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ABSTRACT: The inhibition of mild steel corrosion in 1 M HCl by some quinoxalin-6-yl
derivatives namely 1-[3-phenyl-5-quinoxalin-6-yl-4,5-dihydropyrazol-1-yl]butan-1-one
(PQDPB), 1-(3-phenyl-5-(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-1-yl)propan-1-one
(PQDPP), and 2-phenyl-1-[3-phenyl-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-1-yl]ethanone (PPQDPE) has been investigated using electrochemical studies and quantum
chemical calculations. The results showed that PQDPP is the best corrosion inhibitor
among the three compounds studied and the inhibition eﬃciency increases with increase
in concentration for all the inhibitors. The adsorption of inhibitor molecules on mild steel
surface was found to be spontaneous and obeyed the Frumkin adsorption isotherm.
Scanning electron microscopy (SEM) images conﬁrmed the formation of protective ﬁlms
of the inhibitors on mild steel surface. Quantum chemical calculations showed that the
inhibitors have the tendency to be protonated in the acid and the results agree with
experimental observations. Monte Carlo simulations were applied to search for the most
stable conﬁguration and adsorption energy for the interaction of inhibitors on Fe(110)/
100 H2O interface. The results of the Monte Carlo simulations accord with the experimentally determined inhibition eﬃciencies.
Diﬀerent carbonyl substituents on the common nucleus of the three compounds obviously contributed to the diﬀerence in
inhibition eﬃciency.

1. INTRODUCTION
Corrosion of metals is of major economic and safety concern to
many industries including construction and oil-reﬁning
industries.1,2 Mild steel is a widely used metal in most
industries due to its relatively low cost and good mechanical
strength.3,4 The use of corrosion inhibitors has been a popular
method of protecting the surface of active metals against
corrosion in various media.5−7 It is the simplest method of
reducing corrosion rate until date, and it is relatively cheap.2,7,8
Nitrogen-, oxygen-, and sulfur-containing organic compounds,
especially those with π-electron systems are commonly
considered as corrosion inhibitors, and many of them have
been reported to have appreciable inhibition eﬃciencies.8−10
Quinoxaline derivatives are popular nitrogen−heterocyclic
compounds that have attracted much attention in the past few
years. These compounds are easy to synthesize, are environmentally friendly, and exhibit wide biological and photochemical activities.11−14 It is against this backdrop that diﬀerent
quinoxaline derivatives are continuously being synthesized and
studied for diverse potential applications. Many quinoxaline
derivatives have been reported as eﬃcient inhibitors of metal
corrosion in acidic medium in the past few years.15−26 The
design of new corrosion inhibitors and the study of their
© 2015 American Chemical Society

inhibition properties are gaining increasing attention from
materials scientists and engineers.
Electrochemical techniques such as potentiodynamic polarization and electrochemical impedance spectroscopy have been
successfully utilized to study electrochemical corrosion, and
determine inhibition properties of corrosion inhibitors. But
theoretical approaches are often used to make in-depth
explanations of the experimental results. In this regard,
quantum chemical calculations are usually employed to
correlate molecular properties of inhibitor molecules with
inhibition eﬃciencies.8,12,16,21,24 In addition, adequate description of the interactions between the inhibitor molecules and the
metal surfaces is important in designing and investigating new
corrosion inhibitors and molecular dynamic simulation has
proven to be eﬃcient tool in examining these interactions.24,27−32
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Figure 1. Structures of PQDPB, PQDPP, and PPQDPE.

butan-1-one (PQDPB), 1-(3-phenyl-5-(quinoxalin-6-yl)-4,5dihydro-1H-pyrazol-1-yl)propan-1-one (PQDPP) and 2-phenyl-1-[3-phenyl-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-1-yl]ethanone (PPQDPE) on the corrosion of mild steel in
hydrochloric acid medium. Potentiodynamic polarization and
electrochemical impedance spectroscopic techniques were used
for electrochemical studies, while ab initio HF/6-31G(d) and
DFT B3LYP/6-31G(d) methods were used for the quantum
chemical calculations. The possibility of protonation of
potential basic sites of inhibitor molecule in acidic environment
is not usually taken into consideration when correlating
quantum molecular parameters with experimental inhibition
eﬃciency. However, since there have been few reports that
inhibitor molecules with donor sites have the tendency of being
protonated in acidic environment and the inhibition properties
sometimes depend on the quantum chemical properties of the
protonated species,10,33 a detailed quantum chemical study of
singly protonated forms of the studied compounds was carried
out at all possible sites of protonation in addition to the study
on the neutral molecules. Monte Carlo simulations were
applied to search for the most stable conﬁguration and
adsorption energy for the interaction of inhibitors on Fe
(110)/100 H2O interface. The chemical structures of the
compounds studied are presented in Figure 1. To the best of
our knowledge, this is the ﬁrst time these set of quinoxaline
derivatives are being investigated as corrosion inhibitors. The
set of quinoxaline derivatives studied in this work has 4,5dihydro-1H-pyrazol-5-yl group as a substituent on the quinoxaline ring. The 4,5-dihydro-1H-pyrazol-5-yl substituent is also
substituted by a carbonyl and phenyl groups on positions 1 and
3 respectively. The set of compounds considered in this work
have common nucleus, and diﬀer only in the chain of the
carbonyl group attached to the ﬁrst nitrogen atom of the
dihydropyrazole ring, i.e., butyl (in PQDPB), propyl (in
PQDPP), and phenylethyl (in PPQDPE). Therefore, electronic
and steric hindrance eﬀects of the substituent carbonyl
functional groups on the corrosion inhibition eﬃciencies will
be investigated. The presence of multiple π-electron rings and/
or units and heteroatoms portrays these compounds as
prospective eﬃcient corrosion inhibitors.

study has the chemical composition (in wt %) of C = 0.17, Mn
= 0.46, Si = 0.26, S = 0.017, and P = 0.019, and balance Fe. For
the purpose of electrochemical studies, mild steel coupon was
cut into 1 cm × 1 cm and embedded in a Teﬂon holder using
epoxy resin, exposing a surface area of 1 cm2. Mild steel surface
was mechanically abraded on Struers MD Piano 220 (size: 200
dia) mounted on Struers LaboPol-1 machine to remove traces
of epoxy resin from the surface. The surface was then polished
with SiC paper of graded grit sizes ranging from 600 to 1200 to
achieve a mirror-shining surface. Mild steel surface was then
washed with water, degreased in acetone and then washed with
water again, before ﬁnally dried with clean white towel paper.
The aggressive solution of 1 M HCl was prepared by diluting
the analytical grade 32% (Promark Chemicals) with distilled
water. The inhibitors were purchased from Vitas-M Laboratory,
Ltd., Moscow. The concentrations of inhibitors used are 10, 20,
40, and 60 ppm.
2.2. Electrochemical Measurements. All electrochemical
measurements were carried out on the Autolab PGSTAT 302N
from Metrohm equipped with a three-electrode system and
controlled by Nova 1.10.1.9 software. Ag/AgCl with 3 M KCl
was used as the reference electrode, while platinum rod was
used as the counter electrode. Mild steel with a freshly prepared
shining surface of 1 cm2 surface area was used as the working
electrode. A period of 30 min was allowed for the system to
reach the steady open circuit potential (OCP) before each
electrochemical measurement. Potentiodynamic polarization
studies were performed after 30 min of mild steel immersion in
the aggressive solutions by sweeping the potential between
−100 and +100 mV vs the OCP, stepping at 1 mV/s scan rate.
The electrochemical impedance spectroscopic (EIS) measurements were conducted at the OCP by analyzing the frequency
response of the electrochemical system in the range of 100 kHz
to 0.1 Hz at 5 mV amplitude. All electrochemical experiments
were conducted under aerated unstirred conditions at 303 K.
Corrosion inhibition eﬃciency (% IEp) was calculated from
polarization experiment as

2. EXPERIMENTAL DETAILS
2.1. Materials and Sample Preparation. All reagents and
solvents used in the experiment were of analytical grade and
used without further puriﬁcation. The mild steel used in this

where i0corr and icorr are corrosion current densities in the absence
and presence of inhibitors, respectively. For the impedance
experiment, corrosion inhibition eﬃciency (% IEI) was
calculated from

⎛ i0 − i ⎞
% IEP = 100⎜ corr 0 corr ⎟
⎝ icorr ⎠
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Figure 2. Polarization curves for mild steel in 1 M HCl without and with of various concentrations of (a) PQDPB, (b) PQDPP, and (c) PPQDPE.

⎛R − R0 ⎞
ct
⎟
% IEI = 100⎜ ct
⎝ Rct ⎠

and A = −ELUMO respectively, in accordance with Koopman’s
theorem.35 Absolute hardness, η, and absolute electronegativity,
χ, of the inhibitors are calculated as
1
η = (I − A )
(3)
2

(2)

R0ct

where and Rct are the charge transfer resistances without and
with various concentrations of inhibitors, respectively.
2.3. Surface Analysis. Mild steel surface was prepared as
discussed in section 2.1 above and then immersed in 1 M HCl
without and with 60 ppm of each inhibitor for a period of 3 h.
Thereafter, the specimens were retrieved from the solutions,
rinsed with distilled water, degreased with acetone, wiped with
a clean towel paper and ﬁnally air-dried. Scanning electron
microscopic (SEM) analyses of the surfaces were carried out at
an accelerating voltage of 15 kV on Microtrac Semtrac scanning
electron microscope equipment.
2.4. Quantum Chemical Calculations. Geometry optimization and vibrational frequency calculations were carried out
without symmetry constraint on both the neutral and
protonated forms of the inhibitor molecules at HF/6-31G(d)
(ab initio Hartree−Fock) and B3LYP/6-31G(d) (density
functional theory (DFT)) levels of theory. All the calculated
harmonic vibrational frequencies are real values indicating that
the optimized structures correspond to energy minima.
Calculations were carried out in the gas phase using Gaussian
09W version D.01 software.34 Frontier molecular orbital
(FMO) energy parameters including the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies were obtained for both the neutral
and protonated forms of the inhibitor molecules. The HOMO
energy (EHOMO) and the LUMO energy (ELUMO) are related to
ionization potential (I) and electron aﬃnity (A) as I = −EHOMO

1
(I + A )
(4)
2
The fraction of electrons transferred (ΔN) from the inhibitor
molecule (donor) to the metallic (Fe) atom (acceptor) was
calculated using36
χFe − χinh
ΔN =
2(ηFe + ηinh)
(5)
χ=

where χ and η denote the electronegativity and hardness,
respectively. A value of 7 eV/mol was used for the χFe, while ηFe
was equated to 0 eV/mol for bulk Fe atom in accordance to
Pearson’s electronegativity scale.37
Atom condensed Fukui functions for the electrophilic ( f+)
and nucleophilic (f−) active sites were calculated by applying
the Mulliken population analysis (MPA) and the ﬁnite
diﬀerence (FD) approximations approach introduced by Yang
and Mortier,38 and using the equations:
f k+ = ρk(N + 1)(r ) − ρk(N )(r )

(6)

f k− = ρk(N )(r ) − ρk(N − 1)(r )

(7)

where ρk(N+1), ρk(N), and ρk(N−1) are the electron densities of the
kth atom in a molecule with N + 1 electrons, N electrons, and
16006
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N − 1 electrons, respectively. Electron density values were
approximated by Mulliken gross charges obtained from
geometry optimizations. Fukui indices, f+and f−, were calculated
and visualized with Multiwfn software.39,40
2.5. Monte Carlo Simulations. Monte Carlo simulations
using the adsorption locator code implemented in the Material
Studio 7.0 software from Accelrys Inc. USA, was adopted to
compute the adsorption energy of the interaction between the
inhibitor molecules and clean iron surface in water. For the
whole simulation procedure, the COMPASS force ﬁeld was
used to optimize the structures of all components of the system
of interest. COMPASS (condensed-phase optimized molecular
potentials for atomistic simulation studies) force ﬁeld is an ab
initio force ﬁeld that enables accurate and simultaneous
predictions of gas-phase properties (structural, conformational,
vibrational, etc.) and condensed-phase (equation of state,
cohesive energies, interaction energies, etc.) for a broad range
of organic molecules and metals. Fe (110) crystal surface was
selected for this simulation and to represent mild steel because
it is the most stable surface. The simulation was carried out in a
simulation box (29.78 Å × 29.78 Å × 58.10 Å) with periodic
boundary conditions in order to simulate a representative part
of an interface devoid of any arbitrary boundary eﬀects. The Fe
(110) plane was next enlarged to a (12 × 12) supercell. After
that, a vacuum slab with 50 Å thickness was built above the Fe
(110) plane. The three inhibitor molecules designated as
PQDPB, PQDPP and PPQDPE along with 100 water
molecules were used for the simulations in each case. The
use of the water molecules is important since electrochemical
corrosion inhibition process takes place in aqueous solution.

Table 1. Electrochemical Potentiodynamic Polarization
Parameters and Percentage Inhibition Eﬃciency for the
Corrosion of Mild Steel in 1 M HCl without and with
Inhibitors
compound
blank
PQDPB

PQDPP

PPQDPE

concn
(ppm)

−Ecorr
(mV)

−
10
20
40
60
10
20
40
60
10
20
40
60

460.60
471.17
469.37
472.61
463.02
464.22
463.42
459.97
467.36
471.86
472.59
477.38
474.03

icorr (μA/ βa (mV/
cm2)
dec)
420.41
204.04
95.54
58.86
51.34
79.32
60.71
48.85
39.51
88.78
77.22
68.50
59.22

89.34
98.82
94.30
102.28
106.11
102.92
102.34
112.90
110.61
95.49
96.20
96.53
103.56

βc (mV/
dec)

% IEP

65.27
74.51
70.91
75.33
69.16
65.56
70.44
70.42
94.39
55.10
74.00
67.12
67.08

−
51.47
77.28
86.00
87.79
81.13
85.56
88.38
90.60
78.88
81.63
83.71
85.91

PPQDPE is greater than that of PQDPB at 10 and 20 ppm
(lower concentrations). The enhanced inhibition potency of
PQDPB at higher concentrations (40 and 60 ppm) was
attributed to the possibility of multiple protonation of available
basic sites on the compound in the acid. A more detailed
theoretical explanation is provided for this possibility in the
later sections (vide inf ra, quantum chemical calculations).
3.2. Electrochemical Impedance Spectroscopy. Nyquist and Bode plots were obtained for mild steel in 1 M HCl
without and with various concentrations of the three inhibitors
and the results are shown in Figures 3 and 4 respectively. The
Nyquist plots show a single depressed capacitive arc over the
frequency range studied. The Nyquist plots exhibit oval
semicircular shapes, which are commonly observed for solid
electrodes as a result of frequency dispersion of interfacial
impedance. This feature is usually attributed to diﬀerent factors
such as surface roughness, impurities, discontinuity in the
electrode, adsorption of inhibitor and inhomogeneity of the
electrode surface.42 Similarity in the shapes of these plots for
the uninhibited and inhibited systems implies that the
inhibitors reduce the corrosion rate without changing the
corrosion mechanism.42,43 The results also reveal that mild steel
dissolution in the studied aggressive media is controlled by a
single charge transfer process.41,44 The Nyquist plots exhibit
large capacitive loops at high frequencies and small inductive
loops at low frequencies. The capacitive loop at high frequency
is usually associated with charge transfer process and electrical
double layer.9,45−47 The inductive loop at low frequency region
may be attributed to relaxation process as a result of adsorption
of species like Cl−, H+, or protonated inhibitor (inhH+) ions on
the electrode surface.44,47,48 It might also be attributed to
redissolution of the passivated surface at low frequencies.46−48
As shown in Figure 3, the diameter of the capacitive loop in the
presence of inhibitor is larger than that in the uninhibited
system and increases with increase in concentration of the
inhibitors. This implies that the inhibitors protect the steel
surface against acid attack and the protection is enhanced at
higher concentration of inhibitors.
The high frequency intercept with the real axis on the
Nyquist plots corresponds to the solution resistance (Rs), while
the low frequency intercept with the real axis is ascribed to the
sum of the solution resistance (Rs) and the charge transfer

3. RESULTS AND DISCUSSION
3.1. Tafel Polarization Curves. Tafel polarization curves
were obtained from potentiodynamic polarization measurements on mild steel in 1 M HCl without and with various
concentrations of the inhibitors and the results are presented in
Figure 2. The polarization curves in Figure 2 exhibit similar
behavior for the three inhibitors as well as for 1 M HCl blank
system. This suggests that the mechanism of inhibition is the
same for all the inhibitors studied in this work, and that
addition of inhibitors does not cause signiﬁcant change in
corrosion mechanism. More so, both anodic and cathodic
reactions are inhibited. In other words, the inhibitors reduce the
anodic dissolution of mild steel and also retard the rate of
cathodic H+ ions reduction. The results obtained for the
electrochemical kinetic parameters including the corrosion
potential (Ecorr), corrosion current density (icorr), anodic and
cathodic Tafel slopes (βa and βc respectively) are listed in Table
1. The shift in Ecorr at various concentrations of the inhibitors
does not follow a deﬁnite pattern. However, the maximum
value of the diﬀerence in Ecorr between the blank and the
inhibitor-containing systems was 16.78 mV (i.e., Ecorr for 40
ppm PPQDPE vs blank), which suggests that the studied
compounds are mixed-type inhibitors. The small shifts in Ecorr
lie toward more negative potentials associated with cathodic
branch of electrochemical corrosion. This implies that the
mixed-type inhibition eﬀects of the studied compounds are
slightly more pronounced on reduction of H+ ions.41 The
corrosion current density, icorr decreases with increase in
concentration of the inhibitors leading to increase in inhibition
eﬃciency (% IEP). The order of inhibition eﬃciency of the
three inhibitors at 60 ppm (maximum concentration studied) is
PQDPP > PQDPB > PPQDPE. However, the % IEP of
16007

DOI: 10.1021/acs.jpcc.5b03285
J. Phys. Chem. C 2015, 119, 16004−16019

Article

The Journal of Physical Chemistry C

Figure 3. Nyquist plots for mild steel in 1 M HCl without and with various concentrations of (a) PQDPB, (b) PQDPP, and (c) PPQDPE.

resistance (Rct), such that Rct = Z′(low freq) − Z′(high freq).
Electrochemical impedance kinetic parameters were obtained
by ﬁtting the impedance spectra to the equivalent circuit model
Rs(QdlRct), in which the solution resistance is shorted by a
constant phase element (CPE) that is in parallel connection to
the charge transfer resistance. The impedance (Z) of the CPE is
deﬁned as49
ZCPE = Yo−1(jω)−n

inhomogeneity of the electrode increases in the presence of the
inhibitors, which again is an indication of adsorption of the
inhibitors on the steel surface.9 The increased values of Rct with
increasing concentration of the inhibitors can be attributed to
increase in insulated adsorbed layer at the metal/solution
interface. The values of % IEI (inhibition eﬃciency from
impedance experiment) also increase with increase in
concentration of inhibitors, with PQDPP having a maximum
value of 93.65% at 60 ppm. The mean diﬀerence between the
values of % IEI and % IEP (inhibition eﬃciencies from
impedance and polarization studies respectively) is between 3.0
and 5.4% and the trend of % IEI for the three inhibitors is the
same as that observed from the polarization studies (see Figure
5).
3.3. Adsorption Isotherms. Adsorption behavior of an
inhibitor on a metal surface can be explained by ﬁtting the
experimental data into suitable adsorption isotherm(s).
Inhibitor molecules tend to compete with water molecules
for adsorption sites on metal surface. The displacement of
water molecules by the inhibitor molecules follows the
equation:50

(8)

where Yo is the CPE constant (in μSsncm−2), j2 = −1 is the
imaginary number, ω is the angular frequency (in rads−1), and n
is a CPE exponent, which can be used as a gauge of the
heterogeneity or roughness of the surface.50 The results of the
ﬁtting and simulation analyses of the EIS proﬁles are listed in
Table 2. Solution resistance is a signiﬁcant factor in the
impedance of an electrochemical cell and it is the characteristic
of the cell. The values obtained for Rs (Table 2) are generally
higher for the inhibitors-containing electrochemical systems
compared to the blank acid solution. This implies that the
solution conductivity is reduced by the addition of the
inhibitors. The Rs values do not show any regular pattern
with increasing concentration of the inhibitors because the
geometry of the area through which the current is transported
in the systems may not be the same. The values of Yo are lower
in the presence of inhibitors compared to that of uninhibited
blank system. This can be attributed to gradual displacement of
water molecules by inhibitor molecules at metal/solution
interface leading to formation of protective layer on the steel
surface.9,51,52 The values of the CPE exponent, n are reduced by
the addition of inhibitors. This suggests that the surface

Inh(sol) + x H 2O(ads) ↔ Inh(ads) + x H 2O(sol)

(9)

where x is the number of water molecules displaced by one
molecule of organic inhibitor. The experimental data were
subjected to various adsorption isotherms including Langmuir,
Frumkin, and Temkin, but both Langmuir and Frumkin
isotherms gave better ﬁts with R 2 > 0.9. However,
thermodynamic and interaction parameters were calculated
for the studied molecules based on the slopes and intercepts
16008
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Figure 4. Bode plots for mild steel in 1 M HCl without and with various concentrations of (a) PQDPB, (b) PQDPP, and (c) PPQDPE.

Table 2. EIS Kinetic Parameters and Percentage Inhibition Eﬃciency for the Corrosion of Mild Steel in 1 M HCl without and
with Inhibitors
compound

concn (ppm)

Rs (Ω cm2)

Rct (Ω cm2)

Yo (μS sn cm−2)

n

% IEI

blank
PQDPB

−
10
20
40
60
10
20
40
60
10
20
40
60

1.01
4.14
3.02
2.83
2.76
3.46
2.86
2.37
3.00
2.09
2.08
3.24
2.05

28.20
77.20
148.00
263.00
297.00
178.00
250.00
321.00
444.00
93.80
166.00
199.00
215.00

157
98.30
88.90
76.20
77.40
75.40
66.40
81.30
75.80
106.00
84.20
97.10
87.30

0.893
0.867
0.856
0.842
0.820
0.857
0.851
0.822
0.834
0.845
0.835
0.822
0.803

−
63.47
80.90
89.28
90.50
84.16
88.72
91.21
93.65
69.94
83.01
85.83
86.88

PQDPP

PPQDPE

constant of the adsorption process, and a is the interaction
parameter, which predicts the nature of interaction (attraction,
repulsion or none) that exists between the adsorbed species. As
reported in literature,54 a value of a > 0 implies an attraction
between the adsorbed species, a value of a < 0 is an indication
of repulsion between the adsorbed species, while a value of a =
0 implies lack of interaction between the adsorbed species. The
Frumkin adsorption plots for the studied compounds are
shown in Figure 6. The plots in Figure 6 contain seven-data
points due to the inclusion of surface coverage (θ) at 5, 80, and
100 ppm (i.e., additional data points were put above and below
the reported values in Table 2 in order to eliminate or reduce
possible bias of the linearized form of the adsorption isotherm

obtained from the Frumkin adsorption isotherms. The
preference for the Frumkin adsorption isotherm is partly due
its more realistic consideration of the real properties of a twodimensional surface state of the adsorption layer, which in a
way takes the surface molecular area of the adsorbed molecules
and their intermolecular interactions into consideration.53 The
data from the EIS measurements were subjected to the
linearized Frumkin adsorption isotherm equation of the form
⎡
⎤
θ
ln⎢
⎥ = ln Kads + 2aθ
⎣ C(1 − θ ) ⎦

(10)

where θ is the degree of surface coverage (θ = % IEI/100), C is
the concentration of the inhibitor, Kads is the equilibrium
16009
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where R is gas constant, T is absolute temperature and the
constant, 55.5 is the molar concentration of water.
The results obtained for the interaction parameter, a,
equilibrium constant of adsorption, Kads and change in Gibbs
free energy of adsorption, ΔGads are listed in Table 3. The
Table 3. Interaction Parameter, Equilibrium Adsorption
Constant, and Change in Free Energy of Adsorption
Obtained from Frumkin Adsorption Isotherm Fitting at
303.15 K

Figure 5. Variation of % IE with concentration of inhibitors for both
polarization and impedance experiments.

a

Kads (×10−5 L/mol)

−(ΔGads) (kJ/mol)

PQDPB
PQDPP
PPQDPE

3.530
4.818
3.499

2.44
20.82
2.96

41.38
46.79
41.87

values of a (the interaction parameter) obtained for the studied
inhibitors are all greater than zero, which connotes attraction
between the adsorbed inhibitor species. Adsorption of the
inhibitors on steel surface is spontaneous as inferred from the
negative values of ΔGads. A value of ΔGads around −20 kJ/mol
or less negative is usually attributed to electrostatic interactions
between charged inhibitor molecules and charged metal surface,
known as physisorption process, while values around −40 kJ/
mol or larger negative values imply that the adsorption process
is characterized by charge sharing or transfer from organic
molecules to the metal surface to form coordinate bond (i.e.,
chemisorption process).55 The values of ΔGads obtained for the
studied compounds are beyond the threshold associated with

which is usually more pronounced in the short concentration
range). The %IEI values for PQDPB, PQDPP and PPQDPE
respectively are 31.05, 71.80, and 55.24% at 5 ppm; 91.94,
93.84, and 87.00 at 80 ppm; and 92.21, 94.97, and 90.51% at
100 ppm.
The change in free energy of adsorption (ΔGads) was
calculated from the relation:55
ΔGads = −RT ln(55.5Kads)

inhibitor

(11)

Figure 6. Frumkin isotherm plots for mild steel corrosion in 1 M HCl in the presence of various concentrations of (a) PQDPB, (b) PQDPP, and (c)
PPQDPE.
16010
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Figure 7. SEM images of mild steel (a) plain mild steel, (b) mild steel in 1 M HCl (blank), (c) PQDPB, (d) PQDPP, and (e) PPQDPE.

Figure 8. Gas phase optimized structures of the neutral form of (a) PQDPB, (b) PQDPP and (c) PPDQPE at HF/6-31G(d), and B3LYP/6-31G(d)
levels.

technique. SEM images provide information on the surface
morphology of the mild steel specimens immersed in each
aggressive solution. The extent of surface damage due to
corrosion in each medium can be related to the eﬃciency of the
inhibitor. SEM images presented in Figure 7 show that the steel
surface is extremely gnawed and eroded as a result of
uninhibited corrosion in 1 M HCl (blank) (b) as compared

chemisorption. In other words, the adsorption process of the
studied compounds on mild steel surface is mainly characterized by chemisorption processes.56−58
3.6. Surface Morphology. Surface morphology of mild
steel immersed in the aggressive solution of 1 M HCl without
and with maximum concentration of the three inhibitors was
carried out using scanning electron microscopy (SEM)
16011
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Table 4. Gas Phase Quantum Chemical Parameters of PQDPB, PQDPP, and PPQDPE at HF/6-31G(d) and B3LYP/6-31G(d)
HF/6-31G(d)

B3LYP/6-31G(d)

parameter

PQDPB

PQDPP

PPQDPE

PQDPB

PQDPP

PPQDPE

ET (eV)
ELUMO (eV)
EHOMO (eV)
ΔEL‑H (eV)
A (eV)
I (eV)
χ (eV)
η (eV)
ΔN
dipole (Debye)
mol wt (g/mol)

−1099.54
1.71
−8.30
10.01
−1.71
8.30
3.30
5.00
0.37
5.32
344.16

−1060.51
2.00
−8.41
10.41
−2.00
8.41
3.20
5.20
0.36
4.38
330.15

−1251.01
1.70
−8.32
10.02
−1.70
8.32
3.31
5.01
0.37
5.38
392.16

−1106.50
−2.16
−5.80
3.64
2.16
5.80
3.98
1.82
0.83
4.60
344.16

−1067.20
−1.92
−5.86
3.94
1.92
5.86
3.89
1.97
0.79
3.96
330.15

−1258.93
−2.17
−5.84
3.67
2.17
5.84
4.00
1.84
0.82
4.66
392.16

Figure 9. HOMO and LUMO surfaces of the gas phase optimized structures of the neutral form of (a) PQDPB, (b) PQDPP, and (c) PPQDPE at
B3LYP/6-31G(d) level.

to plain mild steel (a). Surfaces of mild steel immersed in the
systems containing 60 ppm each of PQDPB (c), PQDPP (d),
and PPQDPE (e) are not as badly attacked by acid corrosion as
they exhibit close resemblance to the freshly polished steel
surface. This supports the fact that the inhibitors adsorbed onto
mild steel surface and protect the surface from direct attack by
the acid.
3.7. Quantum Chemical Calculations. Quantum chemical calculations have been proven useful in explaining the
relationship between inhibition eﬃciency of an organic
inhibitor and its molecular/electronic structure. Geometry
optimizations of molecular structures of the three inhibitors
were carried out in the gas phase without symmetry constraint.
Both ab initio Hartree−Fock (HF) and density functional
theory (DFT) methods were used in order to ensure adequate

explanation of the inhibition properties of the molecules in
terms of their molecular and electronic structures. The popular
B3LYP functional comprising the Becke three-parameter
exchange functional together with Lee−Yang−Parr correlation
functional was used for the DFT calculations. The 6-31G* split
valence Pople basis set was used for all the calculations. The
resulting optimized geometries were conﬁrmed to be of energy
minima with the absence of imaginary frequency in the
vibrational and force constant calculations. Since the molecules
contain multiple donor sites with varying degree of basicity,
calculations were also carried out on the protonated forms of
the molecules to investigate the possibility of the molecules
being protonated in the acid and the likelihood of the steel
corrosion being inhibited by the protonated species.
16012
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Figure 10. Fukui functions for the neutral form of (a) PQDPB, (b) PQDPP and (c) PPQDPE visualized at 0.003 and 0.005 isosurfaces for f+ and f−
respectively.

Neutral Species. Optimized structures of the neutral forms
of the three compounds are shown in Figure 8 with numbering
labels on only the atoms referenced in the Results and
Discussions. Relevant quantum chemical parameters of the
optimized structures are listed in Table 4. The trends of
properties obtained using HF and DFT methods are the same,
though the magnitudes of most of the parameters are diﬀerent
(Table 4). This is not unexpected as the levels of
approximations employed by the two methods are not the
same. For instance, HF/6-31G(d) assigned a partial double
bond to the supposed saturated bond between N22 and C45
and seems to overestimate some of the electronic properties.
Adsorption of an inhibitor on a metal surface is often
explained based on donor−acceptor relationship between the
inhibitor and metal atom. The EHOMO of an inhibitor is
associated with its tendency to donate electron(s) to the vacant
d-orbitals of the metal atom, while the ELUMO is often related
with the propensity of the inhibitor molecule to accept
electrons from d-orbitals of the metal. Usually, a higher value
of EHOMO implies better chance of forward donation of
electrons to metal, and a lower ELUMO favors electron accepting
ability of the inhibitor. The energy gap, ΔEL‑H between HOMO
and LUMO is often used as an index of relative reactivity or
stability of inhibitor molecule.59 Graphical surfaces of HOMO
and LUMO of the studied compounds are shown in Figure 9.
The HOMO surfaces of the three compounds are similar and
are distributed along the 3-phenyl-4,5-dihydropyrazole unit,
extending to their carbonyl functional groups. Their LUMO
surfaces are also similar, being localized mainly on the
quinoxaline ring. Apart from total energy (ET) and molecular
weight (molecular weight), most of the other parameters
obtained for PQDPB and PPQDPE are amazingly close in

magnitudes despite the large diﬀerence in their molecular
weights. This may inform why the trend of their experimental
% IE was not consistent at lower and higher concentrations. As
mentioned earlier in sections 3.1 and 3.2, PPQDPE shows
better inhibition eﬃciency than PQDPB at lower concentrations but the trend is reversed at higher concentrations. The
number of electrons transferred (ΔN) according to Lukovits et
al. (2001)60 is used to correlate inhibition eﬃciency of an
inhibitor with its electron-donating ability to the metal surface
such that, a value of ΔN < 3.6 implies that the inhibition
eﬃciency increases by increasing the electron-donating ability
to the metal surface. The values of ΔN in Table 4 are in
agreement with Lukovits’s study,25,60 but the trend is not
consistent with the experimental inhibition eﬃciency. There is
dissenting opinion in the use of dipole moment as a descriptor
for inhibition performance. Some authors are of the opinion
that an increase in dipole moment leads to decrease in
inhibition eﬃciency with the explanation that low values of
dipole moment will favor accumulation of the inhibitor in the
surface layer. In another view, some authors believe that high
dipole moment will enhance inhibition eﬃciency due to
increased dipole−dipole interactions between the inhibitor
molecules and the metal surface.61−64 The trend of the dipole
moment values for the three inhibitors as shown in Table 4 is in
line with the opinion of the authors that believe in increasing
inhibition performance with decreasing dipole moment.61,65,66
Fukui functions provide information about electrophilic and
nucleophilic active sites in organic inhibitors. Electrophilic ( f+)
and nucleophilic (f−) Fukui functions were calculated using the
MPA and FD approximations approach. Sites with substantial
values of f+ have tendencies to receive charges from a charged
metal surface while sites with substantial values of f− have
16013
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+

(15)
69,70

where S(H ) was taken to be 108.95 J/mlo/K.
Absolute
values of PA and GB and their respective relative values (ΔPA
and ΔGB) calculated at 298.15 K using the B3LYP/6-31G(d)
method are listed in Table 5. The results in Table 5 show that
the most probable site of protonation is N23 in PQDPB, N14
in PQDPP and O46 in PPQDPE. More so, there is a chance of
multiple protonation in some cases where ΔPA and ΔGB are
close to that of the most preferred site of protonation. For
instance, PQDPB may as well be protonated at O46, PQDPP
may be protonated at all sites, while PPQDPE may also be
16014

1001.06 (0)
972.61 (−7.66)
996.75 (−6.32)

N23
N15

956.88 (−44.18)
975.92 (−4.35)
953.07 (−50.00)
958.93 (−42.13)
980.27 (0)
954.12 (−48.95)

N14
O46
N23

In parentheses: ΔPA = PA(less stable) − PA(most stable); ΔGB = GB(less stable) − GB(most stable).

Ggas(H+) = 3/2RT + TS(H+)

a

where Ggas is the free energy at 298.15 K labeled in Gaussian
output for force constant calculations as sum of electronic and
thermal free energies. Ggas(H+) is deﬁned as

954.24 (−11.80)
942.40 (−6.65)
970.94 (0)

O46

(14)

N15

GB = −ΔG = Ggas(B) + Ggas(H+) − Ggas(BH+)

N14

where Hgas is the enthalpy at 298.15 K labeled in Gaussian
output for frequency calculations as the sum of electronic and
thermal enthalpies. Since H+ is a monatomic species, the only
nonzero contribution to its enthalpy is the translational energy
(3/2RT = 3.720 kJ/mol). Gas phase basicity of each
prospective site of protonation was also calculated as the
negative change in Gibbs free energy of the protonation
reaction in eq 12 as70

926.59 (−39.46)
949.06 (0)
918.39 (−52.55)

(13)

PQDPB
PQDPP
PPQDPE

PA = −ΔH = −[Hgas(BH+) − (Hgas(B) + Hgas(H+))]

compound

Gas phase proton aﬃnity (PA) for eq 12 was calculated as
the negative value of the diﬀerence in enthalpies of product and
reactants, expressed as67−70

966.04 (0)
939.81 (−9.25)
959.22 (−11.72)

GB (kJ/mol)/protonation site

(12)

PA (kJ/mol)/protonation site

Table 5. Relativea Values of PA and GB for PQDPB, PQDPP, and PPQDPE at B3LYP/6-31G(d) Level

B + H+ ⇌ BH+

924.12 (−41.92)
942.36 (−6.69)
916.38 (−54.56)

tendencies to donate charges to metal surface. Figure 10 shows
the electron density surfaces of f+ and f‑ for the three inhibitors
visualized with Multiwfn software.39,40
The three inhibitors have many electrophilic and nucleophilic
active sites that facilitate their adsorption onto mild steel
surface. Atoms in quinoxaline rings are essentially electrophilic
sites, while nucleophilic sites include the carbonyl oxygen
atoms and nitrogen atoms in dihydropyrazole rings.
The quantum chemical parameters in Table 4 do not give
enough justiﬁcations to the experimentally observed trends of
% IE. For instance, highest value of ΔEL‑H and η obtained for
PQDPP do not correspond with its highest value of
experimental % IE. Since these compounds have a number of
donor atoms or basic sites, there is a chance that one or more of
these sites is/are protonated in the acid such that the steel
corrosion is inhibited by the protonated species. Therefore,
quantum chemical calculations were also carried out along this
view.
Protonated Species. The compounds were protonated
singly at N14, N15, N22, N23, and O46. Gas phase geometry
optimizations and frequency calculations were carried out on
each monoprotonated species at B3LYP/6-31G(d). Since N22
is a saturated nitrogen atom, protonation of this atom was not
favorable as it leads to the cleavage of the N22−C45 bond. The
most preferred site of protonation in each molecule was
determined based on gas phase proton aﬃnity (PA) and
basicity (GB) values. Each compound was treated as a potential
base with one prospective basic site. Protonation reaction at a
particular donor site in a neutral molecule, B can be written as

985.50 (−15.56)
973.83 (−6.44)
1003.07 (0)
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Figure 11. HOMO and LUMO surfaces of the gas phase optimized structures of the most stable protonated form of (a) PQDPB, (b) PQDPP, and
(c) PPQDPE at B3LYP/6-31G(d) level.

protonated at N23 under favouble conditions. Again, PQDPB
and PPQDPE exhibit similar behavior in terms of preferred
sites of protonation as both can readily be protonated at N23
and O46, though the most preferred site selectivity is reversed.
It is observed that PPQDPE has a better chance of getting
doubly protonated than PQDPB. There is therefore a
possibility of this compound getting doubly protonated at
lower concentrations (10 and 20 ppm), making it to exhibit
higher inhibition eﬃciencies at these concentrations than
PQDPB. However, when PQDPB happens to be double
protonated (especially at higher concentrations: 40 and 60
ppm), it shows better inhibition potency than PPQDPE. For
further explanation, relative reactivity of the most stable
protonated species was investigated using the frontier
molecular orbital (FMO) parameters. The HOMO and
LUMO graphical surfaces of the most stable protonated species
are shown in Figure 11 and the corresponding relevant
quantum chemical parameters are listed in Table 6. The results
in Table 6 show that PQDPP−H+(N14) has the highest EHOMO,
ELUMO and the lowest ΔEL‑H when compared with PQDPBH+(N23) and PPQDPE-H+(O46).The trends of these parameters
are

Table 6. Quantum Chemical Parameters for the Most Stable
Protonated Species: PQDPB−H+, PQDPP−H+, and
PPQDPE−H+
B3LYP/6-31G(d)
parameter

PQDPB

PQDPP

PPQDPE

ET (eV)
ELUMO (eV)
EHOMO (eV)
ΔEL‑H (eV)
A (eV)
I (eV)
χ (eV)
η (eV)
ΔN
dipole (Debye)

−1106.88
−6.20
−9.25
3.05
6.20
9.25
7.72
1.52
−0.24
8.31

−1067.57
−7.05
−8.35
1.30
7.05
8.35
7.70
0.65
−0.54
12.90

−1259.31
−5.17
−9.28
4.11
5.17
9.28
7.22
3.61
−0.03
3.61

ΔEL − H : PQDPP−H+(N14) < PQDPB−H+(N23)
< PPQDPE−H+(O46)

These trends are in perfect support of PQDPP as the most
eﬃcient inhibitor (cf. experimental % IE values). PQDPP−
H+(N14) also has the least value of chemical hardness (η), which
also supports its high reactivity and enhanced inhibition
performance. The negative value of ΔN for the protonated
species is due to their higher electronegativity than atomic iron.
This suggests back-donation from the d-orbitals of iron to the
vacant π-molecular orbitals of the protonated inhibitor
molecule. The values of ΔN suggest that PQDPP−H+(N14)
has the highest tendency to receive electrons from the metal
during retro-donation and the trend supports experimental
inhibition performance. The trend of the dipole moments of
the protonated species is in line with previous reports that
believe that the higher the dipole moment the higher the

EHOMO : PQDPP−H+(N14)
> PQDPB−H+(N23)
≥ PPQDPE−H+(O46)
ELUMO : PQDPP−H+(N14) < PQDPB−H+(N23)
< PPQDPE−H+(O46)
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Figure 12. Fukui functions for the most stable protonated form of (a) PQDPB, (b) PQDPP and (c) PPQDPE visualized at 0.003 and 0.005
isosurfaces for f+ and f− respectively.

Figure 13. Most stable low energy conﬁguration for the adsorption of (a) PQDPB, (b) PQDPP, and (c) PPQDPE on Fe (110)/100 H2O interface
obtained through the Monte Carlo simulations.

Table 7. Outputs and Descriptors Calculated by the Monte Carlo Simulation for the Lowest Adsorption Conﬁgurations of
PQDPB, PQDPP, and PPQDPE on Fe(110)/100H2O Interface (in kJ/mol)
systems

total energy

adsorption energy

rigid adsorption energy

deformation energy

dEad/dNi inhibitors

dEad/dNi H2O

Fe(110)/PQDPB/100 H2O
Fe(110)/PQDPP/100 H2O
Fe(110)/PPQDPE/100 H2O

−6381.69
−6514.32
−6374.70

−6651.97
−6815.53
−6649.76

−6942.97
−7146.90
−6950.46

290.96
331.33
300.66

−777.09
−833.41
−691.03

−27.78
−54.81
−26.28

energy. The substrate energy (i.e., Fe(110) surface) is taken as
zero. Moreover, adsorption energy reports the energy released
(or required) when the relaxed adsorbate component was
adsorbed on the substrate. The adsorption energy is deﬁned as
the sum of the rigid adsorption energy and the deformation
energy for the adsorbate component. The rigid adsorption
energy reports the energy released (or required) when the
unrelaxed adsorbate component (before the geometry optimization step) was adsorbed on the substrate. The deformation
energy reports the energy released when the adsorbed
adsorbate component was relaxed on the substrate surface.
Finally, (dEad/dNi) reports the energy of substrate−adsorbate

inhibition eﬃciency. The Fukui indices of the protonated
inhibitors are also calculated and the graphical electron density
surfaces are presented in Figure 12.
3.8. Monte Carlo Simulations Results. The most stable
adsorption conﬁgurations of (a) PQDPB, (b) PQDPP, and (c)
PPQDPE on Fe(110) surface in the presence of 100 water
molecules was simulated using Monte Carlo simulations and is
shown in Figure 13. The corresponding values for the outputs
and descriptors are listed in Table 7. The parameters include
total energy of the substrate−adsorbate conﬁguration, which is
deﬁned as the sum of the energies of the adsorbate
components, the rigid adsorption energy, and the deformation
16016
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conﬁgurations where one of the adsorbate components has
been removed.
From Figure 13, it is evident that PQDPP which exhibited
the strongest interaction and by extension highest inhibition
eﬃciency lie ﬂat and completely parallel on the Fe(110) surface
leading to a stronger interaction. PQDPB and PPQDPE had
various slanting angle of deviations as they interact with the
iron surface. This leads to reduced interactions with the iron
surface.
It is quite clear from the results obtained from Table 7 that
PQDPP the adsorption energies of the studied inhibitors on
iron surface increased in the order: PQDPP > PQDPB >
PPQDPE. Highest negative adsorption energy indicates the
system with the most stable and stronger adsorption.71,72 The
trend is in agreement with the results of inhibition eﬃciency
obtained experimentally for the investigated inhibitors. In all
cases, the adsorption energies of the inhibitors are far higher
than that of water molecules (Table 7). This indicates the
possibility of gradual substitution of water molecules from the
surface of iron surface resulting in the formation of a stable
layer which can protect the iron from aqueous corrosion.
3.9. Inhibition Activity and Carbonyl Reactivity. Since
the three inhibitors studied in the present work only diﬀer in
carbonyl chain lengths, it may be necessary to consider possible
correlations between the trends of inhibition eﬃciency and
carbonyl reactivity. The reactivity of carbonyl group arises from
the electronegativity of oxygen atom and the resulting
polarization of the carbon−oxygen double bond. Aldehydes
are generally more reactive than ketones on the basis of
electronic and steric eﬀects. In other words, short-chain
carbonyls are more reactive than long-chain carbonyls. More
so, aliphatic carbonyls are more reactive than aromatic
carbonyls because the electron-donating resonance eﬀect of
the aromatic ring in aromatic carbonyls makes the carbonyl
group less electrophilic than the carbonyl group of an aliphatic
carbonyl.73 The results obtained for the % IE of the studied
inhibitors agree with the trend of reactivity of carbonyl
compounds. PQDPP with the shortest carbonyl chain length
is the most eﬃcient inhibitor of mild steel corrosion in 1 M
HCl.
3.9. Conclusions. Three quinoxaline derivatives with
diﬀerent chain length of carbonyl functional groups were
studied for their inhibition characteristics on mild steel
corrosion in 1 M HCl using both experimental and theoretical
techniques. The following conclusions were drawn from the
studies:
1. Both polarization and EIS studies revealed that the three
compounds are good inhibitors of mild steel corrosion in
1 M HCl and the polarization study shows that the
compounds are all mixed-type inhibitors.
2. Adsorption of the studied inhibitors is spontaneous,
essentially chemisorption and obey the Frumkin
adsorption isotherm.
3. SEM images show that the inhibitors adsorb on mild
steel surface and protect the steel surface against acid
attack.
4. Quantum chemical calculations revealed that the
inhibitors have high proton aﬃnity in acidic medium
and the results agree with experimental data.
5. The results of the Monte Carlo simulations accord with
the experimentally determined inhibition eﬃciencies of
the inhibitors, i.e. PQDPP > PQDPB > PPQDPE.

■

6. PQDPP with the shortest carbonyl substituent having the
least steric hindrance showed the best inhibition
eﬃciency.
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Force Field to Main Group Compounds. J. Am. Chem. Soc. 1992, 114,
10046−10053.
(64) Arab, S. T. Inhibition Action of Thiosemicabazone and Some of
its P-Substituted Compounds on the Corrosion of Iron-Base Metallic
Glass Alloy in 0.5 M H2SO4 at 30 °C. Mater. Res. Bull. 2008, 43, 510−
521.
(65) Popova, A.; Christov, M.; Deligeorigiev, T. Influence of the
Molecular Structure on the Inhibitor Properties of Benzimidazole
Derivatives on Mild Steel Corrosion in 1 M Hydrochloric Acid.
Corrosion 2003, 59, 756−764.
(66) Saha Kr, S.; Hens, A.; RoyChowdhury, A.; Lohar Kr, A.; Murmu,
N. C.; Banerjee, P. Molecular Dynamics and Density Functional
Theory Study on Corrosion Inhibitory Action of Three Substituted
Pyrazine Derivatives on Steel Surface. Canad. Chem. Trans. 2014, 2,
489−503.
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(69) Raczyńska, E. D.; Darowska, M.; Dąbkowska, I.; Decouzon, M.;
Gal, J. F.; Maria, P. C.; Poliart, C. D. Experimental and Theoretical
Evidence of Basic Site Preference in Polyfunctional Superbasic
Amidinazine: N1,N1-Dimethyl-N2-β-(2-pyridylethyl)formamidine. J.
Org. Chem. 2004, 69, 4023−4030.
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