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Three quinoxalinone derivatives, namely (E)-3-styrylquinoxalin-2(1H)-one (SQ), (E)-3-(4-
methoxystyryl)quinoxalin-2(1H)-one (MOSQ) and (E)-3-(4-methoxystyryl)-7-methylquinoxalin-2(1H)-one
(MOSMQ) were synthesized and characterized. Thus, their inhibition effects on mild steel corrosion in 1.0 M
HCl medium were investigated using weight loss method, electrochemical measurements. The effect of temper-
ature on the corrosion behavior of mild steel was studied in the range of 298–328 K. Polarization measurements
indicated that, the studied compounds act as a mixed type inhibitors, the inhibition efficiency depends on their
concentrations and followed the order MOSQ NMOSMQ N SQ. Electrochemical impedance spectroscopy showed
that all compounds act by the formation of a protective film at themetallic surface. The adsorption of three inhib-
itors on steel surface obeyed Langmuir model, thus the thermodynamic and kinetic parameters were calculated
and discussed. In the part based onDFT calculations of this study, someelectronic properties of studiedmolecules
were calculated and discussed with the help of B3LYP/6-311G (d,p), B3LYP/6-311++G (d,p) and B3LYP/6-
311G++ (2d,2p) methods. The theoretical and experimental results are in good agreement.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Acid solutions are generally used for removal of scale from metals,
cleaning of boilers and heat exchangers, oil-well acidifying in oil
recovery, and so on [1,2]. However, iron and its alloys could be corroded
during these applications which result in a waste of resources. So, the
search and application for new and efficient corrosion inhibitors
become an obligation to prevent corrosion problems. The selection of
appropriate inhibitors mainly depends on the structure as well as
rational use in various environments. The majority of the well-known
inhibitors are organic compounds containing heteroatom, such as O, N
and/or S and multiple bonds, which allow an adsorption on the metal
surface [3–12]. Many research works have been developed in order to
correlate the substituent's effect and the inhibition efficiency of organic
molecules [13,14]. Earlier reports [15] have been shown that inhibition
efficiency of organic compounds containing heterocyclic nitrogen
increases with the number of aromatic rings and the availability of
electronegative atoms in their structure.
In the other hand, quantum chemical calculations have been widely
used to study reaction mechanisms and to interpret the experimental
results as well as to resolve chemical ambiguities [16]. The remarkable
inhibition effect is reinforced by the presence of heteroatoms which
facilitates its adsorption on metallic surface and follows the sequence
O b N b S [17,18].

Although experimental techniques such as weight loss, potentiody-
namic polarization (PDP), Electrochemical impedance spectroscopy
(EIS), Fourier transform infrared spectroscopy (FTIR) and Scanning
Electron Microscopy (SEM) are very useful to determine the corrosion
inhibition efficiencies and to understand the inhibition mechanisms of
chemical compounds to be used against corrosion of a metal, they are
generally expensive and time-consuming. In recent times, with the im-
provement of computer hardware and software, computational chemis-
try programs such as Monte Carlo and Gaussian [19] have become very
popular [20]. The efficiency of organic compounds against the corrosion
is closely associated with their electronic structure. The electronic
structure parameters such as HOMO-LUMO energy gap, chemical
hardness, softness, electronegativity, chemical potential, proton affinity,
electrophilicity, dipole moment, molecular volume, sum of the total
negative charge sum of electronic and zero-point energies can be easily
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Fig. 2. (E)-3-(4-methoxystyryl) quinoxalin-2(1H)-one (MOSQ).
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calculated via these mentioned package programs. In addition, it is im-
portant to note that Koopman's theorem is very useful in terms of the
calculation depending on energies of frontier orbitals of electronic
structure parameters mentioned above.

The aim of the present work is to study the inhibition efficiencies of
quinoxalinone derivatives on mild steel corrosion in 1.0 M HCl using
weight loss measurement, potentiodynamic polarization, electrochem-
ical impedance. Invaluable quantum chemical parameters calculated by
DFT at B3LYP/6-311G (d,p), B3LYP/6-311++G (d,p) and B3LYP/6-
311G++ (2d,2p) levels of the theory help to understand the adsorp-
tion properties of studied molecules

2. Experimental details

2.1. Materials

Mild steel containing in wt.%: 0.11 C, 0.24 Si, 0.47 Mn, 0.12 Cr, 0.02
Mo, 0.1 Ni, 0.03 Al, 0.14 Cu, 0.06 W=, b0.0012 Co, b0.003 V and rest
Fe was used, and balance iron was used for weight-loss and electro-
chemical tests. Before each experiment, the mild steel specimen, em-
bedded in Teflon holder using epoxy resin with an exposed area of
1 cm2, was used as the working electrode for electrochemical measure-
ments. The coupons and electrodeswere abradedwith emery paper (up
to 1200 grit), cleaned with acetone and washed with distillated water,
and finally dried at hot air before being immersed in the acid solution.
The aggressive solution was prepared by dilution of an analytical
grade HCl solution (37%) with distilled water. The concentration of in-
hibitors was ranged from 10−6 to 10−4 M. All assessments were carried
out at temperature 25 ± 1 °C.

In the literature, styryl quinoxalines were prepared according to
various methods to prepare [21,22]. For our part, we suggested a
different synthetic route which comprises reacting fusion 3-
méthtylquinoxaline-2-one, which was prepared according to Philip's
method [23], with aromatic aldehydes. This method, carried out in the
absence of solvent, we have a possibility to isolate the desired
compound in a yield of around 80%. Indeed, 6.25 mmol of 3-
méthylquinoxalin-2-one is fused with 12.5 mmol of the appropriate al-
dehyde for 2 h at the boiling temperature of the latter. At the end of the
reaction, the solid compound is allowed to cool and then heated at
100 °C for 10 min in 50 mL of ethanol. The product was filtered hot
then was washed with ethanol [4,24]. The 1H NMR, 13C NMR and mass
spectroscopy were used to characterize and confirm the obtained
product structure. Thus, the characteristics of (E)-3-styrylquinoxalin-
2(1H)-one (SQ) (Fig. 1), (E)-3-(4-methoxystyryl)quinoxalin-
2(1H)-one (MOSQ) (Fig. 2) and (E)-3-(4-methoxystyryl)-7-
methylquinoxalin-2(1H)-one (MOSMQ) (Fig. 3) are presented in
Table 1. These compounds have a low solubility in 1 M HCl solution.

2.2. Electrochemical methods

A saturated calomel electrode (SCE) was used as a reference
electrode and all potentials were given with it. The counter electrode
was a platinum plate of large surface area.
Fig. 1. (E)-3-styrylquinoxalin-2(1H)-one (SQ).
In addition, theworking electrodewas immersed in the test solution
during half an hour until a steady state open circuit potential (Eocp) was
obtained. The steady-state polarization curves were recorded
potentiodynamically using a VoltaLab PGZ 100 and controlled by a
personal computer. The cathodic polarization curve was recorded by
polarization from Eocp to negative direction under potentiodynamic
conditions corresponding to 1mV s−1 (sweep rate) and under air atmo-
sphere. After this scan, the anodic polarization curve was recorded by
polarization from Eocp to positive direction under the same conditions
as said before. To extract the corrosion kinetic parameters, the Tafel
extrapolation method of the linear part of the cathodic part was used

The corrosion inhibition efficiency is evaluated from the corrosion
current densities values using the relationship (3):

ηPP ¼ i0corr−icorr
i0corr

� 100 ð3Þ

where icorr
0 and icorr are the corrosion current densities values without

and with inhibitor, respectively.
The electrochemical impedance spectroscopy measurements were

carried out using a transfer function analyzer (VoltaLab PGZ 100),
with a small amplitude a.c. signal (10 mV rms), over a frequency do-
main from 100 kHz to 100 mHz with five points per decade. The EIS di-
agrams were done in the Nyquist representation. The results were then
analyzed in terms of an equivalent electrical circuit using Z-View
software.

The inhibiting efficiency derived from EIS, ηEIS is also added in
Table 3 and calculated using the following Eq. (4):

ηEIS ¼
Rct−R0

ct

Rct
� 100 ð4Þ

where Rct0 and Rct are the charge transfer resistance values in the absence
and in the presence of inhibitor, respectively.

2.3. Gravimetric study

Gravimetric experiments were performed according to the standard
methods [25], themild steel sheets of 1 cm×1 cm× 0.1 cmwere abrad-
ed with a series of emery papers (120, 600 and 1200) and then washed
with distilled water and acetone. After weighing accurately, the speci-
mens were immersed in a 100 mL beaker containing 250 mL of 1.0 M
Fig. 3. (E)-3-(4-methoxystyryl)-7-methylquinoxalin-2(1H)-one (MOSMQ).



Table 1
The characteristics of the synthesized compounds.

Compounds SQ MOSQ MOSMQ

Melting point
(°C)

239 260 253

1H RMN (300
MHz,
DMSO-d6) δ
(ppm)

7.29–7.50 (m, 6H, HAr), 7.63 (d, 1H, CH, CH
ethylenic, 3J = 16.5 Hz), 7.73–7.80 (m, 3H,
HAr), 8.08 (d, 1H, CH ethylenic, 3J = 16.5 Hz),
12.48 (s, 1H, NH)

7.45 (s, 1H), 7.50 (d, 2H,3J = 8.4 Hz), 7.60 (d, 1H, CH
ethylenic, 3J = 16.2 Hz), 7.78 (d, 2H, 3J = 8.4 Hz),
8.00 (s, 1H), 8.06 (d, 1H, CH ethylenic, 3J = 16.2 Hz),
12.64(s, 1H, NH).

7.30–7.35 (m, 2H, HAr), 7.42 (m, 2H, HAr), 7.49–7.57
(m, 2H, HAr), 7.64 (d, 1H, CH ethylenic, 3J = 16.2 Hz),
7.81 (m, 1H, HAr), 7.98 (m, 1H, HAr), 8.45 (d, 1H, CH
ethylenic, 3J = 16.2 Hz), 12.56 (s, 1H, NH)

13C RMN (75.5
MHz,
DMSO-d6) δ
(ppm)

115.7, 122.4, 124.0, 128.1, 128.8, 129.0, 129.5,
129.7, 129.9, 130.3, 132.1, 132.8, 136.4, 137.5,
153.5, 155.3

112.55(2 × C), 115.56, 116.63,123.82, 124.05,128.29,
129.27, 129.69 (2 × C), 131.73, 133.09, 138.25,
151.59, 153.96, 155.36.

115.8, 124.1, 125.6, 127.9, 128.3, 129.1, 130.5, 130.7,
131.2, 132.3, 132.6, 132.7, 133.9, 134.2, 153.1, 155.2

The calculate
elementary
analysis (%)

C 77.40, H 4.87, N 11.28 C 73.37, H 5.07, N 10.07 C 67.97, H 3.92, N 9.91

the percentage
founded
values

C 77.37, H 4.88, N 11.26 C 73.17, H 5.08, N 10.09 C 67.78, H 3.80, N 9.74

Mass
spectroscopy
(FAB
(MNBA))

m/z (M + H)+ = 249 m/z (M + H)+ = 279 m/z (M + H)+ = 293
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HCl solutionwith andwithout different inhibitor concentrations. All the
aggressive acid solutions were open to air. After 6 h of immersion, the
specimens were taken out, washed, dried, and weighed accurately.
The inhibition efficiency (ηWL%) and surface coverage (θ) were calculat-
ed as follows:

CR ¼ Wb−Wa

At
ð5Þ

ηWL %ð Þ ¼ 1−
wi

w0

� �
� 100 ð6Þ

θ ¼ 1−
wi

w0
ð7Þ

whereWb andWa are the specimen weight before and after immersion
in the tested solution, w0 and wi are the values of corrosion weight
losses of mild steel in uninhibited and inhibited solutions, respectively,
A the total area of the mild steel specimen (cm2) and t is the exposure
time (h).

2.4. Computational details and equations

In recent times, DFT methods are widely used the prediction of
chemical reactivity of molecules, clusters and solids. All computations
have been carried out with the Gaussian package program. For
calculations, B3LYP method, a version of the DFT methods, was used
and polarized basis sets such as 6-311G (d,p), 6-311++G (d,p), 6-
311G++ (2d,2p) were preferred. A full optimization was performed
up to a higher basis set denoted by 6-31G++ (d, p) because this
basis set gives more accurate results in terms of the determination of
geometries and electronic properties for a wide range of organic com-
pounds. The mentioned calculations were performed not only in the
gas phase but also in the hydrochloric acidmedium. In addition to calcu-
lations made for neutral forms of studied compounds, required quan-
tum chemical parameters have been also calculated for the protonated
forms of them.

The aim of quantum physicists and chemists is obtain new
formulations for calculating of chemical reactivity indices and the
understanding of the nature of chemical interactions. Based on the
idea that the electron density is the fundamental quantity for describing
atomic and molecular properties, Parr and coworkers defined as
derivatives of the electronic energy (E) with respect to number of elec-
trons (N) at a constant external potential, υ(r) the chemical reactivity
indices such as chemical potential (μ), electronegativity (χ) and
chemical hardness (η). According to them,mentioned these parameters
are given as [26,27]:

χ ¼ −μ ¼ −
∂E
∂N

� �
υ rð Þ

ð8Þ

η ¼ 1
2

∂μ
∂N

� �
υ rð Þ

¼ 1
2

∂2E
∂N2

 !
υ rð Þ

ð9Þ

To calculate the chemical reactivity descriptors such as chemical
hardness, chemical potential and electronegativity, Pearson and Parr
derived the following equation by applying to Eqs. (8) and (9) [28].

χ ¼ −μ ¼ I þ A
2

ð10Þ

η ¼ I−A
2

ð11Þ

here, I and A are first vertical ionization energy and electron affinity
values of any chemical system, respectively.

Koopman's theorem [29] provides an alternative method the
prediction of ionization energy and electron affinities of chemical spe-
cies. According to this theorem, the negative of the highest occupied
molecular orbital energy and the negative of the lowest unoccupied
molecular orbital energy corresponds to ionization energy and electron
affinity, respectively (−EHOMO = I and−ELUMO = A). As a result of this
theorem, chemical hardness, electronegativity and chemical potential
can be defined as:

μ ¼ −χ ¼ ELUMO þ EHOMO

2
ð12Þ

η ¼ ELUMO−EHOMO

2
ð13Þ

Global softness [30,31] is one of the most important reactivity
descriptors. This quantity is defined as the inverse of global hardness
and is given as:

S ¼ 1
η
¼ 2

∂N
∂μ

� �
υ rð Þ

ð14Þ

Electrophilicity [32] that indicates the tendency of the inhibitor
molecule to accept electrons is an important parameter in terms of the



Fig. 5. Potentiodynamique polarization curve for mild steel in 1.0MHCl in the presence of
different concentrations of MOSQ.
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comparison of corrosion inhibition efficiencies of molecules. According
to electrophilicity index proposed by Parr [33] to explain the electro-
philic and nucleophilic behavior of molecules, electrophilic power of a
chemical species has been associated with its electronegativity and
chemical hardness values. Electrophilicity index introduced by Parr is
defined via following equation. It is seen from this equation that a
good electrophile is characterized by high electronegativity (or chemi-
cal potential) and low chemical hardness values.

ω ¼ μ2

2η
¼ χ2

2η
ð15Þ

3. Results and discussion

3.1. Potentiodynamic polarization curves

Figs. 4, 5 and 6 show the potentiodynamic polarization curves for
mild steel in 1.0MHCl solution in the absence and presence of different
concentrations of quinoxalinone derivatives. The icorr, Ecorr and βc which
were evaluated by the Tafel extrapolation method of the linear part of
the cathodic part, were summarized in Table 2. It is seen that all product
addition reduces both anodic metal dissolution and cathodic hydrogen
evolution reactions. The reduction of icorr is pronounced more and
more with increasing inhibitors concentration and MOSQ is the better.
The increased inhibition efficiency with inhibitors concentration
indicates that the tested compounds act by adsorption on the metallic
surface [34]. In addition, it is remarked that the presence of MOSQ and
MOSMQ shifts the corrosion potential slightly towards more negative
potentials and MS towards positive potentials. Therefore, it is could be
classified as the mixed type corrosion inhibitor.

However, the cathodic Tafel slopes (βc) change with the
quinoxalinone substituted compounds addition indicating a modifica-
tion of the mechanism of cathodic hydrogen evolution, which suggest
that these compounds powerfully inhibit the corrosion process of mild
steel, and their ability as corrosion inhibitors are enhanced as their con-
centrations are increased. The suppression of cathodic process can be
due to the covering of the surface with monolayer due to the adsorbed
inhibitor molecules [35].

In the other hand, the lesser value of inhibition efficiency for MOSMQ
as compared to SQ and MOSQ can be attributed to the lower electron
densities around the chemisorption center. Compounds can produce pro-
tonated species in HCl medium by the reaction of the amino group with
HCl. This reaction is easer in case of the presence of –OCH3 (MOSQ) and
Fig. 4. Potentiodynamique polarization curve for mild steel in 1.0MHCl in the presence of
different concentrations of SQ.
its absence (SQ) than in the case of presence of –OCH3 with –CH3. The
better performance of MOSQ over SQ and MOSMQ is also due to the
more surface area which leads to more adsorption on the metal surface,
thereby exhibiting a better inhibitory effect.

3.2. Electrochemical impedance spectroscopy (EIS)

The representative Nyquist of mild steel electrode in 1.0MHCl solu-
tion in the absence and presence of various concentrations of SQ, MOSQ
andMOSMQat corrosion potential is shown in Figs. 7, 8 and 9. It is noted
that theNyquist plot ofmild steel in the absence andpresence of all con-
centration of inhibitors contains a slightly depressed semi-circular
shape and only one time constant was appeared indicating that the
mild steel corrosion is mainly controlled by a charge transfer process.
In this case, the equivalent electric circuit, Fig. 10, with one time con-
stants was proposed to reproduce these results by non linear regression
calculation. Excellent fit with this model was obtained for all experi-
mental data. As an example, the Nyquist and Bode plots for mild steel
in acid solution in the presence of 10−4 of MOSQ is presented in
Fig. 11a, b and c, respectively. The measured and simulated data fitted
very well. It is observed that the fitted data follow almost the same pat-
tern as the original results along the whole diagrams. The high
Fig. 6. Potentiodynamique polarization curve for mild steel in 1.0MHCl in the presence of
different concentrations of MOSMQ.



Table 2
Potentiodynamic electrochemical parameters obtained formild steel in 1.0MHCl contain-
ing different concentrations of quinoxalinone substituted compounds.

Inhibitors Conc.
(M)

Ecorr (mV/SCE) icorr
(mA cm−2)

−βc

(mV dec−1)
ηPP
(%)

1.0 M HCl 00 −545 0.949 −101 —
SQ 1 × 10−6 −436 0.130 −143 86

1 × 10−5 −448 0.126 −145 87
5 × 10−5 −508 0.116 −121 88
1 × 10−4 −488 0.112 −145 88

MOSQ 1 × 10−6 −596 0.197 −120 79
1 × 10−5 −594 0.169 −121 82
5 × 10−5 −628 0.109 −102 89
1 × 10−4 −680 0.083 −144 91

MOSMQ 1×10−6 −594 0.875 −148 07
1×10−5 −594 0.248 −113 74
5×10−5 −628 0.148 −114 84
1×10−4 −628 0.096 −113 90

Fig. 8. Nyquist plots for mild steel in 1.0 M HCl in the presence of different concentrations
of MOSQ at corrosion potential.
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frequencypart of the impedance andphase angle describes the behavior
of an inhomogeneous surface layer, while the low frequency contribu-
tion shows the kinetic response for the charge transfer reaction [36].

It is worth pointing out that the application of an electrical circuit
consisting of double layer capacitor does not always enable achieving
satisfactory fitting to the experimental impedance data. The dispersion
of the impedance data can be attributed to the surface heterogeneity
resulting from the inhibitor's adsorption (mainly), surface roughness,
dislocations, impurities, grain boundaries, fractality, etc. In such case
using an equivalent electrical circuit employing the double layer capac-
itance element is not a good enough approximation. The Constant Phase
Element (CPE)was suggested instead of Cdl. So, themore heterogeneous
surface, hence the higher n values, the greater deviation from ideal
capacitative behavior. It allows employing CPE element in order to
investigate the inhibitive film properties on metallic surface. Thus, the
impedance of the CPE can be described by the following equation:

ZCPE ¼ Q jωð Þn� �−1 ð16Þ

where j is the imaginary number, Q is the frequency independent real
constant, ω= 2πf is the angular frequency (rad s−1), f is the frequency
of the applied signal, n is theCPE exponent forwhole number of n=1, 0,
−1, CPE is reduced to the classical lump element-capacitor (C), resis-
tance (R) and inductance (L) [37]. The use of these parameters, similar
to the constant phase element (CPE), allowed the depressed feature of
Nyquist plot to be reproduced readily. However, the calculated double
Fig. 7. Nyquist plots for mild steel in 1.0 M HCl in the presence of different concentrations
of SQ at corrosion potential.
layer capacitance (Cdl) derived from the CPE parameters according to
the equation [38]:

Cdl ¼ QdlR
1−n
ct

� �1=n

and the relaxation time constant (τd) of charge-transfer process using
the equation [38]:

τd ¼ CdlRct

The most important data obtained from the equivalent circuit are
presented in Table 3. It is apparent from this Table that the impedance
of the inhibited system amplified with increasing inhibitors concentra-
tion and the Cdl values decreased with increasing inhibitors concentra-
tions. This decrease in Cdl results from a decrease in local dielectric
constant and/or an increase in the thickness of the double layer,
suggesting that inhibitors molecules inhibit the mild steel corrosion by
adsorption at the metal/acid interface [39].

In addition, it is shown that the n values increasewith inhibitors con-
centrations, which could be related to the decrease of the surface het-
erogeneity as a result of the inhibitors molecules adsorption on mild
Fig. 9. Nyquist plots for mild steel in 1.0 M HCl in the presence of different concentrations
of MOSMQ at corrosion potential.



Fig. 10. The electrochemical equivalent circuit used to fit the impedance measurements
that include a solution resistance (Rs), a constant phase element (CPE) and charge
transfer resistance (Rct).
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steel surface and forming a uniform inhibitive film. In the sameway, the
relaxation time constant (τdl) values increasewith inhibitors concentra-
tions as well and the time of adsorption process becomes therefore
much higher which means a slow adsorption process [40]. This shows
that there is an agreement between the amount of charge that can be
stored (that is capacitance) and discharge velocity in the interface
(τdl) [41].

In addition, the charge transfer resistance of the material followed
the order MOSQ NMOSMQ N SQ such as found by the potentiodynamic
polarization curves.

3.3. Gravimetric study

3.3.1. Effect of inhibitor concentration and temperature
Corrosion parameters, namely CR, surface coverage (θ), and inhibi-

tion efficiency (ηWL%) of mild steel in 1.0 M HCl solution in the absence
and presence of different concentrations
Fig. 11. (a) Nyquist plots, (b) Bode-Model and (c) Bode-phase plots obtained for the mild steel
Fitting data. (For interpretation of the references to color in this figure legend, the reader is ref
(10−6−10−4 M) of inhibitor at different temperatures
(298−328 K), obtained from weight loss measurements are shown in
Table 4. From Table 4, it is apparent that inhibition efficiency increased
by increasing the concentration of the inhibitors. The inhibition efficien-
cy of MOSQ, SQ andMOSMQ at 10−4 Mwas found to be 89, 88 and 83%,
respectively, at 298 K (Table 4). By increasing the inhibitor concentra-
tion, the part of metal surface covered by inhibitor molecules increases,
and that leads to an increase in the inhibition efficiencies [42]. It is also
clear from the Table 4 that the inhibition efficiency decreased with in-
creasing temperature from 298 to 328 K. Such type of behavior can be
described on the basis that the increase in temperature leads to a shift
of the equilibrium constant toward desorption of the inhibitors mole-
cules at the surface of mild steel [43].

3.3.2. Activation parameters
The effect of temperature on the corrosion parameters of mild steel

in free acid and inhibited 1.0 MHCl solution was studied in the temper-
ature range of 298–328 K. The effect of temperature on inhibition reac-
tion is highly complex, because many changes may occur on the metal
surface such as etching, rupture and desorption of inhibitor molecules.
The dependence of logarithmof corrosion rates (Ln CR) on the reciprocal
of absolute temperature (1/T) for 1.0 M HCl for blank and quinoxalines
derivatives was examined. Linear plots were obtained (Fig. 12), which
indicate it follows Arrhenius equation [44].

LnCR ¼ −
Ea
RT

þ LnA ð17Þ
in 1.0 M HCl in the presence of 10−4 of MOSQ. Scatters: Experimental data and red lines:
erred to the web version of this article.)



Table 3
Fitting results of EIS for mild steel in 1.0 M HCl in the absence and presence of different concentrations of quinoxalinone substituted compounds.

Inhibitors C
(M)

Rs
(Ω cm2)

Rct
(Ω cm2)

Cdl
(μF cm−2)

τct
(s)

nct ηEIS
(%)

1.0 M HCl 00 2.08±0.03 32.41±0.78 128.1±0.66 0.0041 0.78±0.01 –
SQ 1×10−6 1.61±0.05 222.70±3.87 108.10±1.31 0.0241 0.84±0.01 85

1×10−5 1.42±0.03 258.60±2.56 75.85±0.31 0.0196 0.83±0.03 87
5×10−5 1.35±0.07 280.00±2.63 59.40±0.71 0.0166 0.82±0.01 88
1×10−4 1.30±0.03 385.90±19.67 65.03±0.64 0.0251 0.85±0.01 92

MOSQ 1×10−6 1.97±0.01 144.90±0.39 94.46±0.15 0.0137 0.86±0.001 78
1×10−5 1.96±0.01 166.40±0.43 73.48±0.08 0.0122 0.84±0.001 81
5×10−5 1.69±0.01 223.70±1.02 90.24±0.31 0.0201 0.88±0.001 86
1×10−4 2.05±0.02 520.20±1.96 53.43±0.08 0.0278 0.85±0.001 94

MOSMQ 1×10−6 2.163±0.02 34.29±0.36 119.45±2.35 0.0041 0.85±0.002 06
1×10−5 4.65±0.06 150.00±0.84 77.60±0.07 0.0116 0.76±0.01 78
5×10−5 1.914±0.02 236.60±2.13 95.50±0.49 0.0226 0.84±0.03 86
1×10−4 2.109±0.01 402.00±1.40 80.93±0.12 0.0325 0.86±0.001 92
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where A is the Arrhenius pre-exponential constant, R is theuniversal gas
constant, Ea is the apparent activation energy and T is the absolute tem-
perature. The values obtained from the slope of the linear plots are
shown in Table 5.

All the linear regression coefficients are close to 1, indicating that the
steel corrosion in hydrochloric acid can be elucidated using the kinetic
model. As observed from the Table 5, the Ea increased with increasing
concentration of quinxaline derivatives, but all values of Ea in the
range of the studied concentration, were higher than that of the unin-
hibited solution (Blank). The increase in Ea in the presence of
quinoxaline derivatives may be interpreted as physical adsorption. In-
deed, a higher energy barrier for the corrosion process in the inhibited
solution is associated with physical adsorption or weak chemical bond-
ing between the inhibitors species and the steel surface [45,46]. Szauer
et al. explained that the increase in activation energy can be attributed
to an appreciable decrease in the adsorption of the inhibitor on the
mild steel surface with the increase in temperature [47].

The other kinetic parameters such as enthalpy of adsorption (ΔHa)
and entropy of adsorption (ΔSa) were obtained from transition state
equation

CR ¼ RT
Nh

exp
ΔSa
R

� �
exp −

ΔHa

RT

� �
ð18Þ

where CR is the corrosion rate, h the Plank's constant andN is Avogrado's
number, ΔHa the enthalpy of activation and ΔSa the entropy of
activation.
Table 4
Corrosion parameters of mild steel in 1.0 M HCl solution in the presence and absence of differe

298 K 308 K

Conc
(M)

CR
(mg/cm2 h)

θ ηWL

(%)
CR
(mg/cm2 h)

θ ηW
(%

Blank 1.310 — — 1.860 — —
MOSQ
1 × 10−6 0.390 0.70 70 0.591 0.68 6
1 × 10−5 0.338 0.74 74 0.518 0.72 7
5 × 10−5 0.261 0.80 80 0.443 0.76 7
1 × 10−4 0.138 0.89 89 0.272 0.85 8

SQ
1 × 10−6 0.254 0.81 81 0.406 0.78 7
1 × 10−5 0.213 0.84 84 0.350 0.81 8
5 × 10−5 0.195 0.85 85 0.309 0.83 8
1 × 10−4 0.160 0.88 88 0.273 0.85 8

MOSMQ
1 × 10−6 1.189 0.09 09 1.724 0.07 0
1 × 10−5 0.642 0.51 51 1.084 0.42 4
5 × 10−5 0.372 0.72 72 0.583 0.69 6
1 × 10−4 0.267 0.80 80 0.460 0.75 7
Fig. 13 shows the variation of Ln (CR/T) function (1/T) as a
straight line with a slope of (−ΔHa/R) and the intersection with
the y-axis is [Ln(R/Nh) + (ΔSa/R)]. From these relationships, values
of ΔSa and ΔHa can be calculated. The activation parameters (Ea,
ΔHa and ΔSa) calculated from the slopes of Arrhenius lines in the
absence and presence of our inhibitors (Figs. 12 and 13) are summa-
rized in Table 5.

Inspection of these data reveals that the ΔHa values for dissolution
reaction of mild steel in 1.0 M HCl in the presence of three quinxaline
derivatives are higher than that of in the absence of inhibitors
(59.15 kJ mol−1). The positive signs of ΔHa values reflect the endother-
mic nature of themild steel dissolution process suggesting that the dis-
solution of mild steel is slow [37] in the presence of inhibitor. All values
of Ea are larger than the analogous values of ΔHa indicating that the cor-
rosion process must involved a gaseous reaction, simply the hydrogen
evolution reaction, associated with a decrease in the total reaction vol-
ume [48].

Additionally, Table 5 shows that the values of ΔSa increase in
presence of inhibitor compared to blank solution, which mean an
increase in disorder takes place during the course of the transition
from reactant to the activated complex during the corrosion process
[49,50].

3.3.3. Adsorption isotherm and thermodynamic analysis
Themode and extent of the interaction between an inhibitor and the

mild steel surface can be studied by applying adsorption isotherms. The
degree of surface coverage, θ, at different inhibitor concentrations of
nt inhibitors at different temperature, obtained from weight loss measurements.

318 K 328 K

L

)
CR
(mg/cm2 h)

θ ηWL

(%)
CR
(mg/cm2 h)

θ ηWL

(%)

2.970 — — 4.560 — —

8 1.060 0.64 64 1.808 0.60 60
2 0.906 0.70 70 1.618 0.65 65
6 0.843 0.72 72 1.476 0.68 68
5 0.551 0.82 82 1.028 0.78 78

8 0.769 0.74 74 1.368 0.70 70
1 0.679 0.77 77 1.222 0.73 73
3 0.649 0.78 78 1.081 0.76 76
5 0.579 0.81 81 0.998 0.78 78

7 2.778 0.06 06 4.317 0.05 05
2 1.864 0.37 37 3.002 0.34 34
9 1.037 0.65 65 1.739 0.62 62
5 0.828 0.72 72 1.398 0.69 69



Fig. 12. Arrhenius plots for mild steel in 1.0M HCl solution in the absence and presence of
various concentrations of SQ, MOSQ and MOSMQ.

Table 5
Activation parameters formild steel corrosion in 1.0MHCl in the absence and presence of
different concentrations of quinoxalinone derivatives.

Inhibitor C (M) Ea (KJ/mol) ΔHa (KJ/mol) ΔSa (J/(mol K))

0.0 34.17 31.55 −137.09

MOSQ 1 × 10−6 42.10 39.48 −120.71
1 × 10−5 46.61 39.99 −120.20
5 × 10−5 47.49 44.86 −105.83
1 × 10−4 54.69 52.05 −86.78

SQ 1 × 10−6 46.18 43.48 −110.84
1 × 10−5 47.95 45.32 −106.12
5 × 10−5 47.74 45.11 −107.57
1 × 10−4 50.77 48.13 −98.96

MOSMQ 1 × 10−6 35.24 33.62 −131.28
1 × 10−5 42.01 35.28 −130.45
5 × 10−5 42.24 38.33 −122.29
1 × 10−4 45.15 43.96 −110.03
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MOSQ, SQ and MOSMQ in 1.0 M HCl was evaluated from weight loss
measurements to explain thebest isotherm to determine the adsorption
process. The linear relationship between θ values and Cinh is to be found
in order to obtain the isotherm. Attempts were made to fit the θ values
to various isotherms including Langmuir, Temkin, Frumkin, and Flory-
Huggins. The best fit is obtained with the Langmuir isotherm. The Lang-
muir adsorption isotherm is given by [51]

Cinh

θ
¼ 1

Kads
þ Cinh ð19Þ

where Cinh is the equilibrium inhibitor concentration, Kads adsorptive
equilibrium constant.

A plot of Cinh/θ against Cinh shows a straight line, indicating that ad-
sorption follows the Langmuir adsorption isotherm as shown in Fig. 14.

Thermodynamic parameters including the heat of adsorption, free
energy of adsorption, and entropy of adsorption are important in the
explanation of the corrosion inhibition mechanism. The free energy of
adsorption (ΔGads) can be obtained from the equation [52]

ΔGads ¼ −RTLn 55:5Kadsð Þ ð20Þ

where R is gas constant and T is absolute temperature of experiment
and the constant value of 55.5 is the concentration of water in solution
in mol L−1.

The enthalpy and entropy of adsorption (ΔHads and ΔSads) can be
calculated using the following equations [53]:

ΔGads ¼ ΔHads−TΔSads ð21Þ

LnKads ¼ −
ΔHads

RT
þ ΔSads

R
−Ln 55:5ð Þ ð22Þ

Fig. 15 represents the plots of Ln Kads versus 1/T for MOSQ, SQ and
MOSMQ, and the thermodynamic parameters obtained are given in
Table 6.

The values of ΔGads are negatives the stability of the adsorbed layer
on the steel surface. Generally speaking, the adsorption type is regarded
as physisorption if the absolute value of ΔGads was of the order of
20 kJ mol−1 or lower. The inhibition behavior is attributed to the elec-
trostatic interaction between the organic molecules and iron atom.
When the absolute value of ΔGads is of the order of 40 kJ mol−1 or
higher, the adsorption could be seen as chemisorption. In this process,
the covalent bond is formed by the charge sharing or transferring
from the inhibitor molecules to the metal surface [54,55]. Based on the
literature [56], the calculated ΔGads values in this work (Table 6) indi-
cate that the adsorption mechanism of these compounds on mild steel
in 1.0 M HCl solution is typical of chemisorption. The same conclusion
was given by Wang et al. [57] concerning the interaction of mild steel
with mercapto-triazoles and 5-amino-3-mercapto-1,2,4-triazole,
respectively. Moreover, | ΔGads | of these inhibitors decreases in the
order SQ N MOSQ N MOSMQ.

ΔHads is another criterion from which the mode of adsorption based
on the absolute value can be probed. Generally, an endothermic process



Fig. 13. Transition Arrhenius plots for mild steel in 1.0 M HCl solution in the absence and
presence of various concentrations of SQ, MOSQ and MOSMQ.

Fig. 14. Langmuir adsorption isotherm of mild steel 1.0 M HCl containing various
concentrations of MOSQ, SQ and MOSMQ.
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is explicit to chemisorption, while an exothermic adsorption process
designates either physisorption or chemisorption [58]. In an exothermic
adsorption, the adsorption mode is judged based on the absolute value
of ΔHads. The negative sign of ΔHads indicates that the adsorption of
inhibitor molecules is an exothermic process. ΔSads in the presence of
these inhibitors is large and positive meaning that an increase in
disordering takes places in going from reactants to the metal adsorbed
species reaction complex [57]. The value of the constant Kads decreases
with increasing temperature, indicating that the interactions between



Fig. 15. The relationship between Ln (Kads) and 1000/T for MOSQ, SQ and MOSMQ.
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the adsorbedmolecules and themetal surface areweakened and, conse-
quently, the adsorbed molecules become easily removable.

3.4. Quantum chemical calculations

To compare more easily the quantum chemical parameters such as
dipole moment, total negative charge, electronegativity, chemical po-
tential, hardness, softness, global electrophilicity, molecular volume
and sum of electronic and zero point energies calculated for studied
compounds using B3LYP/6-311G(d,p), B3LYP/6-311++G(d,p) and
B3LYP/6-311++G(2d,2p) methods in both gas phase and solvent
phase, the results obtained are presented as column graphs in Fig. 16.
In addition, Fig. 14 presents the optimized molecular structure,
HOMOs, LUMOs andmolecular electrostatic potential maps of protonat-
ed and neutral forms of studied molecules. In the Table 7, calculated
HOMO, LUMO energies and energy gap (ΔE) values are presented. In
this stage, we should provide descriptive information about labeling in
Figs. 16 and 17. For example, SQ-prot-N label symbolizes that molecule
SQ has been protonated via oxygen atom.

Corrosion inhibition efficiencies of molecules are closely associated
with their reactivities or stabilities. The calculated quantum chemical
parameters such as the highest occupied molecular orbital energy
(EHOMO), lowest unoccupied molecular orbital energy (ELUMO), the ener-
gy gap between EHOMO and ELUMO (ΔE), dipole moments (DM),
Table 6
Thermodynamic and kinetic parameters for the adsorption of studied inhibitors in 1.0 M
HCl on the mild steel surface at different temperatures.

Inhibitors Temp
(K)

Kads

(L mol−1)
ΔGads

(KJ mol−1)
ΔHads

(KJ mol−1)
ΔSads
(J mol−1 K−1)

MOSQ 298 425126.69 −42.06 −7.58 115.70
308 417031.57 −43.42 −7.58 116.36
318 372160.88 −44.53 −7.58 116.19
328 322704.52 −45.54 −7.58 115.73

SQ 298 1502437.70 −45.19 −6.38 130.23
308 1730292.40 −47.07 −6.38 132.11
318 1268119.85 −47.77 −6.38 130.16
328 1278404.55 −49.30 −6.38 130.85

MOSMQ 298 105349.10 −38.60 −16.76 73.29
308 80894.37 −39.22 −16.76 72.92
318 66441.21 −39.98 −16.76 73.02
328 56676.17 −40.80 −16.76 73.29
molecular volume (MV), sum of the total negative charge (TNC), global
hardness (η), softness (σ), chemical potential (μ), electronegativity (χ),
global Electrophilicity (ω) and sum of electronic and zero-point ener-
gies (SEZPE) are important and useful tools to compare the corrosion in-
hibition performances of molecules [59–65].

In the estimation of the strength of the intermolecular interactions,
energy levels of HOMO and LUMO orbitals have an important role. In
DFT studies, in general, molecular reactivities of molecules are investi-
gated via the analysis of frontier molecular orbital [66]. 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 do-
nate electrons to appropriate acceptor molecules with low energy and
emptymolecular orbital. On the other hand, LUMO energy level is an in-
dicator 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. Calculated HOMO and LUMO energies
for neutral forms of studied quinoxalinone derivatives are presented
in Fig. 16. According the results obtained in gas phase, molecule MOSQ
can be considered as a better corrosion inhibitor compared to other
molecules. However, the results obtained in solvent phase show that
molecule MOSMQ acts a corrosion inhibitor better than molecule
MOSQ in acidic medium. As a result, in terms of the energies of frontier
orbitals, corrosion inhibition efficiency ranking of studiedmolecules can
be given as:MOSQNMOSMQ N SQ. This result is in good agreementwith
the experimental data.

There aremany quantum chemical parameters which are used reac-
tivity descriptors in chemical reactions. One of these parameters is
chemical hardness which is defined as the resistance towards electron
cloud polarization and deformation of chemical species [67,68]. Hard
and Soft Acids-Bases (HSAB) [69] and Maximum Hardness (MHP) [27]
Principles based on chemical hardness concept are very useful in
terms of estimating the directions of chemical reactions and under-
standing of the nature of chemical interactions. According to Maximum
Hardness Principle, a chemical system tends to arrange itself so as to
achieve maximum hardness and chemical hardness can be considered
as a measure of stability. As can be understood from this information,
a good corrosion inhibitor is characterized by low chemical hardness
value. According to calculated hardness values given in the correspond-
ing figure, the corrosion inhibition efficiency ranking of studied mole-
cules can be given as: MOSQ ≈ MOSMQ N SQ in gas phase and
MOSQ N MOSMQ N SQ in solvent phase. As mentioned above, softness
is the inverse of chemical hardness and it is a measure of polarizability
and reactivity. Soft molecules are more reactive and more effective
against corrosion. A comparison among the studied compound shows
that the trend of increasing softness values is as follows:
MOSQ ≈ MOSMQ N SQ in gas phase and MOSQ N MOSMQ N SQ in
solvent phase. The trend is consistent with the trend in the
experimental inhibition efficiencies. Chemical hardness, softness and
energy gap (ΔE) quantum chemical parameters closely associated
with each other. It is known that both softness and hardness are given
based on HOMO and LUMO orbital energies as a result of Koopman's
theorem. Hard molecules which have high HOMO-LUMO energy gap
cannot act as good corrosion inhibitor. However, soft molecules which
have low HOMO-LUMO energy gap are good corrosion inhibitors
because they can easily give to metals. It is important to note that an
efficient inhibitor is characterized by a small energy gap. The order in
which energy gap values change is also consistent with the experimen-
tal data.

Electronegativity [70] is a key parameter that determines the frac-
tion of electrons transferred (ΔN) from inhibitor molecule tometal sur-
face [71]. Chemical potential is the negative of the electronegativity. It is
seen from the equation given below that the electron transfer value
metal and inhibitor decreases as the electronegativity of inhibitor in-
creases. According to Sanderson's electronegativity equalization princi-
ple, the electron transfer between metal and inhibitor continues until
their electronegativity values become equal with each other. According



Fig. 16. The calculated quantum chemical parameters for the non-protonated for gas and solvent phase compounds using B3LYP/6-311G(d,p), B3LYP/6-311++G(d,p) and B3LYP/6-
311++G(2d,2p) methods.
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Fig. 16 (continued).

826 A. Tazouti et al. / Journal of Molecular Liquids 221 (2016) 815–832
to Pearson, the fraction of electrons transferred from corrosion inhibitor
to metal atom can be calculated via following equation.

ΔN ¼ χM−χinh

2 ηM þ ηinh
� 	 ð23Þ

where,ΔN is electron transfer betweenmetal and inhibitor.χM andχinh

are electronegativity of metal and electronegativity of inhibitor,
respectively. ηM and ηinh represent chemical hardness value of
metal and chemical hardness value of inhibitor, respectively. In terms
of the electronegativity and chemical potential values of inhibitor
molecules, the corrosion inhibition efficiencies follow the order:
MOSQ ≈ MOSMQ N SQ.
Electrophilicity is a useful tool to predict of chemical behaviors of
molecules and this quantity can be used to compare the tendency of
the inhibitor molecule to accept the electrons [72]. For this reason, it
should be stated that a molecule that has large electrophilicity value is
ineffective against corrosion. The trend in which the electrophilicity
values increases is as follows: SQ NMOSMQ NMOSQ.Within framework
of this information, we can write the corrosion inhibition efficiency
ranking of the molecules as: MOSQ N MOSMQ N SQ. This ranking is
compatible with the experimental inhibition efficiency ranking.

Proton affinity [73] is a measure of basicity and it can be defined as
the enthalpy of the reaction with H+ ion of a chemical species in gas
phase. As can be understood from this definition, comparisons regard-
ing proton affinities of molecules should be performed considering the
results obtained in the gas phase. Organic compounds containing



Fig. 16 (continued).
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heteroatoms such as oxygen, sulfur and nitrogen exhibit high tendency
to protonation in acidic medium. Thus, analysis of the protonated forms
of studied compounds is important in terms of the calculation of the
proton affinities of neutral inhibitors. In Fig. 16, calculated quantum
chemical parameters for protonated forms of considered molecules in
this study are presented. To determine the most appropriate
heteroatom for protonation, studied quinoxalin derivatives have been
protonated from different regions. It should be noted that a chemical
compound with high proton affinity acts as a good corrosion inhibitor.
If so, according to proton affinity values given in Fig. 16 of studied
compounds, corrosion inhibition efficiencies follow the order:
MOSQ N MOSMQ N SQ. Proton affinity values obtained have been
calculated considering Eqs. (24) and (25):

PA ¼ E proð Þ− E non‐proð Þ þ EHþ
� 	 ð24Þ

where, Enon-pro and Epro are the energies of the non-protonated and
protonated inhibitors, respectively. EH+ is the energy of H+ ion and
was calculated as:

EHþ ¼ E H3O
þð Þ−E H2Oð Þ ð25Þ
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Themolar volumes of inhibitor molecules can be provide an alterna-
tive insight to compare their inhibition efficiencies [74]. The inhibition
efficiency increases as the molecular volume increases because of the
increase of the contact area between inhibitor molecule and metal sur-
face. It is seen from the Fig. 16, in general, molecule MOSMQ has the
highest molecular volume values. This condition is not consistent with
the experimental results. In the solvent phase, only the corrosion inhibi-
tion efficiency ranking obtained using B3LYP/6-311++G (d.p) is in
agreement with experimental results. Another important electronic pa-
rameter considered in corrosion studies is dipole moment. The dipole
Fig. 17. The optimized molecular structures, HOMO, LUMO and total density of the gas phase
moment arises from non-uniform distribution of charges on the various
atoms in a molecule and is used in the estimation of strength of inter-
molecular interactions. Some authors reported that the inhibition effi-
ciency increases with increasing value of the dipole moment. On the
other hand some authors also reported that irregularities can be ob-
served in the correlation between dipole moment with inhibition effi-
ciency. Inhibition efficiency ranking obtained in the theoretical part of
our study is not compatible with the experimental results. It is seen
from dipole moment values given in Fig. 16, for molecules SQ, MOSQ
and MOSMQ, there was no obvious correlation between the values of
and gas phase with protonated inhibitor molecules using DFT/B3LYP/6-311++G(2d,2p).



Fig. 17 (continued).
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the dipole moment with the trend of inhibition efficiency obtained
experimentally. Another parameter also considered in corrosion studies
is total negative charge (TNC). It should be noted that TNC is not very
useful parameter to compare the electron donating abilities of
molecules. Nevertheless, in some publications, it was expressed that a
molecule having high TNC value can be very effective against corrosion.

As to conclude, the results obtained quantum chemical calculations
are generally compatible with experimental results. Considering the re-
sults obtained in the theoretical section of this study, we propose that
the most effective corrosion inhibitor for prevention of corrosion of
mild steel in acidic medium among studied molecules is molecule
MOSQ and the corrosion inhibition efficiency ranking obtained as
theoretical is MOSQ N MOSMQ N SQ.

4. Conclusion

The corrosion inhibition of mild steel in 1.0 M HCl solution by new
quinoxalinone derivatives was investigated using electrochemical



Table 7
The calculated HOMO, LUMO and Energy Gap (ΔE) parameters as eV for the non-protonated and protonated for gas and solvent phase compounds using B3LYP/6-311G(d,p), B3LYP/6-
311++G(d,p) and B3LYP/6-11++G(2d,2p) methods.

Method

Molecule B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p) B3LYP/6-311++G(2d,2p)

EHOMO ELUMO ΔE EHOMO ELUMO ΔE EHOMO ELUMO ΔE

Gas phase for non-protonated molecules
SQ −5.994 −2.364 3.629 −6.021 −2.563 3.457 −6.006 −2.549 3.457
MOSQ −5.675 −2.243 3.432 −5.688 −2.411 3.277 −5.671 −2.390 3.281
MOSMQ −5.594 −2.317 3.278 −5.594 −2.317 3.278 −5.576 −2.295 3.281

Solvent phase for non-protonated molecules
SQ −5.946 −2.460 3.486 −6.048 −2.587 3.461 −6.024 −2.576 3.448
MOSQ −5.759 −2.464 3.295 −5.794 −2.515 3.279 −5.831 −2.580 3.251
MOSMQ −5.634 −2.333 3.301 −5.736 −2.459 3.278 −5.713 −2.447 3.265

Gas phase for protonated molecules
SQ-Prot-N −9.745 −6.935 2.811 −9.780 −6.967 2.813 −9.748 −6.937 2.810
MOSQ-Prot-N −9.168 −6.639 2.528 −9.213 −6.604 2.609 −9.184 −6.569 2.615
MOSMQ-Prot-N −9.049 −6.531 2.518 −9.125 −6.622 2.503 −9.052 −6.473 2.579
SQ-Prot-N-O −12.916 −10.917 1.999 −12.979 −11.014 1.966 −12.961 −10.981 1.980
MOSQ-Prot-N-O −12.189 −10.495 1.694 −12.267 −10.321 1.946 −12.243 −10.289 1.954
MOSMQ-Prot-N-O −12.018 −10.373 1.644 −12.064 −10.197 1.867 −12.045 −10.167 1.878
SQ-Prot-O −9.114 −6.539 2.575 −9.186 −6.735 2.451 −9.184 −6.699 2.485
MOSQ-Prot-O −8.504 −6.339 2.165 −8.564 −6.496 2.068 −8.564 −6.455 2.109
MOSMQ-Prot-O −8.409 −6.256 2.153 −8.455 −6.372 2.084 −8.445 −6.326 2.119

Solvent phase for protonated molecules
SQ-Prot-N −9.748 −6.937 2.810 −6.819 −3.893 2.925 −6.822 −3.865 2.957
MOSQ-Prot-N −9.184 −6.569 2.615 −6.438 −3.740 2.697 −6.411 −3.713 2.699
MOSMQ-Prot-N −9.052 −6.473 2.579 −6.374 −3.707 2.666 −6.336 −3.664 2.673
SQ-Prot-N-O −12.961 −10.981 1.980 −7.251 −4.699 2.552 −7.220 −4.667 2.553
MOSQ-Prot-N-O −12.243 −10.289 1.954 −6.766 −4.505 2.262 −6.741 −4.477 2.264
MOSMQ-Prot-N-O −12.045 −10.167 1.878 −6.692 −4.477 2.214 −6.663 −4.436 2.227
SQ-Prot-O -9.184 −6.699 2.485 −6.587 −3.512 3.075 −6.566 −3.482 3.084
MOSQ-Prot-O −8.564 −6.455 2.109 −6.157 −3.442 2.716 −6.138 −3.412 2.726
MOSMQ-Prot-O −8.445 −6.326 2.119 −6.115 −3.376 2.739 −6.090 −3.332 2.758

Gas phase for non-protonated molecules
SQ −5.994 −2.364 3.629 −6.021 −2.563 3.457 −6.006 −2.549 3.457
MOSQ −5.675 −2.243 3.432 −5.688 −2.411 3.277 −5.671 −2.390 3.281
MOSMQ −5.594 −2.317 3.278 −5.594 −2.317 3.278 −5.576 −2.295 3.281

Solvent phase for non-protonated molecules
SQ −5.946 −2.460 3.486 −6.048 −2.587 3.461 −6.024 −2.576 3.448
MOSQ −5.759 −2.464 3.295 −5.794 −2.515 3.279 −5.831 −2.580 3.251
MOSMQ −5.634 −2.333 3.301 −5.736 −2.459 3.278 −5.713 −2.447 3.265

Gas phase for protonated molecules
SQ-Prot-N −9.745 −6.935 2.811 −9.780 −6.967 2.813 −9.748 −6.937 2.810
MOSQ-Prot-N −9.168 −6.639 2.528 −9.213 −6.604 2.609 −9.184 −6.569 2.615
MOSMQ-Prot-N −9.049 −6.531 2.518 −9.125 −6.622 2.503 −9.052 −6.473 2.579
SQ-Prot-N-O −12.916 −10.917 1.999 −12.979 −11.014 1.966 −12.961 −10.981 1.980
MOSQ-Prot-N-O −12.189 −10.495 1.694 −12.267 −10.321 1.946 −12.243 −10.289 1.954
MOSMQ-Prot-N-O −12.018 −10.373 1.644 −12.064 −10.197 1.867 −12.045 −10.167 1.878
SQ-Prot-O −9.114 −6.539 2.575 −9.186 −6.735 2.451 −9.184 −6.699 2.485
MOSQ-Prot-O −8.504 −6.339 2.165 −8.564 −6.496 2.068 −8.564 −6.455 2.109
MOSMQ-Prot-O −8.409 −6.256 2.153 −8.455 −6.372 2.084 −8.445 −6.326 2.119

Solvent phase for protonated molecules
SQ-Prot-N −9.748 −6.937 2.810 −6.819 −3.893 2.925 −6.822 −3.865 2.957
MOSQ-Prot-N −9.184 −6.569 2.615 −6.438 −3.740 2.697 −6.411 −3.713 2.699
MOSMQ-Prot-N −9.052 −6.473 2.579 −6.374 −3.707 2.666 −6.336 −3.664 2.673
SQ-Prot-N-O −12.961 −10.981 1.980 −7.251 −4.699 2.552 −7.220 −4.667 2.553
MOSQ-Prot-N-O −12.243 −10.289 1.954 −6.766 −4.505 2.262 −6.741 −4.477 2.264
MOSMQ-Prot-N-O −12.045 −10.167 1.878 −6.692 −4.477 2.214 −6.663 −4.436 2.227
SQ-Prot-O −9.184 −6.699 2.485 −6.587 −3.512 3.075 −6.566 −3.482 3.084
MOSQ-Prot-O −8.564 −6.455 2.109 −6.157 −3.442 2.716 −6.138 −3.412 2.726
MOSMQ-Prot-O −8.445 −6.326 2.119 −6.115 −3.376 2.739 −6.090 −3.332 2.758
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techniques and theoretical studies. According to experimental findings,
it could be concluded that:

1. Quinoxalinone derivatives are good corrosion inhibitor for mild steel
in 1.0 M HCl solution and its performance depends on its concentra-
tion and its molecular structures.
2. The thermodynamic parameters of activation and adsorption are
calculated and discussed.

3. Quinoxalinone derivatives act as a mixed type inhibitors.
4. The high inhibition efficiency of the inhibitor was explained by

adsorption of quinoxalinone derivatives molecules on mild steel
surface.
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5. The inhibition efficiency follows the order: MOSQ N MOSMQ N SQ.
6. EIS measurements also indicate that the inhibitor addition increases

the charge transfer resistance and show that the inhibitive perfor-
mance depends on molecules adsorption on metallic surface.

7. Quantumchemical approachwas adequately used to explain the cor-
relation between the mild steel corrosion inhibition and molecular
structure of compounds. It is found that the corrosion inhibition
power of these products is closely related to its quantum chemical
parameters.

8. A good correlation is found between the energy of the LUMO and in-
hibition efficiency. The energy of the lowest unoccupied molecular
orbital, ELUMO, is indicative of the ability of the inhibitor molecule to
accept electrons. So, the lower the value of ELUMO, the greater the
probability the molecule accepts electrons. Inhibition efficiency
increases with decreasing LUMO energy.
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