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Abstract
4-allyl-2H-1,4-benzothiazin-3(4H)-one (P2), have been synthesized, characterized by NMR spectroscopy, and
tested as corrosion inhibitor for mild steel in HCl solution using potentiodynamic polarization curves and
electrochemical impedance spectroscopy. Potentiodynamic polarization curve measurements showed that the
investigated compound was a mixed-type inhibitor. Its inhibition efficiencies improve with concentration and
reached a maximum at 10-3M. Electrochemical impedance spectroscopy (EIS) studies suggested that P2 inhibit
mild steel corrosion by becoming adsorbate at the metallic/electrolyte surfaces. Adsorption of the inhibitor on
the mild steel surface was found to obey Langmuir’s adsorption isotherm. Further, the electronic structural
calculations using quantum chemical methods were found to be in a good agreement with the results of the
experimental studies.
Keywords: Mild steel, 1,4-benzothiazine, EIS, Corrosion, Weight loss, Electrochemical, DFT.

1. Introduction
The study of corrosion inhibition is a very active field of research. Several classes of organic compounds are
widely used as corrosion inhibitors for metals in acid environments [1–2]. Experimental means are useful to
explain the inhibition mechanism but they are often expensive and time-consuming. Several quantum chemical
methods and molecular modeling techniques have been performed to correlate the inhibition efficiency of the
inhibitors with their molecular properties [3–4]. Using theoretical parameters helps to characterize the molecular
structure of the inhibitors and to propose their interacting mechanism with surfaces [5]. Some studies have
shown that the inhibition of the corrosion process is mainly described by the formation of donor–acceptor
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surface complexes between free or p–electrons of an organic inhibitor, mostly containing nitrogen, sulfur or
oxygen atoms, and a vacant d-orbital of a metal [6–7]. Over the years, 1,4-benzothiazine derivatives have
constituted an important class of heterocycles which, even when part of a complex molecule [8], possess a wide
spectrum of biological activities [9-10], due to the presence of a fold along the nitrogen sulfur axis. The
biological activity of some 1,4-benzothiazine derivatives is similar to that of phenothiazines, featuring the same
structural specificity [11-13]. The role of 1,4-benzothiazine in medicinal chemistry was reviewed earlier [14].
Generally, benzothiazine and derivatives have found widespread applications as analgesic [15], antibacterial
[16], anticancer [17], anthelmintic [18].
The present study aimed to test new compound (P2) on the corrosion of mild steel in 1 M hydrochloric acid
solution. Compound (P2) was synthesized by realizing the alkylation reaction with allyl bromide, under phasetransfer catalysis conditions using tetra n-butyl ammonium bromide (TBAB) as catalyst and potassium
carbonate as base (Figure 1).
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Figure 1: 4-allyl-2H-1,4-benzothiazin-3(4H)-one (P2)

2. Experimental
2.1. Materials and solutions

The mild steel strips having a composition (wt.%) of 0.09% P, 0.01 % Al, 0.38 % Si, 0.05 % Mn, 0.21 % C,
0.05 % S and Fe balance were mechanically cut into 1.5× 1.5 × 0.05 cm3 dimensions for the electrochemical
experiments. The surface of the specimens was abraded with emery paper grade 600 and 1200, which was then
washed in deionized water, degreased ultrasonically in ethanol and acetone. The acid solutions (1.0 M HCl)
were prepared by dilution of analytical reagent-grade 98 % HCl with double-distilled water. The range of
concentration of P2 was 10-6 M to 10-3 M.
2.2. Synthesis of inhibitor
To a solution of 3,4-dihydro-2H-1,4-benzothiazin-3-one P1 (6.06 mmol) in 20 ml of DMF, was added (7.27
mmol) of potassium carbonate, The mixture is stirred magnetically for 5 minutes then added 0.6 mmol of tetran-butylammonium bromide (TBAB) and drip (12.12 mmol) of allyl bromide, then the mixture was stirred
magnetically for 24 h. After removal of salts by filtration, DMF was evaporated under reduced pressure and the
residue obtained is dissolved in dichloromethane. The rest of the salts are extracted with distilled water and the
mixture obtained is chromatographed on silica gel column (eluent: ethyl acetate / hexane (1/9))(Schema 1):
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Scheme 1: Synthesis of 4-allyl-2H-1,4-benzothiazin-3(4H)-one (P2).
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The analytical and spectroscopic data are conforming to the structure of compound formed:
(P2): Yield: 72%; mp: brown oil; RMN1H (DMSO-d6) δ ppm: 7.39-6.98 (m, 4H, Har), 5.82 (m, 1H,
CH=CH2), 5.08 ( m, 2H, CH=CH2), 4.54 (m, 2H; NCH2), 3.52 (s, 2H, S-CH2). RMN13C (DMSO-d6) δ ppm:
165.0 (C=O), 123.4, 139.8 (Cq), 118.6, 124.0, 127.7, 128.4 (CHar), 133.4 (CH=CH2), 116.2 (CH=CH2), 46.7
(NCH2), 30.7 (SCH2).
Mild steel corrosion behavior in 1 M HCl was investigated in the absence and the presence of 1,4-benzothiazine
derivative (P2) with the help of weight loss and electrochemical techniques. It was seen that mild steel
dissolution rate was very high in 1 M HCl alone but presence of inhibitor significantly decreased the corrosion
rate of mild steel.
2.3. Electrochemical measurements
The electrochemical study was carried out using a potentiostat PGZ100 piloted by Voltamaster soft-ware. This
potentiostat is connected to a cell with three electrode thermostats with double wall. A saturated calomel
electrode (SCE) and platinum electrode were used as reference and auxiliary electrodes, respectively. Before all
experiments, the potential was stabilized at free potential during 30 min. The solution test is there after deaerated by bubbling nitrogen. The electrochemical impedance spectroscopy (EIS) measurements are carried out
with the electrochemical system, which included a digital potentiostat model Voltalab PGZ100 computer at
Ecorr after immersion in solution without bubbling. After the determination of steady-state current at a
corrosion potential, sine wave voltage (10 mV) peak to peak, at frequencies between 100 kHz and 10 mHz are
superimposed on the rest potential. Computer programs automatically controlled the measurements performed at
rest potentials after 0.5 hour of exposure at 308 K. The impedance diagrams are given in the Nyquist
representation. Experiments are repeated three times to ensure the reproducibility.
2.4. Quantum chemical calculations
Quantum chemical calculations are used to correlate experimental data for inhibitors obtained from different
techniques (viz., electrochemical and weight loss) and their structural and electronic properties. According to
Koop man's theorem [19], EHOMO and ELUMO of the inhibitor molecule are related to the ionization potential (I)
and the electron afﬁnity (A), respectively. The ionization potential and the electron afﬁnity are deﬁned as I =
−EHOMO and A = −ELUMO, respectively. Then absolute electronegativity (χ) and global hardness (η) of the
inhibitor molecule are approximated as follows [20]:
𝐼+𝐴
1
𝜒 = 2 , 𝜒 = − 2 (𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂 )
(1)
𝜂=

𝐼−𝐴
2

1

, 𝜂 = − 2 (𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂 )

(2)

Where I = -EHOMO and A= -ELUMO are the ionization potential and electron afﬁnity respectively.
The fraction of transferred electrons ΔN was calculated according to Pearson theory [21]. This parameter
evaluates the electronic flow in a reaction of two systems with different electronegativities, in particular case; a
metallic surface (Fe) and an inhibitor molecule. ΔN is given as follows:
𝜒 −𝜒
𝛥𝑁 = 2(𝜂𝐹𝑒 +𝜂𝑖𝑛 ℎ )
(3)
𝐹𝑒

𝑖𝑛 ℎ

Where χFe and χinh denote the absolute electronegativity of an iron atom (Fe) and the inhibitor molecule,
respectively; ηFe and ηinh denote the absolute hardness of Fe atom and the inhibitor molecule, respectively. In
order to apply the eq. 3 in the present study, a theoretical value for the electronegativity of bulk iron was
used χFe = 7 eV and a global hardness of ηFe = 0, by assuming that for a metallic bulk I = A because they are
softer than the neutral metallic atoms [21].
The electrophilicity has been introduced by Sastri et al. [22], is a descriptor of reactivity that allows a
quantitative classification of the global electrophilic nature of a compound within a relative scale. They have
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proposed the ω as a measure of energy lowering owing to maximal electron flow between donor and acceptor
and ω is defined as follows.
𝜔=

𝜒2
2𝜂

(4)

The Softness σ is defined as the inverse of the η [23]
1
𝜎=

(5)

𝜂

Using left and right derivatives with respect to the number of electrons, electrophilic and nucleophilic Fukui
functions for a site k in a molecule can be deﬁned [24].
𝑓𝑘+ = 𝑃𝑘 𝑁 + 1 − 𝑃𝑘 𝑁
𝑓𝑜𝑟 𝑛𝑢𝑐𝑙𝑒𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘 (6)
−
𝑓𝑘 = 𝑃𝑘 𝑁 − 𝑃𝑘 𝑁 − 1
𝑓𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑝ℎ𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘
(7)
+
𝑓𝑘 = [𝑃𝑘 𝑁 + 1 − 𝑃𝑘 𝑁 − 1 ]/2 𝑓𝑜𝑟 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑎𝑡𝑡𝑎𝑐𝑘 (8)
where, Pk(N), Pk(N+1) and Pk(N-1) are the natural populations for the atom k in the neutral, anionic and
cationic species respectively.

3. Results and discussion
3.1. Electrochemical impedance spectroscopy (EIS) measurements
3.1.1. Effect of inhibitor concentration
EIS measurements were carried out to investigate the inhibition effect of P2 inhibitor as well as the kinetics of
corrosion reaction process. Figures 2 and 3 shows the impedance responses of the mild steel in 1 M HCl in the
absence and presence of different concentrations of P2 represented in (9) Nyquist, Bode modulus and Phase
angle formats (10). Similar plots for mild steel 1 M HCl system without and with P2. The shapes of the Nyquist
plots in the absence and presence of P2 in the investigated environment are similar indicating that, the
introduction of the investigated compound into the corrosive medium did not alter the mechanism of the
corrosion process.
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Figure 2: Nyquist diagram for mild steel in 1 M HCl in the absence and presence of P2.
The Nyquist plots are characterized by one capacitive semicircle showing that the corrosion process was charge
transfer controlled [25].The single capacitive semicircle loop corresponds to one time constant in the Bode
plots. The diameter of the semicircle is observed to increase as the inhibitor concentration increased which can
be related to the increase of surface coverage of inhibitive molecules on mild steel surface [26]. For the
description of a frequency independent phase shift between an applied alternating potential and its current
response, a constant phase element (CPE) is used instead of double layer capacitance (Cdl). The CPE is defined
by the following expression [27, 28]:
ZCPE=1/A(Jω)n
(9)
Where Z(CPE), impedance of CPE; A, a proportional factor; ω, angular frequency; J, an imaginary number; n is
the CPE exponent which can be used as a gauge of the heterogeneity or roughness of the surface [29]. If the
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electrode surface is homogeneous and plane, the exponential value (n) becomes equal to 1 and the metal–
solution interface acts as a capacitor with regular surface, i.e. when n = 1, A = capacitance. The lower value of n
(Table 1) for 1 M HCl medium indicated surface inhomogeneity resulted from roughening of metal surface due
to corrosion. Addition of P2 inhibitor (10-3 mol/l) increased in value from 0.88 to 0.93 indicating reduction of
surface inhomogeneity due to the adsorption of inhibitor molecules.
103

HCl 1M.Z
10-3M.Z
10-4M.Z
10-5M.Z
10-6M.Z

P2

-100

-50

101

0

|Z|

theta

102

100
10-2

10-1

100

101

102

103

104

50
105

Frequency (Hz)

Figure 3: Bode and phase plots of mild steel in 1M HCl at different concentrations of P2 at 308 K.
From Bode modulus and phase angle plots (Figure 3), an increase in the absolute impedance at low frequencies
in Bode modulus plots could be observed. This confirms the higher protection with increasing concentration of
inhibitor, which is related to the adsorption of P2 on the mild steel surface.
Also a continuous increase in the phase angle shift and a new phase angle shift at higher frequency range with
increasing concentration of P2 could be observed. Recently, Tan et al. and Sakunthala et al. [30, 31] have
reported that, the phase angle shift is due to the formation of the protective layer on the electrode surface by
inhibitor molecules which change the electrode interfacial structure. Based on the EIS data, the double-layer
capacitance (Cdl) and the inhibition efficiency (ERct%) were calculated using the following equations (10):
ERct% =

R ct /inh −R ct
R ct /inh

∗ 100

(10)

where Rct/inh and Rct are the charge transfer resistance values with and without inhibitor, respectively.
Figure 4 show the comparison of experimental EIS data and the simulated spectrum, using the Zview
impedance fitting program for mild steel samples immersed in 1 M HCl and in the presence of 10 -3 M P2. A
good fit was obtained with the model used for all experimental data. The equivalent circuit used in the present
work is shown in Figure 5. In this circuit, Rs is the solution resistance, Rct is the charge transfer resistance, and
CPE is the Constant Phase Element.
The main parameters deduced from the analysis of Nyquist diagram for mild steel in 1 M HCl containing
various concentrations of the investigated inhibitor is given in Table 1.
On increasing inhibitor concentration, the charge transfer resistance (Rct) increased and the double layer
capacitance (Cdl) decreased indicating that, the increasing inhibitor concentration decreased corrosion rate.
Further inspection of the data presented in Table 1 shows that values of inhibition efficiency increased as the
concentration of inhibitor increases. Decrease in the double layer capacitance was caused by reduction in local
dielectric constant and/or by an increase in the thickness of the electrical double layer. This fact suggests that
the inhibitor molecules acted by adsorption at the metal/solution interface [32]. On the other hand, the decrease
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in the values of Cdl with an increase in the inhibitor concentration suggests an increase in the surface coverage
by the inhibitor, which led to an increase in the inhibition efficiency. The decrease in the C dl is in accordance
with the Helmholtz model shown in the equation:
Cdl= εε0 Ad-1
(11)
Where d is the thickness of the protective layer, ε is the dielectric constant of the medium, ε 0 is the vacuum
permittivity and A is the effective area of the electrode. This model shows that C dl is inversely proportional to
the thickness of the protective layer meaning that the protective layer becomes thicker as the inhibitor
concentration increases thus rendering the corrosion inhibition more effective [33].
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Figure 4: EIS Nyquist and Bode diagrams 3D for mild steel/1 M HCl + 10-3 M of P2 interface: (------)
experimental; (------) fitted data.

Figure 5: Equivalent circuit model used to fit the impedance spectra
Table 1: EIS parameters for the corrosion of mild steel in 1 M HCl solution containing different concentrations
of P2 at 308 K.
Inhibitor
Concentration
Rct
Rs
CPE
n
Cdl
ERct
(M)
(Ω .cm2)
(Ω.cm2) (µΩ-1Sn cm-2)
(µF) (%)
-14.50
1.93
393
0.88
200
-1M HCl
-6
57
1.72
773
0.91
45
75
10
-5
77
1.75
695
0.89
43
81
10
P2
-4
192
1.82
619
0.92
40
92
10
-3
219
1.94
554
0.93
37
10
93
The inhibition efficiency afforded by P2 may be attributed to the presence of electron rich S, N, O atoms and
aromatic rings. One benzothiazine ring is common with the structure of both the inhibitor. Therefore, the
possible coordinating centers are unshared electron pair of S, N, O and τ-electrons of aromatic rings.
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3.2. Weight loss measurements
3.2.1. Effect of inhibitor concentration
The effect of addition of P2 tested at different concentrations on the corrosion of carbon steel in 1.0 M HCl
solution was also studied by weight loss method at 308 K after 6 h of immersion period. The inhibition
efficiency (Ew%) were calculated by the following equation [34]:

Ew (%) =

𝑊0 − 𝑊𝑖
𝑊0

x 100

(12)

Where w0 and wi are the weight loss values in the absence and presence of inhibitor.
Table 2: Corrosion parameters obtained from weight loss measurements of mild steel after 6h immersions in 1
M HCl solution with and without addition of various concentrations of benzothiazine derivatives P2 at 308k.
Concentration (M)
V (mg.cm-2 h-1)
Ew (%)
Inhibitor
θ
0.82
----1M HCl
-6
0.23
72
0.72
10
0.14
83
0.83
10-5
P2
-4
0.11
87
0.87
10
-3
0.05
0.94
10
94
Weight loss data of mild steel in 1 M HCl in the absence and presence of various concentrations of inhibitor is
represented in Table 2. The calculated values of Ew of P2 indicate that Ew increases with the increasing P2
concentration showing a maximum Ew of 94% at 308 K at P2 concentration of 10-3M. The corrosion inhibition
by P2 in 1 M HCl can be explained in terms of the adsorption of its molecules on the surface of mild steel. The
adsorption of P2 is assumed to be a quasi-substitution process between water molecules on the steel surface and
the P2 molecules. The adsorption of P2 on mild steel surface makes a barrier for mass and charge transfer, and
consequently, mild steel is protected from aggressive acid solution. The increased Ew with the increasing P2
concentration indicates that more inhibitor molecules are adsorbed on the mild steel surface leading to the
formation of a protective film [35-37]. Weight loss measurements also confirm the inhibiting nature of P2, and
the Ew(%) values obtained from this method show the same trend as those obtained from the polarization and
EIS techniques. The use of the benzothiazine as corrosion inhibitors have been widely reported by several
authors [38–41].
3.2.2. Adsorption consideration and thermodynamic calculations
Basic information on the interaction between the inhibitor molecules and the metal surface could be provided
from the adsorption isotherms. The experimental data were applied to different adsorption isotherm equations
such as the Langmuir, Frumkin, Temkin and Freundlich. ‘Langmuir’ adsorption isotherms [42] were found to fit
well with the experimental data.
The adsorption isotherm relationship of Langmuir is represented by the following equation [42, 44]:
C





1

k

(13)

C

Where Cinh is the inhibitor concentration, Kads is the adsorption equilibrium constant and θ is the surface
coverage (calculated from Eq. (13)). The relation between Cinh/θ and Cinh at 308K was shown in Figure 6 for P2.
A linear relation can be found between Cinh/θ and Cinh with regression coefficients (R) 0.9999 for P2. The slope
and the intercept were detected. The slope was near unity. The slope of the isotherm deviates from unity. This
deviation may be explained on the basis of interaction between the adsorbed species on the metal surface by
mutual repulsion or attraction [45]. The value of the adsorption–desorption equilibrium constant (Kads) was
2.86105 M-1 for P2. The high values of Kads for the studied inhibitor indicated stronger adsorption on the mild
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steel surface in the investigated corrosive solution. The equilibrium constant of adsorption– desorption process
(Kads) is related to the standard free energy of adsorption process by the equation [46]:
∆Gads = -RTln(55,5K)
(14)
-3
Where 55.5 is the concentration of water expressed in mol dm , R is the molar gas constant and T is the
absolute temperature. The values of the standard free energy of adsorption were -42.43 kJ/mol for P2. The

negative values of ΔGads indicate the spontaneity of the adsorption process and the stability of the
adsorbed layer on the carbon steel surface [47]. Generally, the adsorption type is regarded as
physisorption if the absolute value of ΔGads is in the range of 20 kJ mol−1 or lower. The inhibition
behavior is attributed to the electrostatic interaction between the organic molecules and steel surface.
When the absolute value of ΔGads is in 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 [48, 49]. The obtained ΔGads value in the studied
temperature (308K) is in the range of −40 kJ mol−1, indicating, therefore, that the adsorption
mechanism of the P2 onto mild steel in 1 M HCl solution is mainly due to chemisorption.
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0.0000
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Figure 6: Langmuir adsorption isotherm for P2 on mild steel in 1 M HCl at 308K.
3.4. Potentiodynamic polarization measurements
Figure 7 shows the polarization curves of mild steel in 1 M HCl solution in the absence and presence of various
concentrations (10-6 _ 10-3 mol/l) of inhibitor P2 at 308K.
The nature of the polarization curves remains almost same in the absence and the presence of P2 but in the
presence of investigated inhibitor the curves shifted toward the lower current density as compared to the blank.
The shift in current density toward lower current density in the presence of inhibitor increases on increasing the
concentration of the inhibitor P2.
In order to obtain information about the kinetics of the corrosion, some electrochemical parameters, i.e.,
corrosion potential (Ecorr) and cathodic (βc) Tafel slopes, corrosion current density (Icorr), coverage surfaces (θ)
and the inhibition efficiency(Ep%) were obtained from the Tafel extrapolation of the polarization curve. These
parameters are summarized in Table 3. The dependence of the degree of surface coverage (θ) and the inhibition
efficiency (Ep%) on the concentration of the inhibitor were calculated using the following equations [50]:
Ep%= (icorr(0)- icorr(inh) / icorr(0))*100 (15)
where icorr(0) and icorr(inh) represent corrosion current density values without and with inhibitor, respectively.
Θ= Ep/100
(16)
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The corrosion current density values were determined by the extrapolation of the linear portions of the anodic
current–potential curves to the corresponding corrosion potentials (Ecorr). The corrosion current density (Icorr)
decreases in the presence of the studied P2 inhibitor compared to the blank solution, indicating that this inhibitor
is adsorbed on the steel surface and inhibits the corrosion process.
2
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Figure 7: Polarisation curves of mild steel in 1M HCl at different concentrations of P2.
The potentiodynamic polarization curves in Figure 7 shows a reduction in anodic and cathodic currents in the
presence of the tested inhibitor compared to the blank solution, that indicates the hydrogen evolution and
dissolution metal were inhibited. Furthermore, the parallel variation of cathodic and anodic Tafel curves shows
that the mechanism of inhibition in the presence of the investigated inhibitor is activation controlled, while the
metal dissolution mechanism is not affected by the presence of P2 inhibitor [51].
Table 3: Values of electrochemical parameters evaluated from the cathodic current-voltage characteristics for
the system electrode/1 M HCl with and without added inhibitor at 308 K.
Inhibitor
Concentration (M)
Ecorr (mV/SCE) Icorr (μA/cm2)
βc (V/dec)
Ep (%)
θ
-459
1381
-0.299
--1M HCl
--6
-442
474
-0.281
66
0.66
10
-5
-461
293
-0.287
79
0.79
10
P2
-453
152
-0.276
89
0.89
10-4
-3
-455
99
-0.285
0.93
10
93
Examination of Table 3 shows that Icorr in 1 M HCl is very high indicating strong corrosiveness of mild steel in
these acidic chloride media. In the presence of the inhibitor P2, the Icorr is seen to drop remarkably and the extent
of reduction is found to be concentration dependent. As the inhibitor concentration increases, the Icorr decreases
and the lowest value was obtained at concentration of 10-3 M.
According to data shown in Table 3, the inhibition efficiency increases with the increasing inhibitor
concentration and were in the range of 66–93% within an accuracy of ±0.5% for P2. Increase in inhibition
efficiency with increasing inhibitor concentration indicates that, more inhibitor molecules are adsorbed on the
metal surface providing wider surface coverage and the compounds act as excellent adsorption inhibitor [52]. In
1 M HCl solution, the presence of P2 cause a negative shift in Ecorr, which indicates that inhibitor molecules are
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more adsorbed on the cathodic sites resulting in an inhibition of the cathodic reactions. However, the influence
is more pronounced in the cathodic polarization plots compared to that in the anodic polarization plots.
Generally, if the displacement in Ecorr is >85 mV with respect to Ecorr in uninhibited solution, the inhibitor can be
seen as a cathodic or anodic type [53, 55]. Finally, the tested P2 inhibitor showed good inhibition efficiency for
mild steel corrosion process in chloride containing acidic solution at the used concentrations.
3.5. Computational theoretical studies
The FMOs (HOMO and LUMO) are very important for describing chemical reactivity. The HOMO
containing electrons, represents the ability (EHOMO) to donate an electron, whereas, LUMO haven't not
electrons, as an electron acceptor represents the ability (E LUMO) to obtain an electron. The energy gap
between HOMO and LUMO determines the kinetic stability, chemical reactivity, optical polarizability and
chemical hardness–softness of a compound [56].
In this study, the HOMO and LUMO orbital energies were calculated using B3LYP method with 6-31G which
is implemented in Gaussian 09 package [57-58]. All other calculations were performed using the results with
some assumptions. The higher values of EHOMO indicate an increase for the electron donor and this means a
better inhibitory activity with increasing adsorption of the inhibitor on the metal surface, whereas the lower
values of ELUMO indicates the ability to accept electron of the molecule. The adsorption ability of the inhibitor to
the metal surface increases with increasing of EHOMO and decreasing of ELUMO. The HOMO and LUMO orbital
energies of the P3 and P4 inhibitors were performed and were given and shown in (Table 4) and (Figure 8),
respectively. High ionization energy (> 6 eV) indicates high stability of P3 and P4 inhibitors [59]. The number
of electrons transferred (ΔN), dipole moment, ionization potential, electron affinity, electronegativity, hardness,
softness and total energy were also calculated and tabulated in (Table 4).
Table 4: Quantum chemical parameters for P3 and P4 obtained in gaseous and aqueous phases using the DFT at
the B3LYP/6-31G level.
Parameter
Gas phase
Aqueous phase
Total Energy TE (eV)
-25957.4
-25957.6
EHOMO (eV)
-6.6243
-6.7780
ELUMO (eV)
-0.2174
-0.1747
Gap ΔE (eV)
6.4069
6.6033
Dipole moment µ (Debye)
2.8740
4.1011
Ionization potential I (eV)
6.6243
6.7780
Electron affinity A
0.2174
0.1747
Electronegativity χ
3.4208
3.4763
Hardness η
3.2034
3.3017
Electrophilicity index ω
1.8265
1.8301
Softness σ
0.3122
0.3029
Fractions of electron transferred ΔN
0.5586
0.5336
The value of ΔN (number of electrons transferred) show that the inhibition efﬁciency resulting from electron
donation agrees with Lukovit's study [60]. If ΔN < 3.6, the inhibition efﬁciency increases by increasing electron
donation ability of these inhibitors to donate electrons to the metal surface [61]. Pertinent valence and dihedral
angles, in degree, of the studied inhibitor calculated at B3LYP/6-31G(d,p) in gas and aqueous phases are
given in the table 4.
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Table 5 displays the most relevant values of the natural population (P(N), P(N-1) and P(N+1)) with the
corresponding values of the Fukui functions (fk+, fk- and fk0) of the studied inhibitors. The calculated
values of the fk+ for inhibitors are mostly localized on the 1,4-benzothiazin-3(4H)-one ring, namely C1, C3, , C6,
O12 and S14, indicating that the 1,4-benzothiazin-3(4H)-one ring will probably be the favorite site for
nucleophilic attacks.
Table 5: Pertinent natural populations and Fukui functions of P2 calculated at B3LYP/6-31G in gas (G) and
aqueous phases.
Phase
P(N)
P(N-1)
P(N-1)
fkfk+
fk0
Atom k
C1
C3
C6
O12
S14

G
A
G
A
G
A
G
A
G
A

5,30898
5,28847
6,2235
6,25815
6,24245
6,25513
8,60656
8,61229
15,69509
15,67319

5,44182
5,45606
6,3148
6,34241
6,34133
6,35183
8,70747
8,74378
15,79582
15,80763

5,30969
5,29322
6,1903
6,17851
6,15693
6,16493
8,48717
8,54751
15,44529
15,41038

0,1328
0,1676
0,0913
0,0843
0,0989
0,0967
0,1009
0,1315
0,1007
0,1344

-0,0007
-0,0047
0,0332
0,0796
0,0855
0,0902
0,1194
0,0648
0,2498
0,2628

0,0661
0,0814
0,0623
0,0820
0,0922
0,0934
0,1102
0,0981
0,1753
0,1986

The geometry of P2 in gas and aqueous phase (Figure 8) were fully optimized using DFT based on Beck's three
parameter exchange functional and Lee–Yang–Parr nonlocal correlation functional (B3LYP) [62-64] and the 6–
31G. The optimized structure shows that the molecule P2 has a non-planar structure. The HOMO and LUMO
electrons density distributions of P2 are given in Table 6.

Gas phase
Aqueous phase
Fig. 8: Optimized molecular structures and selected dihedral angles (red), angles (blue) and bond lengths (black)
of the studied inhibitors calculated in gaseous and aqueous phases using the DFT at the B3LYP/6-31G level.
As we know, frontier orbital theory is useful in predicting the adsorption centres of the inhibitors responsible for
the interaction with surface metal atoms. Table 6 shows the HOMO and LUMO orbital contributions for the
neutral studied inhibitor. The HOMO densities were concentrated on 1,4-benzothiazin-3(4H)-one ring.
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Table 6: The HOMO and the LUMO electrons density distributions of P2 in gas and aqueous phase computed
at B3LYP/6-31G level for neutral forms.
Gas
Aqueous

HOMO

LUMO

Conclusions
This paper describes the synthesis and characterization of 4-allyl-2H-1,4-benzothiazin-3(4H)-one (P2). The
molecular structure of the compound has been determined by NMR spectroscopy. The corrosion inhibition of
mild steel by the synthesized compound was studied by electrochemical and theoretical studies and the obtained
results show that:
 The inhibition efficiency on mild steel in 1 M HCl solution increases with increasing the inhibitor
concentration. The maximum inhibition efficiency of 93% was observed at l0-3 M of P2.
 The potentiodynamic polarization curves indicated that the inhibitor molecules are more adsorbed on
the cathodic sites resulting in an inhibition of the cathodic reactions.
 EIS results showed that, the charge transfer resistance increases and the double layer capacitance
decreases with increasing the inhibitor concentration.
 The adsorption of the inhibitor obeys the Langmuir adsorption isotherm via a strong chemical
interaction with the mild steel surface.
 Finally, this study shows a good correlation between the theoretical and electrochemical data which
confirms the reliability of quantum chemical methods to investigate the corrosion inhibition of metal
surfaces.
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