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Abstract Corrosion inhibition efficiencies of 1,4-dihydroquinoxaline-2,3-dione

(Q1) and 2-phenylthieno[2,3-b]quinoxaline (Q2) as corrosion inhibitors against the

corrosion of steel surface in hydrochloric acid is studied by means of density

functional approach B3LYP/6-31G calculations. Quantum chemical parameters

such as highest occupied molecular orbital energy (EHOMO), lowest unoccupied

molecular orbital energy (ELUMO), energy gap (DE), dipole moment (l), electro-

negativity (v), electron affinity (A), global hardness (g), softness (r), ionization

potential (I), the fraction of electrons transferred (DN), the global electrophilicity x,

A. Zarrouk (&) � I. El Ouali � B. Hammouti � A. Aouniti
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and the total energy were calculated. All calculations have been performed by

considering density functional theory using the GAUSSIAN03W suite of programs.

Keywords Steel � Hydrochloric acid � Quinoxalines � Corrosion � DFT method

Introduction

The study of corrosion inhibition is a very active field of research. Several classes of

organic compounds are widely used as corrosion inhibitors for metals in acid

environments [1–8]. Experimental means are useful to explain the inhibition

mechanism but they are often expensive and time-consuming. Ongoing hardware and

software advances have opened the door for the powerful use of theoretical chemistry

in corrosion inhibition research. Several quantum chemical methods and molecular

modeling techniques have been performed to correlate the inhibition efficiency of the

inhibitors with their molecular properties [9–15]. Using theoretical parameters helps

to characterize the molecular structure of the inhibitors and to propose their

interacting mechanism with surfaces [16]. Some studies have shown that the

inhibition of the corrosion process is mainly described by the formation of donor–

acceptor surface complexes between free or p–electrons of an organic inhibitor,

mostly containing nitrogen, sulfur or oxygen atoms, and a vacant d-orbital of a metal

[17–26]. Among the various nitrogenous compounds studied as inhibitors, quinox-

alines have been considered as environmentally acceptable chemicals. Many

substituted quinoxaline compounds have been recently studied in considerable detail

as effective corrosion inhibitors for steel and copper in acidic media [27–35].

The inhibitive properties of five different organic compounds, 1,4-dihydroqui-

noxaline-2,3-dione (Q1), and 2-phenylthieno[2,3-b]quinoxaline (Q2) have been

reported in a previous experimental study [30, 36]. The aim of this paper is to

extend these investigations in order to discuss the relationship between quantum

chemical calculations and experimental inhibition efficiencies of the inhibitors by

determining the quantum chemical parameters such as the energies of highest

occupied molecular orbital (EHOMO) and the lowest unoccupied molecular orbital

(ELUMO), the energy difference (DE) between EHOMO and ELUMO, dipole moment

(l), electronegativity (v), electron affinity (A), global hardness (g), softness (r),

ionization potential (I), the fraction of electrons transferred (DN), and the total

energy (TE). The chemical structures of the compounds studied are given in Fig. 1.
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Fig. 1 The molecular structures of the investigated inhibitors: 1,4-dihydroquinoxaline-2,3-dione (Q1)
and 2 -phenylthieno[2,3-b]quinoxaline (Q2)
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Computational details

Density functional theory (DFT) methods were used in this study. These methods

have become very popular in recent years because they can reach exactitude

similar to other methods (ab initio, QSAR: quantitative structure–activity

relationships, etc.) in less time, and they are less expensive from the computational

point of view. In agreement with the DFT results, the energy of the fundamental

state of a polyelectronic system can be expressed through the total electronic

density, and, in fact, the use of electronic density instead of wave function for

calculating the energy constitutes the fundamental base of DFT [37]. All

calculations were done by GAUSSIAN03W software [38], using the B3LYP

functional [39, 40] and a 6-31G* basis set [40]. The B3LYP, a version of the DFT

method, uses Becke’s three-parameter functional (B3) and includes a mixture of

HF with DFT exchange terms associated with the gradient corrected correlation

functional of Lee, Yang, and Parr (LYP) [39, 40]. The geometry of all species

under investigation was determined by optimizing all geometrical variables

without any symmetry constraints. Frontier molecular orbitals (HOMO and

LUMO) may be used to predict the adsorption centers of the inhibitor molecule.

For the simplest transfer of electrons, adsorption should occur at the part of the

molecule where the softness, r, which is a local property, has the highest value.

According to Koopman’s theorem [41], the energies of the HOMO and the LUMO

orbitals of the inhibitor molecule are related to the ionization potential, I, and the

electron affinity, A, respectively, by the following relationships: I = -EHOMO and

A = -ELUMO. Absolute electronegativity, v, and absolute hardness, g, of the

inhibitor molecule are given by [42]. v ¼ I þ A
2

and g ¼ I �A
2

. The softness is the

inverse of the hardness: r ¼ 1
g.

Electronegativity, hardness, and softness have proved to be very useful quantities

in chemical reactivity theory. When two systems, Fe and inhibitor, are brought

together, electrons will flow from lower v (inhibitor) to higher v (Fe), until the

chemical potentials become equal. The number of transferred electrons (DN) was

also calculated [43] by using the equation below: DN ¼ vFe�vinh

2 gFeþginhð Þ
Where vFe and vinh denote the absolute electronegativity of iron and inhibitor

molecule, respectively gFe and ginh denote the absolute hardness of iron and the

inhibitor molecule, respectively.

In this study, we use the theoretical value of vFe ¼ 7 eV/mol and gFe ¼ 0 eV/mol

for the computation of number of transferred electrons [41]. The difference in

electronegativity drives the electron transfer, and the sum of the hardness

parameters acts as a resistance [44]. The global electrophilicity index was

introduced by Parr [45] and is given by x ¼ l2

2g. According to the definition, this

index measures the propensity of chemical species to accept electrons. A good,

more reactive, nucleophile is characterized by lower value of l, x; and conversely a

good electrophile is characterized by a higher value of l, x. This new reactivity

index measures the stabilization in energy when the system acquires an additional

electronic charge DN from the environment.
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Results and discussion

The inhibition of steel using substituted quinoxalines as corrosion inhibitors were

investigated experimentally. Table 1 indicates clearly a decrease in the corrosion

rate in the presence of Q1 and Q2. This effect is greatly marked at higher

concentrations of inhibitors. The inhibitive action is more explicit by Ew% data

which increases with inhibitor concentration to reach 95 % for Q1 and 87 % for Q2.

Quantum chemical methods have already proven to be very useful in determining

the molecular structure as well as elucidating the electronic structure and reactivity

[46]. Thus, it has become a common practice to carry out quantum chemical

calculations in corrosion inhibition studies. The predicted properties of reasonable

accuracy can be obtained from DFT calculations [47, 48]. All quantum chemical

properties were obtained after geometric optimization with respect to all the nuclear

coordinates using the Kohn–Sham approach at the DFT level. The optimized

molecular structures of the studied molecules using hybrid DFT functional [B3LYP/
6-31G* (d)] are shown in Fig. 2.

The computed quantum chemical properties such as energy of highest occupied

molecular orbital (EHOMO), energy of lowest unoccupied molecular orbital (ELUMO),

HOMO–LUMO energy gap (DEH-L), dipole moment (l) and total energy (TE),

electronegativity (v), electron affinity (A), global hardness (g), softness (r),

ionization potential (I), the global electrophilicity (x), the fraction of electrons

transferred from the inhibitor to iron surface (DN), and the total energy (TE) are

given in Table 2.

Table 1 Corrosion rate of steel

in 1 M HCl with and without

quinoxaline derivatives at

various concentrations, and the

corresponding inhibition

efficiency at 6 h [30, 36]

Conc (M) Q1 Q2

Ew (%) Ew (%)

Blank – –

1 9 10-6 17 32

5 9 10-6 29 43

1 9 10-5 43 69

5 9 10-5 61 86

1 9 10-4 70 93

5 9 10-4 87 95

Fig. 2 Optimized structure of studied molecules obtained by B3LYP/6-31G* level
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The inhibition effect of inhibitor compound is usually ascribed to adsorption of

the molecule on the metal surface. There can be physical adsorption (physisorption)

and chemical adsorption (chemisorption) depending on the adsorption strength.

When chemisorption takes place, one of the reacting species acts as an electron pair

donor and the other one acts as an electron pair acceptor. The energy of the highest

occupied molecular orbital (EHOMO) measures the tendency towards the donation of

electron by a molecule [49]. High values of EHOMO have a tendency of the molecule

to donate electrons to appropriate acceptor molecules with low energy, empty

molecular orbital. Increasing values of EHOMO facilitate adsorption and therefore

enhance the inhibition efficiency, by influencing the transport process through the

adsorbed layer. Therefore, higher values of EHOMO indicate better tendency towards

the donation of electron, enhancing the adsorption of the inhibitor on mild steel and

therefore better inhibition efficiency. ELUMO indicates the ability of the molecule to

accept electrons.

The binding ability of the inhibitor to the metal surface increases with increasing

of the HOMO and decreasing of the LUMO energy values.

In Fig. 3, we have presented the frontier molecule orbital density distributions of

the studied compound: HOMO (right), LUMO (left). Analysis of this figure shows

that the distribution of two energies HOMO and LUMO for Q1 and Q2 are localized

in the atoms of the aromatic cycles and on the substituents of the two compounds.

According to the frontier molecular orbital theory (FMO) of chemical reactivity,

the transition of electrons is due to interaction between the highest occupied

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

reacting species [50]. EHOMO is a quantum chemical parameter which is often

associated with the electron donating ability of the molecule. A high value of

EHOMO is likely a tendency of the molecule to donate electrons to appropriate the

acceptor molecule of low empty molecular orbital energy [51]. The inhibitor does

not only donate electrons to the unoccupied d orbital of the metal ion but can also

Table 2 Calculated quantum

chemical parameters of the

studied compounds

Quantum parameters Q1 Q2

EHOMO (eV) -6.1367 -5.9449

ELUMO (eV) -1.4046 -2.2214

DE gap (eV) 4.7321 3.723

Ew% 87 95

l (debye) 6.2718 1.4513

I ¼ �EHOMO (eV) 6.1367 5.9449

A ¼ � ELUMO (eV) 1.4046 2.2214

v ¼ I þ A
2

(eV) 3.77065 4.08315

g ¼ I �A
2

(eV) 2.36605 1.86175

r ¼ 1
g

0.422645337 0.53712904

x ¼ l2

2g
8.31248 0.56567

DN ¼ vFe�vinh

2 gFeþginhð Þ 15.28161 10.8609

TE (eV) -15,461.7176 -30,557.3333
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accept electrons from the d-orbital of the metal leading to the formation of a

feedback bond. The highest value of EHOMO–5.9449 (eV) of Q2 indicates a better

inhibition efficiency.

It has also been found that an inhibitor does not only donate an electron to the

unoccupied d-orbital of the metal ion but can also accept electrons from

the d-orbital of the metal leading to the formation of a feedback bond. Therefore,

the tendency for the formation of a feedback bond would depend on the value of

ELUMO. The lower the ELUMO, the easier is the acceptance of electrons from the

d-orbital of the metal [52]. Based on the values of ELUMO, the order obtained for the

decrease in inhibition efficiency (Q2 [ Q1) was also similar to the one obtained

from the experimental results.

The separation energy, DE = ELUMO–EHOMO, is an important parameter as a

function of reactivity of the inhibitor molecule towards the adsorption on the

metallic surface. As DE decreases, the reactivity of the molecule increases, leading

to an increase in the inhibition efficiency of the molecule. The results obtained from

quantum chemical calculations are listed in Table 2.

The calculations indicate that Q2 has the lowest value, which means the highest

reactivity, among the other inhibitors and, accordingly, the highest inhibition

efficiency which agrees well with the experimental observations. The order of

reactivity in this case will be: Q2 [ Q1

Absolute hardness and softness are important properties for measuring the

molecular stability and reactivity. It is apparent that the chemical hardness

Q1

Q2

Fig. 3 Schematic representation of HOMO and LUMO molecular orbital of the studied molecules, Q1
and Q2
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fundamentally signifies the resistance towards the deformation or polarization of

the electron cloud of the atoms, ions, or molecules under small perturbations of the

chemical reaction. A hard molecule has a large energy gap and a soft molecule has a

small energy gap [53]. In our present study, Q2 with a low hardness value of

1.86175 (eV) was compared with other compounds having 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 [54].

For the simplest transfer of electrons, adsorption could occur at the part of the

molecule where softness (r), which is a local property, has a highest value [55]. Q2

with the softness value of 0.53712904 has the highest inhibition efficiency.

The total energy of the best inhibitor Q2 is equal to -30,557.3333 eV. This result

indicated that the Alizarin molecule is favorably adsorbed through the active centers

of adsorption.

The dipole moment (l in Debye) is another important electronic parameter that

results from non-uniform distribution of charges on the various atoms in the

molecule [56]. The high value of dipole moment probably increases the adsorption

between the chemical compound and the metal surface [57]. The energy of the

deformability increases with the increase in l, making the molecule easier to adsorb

at the Fe surface. The volume of the inhibitor molecules also increases with the

increase of l. This increases the contact area between the molecule and the surface

of iron and increases the corrosion inhibition ability of inhibitors. In our study, there

is no direct relationship between the IE and the dipole moment.

In the literature, it has been reported that the values of DN show an inhibition

effect resulting from electrons donation [58, 59]. According to Lukovits’s study

[59], if the value of DN was greater than 3.6, the inhibition efficiency increased with

the increasing electron donating ability of the inhibitor at the metal surface. Also, it

was observed [60] that inhibition efficiency increased with an increase in the values

of DN. However, our study reveals that there is no regular trend in the inhibition

efficiency by increasing values of DN.

Conclusion

Using the DFT/B3LYP method, the inhibition efficiency of some substituted

quinoxalines is investigated leading to the following conclusions:

• Through DFT calculations, a correlation between parameters related to the

electronic and molecular structures of some quinixaline derivatives and their

ability to inhibit the corrosion process could be established.

• The inhibition efficiency of quinoxaline derivatives obtained quantum chem-

ically increase with the increase in EHOMO, and decrease in ELUMO and energy

gap (DE). Q2 has the highest inhibition efficiency because it had the highest

HOMO energy.

• The parameters like hardness (g) and softness (r) confirms the inhibition

efficiency in the order of Q2 [ Q1.

Theoretical approach to the corrosion inhibition
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• The total energy of the best inhibitor, Q2, is the lowest among the compounds

studied. This result indicated that Q2 is favorably adsorbed through the active

centers of adsorption on the steel surface.

• In our study, there is no direct relationship between the inhibition efficiency and

the dipole moment (l) and the number of transferred electrons (DN)
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