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ABSTRACT

In this work, we report a study on the synthesis and characterization, using several spectroscopic tech-
niques such as IR, 13C NMR, 1H NMR and mass spectroscopy, of a new series of Schiff bases based on
imidazo(1,2a)pyridine (IMP) scaffold, and the evaluation of their ability to inhibit the corrosion of mild
steel in 1M HCl by mass loss techniques, Potentiodynamic polarization, electrochemical impedance spec-
troscopy (EIS), and quantum chemistry calculation based on density functional theory (DFT).

The obtained results show that these inhibitors, namely (E)-N-(2-phenylimidazo(1,2-a)pyridin-3-
yl)-1-(1H-pyrrol-2-yl)methanimine ~ (IMPy),  (E)-N-(2-phenylimidazo(1,2-a)pyridin-3-yl)-1-(thiophen-
2-yl)methanimine (IMP,)  and (E)-1-(5-nitrothiophen-2-yl)-N-(2-phenylimidazo(1,2-a)pyridin-3-
yl)methanimine (IMP3), act only by reducing the cathode area without changing the mechanism of
the cathodic reaction, and that the effectiveness of the inhibition increases with increasing concentration
of the inhibitors. The adsorption of the studied compounds on the surface of mild steel follows the
Langmuir isotherm model. And finally, we highlighted the existence of a correlation between the
molecular structure of the tested inhibitors and their anticorrosion activity.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

been reported as a potential corrosion inhibitors for mild steel
[11,20-23]. These compounds, in general, are adsorbed on the sur-

Imidazo[1,2-a]pyridines, and particularly their Schiff bases, are
a very important class of heterocycles which have received partic-
ular interest in the chemical [1-5] and pharmaceutical fields [6-8].
They are described, as well as their syntheses in numerous works
and studies [9,10].

The use of organic compounds, and in particular Schiff bases,
have been studied recently as a corrosion inhibitors for various
metals and alloys in acidic medium[11-19], many of which have
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face of the metal by blocking active corrosion sites. Some reported
researches [14,24,25] show that the effectiveness of Schiff base in-
hibition is much higher than that of aldehydes and corresponding
amines, and this may be due to the presence of the imine group
-C=N- in those molecules.

Quantum chemical calculations have been widely used to
model the mechanism of interaction between the corrosion in-
hibitor and the metal surface and target the active inhibitor sites
used. Thus, it has been reported that the inhibition efficiency of
corrosion depends on the physico-chemical and electronic proper-
ties of organic inhibitors, as well as on the interaction between the
inhibitor and the metal surface. These theoretical studies provide
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Scheme 1. Synthetic route for preparation of Schiff bases IMP;_3.

access to several quantum parameters of organic entities, namely
frontiers molecular orbitals and charges which are widely used to
assess the reactivity of molecules [12,26-29].

In continuation to our previous work, we have synthesized new
aromatic Schiff bases IMP;_3 (Scheme 1) using a condensation pro-
cess between 2-phenylimidazo(1,2-a)pyridine-3-amine and three
different aromatic aldehydes. The main objective of the present
study was to investigate their ability to inhibit corrosion of mild
steel in corrosive medium such as 1M hydrochloric acid at 25 °C,
using some electrochemical techniques especially weight loss mea-
surement (WLM), Potentiodynamic polarization, and electrochemi-
cal impedance spectroscopy (EIS).

Besides, we aimed at determining the relationships between
physicochemical, electronic properties and inhibition efficiency,
and then target the active binding sites of these Schiff bases
through density functional theory (DFT) quantum chemical calcu-
lations.

2. Experimental details
2.1. Materials, solutions and instrumentations

All the chemicals used in this study were purchased from
Sigma-Aldrich and they were used without further purification. All
tests on Kofler bench, Infrared (IR), Nuclear magnetic resonance
(NMR) and the Elemental composition are conducted according to
international standards.

The NMR spectra were recorded on a Bruker AVANCE 300
('H, 13C). The chemical shifts are expressed in ppm relative to
the Tetramethylsilane (TMS) used as a reference (§STMS = 0). The
solvent used is CDCI3. The following symbols have been used:
s = singlet; Is = large singlet; d = doublet; dd = doubled dou-
blet; t = triplet; q = quadruple; m = multiplet and the cou-
pling constants ] are expressed in Hz. The FT-IR spectra were
recorded on SHIMADZU 8400s instrument by using KBr plates
in the range 4000-500 cm~!. The absorption frequencies are ex-
pressed in cm~!. The mass spectra were obtained with an API
3200 LC/MS Mass Sspectrometer.

The corrosive solutions of 1.0 M HCl were prepared by dilution
of an analytical grade 37% HCl with bi-distillated water. The con-
centration range of green inhibitor employed was 10-3-10-5 (M).

Coupons were cut into 2 x 2 x 0.05 cm dimensions having
composition (0.09%P, 0.01% Al, 0.38% Si, 0.05% Mn, 0.21% C, 0.05%
S and the rest of the iron.

2.2. Chemistry

2.2.1. Schiff bases of imidazo(1,2-a)pyridine IMP;_3 synthesis

The synthesis of the studied imidazo(1,2-a)pyridines IMP;.3 was
carried out following the synthetic route shown in Scheme 1. Two
drops of acetic acid as catalyst (0.3 mL) were added to (2.39 mmol)
of 2-phenylimidazo[1,2-a]pyridin-3-amine (Amy) dissolved in the
minimum of diethyl ether (20 mL) and stirred for 30 minutes
at room temperature. Then, (2.39 mmol) of substituted aldehy-
des (Aly.3) have been added to the mixture and left under stirring
for 24 h until the aldehyde is completely consumed (The progress
of the reaction has been monitored by thin layer chromatography
TLC). Once the aldehyde has been completely consumed, the prod-
uct formed was filtered and washed with dry ether.

The molecular structures and the spectroscopic identifications
for the synthesized IMP are listed below [30].

2.2.2. (E)-N-(2-phenylimidazo[1,2-a]pyridin-3-yl)-1-(1H-pyrrol-2-
yl)methanimine
(IMPy)

|/6\|5‘% ’;1\8_ 10/15: 14\13
N N\y// \_/
3 4 \

112

Green powder. Yield 89,80%. Mp: 178-180 °C. Ry = 0.55 (silica,
CH,Cl,/CH30H : 9/1). TH NMR (300 MHz, CDCl3, § (ppm)): 8.62
(s, TH, NqigH); 8.48 (s, 1H, N=Cy7H); 8.23 (d, 1H, C3H, J = 6.9 Hz);
7.83 (d, 2H, CypH CysH, J = 7.2 Hz); 7.56 (d, 1H, CgH, ] = 9 Hz);7.41
(t, 2H, C;oH Cy4H, J = 12 Hz); 730 (dd, 1H, Ci3H, J = 14.7 Hz);
715 (t,1H, C1H, J = 16.8 Hz); 7.05 (s 1H, CyoH) ; 6.79 (t,1H, CH,
J = 13.5 Hz); 6.54 (s, 1H, C5;H); 6.32 (s, 1H, Cy1H).

13C NMR (75 MHz, CDCl;) §(ppm): 149.02; 142.47; 134.85;
128.77; 128.18; 127.59; 124.33; 123.42; 122.84; 117.42; 116.80;
112.04; 110.99.

MS (m/z) (M+): 258.1.

IR: v(cm~1): 2353; 1687; 1653; 1550.
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2.2.3. (E)-N-(2-phenylimidazo[1,2-a]pyridin-3-yl)-1-(thiophen-2-
yl)methanimine
(IMP;)

|/6\|5% gl\ g 10/15: 14\13
N 5‘\7// \_7

112

|
\2% 20

Yellow powder. Yield 86,15%. Mp: 125-127 °C. Rf = 0.55 (silica,
CH,Cl,/MeOH, 9/1).

TH NMR (300 MHz, DMSO, § (ppm)): 9.22 (s, 1H, C;7H=N);
8.61 (d, 1H, C3H, J = 6.24 Hz); 8.00 (d, 2H, Cy1H, Ci5sH J = 7.26 Hz);
7.90 (d, 1H, CgH, J = 4.95); 749 (t, 8H, C{H, C;H, Cy3H, Cy3H, Cy4H,
CaoH, C1H, CyoH).

MS (mfz) (M+1): 304. IR IR
imine) = 1605 cm~!.

(KBr): v (CH=N,

2.2.4. (E)-1-(5-nitrothiophen-2-yl)-N-(2-phenylimidazo[1,2-a]pyridin-
3-yl)methanimine
(IMP3)

7 4 12— 13
FK
18 _
S
19// 2|2
N\ =21 -
20/ N +/O
23
"
O
24

Brun powder. Yield 92,10%. Mp: 209-210 °C. Rf: 0.6 (silica,
CH2C12/CH30H: 9/1)

TH NMR (300 MHz, CDCl3, § (ppm)): 8.73 (s, 1H, N=C;gH); 8.47
(d, 1H, CsH, J = 6.6 Hz); 7.83 (d,1H, CyH, J = 4.2 Hz); 7.70 (d, 2H,
CipH Cy6, J = 6.9 Hz); 7.59 (d, 1H, CygH, J = 7.2 Hz); 7.46 (m, 3H,
Ci3H Cy4H Cy5H); 7.32 (m, 1H, CgH, J = 15.9 Hz); 7.06(d, 1H, C{H,
J =42 Hz) 698 (t; 1H; C,H, J = 13.5 Hz).

13C NMR (75 MHz, CDCl;) 8(ppm):150.34; 144.23; 143.62;
143.56; 134.56; 129.07; 128.94; 128.63; 128.13; 126.73; 123.70;
117.63; 113.39.

IR v (cm~1): 1655 cm~1, 1315 cm~'; 1232 cm~1.

MS (m/z) (M+1): 349.1.

2.3. Gravimetric measurements
2.3.1. Influence of inhibitor concentration

In this part of the study, we carried out gravimetric measure-
ments on mild steel in 1M HCl medium in the absence and in the
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presence of different concentrations of a series of compounds de-
rived from IMP. The iron samples were exposed to the corrosive
medium for a period of 6 h, at a temperature of 35 °C. The corro-
sion rate Weor(mg/h.cm?) is expressed according to the following
relation:

Am
S.At
The value of the inhibitory efficacy is the average of three tests

carried out under the same conditions for each concentration. It is
given by the following relation:

Wcorr = (1 )

E% — WCorr - Wcorr(inibi) « 100 (2)
Weorr

where Wegp and Wi, inibi)) are the corrosion rates of the sample,
respectively, in the absence and in the presence of the inhibitor.

2.3.2. Adsorption isotherm

Determining the adsorption isotherms of inhibitors on the sur-
face of steel is very important because they tell us about the na-
ture of the metal-solution interaction. For this, we tested the ex-
perimental data with several isotherm of adsorption such as Lang-
muir, Temkin, and Frumkin isotherm [31].

2.4. Electrochemical measurement

2.4.1. Polarization measurements

The current intensity is measured between the working elec-
trode and the platinum counter electrode and all potentials are
referenced to the saturated calomel electrode. The latter is placed
near the working electrode to minimize the influence of the ohmic
drop. The potential applied to the sample varies continuously, with
a scanning speed equal to 1 mV h~!, from —800 mV to —200 mV.
The free potential of steel is stabilized after 30 min and measure-
ments can then be made.

2.4.2. Electrochemical impedance spectroscopy

The electrochemical impedance diagrams for mild steel in 1M
HCl in the presence of IMP;.3, at different concentrations are
shown in the Fig. 5. To carry out these diagrams, we respected the
same operating conditions as previously.

_ Reorr(inn) = Reorr

Er% x 100 3

: Rcon'(inh) ( )
1

Ca= — 4

a 27 fmaxRec “)

2.5. Temperature effect

The temperature of the corrosive medium is a factor which can
modify the inhibitory efficiency of an inhibitor and the metal in-
hibitor interaction, as it can also provide information on the mech-
anism of action of the inhibitor (chemisorption or physisorption)
and on the activation energies of the corrosion process. Given the
importance of this factor, we have carried out mass loss tests for
steel in 1M HCI acid without and with the addition of inhibitors,
in a temperature range between 35 and 65 °C. This for an immer-
sion time of one hour and at a concentration of 10~3M, a concen-
tration for which the inhibitory efficiency of inhibitor reaches the
maximum value at temperature 35 °C. We chose the gravimetric
method since it best reflects the phenomenon of corrosion as it is
in the real state.
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2.6. Quantum chemical calculations

The examined IMP;.3 compounds were prepared with
GaussView 5.0.8 [32] and the necessary calculations were made us-
ing Gaussian 09 Revision-D.01 and Gaussian 09 AML64L-Revision-
D.01 [33]. All molecules are optimized using the DFT/B3LYP and
MO062X methods with 6-31G(d), 6-31++G(d), LANL2DZ and SDD
[34] basis sets in gas phase.

Conceptual Density Functional Theory (CDFT) is a concept that
offers simple equations in obtaining quantum chemical parameters.
Some quantum chemical parameters such as the highest occupied
molecular orbital energy (Ejomo), the lowest unoccupied molec-
ular orbital energy (Epymo), the energy gap (AE), hardness (7),
softness (o), electronegativity (x), chemical potential (u), global
molecular electrophilicity (@) index, global molecular nucleophilic-
ity (¢) index, the electron accepting (w*) and electron donating
(w~) powers, the number of transferred electrons (AN), and the
electric dipole polarizability (o) are used to predict the corrosion
inhibition activities of the chemical species studied approximately
[35].

The equations of the parameters used based on the concept are
as follows:

I = —Enomo (5)
A = —Erumo (6)
T 7)
6= % (8)
h=-X= —I%L\ 9)
©— % (10)
e % (11)
2
2
T = % (13)
(ot) = %[ocxx + oty + 0] (15)

3. Results and discussions
3.1. Gravimetric measurement

3.1.1. Influence of inhibitor concentration

Table 1 gives the values of the corrosion rate (W) and the per-
centage of the inhibitory efficiency (E%) calculated from gravimet-
ric measurements for different concentrations of IMP in hydrochlo-
ric acid (1M) medium.

The analysis of these results shows that the synthetic ligands
present a significant efficiency to inhibit the corrosion of mild steel
in molar hydrochloric acid medium, as well as the increase in the
concentration of the inhibitors leads to a decrease in the rate of
corrosion, and on the other side a remarkable increasing in the in-
hibitory efficiency. The best inhibition rate is obtained in the pres-
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Table 1
Weight loss data for mild steel 1M HCl without and with different concentrations
of IMP;5 at 308 K.

Compounds  Concentration (M)  Corrosion rate (mg/cm>h)  Efficiency (%)
Blank 1 0.827 -
IMP; 103 0.0228 97
5.10~* 0.0315 96
104 0.2378 71
51073 0.3242 60
10-° 0.3684 55
IMP, 103 0.0416 94
5107 0.089 89
104 0.1755 78
5.107° 0.4534 45
103 0.5148 37
IMP5 103 0.1121 86
5.10~* 0.1288 84
104 0.4274 48
51073 0.5865 29
10-° 6.4909 21
Table 2

Thermodynamic parameters for the adsorption of IMP;, IMP, and IMP5 in 1.0
M HCl on the carbon steel at 308K.

Compounds  Linear correlation  Slope K AGe(k] mol~1)
IMP; 0,9988 1,0037  3,92.104 37,371
IMP, 0,9979 1,0334  2,83.104  -35,538
IMP3 0,9929 1,0745 1,25.10* —34,443

ence of ligand IMP; (97%); It allows us to classify these compounds
in the following order:

IMP1 (97%) > IMP2 (94%) > IMP3 (86%)

3.1.2. Adsorption isotherm

The corrosion inhibition efficiency effect of an organic molecule
strongly depends upon its adsorption capability on a metal sur-
face. Establishing a relationship between the adsorption process
and inhibition behaviour is of crucial importance in studies of
corrosion inhibition. An adsorption isotherm can explain the phe-
nomenon which determines the retention or release of a substance
from aqueous solution to the solid phase at a given temperature
[36,37]. The results obtained experimentally have been applied to
isotherms like Langmuir, Temkin and Freundlich where the Lang-
muir adsorption isotherm provided the best fit and can be de-
scribed by the relation given below [36-39]:

o Temkin isotherm exp(f.0) = K,45.C
e Freundlich isotherm 6 = K,4,.C
e Langmuir isotherm (6/1-6) = K,4,.C

where K,y designates the equilibrium constant for adsorption pro-
cess, C is the concentration of inhibitor and f is energetic inhomo-
geneities. The Langmuir equation can be rearranged as shown:

C 1
0 a Kads

In Fig. 1, we represent the calculated isotherm for the studied
Schiff bases IMP;.3. The Analysis of this representation shows that
the inhibitors IMP;.3 are adsorbed on the metal surface accord-
ing to the Langmuir model since the variation is linear and the
regression coefficient is close to 1. These isotherms show that the
adsorption of organic molecules on the metal surface is monolayer
[40].

Also, from the Langmuir isotherm, we can have access to the
values of the constant K and the adsorption energy AGP,4, which
are listed in Table 2.

Generally, for AG,4s values below than or equal to —20 kj/mol
the adsorption is due to physisorption electrostatic interaction be-
tween the charges at metal surface and inhibitor while for AG,q4s

+C
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Fig. 1. Langmuir adsorption of IMP;_3 of the mild steel surface in 1 M HCl solution.

around —40 kJ/mol, the adsorption is of chemisorption type, due
to the formation of coordinate bonds by charge sharing or elec-
tron transfer from the neutral organic compound to the metal sur-
face. Thus, from Table 2 the AG,q4s values for the studied inhibitors
the adsorption for Schiff base derivatives IMP;_3 it is not typical
chemisorption or physisorption but rather a combination of both
(comprehensive adsorption) [41,42].

3.2. Electrochemical measurement

3.2.1. Polarization measurements

In Fig. 2 below are presented the polarization curves in the ab-
sence and in the presence of inhibitory Schiff bases at increasing
concentrations, in 1M HCl medium at 35 °C.

Inhibitory efficacy is defined as follows:

By = Jeor —Teorr 109
lcorr

where icorrandi’corr are the corrosion current density values  of
the steel determined by extrapolation of the Tafel cathode lines,
after immersion in an acid medium respectively without and with
the addition of the inhibitor.

Corrosion current density (Icorr), corrosion potential (Ecorr),
cathode and anode Tafel slopes (8¢ and Ba) and inhibition effi-

Table 3

ciency E (%) for different concentrations of Schiff bases in 1M HCl
medium are reported in Table 3.

Analysis of the data shown in Table 3, clearly shows that the
corrosion current densities (Icorr) decrease with increasing the con-
centration of ligand inhibitors, and that the inhibitory efficiency
E(%) increases with increasing inhibitor concentration to reach a
maximum of 97% at 10~3 M from IMP;. This confirms the in-
hibitory nature of IMP; obtained previously using mass loss mea-
surements.

The addition of ligands to the corrosive medium causes a mod-
ification of the values of the Tafel slopes, indicating that both the
anodic and cathodic reactions are affected, if the corrosion po-
tential in the presence of the inhibitor does not shift by a value
greater than 85 mV compared to white, the inhibitor can be con-
sidered as a mixed inhibitor. In our case, the variation of the po-
tential does not exceed 70 mV. This result leads us to say that the
ligands tested are inhibitors of the mixed type.

The cathodic polarization curves are in the form of straight
lines indicating that the hydrogen reduction reaction on the sur-
face of the steel takes place according to a pure activation mecha-
nism.

Potentiodynamic electrochemical parameters for the corrosion of mild steel in 1M HCI solution in the
absence and presence of the investigated inhibitors at 308 K.

Conc.(mol/l)  Ecor(MVVS.CSE)  Ieor(MA/cm?)  Bc(mV)  Ba(mV)  Efficiency(%)
Blank 1 —454.0 1.9477 -182.9 151.8 -
IMP1 103 —430.5 0.048 -124.7 72.4 97
5104 —408.1 0.1471 —299.7 68.9 92
104 —447 0.3051 —236.9 80.1 84
5105 —446.5 0.3445 -236.9 96.4 82
10-° —470.1 0.8278 —221.8 146.7 57
IMP2 103 —483.8 0.1523 —-139.8 91.5 92
510 —497.4 0.2068 —148.7 100.8 89
104 —488.8 0.5425 —184.6 115 72
5107 —-502.4 0.8494 -167.8 84.3 56
103 —494.4 1.3892 -191.2 96.5 28
IMP3 103 —480.8 0.5145 -2184 114 76
5104 —474.9 0.4562 -156.1 96.4 73
104 —473.1 1.1127 —209.9 107.2 42
5103 —473 1.3248 —-112.7 101.4 32
10-° —463.9 1.5685 -179.6 1145 19
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Fig. 2. Tafel polarization curves for mild steel obtained at 308 K in 1M HCI solution
containing different concentrations of IMP;_3.

The Schiff bases compound proved to be the best inhibitor of
this series with an efficiency reached 95% at a concentration of
10—3M.

3.2.2. Electrochemical impedance spectroscopy

The results obtained by the stationary electrochemical method
show a satisfactory agreement with the previous methods. The or-
der in which the efficiencies of the inhibitors are classified is al-
ways followed.
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Table 4
Impedance parameters and inhibition efficiency for mild steel in 1.0 M HCl
solutions containing different concentrations of IMP;, IMP, and IMP5,

ProdCode  Conc.(mol/l)  Rt(Q.cm?)  Cg(u Fem™2)  Efficiency(%)
Blank 1 20.7 191.7 -
IMP1 103 7234 34.8 97
5104 521.5 385 96
104 98.6 80.6 78
5.1073 80.2 99.1 74
103 42.7 186.4 51
IMP2 103 159.4 65.2 87
5104 133.9 77.6 84
104 105.8 98.2 80
5105 60.01 106.1 65
105 32.97 150.9 37
103 103.4 76.9 80
IMP3 5104 93.26 85.3 77
104 45.95 109.5 54
5.10° 32.14 123.8 35
103 26.72 148.9 22

The corresponding values of Rt and E (%) of steel in 1 M HCl in
the absence and presence of IMP;, IMP, and IMP3 are also given
in Table 4.

The response of the impedance of the steel in the acid solution
changed significantly after the addition of the three ligands and
the impedance increased with increasing the content of the con-
centration of each inhibitor. In fact, the decrease in Cy values is
due to the adsorption of imine components on the metal surface
leading to the formation of a film which limits the corrosive effect
of the acid solution.

We also note an increase in the corrosion inhibition efficiency
due to the increase in Rct values with the concentration of the in-
hibitor which reaches 97% at 10~3M.

The results of electrochemical impedance spectroscopy agree
with the other techniques.

3.3. Temperature effect

The temperature of the corrosive medium is a factor which can
modify the inhibitory efficiency of an inhibitor and the metal in-
hibitor interaction, as it can also provide information on the mech-
anism of action of the inhibitor (chemisorption or physisorption)
and on the activation energies of the corrosion process. Given the
importance of this factor, we have carried out mass loss tests for
steel in 1M HCI acid without and with the addition of inhibitors,
in a temperature range between 35 and 65 °C. This for an immer-
sion time of one hour and at a concentration of 10-3M, a concen-
tration for which the inhibitory efficiency of inhibitor reaches the
maximum value at temperature 35 °C. We chose the gravimetric
method since it best reflects the phenomenon of corrosion as it is
in the real state.

The values of the corrosion rates and the inhibitory efficacy of
the inhibitor, as a function of temperature, are given in Table 5.

The variation in the logarithm of the corrosion rate Weorr as a
function of the inverse of the absolute temperature is recorded in
the figure. The curves obtained are in the form of straight lines, so
they obey the Arrhenius relation. The activation energies are there-
fore determined by the following relationship:

Ln(W) = Ln(A) — %

where E, represents the apparent activation energy, R the gas con-
stant, T the absolute temperature, A is a pre-exponential factor, and
W the corrosion rate obtained from the mass loss method (Figs. 3
and 4).

The apparent activation energy was determined from the slopes
of In (Weorr) as a function of (1000/T) shown in the Fig. 5.
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Table 5
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the inhibitory efficiency and the corrosion rates in the absence and in the presence of inhibitors at

different temperatures (K).

Compound  Temperature(K)  Concentration(Mol/l)  Corrosion rate(mg/cm2h)  Efficiency(%)
HCl 313 1 2.603 -
323 1 3.758 -
333 1 4.156 -
343 1 5.836 -
IMP; 313 10-3 0.357 86
323 103 1.001 73
333 103 1.539 62
343 103 3.693 36
IMP, 313 103 0.436 83
323 103 1.136 69
333 103 1.786 57
343 103 3.864 33
IMP3 313 103 0.687 73
323 103 1.785 52
333 1073 2.498 39
343 103 4.65 20
—8— HCI 1M —a— HCl 1M
—a— 107 200 - —a—10%
510" ——510"
—— 10" —w— 10T
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Fig. 3. Nyquist plot for mild steel in 1.0 M HClI solution in absence and presence of IMP;, IMP, and IMP;.

The Figure below gives the variation of Ln (W/T) as a function
of the inverse of the absolute temperature in the form of lines with

a slope of ((‘AH/R) and the extrapolation of these lines gives the

values of n (% + Agg) from which the values of AH%and AS? are

calculated (Table 6).

()~ ()]

The results in Table 6 show that:

AHY
RT

e The thermodynamic parameters (AH?, Asg) of the reaction
for dissolving steel in 1M HCI in the presence of the imida-
zole compound are higher than those of the solution without
inhibitor.

o The entropy ASSis greater in the absence of inhibitory ligands,
and this reflects a reduction in disorder during the transforma-
tion of the reagents into an iron-activated molecule complex in
the solution [43,44].

o The comparison of the activation energies obtained in the pres-
ence and absence of the inhibitor makes it possible to know
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Fig. 4. Electrical equivalent circuit model used for the modeling metal/solution.

Table 6

Activation parameters of mild steel in 1M HCl medium without and with the addition of IMP;_3

compounds at 10-3M.

Compounds  C Ea(k] mol-')  AH,O(kJ mol~')  AS,°(k] mol-')  E,® - AH,°
HCl 1 22.52 19.80 173.89 2.72
IMP, 103 66.45 63.73 49.68 2.72
IMP, 103 62.52 59.80 60.58 2.72
IMP;3 10-3 54.36 51.63 82.55 2.72
= HCI1M HCI 1M
e IMP1 -4.0 1 IMP1
184 A 4.2 4 IMP2
167 v 4.4 IMP3
144 -4.6 4
1.24
10 -4.8 4
0.8 -5.0 1
0.6 5.2 4
0.4 £ 54
= 024 2 6]
£ 004 5 58]
-0.2 60
0.4
-6.2 4
-0.6 4
-0.8 641
-1.04 -6.6
1.2 -6.8
-1.4 T T T T T T -7.0 T T T

T
2.90 2.95 3.00 3.05 3.10 3.15 3.20
1000/T

Fig. 5. Arrhenius lines calculated from the mass losses of steel in 1M HCl without
and with 10—3M inhibitors.

the type of adsorption. The activation energy in the presence of
ligands is greater than that obtained in the acid alone. It can be
concluded that the inhibitor studied is adsorbed on the surface
by forming electrostatic bonds (physisorption).

The positive sign of enthalpy Angeﬂects the endothermic na-
ture of the steel dissolution process.

We note that the activation energy E; and the activation en-
thalpy AHS vary in the same way with the inhibitor concen-
tration (Table 6), verifying the thermodynamic relationship be-
tween E, and AHg [45]:

E.— AHJ= RT = cste

3.4. Quantum chemical calculation

Quantum chemical approaches were used to explain the molec-
ular level behavior and electronic properties of IMP compounds
whose corrosion inhibition efficiency was determined experimen-
tally. For this purpose, IMP;_.3 compounds were examined using
B3LYP and M062X methods and 6-31G(d), 6-31++G(d), LANL2DZ

T T T T
2.90 2.95 3.00 3.05 3.10 3.15 3.20
1000/T

Fig. 6. Arrhenius plots from the mass losses of mild steel in the presence and ab-
sence of IMP inhibitors.

and SDD basis sets using Density Function Theory (DFT) approach
and the values of the relevant parameters for IMP;, IMP, and IMP3
are listed in Tables 5-7 respectively.

In Tables 5-7, when the calculated quantum chemical parame-
ters were examined, the most compatible calculation level with the
experimental data was determined as B3LYP/6-31++G(d, p). There-
fore, theoretical comments were interpreted taking into account
the B3LYP/6-31++G(d, p) calculation level. Eyomo is @ parameter
related to the molecule’s ability to donate electrons. The tendency
of the electron transfers of the compounds studied at the molec-
ular level to the low empty molecular orbital of the appropriate
acceptor molecule can be compared. Thus, with the increased en-
ergy of HOMO, the corrosion inhibition efficiency of the tapped
molecule increases.

Eiumo represents the ability of a molecule to accept electrons
and is a measure of the molecule’s ability to bind to the metal sur-
face in corrosion studies. The molecule with low Ejjyyo value ex-
hibits high corrosion inhibition properties. The difference between
the LUMO energy and the HOMO energy is called the energy gap
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Table 7

The calculated quantum chemical descriptors for the IMP;,
Method B3LYP MO062X
Basis set 6-31G(d)  6-31++G(d) LANL2DZ  SDD 6-31G(d)  6-31++G(d) LANL2DZ  SDD
Enomo (V)  —4,543 —4,865 —4,848 —6,972 5,770 —6,026 —6,021 —6,022
Erumo (eV) -1,318 -2,219 —1,655 -1,163 0,435 —-0,806 —-0,806 —0,806
AE (eV) 3,225 2,647 3,193 5,808 5,335 5,220 5,216 5,216
n (eV) 1,613 1,323 1,597 2,904 2,667 2,610 2,608 2,608
o (ev1) 0,620 0,756 0,626 0,344 0,375 0,383 0,384 0,384
X (eV) 2,931 3,542 3,252 4,068 3,103 3,416 3,414 3,414
n(ev-1) -2,931 —3,542 —3,252 —4,068 -3,103 -3,416 -3,414 -3,414
w 2,663 4,740 3,312 2,848 1,804 2,235 2,234 2,235
€ 0,376 0,211 0,302 0,351 0,554 0,448 0,448 0,448
w* 0,993 1,705 1,242 0,981 0,542 0,739 0,739 0,739
W~ 4,330 6,676 5137 5,245 3,689 4,269 4,267 4,268
AN 0,586 0,483 0,491 0,130 0,322 0,269 0,270 0,270
o 266,640 305,060 276,940 277,400 243,770 275,130 255,910 256,130

Table 8

The calculated quantum chemical descriptors for the IMP,,
Method B3LYP M062X
Basis set 6-31G(d)  6-31++G(d) LANL2DZ  SDD 6-31G(d)  6-31++G(d) LANL2DZ  SDD
Enomo (eV)  —4,796 —5,068 -5,124 —7,004 -0,435 -6,178 -6,276 —6,270
Erumo (eV) -1,676 -2,019 —2,047 —-0,640 -0,857 -1,179 -1,219 —1,208
AE (eV) 3,120 3,049 3,078 6,364 5,098 5,000 5,057 5,062
n (eV) 1,560 1,525 1,539 3,182 2,549 2,500 2,529 2,531
o (ev1) 0,641 0,656 0,650 0,314 0,392 0,400 0,396 0,395
X (eV) 3,236 3,543 3,585 3,822 3,407 3,679 3,747 3,739
n(ev-1) -3,236 -3,543 —-3,585 -3,822 -3,407 -3,679 -3,747 -3,739
w 3,357 4,117 4,177 2,295 2,276 2,706 2,777 2,761
€ 0,298 0,243 0,239 0,436 0,439 0,370 0,360 0,362
w* 1,258 1,526 1,548 0,711 0,763 0,955 0,982 0,976
W 5,170 6,079 6,162 4,604 4,298 4,858 4,967 4,947
AN 0,508 0,419 0,401 0,157 0,277 0,228 0,212 0,214
o 279,200 317,080 287,210 277,400 256,480 288,725 265,530 265,540

Table 9

The calculated quantum chemical descriptors for the IMP3
Method B3LYP MO062X
Basis set 6-31G(d)  6-31++G(d) LANL2DZ  SDD 6-31G(d)  6-31++G(d) LANL2DZ  SDD
Enomo (eV)  —5,321 -5,628 —6,558 —6,541 —6,562 —6,639 -6,817 -6,813
Erumo (eV) -2,762 -1,576 -2,791 —2,655 -2,237 -2,234 -2,524 -2,512
AE (eV) 2,559 4,052 3,767 3,885 4,326 4,405 4,292 4,301
n (eV) 1,280 2,026 1,884 1,943 2,163 2,203 2,146 2,151
o (ev!) 0,782 0,494 0,531 0,515 0,462 0,454 0,466 0,465
X (eV) 4,041 3,602 4,674 4,598 4,399 4,436 4,670 4,662
n(ev-1) —4,041 -3,602 —4,674 —4,598 -4,399 —4,436 —4,670 —4,662
w 6,382 3,201 5,800 5,441 4,474 4,467 5,082 5,054
€ 0,157 0,312 0,172 0,184 0,224 0,224 0,197 0,198
w* 2,175 1,191 2,125 2,011 1,678 1,675 1,898 1,889
W~ 8,562 5,255 8,373 7,983 6,944 6,961 7,685 7,654
AN 0,304 0,301 0,039 0,057 0,097 0,087 0,035 0,037
o 333,980 363,820 314,960 305,140 298,960 300,570 316,670 316,420

AE. It represents the predisposition of the inhibitor molecule to
metal surface adsorption. As the E value decreases, the corrosion
inhibition efficiency increases.

So far, the order of the inhibition efficiency of the molecules ob-
tained from the theoretical results is as follows IMP;> IMP,>IMP;3.

One of the applications of theoretical foundations in corro-
sion studies is the HSAB (hard-soft-acid-base) approach. Accord-
ing to this approach, hard acids prefer to complex with hard bases
and soft acids prefer to complex with soft bases. In other words,
metallic piles prefer to form complexes with soft chemical species.
Thus, the examined chemical type in determining the corrosion
inhibition efficiency should have low hardness and high softness
(Tables 8 and 9) .

According to the application of the Koopmans theorem, elec-
tronegativity and chemical potential, the opposite of each other,
can be interpreted for the corrosion inhibition efficacy with the
same approach. In accordance with Sanderson’s principle of elec-
tronegativity equalization, the low difference of electronegativity
between the metal and the inhibitor should increase the inhibitor
reactivity. In chemical potential values, it is expected to be the op-
posite of this situation. As a result, inhibition efficiency increases
with low electronegativity and high chemical potential.

Electron transfer fractions, which are the application of Pearson
method, are also used quite frequently in determining the corro-
sion inhibition effectiveness. The xp and 7g parameters for iron
in this parameter are 4.82 and 0 eV, respectively. If AN > 0, the
electrons of the molecule cover the relevant metal surface. If the
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IMP;

Fig. 7. Optimized structures, HOMOs, LUMOs and MEP maps for IMP;_3.

AN value of the molecule is less than 3.6, the inhibition effi-
ciency is high. Because electron donation increases on the metal
surface. This shows that the inhibitory molecule gives electrons to
the empty d orbital of the metal and the inhibitor interacts with
the metallic surface.

In recent years, two new parameters have received considerable
attention in quantum chemical studies. One of these, w™~, repre-
sents electron donation power to chemical species. The other is
w™, representing electron acceptance power. Among these parame-
ters, increasing the value of @~ and decreasing the value of w™ is a
criterion in determining the order of corrosion inhibition efficiency
of chemical species.

10

In addition to all this, the parameter which is a function of the
dipole moment is polarizability. Polarization is a linear represen-
tation of electron density in the presence of an electric field. As
the polarizability increases, the corrosive effect of the molecule in-
creases. However, the results obtained in this section tended to be
the opposite of experimental results. The order of inhibition effi-
ciency obtained at B3LYP/6-31++G(d) level for the examined com-
pounds gives us IMP;> IMP,>IMPj3. This is quite compatible with
experimental results (Fig. 6).

Moreover, optimized structures, frontier molecular orbitals and
molecular electrostatic potential (MEP) maps obtained at the most
appropriate computational level for the compounds are given in
Fig. 7
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When HOMO molecular orbitals are examined, it is noteworthy
that the electron density is in the molecular plane. Also, HOMO’s
electrons are on the aromatic ring. There is electron delocalization
in IMP;_3 compounds and electrons are dispersed along the chemi-
cal surface. In the electron distribution of LUMO molecular orbitals,
the only striking point is that the electron density of imp3 com-
pounds is on the phenyl ring. In the MEP maps, it is seen that
the electron attracting region in the imp1 compound is more than
other compounds. It is also worth noting that in the IMP3 com-
pound, the electrophilic region is dense on the oxygen atom.

4. Conclusion

Three new Imidazopyridine derivatives were synthesized and
identified by 1 H and 13 C NMR. The inhibitors studied in this
work are good inhibitors of corrosion of steel in hydrochloric acid
(1M) medium, and the inhibitory efficacy calculated by the meth-
ods used are in good agreement.

The addition of these inhibitors acts only by reducing the ca-
thodic surface without changing the mechanism of the cathodic
reaction.

The adsorption of ligands synthesized on the surface follows the
Langmuir isotherm model.

Examination of the temperature on the corrosion resistance re-
veals that increasing the temperature in the range 35-65 °C de-
creases the inhibitory efficiency.

The variation in activation energy in the presence of these in-
hibitors can be attributed to the physisorption of the inhibitor on
the surface of the steel.
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