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1. Introduction

The chemistry of 1, 3- dithiole ring system has attracted intense interests in various areas of chemistry and new
materials science [1] due to the many important properties such as the oxidation to the stable 6 = 1, 3- dithiolium
cation, and they also showed a good inhibitory action on the corrosion of metals [2-3]. The ring system is an
important organosulfur compound and the planarity of the 1, 3- dithiolium cation aids the formation of close
intermolecular interactions in the solid state owing to the good overlapping n-n orbits, besides a large number of
functionalities can be incorporated into the 4- and 5- positions. Furthermore, the combination of two rings of
1,3-dithiole-2-thione lead to yield tetrathiafulvalene (TTF) via cross-coupling. TTF and related heterocycles
feature unique electron donating capabilities [4] for preparing charge- transfer salts [5], donors- acceptors (D-A)
systems and other fields including molecular logic gates [6], molecular switches [7-8], semiconductors [9-10],
conductors and superconductors [11-12], organogelators [13], liquid crystals [14-15], dyes absorbing over the
whole visible spectrum [16], sensors for proton, cations or anions [17-19], and ligands [20-23].

The aim of the present study is to test the corrosion inhibition efficiency of TTF moiety.

2. Material and Methods

2.1. Synthesis of the inhibitors

Synthesis of 2,3-(propylenedithio)-6,7-bis(2-cyanoethylthio) TTF S1:

A suspension of 4,5- (propylenedithio) -1,3-dithiol-2-thione (1 g, 4.2 mmol) and 4,5- (2-cyanoethylthio) -1,3-
dithiol-2-thione (1.3 g, 4.2 mmol) in 25 ml of freshly distilled triethylphosphite is stirred and heated at 100°C
for 5h under a nitrogen atmosphere. The mixture is then cooled to 0°C and the precipitate formed is then
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filtered, washed with ether and dried under vacuum. Chromatography on a silica column (CH,CI,) of the
precipitate makes it possible to isolate the compound S1 as orange crystals.Yield (71%); mp 188-189°C.

RMN 'H (CDCIy) (8ppm):2, 90 (4H, t, SCH,); 2, 55 (2H,m, CH,); 2, 75 (4H, t, CH,CN); 3, 15 (4H, t,
SCH,)RMN **C (CDClI;) (8ppm):19,4( 2C, CH,CN);27,1( 2C,SCH,); 31,7(CH,); 51,4( SCH,); 117,7( C=C);

128( =C-S); 129,7( C=C).
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Scheme: Synthesis of 2,3-(2-alkylthio)-6,7-bis(2-alkylthio) TTF

Synthesis of 2, 3, 6, 7-Tetrakis (2’-cyanoethylthio)tetrathiafulvalene S2:

4, 5-bi (2-cyanoéthylthio)-1, 3-dithiole-2-thione (1.40 g, 4.85 mmol) was suspended in freshly distilled
triethylphosphite (5 mL) and refluxed. After about 30 min a red-orange precipitate starts to form, the red
solution was stirred for an additional 1h at reflux and then allowed to cool at room temperature. MeOH (25 mL)
was added, the product was filtered, washed with MeOH (3 x 25 mL) and dried in vacuum, to give S2 as intense
red-orange crystals. Yield(66%); mp 186-188°C.

RMN 'H (CDCIl5) (8§ PPM): 2,60 (8H, m, CH,CN); 3,10 (8H, m, SCH,)RMN "*C (CDCl5) (6ppm):19,4( 4C,
CH,CN); 51,7( 4C, SCHy); 117,7( C=N); 128( =C-S); 129,7( C=C).

Synthesis of 2, 3, 6, 7- Tetrakis (2’-hydroxyéthyldithio) tetrathiafulvalene S3:

The same procedure as for the synthesis of compound S2 on 4, 5- (2-hydroxyethyldithio) -1, 3-dithiol-2-thione
(2.4 g, 8.3 mmol) to give S3 as red-orange crystals. Yield (67%); mp 187-188°C.

RMN 'H (CDCI;) (8§ PPM):3,06( 8H, t, SCH,); 4,20( 8H, m, CH,OH); 2,04( 4H, OH) RMN **C (CDCls)
(6ppm):33,8( 4C, SCHy); 61,3( 4C, CH,OH); 128( =C-S); 129,7( C=C).

2.2. Weight loss measurements

Coupons were cut into 1.5x 1.5 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 Fe balance) used for weight loss measurements. Prior to all measurements,
the exposed area was mechanically abraded with 180, 400, 800, 1000, 1200 grades of emery papers. The
specimens are washed thoroughly with double distilled water degreased and dried with ethanol. Gravimetric
measurements are carried out in a double walled glass cell equipped with a thermostatic cooling condenser. The
solution volume is 100 cm®. The immersion time for the weight loss is 6 h at (308+1) K.

2.4. Electrochemical tests
The electrochemical study was carried out using a potentiostat PGZ100 piloted by Voltamaster soft-ware. This

potentiostat is connected to a cell with three electrode thermostats with double wall. A saturated calomel
electrode (SCE) and platinum electrode were used as reference and auxiliary electrodes, respectively. Anodic
and cathodic potentiodynamic polarization curves were plotted at a polarization scan rate of 0.5mV/s. Before all
experiments, the potential was stabilized at free potential during 30 min. The polarisation curves are obtained
from —800 mV to —200 mV at 308 K. The solution test is there after de-aerated by bubbling nitrogen. The
electrochemical impedance spectroscopy (EIS) measurements are carried out with the electrochemical system,
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which included a digital potentiostat model Voltalab PGZ100 computer at Ector after immersion in solution
without bubbling. After the determination of steady-state current at a corrosion potential, sine wave voltage (10
mV) peak to peak, at frequencies between 100 kHz and 10 mHz are superimposed on the rest potential.
Computer programs automatically controlled the measurements performed at rest potentials after 0.5 hour of
exposure at 308 K. The impedance diagrams are given in the Nyquist representation. Experiments are repeated
three times to ensure the reproducibility.

2.5. Quantum chemical calculations
Quantum chemistry calculations for the geometrical full optimization of all studied inhibitors were carried out at

the density function theory (DFT) method, B3LYP/6-31G level using a GAUSS-09 program package [24]. The
following quantum chemical indices were considered: the energy of the highest occupied molecular orbital
(Exomo), the energy of the lowest unoccupied molecular orbital (E_ umo), AE = Ei umo - Enomo, the dipole
moment (p), total energy and Fukui induce.

3. Results and discussion

3.1.Weight loss measurements

The inhibition efficiency (1) and corrosion rate (w) with different concentrations of 2,3-(2-alkylthio)-6,7-bis(2-
alkylthio)TTF derivatives for mild steel in 1.0 M HCI solution at 308 K were summarized in Table 1. The
inhibition efficiency was calculated from the following equation:

Cp =2 (1)

n(%) = (1- VVVV—O) .100 @)

Tablel: Corrosion rate and inhibition efficiency in the absence and presence of S1, S2 and S3 in 1.0 M HCI solution.

. C Cr n
nhibitor | nomy | (mgem?hty | (@) 0
1M HCI - 0.82 - -
10° 0.31 62 0.62
10° 0.22 73 0.73
s1 -
10 0.13 84 0.84
10° 0.06 93 0.93
10° 0.39 52 0.52
10° 0.32 61 0.61
s2 -
10 0.19 77 0.77
10° 0.11 87 0.87
10° 0.35 57 0.57
10° 0.27 67 0.67
s3 -
10 0.15 82 0.82
10° 0.08 90 0.90

The studied inhibitors showed maximum inhibition efficiencies of 93%, 90% and 87% for S1, S2 and S3,
respectively at 10°M concentration. It can be seen from Tab.1 that after 10°M, no significant change in the
inhibition performance was observed indicating that 10°M is an optimum concentration in each case. The high
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n of investigated TTF molecules is attributed to the presence of S, N and O, which act as an adsorption centers
and can effectively cover the metal surface. The higher inhibition efficiency of the S1, S3 as compared to S2 is
attributed to the presence of S and OH substituents in S1, S3, respectively.

3.2.Adsorption isotherm

The adsorption isotherm experiments were performed to have more insights into the mechanism of corrosion
inhibition, since it describes the molecular interaction of the inhibitor molecules with the active sites on the mild
steel surface [25-27]. The surface coverage, 0, was calculated according to the following equation:

6="/100 )
Basic information on the interaction between inhibitor and metal surface can be provided by the adsorption
isotherm. Attempts were made to fit experimental data to various isotherms including Frumkin, Langmuir,
Temkin and Freundlich isotherms. By far the results were best fitted by Langmuir adsorption isotherm equation
[28]:

S=+C (4)

Where C is the concentration of inhibitor, K the adsorption equilibrium constant, and 0 is the surface coverage.
Plots of C/6 against C yield straight lines as shown in Fig. 1, and the linear regression parameters are listed in
Table.2. Both linear correlation coefficient (r) and slope are very close to 1, indicating the adsorption of both
inhibitors on steel surface obeys the Langmuir adsorption isotherm.

Table2: Parameters of the straight line of C/6 - C in 1.0 M HCI at 308 K (weight loss method, immersion time is 6 h).

Inhibitors Linear correlation coefficient (r) Slope
S1 1 1.18966
S2 0.99996 1.07487
S3 0.99994 1.14907
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Figurel: Langmuir isotherm plots for adsorption of 2,3-(2-alkylthio)-6,7-bis(2-alkylthio) TTF derivatives S1, S2 and S3 on
mild steel in 1.0 M HCI.

3.3.Tafel polarization

Anodic and cathodic polarization curves for mild steel in 1M HCI with and without various concentrations of
used inhibitors are shown in Fig. 2. It is observed from Fig. 2 that both cathodic and anodic curves show a lower
current density in the presence of S1, S2 and S3 additives than those recorded in the 1M HCI solution alone.

This behavior indicated that these two used S1, S2 and S3 have effect on both cathodic reactions of corrosion
process. Polarization curves of the MS electrode in 1.0 M HCI without and with addition of 2,3-(2-alkylthio)-
6,7-bis(2-alkylthio)TTF at different concentrations are shown in Fig.2. The values of electrochemical
parameters associated with polarization measurements, such as corrosion potential (E.,), corrosion currents
densities (lcor) and Tafel slopes (Ba, Bc) are listed in Table 3. The inhibition efficiencies were calculated from
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l.orr Values (Tab 3) obtained from extrapolating Tafel lines to the corrosion potential [29] according to following

equation:

Where lcorr and leorinny @re the corrosion current densities for uninhibited and inhibited solutions, respectively.
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Figure2: Anodic and cathodic potentiodynamic polarization curves for mild steel in 1.0 M HCI without and with different
concentration of S1, S2 and S3 at 308K.
As it can be seen from Table 3, when the concentration of inhibitors increases the inhibition efficiencies and
also surface coverage degrees increase, but corrosion current densities decrease. From Table 3 also can find that
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the corrosion potentials of inhibitors A S1, S2 and S3 shift in the positive direction. The electrochemical
processes on the metal surface are likely to be closely related to the adsorption of the inhibitor, and the
adsorption is known to depend on the chemical structure of the inhibitor [30]. In hydrochloric acid solution the
following mechanism is proposed for the corrosion of iron and steel [31]. According to this mechanism cathodic
dissolution of iron is:

Fe+H" <+ (FeH")ys (6)
(FEH+)ads + € —> (FeH)ads (7)
(FeH)ys + H + e —» Fe + H, (8)

The values of cathodic Tafel slope (Bc) for three TTF derivatives are found to increase in the presence of
inhibitor. The Tafel slope variations suggest that all TTF derivatives influence the kinetics of the hydrogen
evolution reaction [32-34]. The approximately constant values of anodic Tafel slope (Ba) for TTF derivatives
S1, S2 and S3 indicate that these compounds do not change the mechanism of MS dissolution.

Table 3: Polarization parameters and corresponding inhibition efficiency for the corrosion of the mild steel in 1M HCI
without and with addition of various concentrations of S1, S2 and S3 at 308K.

Inhibitor C (mol/L) -Ecorr leorr -Be Ba n (%)
(MV/SCE) | (pnA/em?) (nA/cn?) (nA/cm?)

1M HCI - 453 1386 173 113 --
10° 491 512 149 87 63
1 10° 479 301 140 62 72
10 487 250 148 95 82
107 467 85 134 68 94
10° 451 603 151 108 56
s 10° 472 452 163 96 67
10 764 367 149 85 74
10° 490 163 168 101 88
10° 459 571 147 105 59
s3 10° 475 444 164 79 68
10" 467 316 138 56 77
107 486 141 155 83 90

3.4.Electrochemical impedance spectroscopy (EIS)

The corrosion behavior of MS in 1M HCI in the presence and absence of S1, S2 and S3 compounds has been
investigated using EIS at 308K. Nyquist plots of mild steel in acid solutions containing various concentrations
of inhibitors S1, S2 and S3 and without inhibitors in the 1M HCI solution are given in Fig. 3. It is clear from the
plots that the impedance response of mild steel in 1M HCI solution was significantly changed after the addition
of the inhibitor compounds. The charge-transfer resistance (Rt) values are calculated from the difference in
impedance at lower and higher frequencies. The double layer capacitance (Cdl) and the frequency at which the
imaginary component of the impedance is maximal (-Z.x) are found as represented in equation:

Cq = (1/ th) Where ® = 27l ax 9)
The inhibition efficiency got from the charge transfer resistance is calculated by:
E, = <1 - ).100 (10)
t
inh

Rt and Rt/inh are the charge transfer-resistance values without and with inhibitor, respectively.

Various parameters such as charge-transfer resistance (Rt), double layer capacitance (Cdl) and f..x were
obtained from impedance measurements and are shown in Table 4.

From the Table 4, it is clear that as the inhibitors concentration increased, the Rct values increased and the Cy
values decreased, which is due to a decrease in local dielectric constant and/or an increase in the thickness of the
electrical double layer, suggesting that the inhibitor molecules acted by adsorption at the metal/solution
interface [35]. The inhibition performance order of TTF molecules is S1 > S3 > S2. The same trend was
obtained from the weight loss and potentiodynamic polarization methods.
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Figure 3: Impedance parameters for MS in 1M HCI for various concentrations of S1, S2 and S3.

Table 4: Impedance parameter values for the corrosion of mild steel in 1M HCI.

Inhibitors C (mol/l) R; (Q.cm?) C(uflem?) n(%)
1M HCI - 15 200 -
10° 70 145 79
s1 10'[51 90 98 83
10 115 60 87
10° 160 35 a1
10° 27 179 44
- 10° 35 123 57
10" 63 76 76
10° 89 51 83
10° 45 167 67
s3 10° 62 111 76
10* 84 70 82
10° 120 47 88

Author et al., J. Mater. Environ. Sci., 2018, 9 (1), pp. 334-344

340



3.5. Quantum chemical calculations

Quantum chemical calculations are used to correlate experimental data for inhibitors obtained from different
techniques (viz., electrochemical and weight loss) and their structural and electronic properties.

Popular qualitative chemical concepts such as electronegativity [36-37] (x) and hardness [38] (1) have been
provided with rigorous definitions within the purview of conceptual density functional theory [39-41] (DFT).
Electronegativity is the negative of chemical potential defined [42] as follows for an N-electron system with
total energy E and external potential v(¥):

9E
X = —u=-gﬁlﬁ) (11)
M is the Lagrange multiplier associated with the normalization constraint of DFT [43, 44].

Hardness (1) is defined [45] as the corresponding second derivative:
R T
n= (6N )v(r) - (ON)V(F) (12)

Using a finite difference method, working equations for the calculation of x and n may be given as [46]:

A
x= (13)

n=5" (14)

2
Where | = -EHOMO and A= -ELUMO are the ionization potential and electron affinity respectively.

The fraction of transferred electrons AN was calculated according to Pearson theory [47]. This parameter
evaluates the electronic flow in a reaction of two systems with different electronegativity’s, in particular case; a
metallic surface (Fe) and an inhibitor molecule. AN is given as follows:

AN — XFe —Xinh 15
2(MFe tNinn) ( )

where yFe and yinh denote the absolute electronegativity of an iron atom (Fe) and the inhibitor molecule,
respectively; nFe and ninh denote the absolute hardness of Fe atom and the inhibitor molecule, respectively.

In order to apply the eq. 12 in the present study, a theoretical value for the electronegativity of bulk iron
was used yFe =7 eV and a global hardness of nFe = 0, by assuming that for a metallic bulk I = A because they
are softer than the neutral metallic atoms [48].

The electrophilicity has been introduced by Parr et al. [49], is a descriptor of reactivity that allows a quantitative
classification of the global electrophilic nature of a compound within a relative scale. They have proposed the ®
as a measure of energy lowering owing to maximal electron flow between donor and acceptor and ® is defined

as follows:
X 16
0="1 (16)

The Softness o is defined as the inverse of the n [50]:

Gzﬁ (17)
The FMOs (HOMO and LUMO) are very important for describing chemical reactivity. The HOMO
containing electrons, represents the ability (EHOMO) to donate an electron, whereas, LUMO haven't not
electrons, as an electron acceptor represents the ability (ELUMQO) to obtain an electron. The energy gap
between HOMO and LUMO determines the kinetic stability, chemical reactivity, optical polarizability and
chemical hardness—softness of a compound [51].
Firstly, in this study, we calculated the HOMO and LUMO orbital energies by using B3LYP method with 6-
31G. All other calculations were performed using the results with some assumptions. The higher values of
EHOMO indicate an increase for the electron donor and this means a better inhibitory activity with
increasing adsorption of the inhibitor on a metal surface, whereas ELUMO indicates the ability to accept
electron of the molecule. The adsorption ability of the inhibitor to the metal surface increases with increasing of
EHOMO and decreasing of ELUMO. The HOMO and LUMO orbital energies and image of P1 were performed
and were shown in Table 5 and Figure 5.
High ionization energy (I= 6. 06 eV, I= 6.13 and 6.41 for S1, S2 and S3 respectively) indicates high stability of
inhibitor, the number of electrons transferred (AN) was also calculated and tabulated in Table 5. The AN < 1.6
indicates the tendency of a molecule to donate electrons to the metal surface.
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Table 5: Quantum chemical parameters for S1-S3 obtained in gas phase with the DFT at the B3LYP/6-31G level.

Phase
Prameters S1 S2 S3
Total Energy TE (eV) -60486.7 65662.1 -66588.7
EHOMO (eV) -6.0621 -6.1277 -6.4085
ELUMO (eV) -3.2568 -3.4108 -3.6802
Gap AE (eV) 2.8054 2.7169 2.7283
Dipole moment p (Debye) 6.7078 5.9814 5.4165
lonisation potential 1 (eV) 6.0621 6.1277 6.4085
Electron affinity A 3.2568 3.4108 3.6802
Electronegativity 4.6594 4.7692 5.0443
Hardness 1 1.4027 1.3585 1.3642
Electrophilicity index ® 7.7389 8.3718 9.3262
Softness © 0.7129 0.7361 0.7330
Fractions of electron transferred AN 0.8343 0.8211 0.7168

Table 6 : The HOMO and the LUMO electrons density distributions of the studied inhibitors computed at

B3LYP/6-31G level in gas phase.

HOMO

LUMO

P1

P2

P3
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Conclusion

The inhibition efficiency follows the order S1 >S3> S2 in all methods employed with small differences in
their numerical values.

Both 2,3-(2-alkylthio)-6,7-bis(2-alkylthio) TTF derivatives S1, S2 and S3 are good inhibitors for mild steel
corrosion in hydrochloric acid solution, generating inhibition efficiencies in the order of S1 >S3> S2 at
concentration of 10 mol/l.

Adsorption of the TTF derivatives on the mild steel surface obeys the Langmuir’s isotherm.

The results obtained from the potentiodynamic polarization indicate that these 2,3-(2-alkylthio)-6,7-bis(2-
alkylthio) TTF act as cathodic-type inhibitors.

Quantum chemical approach is adequately sufficient to also forecast the inhibitor effectiveness using the
theoretical approach. However, it may be used to find the optimal group of parameters that might predict the
structure and molecule suitability to be an inhibitor.
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