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Abstract

This work attempts to correlate the structural and electronic properties, such as HOMO, LUMO energy values,
frontier orbital energy gap, molecular dipole moment (u), electron affinity (A), ionization potential (I),
electronegativity (y), global hardness (1), softness (o), the fraction of electron transferred (AN), electrophilicity
index (), back-donation (AEback-donation) and Mulliken charges using density functional theory (DFT) at the
B3LYP/6-31G(d,p) basis set, with the inhibitive action of two quinoxaline derivatives named: 3-methyl-1-prop-2-
ynylquinoxalin-2(1H)-one (Pr-N-Q=0) and 3-methyl-1-prop-2-ynylquinoxaline-2(1H)-thione (Pr-N-Q=S), of the
mild steel corrosion in molar hydrochloric acid. Monte Carlo simulations were further performed to simulate the
adsorption of the two quinoxaline derivatives on Fe (111) surface in the presence of water and the results show
that Pr-N-Q=S is the most effective as corrosion inhibitor for mild steel in 1 M HCI medium.

Keywords:Corrosion; Inhibition; Mild steel; HCI medium; DFT; Electronic properties; Monte Carlo simulation.

1. Introduction

Mild steel is widely employed in industry because of its low cost and availability. As a result of its industrial
concern, attention has been paid to study and to prevent this metal against corrosion in aggressive environments
[1-3]. Acid solutions are generally used for the removal of undesirable scale and rust in several industrial areas
such as acid pickling, acid descaling, acid cleaning of boilers, and oil well acidizing [4-6]. Because of the general
aggressiveness of acids, inhibitors are often used to control the metal dissolution as well as the acid consumption
reducing by the way the overall corrosion current density [7-11]. Inhibitors are adsorbed on the metal surface,
forming a protective barrier and interact with anodic or/and cathodic reaction sites to decrease the oxidation
or/and reduction of corrosion reactions. The inhibition of corrosion in acid solutions can be secured by the
addition of a variety of organic compounds containing electronegative functional groups and 7 electrons in
conjugated double or triple bonds and hence exhibit good inhibitive properties by supplying electrons through n
orbitals. There is also a specific interaction between functional groups containing heteroatoms like nitrogen,
phosphorus, sulfur and/or oxygen having free lone pair of electrons and the metal surface, which play an
important role in inhibition. When both of these features combine, increased inhibition can be observed [12-16].
However, the use of organic inhibitors in acid solutions can, in some cases, lead to enhancement of the metal
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corrosion [17], and stimulation of corrosion is correlated not only to the type and structure of the organic
molecule but also depends on the type of acid and its concentration [18-21]. The corrosion inhibition, normally
considered by corrosion scientists, is the relation between the molecular/electronic structures and corrosion
inhibition efficiency. In the last decades, numerous researches were devoted to give more explanation to the
obtained efficiency of quinoxaline derivatives to many applications at various fields such as inhibition of
corrosion for steel, Aluminum and copper in acidic medium [22-25], anti-viral [26], anti-bacterial [27], anti-
inflammatory [28], anti-protozoal [29], anti-cancer [30,31] anti-depressant [32], anti-HIV [33], and as kinase
inhibitors [34]. They are also used in the agricultural field as fungicides, herbicides, and insecticides [35].In the
present work, the correlation between inhibition efficiency and molecular structure of two quinoxaline derivatives
(Figure 1) is investigated by determination of chemical indexes, which were performed using density functional
theory (DFT) at the B3LYP/6-31G(d,p) level. To the best of our knowledge, connection between the structural
parameters and corrosion inhibition of these compounds has not been reported in open literature.

CH

CH
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=
N CHy N cH,

3-methyl-1-prop-2-ynylquinoxalin-2(1H)-one 3-methyl-1-prop-2-ynylquinoxaline-2(1H)-
Pr-N-Q=0 thionePr-N-Q=S

Figure 1. The chemical structures of investigated inhibitors (Pr-N-Q=0 and Pr-N-Q=S).

2. Molecular simulations and quantum chemical calculations

2.1. Theory and computational details

Quantum chemical calculations have been proved to be a powerful tool for studying corrosion inhibition
mechanism [36-38]. Density Functional theory (DFT), based on Beck's three parameter exchange functional and
Lee-Yang-Parr nonlocal correlation functional (B3LYP) [39-41] and the 6-31G(d, p) orbital basis sets for all
atoms as implemented in Gaussian 09 program [42], was performed on Pr-N-Q=0 and Pr-N-Q=S in order to
describe the interaction between the inhibitors molecules and the surface as well as the properties of these
inhibitors concerning their reactivity. Hence, the geometries of molecules under study, in aqueous phase, were
fully optimized with no constraints using DFT at the B3LYP/6-31G(d,p) level. All the calculations were
performed in the presence of a solvent (water) by placing the solute in a cavity within the solvent reaction field.
The Polarizable Continuum Model (PCM) using the integral equation formalism variant (IEFPCM) which is a
self-consistent reaction field (SCRF) was used for water phase calculations [43]. Hereafter, we have investigated
the relationship between the molecular, the electronic structure and the inhibition efficiency of the two studied
molecules. For these seek, some molecular descriptors most relevant to their potential action as corrosion
inhibitors, such as HOMO and LUMO energy values, frontier orbital energy gap, molecular dipole moment (),
electron affinity (A), ionization potential (I), electronegativity (), global hardness (), softness (o), the fraction of
electron transferred (AN), electrophilicity index (®) and back-donation (AEysck-gonation), Were calculated using the
DFT method and have been used to understand the properties and activity of the newly prepared compounds and
to help in the explanation of the experimental data obtained for the corrosion process.

The frontier orbital HOMO and LUMO of a chemical species are very important in defining its reactivity. A good
correlation has been found between the speeds of corrosion and Eyomo that is often associated with the electron
donating ability of the molecule. Survey of literature shows that the adsorption of the inhibitor on the metal
surface can occur on the basis of donor—acceptor interactions between the m-electrons of the heterocyclic
compound and the vacant d-orbital of the metal surface atoms [44].], high value of E,jomo Of the molecules shows
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its tendency to donate electrons to appropriate acceptor molecules with low energy empty molecular orbitals.
Increasing values of Eyomo facilitate adsorption and therefore enhance the inhibition efficiency, by influencing
the transport process through the adsorbed layer. Similar relations were found between the rates of corrosion and
AE (AE = E_umo — Enomo) [43, 45-46]. The energy of the lowest unoccupied molecular orbital indicates the
ability of the molecule to accept electrons. The lower the value of E, ymo, the more probable the molecule would
accept electrons. Consequently, concerning the value of the energy gap AE, larger values of the energy difference
will provide low reactivity to a chemical species. Lower values of the AE will render good inhibition efficiency,
because the energy required to remove an electron from the lowest occupied orbital will be low [47]. Another
method to correlate inhibition efficiency with parameters of molecular structure is to calculate the fraction of
electrons transferred from inhibitor to metal surface. According to Koopman's theorem [48], Enomo and E ymo Of
the inhibitor molecule are related to the ionization potential (I) and the electron affinity (A), respectively. The
ionization potential and the electron affinity are defined as I = —Epomo and A = —E_ymo, respectively. Then

absolute electronegativity (y) and global hardness (1) of the inhibitor molecule are approximated as follows [47]:
1+A 1
X= = X = = 5 (Exomo * ELumo)
I-A 1
n=—, N = — —(Exomo — ELumo)
As hardness (1), softness (S) is a global chemical descriptor measuring the molecular stability and reactivity and

is given by:
S = 1—1] ) S =-2/ (Enomo — ELumo)

The chemical hardness fundamentally signifies the resistance towards the deformation or polarization of the
electron cloud of the atoms, ions or molecules under small perturbation of chemical reaction. A hard molecule has
a large energy gap and a soft molecule has a small energy gap [48]. The global electrophilicity index was
introduced by Parr as a measure of energy lowering due to maximal electron flow between donor and acceptor
and is given by [49]:

u’ S (I+4)

)s 0=
According to the definition, this index measures the propensity of chemical species to accept electrons. A good,
more reactive, nucleophilic is characterized by lower value of p, ®; and conversely a good electrophilic is
characterized by a high value of p, ®. This new reactivity index measures the stabilization in energy when the
system acquires an additional electronic charge AN from the environment. Thus the fraction of electrons
transferred from the inhibitor to metallic surface, AN, is given by [50]:

AN = XrFe — Xinh

Z(nFe + ninh)
Where xg. and x;,;, denote the absolute electronegativity of iron and inhibitor molecule, respectively; ng. and
Ninn denote the absolute hardness of iron and the inhibitor molecule, respectively.

In order to calculate the fraction of electrons transferred, a theoretical value of xg.= +7.0 eV [51] and ng,

=0 (eV) ' by assuming that for a metallic bulk 1 = A, because they are softer than the neutral metallic atoms [52].
According to the simple charge transfer model for donation and back donation of charges [53], when a molecule
receives a certain amount of charge, AN+; then:

| AE" = pt AN* + In (AN")2 @)
While when a molecule back-donates a certain amount of charge, AN—, then:
| AE= | AN + I (AN) (b)

If the total energy change is approximated by the sum of the contributions of Egs. (a) and (b), assuming that the
amount of charge back-donation is equal to the amount of charge received, AN" + AN = 0, then;

‘ AET = ABpack-donation = AE* + AE” = (U* + ) AN +§n (AN*) 2 + %n (AN)?
AEpack-donation = (IJ+ + ) AN" m (AN+) 2; (AN+: - AN)
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The most favorable situation corresponds to the case when the total energy change (AEpack-donation) PECOMES @
minimum with respect to AN*, which implies that (AN"= - (u" + W) /2n) and that;

AEback-donation =- (|J+ - IJ) 2/ 411 =- % AEback-dona\tion= 1E(EHOMO - ELUMO)
The AEpack-donation iMmplies that when 1 > 0 and AEpackgonaion< O the charge transfer to a molecule, followed by a
back-donation from the molecule, is energetically favoured. 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.

2.2. Monte Carlo simulations

The Monte Carlo (MC) search was used to calculate the low configuration adsorption energy of the interactions of
two quinoxaline derivativeson clean iron surface. Metropolis Monte Carlo (MC) simulations methodology [54]
using the DMol-3 code [55-56]and Adsorption Locator [57-58] implemented in the BOVIA Material Studio 8.0
(Accelrys, San Diego, CA, USA) [59], has been used to build the system adsorbate/substrate. Simulations were
carried out with a slab thickness of 5A, a super cell of (6 x 6) and a vacuum of 30 A along the C-axis in a
simulation box (25.17A x 25.37A x 40.26A) with periodic boundary conditions to model a representative part of
the interface devoid of any arbitrary boundary effects. For the whole simulation procedure, the COMPASS force
field (condensed-phase optimized molecular potentials for atomistic simulation studies) [60] was used to optimize
the structures of all components of the corrosion system (metal substrate / inhibitor / solvent molecules). To
mimic the real corrosion environment, 30 molecules of water were added to the simulation box. This
computational study aims to find low-energy adsorption sites to investigate the preferential adsorption of inhibitor
molecules on iron surface aiming to find a relationship between the effect of its molecular structure and its
inhibition efficiency.

3. Results and discussion

3.1. Calculations of the quantum chemical descriptors

The inhibition of mild steel using two quinoxaline derivatives; Pr-N-Q=0 and Pr-N-Q=S as corrosion inhibitors
were investigated experimentally, the classification of these inhibitors according to their corrosion inhibition
efficiency is: Pr-N-Q=S >Pr-N-Q=0 (93.4 % > 90 %, respectively) [61]. The high inhibitive performance of Pr-
N-Q=S and Pr-N-Q=0 suggests a strong bonding of this quinoxaline molecules onto the metal surface due to the
existence of several lone pairs from heteroatom (0xygen and sulphur) and n-orbitals, blocking the active sites and
hence reducing the corrosion rate. Moreover, the higher inhibition efficiency of Pr-N-Q=S can be attributed to the
existence of thioxo group on the quinoxaline ring, which gives the possibility of dr-dr bond formation resulting
from overlap of 3d electrons from Fe atom and the 3d vacant orbital of sulphur atom [62-64].Accordingly,
guantum chemical calculations based on DFT method, at the B3LYP/6-31G(d,p) level, were performed to
investigate the effect of structural parameters on the inhibition efficiency of inhibitors and study their adsorption
mechanisms on the metal surface. The geometric and electronic structures of Pr-N-Q=S and Pr-N-Q=0 in solvent
phase (water) were calculated from optimized structures and presented in Fig. 2.

In this work, the optimized geometries with the DFT at the B3LYP/6-31G(d,p) level of the two inhibitors are
essentially planar. This may facilitate the donation of w-electrons by the aromatic rings, the nonbinding electron
pair of nitrogen and sulphur in quinoxaline molecules as well as the oxo group or the propyne group with triple
bond. The ground state geometry of the inhibitor as well as the nature of its frontier molecular orbitals, explicitly,
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are
involved in the activity properties of the inhibitors. Frontier molecular orbital diagrams of Pr-N-Q=S and Pr-N-
Q=0 as calculated with the DFT at the B3LYP/6-31G(d,p) level are represented in Fig. 3.

Figure 3 shows that, the HOMO’s and LUMO’s are strongly delocalized in the conjugated system of the
molecules Pr-N-Q=S and Pr-N-Q=0. The contour plots of the HOMO and LUMO are structural dependent and
the electron density of the HOMO location in the inhibitors under study is mostly distributed on the atoms having
a delocalized character showing that these atoms are the favorite adsorption sites. Note that the strongest
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contribution for the HOMO is encountered for the C=S group in Pr-N-Q=S which is the best inhibitor
experimentally. Hence, our theoretical results are in good agreement with the experiment.

Pr-N-Q=S Pr-N-Q=0
Figure 2. Optimized Structure of Pr-N-Q=S and Pr-N-Q=0 calculated in solvent phase (water) at the
B3LYP/6-31G(d,p) level.

HOMO Pr-N-Q=0 LUMOPr-N-Q=0
Figure 3. Schematic representations of HOMO and LUMO molecular orbitals of studied molecules of Pr-N-Q=S
and Pr-N-Q=0 calculated in solvent phase (water) at the B3LYP/6-31G(d,p) level.

3920



J. Mater. Environ. Sci. 7 (10) (2016) 3916-3929 Karzazi et al.
ISSN : 2028-2508
CODEN: JMESCN

According to the frontier molecular orbital theory (FMO) of chemical reactivity, transition of electron is due to
interaction between the HOMO and the LUMO of the reacting species [65]. The energy of the highest occupied
molecular orbital (Enomo) mMeasures the predisposition towards the donation of electron by a molecule.
Consequently, higher values of Exomo designate better propensity towards the donation of electron, increasing the
adsorption of the inhibitor on mild steel and then better inhibition efficiency. E, yumo Specifies the capacity of the
molecule to receive electrons. The binding aptitude of the inhibitor to the metal surface growths with increasing
of the HOMO and decreasing of the LUMO energy values.The quantum chemical descriptors are frequently
associated with the electron donating ability of the molecule. We have calculated and gathered in Table 4, the
guantum chemical parameters most relevant to the potential action as corrosion inhibitors such as Eyomo (highest
occupied molecular orbital energy), E,umo (lowest unoccupied molecular orbital energy), energy gap (AE), dipole
moment (W), electron affinity (AE), ionization potential (IP), absolute electronegativity (), global hardness (1)),
softness (S), fraction of electrons transferred (AN), electrophilicity index (o) and back-donation (AEpack-dgonation) fOr
the molecules Pr-N-Q=S and Pr-N-Q=0 in solvent phase (water) with the DFT at the B3LYP/6-31G(d,p) level.

Table 4. Quantum chemical parameters for the molecules Pr-N-Q=S and Pr-N-Q=0 obtained in solvent phase
(water) with the DFT at the B3LYP/6-31G(d, p) level.

Quantum Chemical

Parameters BENQ=S PI-N-Q=0
ELumo (V) -2.4322 -1.8849
Enowmo (V) -6.0856 -6.2842
AE (eV) 3.6534 4.3993
IP (eV) 6.0856 6.2842
EA (eV) 2.4322 1.8849
¥ (eV) 4.2589 4.0846
1 (eV) 1.8267 2.1996
U (debye) 6.5708 4.0635
o (eV) 11.8179 3.7534
S (eV)™* 0.5474 0.4546
AN 0.7503 0.6627
AEback— donation (ev)-l -0.4567 -0.5499
Total energy (a.u) -970.9512 -647.9962

When we compare the two compounds Pr-N-Q=S and Pr-N-Q=0O, the calculations show that the
compound Pr-N-Q=S has the highest HOMO level at —6.0856 eV and the lowest LUMO level at —2.4322 eV.
Thus the values of Eyomo and E ymo are in conformity with the trend of inhibition efficiency (Pr-N-Q=S is the
best inhibitor among the two quinoxaline derivatives). Thus, the highest inhibition efficiency of Pr-N-Q=S is due
to the increasing energy of the HOMO and the decreasing energy of the LUMO. This is in good agreement with
the experimental observations suggesting that the inhibitor Pr-N-Q=S has the highest inhibition efficiency.

Energy band Gap (AEg) is an essential parameter which provides a measure for the stability of the
inhibitor molecule towards the adsorption on metallic surface (physisorption& chemisorption). In this work, Pr-
N-Q=S showed good inhibitory effect against the corrosion of iron in hydrochloric acid solution and is considered
to be the most effective. The results obtained in Table 4 demonstrate that the compound Pr-N-Q=S has the lowest
AEg,, (3.6534 eV); this means that the molecule could have better performance as corrosion inhibitor. This is in
good agreement with the experimental observations. In fact, as AEg, decreases, the reactivity of the molecule
increases leading to increase the inhibition efficiency of the molecule.

lonization energy (IE) is an important descriptor of the chemical reactivity of atoms and molecules. High
ionization energy designates high stability and chemical inertness and small ionization energy specifies high
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reactivity of the atoms and molecules [66]. The low ionization energy (IE = 6.0856 eV) of Pr-N-Q=S indicates the
high inhibition efficiency. This is in good agreement with the experimental observations.

The absolute electronegativity (y) is the chemical property that describes the ability of a molecule to
attract electrons towards itself in a covalent bond. According to Sanderson’s electronegativity equalization
principle [67], the molecule Pr-N-Q=S with a high electronegativity quickly reaches equalization and hence low
reactivity is expected which in turn indicates low inhibition efficiency. The Table 4 shows that the highest
electronegativity is encountered for Pr-N-Q=S. Hence an increase in the difference of electronegativity between
the metal and inhibitor is observed at the largest extent for Pr-N-Q=S. This is in good agreement with the
experimental results.

Absolute hardness (1) and Softness (o) are essential properties to measure the molecular stability and
reactivity. It is apparent that the chemical hardness fundamentally indicates the resistance towards the
deformation or polarization of the electron cloud of the atoms, ions or molecules under small perturbation of
chemical reaction. A hard molecule has a great energy gap and a soft molecule has a small energy gap [68]. In our
present study Pr-N-Q=S with low hardness value 1.8267 eV compared with other compound have a low energy
gap. Normally, the inhibitor with the least value of global hardness (hence the highest value of global softness) is
expected to have the highest inhibition efficiency [69]. For the simplest transfer of electron, adsorption could
occur at the part of the molecule where softness (o), which is a local property, has a highest value [68]. Pr-N-Q=S
with the softness value of 0.5474 eV has the highest inhibition efficiency. This is in good agreement with the
experimental observations.

Dipole moment, u(Debye), is another important electronic parameter that results from non-uniform
distribution of charges on the various atoms in the molecule [70]. The high value of pu (Debye) probably increases
the adsorption between the chemical compound and the metal surface [71]. The energy of the deformability
increases with the increase in p, making the molecule easier to adsorb at the iron (Fe) surface. The volume of the
inhibitor molecule Pr-N-Q=S also increases with the increase of p. This increases the contact area between the
molecule and the surface of iron and increases the corrosion inhibition ability of the inhibitor. In our study,
among the two quinoxaline derivatives, the dipole moment for Pr-N-Q=S is the highest (6.5708 Debye). Thus,
there is a direct relationship between the inhibition efficiency and the dipole moment.

When considering the global electrophilicity index (o) which is the measure of the electrophilic tendency
of a molecule, we find that the inhibitor Pr-N-Q=S with high electrophilicity index value (11.8179 eV) than the
other compounds, has the highest inhibition efficiency. This result is in good agreement with the experiment.

The calculated values of the Number of electrons transferred (AN) show that the inhibition efficiency
resulting from electron donation agrees with Lukovit's study [72]. If AN< 3.6, the inhibition efficiency increases
by increasing electron- donating ability of these inhibitors to donate electrons to the metal surface. The results
indicate that AN values correlates strongly with experimental inhibition efficiencies. Thus, the highest fraction of
electrons transferred (0.7503) is associated with the best inhibitor Pr-N-Q=S. This is in good agreement with the
experimental observations.

The calculated values ofAEyck-gonation fOr the inhibitors under study as listed in Table 4 reveal that the
highest value of AEpack-donation 1S €ncountered for Pr-N-Q=S, which indicates that back-donation is favored for the
Pr-N-Q=S molecule which is the best inhibitor. This is in good agreement with the experimental results.

Total energy calculated by quantum chemical methods is also a beneficial parameter. The total energy of
a system is composed of the internal, potential, and kinetic energy. Hohenberg and Kohn proved that the total
energy of a system including that of the many body effects of electrons in the presence of static external potential
is a unique functional of the charge density [73]. The minimum value of the total energy functional is the ground
state energy of the system. The electronic charge density, which yields this minimum, is then the exact single
particle ground state energy. In our study the total energy of the best inhibitor Pr-N-Q=S is equal to -970.9512
eV; this value is the lowest for the two molecules under study. This is in good agreement with the experimental
findings.

In this work, Mulliken population analysis is carried out to determine the electron rich groups/atoms for
the molecules under study and is therefore used to evaluate the adsorption centres of inhibitors since this method
has been generally reported and it is commonly used for the calculation of the charge distribution over the entire
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skeleton of the molecule [74]. There is a general unanimity by many authors that the more negatively charged
heteroatom is, the more is its ability to absorb on the metal surface through a donor-acceptor type reaction [75].
Variation in the inhibition efficiency of the two inhibitors under study depends on the presence of electronegative
Sulphur, Oxygen and Nitrogen atoms in their molecular structure. The site of ionic reactivity could be estimated
from the net charges on a molecule. Table 5 representing the effective atomic charges from Mulliken populations
of Pr-N-Q=S and Pr-N-Q=0 inhibitors in aqueous solution, shows that Sulphur, Oxygen and Nitrogen atoms and
some carbon atoms carry more negative charges, while the remaining carbon atoms carry more positive charges.
This means that the atoms carrying negative charges are the negative charge centres, which can offer electrons to
the Fe atoms to form coordinate bond, and the atoms carrying positive charges are the positive charge centres,
which can accept electrons from orbital of Fe atoms to form feedback bond.

The calculated Mulliken charges at the B3LYP/6-31G(d, p) level for the molecules Pr-N-Q=S and Pr-N-
Q=0 are in good agreement with the delocalization of charges, leading to an excess of negative charges on the
Sulphur, Oxygen and Nitrogen atoms. We emphasize also that the highest negative charges were found for the
heteroatoms while the highest positive charges were found for some Carbon atoms. These findings are attributed
to the electronegativity of Sulphur, Oxygen and Nitrogen atoms. Besides, some Carbon atoms bear significant
negative charges. This delocalization character of electrons yields to quinoxaline stable planar structures. Thus,
the optimized structure is in accordance with the fact that excellent corrosion inhibitors cannot only offer
electrons to unoccupied orbital of the metal, but also accept free electrons from the metal. Therefore, it can be
inferred that quinoxaline ring, the oxo group or thioxo group are the possible active adsorption sites. We
emphasize that the charge gradient is maximum, in Pr-N-Q=S, for the Sulphur atom with the Carbon atom in the
thioxo group (-0.3344 for S25 and 0.1447 for C11). Conversely, weak charge gradients are encountered for Pr-N-
Q=0 (-0.5648 for O14 and 0.5931 for C11). These findings corroborates the experimental results, where among
the two quinoxaline derivatives under study, Pr-N-Q=S is the best inhibitor.

Table 5. Calculated Mulliken atomic charges for heavy atoms of Pr-N-Q=S and Pr-N-Q=0 in solvent phase using
DFT at the B3LYP/6-31G (d.p) basis set.

C1 -0.0961 C1 -0.1029
Cc2 -0.1059 C2 -0.1128
C3 0.2358 C3 0.2199
C4 0.3563 C4 0.3586
C5 -0.1145 C5 -0.1263
C6 -0.1035 C6 -0.1056
Ci1 0.1447 C11 0.5931
Ci12 0.2726 C12 0.2391
N13 -0.5088 N13 -0.5777
C14 -0.2252 014 -0.5648
C17 -0.3615 C15 -0.2120
N21 -0.5250 C18 -0.3619
C22 0.2990 N22 -0.5372
C23 -0.4084 C23 0.2842
S25 -0.3344 C24 -0.4182
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From the theoretical calculations carried on the inhibitors molecular systems in solvent phase (water)
with the DFT at B3LYP/6-31G(d,p) level, high correlation coefficients of the inhibition efficiencies with
electronic properties was obtained. Therefore, theoretical calculations on these molecules could be a good
approach for the study of their potential inhibition capability of metal corrosion in hydrochloric acid.

3.2. Monte Carlo simulations

In the current study, the MC simulation was performed to study the behavior of the system (single inhibitor
molecule / iron surface) in water as solvent. The single molecules of (Pr-N-Q=0 and Pr-N-Q=S) on Fe (111)
surface configuration are sampled from a canonical ensemble. The total energy, Van der Waals energy, average
total energy, electrostatic energy and intermolecular energy for the systems under study; Fe (111) / (Pr-N-Q=0
and Pr-N-Q=S)in water as solvent are calculated by optimizing the whole system and given in Figure 4.The most
stable low energy adsorption configurations of the inhibitors (Pr-N-Q=0 and Pr-N-Q=S) adsorbed onto the iron
(111) surface in water solvent molecules (30 H,0O) using Monte Carlo simulations are depicted in Figure 5. Side

and top views of stable adsorption configurations for the inhibitors under study on Fe(111) / 30 H,O system using
Monte Carlo simulations are given in Figure 5.

Total Energy Pr-N-Q=0
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Figure 4. Total energy distribution for Fe (111) / (Pr-N-Q=0 and Pr-N-Q=S) / 30 H,O complexes during energy
optimization process.
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From Figure 5 we show that the adsorption centers of all inhibitors on the iron (111) surface in water
solvent molecules are the m-electrons of quinoxaline ring, nitrogen (-N=), oxygen (-O-) and sulfur (-S-)
heteroatoms. For the Pr-N-Q=0 and Pr-N-Q=S inhibitor molecules, the calculated dihedral angles around the
quinoxaline ring are close to 0° or 180°, indicating planarity of the quinoxaline ring. Thus, thePr-N-Q=0 and Pr-
N-Q=S inhibitor molecules adsorbed nearly plane on the iron (111) surface in water solvent molecules to
maximize surface coverage and contact (Figure 5), ensuring a strong interaction between adsorbate and substrate.
This finding is in good agreement with our experimental results.

Figure 5.Side and top views of stable adsorption configurations for Fe (111) / (Pr-N-Q=0 and Pr-N-
Q=S)/ 30 H,O complexes obtained using the Monte Carlo simulations.

The values for the outputs and descriptors calculated by the Monte Carlo simulations for Fe (111) / (Pr-N-
Q=S and Pr-N-Q=0)/ 30 H,0O systems are listed in Table 6. The parameters presented in Table 6 include total
energy (Etoal ), in Kcal/mol, of the substrate—adsorbate configuration. The total energy is defined as the sum of
the energies of the adsorbate components. The total energy of the inhibitors on iron surface in the presence of
water follows the trend: Pr-N-Q=S <Pr-N-Q=0. Hence, the inhibitor Pr-N-Q=S is the most stable among the two
inhibitors.

The adsorption energy(E,gs ), in Kcal/mol, reports energy released (or required) when the relaxed
adsorbate components (Pr-N-Q=0 and Pr-N-Q=S) are adsorbed onto the substrate (Fe (111) surface). It is
commonly recognized that the main mechanism of corrosion inhibitor interaction with steel is by adsorption.
Therefore, the adsorption energy may help us to rank inhibitor molecules [76-77]. From Table 6, it is quite clear
that the adsorption energies values are negative, which denote that the adsorption could occur spontaneously [78].
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Table 6. Outputs and descriptors for the lowest adsorption configurations for Fe (111) / (Pr-N-Q=0 and Pr-N-
Q=S) / 30 H,0 systems calculated by Monte Carlo simulation. (All values are given in Kcal/mol).

_ dEags/dN; dEags/dN;
Inhibitors Etotal Epds RAE  Dgnergy Iarc:hs ! V\Z;:lterl
Pr-N-Q=0 -428.85 -417.31 -418.05 0.74 -117.06 -5.71
Pr-N-Q=S -478.56 -1039.06 -432.39 -606.67 -719.05 -5.94

The adsorption energy of the Pr-N-Q=S inhibitor (-1039.06 Kcal/mol) is the highest negative value
among the inhibitors under study, which means that adsorption of Pr-N-Q=S molecule on iron (111) surface in
water solvent molecules is stronger than Pr-N-Q=0. This is due to the presence of electron donating group (-
C=CH) attached to quinoxaline ring on the structure, which serves as additional active centres and also to the
existence of thioxo group on the quinoxaline ring, which gives the possibility of da-dx bond formation resulting
from overlap of 3d electrons from Fe atom and the 3d vacant orbital of sulphur atom [62-64].The adsorption
energies of the inhibitors on iron surface in the presence of water decreased in the order: Pr-N-Q=S >Pr-N-Q=0.
This ordering shows that the system with the most stable and stronger adsorption is Fe (111) / Pr-N-Q=S. Hence,
Pr-N-Q=S is the best corrosion inhibitor among the two inhibitors under study. Besides, the high negative value
for the adsorption energy of the Pr-N-Q=S inhibitor is in good agreement with the experimental results showing
that the adsorption mechanism of the inhibitor Pr-N-Q=S on mild steel surface in 1 M HCI solution as typical of
chemisorption [79]. In fact, a high negative adsorption energy will designates the system with the most stable and
stronger adsorption [80-81]. Moreover, the chemisorption is favoured by the Pr-N-Q=S planarity demonstrated by
our Monte Carlo simulations. Conversely, the low negative value for the adsorption energy of the other inhibitor
Pr-N-Q=0 is also in good agreement with the experiment where we have demonstrated that the adsorption
mechanism, of this inhibitor, on mild steel surface in 1 M HCI solution involves physisorption [61, 82]. Therefore
our Monte Carlo results are in good agreement with the experiment where the inhibition efficiency (IE) for
inhibitor Pr-N-Q=S is the highest. The observed trend experimentally (Pr-N-Q=S >Pr-N-Q=0) is consistent with
our Monte Carlo results.

In this work, the substrate energy is taken as zero. The adsorption energy is defined as the sum of the
rigid adsorption energy (R.A.E) and the deformation energy for the adsorbate components. The rigid adsorption
energy reports the energy, in Kcal/mol, released (or required) when the unrelaxed molecules, (Pr-N-Q=S and Pr-
N-Q=0) before the geometry optimization step are adsorbed on the iron (111) surface in presence of 30 molecules
of water. The deformation energy (Dgpergy ) reports the energy, in Kcal/mol, released when the adsorbed

component molecule (Pr-N-Q=S and Pr-N-Q=0) is relaxed on the iron surface. Table 6 shows also (dE,s/dN;),
which reports the energy, in Kcal/mol, of Fe—components configurations (Pr-N-Q=S and Pr-N-Q=0) where one
of the inhibitor molecules has been removed.

Conclusions

Our previous experimental results for two quinoxaline derivatives were supported, in the present work, with that
obtained by means of the first principles theoretical calculations using the computational methodologies of
quantum chemistry. The inhibitor efficiencies of these compounds seem to be determined by the conjugation of
electronic factors and molecular geometry. The analysis of the HOMO, LUMO, and partial atomic charges
suggests the centres that would be preferred for nucleophilic or electrophilic attack. The DFT calculations
correlate strongly with experimental results and indicate that PR-N-Q=S had a stronger interaction with the steel
than the other quinoxaline derivatives thanks to the existence of thioxo group on the quinoxaline ring, which
gives the possibility of dn-dn bond formation resulting from overlap of 3d electrons from Fe atom and the 3d
vacant orbital of sulphur atom. Through DFT quantum-chemical calculations a correlation between, parameters
associated to the electronic structure of two quinoxaline derivatives and their potential to inhibit the corrosion
process, could be established. The calculated molecular parameters in the neutral form of the inhibitors calculated
with the DFT at the B3LYP/6-31G(d,p) level show excellent correlation with inhibition efficiency of the
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inhibitors studied, confirming the reliability of the method employed. We have demonstrated using Monte Carlo
simulations that the order of adsorption of the inhibitors under study on iron surface agrees with the experimental
trend (Pr-N-Q=S and Pr-N-Q=0). The inhibitor Pr-N-Q=S has the strongest interaction with the steel surface than
the other inhibitor, which corroborate very well with our experimental results. We emphasize, on the one hand,
that the adsorption mechanism of the Pr-N-Q=S on mild steel surface is typical of chemisorption which agrees
with our experimental finding and on the other hand, that the adsorption mechanism of the Pr-N-Q=0 on mild
steel surface are typical of physisorption which approves our experimental results.

Acknowledgments-Y.K. appreciates the Laboratory for Chemistry of Novel Materials,University of Mons, Belgium, for the access
to the computational facility.
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