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1 Introduction

Steel is one of the materials that is utilized the most, especially in the automotive, industrial, steel
construction, tanks and transport of petroleum products (Solmaz 2014; Bouanis et al. 2016; Titi et al.
2018). Despite its wide field of application, the dissolution and the destruction of this metal can occur
in aggressive environments, especially in acid solutions. Several means have been developed to protect
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metal against corrosion, use of corrosion inhibitors in corrosive conditions is one of the most beneficial
( Ait Chikh et al. 2005; Chebabe et al. 2004; Bouklah et al. 2006; Lgaz et al. 2020). The easiest and
most efficient technique of prevention to control and slow down corrosion in aggressive environments
without compromising the properties of the metal is the use of organic molecules, especially
heterocyclic ones, as corrosion inhibitors (Fateh et al. 2020). These compounds contain heteroatoms
(N, O, S and P) and aromatic systems that encourage the inhibitor's adsorption onto the surface of the
metal, creating a barrier between the solution and the metal (Wang et al. 2021).

The literature mentions different techniques for the synthesis of heterocycle compounds, such as the
classical technique (reflux heating) (Castulik e al. 2001), the microwave oven technique (Tambe et
al. 2021) and ultrasound (Thari ef al. 2020). Among these heterocycles are the lactone derivatives,
The importance of these compounds as building blocks in the synthesis of bioactive compounds has
drawn researchers' attention (Mehl ef al. 2010). Thus, they are known in therapy for their rich
pharmacological potential: antibiotics (Reutrakul et al. 2004), analgesics (de Souza et al. 2005) and
anti-tumor (Romagnoli et al. 2007).

In this study, we were interested in the synthesis and characterization of a series of dipolarophiles
namely: a-benzelidenyl-y-butyrolactone (3a), a-(p-methylbenzelidenyl)-y-butyrolactone (3b), a-(p-
methoxybenzelidenyl)- y-butyrolactone (3¢) by condensation of y-butyrolactone with arylaldehydes,
using a microwave oven technique. Additionally, the corrosion inhibiting properties of these obtained
products on carbon steel were tested in a 1 M HCI solution using electrochemical methods such as
potentiodynamic polarisation (PDP) curves and electrochemical impedance spectroscopy (EIS)
measurements. Scanning electron spectroscopy (SEM) was performed to analyze the corroded
surfaced. Moreover, the adsorption of the tested compounds follows the Langmuir isotherm. Quantum
chemical calculations using the density functional theory (DFT) method were conducted to explain the
correlation between the electronic properties of inhibitors and their corrosion-inhibiting power.

2 Materials and Methods

2.1 Synthesis of olefins

2.1.1 General procedure
In a 250 mL Erlenmeyer flask, 3 g (34.9 mmol) of y-butyrolactone (1), 3.7 g (34.9 mmol) of
arylaldehydes (2), and 0.84 g (34.9 mmol) of sodium hydride dissolved in 5 mL of ethanol and 5 g of
natural clay from the Daraa-Tafilalet region were mixed. The mixture was activated for 5 minutes
using 600 W by microwave power. The organic matter is recovered by diethyl ether, the clay is
removed by filtration and the solvent was evaporated by rotavapor. The obtained products were
purified by recrystallization in absolute ethanol (Erreur ! Source du renvoi introuvable.).
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+ - / H
M.O, 600W
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R=H, CHs, O-CHs
3a:R=H
3b : R=CHs
3c : R=0-CHs

Figure 1. Synthesis of olefins derivatives 3a, 3b and 3c.
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2.1.1.1 a-benzelidenyl- y-butyrolactone (3a)

White product, Mp = 114 °C, yield = 90%. 'H NMR (300 MHz, DMSO), & (in ppm): 2.52 (m, 2H,
“CH>); 4.443 (m, 2H, °CHy); 7.31 - 7.58 (m, 6H, CHunsaturated). °C NMR (75 MHz, DMSO), § (in
ppm): 26.90 (C*); 65.49 (°C); 125.08 - 128.92 - 129.12 - 129.69 - 129.96 - 134.45 - 134.63 (C unsaturated);
171.93 (C=0). IR (KBr), (v in cm™): v (C=C) = 1649.82; v (C=0) =1737.07; v (CH sp?) = 2928.57;
v (CH sp?) = (3048.42-3088.39).

2.1.1.2 a- (p-methylbenzelidényl)-y-butyrolactone (3b)

White product, Mp = 115 °C, yield = 92%. 'H NMR (300 MHz, DMSO), & (in ppm): 2.36 (s, 3H,
CHs), 3.23 (m, 2H, *CH.); 4.442 (m, 2H, 5CHa); 7.30 - 7.55 (m, 6H, CHunsarated). *C NMR (75 MHz,
DMSO), 5 (in ppm): 20.98 (CHs); 26.90 (C*); 65.40 (C5); 123.83 - 129.53 - 129.99 - 131.74 - 134.67
- 139.68 (C wnsaturated); 172.03 (C=0). IR (KBr), (v in cm™): v (C=C) = 1651.71; v (C=0) = 1732.22; v
(CH sp®) = 2990.07; v (CH sp?) = (3018.63-3097.63).

2.1.1.3 a-(p-methoxybenzelidényl)-y-butyrolactone (3c)

White product, Mp = 124 °C, yield = 90%. 'H NMR (300 MHz, DMSO), & (in ppm): 3.20 (m, 2H,
“CHy); 3.31 (s, 3H, OCHz); 4,441 (m, 2H, °CHz); 7.04 - 7.61 (m, 6H, CH unsaturacd). *C NMR (75
MHz, DMSO), § (in ppm): 26.80 (C*%); 55.28 (OCH3); 65.29 (C%); 114.40 - 114.82 - 121.90 - 127.10
- 131.81 - 134.54 - 160.37 (C unsaturated); 172.18 (C=0). IR (KBr), (v in cm™): v (C=C) = 1653.02; v
(C=0)=1732.21; v (CH sp®) = 2990.07-3000.76; v (CH sp?) = 3065.31.

2.2. Corrosion inhibition study
2.2.1 Material and corrosive solution

In this work the steel used is composed of percentage atomic weights as following: %C: 0.2; %N: 0.07;
%S: 0.05; %P: 0.005; and rest Fe. Before corrosion studies, the steel coupons of an area of 1 cm? were
rubbed with emery papers of different grades (from 300 to 2400) and washed with distilled water. The
IM HCI corrosive medium was prepared by diluting commercial acid with distilled water. The organic
compounds tested as the corrosion inhibitors are the synthesized olefins 3a, 3b and 3¢. Each corrosion
inhibitor was tested at different concentrations (5x107, 104, 5x10%, 10-M).

2.2.2 Electrochemical measurements

PDP curves and EIS measurements were made using a Biologic SP-150 potentiostat, controlled by
EC-Lab software. These measurements were made with a conventional three electrode system, the
carbon steel sample as the working electrode, the reference electrode in Ag/AgCl, and the counter
electrode in platinum. Prior to the electrochemical test, the steady state open circuit potential (OCP)
was generated by immersing the working electrode in 1 M HCIl medium for 1800 s. The PDP curves
were performed from -1 V to 0 V at a scan rate of 10~ V/s and the following relationship (1) was used

to compute the corrosion inhibition efficiency (IE) (%).
-0

leorr-1
EI(%)= 05 x 100 ()
1COI‘I'
!, and 1., are the corrosion current density in the presence and absence of inhibitor, respectively.
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However, the EIS measurements were made with an amplitude of 10 mV over a frequency range of
100 kHz to 10 mHz. An equivalent circuit was used to correct and analyze the impedance data. The IE
(%) 1s additionally calculated using relationship (2), from the charge transfer resistance (Mobin et al.
2022):

R.-R’
ct ct XIOO (2)

EIimp%z

ct

0 . . s
Where, R, and R, are the charge transfer resistance values in the presence and absence of inhibitor,

respectively.

2.2.3 Surface analysis

The composition and surface morphology of the carbon steel samples were studied by SEM
spectroscopy coupled with EDX spectroscopy. The surface analysis was performed for the identical
steel plates with a surface of 1 cm? rubbed by emery paper, after immersion in 1M HCI solution with
and without best concentration (103M) of each inhibitor (3a, 3b and 3¢) for 20 h, using the
JSMITS500HR electron microscope with an acceleration energy of 0.5 to 30 KV.

2.2.4 DFT calculations

The DFT calculations utilizing the B3LYP/6-31G (d, p) basis were used to optimize the geometry and
calculate the total energy of the tested compounds 3a, 3b and 3¢. The DFT method has shown to be
useful in revealing information on chemical reactivity in terms of general molecular properties (Umar
2022), such as HOMO, LUMO, energy gap (AEg), electronegativity (), chemical potential (n), The
hardness (1), The overall softness (S), The global electrophilicity index (w), The electronic charge
transfer (AN) and the associated energy change (AE), which are calculated via the following
relationships (Olasunkanmi et al. 2016):

AEg = Epymo + Enomo G)
Erumo + Enomo
X=—p=— > 4)
_ Evumo ~ Enomo (5)
2
1
g == (6)
Ll
2
o= (7
21

_ Xmetal — Xmol _ D — Xmol (8)
2(T]metal + nmol) 2T]mol

AN

(Xmetal — Xmol)2 _ (G Xmol)2 9
_ €))

AE = =
4'(nmetal + nmol) 4r|m01
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The electronegativity of the metal surface is replaced by the work function of the iron surface @, which
is theoretically equal to 4.82 eV and the hardness 1 of the metal, which is equal to 0 eV for bulk metals
(Kovacevi¢ and Kokalj 2011).

3 Results and discussion
3.1 Characterization of synthesized olefins

The structures of the synthesized compounds were established according to 'H, '*C NMR and IR
spectral data. Indeed, the analysis of the "H NMR spectra (Fig. 2) of the obtained compounds 3a-¢
shows the signals of the unsaturated carbons which process respectively in the interval (7.43-8.33
ppm), (7.30-7.55 ppm) and (7.04-7.61 ppm) under different massive according to the nature of the
substituent on the aromatic nucleus.
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Figure 2. '"H-NMR spectrum of olefins derivatives 3a, 3b and 3¢
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The two protons of the two C* carbons appear as a multiple centered respectively at 2.52 ppm, 3.23
ppm and 3.20 ppm while the protons of C° are a little shielded compared to those of C* and they appear
as a multiple at 4.443 ppm, 4.442 ppm and 4.441 ppm respectively. Methyl group protons of product
3b are seen as a singlet at 2.36 ppm. The protons of the methoxy group of 3¢ appear as a singlet at 3.31
ppm. Furthermore, the 1*C NMR spectra and the dept (Figs S1-S6) show that the structures of the 3a-
c products are characterized by the presence of a carbonyl group (C=0) which resonates respectively
at 171.93, 172.03 and 172.18 ppm in the area of the weak magnetic field. These spectra confirm that
the three structures 3a-c each contain two methines groups (-CHz) which appear respectively at (26.90
and 65.49 ppm), (26.90 and 65.40) and (26.80 and 65.29 ppm) which confirms the disappearance of
one of these from the starting precursor (y-butyrolactone). For the two compounds 3b and 3¢, we note
the presence of a third hybridized carbon sp? at 20.98 ppm characterizing the methyl group of 3b while
for product 3¢, this carbon appears at 55.28 ppm justifying the presence of the methoxy group. The IR
spectra of the 3a-¢ products (Figs S7-S9) allow for the identification of many features, including a
strong absorption band typical of a carbonyl group that occurs at positions 1737.07, 1732.27 and
1732.21 em™!, respectively. Moreover, the structure of compound 3b as monocrystalline was confirmed
by a crystallographic radio study (Erreur ! Source du renvoi introuvable.3). The crystal data are
grouped in Tables S1-S6.

Figure 3. Crystallographic structure of compound 3b

3.2 Electrochemical study
3.2.1 OCP study

Erreur ! Source du renvoi introuvable.4 depicts the change in OCP as the carbon steel is immersed
ina 1 M HCI solution at 298 K with and without different concentrations of the inhibitors 3a, 3b and
3c. As seen, the corrosion potential (Eocp) of the carbon steel immersed in the 1M HCI acid solution
with and without inhibitor shows an increase to reach a quasi-stationary state at about 1800 s of
immersion time, which indicates that the steel/solution interface has reached a stable condition.
Furthermore, a shift of Ecorr towards more positive values is noted with an increasing concentration of
three inhibitors. These variations may be explained by the development of a layer on the electrode.
(Huang et al. 2022). This may also indicate that our inhibitors can slow down the reactions that occur
on the surface of electrode, such as the oxidation of iron and the reduction of H* from hydrochloric
acid (de Souza and Spinelli 2009).

3.2.2 PDP study

Polarization curves of carbon steel in 1 M HCI medium without and with the addition of inhibitors 3a,
3b and 3¢ at various concentrations at 298 K, are presented in Erreur ! Source du renvoi introuvable.5.
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The analysis of Erreur ! Source du renvoi introuvable.5 demonstrates that the cathodic and anodic
current densities are reduced when the inhibitors 3a, 3b, and 3¢ are added to the corrosive medium.
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Figure 4. OCP-time curves for carbon mild steel in 1 M HCI with and without inhibitors 3a (a), 3b (b) and 3¢
(c) at different concentrations.

These results also show that the Ecorr values vary after the addition of the inhibitors and that the tested
compounds can be categorized as inhibitors of mixed types having a cathodic action. The
corresponding electrochemical characteristics, such as the cathodic and anodic Tafel slopes (Bc, Ba),
corrosion potential (Ecor), corrosion current density (icor), Surface coverage (0) and corrosion

inhibition efficiency EI (%), are collected in Table 1. The equation (10) is used to compute the values
of (0):

.0 -

Icorr — leorr
0=—7—"" (10)
Icorr

The analysis of Table 1 shows the decrease in corrosion current densities with the presence of each
inhibitor. Consequently, the inhibition efficiency increase. Moreover, the higher the concentration, the
more the values of the corrosion current density (icorr) decrease, reaching lower values equal to 68.13,
82.27 and 95.18 mA/cm? for 3¢, 3b and 3a respectively, at a concentration of 10> M. This indicates
that in an aggressive environment, as the inhibitor concentration increases, metal dissolution and
hydrogen formation decrease due to protective film formed by tested inhibitors on the metal surface
(Hafez and al. 2019). The Ecor for the three inhibitors are relatively shifted to negative and positive
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values (cathodic and anodic directions) in the presence of the inhibitors compared to the uninhibited

acid.
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Figure 5. Polarization curves for carbon steel in 1 M HCI with and without inhibitors 3a (a), 3b (b) and 3¢ (c)
at different concentrations.

Table 1 PDP parameters for the corrosion of carbon steel in 1 M HCI with and without inhibitors 3a, 3b and 3¢

at different concentrations.

Inhibitor C (M) Ecn(mVVs.  icor(mA/cm?)  Be(mV/dec) Pa(mV/dec) 0 EI (%)
Ag/AgCl)
Blank 0 -443.37 351.38 130.9 108.6 - -

(3a) 5x107° -437.56 223.37 116.8 81.8 0.36 36.43
10 -452.39 197.22 103.3 95.7 0.44 43.87

5x10* -453.08 121.67 105.8 87.7 0.65 65.37

107 -451.01 95.18 104.8 88.1 0.73 72.91

(3b) 5x107° -452.38 208.46 109.5 97.5 041 40.67
10 -449.67 130.43 109.5 90.7 0.63 62.88

5x10* -443.21 107.45 106.1 85.6 0.69 69.42

107 -451.46 82.27 104.3 85.2 0.76 76.59

3¢) 5x107° -452.39 203.15 106.4 96.9 0.42 42.18
10 -449.70 131.99 105.7 92.4 0.62 62.43
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5x10* -448,88 102,16 107 104,7 0,71 70,92
107 -442,34 68,13 97,6 93,1 0,81 80,61

According to the literature (Anusuya et al. 2017), inhibitors are classified into two types, cathodic and
anodic, where the difference between Ecor (presence of the inhibitor) and Ecor (Without inhibitor) is
greater than 85 mV, On the other hand, if the difference is less than 85 mV, the inhibitor becomes of
mixed type (Ansari et al. 2014). In our case, the three inhibitors (3a, 3b, and 3¢) had a difference of
less than 13 mV, indicating that they are mixed-type inhibitors with a predominant cathodic effect. In
addition, from the data in Table 1, we find that the three inhibitors show remarkable inhibitory
efficiencies at 72.91; 76.59 and 80.61%, respectively when tested at 10> M. The methoxy group (O—
CH3) in compound 3¢'s structure may be responsible for its high efficacy.

3.2.3 EIS measurements

The EIS method offers a lot of information about the mode of action of inhibitors on the metal surface
(Abdul Rahiman and Sethumanickam 2017). According to this technique, all the Nyquist diagrams
(Erreur ! Source du renvoi introuvable.6 (a, b, ¢)) show that in the absence of inhibitors, there was just
one capacitive loop found, and it was caused by a charge transfer that took place on the steel surface.
(Rbaa et al. 2019). In the presence of the studied inhibitors, the size of this loop increases with
increasing concentration of each inhibitor. It is a result of an inhibitor layer developing on a metal
surface. These results are confirmed by the bode diagrams (Erreur ! Source du renvoi introuvable.6 (d,
e, f)). At low frequencies, the impedance increases with increasing concentration of the inhibitors 3¢,
3b, and 3a. This means that at higher concentrations, the inhibitor molecules are adsorbed on the steel
surface, forming a protective layer that inhibits the charge transfer. It is also noticed that for the three
inhibitors, the phase angles increase with the increase of the inhibitor concentration. This demonstrates
that the inhibitor molecules 3a, 3b and 3c that are adsorbed on the metal surface provide protection
(Loganathan et al. 2021).

The phase angle curves of the three inhibitors (3a, 3b, and 3¢) show maximum phase angles of 63.83°,
61.87° and 64.41°, respectively at the concentration of 10-* M. This shows that the inhibitory capacities
of these three compounds approach the ideal capacity which maximum phase angle is around 90° (Ma
et al. 2017). Erreur ! Source du renvoi introuvable.7 shows that the deduced equivalent circuit is
composed of a constant phase element (CPE) in parallel with a charge transfer resistance Rct, The
assembly is in series with a small resistance corresponding to the resistance of the electrolyte (Rs)
(Ramezanzadeh et al. 2014). The impedance function Zcpg of the CPE is calculated as follows:

! (1)

Zepp = ——————
CPE Y, x (ix w)P

The following estimates may be made for the double layer capacity (Car) values (Ramezanzadeh et al.
2014):

Cdl = Y0 ((’Omax)n_1 (12)

With, o is the angular frequency (rad/s), ®max the frequency at which the imaginary impedance quantity
has reached the maximum value (rad s™!), i the imaginary unit (72 = - 1), Yo the magnitude of the CPE
and n the phase shift related to the degree of surface inhomogeneity, with - 1 <n <+ 1, the CPE is
regarded as a pure capacitor, a real resistance, and an inductance for n = 1, 0, and -1, respectively
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(Dagdag et al. 2019). The values of the various electrochemical parameters Rct, Rs, n and Cdl as well
as the inhibitory efficiency IE (%) are resumed in Table 2. From Table 2, we noted that for each
inhibitor, the value of Rct increases with increasing inhibitor concentration. The values of the
capacities of the double layers (Cdl) decreased. This can be accounted for by the inhibitor molecules
adhering to the substrate's surface and putting up a barrier to protect the metal from the corrosive

solution.
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Figure 6. Nyquist plots (a, b,c) and Bode plots (d,e,f) for carbon steel in 1 M HCI solution in the absence and

presence of different concentrations of inhibitors 3a (a,d), 3b (b,e) and 3c (c,f)
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These results show that increasing the concentrations of inhibitors increases their inhibitory efficiency
to reach maximum values of approximately 81, 75 and 74% at a concentration of 10-M for 3¢, 3b and
3a, respectively. This is accompanied by the increase in the number of molecules adsorbed on the
metal surface which allows better coverage of the steel surface (Karthikaiselvi and Subhashini 2014).

Mild Steel
Surface

Figure 7. Equivalent circuit model used to fit EIS data

Table 2 EIS parameters for the corrosion of carbon steel in 1 M HCI with and without inhibitors 3a, 3b and 3¢
at different concentrations.

Inhibitor cC Ry (Qcecm?) Ry (Q cm?) n Ca (uF cm™) IE %

Blank 0 1.80 34.59 0.867 200 -

(3a) 5%10° 1.87 56.78 0.865 166 39.08

10 2.98 62.09 0.806 150 44.29

5%x10™ 1.95 115.1 0.828 167 69.95

107 1.92 136.5 0.807 145 74.66

(3b) 5x10° 1.79 57.29 0.856 182 39.62

10 223 87.92 0.851 128 60.66

5%x10™ 1.71 116.9 0.853 154 70.41

107 1.88 138.1 0.828 130 74.95

(3¢) 5%10° 3.82 57.53 0.807 148.2 39.87

10* 3 89.36 0.843 138 61.29

5%x10™ 2.75 112.4 0.853 125.9 69.22

107 3.85 175.7 0.835 124.3 80.31

3.3 Adsorption isotherm

It has been highlighted that the adsorption of organic substances on metal surfaces explains how they
can prevent metal corrosion. The kind of adsorption isotherm can reveal details about the
characteristics of the inhibitors that have been put to the test as well as the adsorption phenomena (Eid
et al. 2020). Different types of isotherms (Temkin, El-Awady, Freundlich, Frumkin, and Langmuir)
were tested (He et al. 2020). The Langmuir adsorption isotherm is the most appropriate based on the
values of the regression coefficient (R?). We used this model to explore the adsorption mechanism of
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the inhibitors 3a, 3b, and 3¢ on the metal surface. To fit the Langmuir model, we use the
potentiodynamic polarization data. Its expression is as follows (Gao et al. 2020):

— ==+
0 Kads

The plot of C/© as a function of inhibitor concentration is shown in Erreur ! Source du renvoi
introuvable.8 where the Ka.g¢s values were determined. AG°.s is determined by the following

relationship (14):
1 AG?
Kads = 555 P (‘ R—Td> .

With T: the absolute temperature and R: the perfect gas constant.
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Figure 8. Langmuir adsorption curve of 3a (a), 3b (b) and 3¢ (c)

The results of the calculated Langmuir adsorption isotherms are listed in Table 3. The linear regression
coefficients R? of this model are 0.9967, 0.9991, and 0.9971 for inhibitors 3¢, 3b and 3a respectively.
The large values of the constant Kags for the three inhibitors indicate the strong adsorption capacity of
the inhibitors on the carbon steel surface (Farahati ez al. 2020).

Table 3 Thermodynamic parameters of adsorption of inhibitors 3a, 3b and 3¢ on the carbon steel in 1M HCL.

Inhibitor R Kuas (L.mol™) AG®,4s (KJ.mol™)
3a 0.998 10811.97 -34.33
3b 0.997 18079.25 -32.87
3¢ 0.995 16235.87 -33.95

The values of AG%%qs are -33.95, -32.78, and -34.33kJ/mol for 3¢, 3b and 3a respectively. The negative
values of AGY%gs indicate the spontaneous adsorption of the molecules of the inhibitors 3a, 3b and 3¢
on the metal surface with a strong interaction (Bayol et al. 2008). There are two types of inhibitor’s
adsorptions on the surface of metals: chemisorption, which is the formation of coordination or dative
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bonds between the molecules of inhibitors and the metal, has binding energy less than or equal to -40
kJ/mol. And physisorption, which occurs through secondary bonds (Van Der Waals interaction) with
an energy of the order of -20 kJ/mol (Farahati e al. 2020). In our study, the values of AG%qs for the
three inhibitors are between -20 kJ/mol and -40 kJ/mol. Therefore, the adsorption of the inhibitors on
the metal follows both chemical and physical adsorption (Fernine et al. 2022).

3.4 Effect of temperature

One of the kinetic elements investigated to show the kind of inhibitor adsorption on the steel surface
is the impact of temperature on the corrosion behavior of carbon steel (chemisorption or physisorption)
(Ouici et al. 2017). To study the effect of this factor on the inhibition efficiency, the potentiodynamic
measurements were performed in a temperature range between 298 K and 328 K with and without 10
M of compound 3¢ selected as the best inhibitor. The polarization curves at different temperatures are
presented in Erreur ! Source du renvoi introuvable.9. The electrochemical parameters are indicated in
Table 4.

100
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Figure 9. Polarization curves of carbon steel in 1 M HCI solution in the absence (Blank) and presence (c) of
the inhibitor (3¢c) 10°M at 298, 308, 318 and 328K

Table 4 Potentiodynamic polarization parameters for the corrosion of carbon steel in 1 M HCI solution in the
absence and presence of the inhibitor (3¢) 10°M at 298, 308, 318 and 328K

TK) CM™M) Ecorr(mVvs.Ag/AgCl)  icorr(mA/cm*)  Pc (mV/dec)  Pa (mV/dec) EI (%)

0 -443.375 351.381 130.9 108.6 -
298 102 -442.345 68.135 97.6 93.1 80.60
0 -442.774 394.411 133.4 93
308 107 -447.494 109.717 114.6 93.1 72.18
0 -447.391 1072.51 143.3 139.2 -
318 107 -438.022 388.342 118.5 90.2 63.79
0 -439.945 1597.45 139.3 140.9 -
328 107 -429.566 818.166 128.4 90.5 48.78
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According to these results, it is observed that the inhibition efficiency decreases with increasing
temperature. This is due to the desorption of inhibitor molecules attached to the steel surface, thus
inducing the dissolution of the steel (Ouici ef al. 2017). therefore, it can be assumed that the bonds

between the inhibitors and the steel surface are of low energy which promotes physical adsorption
(Oguzie et al. 2004).

3.5 Thermodynamic parameters

Concerning the thermodynamic parameters, studies have shown that the enthalpy (AHa), entropy (ASa)
and activation energies (Ea), provide information about the adsorption mechanism of inhibitors on the
metal surface (Rajamohan et al. 2022). These parameters are calculated by the following Arrhenius
relationships (15) and (16):

. 'Ea
1corr=A 28Y ( ﬁ ) (1 5)
_RT _AS, -AH,

From the plot of (Inicorr) vs (1/T) (Erreur ! Source du renvoi introuvable.(B)), we deduce the value
of the energy (Ea) (Arrhenius slope). The energies AHa and ASa are calculated from the slope (-AHa/R)
and the ordinate of origin (In R/Nh + ASa/R) of the plot of In(icor/T) vs (1/T) (Erreur ! Source du
renvoi introuvable.0(A)), respectively. The calculated thermodynamic parameters are presented in
Table S.

These results show that the inhibitor solution with the metal has activation energy (Ea) of the order of
70.66 kJ/mol, which is higher than that of the Blank solution with the metal (44.78 kJ/mol), indicating
that the presence of an inhibitor resulted in a larger energy barrier (Alamiery 2021), and assert the
ability of the inhibitor molecules to adsorb onto the surface of the carbon steel, creating a protective
barrier (Tebbji et al. 2007). The positive value of AHa shows that the dissolution process of the metal
is endothermic (Khoshsang and Ghaffarinejad 2022). The value of the activation entropy (ASa)
obtained is negative in the absence of the inhibitor, and positive in the presence of the inhibitor, this is
explained by an increase in molecular disorder after the addition of the inhibitor (3¢) (Laabaissi et al.
2020).
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Figure 10. Variation of In ico/T as a function of 1/T (A) and In icor as a function of 1/T (B) of steel in 1M
HCI with (Blank) and without the addition of 3¢ (c) at optimum concentration 10~ M

Table 5 Activation parameters for carbon steel in 1M HCI without and with inhibitor 3¢ at 10°M

Inhibitor Ea (kJ/mol) AHa (Kj/mol) ASa (J/K mol)
Blank 44.78 42.23 -56.17
3c 70.66 68.05 16.95

3.6. Surface analyses SEM/EDX

Morphological analysis is used to obtain information on the effect of corrosion on the steel surface.
Erreur ! Source du renvoi introuvable.l represents the surface morphology of the steel after
immersion in the 1 M HCI medium with and without 10> M of the studied compounds for 20 h and at
a temperature of 298 K. These micrographs show that the surface was severely attacked by the
corrosive solution without the presence of an inhibitor, resulting in damage (Kharbach et al. 2017).

3 Y % >
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100 um

Figure 11. SEM images of steel surface after 20 h immersion in 1 M HCI without inhibitor (blank), (a) with
10~ M of 3a, (b) with 10> M of 3b, (c) with 10 M of 3¢

In the presence of 10-°M of each inhibitor, the electrode surface becomes smooth, and we also note the
disappearance of damage brought on by the corrosive solution, particularly for compound 3¢
confirming the hay protective effect of this inhibitor on the electrode surface compared to compounds
3a and 3b. The surface of the carbon steel was also analyzed by EDX. The results obtained (Erreur !
Source du renvoi introuvable.2) showed that, in the presence of the inhibitors, the percentage of iron
has increased due to the decrease in the extent of acid corrosion, thus the increase of carbon peak,
which can be explained by the formation of a layer of carbon-based molecules on the surface of the
steel (Mistry et al. 2012). Due to the creation of the Fe-inhibitor interaction on the steel surface, which
creates a protective coating on the metal surface, the percentage of oxygen is always decreased in the
presence of the inhibitor.
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Figure 12. EDX data of steel surfaces after 20 h immersion in 1 M HCI without inhibitor (blank), (a) with 10
M of 3a, (b) with 10~ M of 3b, (c) with 10 M of 3c.

3.7. Quantum chemical calculations

Quantum chemical calculations were used in the corrosion domain to predict or confirm the
experimental results. The optimized structure and Mulliken atomic charges of inhibitors 3a, 3b and
3¢, are illustrated in Fig. 13. Electrostatic potential map (ESP), LUMO and HOMO, are shown in Fig.
14 and the calculated molecular and electronic parameters concerning the behavior of the inhibitors
were listed in Table 6 and Table 7. Erreur ! Source du renvoi introuvable.13 shows that the partial
charges of the oxygen atoms in red, as well as of some carbons of the inhibitor compounds, have
relatively negative values, then these atoms can be described as the centers of adsorption. In general,
heteroatoms act as electron donors to the orbitals of metal atoms (Bahron et al. 2021). These
heteroatoms contribute to the success of the adsorption process on the steel surface.

Erreur ! Source du renvoi introuvable.14 shows the ESP of the three optimal molecules 3a, 3b and 3c,
this figure shows the charge distribution, where the red colors signify the maximum negative region
(nucleophilic center) and the blue colors represent the most positive regions (electrophilic center)
(Ramalingam et al. 2011). For the three inhibitors, the negative regions are mainly found on the oxygen
atoms of the lactone ring and the oxygen atom of the methoxy group of 3¢. The inhibitory activity of
a compound is related to its molecular boundary orbitals, the LUMO and HOMO, the values of the
energies of LUMO (ErLumo) and HOMO (Enomo) indicate the capacity of a molecule to receive or give
electrons (Tan et al. 2017).

Mulliken atomic charges

?.,*e °-@

Optimized structures
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Figure 13. Optimized structure and Mulliken's charges of inhibitors 3a, 3b and 3¢

According to the literature, the low ELumo values illustrate that the inhibitor tends to accept electrons
(Tan et al. 2019). Whereas, in the case of high Enomo the inhibitors have a strong tendency to give up
electrons (Mourya ef al. 2013). Also, the effectiveness of a corrosion inhibitor depends on the energy
gap (AEg) (Asadi et al. 2019). Lower values of AEg generally lead to greater adsorption of the inhibitor
on the metal surface (Qiang et al. 2017). In our study, based on the Enomo and AEg values (Table 6),
the efficacy of the three inhibitors is ranked in the following order: 3¢ > 3b > 3a, which are in
agreement with the experimental results. Table 7, shows the values of the different electronic
parameters, the values of the dipole moment of the inhibitors 3a, 3b and 3¢ are 5.20, 5.69 and 5.81
Debye, respectively. Several authors have deduced that for high values of the dipole moment, The
inhibitor's dipole-dipole interactions with the metal surface are very important (Qiang et al. 2016 ;
Qiang et al. 2018). In our study, the order of these values (5.81 > 5.69 > 5.20) is in excellent accordance
with the experimentally determined inhibitory efficiencies (3¢ > 3b > 3a).

Moreover, the smallest electronegativity value (), can be associated with a stronger tendency to donate
electrons by a molecule to the steel surface and vice versa (Palaniappan ef al. 2020). On the other hand,
a compound with a low value of hardness (n) and a high value of softness (S) is associated with a
strong interaction with the metal, then a high inhibition efficiency (Sayin and Karakas 2013). The
empirically determined order of experimentally inhibition efficiencies (3¢ > 3b > 3a) is confirmed by
these obtained values of (%), (n), and (S). The literature shows that, if the value of the fraction of
electron transferred (AN) from inhibitors to the lower metal is 3.6, inhibition efficiency improves with
increasing AN (Lukovits et al. 2001). In our case, the values of AN are 0.1582, 0.1920 and 0.2564 for
3a, 3b and 3¢ respectively, which confirms the best efficiency for 3¢ followed by 3b and by 3a.

HOMO LUMO ESP
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Figure 14. HOMO, LUMO and ESP of inhibitors 3a, 3b, and 3¢

Table 6 Total energy, Enomo, ELumo and the energetic gap of inhibitors 3a, 3b, and 3¢

Inhibitor Total energy Enowmo (eV) Evrumo (eV) AEg (eV)
3a -575.6528 -6.3952 -1.7862 4.6091
3b -614.9741 -6.2077 -1.7023 4.5054
3c -690.1796 -5.8728 -1.5516 43212
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Table 7 Molecular and electronic parameters of inhibitors 3a, 3b and 3¢

ipol
Inhibitor dlpoealft Polarisability = I A 3 p n S ® AN AE
3a 5.20 12505 639 179 4.09 -409 230 0434 3.63 0.158 0.058
3b 5.69 14126 621 170 395 -395 225 0444 347 0192 0.083
3¢ 5.81 14964 587 155 371 -371 216 0463 3.19 0256 0.142
Conclusion

This work focused on the synthesis of a series of dipolarophiles (3a, 3b and 3¢) of alkene nature with
the two carbons forming the double bond differently substituted by a microwave oven technique.
Additionally, these compounds' abilities to prevent corrosion on steel in a solution of 1 M HCI were
investigated using electrochemical techniques and theoretical calculations. The next conclusions were
reached:

(1) These olefins were synthesized in good yields, 90% for 3a, 92% for 3b, and 90% for 3c.

(2) The synthetic approach based on the microwave oven technique in a dry medium is effective for
the synthesis of these compounds.

(3) The structures of the dipolarophiles were identified using 'H, 3C NMR and IR spectroscopic
analyses. The structure of compound 3b was confirmed by using RDX.

(4) These compounds act as effective corrosion inhibitors with maximum efficiencies of 80.61%, 76.59
and 74.66% for inhibitors 3¢, 3b, and 3a respectively, at a concentration of 10-M.

(5) The tested inhibitors were adsorbed at the interface of the carbon steel/HCl following the Langmuir
isothermal model. The free energy values showed both chemical and physical adsorption of these
inhibitors on the steel interface, with physical adsorption predominating.

(6) SEM coupled with EDX analysis confirmed the protection of the steel surface by these inhibitors.

(7) The results obtained from the DFT investigation show good agreement between the calculated
theoretical parameters and the experimental data.

(8) Experimental results and quantum chemical calculations show that 3¢ is the best inhibitor followed
by 3b and 3a.

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
Compliance with Ethical Standards: This article does not contain any studies involving human or animal
subjects.
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Annex

(Supplementary Data)

Spectroscopic data of synthesized olefin derivatives
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Figure S1: 13C-NMR spectrum of a-benzelidenyl- y-butyrolactone (3a)
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Figure S2: Dept-13C-NMR spectrum of a-benzelidenyl- y-butyrolactone (3a)
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Figure S3: 13C-NMR spectrum of a- (p-methylbenzelidényl)-y-butyrolactone (3b)
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Figure S4: Dept-3C-NMR spectrum of a- (p-methylbenzelidényl)-y-butyrolactone (3b)
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Figure S5: 13C-NMR spectrum of a-(p-methoxybenzelidényl)-y-butyrolactone (3¢c)
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Figure S6: Dept-13C-NMR spectrum of a-(p-methoxybenzelidényl)-y-butyrolactone (3¢c)
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Crystal properties for a- (p-methylbenzelidényl)-y-butyrolactone (3b)
Table S1: Crystal data

Chemical formula

My

Crystal system, space group
Temperature (K)

a, b, c(A)

()

Vv (A3)

V4

Radiation type

(mm1)

Crystal size (mm)
Data collection
Diffractometer
Absorption correction
Tmin, Tmax

No. of measured, independent and
observed [/> 23(/)] reflections

Rint

(sin B/@)max (A1)
Refinement

R[F2> 2B(F?)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints
H-atom treatment
Pmax, BPmin (€ A7)

Absolute structure

Absolute structure parameter

C12H120;

188.22
Monoclinic, P21
296

6.1893 (6), 5.2128 (4), 15.1000 (13)
90.994 (3)

487.11 (7)

2

Mo

0.09

0.35x0.26 x0.19

Bruker D8 VENTURE Super DUO

Multi-scan SADABS(Krause et al., 2015)

0.667, 0.746
26797, 2983, 2766

0.033
0.714

0.037, 0.109, 1.08

2983

128

1

H-atom parameters constrained
0.20,-0.21

Flack x determined using 1189

quotients [(I4)-(1-)]/[(1+)+(I-)] (Parsons,

Flack and Wagner, ActaCryst. B69
(2013) 249-259).

0.4 (3)

Computer programs: APEX3 (Bruker, 2016), SAINT (Bruker, 2016), SAINT, SHELXTL2014/7 (Sheldrick,
2015a), SHELXL2014/7 (Sheldrick, 2015b), ORTEP-3 (Farrugia, 2012), Mercury (Macraeet al.,
2008);publCIF (Westrip, 2010).
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Table S2: Hydrogen-bond geometry (A, 2) for (shelx)

D—H--A D—H H--A D---A D—H--A
C8—H4--02"  0.97 2.56 3.317 (2) 135
C8—H4--02"  0.97 2.56 3.317 (2) 135

Symmetry code: (i) x-1, y, z.

Data collection: APEX3 (Bruker, 2016); cell refinement: SAINT (Bruker, 2016); data reduction: SAINT;
program(s) used to solve structure: SHELXTL2014/7 (Sheldrick, 2015a); program(s) used to refine
structure: SHELXL2014/7 (Sheldrick, 2015b); molecular graphics: ORTEP-3 (Farrugia, 2012); software
used to prepare material for publication: Mercury (Macraeet al., 2008); publICIF (Westrip, 2010).
Document origin: pubICIF [Westrip, S. P. (2010). J. Apply. Cryst., 43, 920-925].

Computing detail
Table S3: Crystal data

C12H1202 F(000) = 200

M, =188.22 Dx=1.283 Mg m?

Monoclinic, P21 Mo K& radiation, @ = 0.71073 A
a=6.1893 (6) A Cell parameters from 2983 reflections
b=5.2128 (4) A =2.7_30.5°

c=15.1000 (13) A =0.09 mm

=90.994 (3)° T=296K

V=487.11(7) A3 Block, colorless

Z=12 0.35x0.26 x0.19 mm

Table S4: Data collection

Bruker D8 VENTURE Super DUO 2983 independent reflections
diffractometer

Radiation source: INCOATEC IRS micro- 2766 reflections with 1> 2B(/)
focus source

HELIOS mirror optics monochromator Rint = 0.033

Detector resolution: 10.4167 pixels mm™  Bmax = 30.5°, Bmin = 2.7°
and @ scans h = -8(18

Absorption correction: multi-scan k = -7017
SADABS(Krause et al., 2015)

Tmin = 0.667, Tmax = 0.746 [=-21R21

26797 measured reflections
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Table S5: Refinement

Refinement on F?

Hydrogen site location: inferred from
neighbouring sites

Least-squares matrix: full
R[F*> 2R(F?)] = 0.037

wR(F?) = 0.109
$=1.08
2983 reflections

128 parameters

1 restraint

H-atom parameters constrained

w = 1/[B2(F+2) + (0.0691P)? + 0.0285P]
where P = (Fo? + 2F2)/3

(B/@)max< 0.001
PRlmax = 0.20 e A3
BlRlmin = -0.21 e A3

Absolute structure: Flack x determined
using 1189 quotients [(I1+)-(1-)]/[(1+)+(1-)]
(Parsons, Flack and Wagner, ActaCryst.

B69 (2013) 249-259).

Absolute structure parameter: 0.4 (3)

Special details

Geometry. All esds (except the esd in the dihedral angle between two I.s. planes) are estimated using

the full covariance matrix. The cell esds are taken into account individually in the estimation of esds

in distances, angles and torsion angles; correlations between esds in cell parameters are only used

when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used

for estimating esds involving l.s. planes.

Table S6. Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A2) for (shelx)

X y z Uiso™/Ueq
01 0.44262 (18) -0.1397 (2) 0.55317 (8) 0.0424 (3)
02 0.74041 (19) -0.0707 (3) 0.63398 (10)  0.0536 (4)
C1 0.1001 (4) 1.1379 (4) 0.92825 (13) 0.0587 (5)
H11 0.1509 1.3017 0.9083 0.088*
H1 0.1391 1.1154 0.9896 0.088*
H10 -0.0542 1.1303 0.9213 0.088*
Cc2 0.2015 (3) 0.9281 (3) 0.87417 (11) 0.0438 (4)
C3 0.4066 (3) 0.8347 (4) 0.89444 (12)  0.0520 (4)
H7 0.4828 0.9009 0.9429 0.062*
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ca 0.4990 (3) 0.6446 (4) 0.84359 (11)  0.0469 (4)

H6 0.6361 0.5845 0.8589 0.056*

c5 0.3910 (2) 0.5403 (3) 0.76957 (9) 0.0365 (3)

Cc6 0.4977 (2) 0.3371(3) 0.72040 (10)  0.0376 (3)

H5 0.6374 0.2978 0.7396 0.045*

c7 0.4237 (2) 0.1992 (3) 0.65170 (9) 0.0332 (3)

c8 0.2154 (2) 0.2039 (3) 0.60027 (10)  0.0378 (3)

H12 0.2002 0.3623 0.5670 0.045*

H4 0.0932 0.1863 0.6392 0.045*

C9 0.2316 (3) -0.0265 (3) 0.53815(11) 0.0414 (3)

H3 0.1191 -0.1501 0.5507 0.050*

H2 0.2153 0.0281 0.4770 0.050*

C10 0.0938 (3) 0.8270 (4) 0.80088 (11)  0.0442 (4)

H8 -0.0433 0.8879 0.7860 0.053*

C11 0.1852 (3) 0.6379 (3) 0.74942 (10)  0.0412 (3)

H9 0.1088 0.5745 0.7006 0.049*

C12 0.5581 (2) -0.0103 (3) 0.61514 (10) 0.0367 (3)

Atomic displacement parameters (A?) for (shelx)
Ull U22 U33 U12 Ul3 U23

01 0.0386 (5) 0.0421(6) 0.0464(6) 0.0018(4) -0.0033(4) -0.0068 (5)
02 0.0325(6) 0.0659(9) 0.0623(8) 0.0082(6) -0.0034(5) -0.0102 (6)
c1 0.0777 (13) 0.0475(10) 0.0514(9) 0.0030 (9) 0.0164 (9) -0.0056 (8)
C2 0.0548 (9) 0.0395(8) 0.0374(7) -0.0021(7) 0.0096(6) 0.0030 (6)
c3 0.0588 (10) 0.0561 (10) 0.0408 (7) -0.0036(9) -0.0074(7) -0.0092 (8)
Cc4 0.0409 (8) 0.0553 (10) 0.0442(7) 0.0005(7) -0.0085(6) -0.0071(7)
C5 0.0358 (7) 0.0415(7) 0.0321(6) -0.0038(5) -0.0004(5) 0.0012 (5)
Cé 0.0303 (6) 0.0453(8) 0.0371(6) -0.0009 (6) -0.0026(5) 0.0009 (6)
c7 0.0264 (5) 0.0387(7) 0.0345(6) -0.0019(5) 0.0005(4) 0.0031(5)
c8 0.0300 (6) 0.0419(7) 0.0413(6) 0.0001(5) -0.0050(5) -0.0010 (6)
C9 0.0358 (7) 0.0425(8) 0.0457(7) -0.0029 (6) -0.0076(5) -0.0033(6)
C10 0.0427 (8) 0.0476(9) 0.0425(7) 0.0039(7) 0.0029 (6) 0.0034 (7)
C11 0.0388 (7) 0.0483(9) 0.0358(6) 0.0015(6) -0.0025(5) -0.0006 (6)
C12 0.0311(6) 0.0414(7) 0.0375(6) -0.0014(5) 0.0015(5) 0.0009 (6)
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Geometric parameters (A, 2) for (shelx)

01—C12 1.3481 (19) C5—C6 1.458 (2)
01—C9 1.448 (2) C6—C7 1.337(2)
02—C12 1.2012 (19) C6—H5 0.9300
c1—C2 1.508 (3) C7—C12 1.485 (2)
C1—H11 0.9600 c7—C8 1.4938 (18)
C1—H1 0.9600 c8—C9 1.528 (2)
C1—H10 0.9600 C8—H12 0.9700
C2—C10 1.386 (2) C8—H4 0.9700
c2—C3 1.389 (3) C9—H3 0.9700
c3—C4 1.384 (3) C9—H2 0.9700
C3—H7 0.9300 C10—C11 1.382 (2)
c4—C5 1.402 (2) C10—HS8 0.9300
C4—H6 0.9300 C11—H9 0.9300
C5—C11 1.400 (2)
C12—01—C9 111.76 (12) C6—C7—C8 132.54 (14)
C2—C1—H11 109.5 C12—C7—C8 107.61 (12)
C2—C1—H1 109.5 C7—C8—C9 103.95 (12)
H11—C1—H1 109.5 C7—C8—H12 111.0
C2—C1—H10 109.5 C9—C8—H12 111.0
H11—C1—H10 109.5 C7—C8—H4 111.0
H1—C1—H10 109.5 C9—C8—H4 111.0
C10—C2—C3 117.88 (16) H12—C8—H4 109.0
C10—C2—C1 120.61 (17) 01—C9—C8 107.03 (12)
c3—C2—C1 121.49 (17) 01—C9—H3 110.3
C4—C3—C2 120.95 (16) C8—C9—H3 110.3
C4—C3—H7 119.5 01—C9—H?2 110.3
C2—C3—H7 119.5 C8—C9—H2 110.3
C3—C4—C5 121.61 (15) H3—C9—H2 108.6
C3—C4—H6 119.2 C11—C10—C2 121.59 (16)
C5—C4—H6 119.2 C11—C10—HS 119.2
C11—C5—C4 116.83 (15) C2—C10—H8 119.2
C11—C5—C6 124.88 (13) C10—C11—C5 121.13 (15)
C4—C5—C6 118.28 (14) C10—C11—H9 119.4
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C7—C6—C5 129.31 (14) C5—C11—H9 1194

C7—C6—H5 115.3 02—C12—-01 121.18 (16)
C5—C6—H5 115.3 02—C12—C7 129.40 (15)
C6—C7—C12 119.82 (13) 01—-C12—C7 109.41 (12)
C10—C2—C3—C4 -0.7 (3) C7—C8—(C9—-01 -2.57 (16)
C1—C2—C3—-C4 -179.11 (19) C3—C2—C10—C11 0.4 (3)
C2—C3—C4—-C5 0.5(3) C1—C2—C10—C11 178.81 (17)
C3—C4—C5—C11 0.1(3) C2—C10—C11-C5 0.2 (3)
C3—C4—C5—C6 -178.86 (17) C4—C5—C11—-C10 -0.4 (2)
C11—-C5—C6—C7 -3.1(3) C6—C5—C11—C10 178.46 (16)
C4—C5—C6—C7 175.75 (16) C9—01—-C12—02 -177.19 (16)
C5—C6—C7—C12 -176.46 (15) C9—01—-C12—-C7 3.33(17)
C5—C6—C7—C8 1.4 (3) C6—C7—C12—02 -6.0 (3)
C6—C7—C8—C9 -173.67 (16) C8—C7—C12—02 175.61 (18)
C12—C7—C8—C9 4.42 (15) C6—C7—C12—-01 173.42 (14)
C12—01—C9—C8 -0.42 (18) c8—C7—C12—-01 -4.96 (16)

Hydrogen-bond geometry (A, °) for (shelx)

D—H--A D—H H--A D---A D—H--A
C8—H4--02"  0.97 2.56 3.317(2) 135
C8—H4--02"  0.97 2.56 3.317(2) 135

Symmetry code: (i) x-1, y, z.
Document origin: pubICIF [Westrip, S. P. (2010). J. Apply. Cryst., 43, 920-925].

(2023) ; https://revues.imist.ma/index.php/morjchem/index
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