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Abstract

Mild steel corrosion inhibition in 1.0 M HCI, by two stereomers of 2-phenyl-
benzothiazin-3-one (BHT1) and 3-phenyl-benzothigzimne (BHT2), was researched
using experimental and theoretical studies. Theeexntal results showed that the
inhibition efficiency depends on the concentratiand molecular structure of the
investigated compounds, and it reached a maximu85dfo and 96 %, at YOM and
10° M of BHT1 and BTH2, respectively. This differencan be explained by the
formation of hydrogen bonds, in BHT1 case. In addit the polarization studies
indicated that the above mentioned products actednied type inhibitors. The
molecular structure influence on the corrosion hition efficiency was theoretically
investigated using DFT calculations. The structiaad electronic parameters were
determined, and showed good agreement with theiexpetal results.

Keywords: stereoisomers of benzothiazinone derivatives,osoyn inhibition, mild
steel, electrochemical measurements, theoretit@llesions.

Introduction

Generally, acidic solutions, which are often usethe chemical industry, cause
deterioration of materials and their alloys. In @rdo protect these materials
against corrosion by this media, the use of inbikitis one of the proposed
methods that have been widely applied. It was tepgothat the inhibitor

efficiency not only depends on the inhibitor molecwstructure, but also on the
metallic surface nature and the electrolyte’s clvaincomposition [1- 3]. The
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investigation and application of new corrosion mtars holds great interest in
the fields of corrosion research and industrialnasiséry [4-6]. Most of these

inhibitors contain nitrogen, sulphur and/or oxygatoms, which may be

adsorbed onto the metallic surface and block thigeasites [7-9]. In addition, in

our previous study [10], the inhibition efficienoy benzothiazinone derivatives,
2-aryl-benzothiazin-3-one with aryl = Ph-Cl, an@34-benzothiazin-2-one with

aryl = Ph-CH, on mild steel corrosion in acidic environmentsisvstudied, and

the results showed good agreement between expdsraed theory.

The aim of this work was to study the inhibitiafficiency of two new organic

compounds, namely 2-phenyl-benzothiazine-3-one (BHTnd 3-phenyl-

benzothiazine-2-one (BHT?2), synthesized and charaeid by Souizi et al. [11],

on the mild steel corrosion in 1.0 M HCI, using exmental and theoretical
methods. The theoretical calculations have beeffoypeed in aqueous and
gaseous phases, using DFT at B3LYP/6:3&1* theory level. The solvent

effect was taken into account by using the poldrizentinuum model (PCM),

and water as solvent. The local and global redgtiwdices were calculated and
discussed.

Experimental details

Material preparation and inhibitors

The electrolysis cell was a borosilicate glass €R®) cylinder closed by cap
with three apertures. The chemical compositiorhefrild steel which was used
as working electrode is summarized in Table 1.rPiwwoeach experiment, the
electrode was abraded using emery paper up to §ps@@es, cleaned with
ethanol, washed with distilled water, and finallyed in hot air. The platinum
plate and the Ag/AgCl were used as counter andreefe electrodes. All
potentials are referred with respect to this |éstteode.

Table 1.Chemical composition of the used mild steel in wt.%

C Si Mn Cr Mo Ni Al Cu Co \Y W Fe
0.11 0.24 0.47 0.12 0.02 0.1 0.03 0.14 <0.0012 G3.0 0.06 Balance

H
Q:N 0 §7 70
g
BHT1

EHTI
Figure 1. Molecular structure of the used inhibitors.

Electrochemical tests

The working electrode was immersed in a corrosoret®n during 30 min, until
the steady state of the open circuit potentiddcewas reached. The cathodic
polarization curve was recorded by polarizationnfrdeocp, towards more
negative direction, with a sweep rate of 1 mV/steAfthis scan, the same
electrode was kept in the solution, until the opewcuit potential steady state
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(Eocp = 0.02 V) was obtained, and then, the anodic pdton curve was
recorded from Bcp, to positive direction, with the same sweep rathese

measurements were carried out using PGZ 100 PostatiGalvanostat
monitored by a personal computer. For each coratmti three independent
experiments were performed.

However, the overall current density (i) is cons@de as the sum of two
contributions, anodic and cathodic current,and ¢, respectively. For the
potential domain, not too far from the open circwie can consider that both
processes obey the Tafel law [12]; so, we can draw:

i :I a +I Cc :I CO”{qu:b ax (E _E COTI)] - eXF{b CX(E - E COT):|} (1)

where ior is the corrosion current density (A @mand k and k are the Tafel
constants of anodic and cathodic reactions)(\fespectively. These constants
are linked to the Tafel slopés(V/dec) in a usual logarithmic scale given by the
following equation:

IN10 2303
f=——=°2"° 2
b b @)

The corrosion parameters were then evaluated bysnehthe nonlinear least
square method, applying equation (2), through @rigiftware. However, for this
calculation, the applied potential range was lichite +0.100 V around &, a
significant systematic divergence was sometimegmbsl for both anodic and
cathodic branches.
The corrosion inhibition efficiency was evaluatedm the corrosion current
density values, using the following relationship:

P2 =i

,7PP = COI‘; 5 corr xloo (3)

corr

wherei’ and ior are the corrosion current densities values, witleomd with

inhibitor, respectively.

The electrochemical impedance spectroscopy measutsnwere carried out
using a transfer function analyzer (VoltaLab PG2)1@Qvith a small amplitude
a.c. signal (10 mV rms), over a frequency domaomfrl00 kHz to 100 mHz,
with five points per decade. The EIS diagrams weéome in the Nyquist
representation. The experiments were repeated thme®s to ensure
reproducibility. The results were then analyzedtémms of an equivalent
electrical circuit, using Bouckamp program [13],datie inhibition efficiency
was calculated using the following equation:

R _ 0
Nes = CtR R°‘><100 (4)

ct
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where R} and R are the charge transfer resistance values, withveithout
inhibitor, respectively.

Computational details

Full geometricaloptimization of BHT1 and BHT2, in the gas and solot
phases, was carried out using the Density Fundtibhaory (DFT), with the
Beck’s three parameter exchange functional, andL#eYang-Parr non local
correlation functional (B3LYP) [14-16], combined tB3LYP/6-311*G**
standard basis of atomic orbitals, as implementedsaussian 03 program
package [17]. In addition, the physical or chemipebperties measured in a
solvent could be different, if they were measume@mother solvent, or even in
vacuum [18-21]. Moreover, it is well known that thghenomenon of
electrochemical corrosion occurs in the liquid ghasvhere the inhibiting
molecules show a behavior that is different to thigttout solvent. Consequently,
it is necessary to include the solvent effect ie teometric and electrical
properties calculations. In fact, the solvent fi@e the molecular structures of
the investigated compounds was considered, in theept work, by a model
known as polarized continuum model (PCM) [22], iempknted in Gaussian 03
program. In this model, the solvent was treated asntinuum dielectric media,
and the solute was considered as a trapped molacaecavity surrounded by
the solvent.

The geometry of the studied compounds was detedmuyeoptimizing all the
geometric variables in the gas and aqueous phasdsut any symmetry
constraint, using analytical energy gradients. Hamm frequencies were
calculated from analytical derivatives for all sjgs¢ to verify minimum energy
structures. The obtained quantum chemical paramd@m this optimized
structure have been determined and analyzed, &r dodexplain the interaction
between the inhibitor molecules and the metallidame. According to DFT-
Koopmans’s theorem [23-25], HOMO energy is relatedthe ionization
potential (1), whereas LUMO energy is linked to tekectron affinity (A), as
follows:

| ==Epomo ®)

A=-Euwo (6)
Then, the electronegativity), the chemical potentiauf and the global hardness
(n) were evaluated, based on the finite difference @ppration, as linear
combinations of the calculated | and A:
I +A

5 (7)
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The fraction of transferred electrom8N), evaluating the electronic flow in a
reaction of two systems with different electronegeés (in this particular case,
a metallic surface and inhibitor molecules), waswated according to Pearson
theory[26], as follows:

— XFe _/Yinh
AN = 2=~ 9
2(/7Fe+,7inh) ( )

where the Fe andniindices refer to the iron atom and the inhibitoolacule,
respectively.

Results and discussion

Evolution of open circuit potential (OCP) versustime

Fig. 2 shows the open circuit potential (OCP), uersme, of BHT1 and BHT2,

at different concentrations, on the mild steel @sion in 1.0 M HCI. It is noted

that the potential for the solution without inhdrigradually decreases with time,
and stabilizes at the value of -490 mV/Ag/AgCleaft2 min of immersion. This

phenomenon characterizes mild steel corrosion thighformation of corrosion

products. So, in the inhibitors presence, the pi@enalues gradually increase
with time towards the positive directions, and #iad after almost 15 min of

immersion. This finding indicated the formation af protective layer at the
metallic surface.

Ly DVRGIAGED

Time {5} Tims g

Figure 2. Evolution of open circuit potential cp) versus time for mild steel electrode
in 1.0 M HCI, in the absence and the presenceftdrdnt(a) BHT1 and(b) BHT2
concentrations.

Potentiodynamic polarization curves

Fig. 3 presents BHT1 and BHT2 influence, at diff¢reoncentrations, on mild
steel corrosion in 1.0 M HCI. It is noted that thedition of these compounds
decreased the current densities, and shifted thieston potential (&) towards
positive values. Therefore, these inhibitors aahased type inhibitors.
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Figure 3. Potentiodynamic polarization curves of mild steel.0 M HCI, at variouga)
BHT1 and(b) BHT2 concentrations.

However, éor, Ecorr, ba and k were evaluated from the experimental results,gusin
a defined function of “non-linear least squaresveuit” (Eq. (1)) of the graphic
software (Origin, Origin Lab). In all cases? Borrelation factor is greater than
0.99, indicating a reliable result. Fig. 4 shows, am example, the results of
regressions calculations for the cathodic and anbriinches, in the presence of
different BHT1 concentrations.

.a:E 10 "y “.
E P 1KY
= * 107 M of BHT1 |
v 10° M of BHT1 |
® 107 MofBHTY !| J
107 M of BHT1

Fitting curves

0500 04TE Q4S1 0425 4400 DITE 30 93 0300
E(ViAgiAQTH)
Figure 4. Comparison of experimental and fitting data usengon-linear fitting with

Stern-Geary equation (in BHT1 case).

It can be seen, in this figure, good agreement é&tmthe experimental and
fitting data. The obtained electrochemical paramsetend the corresponding
inhibition efficiencies {pF%) are listed in Table 2. It is seen that the irtloh
efficiency increased with the inhibitors concentmas, to attain the maximum of
94 % and 96 %, at 10M of BHT1, and 16 M of BHT2, respectively. These
results may be explained by the inhibitors moleswddsorption onto the mild
steel surface, through non-bonding electron paiesgnt on nitrogen, oxygen
and sulfur atoms, as well aselectrons [27]. Thus, this variation mainly depgnd
on the mutation of -N by -S atom. In addition, tlmv BHTL1 inhibitive
performance, compared to BHT2, can be explainethéyormation of hydrogen
bonds between —NH and =O, in BHT1 case. The sasdtrevas found and
6



M. Sahrane et al. / Port. Electrochim. Acta 38 (@p2-17

explained in our previous study, when we have stlidihe effect of
monosaccharide for ordinary mild steel, in a sinadacooling water system

[28].

Table 2. Electrochemical parameters and inhibition efficiesoralues for mild steel in
1.0 M HCI, at various BHT1 and BHT2 concentrations.

C Ecorr icorr 'ﬂc ﬂa %

(M) mV/Ag/AgCl)  (HAlcm?) (mV/dec) (mVidec) 177

Blank soluton 00  -490.12+0.23 467.17+0.13  164.0280 104.14+0.22 -
10° -375.22+¢0.13  77.12+0.14  209.12+0.17  66.32+0.43 583
10° -387.35+0.11 61.72+0.43  216.34+0.23  97.12+0.25 87
BHT1 104 -370.07+0.23  24.22+0.35 244.28+0.45 96.52+0.17 95
10° -380.15+0.15 50.17+0.22  164.02+0.65  74.92+0.42 289.
10° -432.17+0.18  31.11+0.65 121.72+0.29  89.36x0.36 93
BHT2 10° -407.10+0.19  17.42+054  144.14+0.74  92.12+0.81 96
10* -411.12+0.08  28.52+0.33  123.32+0.54  85.17+0.23 94
10° -370.14+0.34  44.42+0.84  202.11+0.85  74.16+0.13 590.

Electrochemical impedance spectroscopy

In order to describe the kinetics and charactesstf the electrochemical
reactions occurring on the metal/electrolyte irgeef, the EIS analyses of mild
steel in 1.0 M HCI, in the absence and presencdiftdrent BHT1 and BHT2
concentrations, at the open circuit potentialddt, were carried out.
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Figure 5. Nyquist plots for mild steel in 1.0 M HCI abEp,in the absence and presence
of different(a) BHT1 and(b) BHT2 concentrations.

Fig. 5 represents the obtained Nyquist plots. Itsi®wn that the obtained
semicircles are imperfect, resulting in the rougisnend inhomogeneities of the
metallic surface, which can cause the accumulationorrosion products, and
the formation of pits and cracks. This differencehe metallic surface state has
been attributed to the frequency dispersion imputeddifferent physical
phenomena [29].

A simple electrical equivalent circuit (Fig. 6) hasen proposed for modeling the
experimental data, wheres IRepresents the resistance electrolyte, andsRhe
charge transfer resistanceq @ the constant phase elements used to replace the
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double layer capacitances. Constant phase elerhents been widely used to
account for deviations brought about by surfacghoess [30-31].

R, CPE |-
AT I—
vav—
R:t
Figure 6. Equivalent circuit proposed for fitting the impeda spectra.

CPE impedance is given by the following equation:
Zepd @) =Q(jed " (19)

where Q is the constant phase element (CBE} the sine wave modulation
angular frequency (in rady j? = -1 is the imaginary number and n is the CPE
exponent. According to malue, CPE can be resistancedZ= R, n = 0], pure
capacity Fcee = C, n = 1], inductance gée= L, n = -1] or Warburg impedance
(n =0.5)[32].

However, the calculated double layer capacitangg (€derived from the CPE
parameters, according to the following equatior]:[33

Ca =(Qq Rit_n)lln (11)

and the relaxation time constang)(is derived from the charge-transfer process,
using the following equation [33]:

Ty =CyRy (12)

The most important parameters derived from thendttof the impedance
diagrams are presented in Table 3. It is seenRhatlues increase, whereas C
values decrease with BHT1 and BHT2 concentratiditeese results can be
attributed to a decrease in the local dielectriostant, and/or to an increase in
the thickness of the electrical double layer, by itthibitors adsorption [34]. It is
also remarked that the inhibition efficiency ingesa with the inhibitors
concentrations, to attain the maximum of 94 % a®@® at 1¢8 M of BHT1 and
10° M of BHT2, respectively.

However, it is noted thatsnvalues are well below 1, and reflect the very flat
shape of the impedance diagrams. So, the increase with the inhibitors
concentrations reflects the reduction in heteromgra the mild steel surface,
which results from BTH1 or BTH2 molecules adsomptionto the metallic
surface [35-36]. In the same way, the relaxationeticonstant tf) values
increase with the inhibitors concentrations; themef the adsorption process
takes much more time, which means it is slower.[3Ajs showed that there is
an agreement between the amount of charge thatbearstored (that is,
capacitance) and the discharge velocity in thefate a) [33, 38]. In addition,

8
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the BHT2 charge transfer resistance is higher thabhof BHT1, such as found
by the potentiodynamic polarization curves.

Table 3.Electrochemical parameters data for mild steel in 1.0 M HCI, at vaBbiTsl
and BHT2 concentrations.

C Rs Ret Cui n T neis
(M) (Q cn) (Q cn¥) (UF/cm?) d (ms) (%)
Sg:ﬁ{i‘gn 00 2324047 39.90+0.82  207.9+056 0.74+0.01 8.2480

108 1.66+0.21 243.20+0.82  188.1+0.41 0.86+0.01 45.7330 85
BHT1 105 1.35+0.20 388.70+0.44  151.3+0.18 0.86+0.01 58.8180 90
104  3.10£0.20 608.20+0.44  89.16+0.72 0.88+0.01 54.28%0 94
10% 1.58+0.21 504.81+0.48 103.12+0.99 0.88+0.01 52006 92
108 2.19+0.26 563.41+0.69  68.16+0.83 0.86+0.01 38.4820 93
BHT2 105  4.43+0.28 1076.00+0.55 57.65+0.26 0.88+0.01 6200B+ 96
109 2.02+0.27 652.40+0.51  89.05+0.61 0.88+0.01 58.0%%0. 94
10° 3.65+0.21  437.40+0.79 102.8+0.45 0.85+0.01 44.9%30 91

In the other hand, in order to explain the expentakobtained results, quantum
chemical parameters, such as highest occupied olatearbital energy (Eomo),
lowest unoccupied molecular orbital energyuko), (LUMO-HOMO) energy
gap QAE), dipole moment (), electronegativity X), ionization potential (1),
electron affinity (A), global hardnesg)(and fraction of electrons transfexN)
from the inhibitor molecules to iron were deterndrasd discussed.

Quantum chemical study

Molecular geometry

The molecules were built with the Gauss View 3.@lamented in Gaussian 03
package [16]. Their corresponding geometries weltg dptimized at B3LYP/6-
311*G** level of theory, and the vibrational calculat® prove that their
equilibrium structures correspond to the minimunergy for each compound
(absence of imaginary frequencies). Moreover, BHInd BHT2 geometries
were re-optimized in the aqueous phase, at the shewy level, using PCM
model for a better approach of the experimentadpaters. The final geometries
and the computational results parameters of thestigated compounds are
given in Fig. 7 and Table 4, respectively.

The comparison of BTH1 and BTH2 optimized geomatrstructures in vacuum
showed that the bond length C=0 is longer in BHRAntin BHT2, by about
0.014 A, and that the C24-N bond in BHT1 is shottemn the single C11-N in
BHT2, by about 0.089 A. These differences can belagxed by the
delocalization in O=C24-N region, in BTH1. The CHond, where the first
carbon is linked to the oxygen atom, and the se¢orf] in BHT1, and to N, in
BHT2, showed a bond length difference of about D.81 In addition, large
values of the bond lengths were observed for Ce®;tlie C21-S, the bond
length, in BHTZ2, is shorter than C12-S, in BHT1, @54 A. From this, it can
be concluded that the adsorption onto the metalli€ace is clearly easier with
C-S, for BHT2, than for BHT1.
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Figure 7. Optimized molecular structures of BHT1, BHT2, BHT1P, and BPIT

Table 4. Geometrical parameters of the studied inhibitors calculated at BBEYP/

311"G**, in gas (G) and aqueous (A) phases.

Inhibitors  Phase Bond lengh (A) Bond angle (°) Dihdral angle (°)

BHT1 G C3-C4 1.402 C4-S-Ci12 98.0 C12-S-C4-C3 34.2
A 1.401 98.0 34.2
G C4-S 1.773 S-C12-Ci5 109.3 C24-C12-S-C4 -55.3
A 1775 109.3 -54.8
G Ci12-s 1.855 S-C12-C24 109.5 C3-N-C24-0 178.0
A 1.853 109.7 179.4
G C3-N 1401 C3-N-C24 128.7 C3-N-C24-C12 -4.8
A 1.404 128.5 -3.3
G C24-N 1.377 N-C3-C4 120.8 C24-C12-C15-Ci6 -51.1
A 1.368 121.0 -55.5
G Cl12-C24 1531 N-C24-C12 1155 C15-C12-S-C4 178.2
A 1531 116.0 178.8
G C24-0 1.212 0O-C24-C12 1236 C5-C4-S-C12 -
A 1.219 147.9

147.8
G Cl12-C15 1505 O-C24-N 120.8 C15-C12-C24-N 169.2
A 1.50¢ 122.¢ 168.1

BHT2 G C3-S 1.780 C3-S-C21 104.0 C11-N-C4-C3 44.1
A 1.781 104.0 44.5
G C3-C4 1.402 S-C3-C4 120.9 C4-N-Cli-C21 -66.5
A 1.402 120.6 -66.2
G C21-S 1.801 S-C21-Cl1 116.5 N-C11-C21-O -

A 1.794 116.9 143.1
143.5
G C4-N 1396 C4-N-Cl1 118.2 C12-C11-N-C4 170.0
A 1.396 118.1 170.4
G C11-N 1.466 N-C4-C3 119.7 C21-C11-C12-C13 -74.6
A 1.467 119.9 -75.5
G C11-C21 1.542 N-Cl11-C21  110.3 S-C21-C1i1-C12 161.7
A 1.539 110.2 161.2
G C21-0 1.198 0-C21-S 119.2 C3-S-C21-Ci11 0.2
A 1.203 118.8 0.8
G C11-C12 1512 0-C21-Ci11 1243 C(C12-C11-C21-O -19.9
A 1.513 124.3 -20.2

10
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However, the investigated compounds are not planas result was explained
by the bond angles values of C4-S-C12 and S-C12-@hich are about 98.0
and 109.3°, respectively, for BHT1, and 104.0° ah@.3°, for C3-S-C21 and N-
C11-C21, respectively, in BHT2 case (Table 4). Tieedral angle values of
C24-C12-C15-C16, in BHT1, and C21-C11-C12-C13, HTR, exhibited an
important distortion, by about 23.5°. In additiam,distortion, by about 10°,
within the thiazine ring, was also observed by carmg dihedrals angles values
of C12-S-C3-C4, in BTH1, and of C11-N-C4-C3, in BHTThis result explains
why the adsorption onto the metallic surface wasiegafor BHT2 than for
BHT1.

On the other hand, it is noted that the solveneatfis slightly weak on the
dihedrals and bonds angles, except for the C24CN2-C16 dihedral angle in
BHT1, which increases by about 4.4°; the greatestease in bonds lengths
(about 0.01 A and 0.007 A) was observed for C24aNBHT1, and for C21-S, in
BHT2, respectively. This is probably due to thegpaation of these bonds by
the attraction of the carbonyl group. The bond tenglue of C=0 increases by
0.007 A, and 0.005 A, in BHT1 and BHT2, respecijvel

Global molecular reactivity
Frontier orbital theory is frequently used to poedor confirm the inhibitor
molecules adsorption centers responsible for thealhte surface/molecule
interaction [39-41]. The terms involving the frartimolecular orbitals (FMO)
could provide a relevant contribution, becausehef inverse dependence of the
stabilization energy on the orbital energy diffeal@enfAE = Bumo - E Homo).
HOMO energy (Bowmo) is often associated to the electron donatingtglof the
molecules; therefore, inhibitors with highhdwmo values have a tendency to
donate electrons to the appropriate acceptor, Wwithempty molecular orbital
energy. Conversely, LUMO energy (lmo) indicates the molecules’ electron
accepting ability; therefore, inhibitors with lowdmo values have a tendency to
accept electrons. The gap energy between the éroatbitals(AE) is another
important factor in describing the molecular adyiviso, when the gap energy
decreases, the inhibitor efficiency is improved][4¢haled has investigated the
adsorption of thiourea and their derivatives om isarface in nitric acid media,
and he has found that the gap energy decreaseshsithcrease in the inhibition
efficiency [43].
The calculated quantum chemical parameters retatdide inhibition efficiency
of the studied molecules are shown in Table 5 Bden that the highestdwo
was obtained for BHT2, which is not sufficient tonclude that it is more
efficient than BHT1. Therefore, Homo high values are likely to indicate a
tendency of the molecule to donate electrons to dperopriate acceptor
molecules with low empty molecular orbital. Inded¢kde excellent corrosion
inhibitors are usually the organic compounds, whch only give electrons to
the unoccupied orbital of metal, but also acceg lectrons from it [39]. Thus,
ELumo and gap energy values obtained for BHT2 show ithaas the highest
inhibition efficiency. This result is in good agreent with the experimental
efficiency -ni (Table 5).
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Table 5. Quantum chemical parameters of BHT1 and BHT1P, and BHT2 BHT2P

calculated at B3LYP/6-311G**, in gas (G) and aqueous (A) phases.
- Evomo  Erumo AE 1] A I X n ni
nnblors PSS ev) V) @) @ V) v @ @ N o
BHT1 G -6.059 -1.116 4.943 24565 1.116 6.059 3.588 2.472 0.690 90
A -6.147 -1.197 4.950 3.5996 1.197 6.147 3.672 2.475 0.672

BHT2 G -5.972 -1.000 4.972 3.7378 1.000 5.972 3.486 2.486 0.707 96
A -6.020 -1.189 4.831 51242 1.189 6.020 3.605 2.416 0.703

BHT1P G -10.063 -6.245 3.818 6.2887 6.245 10.06 8.157 1.909 - -
A -6.890 -2.730 4.160 8.7924 2.730 3 4.810 2.080 0.303
6.890 0.526

BHT2P G -9.922 -6.879 3.043 3.0933 6.879 9.922 8.401 1.522 - -
A -6.672 -3.366 3.306 4.5139 3.366 6.672 5.019 1.653 0.460
0.599

In addition, the dipole moment (i) provides infotima on the polarity of the
whole molecule. High dipole moment values are regubrto facilitate the
adsorption (and therefore, the inhibition), by uefhcing the transport process
through the adsorbed layer [44]. Several autho® Istated that the inhibition
efficiency increases with dipole moments values-46% On the other hand,
literature survey reveals that many irregularitsggpear in the correlation of
dipole moments with the inhibition efficiency [397]. The dipole moments in
the aqueous phase of BHT1 and BHT2 are 3.5996 [bai##12 D, respectively,
which are higher than those of®l (1 = 1.88 D). The high dipole moment value
of these compounds probably indicates strong digiglele interactions between
them and the metallic surface [48]. Accordinglye thenzothiazine molecules
adsorption in the aqueous solution can be regaadedquasi-substitution process
of the water molecules by the inhibitors molecubdsthe metallic surface
(H20a49. Experimentally, the corrosion inhibition studysvmade in an acidic
solution; thus, to enrich the theoretical discussiwe considered the BHT1P and
BHT2P protonated forms of BHT1 and BHT2, respedyiv&he protonation is
promoted on the O atom, because the delocalizationon-bonding pairs of
electrons from N and S atoms, in BHT1 and BHT2peesively, occurs towards
the O atom.

However, the fraction of electrons transferrAdl) from the inhibitor to the mild
steel surface was also calculated using the thealelues offre andnre (Xre =

7 eV moti!, andnee = 0 eV mot') [49]. AN values are correlated to the inhibition
efficiency resulting from electron donation. Accimigl to Lukovits et al., iAN <
3.6, the inhibition efficiency increases with acrieased electron-donating ability
at the metal surface [50]. The obtainéN values reported in Table 5 showed
that BHT2 has the higheaiN value (0.703) in the aqueous phase. In addition,
the highest inhibition efficiency experimentally taimed for BHT2 can be
explained by the molecule tendency to receive tbet®n by the S atom in the
unoccupied orbital (3d). This ability to receiveetklectron from the metallic
surface increases the inhibition efficiency.

12
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The calculated quantum chemical parameters indhest (water) presence and
in the gas phase do not exhibit important diffeesnTable 5). However, a slight
modification has been observed for these parametersthe solution.
Accordingly, it would be preferable to make compiotas in the gas phase,
because it reduces the calculations cost, withosiyaificant difference in the
results.

From Table 5AE values of BHT1P and BHT2P are inferior to thosend for
BHT1 and BHTZ2; furthermore, it can also be cleasgen that the global
hardnessr) of the protonated forms is inferior to that céé&ted for BHT1 and
BHT2, which lets to predict their high reactivityhile the charge transfeA)
taking place from the BHT1P and BHT2P inhibitor smiles to the metal is
lower than that of BHT1 and BTH2 in the vacuumwedl as in the solution, this
result can be explained by the fact that BHT1P BHd 2P, in the solution, can
also receive the charge from the metal, which ecémrhe interaction metal-
inhibitor. However, the loweAE value obtained for BHT2P, compared to that
find for BHT1P, led us to conclude that the formermore efficient as an
inhibitor than the latter.

The optimized geometries of the studied compoumdsthe neutral form,
including their HOMO and LUMO distributions densigre shown in Fig. 8.

It can be seen that BHT1 and BHT2 have similar HOM@&d LUMO
distributions, which are all mainly located on thenzothiazin-3-one, in BHT1
moiety, and benzothiazin-2-one, in BHT2 moiety. 3deesults indicate that the
interaction between these molecules and the nelel surface takes place on the
benzothiazin-3-one part of BTH1 and BTH2.

= b

b b

o= e b

ol e el b B

Figure 8. Optimized molecular structures (left), HOMO (center) and LUMO (right)
distribution for BHT1, BHT2, BHT1P, and BHT2P.
13



M. Sahrane et al. / Port. Electrochim. Acta 38 (@p2-17

As it can be seen from Fig. 8, most of LUMO digttibn is observed on the
phenyl group, for BHT1P and BHT2P; this distributice more important for

BHT2P.

On the other hand, HOMO distribution of BHT1P isesttially localized on the

sulphur atom; this localization is less importanttbe C1, C3, C5 and O atoms
of benzothiazinone. HOMO distribution of BHT2P mlacalized on the whole of

the benzothiazinone part; this distribution is msignificant than that observed
for BHT1P. From these results, it can be deduced BHT2P is promoted to

interact with the metal, and to be an efficientltior.

Local reactivity of the two benzothiazine derivasiv

The local reactivity of BHT1 and BHT2 was investigg using the condensed
Fukui indices Fl) [51]. Therefore, the molecules’ regions where thekui
function is large are chemically softer than thgioas where the Fukui function
is small. The condensed Fukui functions [52] arantb by taking the finite
difference of approximated atomic charges, compuigdnatural population
analysis (NPA), which was carried out in terms otdlized electron-pair
‘bonding’ units [51].

The natural bond orbital (NBO) analysis [51] wasfpened for evaluating the
electron-density distributions. So, for the neutsaistem of N electrons,
independent single-point calculations were madbeasame theory level than for
corresponding N+land N-1 electron systems. In order to characterize the
electronic population and the charge transfer agpan each nuclear center,
natural population analysis (NPA) [53] was done.

fo =R (N+1)-R(N) (for nucleophilic attack) ~ (13)

fe =R(N)-R(N-1) (for electrophilic attack) (14)

f0= R (N +1)2 R(N-1) (for radical attack) (15)
The calculated Fukui indices for all the chargedcsgs (N+1 and N-1), as well
as for the neutral ones (N) of BHT1 and BHT2, aespnted imable 6
Local reactivity is analyzed by means of the corséel Fukui functions, in order
to distinguish each part of the molecule on theisba$ its distinct chemical
behavior, due to the position of the -NH groupha thiazine ring. Therefore, the
promoted sites for the electrophilic attack are G&nd S for BHT1, and C3, C4,
O, N and S for BHT2, while the favored sites fog tiucleophilic attack are C3,
C4,C24,0 and S, for BHT1, and C21, O and S, 161 B.
From Table 6, it can be concluded that BHT1 and BHihve many active
centers for adsorption onto the mild steel surfdd¢ris, the areas containing N,
O and S atoms are the most favored sites for bgnaith the mild steel surface
through donating electrons. However, the S atomgia®m and receive electrons
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to and from the metal, respectively. The last pssceeinforces the inhibitor
molecule adsorption onto the metallic surface, &oth processes are more
accentuated in BHT2 than in BHT1. This result conf the experimental
results, which showed, in BHT1 case, that the imbitb efficiency was
decreased by the formation of a hydrogen bond.

Considering the solvent influence, it can be judtied there is not a remarkable
difference between the gaseous and aqueous phast®efFukui indices. The
sites of nucleophilic and electrophilic attacks,particular, for the S atom, are
more pronounced for BHT2 than for BHT1 compounds.

Table 6. Pertinent natural populations and Fukui functiofisB&T1 and BHT2
calculated at B3LYP/B3LYP/6-311G**

Inhibitors ~ Atoms  Phases PN PN+1 PN-1 - f! fo fo

BHT1 c2 G 6.219  6.226  6.214 0.007 0.005  0.006

A 6.217 6.229  6.209 0.012 0.008  0.010

c3 G 5859 5918 5801 0.059 0.058  0.058

A 5861 5928 5783 0.067 0.078  0.072

c4 G 6.198 6.248 6.173 0.050 0.025  0.037

A 6.199 6.258  6.154 0.059 0.045  0.052

C12 G 6.394 6.431  6.402 0.037 -0.008 0.014

A 6.396  6.438  6.406 0.042 -0.010 0.016

S13 G 15.724 15.870 15.453 0.146 0271  0.208

A 15.743 15.927 15.410 0.184 0.333  0.258

N14 G 7.610 7.606  7.554 -0.004 0.056  0.026

A 7601 7.603 7.541 0.002 0.060  0.031

C24 G 5288 5.348 5297 0.060 -0.009 0.025

A 5281 5369 5279 0.088 0.002 0.045

025 G 8601 8682 8509 0081 0092 0.086

A 8.645 8733 8564 0.088 0081 0.084

c15 G 6.047 6.044  6.065 -0.003 -0.018 -0.010

A 6.051 6.047 6.071 -0.004 -0.02  -0.012

BHT2 c3 G 6.210 6.249  6.149 0.039 0.061  0.050

A 6.215 6.240 6.133 0.025 0.082  0.053

c4 G 5838 5.854 5789 0.016 0.049  0.032

A 5837 5.861 5776 0.024 0.061  0.042

c11 G 6.105 6.111  6.120 0.006 -0.014 -0.004

A 6.109 6.108 6.125 -0.001 -0.016 -0.008

c21 G 5557 5703 5564 0.146 -0.007 0.069

A 5542 5814 5549 0272 -0.007 0.132

022 G 8537 8639 8453 0.102 0.084  0.093

A 8572 8750 8519 0.178 0.053  0.115

N26 G 7629 7638 7.463 0.009 0.166  0.087

A 7635 7.647 7.441 0.012 0194  0.103

S27 G 15.726 15.808 15.557 0.082  0.169  0.125

A 15.739 15.858 15.581 0.119  0.158  0.138

c5 G 6.231 6.245 6.199 0.014 0.032  0.023

A 6.233  6.246 6.178 0.013 0.055 0.034
Conclusion

The inhibition efficiency of mild steel corrosiom i1.0 M HCI, by two
stereocisomers of benzothiazinone derivatives, haen binvestigated using
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electrochemical measurements and quantum chemaallations. From the
results it was concluded that:

1.

Potentiodynamic polarization curves indicated thath compounds act as
mixed type inhibitors, and that their inhibitionfiefency increases with their
higher concentrations.

. The electrochemical impedance spectroscopy techaiqgoonfirmed the

polarization results, and that BHT2 inhibition eféincy is greater than that
obtained by BHT1, which can be explained by thenfmion of a hydrogen
bond.

The geometrical parameters showed that BHT2, beoaiuiss low distortion,
is more efficient for the corrosion inhibition, @@mparison to BHTL1.

. The density distributions of the frontier molecutabitals showed that BHT1

and BHT2 adsorb, through their active centerspgén, oxygen, sulfur and
electrons of the benzothiazine ring.

. The Fukui indices proved that the reactive sites tfee electrophilic and

nucleophilic attacks of the BHT2 compound are thesimsuitable for
adsorption.

6. The theoretical results are in good agreement thiéghexperimental ones.
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