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Abstract

The adsorption capability of the series of some Macrocyclic Polyether compounds
containing 1, 3, 4-thiadiazole entity n-MCTH (n = 1-5), especially 3- MCTH, 4-MCTH
and 5 MCTH, and their protonated forms, was studied in the light of DFT quantum
modeling and Monte Carlo dynamics calculations. Sensitivity to corrosion has been
quantified using the degree of planarity, global and local electronic proprieties, as well
as the inhibitor strength of interaction, in neutral and protonated forms, with the (111)
iron surface in the metallic complex. The results of both approaches showed the
supremacy of the interactions of neutral and proton variants of the 5-MCTH-Fe
complexes, compared to their homologues of 3-MCTH-Fe and 4-MCTH-Fe, due to the
significant involvement of aryl rings, in addition to the thiadiazole ring, in the process
of electron donation and acceptance.

Keywords: DFT calculations; Monte Carlo dynamics calculations; global electronic
proprieties; local electronic proprieties; and complexation strength.

Introduction

The use of inhibitors is one of the best options for metals protection against
corrosion [1-2]. However, the process mechanistic is very complex, hence, the
usefulness of computational tools to elucidate the interaction between the
adsorbed inhibitor molecules and the corroding metal surface.

Most corrosion inhibitors, which slow down the corrosion rate of a metal through
the mechanism of adsorption onto the metal surface [3], are organic compounds
containing hetero atoms (such as N, O, S and P), as well as the & orbital character
of donating electrons into their carbon chain systems.

Heterocyclic systems rich in electrons, such as phenyls or thiadiazoles, have
constantly attracted the attention of researchers in the corrosion field [4-5]. The
series of 2,5-bis (n-pyridyl) -1,3,4-thiadiazoles (n-PTH: n = 2-4), 2,5-bis (phenyl)
-1,3,4-thiadiazole (DPTH), 2,5-bis (4-methoxyphenyl) -1,3 molecules,

117



A. Mahsoune et al. / Portugaliae Electrochimica Acta 40 (2022) 117-139

4-thiadiazole (4-MTH), 2,5-bis (4-dimethylaminophenyl) -1,3,4-thiadiazole
(4-DATH), 2,5-bis (4-methylphenyl) -1,3,4- thiadiazole (4-MPTH),
2,5-bis (4-nitrophenyl) -1,3,4-thiadiazole (4-NPTH) and 2,5-bis (4-chlorophenyl)
-1,3,4-thiadiazole (4-CPTH), are known for their corrosion inhibiting properties
[6]. The Electrochemical Impedance Spectroscopy (EIS) measurements of
n-PTH (n=2-4) corrosion inhibition on mild steel, in different acidic media
(1 M HCI, 0.5 M H2S0O4 and 1 M HCIO4), have detected a noticeable inhibition,
which was assigned, through primary quantum calculations, to the electron
density of heterocyclic rings N and thiadiazole ring S atoms [7]. In the same
way, the inhibition performance, on mild steel in 1 M HCI solutions, of DPTH,
4-MTH, 4-DATH, 4-MPTH, 4-NPTH and 4-CPTH, has been theoretically
investigated by using a limited number of quantum molecular descriptors, such
as dipole moment (p), highest occupied (Enomo) and lowest unoccupied (Erumo)
molecular orbitals and the differences between them (HOMO-LUMO gap) [8].
Similarly, the macrocyclic polyethers, such the series of macrocyclic polyether
compounds (n-MCTH, n: 1-5), which are shown in Fig. 1, synthesized by Bentiss
et al. [9], also exhibit an electronic richness, since they contain one thiadiazole
ring, polyether macrocyclic oxygen and two phenyls rings. Their corrosion
inhibitory effect on carbon steel in 1 M HCI has been reported earlier by the
Weight Loss Method (WLM), EIS and potentiodynamic polarization
[10, 11, 12]. It was shown that the macrocyclic polyethers inhibition efficiency
increased with their concentration in the order of 5-MCTH > 4-MCTH > 3-
MCTH > 2-MCTH > 1-MCTH. The same authors tried to predict the
experimental inhibition efficiency classification via B3LYP/6-31G (d, p) DFT
level. Based only on a limited number of global descriptors (Enomo, ELumo, AE,
i, molecular area and CCCS dihedral angle), the prediction remains very
incomplete towards a deep understanding of the anti-corrosive adsorption. That is
why we have largely explored the ab initio and molecular dynamics interaction
of the iron surface with n-MCTH, to elucidate the impact of the thiadiazole
nucleus enriched by the aromatic rings electrons, and especially that of the
oxygen atoms of the macrocycle polyether part.
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Figure 1. Series of macrocyclic polyether compounds structures (n-MCTH, n: 1-5).

Recently [13], we have tried to elucidate the mechanism of two macrocyclic
polyether compounds, 1-MCTH and 2-MCTH, and their corrosion inhibition
protonated forms, as well as the intrinsic reasons for their inhibition efficiency
classification, by using DFT and Dynamic Monte Carlo calculations. Therefore,

as a logical continuation of this work, we present ab initio and molecular
dynamics investigations of iron surface interactions with the remaining
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molecules of the n-MCTH (n = 1-5) series, which are 3- MCTH, 4-MCTH and 5
MCTH.

Calculation details

Reactivity quantum global and local descriptors

All geometry optimizations and quantum chemical calculations were performed
using B3LYP/6-31G (d,p) level [14], by means of the Gaussian 2009 [15] and
Gaussview 05 package. To model the solvation effect, the PCM
(Polarizable Continuum Model), considering the solvent as a continuum and the
solute in its cavities, was adopted [16].

As well described in our earlier work [13], quantum electronic parameters
investigation concerns:

- The molecular descriptors such as the energy of highest occupied
molecular orbital (Enomo), the energy of the lowest unoccupied molecular
orbital (EXUMO) the energy gap (AE) [17], the global hardness (n) [18], the
absolute electronegativity (), the overall softness (S), the electrophile
index (), the fraction of electrons transferred (AN) [19] and the total
exchange energy (AE) back-donation.

- The local descriptors, such as molecular electrostatic potential (MEP),
NBO charges, NBO energy of hyper-conjugative interactions [17] and
Fukui indexes (fk-, tk+ and tk0) of the nucleophilic, electrophilic and
radical attack, respectively [20] [19], knowing that fk- higher value gives
rise to a nucleophilic site, and that fk+ higher value gives rise to an
electrophilic site. The formulations of these electronic characteristics were
mentioned elsewhere [21, 22].

Dynamic Monte Carlo simulation

Likewise for n-MCTH (n:1-2) [13], the Metropolis Dynamic Monte Carlo
simulation [37-39], using the adsorption locator and Forcite codes implemented
in the Material Studio 7.0 software [23], was carried out to locate the stronger
adsorption between the inhibitor molecules and the iron surface, i.e. the higher
negative interaction energy value. Although Fe (110) plane is a densely-packed
surface, the crystallographic Fe (111) surface was chosen because of the lower
value of its formation energy [24]. The structures of all components of the
inhibitor-iron surface system were optimized with COMPASS II force field, and
the simulation box (17.89 x 17.89 x 38.34 A) was used with periodic boundary
conditions, in order to simulate a representative part of an interface. The Fe (111)
plane was next enlarged to a (9 x 9) super cell. After that, a vacuum slab with
3.0 nm thickness was built above the Fe (111) plane. To mimic the real
experimental corrosion environment, 100 molecules of water were added to the
simulation box.

Results and discussion

In addition to the solvent effect, the structural properties, mainly, the level of
planarity of n-MCTH (n = 3 - 5) molecules, and their competitive protonated
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forms, on the one hand, and their electronic properties, on the other hand, have
an impact on their inhibition efficiency.

Regioselectivity of neutral species isolated and in an aqueous solution
The optimized geometries of 3-MCTH, 4-MCTH and 5-MCTH are illustrated in

Fig. 2.
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Figure 2. Schematic representation of 2D structures and 3-MCTH, 4-MCTH and
5-MCTH optimized structures, at B3LYP / 6-31G **,

Selected geometrical parameters
As confirmed by a structural comparison of 1-MCTH and 2-MCTH, the increase
in the number of oxygen atoms in 3-MCTH, 4-MCTH and 5-MCTH makes the
ring containing oxygen less constrained. Indeed, the distance between the two
aryls increases (C24-C25 distance increases up to 0.15 A° from 3-MCTH to
4-MCTH and 5-MCTH), and the dihedral angle between the two aryls described
by C20-C3-C11-C22 decreases, until making them quasi-coplanar for 5-MCTH
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(Tables 1 and 2). It is the same with the thiadiazole ring that also becomes
coplanar with aryls, as C24-C3-C6-S7 and C25-C11-C8-S7 have reached almost
zero. However, the aqueous solvent acts against the planarity of these molecules,
as C20-C3-C11-C22 and C25-C11-C8-S7 increase up to 20 ° for S-MCTH, e.g.

Table 1. Bond distance (A) for the neutral inhibitors 3-MCTH, 4-MCTH and 5-MCTH
optimized structures and their double protonated forms (NO9H+N10H+), in vacuum (G)
and in an aqueous solution (A), at B3LYP/6-31G**.

Bonds distances 3-MCTH 3-MCTH 4-MCTH 4-MCTH S5-MCTH S5-MCTH

A) (&) A) (&) A (&) A)
C3-C6 1,462 1,46 1,469 1,468 1,467 146
C6-S7 1,749 1,758 1,753 1,752 1,754 1,756
C8-S7 1,753 1,758 1,754 1,752 1,752 1,756
C6-N9 1,323 1,316 1,317 1,316 1,315 1,33
C8-N10 1,324 1,316 1,316 1,317 1316 1,328
C8-Cl1 1,462 1,47 1,469 1,468 1,469 1,432
C24-026 1,386 1,361 1,366 1,372 1,372 1,346
C25-027 1,386 1,361 1,364 1,361 1367 1,346
N9-N10 1,354 1,355 1,352 1,359 1,353 1,357
$7-026 2,692 2,907 2,788 2,761 2,73 2,601
$7-027 2,635 2,908 2,74 2,739 2,784 2,764
N9-026 4,181 4,132 4,149 4,17 4,145 4,033
N10-027 4,114 4,131 4,129 4,109 4,064 4,065
C24-C25 6,384 6,326 6,576 6,519 6,532 6,428
C3-Cl1 5,293 5,244 5,329 5,378 5319 5317
C34-C35 1,516 1,512 1,527 1,525 1,521 1,52
C35-029 1,468 1,467 1,411 1,417 1,431 1,433
029-C36 1,454 1,456 1,425 1,43 1,42 1,424
C36-C37 1,532 1,53 1,522 1,52 1,525 1,522
041-C40 - - 1,417 1,42 1,416 1,418
C40-028 - - 1,418 1,421 1,419 1,421
028-C31 1,474 1,476 1,41 1,416 1,419 1421

Bonds distances 3-MCTH 3-MCTH 4-MCTH 4-MCTH 5-MCTH 5-MCTH

(A) N9H+N1  N9H+N1 NOH+N1 NOH+N1 NOH+N1 NO9H+N1
0H+ 0H+ 0H+ 0H+ 0OH+  OH+
(&) A) (&) (A) G (&)
C3-C6 1,464 1,462 1,468 1,462
C6-S7 1,751 1,76 1,471 1,47 1,755 1,758
C8-S7 1,755 1,76 1,755 1,754 1,753 1,758
C6-N9 1,325 1,318 1,756 1,754 1316 1,332
C8-N10 1,326 1,318 1,319 1,318 1317 1,33
C8-Cl1 1,464 1,472 1,318 1,319 1,47 1,434
C24-026 1,388 1,363 1,471 1,47 1,373 1,348
C25-027 1,388 1,363 1,368 1,374 1,368 1,348
N9-N10 1,356 1,357 1,366 1,363 1,354 1,359
$7-026 2,694 2,909 1,354 1,361 2,731 2,603
$7-027 2,637 2,91 2,79 2,763 2,785 2,766
N9-026 4,183 4,134 2,742 2,741 4,146 4,035
N10-027 4,116 4,133 4,151 4,172 4,065 4,067
C24-C25 6,386 6,328 4,131 4,111 6,533 6,43
C3-Cl1 5,295 5,246 6,578 6,521 532 5319
C34-C35 1,518 1,514 5,331 5,38 1,522 1,522
C35-029 1,47 1,469 1,529 1,527 1,432 1,435
029-C36 1,456 1,458 1,413 1,419 1,421 1,426
C36-C37 1,534 1,532 1,427 1,432 1,526 1,524
041-C40 - - 1,524 1,522 1,417 1,42
C40-028 - - 1,419 1,422 1,468 1,462
028-C31 1,476 1,478 1,42 1,423 1,755 1,758
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Table 2. Torsional angle (°) for the 3-MCTH, 4-MCTH and 5-MCTH neutral inhibitors
optimized structures and their double protonated forms (N9H+N10H+), in vacuum (G)
and in an aqueous solution (A), at B3LYP/6-31G**.

Torsional angles 3-MCTH 3-MCTH 4-MCTH 4-MCTH 5-MCTH 5-MCTH

©) (O] (A) (G) (A) (O] (A)
C24-C3-C6-S7  -8,84 -8,04 8,161 7,15 2,416 0,916
C25-C11-C8-S7  -6,62 -5,82 1,09 0,08 0,044 -1,4562
C20-C3-C11-  -1525 -14,45 9,01 8 3,795 2,295
C16-C24-C25- 11,31 12,12 4,42 3,42 -1,543 -3,043
026-N9-N10- 224 -1,44 1,39 0,38 1.233 -1,023
026 C3-C11- -6.30 -1.77 -4.30 -4,04 2318 2,827
C24-026-027-  -5,54 -4,74 -3,69 -4, -2,456 -3,956
C31-N9-N10-  -5.768 -6,19 -4.160 -5.94 -2,643 -4,143
026-029-028- 2,23 3,03 1,66 0,65 -1,583 -3,083
029-N9-N10-  -5291 -4.5 -1,38 2,39 0,273 -1,227
028-C36-C37-  -76.637 -73.054 77.694 72.464 -79.860 -79.074
042-C40-C41- 71.77 70.816 -68.819 -74.729
043-C37-C36- 67.468 67.674

3-MCTH 3-MCTH 4-MCTH 4-MCTH 5-MCTH 5-MCTH

Torsional angles \(gp N0+ NOH+N10H+ NOH+N10H+ NOH+N10H+ NOH+N10H+ NOH+N10H-+

© G) A) G) A) G) G)
C24-C3-C6-S7 -14,28 -13,409 12,926 11,903 5,169 3,383
C25-C11-C8-S7  -12,063 -11,183 5,852 4,831 2,797 -3,923
C20-C3-Cl11- -18,696 -19,81 13,775 12,75 6,548 4,762
C16-C24-C25- 5,867 6,752 9,188 8,176 -4,296 -5,51
026-N9-N10- -7,683 -6,808 6,15 5,138 3,23 -2,49
026 C3-Cl11- 9,421 8,452 -9,065 -8,794 4,023 5,294
C24-026-027- -10,983 -10,103 -8,454 -9,457 -4,209 -6,423
C31-N9-N10- -7,433 -6,553 -5,461 -5,069 -4,396 -5,61
026-029-028- -3,215 -2,33 6,423 5,402 -4,336 -4,55
029-N9-N10- -10,734 -9,868 -6,145 -7,14 3,026 -2,694
028-C36-C37- -65.032 -69.298 71.346 74.777 -63.111 -62,983
042-C40-C41- 72.497 72.363 -67.835 -67,271
043-C37-C36- 64.087 64,152

Taking into account the structural aspect, 5-MCTH can be considered the most
appropriate corrosion inhibitor, because it has a very planar first molecular part,
and a second part with a large recovering surface. In comparison with the
available experimental data, 4-MCTH X-ray crystallographic data show that its
structure belongs to the C 2/c space group of the monoclinic system, and that it is
practically plane. Moreover, the phenyl rings are shifted relative to the
thiadiazole ring by an angle equal to 4.93°. In addition, a weak hydrogen bond
connects the polyether macrocyclic oxygen and phenyls, providing
two-dimensional stability of the crystalline system [10].

Molecular quantum chemical parameters

The results presented in Fig. 3 show that HOMO is delocalized throughout all
aryl and thiadiazole rings, except the S atom of thiadiazole, and C16, C18, C20
and C22 of aryl rings, which are excluded from the electron donation regions.
LUMO is spread out on all the aryl and thiadiazole rings, providing them high
tendency to accept electrons from nucleophilic species. However, the formation
of the LUMO orbital does not involve the Pz orbitals participation. Moreover,
oxygen atoms are less concerned by the electrons transfer effect.
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Figure 3. HOMO and LUMO 3-MCTH, 4-MCTH and 5-MCTH neutral inhibitors and
their double protonated forms (NO9H+N10H+), in vacuum, at B3LYP/6-31G**.

Molecular quantum parameters allow us to have more information about the
global reactivity of inhibitors and their potential to interact with the metal. From
Table 3, we notice that 5-MCTH has the highest Enomo, indicating its ability to
easily give electrons to electrophilic sites, and its higher reactivity with the lower
AE gap, as ELumo remains practically constant. The molecular reactivity could
also be expressed by the global softness values and the fraction of electrons (AN)
transferred from the inhibitor to iron, knowing that the latter would preferentially
interact with inhibitors having high S and low n (n= AE /2) values.

Table 3. Some quantum chemical parameters for the 3-MCTH, 4-MCTH and 5-MCTH
neutral inhibitors, in vacuum (G) and in an aqueous solution (A), at B3LYP/6-31G**.

Inhibitor ® Eunomo ELuvmo AE n % S Q AN  Ems EwL

3-MCTH G -59 -1,63 427 5,17 3,765 0,468 3,32 0,758 99,1 99
A 577 -1,621 4,149 7,721 3,696 0,482 3,292 0,796

4-MCTH G -5,77 -1,61 4,16 6,19 3,69 0,481 3,273 0,796 99,2 99,2
A -5739 -1,581 4,158 7,823 3,66 0,481 3,222 0,803

5>-MCTH G -5,65 -1,59 4,06 7,08 3,62 0,493 3,228 0,833 99,35 99,5
A 5,632 -1,569 4,063 8,763 3,601 0,492 3,191 0,837

With higher S and AN, 5-MCTH is more reactive than the other inhibitors, which
is confirmed by its lower electronegativity and larger dipole moment that informs
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about the molecule polarity [25]. The decrease in the electronegativity value
leads to a decrease in the global electrophilicity index, and, therefore, to an
increase in the nucleophylic character, as the good nucleophile is characterized
by lower o value.

All energy values are in ev, the dipole moment (p) is in Debye, S is the global
softness in ev’!, and Egis and Ewr are the average experimental percentage
inhibition efficiency (%), obtained, respectively, from electrochemical
impedance spectroscopy and weight loss method, as given in [10-12].

As expected, the solvent addition substantially increases the molecules dipole
moment, as their polarity changes seriously. It also reduces significantly the
electrophilicity index (), while only a slight fluctuation has reached the other
parameters, without any change in the reactivity classification order.

Combining these results with those of the frontier orbital picture analysis for
molecules isolated and in the aqueous solution, we can conclude that 5-MCTH is
more reactive in both gaseous and aqueous phases.

Table 4. Condensed Fukui functions on the 3-MCTH, 4-MCTH and 5-MCTH neutral
inhibitors atoms, in vacuum (G) and in an aqueous solution (A), at B3LYP/6-31G**.

3-MCTH 3-MCTH 4-MCTH 4-MCTH 5-MCTH 5-MCTH
(®) (A) (®) (A) (®) (A)

Atom  fk+ fk- fk+ fk- fk+ fk- fk+ fk- fk+ fk- fk+ fk -

1C 0,050 0,053 0,051 0,053 0,051 0,054 0,051 0,054 0,051 0,054 0,051 0,054
2C 0,021 0,014 0,024 0,014 0,022 0,015 0,022 0,015 0,022 0,015 0,022 0,015
3C 0,052 0,050 0,055 0,050 0,053 0,051 0,053 0,051 0,053 0,051 0,053 0,051
6 C 0,044 0,038 0,047 0,038 0,045 0,039 0,045 0,039 0,045 0,039 0,045 0,039
7S 0,185 0,082 0,183 0,081 0,170 0,080 0,176 0,078 0,188 0,087 0,186 0,084
8C 0,044 0,038 0,047 0,038 0,146 0,101 0,146 0,101 0,146 0,101 0,146 0,101
9N 0,043 0,056 0,046 0,056 0,045 0,039 0,045 0,039 0,045 0,039 0,045 0,039
10N 0,043 0,056 0,046 0,056 0,044 0,057 0,044 0,057 0,044 0,057 0,044 0,057
11C 0,052 0,050 0,055 0,050 0,044 0,057 0,044 0,057 0,044 0,057 0,044 0,057
12C 0,021 0,014 0,024 0,014 0,053 0,051 0,053 0,051 0,053 0,051 0,053 0,051
14C 0,050 0,053 0,053 0,053 0,022 0,015 0,022 0,015 0,022 0,015 0,022 0,015
16C 0,021 0,017 0,024 0,017 0,051 0,054 0,051 0,054 0,051 0,054 0,051 0,054
18C 0,021 0,017 0,024 0,017 0,023 0,018 0,023 0,018 0,023 0,018 0,023 0,018
20C 0,039 0,031 0,042 0,032 0,023 0,018 0,023 0,018 0,023 0,018 0,023 0,018
22C 0,039 0,031 0,042 0,032 0,040 0,032 0,040 0,033 0,040 0,032 0,040 0,033
24C 0,035 0,033 0,038 0,033 0,040 0,032 0,040 0,033 0,040 0,032 0,040 0,033
25C 0,035 0,033 0,038 0,033 0,036 0,034 0,036 0,034 0,036 0,034 0,036 0,034
260 0,005 0,014 0,008 0,014 0,036 0,034 0,036 0,034 0,036 0,034 0,036 0,034
270 0,005 0,014 0,008 0,014 0,006 0,015 0,006 0,015 0,006 0,015 0,006 0,015
280 0,012 0,017 0,015 0,017 0,006 0,015 0,006 0,015 0,006 0,015 0,006 0,015
290 0,001 0,001 0,004 0,001 0,013 0,018 0,014 0,018 0,013 0,018 0,014 0,018
30C 0,018 0,010 0,020 0,016 0,014 0,026 0,036 0,034 0,036 0,034 0,038 0,030
31C 0,008 0,008 0,010 0,018 0,004 0,006 0,006 0,004 0,006 0,004 0,008 0,012
34C 0,004 0,001 0,006 0,005 0,012 0,009 0,003 0,009 0,004 0,0074 0,004 0,008
35C 0,008 0,010 0,007 0,008 0,008 0,007 0,006 0,005 0,006 0,005 0,008 0,005
C36 0,003 0,002 0,004 0,004 0,009 0,009 0,003 0,008 0,004 0,008 0,004 0,008
C37 0,008 0,006 0,007 0,009 0,007 0,006 0,006 0,006 0,006 0,005 0,069 0,008

C38 - - - - 0,007 0,006 0,006 0,005 0,006 0,005 0,007 0,007
C39 - - - - 0,005 0,007 0,006 0,005 0,006 0,006 0,016 0,004
C40 - - - - 0,002 0,002 0,002 0,002 0,002 0,002 0,002 0,002
041 - - - - 0,025 0,023 0,020 0,020 - - - -

042 - - - - - - - - 0,036 0,034 0,036 0,034
043 - - - - - - - - 0,006 0,015 0,006 0,015
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Local reactivity and population analyses
Local reactivity based on FUKUI indices
It can be seen from Table 4, for the three molecules, that the atoms which are the
most susceptible sites for the nucleophilic or electrophilic attacks belong to the
thiadiazole and aryls rings, as they present tk+ and fk- high values, such as Cl1,
C3, C6, C8, C11, N9, N10, C11 and C14.

Molecular Electrostatic Potential

The MEP surface picture of the three molecules, given in Fig. 4, reveals that the
region of high negative charges (sites rich in electrons, represented by the red
colour) is seen around the N9 and N10 nitrogen atoms that are susceptible to an
electrophilic attack.

3-MCTH 4-MCTH

\‘ A
<y ?‘ga ?Jé‘h‘..\

2 @

3-MCTHN9H-+N10H+ 4-MCTHN9H+N10H+

Figure 4. Molecular electrostatic potential contour map (MPE) for the 3-MCTH,
4-MCTH and 5-MCTH neutral inhibitors optimized structures and their double
protonated N9H+N10H+ optimized forms, in vacuum (G), at B3LYP/6-31G**.
(Red: strong negative electrostatic potential (EP); yellow: moderately negative EP; blue:
strong positive EP; green: moderately positive EP.

The protonation process of these two sites confirms this, since it weakens their
electronic abundance, making them strongly positive, with high electrostatic
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potential energy value, represented by the blue colour. Moreover, the MEP
surface also shows a substantial distribution of negative charge in the central
oxygen atom, compared to the peripheral oxygen atom for 4-MCTH, as found for
2-MCTH in previous work, i.e. when the oxygen atoms number is odd [13].

It should be noted, though, that C8 fk+ and fk- became more important for
4-MCTH and  5-MCTH, compared to those of 3-MCTH
(about 0.15, instead of 0.04), and that C14 fk+ and fk- decreased remarkably
from 0.05 (3-MCTH) to 0.02 (4-MCTH and 5-MCTH), while their values
increased from 0.02 to 0.05, for C12 and C16. On the other hand, the sulphur site
has important tk+ values, of the order of 0.18, for 4-MCTH and 5-MCTH, and of
0.17, for 3-MCTH, which implies that sulphur is more susceptible to receive
electrons than to donate them to the metal surface. Concerning the solvent effect
on these indices, we noted that water, as solvent, had no significant effect on the
local reactivity.

As it can be seen, the results of the local reactivity based on Fukui indices
corroborate those obtained by the HOMO and LUMO analysis.
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Figure 5. NBO charges of the optimized neutral inhibitors 3-MCTH, 4-MCTH and
5-MCTH in vacuum, at B3LYP/6-31G**,
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Natural population atomic charges and natural bond orbital analyses

The distribution of the molecular charge in terms of NPA
(Natural Charge Population Analysis) is shown in Fig. 5. The partial atomic
charges of nitrogen take a value of the order of -0.3, while those of oxygen are
comparable to -0.5, for the three inhibitors.

With regard to the NBO analyzes, Table 5 shows that the strongest
intramolecular charge transfer concerns the nCC - n*CC transition within the
same phenyl radical, with a stabilization energy of approximately 24 kcal/mol,
which concerns wC12C22- n*C14C18, for 3-MCTH and 5-MCTH, and
nC3C20 - n*C16C24, for 4-MCTH.

Table 5. Second Order Perturbation theory analysis of Fock matrix in NBO basis for
3-MCTH, 4-MTCH and 5- MCTH, at B3LYP/6-31G**. (E(2) means energy of hyper
conjugative interactions).

E(2)(kcal/mol)
Donors Type Acceptors Type
3-MTCH 4-MCTH 5-MCTH
Cl-C2 n  C3-C20 m* 20,57
Cl6 - C24 m* 20,01
Cl1-Cl16 n  C2-C20 m* 17,85
C3-C24 w* 22,12
C2-C20 n Cl-Cl6 m* 22,12 21,38
C3-C24 m* 19,04 18,54
C3-C20 n Cl-C2 w* 18,96
C6 -N9 w* 14,16
Cl6 - C24 m* 24,18
C3-C24 n Cl-Clé6 w* 18,77 19,29
C2-C20 w* 19,65 19,54
C6 -N9 m* 18,4 18,28
C6 - N9 n  C8-NI10 ¥ 9,29 13,73
C8-N10 n  C6-N9 w* 9,74 13,65
Cl1-C25 w* 9,12
Cl1-C22 = C8-NI10 ¥ 14,82
Cl18-C25 w* 21,19
C11-C25 n  Cl2-C22 n* 21,16 20,76
C8-N10 m* 19,2 20,11
Cl4-C18 m* 18,37
Cl2-C14 o Cl1-C22 w* 21,5
C18-C25 m* 21,52
Cl12-C22 = Cl11-C25 m* 18,41 17,65
Cl4-C18 m* 24,28 24
Cl4-C18 = Cl1-C25 w* 23,08 23,66
Cl2-C22 m* 16,74 16,16
Cl6e-C24 =n Cl-C2 m* 19,69
C3-C20 w* 19,98
Cl18-C25 =w Cl1-C22 m* 17,4
Cl2-Cl4 m* 18,8

Regioselectivity of isolated protonated species and in an aqueous solution

By comparing the proton affinity (PA) at the different possible sites for 1-MCTH
and 2-MCTH, we have shown that the protonation and double protonation on N9
and N10 nitrogen atoms are preferred to those on O26 and O27 oxygen atoms.
Moreover, the aqueous solvation had a stabilizing effect on the protonation
process, and preserved the same order of protonation preference. For these
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reasons, we have considered, for these three molecules, only the double
protonation on nitrogen atoms.

The 3-MCTHN9H+N10H+, 4-MCTHNOH+N10H+ and 5-MCTHN9H-+N10H+
optimized geometries are shown in Fig. 6. The evaluations of the proton affinity
[26] show that the protonation process is exothermic, meaning that all inhibitors
have a tendency for protonation. It should be also noted that the proton affinity
(PA) became more  important for 5-MCTHNOH+NIOH+  and
4-MCTHNOH+N10H+.

PA _
Molecule (Kcal/mol) Optimized structure
PA (G) =-354,542
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Figure 6. Double protonated N-N species of 3-MCTHNOH-+NI1OH+,
4- MCTHNOH+NI10H+ and 5- MCTHN9H+N10H+, in vacuum (G) and in an aqueous
solution (A), at B3LYP/6-31G**, and the corresponding proton affinity values
(kcal/mol).

Selected geometrical parameters

The geometric parameters selected for the double protonated species are also
reported in Tables 1 and 2. The double protonation on N9-N10 resulting in
n-MCTHNOH + NI10H+ (n = 3-5) did not show any significant variation in
binding lengths, including those sensitive to double protonation in 1-MCTH and
2 —MCTH, such as C3-C6 and C11-C8, separating the aromatic rings from the
thiadiazole ring, as well as C6-N9 and C8-N10, within the thiadiazole ring, and
the interaomic distance between the two C24-C25 phenyls. In the same context,
the double protonation on the two nitrogen atoms had a variation not exceeding
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5° on the torsion angles between the two aromatic rings, expressed by
C20-C3-C11-C22 or C16-C24-C25-C18, and the twist angle between the
thiadiazole ring and the aromatic rings, expressed by C24-C3-C6-S7 or
C25-C11-C8-S7.

As a result, and contrary to 1-MCTH and 2-MCTH, n-MCTHN9H + N10H
(n = 3-5) does not appear to have a degree of planarity very different from its
neutral counterparts (Fig. 7). The same observation can be made for the solvation
of protonated double nitrogen species, since we have not found any significant
effect on the degree of planarity, although it acts on the bond lengths.
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Figure 7. Planarity influencing factor in 3-MCTH, 4-MCTH and 5-MCTH neutral
inhibitors and in their double protonated forms, at B3LYP/6-31G**. The region
between the dotted lines represents the metal surface.

Quantum chemical parameters of protonated forms isolated and in aqueous
solutions

Table 6 reports quantum chemical parameters values of n-MCTHN9H + N10H+
(n = 3-5) optimized structures, in gaseous (G) and in aqueous (A) solutions. We
note that Enomo and ELumo are lower than those of the neutral forms, suggesting
that protonation decreases the inhibitor tendency to donate electrons, and
increases its tendency to accept electrons, which is confirmed by AN negative
values, indicating that the electronic exchange is more favorable from the metal
towards the protonated inhibitor. With a lower AE value and, thus, a higher
global softness, S, the protonated species are more reactive than the neutral
forms. The electrophilicity character also increases considerably with
electronegativity.

With regard to the solvent effect on the protonated species molecular properties,
the reactivity expressed by the protonated species AE or S is lower than that of
the protonated species without solvent. Additionally, the electrophilicity
character also decreases drastically, as well as electronegativity. It should also be
noted that the AN values, which are negative for the isolated protonated forms,
become positive under the solvent effect, reflecting the possibility of inversion
on the exchange direction, i e, from the metal to the inhibitor. In addition, the
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protonation reduces the HOMO orbital space, essentially on the aryl and
thiadiazole ring side, thus reducing the cation ability to give electrons, while the
same zone remains enriched by electrons in LUMO (Fig. 3).

We can conclude, in the light of the quantum parameters obtained for the
n-MCTH (n = 3-5) protonated forms, that these are more reactive, in terms of
electron acceptance, than the neutral forms; however, the solvent moderates their
reactivity. This can be confirmed by the HOMO and LUMO orbitals shape.

Table 6. Some quantum chemical parameters for the 3-MCTH, 4-MCTH and 5-
MCTH optimized protonated inhibitors, in vacuum (G) and in an aqueous solution (A),
at B3LYP/6-31G**.

Inhibitor Enomo ErLumo AE n % S Q AN Eeis  EwL

3-MCTHNH+NH+ - -7,03 3,954 6,55 9,007 0,506 20,517 -0,508 99,1 99
-8,352 -4,253 4,099 8,391 6,303 0,488 9,691 0,17
- -7,01 3,798 7,089 8,909 0,527 20,898 -0,503 99,2 99,2
-8,299 -4,384 3,915 8,563 6,342 0,511 10,272 0,168

-7,001 3,767 8,112 8,885 0,531 20,954 -0,5 99,35 99,5

-8,26  -4,358 3,902 9,367 6,309 0,513 10,201 0,177

(]

G
A
4- MCTHNH+NH+ G
A
5- MCTHNH+NH+ G
A

All energy values are in ev, the dipole moment (p) is in Debye, S is the global
softness in ev’!, and Egis and Ewr are the average experimental percentage
inhibition efficiency, obtained, respectively, from electrochemical impedance
spectroscopy and weight loss method, as given in [10, 12].

Table 7. B3LYP/6-31G** interaction energies of the 3-MCTH, 4- MCTH and 5-MCTH
neutral inhibitors optimized structures, in vacuum (G) and in an aqueous solution (A),
with the iron surface.

Complexes (G) Fe 3-MCTH Fe-Ny Fe-N1wo Fe-(NoNio)
Total energy (a.u.) -123,253  -1314,602 -1437,799 -1437,798  -1437,765
Interaction energy (a.u.) - - 0,05642 0,05742 0,09042
Interaction energy(kcal/mol) - - 35,409 36,036 56,744
Complexes (A) Fe 3-MCTH Fe-No Fe-N1o Fe-(NoN1o)
Total energy (a.u.) -123,253  -1324,601 -1447,798 -1447797  -1447,764
Interaction energy (a.u.) - 0,056 0,057 0,09
Interaction energy(kcal/mol) - 35,124 35,751 56,449
Complexes (G) Fe 4-MCTH Fe-No Fe-Nio Fe-(NoN1o)
Total energy (a.u.) -123,253  -1370,632 -1493,819 -1493,8195 -1493,79
Interaction energy (a.u.) 0,06642  0,06592 0,09642
Interaction energy (kcal/mol) 41,684 41,37 60,509
Complexes (A) Fe 4-MCTH Fe-No Fe-Nio Fe-(NoN1o)
Total energy (a.u.) -123,253  -1380,631 -1503,818 -1503,8194 -1503,789
Interaction energy (a.u.) 0,066 0,0646 0,095
Interaction energy (kcal/mol) 41,3959 40,5178 59,5851
Complexes (G) Fe 5-MCTH Fe-Ny Fe-Nio Fe-(NoN1o)
Total energy (a.u.) -123,253  -1425,632 -1548,797 -1548,7973 -1548,759
Interaction energy (a.u.) 0,08842 0,08812 0,12642
Interaction energy (kcal/mol) 55,489 55,3 79,334
Complexes (A) Fe 5-MCTH Fe-No Fe-Nio Fe-(NoNi1o)
Total energy (a.u.) -123,253  -1435,631 -1558,796 -1558,7972 -1558,758
Interaction energy (a.u.) 0,088 0,0868 0,126
Interaction energy (kcal/mol) 55,195 54,442 79,029
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Metal-inhibitor interaction mechanism in vacuum and with the solvent effect
After having studied the competitiveness between active sites within the same
inhibitor, the competitiveness between neutral and protonated forms, and the
solvent effect, we were able to deepen our understanding of the inhibition
mechanism through the DFT and dynamic Monte Carlo (MC) study of
complexation between corrosion inhibitor and iron surface [27].

Table 8. B3LYP/6-31G** interaction energies of the neutral inhibitors 3-MCTH,
4- MCTH double nitrogen protonated forms, in vacuum (G) and in an aqueous solution
(A), with the iron surface.

Complexes (G) Fe SMCTHNoH+N1oH+ Fe-Ny Fe-Nio Fe-(NoN10)
Total energy (a.u.) -123,253  -1583,541 -1706,764 -1706,766 -1706,711
Interaction energy (a.u.) 0,03 0,028 0,083
Interaction energy (kcal/mol) 18,848 17,593 52,081
Complexes (A) Fe 3MCTHNoH+N1oH+  Fe-Ny Fe-N1o Fe-(NoN1o)
Total energy (a.u.) -123,253  -1593,54 -1716,763 -1716,765 -1716,71
Interaction energy (a.u.) 0,03 0,028 0,083
Interaction energy (kcal/mol) 18,8163 17,5619 52,0585
Complexes (G) Fe 4MCTHNY9H+N10H+ Fe-No Fe-Nio Fe-(N9N1o)
Total energy (a.u.) -122,253  -1727,753 -1850,973 -1850,974 -1850,92
Interaction energy (a.u.) 0,033 0,032 0,086
Interaction energy (kcal/mol) 20,395 19,768 53,637
Complexes (A) Fe 4MCTHN9H+N10H+ Fe-No Fe-Nio Fe-(N9N1o)
Total energy (a.u.) -121,253  -1737,751 -1860,972 -1860,973 -1860,9199
Interaction energy (a.u.) 0,032 0,031 0,0841
Interaction energy (kcal/mol) 20,0708 19,4435 52,7485
Complexes (G) Fe SMCTHN9H+N10H+ Fe-No Fe-Nio Fe-(N9N1o)
Total energy (a.u.) -120,253 -1832,283 -1955,501 -1955,5 -1955,44
Interaction energy (a.u.) 0,035 0,036 0,096
Interaction energy (kcal/mol) 21,8749 22,502 60,134
Complexes (A) Fe SMCTHN9H+N10H+ Fe-No Fe-Nio Fe-(N9N1o)
Total energy (a.u.) -119,253  -1842,282 -1965,501 -1965,5 -1965,44
Interaction energy (a.u.) 0,034 0,035 0,095
Interaction energy (kcal/mol) 21,3252 21,9524 59,5851
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Figure 8. B3LYP/6-31G** interaction energies of the 3-MCTH, 4-MCTH and  5-
MCTH neutral inhibitors optimized structures and the optimized double nitrogen
protonated forms, in vacuum (G) and in an aqueous solution (A).
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Complexation DFT calculation

In this part, we evaluated the interaction energy of neutral forms, and of their
double nitrogen protonated forms, with the iron metal reduced to a single Fe
atom. From the results collected in Tables 7 and 8 and illustrated as a histogram
in Fig. 8, we noted, for each molecule, the importance of the interaction
involving two nitrogen atoms, compared to that involving one of them, and the
importance of the interaction involving a neutral form compared to that of a
protonated form. Moreover, we noted the supremacy of the interaction of
5-MCTH neutral and protonated variants over that of their 3-MCTH and
4-MCTH counterparts, which in turn are superior to the interaction of 2-MCTH
and 1-MCTH [13].

The comparison of the molecular quantum descriptors of the formed complexes
is an additional confirmation (Table 9). Indeed, the complexes AE and hardness
(n) increase, and their electronegativity (%) and electrophilicity () decrease,
from 3-MCTH / (N9 NI10)-Fe to 5-MCTH / (N9 N10)-Fe, confirming the
stability of the latter. Table 8 results confirmed also the strength of the
complexation due to neutral forms, compared to that due to protonated ones.

We also found that the lengths of the N-Fe bonds decreased with the increase in
interaction force, particularly when the Fe atom was simultaneously bonded to
N9 and NI10. Indeed, Fig. 9 shows this decrease, ranging from 1.953A° to
1.897A° (taken on the average of the two NH lengths), in 3-MCTH and
5-MCTH, respectively, for the neutral forms.

Fig. 9 also shows HOMO, LUMO and total electron density for Fe inhibitor
complexes. It confirms the stabilizing effect of the Fe-(NN) interaction in the
complex, compared to the Fe-N interaction. However, the supremacy of the
interaction of 5-MCTH, compared to the two others, remains hardly perceptible
in a visual way, if we exclude the slight reduction of the molecular orbital
HOMO or LUMO, from 3-MCTH to 5-MCTH.

Table 9. Some optimized quantum chemical parameters for the Fe-inhibitor complexes
and Fe-protonated inhibitor complexes, in vacuum (G).

Fe-inhibitor complexes Enomo ELumo u AE X 1 [0)
3-MCTH /(N9N10)-Fe -7,541 -2,389 5,342 5,152 4,965 2,576 4,785
4-MCTH /(N9N10)-Fe -7,583 -2,373 4,645 521 4,978 2,605 4,756
5-MCTH /(N9N10)-Fe -7,525 -2,282 5,234 5243 4,904 2,622 4,586

3-MCTH N9H+N10H+ /(N9N10)-Fe -7,142 -2,421 7,367 4,721 4,782 2,361 4,843
4-MCTH N9H+N10H+/(N9N10)-Fe =~ -7,235 -2,346 6,884 4,880 4,791 2,445 4,694
5-MCTHNOH+N10H+ /(N9ON10)-Fe  -7,223 -2,304 6,804 4,919 4,764 2,46 4,613

Dynamic Monte Carlo study of complexation

We point out first that the Dynamic Monte Carlo was performed to look for the
lowest configuration adsorption energy of the inhibitor molecules interactions
with the iron surface. It provides some vital parameters, such as total surface
energy (Erwtal), which is the summation of all the adsorbate components energies
[28][29]. It also furnishes the inhibitor adsorption energy (Eadss) and dEad/dNi
energy required when one mole of it is adsorbed onto the metallic surface [30].
This informs about the interaction strength between the inhibitor and the metallic
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surface, knowing that an inhibitor with more negative Eaqs or dEad/dNi values
acts as better adsorbate onto the Fe(111) surface [31].
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It is quite clear from Table 10 that the total energies of the neutral and protonated
forms in vacuum and aqueous phases increased in the order: 5-MCTH <4-MCTH
< 3-MCTH. This ordering indicates that 5-MCTH is the most stable among the
three inhibitors. Furthermore, we notice that all the E.4s values are negative,
which suggests that the neutral and protonated forms can strongly adsorb onto
the Fe (111) surface. It should be also noted that 5-MCTH-Fe and its protonated
5-MCTHN9H+N10H+-Fe counterpart have the lowest adsorption energy value
in both vacuum (G) and aqueous phases, which confirms the supremacy of their
interactions over their 3-MCTH-Fe and 4-MCTH-Fe homologues complexes.

Table 10. Evaluation by Monte Carlo simulation, in vacuum and aqueous phases, of the
descriptors of the adsorption configurations onto Fe (111), for 3-MCTH, 4-MCTH and
5-MCTH and their doubly protonated forms at the nitrogen level (all values in kcal /
mol).

Total Adsorption Rigid Deformation dEad/ dEad

energy energy adsorption energy dNi /dNi
energy inhibitor H20
Fe(111)/3-MCTH -956,98  -1162,04 -1134,58 -27,46 -204,34
Fe(111)/4-MCTH -1002,46  -1199,97 -1185,29 -14,68 -216,78
Fe(111)/5-MCTH -1096,48 -1264,8 -1257,57 -7,23 -249,56
Fe(111)/3-MCTH/100 H20 -944.64  -1137.80 -1112.76 -25.04 -209.03
Fe(111)/4-MCTH/100 H20 -994.12  -1180.80 -1168.21 -12.58 -219.03 -
Fe(111)/5-MCTH/100 H20 -1084.14 -1248.25 -1240.60 -7,65 -252,82 -
Fe(111)/3-MCTH(NH+)2 -927,23  -1137.80 -1112,76 -25.04 -209.03 -
Fe(111)/4-MCTH(NH+)2 -992,19  -1180.80 -1168,22 -12.58 -219.03 -
Fe(111)/5-MCTH(NH+)2 -1078,35 -1248.25 -1240,6 -7,65 -252,82 -
Fe(111)/3-MCTH(NH+)2/100 H:0  -931,57  -1140,23 -1114,12 -26,11 -206,59
Fe(111)/4-MCTH(NH+)2/100 H20  -997,08  -1183,25 -1170,27 -12,98 -216,59 -
Fe(111)/5-MCTH(NH+)»/100 H20  -1085,27  -1249,33 -1241,48 -7,85 -250,38 -

The top and side views of the equilibrium adsorption configurations of 3-MCTH,
4-MCTH and 5-MCTH inhibitors and their protonated forms, onto the Fe (111)
surface, in both vacuum (G) and in the aqueous phase (A) (100 H20), are shown
in Fig. 10. Here, we notice easily that the maximum surface recovery is achieved
by the parallel adsorption of all inhibitor molecules or protonated forms onto the
Fe (111) surface, in both vacuum (G) and the aqueous phases (A). That is why
the degree of planarity is a key element in the adsorption efficiency.

From Table 11, collecting the distance between nitrogen atoms and the nearest Fe
atom of the Fe (111) surface, it can be emphasized that 5-MCTH, in both neutral
and protonated forms, has the lowest distance between nitrogen and the nearest
Fe-N surface.

Table 11. Distance between nitrogen atoms and the nearest Fe atom of the Fe (111)
surface.

SMCTH 3MCTH 4MCTH- 4MCTH S5MCTH- SMCTH
-Fe (NH+)2-Fe Fe (NH+)2-Fe Fe (NH+)2-Fe
Fe-N* (A°) 3,122 3,361 3,056A 3,175 2,958 3,067
FeN*/100H20 (A°) 3,131 3,392 3,110A 3,201 3,014 3,195
*When N9 and N10 are not equivalent, the distance considered is that separating the

nearest Fe atom from the middle of the NN bond.
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Figure 10. Top and side views of the stable adsorption configurations of 3-MCTH,
4-MCTH and 5-MCTH inhibitors and their protonated forms onto the Fe(111) iron
surface, in vacuum (G) and in the aqueous phase (A) (100 H20).
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Conclusion

By combining local and global electronic properties for molecules isolated and in
an aqueous solution, we can conclude that 5-MCTH is more reactive in both
vacuum and aqueous phase, due to the significant involvement of aryl and
thiadiazole rings, in the process of electron donation and acceptance. Moreover,
based on the quantum parameters evaluation, the protonated forms are more
reactive, in terms of electron acceptance (with a notable superiority of the
5-MCTHNO9H +N10H +), than the neutral forms; however, the solvent moderates
their reactivity.

In deepening our understanding of the Fe (111) surface complexation
mechanism, the results of both DFT and molecular dynamics Monte Carlo
approaches showed the importance of the interaction involving a neutral form
compared to that of a protonated form, and the supremacy of the interaction of
5-MCTH neutral and protonated variants, compared to their 3-MCTH-Fe and
4-MCTH-Fe complexes homologues.
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