibitors. 

  Non-protonated   Protonated 

Species Gas Water   Gas Water 

L1 -0.463 -0.456  -0.469 -0.446 

L2 -0.481 -0.450  -0.456 -0.437 

L3 -0.462 -0.456  -0.455 -0.441 

L4 -0.459 -0.453  -0.450 -0.435 

L5 -0.441 -0.436  -0.429 -0.416 

L6 -0.466 -0.460  -0.400 -0.434 

L7 -0.446 -0.440   -0.417 -0.411 

 

3.1.1.8.  Dipole moment 
 

The dipole moment is the most widely used quantity for describing the polarity of a 

molecule. It is a measure of polarity of a polar covalent bond, and is defined as the product 

of charge on the atoms and the distance between the two bonded atoms. This arrangement 

of charges is represented by a vector, m The magnitude of m is [100]: m =qR   where q 

represents the charge and R is the distance. The SI unit for dipole moment is coulomb 

meter (Cm), but it is still commonly reported in the non-SI unit, debye, D, named after 
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Peter Debye, a pioneer in the study of dipole moments of molecules, where 1D = 3.33564 

x10-30 Cm. Obot, et al. [101] found a high correlation (0.999) between dipole moment and 

corrosion inhibition efficiency, the highest value of dipole moment, also has the highest 

inhibition efficiency. The total dipole moment, however, reflects only the global polarity of 

a molecule. For a complete molecule the total molecular dipole moment may be 

approximated as the vector sum of individual bond dipole moments.  

Recently, It was pointed out by some authors that the dipole moment is another important 

electronic parameter, used for the prediction of the direction of a corrosion inhibition 

process. It gives information on the polarity (hydrophobicity) in a bond of a molecule and 

therefore the electron distribution in the molecule [102,103]. 

Based on the idea that as the dipole moment value increases, the electron transport process 

becomes more easier, the dipole moments of the studied pyrazoles derivatives have been 

calculated and presented in Table 3.9.  

Table 3.9. The dipole moments (Debye) of the studied inhibitors. 

 non-protonated  Protonated 

 Gas water  Gas Water 

L1 2.372 3.781  9.148 12.075 

L2 2.708 4.347  9.677 12.686 

L3 2.616 4.177  10.169 13.01 

L4 2.203 3.503  9.91 12.95 

L5 3.702 5.291  8.597 11.293 

L6 2.124 3.198  10.927 13.195 

L7 1.095 1.841  10.232 13.573 

 

In the mentioned table, the dipole moment values calculated for studied pyrazoles 

derivatives in gas phase and aqueous phase are also presented for the non-protonated and 

protonated species, respectively, are presented.  It is well known that the adsorption of high 

polar compounds possessing high dipole moment on the metal surface should lead to better 

inhibition.  

It can be seen from Table 3.9, the dipole moments of the neutral species in both gas phase 

and aqueous medium have the following order: L5 > L2 > L3 > L1 > L4 > L6 > L7. 

Whereas, the dipole moment trend in the case of the protonated species in the gas phase 
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 and aqueous medium is as follow: L7 > L6 > L5 > L4 > L3 > L2 > L1 and L7 > L6 > L3 > 

L4 > L2 > L1 > L5, respectively. These results and especially those obtained for the 

protonated species in the gas phase and aqueous phase are highly compatible with 

experiments. In the literature also there is a lack of agreement on the correlation between 

the dipole moment and inhibition efficiency [104,105] From this perspective, our 

calculations can be considered a new support for the relation between dipole moment and 

inhibition efficiency.  

3.1.1.9.  Total natural charge (Qtotal):  
Another parameter that was considered is the total negative charge (Qtotal) that can give us 

valuable information about the reactive behavior of the studied inhibitors. It is obtained by 

summing up all the negative charges within a molecule [106,107]  The Qtotal of all non-

hydrogen atoms in pyrazole derivatives represents the amount of charge carried by all non-

hydrogen atoms of the molecule. A larger total charge indicates a greater tendency for the 

molecule to be adsorbed on a metal surface [108]. The Qtotal has been calculated by the 

summation of the natural population analysis obtained via a NBO single point calculation 

procedure. The results are tabulated in Table 3.10.  

A comparison of the sum of the Qtotal across structures shows that it follows the order;  L6 

> L7 > L5 > L3 > L2 > L4 > L1 (for the neutral species) and L6 > L7 > L5 > L2 > L3 > L4 

> L1 (for the protonated species). These results are in a good consistent with the analysis 

of the quantum global descriptors mentioned previously. The trend in the total negative 

charge is also in a good line with the trend in the experimentally obtained inhibition 

efficiencies of the inhibitors [42]. 

3.1.1.10. Polarizability  
 

The electric dipole polarizability (α) is a measurement of the linear response of the electron 

density in the presence of an infinitesimal electric field F and it describes a second order 

variation in energy (Eq. 3.14): 

a = − �
∂�E

∂�F� ∂�F�
�      a, b = x, y, z 

(3.14) 
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The polarizability (α) is calculated as the mean value as it is expressed in through the 

following equation Eq. (3.15): 

a =
1

3
(a�� + a�� + a��) 

(3.15)

It was discovered that polarizabilities are inversely proportional to the third power of the 

hardness values [109,110] On the basis of this fact, the minimum polarizability principle 

(MPP) has been suggested [111] with respect to this point, ‘the natural direction of 

evolution of any system is towards a state of minimum polarizability, a theoretical proof of 

such a principle does not exist.  

Previous studies showed that the polarizability has a significant role in the corrosion 

inhibition course [112]. The inhibitor with a higher value of polarizability is well adsorbed 

on a metal surface. As it was mentioned above, polarizability is the ratio of induced dipole 

moment to the intensity of the electric field. The induced dipole moment is proportional to 

polarizability [113], Some struggles have been made to connect the polarizability of 

corrosion inhibitors to their inhibition efficiency. The polarizabilities were evaluated using 

Eq. (3.15) and reported in Table 3.10 for the seven pyrazole derivatives under 

consideration.  

Table 3.10. Calculated polarizability (a in bohr3), molar volume (MV in cm3/mol) and total 
natural negative charge, (Qtotal) of the non-protonated and protonated pyrazole derivatives 
under investigation in the aqueous medium. 

Species 
a MV Qtotal   a MV Qtotal 

Neutral  Protonated 

L1 257.54 137.046 -4.011  243.88 156.453 -3.733 

L2 276.63 166.196 -4.425  263.53 174.416 -4.156 

L3 276.52 173.278 -4.432  263.43 167.157 -4.155 

L4 279.77 166.254 -4.411  269.39 159.587 -4.145 

L5 287.26 138.666 -4.645  275.29 191.526 -4.394 

L6 281.76 175.321 -4.707  268.41 187.347 -4.427 

L7 290.29 187.08 -4.648   286.13 169.077 -4.405 

 

The polarizabilities of the studied inhibitor in their neutral and protonated forms in the 

aqueous medium are presented in Table 3.10. As can be seen, the trend for the variation of 

polarizability follows: L7 > L5 > L6 > L4 > L2 > L3 > L1 (for the neutral species) and L7 

> L5 > L4 > L6 > L2 > L3 > L1 (for the protonated species) . These data reveal that the 



45 
 

trend of increasing inhibition efficiencies of the inhibitors with respect to the enhancement 

of polarizability is consistent well with the order of the experimental inhibition efficiencies 

results. 

3.1.1.11. Molecular volume 
 

Molecular volume (MV) illustrates possible metal surface coverage by the inhibitor. The 

compound that has large MV value has the highest surface coverage and hence might give 

a very large protection to the metal surface. The results of the molecular volume of the 

neutral and protonated forms of the studied inhibitors in the aqueous medium are also 

summarized in Table 3.10. According to Table 3.10, the MV values across inhibitors 

shows the order L7 > L6 >  L3 > L4 > L2 > L5 > L1 (for the neutral species) and L5 > L6 

> L2 > L7 > L3 > L4 > L1 (for the protonated species). The trend in the MV values of the 

neutral species is moderately compatible with the experimentally determined inhibition 

efficiencies.  

3.1.1.12. Proton affinity 
 

Proton affinity (PA) is a measure of the basicity and provides important clues about 

electron donating or accepting abilities of chemical compounds. The basicity of a molecule 

increases with increasing of its proton affinity. Because of the presence of heteroatoms like 

oxygen and nitrogen, pyrazole derivatives exhibit high tendency to protonation in acidic 

media and aqueous solution. For that reason, the analysis of protonated forms of the 

studied molecules is required to predict proton affinities of their neutral forms . The 

calculated proton affinity values of studied pyrazole derivatives in gas phase and aqueous 

solution are presented in Table 3.11.  

The proton affinity values indicate that all these inhibitors are moderately basic and they 

almost have the same proton affinity. Therefore, it is difficult to get a suitable efficiency 

trend.  According to the proton affinity values calculated in the aqueous medium and 

presented in Table 3.11, one may extract the following inhibition efficiencies of studied 

compounds as follows: L7 > L5 > L4 > L2 > L3 > L1 > L6.  
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Table. 3.11. The proton affinities (kcal/mol) of the species under probe calculated at the 
B3LYP6-311++G(d,p) level of theory in gas phase and in the aqueous medium. 

Species Gas Water 

L1 233.28 -28.42 

L2 233.84 -28.23 

L3 234.23 -28.28 

L4 197.94 -27.74 

L5 237.38 -27.36 

L6 234.47 -28.54 

L7 237.16 -27.12 

 

In summary and according to our results and especially in the aqueous medium, we can 

explore that proton affinity can be used as an indication for the corrosion inhibition 

effectiveness. However, the results are not highly compatible with the experimental results.      

3.1.1.13. Summary 
 

In summary, a comparison of the molecular properties between the protonated and the non-

protonated species of the individual structures shows that the protonated form has the 

lowest EHOMO. It suggests that protonation decreases the tendency of an inhibitor to donate 

electrons. This phenomenon may be explained as follows; the protonation of a molecule 

results in increasing nuclear charge so that the nuclear charge pulls more strongly on the 

outer electrons. As a result the ionization energy (i.e., the energy required to remove an 

electron) is higher in the protonated species than in the non-protonated species. Since the 

energy of the HOMO is related to the ionization energy (I) through the equation EHOMO = 

I, an increase in the ionization energy implies a lower EHOMO value. The ELUMO value is 

lowest for protonated species, suggesting that protonation increases the tendency of an 

inhibitor to accept electrons.  

The protonated species also has the smallest ∆E value, indicating that for each structure the 

protonated species is the most reactive form. The protonated form also has the lowest 

hardness and the highest softness values [114]. 
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3.2. Local reactivity Descriptors: 

3.2.1. Overview of Fukui functions 
 

Evaluation of the Fukui functions has been used to analyze the local reactivity of the 

molecules . These indices are used as a measure of the chemical reactivity and an 

indicative of the reactive regions, that is, the nucleophilic and electrophilic behavior of the 

molecule. It is important to mention that the condensed Fukui function  is  local  reactivity  

descriptor  and  can  be  used only  for comparing  reactive  atomic  centers  within  the 

same  molecule.  Yang and Parr calculated the Fukui indices based on the finite difference 

approximations and partitioning of the electron density (�) between atoms in a molecular 

system [115].Yang and Mortier [116] defined the Fukui function as the first derivative of 

the electronic density (�) of a system with respect to the number of electrons N at a 

constant external potential (r) as given (Eq.(3.16)). 
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 (3.16) 

Roy et al. [117] defined the electrophilic and nucleophilic Fukui functions for a site k in a 

molecule by using left and right derivatives with respect to the number of electrons as 

expressed via Eqs. (3.17) and (3.18). 

        )()1()( NNrf kkk   ,  For nucleophilic attack 

 
(3.17) 

      )1()()(  NNrf kkk  ,  For electrophilic attack and  (3.18) 

 

Where k(N), k(N-1) and k(N+1) are the gross electronic populations of the site k in  neutral, 

cationic and anionic system, respectively.  

The preferred site for nucleophilic attack is the atom or region in the molecule where the 

value of f + is the highest while the preferred site for electrophilic attack is the atom or 

region in  the  molecule  where  the  value  of  f - is  the  highest [118].  Condensed Fukui 

indices (f- and f+) analysis of the reactive regions are very useful in characterizing organic 

adsorbates[119]. 

As it is known, the concept of generalized philicity have been introduced by Chattaraj et 

al.[120] which contains almost all information about known different global and local 
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reactivity and selectivity descriptors, in addition to the information regarding 

electrophilic/nucleophilic power of a given atomic site in a molecule. Chattaraj et al. 

defined a local quantity called philicity associated with a site k in a molecule with the help 

of the corresponding condensed- to- atom variants of Fukui function, a
kf as in Eq. (3.19). 

      aa ww kk f


 (3.19) 

where 0) and - ,( a corresponds to local philic quantities describing nucleophilic, 

electrophilic and radical attacks, respectively. Based on Eq. (2.18), the highest 
kw

corresponds to the most electrophilic site in a molecule. In addition, Lee et al. [121] 

proposed different local softness, which can be used to describe the reactivity of atoms in 

molecules, which can be defined as in Eq. (3.20). 

     aa  kk f
 
 (3.20) 

where 0) and - ,( a represents local softness quantities describing nucleophilic,  

electrophilic and radical attacks respectively. Recently, Toro-Labbé et al. [122] proposed a 

dual descriptor (Δf(k)), which is defined as the difference between the nucleophilic and 

electrophilic Fukui functions and is given by Eq. (3.21), 

 
 D kk ffkf )(  (3.21) 

If Δf(r) > 0, then the site is favored for a nucleophilic attack, whereas if Δf (r) < 0, then the 

site may be favored for an electrophilic attack. Likewise, the associated dual local softness 

have also been defined as expressed in (Eq. (3.22)), [123] 

 kkkk fDD    (3.22) 

It is also defined as the condensed version of Δfk multiplied by the global softness . 

Very recently, the multiphilic descriptor, Dw(r), is defined as the difference between the 

nucleophilic and electrophilic condensed philicity functions according to Toro-Labbé et al. 

[124] This parameter may be used as an index of selectivity towards nucleophilic attack, 

which can as well characterize an electrophilic attack and is given by (Eq. (3.23)). [125] 

    DD wwww kk f  (3.23) 

 

If Δωk > 0, then the site k is favored for a nucleophilic attack, whereas if Δωk< 0, then the site 

k may be favored for an electrophilic attack. Fukui indices are computed using different 

NPA (natural population analysis) [126,127].  
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The NBO population natural charges for q(N), q(N+1) and q(N-1) species over the 

nitrogen (N), oxygen (O), and carbon atoms of the studied inhibitors are presented in 

Appendix Tables AT1-AT3.  

3.2.2. Local Fukui Functions, local softness and local elctrophilicty: 
 

The local reactivity is analyzed by means of the condensed Fukui function, which was 

applied to distinguish the chemical behavior of each atom of the investigated inhibitors 

with different substituting groups. In order to have a wider knowledge about the local 

reactivity of the pyrazole derivatives, the Fukui indices for each one of the atoms in the 

molecules have been calculated at the B3LYP/6-31++G level of theory in gas phase. It is 

well known that an analysis of the Fukui indices along with the distribution of charges and 

the global descriptors provides a more complete scheme of the reactivity of the moleculae 

under probe[128].  

To complete the picture, the local softness (), local electrophilicity (w) and the dual 

descriptors (Df, D and Dw) have been also calculated for each atoms in the studied 

molecules. To simplify the presentation of the results, the most important results of the 

Fukui functions of the studied inhibitors (L1-L7) are summarized in Tables 3.12. All the 

values of the Fukui indices are given in Appendix Tables AT1-AT7. 
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Table 3.12. The condensed Fukui functions, electrophilic centers (f+) and nucleophilic 
centers (f-), The local softness  and local electrophilicity w of the studied inhibitor. 

species 
 (f+)    (f-) 

C3 C5 C10   N7 N6 N2 N9 O25 

L1 0.176 0.171 0.037   0.509 0.403 0.341 0.291 - 

L2 0.175 0.175 0.036   0.486 0.417 0.295 0.287 - 

L3 0.175 0.171 0.040   0.498 0.409 0.316 0.285 - 

L4 0.175 0.170 0.035   0.488 0.416 0.297 0.273 - 

L5 0.174 0.174 0.020 C11(0.166)  0.492 0.409 0.310 0.263 0.326 

L6 0.175 0.170 0.041 C12(0.174)  0.498 0.401 0.332 0.281 0.302 

L7 0.175 0.169 0.028 C13(0.148)  0.469 0.423 0.268 0.241 0.363 

  (+)   ()   

L1 0.095 0.093 0.02   0.275 0.218 0.341 0.291  

L2 0.091 0.089 0.019   0.253 0.217 0.153 0.149  

L3 0.095 0.092 0.021   0.269 0.221 0.171 0.156  

L4 0.096 0.093 0.019   0.266 0.227 0.162 0.149  

L5 0.099 0.099 0.011 C11(0.094)  0.279 0.232 0.176 0.149 0.185 

L6 0.094 0.091 0.022 C12(0.094)  0.268 0.216 0.178 0.151 0.162 

L7 0.098 0.095 0.016 C13(0.083) 0.263 0.237 0.15 0.135 0.204 

 (w)   (w) 

L1 0.722 0.705 0.151   2.092 1.657 1.402 1.196  

L2 0.721 0.702 0.149   2.002 1.718 1.214 1.18  

L3 0.704 0.685 0.159   1.996 1.643 1.268 1.157  

L4 0.691 0.671 0.137   1.922 1.639 1.169 1.075  

L5 0.678 0.678 0.076 C11(0.649) 1.918 1.595 1.209 1.025 1.272 

L6 0.693 0.673 0.164 C12(0.683)  1.972 1.588 1.312 1.111 1.195 

L7 0.665 0.643 0.105 C13(0.561) 1.781 1.606 1.017 0.915 1.377 

 

It is well known that, the condensed Fukui functions have been used to analyze the local 

reactivity of each site (atom) in the inhibitors under probe. These functions allow us to 

distinguish each part of the molecule on the basis of its distinct chemical behavior due to 

the different substituent functional groups. Thus, the site for nucleophilic attack will be the 

place where the value of f- is a maximum. In turn, the site for electrophilic attack is 

controlled by the value of f+. When a molecule accepts electrons, the electrons tend to go 

to places where 
kf  is large because it is at these locations that the molecule is most able to 

stabilize additional electrons. Therefore, a molecule is susceptible to nucleophilic attack at 

sites where 
kf  is large. Similarly, a molecule is susceptible to electrophilic attack at sites 
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where 
kf  is large because these are the regions where electron removal destabilizes the 

molecule the least.  

In the same way, local softness, a k (a = +, - and/or 0) are the local softness and are also 

frequently used as appropriate indexes for nucleophilic, electrophilic, and radical attack, 

respectively. Moreover, local electrophilicity, awk (a = +, - and/or 0) are the local softness 

and are also frequently used as appropriate indexes for nucleophilic, electrophilic, and 

radical attack, respectively. Results reported in Tables 3.12 reveal that, for nucleophilic 

attack, the highest 
kf values of inhibitors L1, L2, L3, L4, L6  are N7, N6 and N2 atoms.  

For Inhibitors L5, L7 the most nucleophilic sites are N7, N6, and O25 atoms. This 

indicates the propensity to donate electrons to vacant molecular orbital on the Fe surface to 

form coordinate bond. 

For electrophilic attack, the highest 
kf values of inhibitors L1, L2, L3, L4, L5, L7 are C3 

and C5. For inhibitor L6 most electrophilic sites are C3 and C12, , indicating that the sites 

most capable for an electrophilic attack that is through which the molecule accepts 

electrons to form feedback bonds with Fe surface.  

3.2.3. The dual descriptors 
 

The results of local softness, local electrophicility and Fukui indices are also supported by 

the values of the local dual indices (Df, D and Dw). The results of the dual descriptors are 

summarized in Tables 3.13. The graphical representation of the dual descriptors are shown 

in Figures 3.6 and 3.7. 

 Results revealed that that these inhibitors have many active sites and most of these centers 

have values of the three descriptors lower than 0, except some atoms having values > 0 

(see Figures 3.6 and 3.7), indicating an electrophilic centers.  
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Table 3.13. Dual Fukui indices, Df(r), dual local softness, D, and dual philicity, Dw of the 
non-protonated form of  studied Inhibitors in the gas phase. 

Inhibitors 
Df 

C3 C5 N7 N6 O25 

L1 0.396 0.319 -0.891 -0.788  

L2 0.383 0.328 -0.871 -0.803  

L3 0.39 0.324 -0.88 -0.795  

L4 0.383 0.327 -0.872 -0.802  

L5 0.384 0.331 -0.877 -0.795 -0.593 

L6 0.392 0.333 -0.881 -0.786 -0.567 

L7 0.371 0.331 -0.853 -0.81 -0.626 

  D 

L1 0.214 0.172 -0.425 -0.481  

L2 0.199 0.171 -0.453 -0.417  

L3 0.211 0.175 -0.476 -0.43  

L4 0.209 0.178 -0.475 -0.437  

L5 0.218 0.187 -0.497 -0.451 -0.336 

L6 0.211 0.179 -0.473 -0.422 -0.304 

L7 0.208 0.186 -0.479 -0.454 -0.351 

  Dw 

L1 1.63 1.312 -3.24 -3.664  

L2 1.579 1.351 -3.587 -3.305  

L3 1.564 1.3 -3.533 -3.189  

L4 1.51 1.288 -3.435 -3.159  

L5 1.495 1.289 -3.419 -3.1 -2.313 

L6 1.552 1.318 -3.485 -3.112 -2.243 

L7 1.409 1.256 -3.238 -3.073 -2.377 
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Figure 3.6. Graphical representation of the dual fukui indices, dual local softness and dual philicity 
descriptor of the Inhibitors L1-L4.  
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Figure 3.7. Graphical representation of the dual fukui indices, dual local softness and dual philicity 
descriptor of the Inhibitors L1 and L5-L6. 
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Part II: Molecular dynamic Simulations 

3.3. Molecular dynamic Simulations 

3.3.1.  Compuational Details for Monte carlo Simulation: 
 

The adsorption progress of L1,L2,L3,L4,L5,L6and L7 on clean Fe surface is investigated 

by performing Monte Carlo simulations using adsorption locator module (Accelrys, San 

Diego, CA, USA), using state of the art software, known as Material Studio 7.0 [129,130]. 

The Fe (110) crystal surface was selected for this simulation because it is the most stable 

surface as reported in the literature [131]. The Fe (110) surface was modelled with a six-

layer slab model. In this model, there were 81 iron atoms in each layer representing a (9 × 

9) unit cell, and 40 Å vacuum region between two adjacent layers to ensure the repeated 

slabs decoupled. A cutoff distance of 1.85 nm with a spline switching function was applied 

for the non-bond interactions (i.e., van der Waals and electrostatic interactions). A low-

energy adsorption site is identified by carrying out a Monte Carlo search of the 

configurational space of the substrate–adsorbate system as the temperature is slowly 

decreased (simulated annealing). This process is repeated to identify further local energy 

minima. During the course of the simulation, adsorbate molecules are randomly rotated 

and translated around the substrate. The configuration that results from one of these steps 

is accepted or rejected according to the selection rules of the Metropolis Monte Carlo 

method. For the whole simulation procedure, the COMPASSII force field was used to 

optimize the structures of all components of the system of interest [132]. 

3.3.2. Results of Monte Carlo simulation: 
 

It is known that electronic properties alone are not sufficient to predict the trend of the 

inhibition performance of the investigated inhibitors in spite of its success in exploring the 

mechanism of inhibitors. Therefore, it is imperative to carry out rigorous modeling of the 

direct interaction of the inhibitors with steel in the presence of water to mimic the real 

experimental condition. The modeling of the interaction could provide the information on 

both the interfacial configuration and the adsorption energy of organic molecules on metal 

surface.  
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Figure 3.8. Top and Side views of the most stable low energy configurations for the 

adsorption of seven inhibitors on Fe (110) interface obtained using Monte Carlo 

simulations. 

Metropolis Monte Carlo method was carried out to sample possible low energy searches of 

the configuration space of the inhibitors on clean iron surface. The corresponding values 
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for the outputs and descriptors by Monte Carlo simulation are listed in Table 3.14. The 

parameters include total energy of the substrate−adsorbate configuration, which is defined 

as the sum of the energies of the adsorbate components, the rigid adsorption energy, and 

the deformation energy. 

The substrate energy (i.e., Fe(110) surface) is taken as zero. Moreover, adsorption energy 

reports the energy released (or required) when the relaxed adsorbate component was 

adsorbed on the substrate. The adsorption energy is defined as the sum of the rigid 

adsorption energy and the deformation energy for the adsorbate component. The rigid 

adsorption energy reports the energy released (or required) when the unrelaxed adsorbate 

component (before the geometry optimization step) was adsorbed on the substrate. The 

deformation energy reports the energy released when the adsorbed adsorbate component 

was relaxed on the substrate surface[133].  The most stable adsorption configurations of 

inhibitors on Fe(110) surface is shown in Figure 3.8. 

Table 3.14. Experimental inhibition efficiencies, IE (%) and the output descriptors 
calculated by the Mont Carlo simulation for adsorption of L1, L2, L3,L4,L5,L6, and L7 on 
Fe (110) (in kcal mol−1). 

Inhibitor Total energy 
Adsorption 

energy 

Rigid 
adsorption 

energy 

Deformation 
energy 

IE (%) 

L1 -107.447 -122.533 -123.881 1.348 66.7 
L2 -111.849 -133.293 -134.676 1.383 73 
L3 -133.142 -133.412 -134.032 0.62 80.7 

L4 -126.112 -133.303 -133.877 0.574 75.3 
L5 -104.132 -140.022 -141.976 1.954 76.7 
L6 -130.87 -140.915 -142.053 1.138 89 
L7 -121.626 -140.812 -142.074 1.262 80 

 

It is quite clear from Table 3.14 , that the adsorption energies of the inhibitors on Fe (110) 

surface are in the order:  

 m-OCH3 >  p-OCH3 > o-OCH3 > unsubstituted 

m-CH3 > p-CH3 > o-CH3> unsubstituted 

The order of efficiency for different substituted groups follows: OCH3 > CH3 > unsubstituted 

This ordering is the same as the experimental determined inhibition efficiency for the 

inhibitors. It is generally acknowledged that the primary mechanism of corrosion inhibitor 

interaction with steel is by adsorption. 
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It is clearly observed from Figure 3.8 that the inhibitor molecules were adsorbed in nearly 

parallel mode to the metal surface. This adsorption mode maximizes the inhibitor contact 

with the metal surface, which can be attributed to the strong interaction between the 

pyrazole ring and the amino group attached to the pyrazole ring and the metal surface. As 

it is indicated by the Fukui functions, N atoms in the pyrazole ring and of the amino groups 

act as a strong nucleophile and, consequently, can offer electrons to the unoccupied d 

orbital of iron to form coordinate bonds. On the other hand, an anti-bonding orbital of  -

electrons in the inhibitor can also accept the electrons from d orbital of iron to form 

feedback bonds  [134]. In addition to the  chemical  interaction  just  described,  the  

physical  interaction between  the  inhibitor  molecules  and  the  metal  surfaces  driven by  

the  van  der  Waals  dispersion  forces  may  be  also  contribute  to the  net  molecule  

surface  attraction  since  the  strength  of  physical interaction  generally  scales  with  the  

size  of  the  molecule  [135,136] 

Part III :Comparison between experimental and theoretical results 

3.4. Comparison between experimental and theoretical results 
 

Figure 3.9 compares the calculated adsorption energy by Monte Carlo method and the 

experimental inhibition efficiency obtained by polarization method. As can be noticed 

from the figure that the determination coefficient R2= 0.8013 and consequently the pearson 

linear relationship is about 0.9, which reflect an adequate linear relationship ship. These 

results reflects a very good compatibility between our theoretical obtained by the Monte 

Carlo method the experimental results. 
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Figure 3.9. The linear relationship between the experimental inhibition efficiency and the 

calculated adsorption energy of studied inhibitors The determination coefficient (R2) = 

0.8013. 

 

In order to get a better comparison  between the experimental results and the theoretical 

ones, we have divided our inhibitor into three groups as follows:  

The first groups contains L1, L2 and L5;  

The second group contains L1, L3 and L6 and  

The third group contains L1, L4 and L7. The results are shown in Figure 3.10 . 
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Figure 3.10. The linear relationship between the experimental inhibition efficiency and the 

adsorption energy of the three groups. 

 

Figure 3.11 (a and b) compares our theoretical results in this study of all the inhibitors 

under probe with the experimental ones. These figures represent the graphical 

representation by columns way between the Pearson correlation (R) resulted from the 

linear relationship between the global quantum chemical descriptors versus the 
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experimental  inhibition efficiencies (IE%) calculated by the weight loss method (Figure 

3.11a) and the polarization method (Figure 3.11b). According to the figures is an 

acceptable linear correlations were obtained between the IE% and the molar volume, total 

negative change, dipole moment with R > 0.5 

 Moderate linear correlations were obtained in the case of electrophilicity, nucleophilcity 

and ELUMO. Poor linear correlations were obtained with the other descriptors.   

As can be seen in the figure, the Pearson linear correlation is very close to unity, reflecting 

a perfect compatibility between the theoretical results and the experimental ones.   

Following up the global quantum descriptors for the three groups and compare their results 

with the experimental inhibition efficiency indicates that there is a very good compatibility 

between them. 

According to our results and in agreement with the experimental results, one can obtain the 

following orders: 

For the first group: o-methoxy > o-methyl > parent; 

 For the second group: m-methoxy > m-methyl > parent; 

For the third group: p-methoxy > p-methyl > parent; 
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(a) 

 

(b) 

 

Figure 3.11. Graphical representation of the Pearson linear correlation (R) of the 

relationship between the global quantum chemical descriptors and the experimental 

inhibition efficiency determined by (a) weight loss and (b) polarization. 

 

 

 



63 
 

Conclusions 
 

Density functional theory at B3LYP with 6-311++G(d,p) basis sets and molecular dynamic 

simulation approach by using Monte carlo method were used to predict the corrosion 

inhibition efficiencies of some pyrazole derivatives examined by Gad and Tamous against 

the corrosion of iron metal.  

Quantum chemical calculations related to non-protonated and protonated forms of 

mentioned molecules were made for both gas phase and aqueous solution.  

Based on the results obtained in this study, the following conclusions can be given. 

 Quantum chemical parameters such as EHOMO, ELUMO, DE, Dipole moment, h, w, , 

m, c, DNmax, D, Qtotal, molecular volume, polarizability and DEb-d were given. 

 Molecular dynamics simulations were performed to study the adsorption behavior 

of the inhibitors on the Fe (1 1 0) surface and it was observed that the adsorption 

occurs mostly through the lone pair of electrons of the nitrogen atoms 

 The theoretical data obtained via molecular dynamic simulations approach showed 

that the corrosion inhibition efficiency ranking for studied pyrazole derivatives 

against the corrosion of iron can be presented as: L7 > L6 > L5 > L2 > L3 > L4 > 

L1.  

 All values of adsorption energies, Eads, are negative, which means that the 

adsorption could occur spontaneously. 

 The theoretical data of the energy gap, DEgap, obtained via DFT showed that the 

corrosion inhibition efficiency ranking for the studied pyrazole derivatives has the 

order as: L6 > L3 > L4 > L2 > L7 > L5 > L1. These results are almost compatible 

with the experimental results, which has the ranking of the order as follows: L6 > 

L3 > L7 > L5 > L4 > L2 > L1.  

 The fraction of electrons transferred DNmax (eV) of the studied compounds obtained 

via DFT calculations follows the corrosion inhibition efficiency as follows: L7 > 

L5 > L4 > L6 > L2 > L3 > L1, which is almost in consistent with the experimental 

results. 

 Local descriptors such as Fukui indices, local softness, local electrophilicity and the 

dual descriptors (Df, D and Dw descriptors) were calculated and given. 
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 The values of the above mentioned descriptors showed that the most nucleophilic 

centers are the nitrogen atoms N7, N6 < N2 and N9 and O25. 

 The most electrophilic centers are the carbon atoms C3, C5 and C10 describes the 

most electrophilic and nucleophilic centers in the studied compounds.  

 In summary, our results are highly compatible with the experimental especially in 

which the methoxy compounds are more effective than the methyl compound 

which is more effective the parent pyrazole.  
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Appendix 1 
Table AT1. Natural atomic charges in hartree of the of the neutral inhibitor L1 obtained 
via NBO calculations in the gas phase 

Atom 
Inhibitor-L1 

  

N    1 7.379 7.199 7.195 

N    2 7.386 7.045 7.228 

C    3 5.634 5.855 5.81 

C    4 6.045 5.801 6.04 

C    5 5.598 5.745 5.769 

N    6 7.789 7.386 7.404 

N    7 7.781 7.272 7.399 

N    8 7.201 7.136 7.006 

N    9 7.316 7.025 7.131 

C   10 5.888 5.908 5.924 

C   11 6.192 6.019 6.093 

C   12 6.203 6.116 6.119 

C   13 6.204 5.954 6.088 

C   14 6.196 6.110 6.123 

C   15 6.207 6.032 6.081 

 

 

Table AT2 . As in Table TA1 but for inhibitors L2, L3 and L4. 

Atom 
Inhibitor-L2   Inhibitor-L3   Inhibitor-L4 

            

N    1 7.379 7.185 7.195  7.379 7.193 7.195  7.379 7.187 7.195 

N    2 7.386 7.092 7.228  7.387 7.071 7.228  7.387 7.090 7.228 

C    3 5.635 5.843 5.810  5.635 5.849 5.810  5.635 5.843 5.811 

C    4 6.043 5.797 6.039  6.046 5.802 6.040  6.046 5.805 6.039 

C    5 5.599 5.757 5.770  5.598 5.752 5.769  5.600 5.756 5.770 

N    6 7.789 7.372 7.404  7.790 7.380 7.404  7.790 7.374 7.404 

N    7 7.782 7.296 7.397  7.782 7.285 7.399  7.783 7.295 7.399 

N    8 7.201 7.132 7.003  7.201 7.133 7.006  7.205 7.129 7.010 

N    9 7.319 7.032 7.137  7.314 7.029 7.131  7.312 7.039 7.128 

C   10 5.888 5.893 5.924  5.880 5.898 5.920  5.896 5.893 5.931 

C   11 6.019 5.918 6.006  6.193 6.034 6.090  6.182 6.018 6.085 

C   12 6.204 6.127 6.119  6.031 6.022 6.033  6.205 6.110 6.120 

C   13 6.196 5.945 6.084  6.204 5.940 6.089  6.029 5.862 5.998 

C   14 6.204 6.107 6.126  6.188 6.114 6.118  6.195 6.101 6.123 

C   15 6.198 6.036 6.078  6.215 6.020 6.086  6.197 6.039 6.076 

C   25 6.589 6.304 6.291   6.586 6.298 6.288   6.589 6.307 6.290 
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Table AT4.  Fukui indices, f , local softness,  , local electrophilicity, w and dual Fukui 
indices, Df(r), dual local softness, D, and dual philicity, Dw, of the non-protonated form of 
inhibitor L1 in the gas phase. 

Atom f + f -   w w Df(r) D Dw

N    1 -0.183 0.179 -0.099 0.097 -0.755 0.737 -0.363 -0.196 -1.491 

N    2 -0.158 0.341 -0.085 0.184 -0.649 1.402 -0.499 -0.269 -2.052 

C    3 0.176 -0.221 0.095 -0.119 0.722 -0.907 0.396 0.214 1.630 

C    4 -0.005 0.244 -0.003 0.132 -0.022 1.005 -0.250 -0.135 -1.027 

C    5 0.171 -0.148 0.093 -0.08 0.705 -0.607 0.319 0.172 1.312 

N    6 -0.385 0.403 -0.208 0.218 -1.583 1.657 -0.788 -0.425 -3.240 

N    7 -0.382 0.509 -0.206 0.275 -1.572 2.092 -0.891 -0.481 -3.664 

N    8 -0.195 0.065 -0.105 0.035 -0.801 0.268 -0.260 -0.140 -1.069 

N    9 -0.186 0.291 -0.100 0.157 -0.763 1.196 -0.477 -0.257 -1.960 

C   10 0.037 -0.02 0.02 -0.011 0.151 -0.082 0.057 0.031 0.232 

C   11 -0.099 0.173 -0.053 0.093 -0.406 0.71 -0.271 -0.147 -1.116 

C   12 -0.085 0.087 -0.046 0.047 -0.348 0.356 -0.171 -0.092 -0.704 

C   13 -0.116 0.25 -0.063 0.135 -0.478 1.027 -0.366 -0.198 -1.505 

C   14 -0.073 0.086 -0.039 0.046 -0.3 0.352 -0.158 -0.086 -0.652 

C   15 -0.126 0.175 -0.068 0.094 -0.517 0.718 -0.300 -0.162 -1.235 

 

 

 

 

Table AT3.  Table AT2 . As in Table TA1 but for inhibitors L5, L6 and L7. 

Atom 
Inhibitor-L5   Inhibitor-L6   Inhibitor-L7 

             

N    1 7.382 7.194 7.197  7.379 7.199 7.195  7.379 7.178 7.195 

N    2 7.388 7.078 7.227  7.387 7.055 7.229  7.388 7.119 7.229 

C    3 5.637 5.847 5.811  5.634 5.852 5.81  5.637 5.833 5.812 

C    4 6.043 5.817 6.038  6.046 5.828 6.04  6.047 5.832 6.041 

C    5 5.598 5.754 5.771  5.597 5.75 5.768  5.602 5.764 5.772 

N    6 7.79 7.381 7.404  7.789 7.388 7.404  7.791 7.368 7.405 

N    7 7.783 7.291 7.398  7.781 7.283 7.398  7.785 7.315 7.401 

N    8 7.203 7.125 7.006  7.199 7.133 7.002  7.21 7.118 7.014 

N    9 7.311 7.048 7.135  7.315 7.034 7.131  7.308 7.067 7.119 

C   10 5.922 5.901 5.942  5.871 5.909 5.913  5.917 5.878 5.944 

C   11 5.667 5.747 5.834  6.229 6.092 6.103  6.171 6.053 6.083 

C   12 6.292 6.169 6.159  5.677 5.835 5.851  6.241 6.094 6.143 

C   13 6.184 5.973 6.073  6.295 5.965 6.141  5.674 5.734 5.822 

C   14 6.225 6.081 6.137  6.175 6.127 6.111  6.281 6.121 6.166 

C   15 6.19 6.068 6.07  6.239 5.981 6.104  6.182 6.034 6.058 

O   25 8.536 8.21 8.269  8.543 8.241 8.279  8.54 8.177 8.277 

C   26 6.205 6.11 6.099   6.204 6.108 6.099   6.205 6.112 6.099 
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Table AT5. As in AT4 but for inhibitor L2 

Atom f + f -   w w D D Dw

N    1 -0.184 0.193 -0.095 0.1 -0.756 0.796 -0.377 -0.196 -1.552 

N    2 -0.159 0.295 -0.083 0.153 -0.654 1.214 -0.454 -0.236 -1.867 

C    3 0.175 -0.208 0.091 -0.108 0.721 -0.858 0.383 0.199 1.579 

C    4 -0.005 0.247 -0.002 0.128 -0.019 1.015 -0.251 -0.13 -1.034 

C    5 0.171 -0.158 0.089 -0.082 0.702 -0.649 0.328 0.171 1.351 

N    6 -0.385 0.417 -0.2 0.217 -1.586 1.718 -0.803 -0.417 -3.305 

N    7 -0.385 0.486 -0.2 0.253 -1.586 2.002 -0.871 -0.453 -3.587 

N    8 -0.198 0.069 -0.103 0.036 -0.815 0.283 -0.267 -0.139 -1.098 

N    9 -0.182 0.287 -0.094 0.149 -0.749 1.18 -0.468 -0.243 -1.929 

C   10 0.036 -0.005 0.019 -0.002 0.149 -0.02 0.041 0.021 0.169 

C   11 -0.013 0.101 -0.007 0.053 -0.052 0.417 -0.114 -0.059 -0.469 

C   12 -0.085 0.077 -0.044 0.04 -0.349 0.318 -0.162 -0.084 -0.667 

C   13 -0.112 0.251 -0.058 0.131 -0.46 1.034 -0.363 -0.189 -1.494 

C   14 -0.078 0.098 -0.041 0.051 -0.322 0.402 -0.176 -0.091 -0.724 

C   15 -0.12 0.162 -0.062 0.084 -0.493 0.666 -0.282 -0.146 -1.159 

C   25 -0.299 0.286 -0.155 0.148 -1.229 1.176 -0.584 -0.304 -2.406 

 

 

Table AT6. As In AT4b but for Inhibitor L3 

Atom f + f -   w w Df(r) D Dw 

N    1 -0.184 0.186 -0.099 0.1 -0.737 0.745 -0.369 -0.200 -1.482 
N    2 -0.158 0.316 -0.086 0.171 -0.636 1.268 -0.475 -0.257 -1.904 
C    3 0.175 -0.214 0.095 -0.116 0.704 -0.86 0.390 0.211 1.564 
C    4 -0.006 0.244 -0.003 0.132 -0.024 0.979 -0.250 -0.135 -1.002 
C    5 0.171 -0.153 0.092 -0.083 0.685 -0.615 0.324 0.175 1.300 
N    6 -0.385 0.409 -0.208 0.221 -1.546 1.643 -0.795 -0.430 -3.189 
N    7 -0.383 0.498 -0.207 0.269 -1.537 1.996 -0.880 -0.476 -3.533 
N    8 -0.195 0.068 -0.106 0.037 -0.784 0.271 -0.263 -0.142 -1.056 
N    9 -0.184 0.285 -0.099 0.154 -0.737 1.146 -0.469 -0.254 -1.882 
C   10 0.04 -0.018 0.021 -0.01 0.159 -0.073 0.058 0.031 0.232 
C   11 -0.102 0.158 -0.055 0.086 -0.411 0.635 -0.261 -0.141 -1.046 
C   12 0.002 0.009 0.001 0.005 0.007 0.035 -0.007 -0.004 -0.028 
C   13 -0.116 0.264 -0.063 0.143 -0.464 1.06 -0.380 -0.205 -1.524 
C   14 -0.07 0.074 -0.038 0.04 -0.281 0.297 -0.144 -0.078 -0.578 
C   15 -0.129 0.195 -0.07 0.105 -0.518 0.782 -0.324 -0.175 -1.299 

C   25 -0.299 0.288 -0.162 0.156 -1.199 1.157 -0.587 -0.317 -2.356 
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Table AT7. As in AT4 bur for inhibitor L4 

 f + f -   w w Df(r) D Dw 

N    1 -0.184 0.192 -0.1 0.105 -0.725 0.757 -0.376 -0.205 -1.481 
N    2 -0.159 0.297 -0.087 0.162 -0.626 1.169 -0.455 -0.248 -1.794 
C    3 0.175 -0.208 0.096 -0.113 0.691 -0.819 0.383 0.209 1.510 
C    4 -0.007 0.241 -0.004 0.132 -0.026 0.951 -0.248 -0.135 -0.977 
C    5 0.17 -0.157 0.093 -0.085 0.671 -0.617 0.327 0.178 1.288 
N    6 -0.386 0.416 -0.21 0.227 -1.52 1.639 -0.802 -0.437 -3.159 
N    7 -0.384 0.488 -0.209 0.266 -1.513 1.922 -0.872 -0.475 -3.435 
N    8 -0.195 0.076 -0.106 0.041 -0.768 0.298 -0.271 -0.148 -1.067 
N    9 -0.184 0.273 -0.101 0.149 -0.727 1.075 -0.457 -0.249 -1.801 
C   10 0.035 0.003 0.019 0.001 0.137 0.011 0.032 0.017 0.126 
C   11 -0.097 0.164 -0.053 0.089 -0.381 0.647 -0.261 -0.142 -1.028 
C   12 -0.084 0.095 -0.046 0.052 -0.333 0.373 -0.179 -0.098 -0.705 
C   13 -0.03 0.166 -0.016 0.091 -0.119 0.655 -0.196 -0.107 -0.774 
C   14 -0.072 0.094 -0.039 0.051 -0.283 0.369 -0.165 -0.090 -0.652 
C   15 -0.121 0.158 -0.066 0.086 -0.477 0.622 -0.279 -0.152 -1.099 

C   25 -0.299 0.281 -0.163 0.153 -1.178 1.109 -0.581 -0.316 -2.287 

 

Table AT8. As in AT4 bur for inhibitor L5 

Atom f + f -   w w Df(r) D Dw 

N    1 -0.185 0.188 -0.105 0.107 -0.721 0.733 -0.373 -0.211 -1.454 
N    2 -0.161 0.31 -0.091 0.176 -0.627 1.209 -0.471 -0.267 -1.835 
C    3 0.174 -0.21 0.099 -0.119 0.678 -0.817 0.384 0.218 1.495 
C    4 -0.005 0.226 -0.003 0.128 -0.018 0.881 -0.231 -0.131 -0.899 
C    5 0.174 -0.157 0.099 -0.089 0.678 -0.611 0.331 0.187 1.289 
N    6 -0.386 0.409 -0.219 0.232 -1.505 1.595 -0.795 -0.451 -3.100 

N    7 -0.385 0.492 -0.218 0.279 -1.501 1.918 -0.877 -0.497 -3.419 
N    8 -0.197 0.078 -0.112 0.044 -0.768 0.303 -0.275 -0.156 -1.071 
N    9 -0.175 0.263 -0.099 0.149 -0.683 1.025 -0.438 -0.248 -1.708 
C   10 0.02 0.022 0.011 0.012 0.076 0.084 -0.002 -0.001 -0.008 
C   11 0.166 -0.08 0.094 -0.045 0.649 -0.312 0.246 0.140 0.960 
C   12 -0.132 0.122 -0.075 0.069 -0.516 0.477 -0.255 -0.145 -0.994 
C   13 -0.111 0.211 -0.063 0.12 -0.433 0.822 -0.322 -0.183 -1.255 
C   14 -0.088 0.144 -0.05 0.082 -0.343 0.562 -0.232 -0.132 -0.906 
C   15 -0.12 0.122 -0.068 0.069 -0.469 0.477 -0.243 -0.138 -0.946 
O   25 -0.267 0.326 -0.151 0.185 -1.04 1.272 -0.593 -0.336 -2.313 

C   26 -0.106 0.095 -0.06 0.054 -0.412 0.37 -0.201 -0.114 -0.783 
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Table AT9. As in AT4 bur for inhibitor L6 

Atom f + f -   w w Df(r) D Dw 

N    1 -0.184 0.18 -0.099 0.096 -0.727 0.711 -0.363 -0.195 -1.438 
N    2 -0.158 0.332 -0.085 0.178 -0.626 1.312 -0.490 -0.263 -1.938 
C    3 0.175 -0.217 0.094 -0.117 0.693 -0.859 0.392 0.211 1.552 
C    4 -0.005 0.217 -0.003 0.117 -0.021 0.86 -0.223 -0.120 -0.881 
C    5 0.17 -0.153 0.091 -0.082 0.673 -0.606 0.323 0.174 1.279 
N    6 -0.385 0.401 -0.207 0.216 -1.524 1.588 -0.786 -0.422 -3.112 
N    7 -0.382 0.498 -0.205 0.268 -1.513 1.972 -0.881 -0.473 -3.485 
N    8 -0.197 0.067 -0.106 0.036 -0.781 0.263 -0.264 -0.142 -1.044 
N    9 -0.183 0.281 -0.099 0.151 -0.726 1.111 -0.464 -0.249 -1.837 
C   10 0.041 -0.037 0.022 -0.02 0.164 -0.148 0.079 0.042 0.311 
C   11 -0.125 0.137 -0.067 0.073 -0.496 0.542 -0.262 -0.141 -1.037 
C   12 0.174 -0.159 0.094 -0.085 0.689 -0.628 0.333 0.179 1.318 
C   13 -0.154 0.33 -0.083 0.177 -0.611 1.304 -0.484 -0.260 -1.915 
C   14 -0.064 0.048 -0.034 0.026 -0.254 0.191 -0.112 -0.060 -0.445 
C   15 -0.135 0.257 -0.072 0.138 -0.533 1.019 -0.392 -0.211 -1.552 
O   25 -0.265 0.302 -0.142 0.162 -1.048 1.195 -0.567 -0.304 -2.243 

C   26 -0.105 0.096 -0.056 0.052 -0.416 0.38 -0.201 -0.108 -0.796 

 

Table AT10. As in AT4 bur for inhibitor L7 

Atom f + f -   w w Df(r) D Dw 

N    1 -0.184 0.201 -0.103 0.113 -0.698 0.762 -0.385 -0.216 -1.460 
N    2 -0.159 0.268 -0.089 0.15 -0.603 1.017 -0.427 -0.240 -1.621 
C    3 0.175 -0.196 0.098 -0.11 0.665 -0.744 0.371 0.208 1.409 
C    4 -0.006 0.215 -0.003 0.121 -0.023 0.816 -0.221 -0.124 -0.839 
C    5 0.169 -0.162 0.095 -0.091 0.643 -0.613 0.331 0.186 1.256 
N    6 -0.387 0.423 -0.217 0.237 -1.467 1.606 -0.810 -0.454 -3.073 
N    7 -0.384 0.469 -0.215 0.263 -1.457 1.781 -0.853 -0.479 -3.238 
N    8 -0.197 0.093 -0.11 0.052 -0.746 0.352 -0.289 -0.162 -1.098 
N    9 -0.189 0.241 -0.106 0.135 -0.718 0.915 -0.430 -0.241 -1.633 
C   10 0.028 0.039 0.016 0.022 0.105 0.148 -0.011 -0.006 -0.042 
C   11 -0.089 0.118 -0.05 0.066 -0.336 0.447 -0.207 -0.116 -0.784 
C   12 -0.097 0.147 -0.055 0.082 -0.37 0.557 -0.244 -0.137 -0.927 
C   13 0.148 -0.06 0.083 -0.034 0.561 -0.228 0.208 0.117 0.789 
C   14 -0.115 0.161 -0.065 0.09 -0.438 0.611 -0.276 -0.155 -1.049 
C   15 -0.124 0.148 -0.069 0.083 -0.469 0.561 -0.271 -0.152 -1.030 
O   25 -0.263 0.363 -0.148 0.204 -0.999 1.377 -0.626 -0.351 -2.377 

C   26 -0.106 0.093 -0.06 0.052 -0.403 0.351 -0.199 -0.111 -0.754 

 



71 
 

Appendix 2: 

Experimental work 

Procedure used for corrosion measurements: 

a)weight loss technique: 

Dw= w1-w2   

Where w1 & w2 are the weight of specimen before and after reaction, respectively. The 

inhibition efficiency was computed by the equation  

� % =
∆w − ∆w�

∆�
 x 100 

where Dw & Dwi  are the weight-loss per unit area per unit  time in absence and presence of 

the  

inhibition efficiency can be determined from surface coverage as follows : 

from weight-loss measurements 

 θ = 1- 
∆����

∆������
  

 and from polarization measurements: 

θ� = 1 − 
i���

i�����
 

The percent of inhibition is calculated from surface coverage, thus: 

I% =  x 100         or        I% = i x 100 

the effect of substituted group on the inhibition efficiency of the parent pyrazole molecule 

can be determined from the amount of from the amount of potential shift , DEshift   ,i.e. 

Eparent - Esubstituent 
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[Inh] 
M 

Parent 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.00948 0.580 1.4 x10
-3 0.031 0.067 

5x10-5 0.00922 0.575 1.4 x10
-3 0.058 0.067 

1 x10-4 0.00918 0.570 1.4 x10
-3 0.063 0.067 

5 x10-4 0.00783 0.560 1.2 x10
-3 0.200 0.200 

1 x10-3 0.00533 0.550 8.6 x10
-4 0.455 0.427 

5 x10-3 0.00398 0.530 6.0 x10
-4 0.590 0.600 

1 x10-2 0.00329 0.520 5.0 x10
-4 0.660 0.667 

                           DEshift mV 

[Inh] M    
Methyl- 

o- m- p-positions 
5x10-5 5 15 10 
1 x10-4 6 20 12 
5 x10-4 7 25 18 
1 x10-3 10 35 23 
5 x10-3 20 50 26 
1 x10-2 22 60 30 

                         DEshift   mV 

[Inh] M 
Methoxyl- 

o- m- p-positions 
5x10-5 15 25 20 
1 x10-4 17 26 25 
5 x10-4 20 30 30 
1 x10-3 22 40 32 
5 x10-3 25 60 40 
1 x10-2 26 65 42 
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[Inh] 
M 

o-methyl pyrazole derivative 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.01908 -0.570 1.4x10-3 0.074 0.067 

5x10-5 0.01769 0.570 1.3x10-3 0.141 0.139 

1 x10-4 0.01658 0.565 1.2x10-3 0.195 0.200 

5 x10-4 0.01570 0.555 1.1x10-4 0.238 0.267 

1 x10-3 0.01240 0.540 9.0x10-4 0.400 0.400 

5 x10-3 0.00690 0.510 5.0x10-4 0.665 0.667 

1 x10-2 0.00640 0.500 4.0x10-4 0.700 0.730 

 

 

 

 

[Inh] 
M 

m-methyl pyrazol derivative 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.0183 -0.560 1.3x10-3 0.120 0.139 

5x10-5 0.0157 0.560 1.1x10-3 0.245 0.267 

1 x10-4 0.0125 0.550 9.0x10-4 0.399 0.400 

5 x10-4 0.0104 0.535 7.6x10-4 0.500 0.439 

1 x10-3 0.0046 0.515 3.5x10-4 0.780 0.767 

5 x10-3 0.0037 0.480 2.6x10-4 0.820 0.827 

1 x10-2 0.0033 0.460 2.9x10-4 0.840 0.807 
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[Inh] 
M 

p-methyl pyrazol derivative 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.01755 0.565 1.30x10-3 0.127 0.133 

5x10-5 0.01673 0.560 1.25x10-3 0.168 0.167 

1 x10-4 0.01555 0.560 1.20x10-3 0.226 0.200 

5 x10-4 0.01298 0.540 9.8x10-4 0.354 0.347 

1 x10-3 0.00860 0.525 6.4x10-4 0.572 0.573 

5 x10-3 0.00610 0.505 4.5x10-4 0.696 0.700 

1 x10-2 0.00520 0.490 3.7x10-4 0.741 0.753 

 

 

 

 

 

 

[Inh] 
M 

o-methoxyl pyrazol derivative 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.01667 -0.560 1.2x10-3 0.187 0.160 

5x10-5 0.01631 0.560 6.9x10-4 0.200 0.200 

1 x10-4 0.01590 0.560 9.0x10-4 0.224 0.233 

5 x10-4 0.01520 0.540 7.0x10-4 0.260 0.267 

1 x10-3 0.01360 0.530 3.0x10-4 0.336 0.333 

5 x10-3 0.00590 0.505 1.8x10-4 0.712 0.707 

1 x10-2 0.00530 0.495 1.6x10-4 0.742 0.767 
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[Inh] 
M 

m-methoxyl pyrazol derivative 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.0160 -0.560 1.2x10-3 0.227 0.200 

5x10-5 0.0136 0.550 9.6x10-3 0.343 0.360 

1 x10-4 0.0123 0.545 9.0x10-4 0.406 0.400 

5 x10-4 0.0097 0.530 7.0x10-4 0.533 0.533 

1 x10-3 0.0034 0.510 3.0x10-4 0.836 0.800 

5 x10-3 0.0027 0.470 1.8x10-4 0.869 0.880 

1 x10-2 0.0023 0.455 1.6x10-4 0.889 0.890 

 

 

 

 

 

 

[Inh] 
M 

p-methoxyl pyrazol derivative 

Dw 
g/cm2/t 

ECorr 

Volt 
icorr 

A cm-2 

Surface coverage 

 i 

1 x10-5 0.01604 -0.565 1.20x10-3 0.210 0.200 

5x10-5 0.01560 0.555 1.15x10-3 0.230 0.233 

1 x10-4 0.01480 0.545 1.10x10-3 0.271 0.267 

5 x10-4 0.01396 0.530 1.05x10-3 0.310 0.300 

1 x10-3 0.00750 0.520 7.40x10-4 0.630 0.507 

5 x10-3 0.00530 0.490 4.00x10-4 0.740 0.730 

1 x10-2 0.00388 0.480 3.00x10-4 0.810 0.800 
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