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Abstract

The inhibitive effect of some substituted thiadiaso 2-amino-1,3,4-thiadiazoles (AT), 2-amino-
5-methyl-1,3,4-thiadiazoles (AMT), 2-amino-5-etlyB,4-thiadiazoles (AET) and 2-amino-5-
propyl-1,3,4-thiadiazoles (APT) against the comasof mild steel in formic and acetic acid is
studied theoretically using DFT at the B3LYP/6-3d{Glevel in order to elucidate the different
inhibition efficiencies and reactive sites of thesempounds as corrosion inhibitors. The
calculated quantum chemical parameters correlasethé inhibition efficiency are, {owmo,

ELumo, energy of the gapAE) and other parameters, including electronegsti{jt ), global

hardness /), global softness (S) and the fraction of eledroransferred from the inhibitor

molecule to the metallic atomAN). The calculated results are in agreement with th
experimental data. In addition, the local reagfivias been analyzed through the Fukui function
and condensed softness indices as well as Mulplogilation analysis.

Keywords. Thiadiazole, corrosion inhibitors, density funcia theory (DFT), Fukui function,
softness indices.

I ntroduction

The use of inhibitors is one of the most practivathods to protect metals against corrosion,
especially in acidic media [1]. Most efficient ibltiors are organic compounds containing
electronegative functional groups ameklectrons in triple or conjugated double bondse Th
remarkable inhibitory effect is reinforced by theegence of heteroatoms such as sulphur,
nitrogen and oxygen in the ring which facilitatés adsorption on the metal surface following
the sequence O < N < S [2]. Researchers concluatetlle adsorption on the metal surface
depends mainly on the physicochemical propertieth@finhibitor group, such as the functional
group, molecular electronic structure, electronengity at the donor atom, orbital character
and the molecular size [3-5].
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Quantum chemical calculations have been widely tisetiudy reaction mechanisms. They have
also proved to be a very powerful tool for studyiogrrosion inhibition mechanisms [6].
Recently, theoretical prediction of the efficierafycorrosion inhibitors has become very popular
in parallel with the progress in computational leace and the development of efficient
algorithms which assisted the routine developmeht nmlecular quantum mechanical
calculations [7].

Several reports have appeared in literature usiRg @s a theoretical tool in correlating
inhibition efficiency and electronic properties/raclilar structures of azoles and their derivatives
used as corrosion inhibitors. The electronic andemdar structures of 1,3,4-thiadiazole and its
derivatives have been calculated by Rodriguez-\zakteal. [8] by means of B3LYP/STO-3G
method. Such parameters as the total eneAdy, the HOMO and LUMO energies, dipole
moment, and global hardnesg)(were calculated for each one of the derivatived ,8,4-

thiadiazole, both in the gas and liquid phases.simificant differences were found for the
structures of these compounds in gaseous and Ipnades.

Feng et al. [9] performed calculations of a seffemsbled monolayer of 2-mercaptobenzothiazole
(MBT) in order to investigate the adsorbate-surfateractions by the B3LYP/6-31+GThey
calculated such parameters as the atomic chargésddautomeric forms of the MBT molecule
(i.e. thiol and thione), the HOMO and LUMO energiesl the interaction energy between MBT
and iron. They chose benzothiazole to compare é¢selts obtained by MBT. The HOMO
energies of the two forms of MBT (-624.1kJ/mol thiol form and -583.5kJ/mol for thione
form) were larger than that of benzothiazole (-6&J/mol). These results showed the
importance of the exocyclic sulphur atom in formthg self-assembled monolayers on iron. The
interaction energy calculations also predicatetl MBT chemically adsorbed on the iron surface
most probably via the exocyclic sulphur atom.

Some new 2,5-disubstituted 1,3,4-thiadiazole asos@mn inhibitors of mild steel in 1 M HCI
was investigated using the B3LYP/6-31G (d,p) (2¥j2pthod by Bentiss et al. [10]. In order to
find a correlation between experimentally determdigerrosion inhibition data and a number of
guantum molecular properties, inhibition performanaf six thiadiazole compounds (2,5-
bis(phenyl)-1,3,4-thiadiazole (DPTH), 2,5-bis(4-hmetyphenyl)-1,3,4-thiadiazole (4-MTH),
2,5-bis(4-dimethylaminophenyl)- 1,3,4-thiadiazoleATH), 2,5-bis(4-methylphenyl)- 1,3,4-
thiadiazole (4-MPTH), 2,5-bis(4-nitrophenyl)- HK3hiadiazole (4-NPTH) and 2,5-bis(4-
chloroxyphenyl)- 1,3,4-thiadiazole (4-CPTH) was jegted to correlation analysis with the
calculated quantum chemical parametersiéve, ELumo, AE and dipole moment using linear
and non-linear models to establish direct linksMeein them. The linear model was not found to
be satisfactory. A good correlation (R = 0.98) f@asd when non-linear model was used.

Ma et al. [11] studied the inhibition efficiency sélf-assembled films of 1-methyl-5-mercapto-
1,2,3,4-tetrazole (MMT) for iron using the B3LYP/NA2DZ method. In order to investigate
the adsorption between MMT and iron, they calcualdatee enthalpies, entropies and free energy
changes of the MMT/iron system. They concluded fréime results obtained from the
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calculations that MMT molecule is bound to the isurface by sharing electrons between the
nitrogen and iron atoms.

The inhibitive action of some thiadiazole deriva8y namely 2,5-bis(2-thienyl)-1,3,4-thiadiazole
(2-TTH), and 2,5-bis(3-thienyl)-1,3,4-thiadiazo® TTH) against the corrosion of mild steel in
0.5 M H:SO, was investigated by Lebrini et al. [12] using tBBLYP/6-31+G(d,p) (2d,2p)
method. The calculated the HOMO and LUMO energegrgy gap and the dipole moment of
the molecules. Small energy difference was fountmvéen Eomo and Eumo and no direct
correlation could be seen between the dipole monesetrgy gap and inhibition efficiency. Thus
they used a linear resistance model (LR) to caeelze corrosion inhibition properties with the
calculated quantum chemical parameters. A goocelation (R = 0.91) was found between the
coefficient of Eomo, ELumo @and inhibition efficiency.

Zhang et al. [13] studied the inhibition efficieesi of imidazole, benzimidazole and their
derivatives using the B3LYP/6-31Gnethod. They calculated a number of quantum chamic
parameters such asudmo, ELumo, €energy gap, charge distribution, dipole momemtd a
molecular connectivity index (MCI) which revealstiteric hindrance effect of the molecule.
According to their results, theybuo was the most statistically significant term inflearg the
corrosion inhibition efficiencies. Thus the greatbe Eiomo, the greater is the inhibition
efficiency.

The thiadiazole derivatives investigated in thisrkvinas been studied experimentally as
corrosion inhibitors for mild steel and their inkibn efficiency measured using weight loss
method, potentiodynamic polarization and electraubal impedance techniques. Results
obtained showed that 2-amino-5-propyl-1,3,4-thiadies (APT) has the highest inhibition
efficiency while 2-amino-1,3,4-thiadiazoles (AT)dw#he least inhibition efficiency [14].

The objective of this work therefore, is to presantheoretical study of the electronic and
structural parameters of thiadiazole derivativesl #me effect of these parameters on their
inhibition efficiency of corrosion of mild steeldm the data presented by Rafiquee and co-
workers [14]. Molecular orbital calculations arerfpemed looking for good theoretical
parameters to characterize the inhibition propeftynhibitors, which will be helpful to gain
insight into the mechanism of corrosion inhibitioklso from the calculations we will try to
explain which adsorption site is favoured to biodhe metal surface, the sulphur atom or the
nitrogen atom.

The investigated thiadiazole derivatives are: 2ranii,3,4-thiadiazoles (AT), 2-amino-5-
methyl-1,3,4-thiadiazoles (AMT), 2-amino-5-ethyBM-thiadiazoles (AET) and 2-amino-5-
propyl-1,3,4-thiadiazoles (APT), Table 1.
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Table 1. Name and abbreviations of the compound used.

S.No Structure Designation and abbreviation
| \‘I—IJ\ 2-amino-1, 3, 4- thiadiazole, AT
|
S ‘\# ~NH,
2 N—N 5-methyl-2- amino-1. 3. 4- thiadiazole, AMT
I
3 N—N 5-ethyl-2-amino-1, 3, 4- thiadiazole, AET
I
H:Cy” g )
4 N—N S-propyl-2-amino-1. 3. 4- thiadiazole, APT
Il
HCy g 2

Results and discussion

The chemical structures of the compounds under invatstig are presented in Table 1. The
optimized molecular structures of the studied make using hybrid DFT functional (B3LYP/6-
31G (d) are shown in Fig.1(a-d)

According to Wang et al. [15], the frontier orbgghighest occupied molecular orbital-HOMO)
and (lowest unoccupied molecular orbital-LUMO) otl@emical species are very important in
defining its reactivity. Fukui [16] first recognidehe importance of frontier orbitals as principal
factors governing the ease of chemical reactiodstla@ stereoselective path. Parr and Yang [34]
demonstrated that most frontier theory can be matied from DFT. A good correlation has
been found between the corrosion inhibition efficig and Romo that is often associated with
the electron-donating ability of the molecule.sltwell known that the adsorption of an inhibitor
on the metal surface can occur on the basis of rdacweptor interactions between the
electrons of the heterocyclic compound and the madtarbitals of the metal surface atoms [17].
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Fig. 1(a): Optimized structureof AT calculated with the B3L'Y P/6-31G(d) model chemistry

Fig. 1(b): Optimized structure of AMT calculated with the B3LYP/6-31G(d) model
chemistry
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Fig. 1(c): Optimized structure of AET calculated with the B3LYP/6-31G(d) model
chemistry

Fig. 1(d): Optimized structure of APT calculated with the B3LYP/6-31G(d) model
chemistry

A Higher value of owmo is likely to indicate a tendency of the molecwedbnate electrons to
appropriate acceptor molecule of low empty molecwebital energy. Increasing values of
Enomo facilitate adsorption and therefore enhance tlébition efficiency, by influencing the
transport process through the adsorbed layer. @nother hand, the energy of the lowest
unoccupied molecular orbital indicates the abitifythe molecule to accept electrons. The lower
the value of Eymo, the more probable it is that the molecule wouldept electrons. Concerning
the value of the energy of the gAE = Bumo — BE+omo, larger values of the energy difference
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will provide low reactivity to a chemical specidsower values of the energy difference will
render good inhibition efficiency, because the gpeto remove an electron from the last
occupied orbital will be low [18].

Table 2 shows the calculated quantum-chemical patensr which are related to the molecular
electronic structure of the molecules under comait® such as: lomo, ELumo andAE = B uywmo

— Eyomo. The values of gomo show the relation APT > AET > AMT > AT for this qquerty.
The calculations show that APT has the highest HOBM2I at -6.0031 eV. This is in a good
agreement with the experimental observations stiggethat the APT has the highest inhibition
efficiency among the investigated inhibitors. Aatiog to the experimental results obtained
from the work of Rafiquee and co-workers [14], wHeératom from AT was substituted by a
propyl group (GH+-) (i.e. transforming AT to APT), the corrosion ibttion efficiency increased
significantly. Quantum chemical calculation revetlst the substitution of H bys87- results in

a great increase of HOMO energy level (and a deered energy of the gap.dmo — E+omo)
obviously. The increase of inhibition efficiencyeadto H/GH- substitution should arise from the
increase of HOMO level, implying the ability of AR® offer free electrons to the metal surface.
The result is not surprising agky which is an alkyl group is an electron donor. Adsithe
lowest Eiomo Value, also the lowest inhibition efficiency. Thtise order of inhibition efficiency
APT > AET > AMT > AT is due the nature of the alkyloup attached to the 2-amino-1, 3, 4-
thiadizole ring.

Table2. HOMO and LUMO energies, HOMO-LUMO gap and for the studied compounds
obtained with the DFT at the B3L'YP/6-31G(d) level

Molecules Epomo(€V) ELumo(eV) AE (eV) % IE?
AT -6..331 -0.510 5.820 79.12
AMT -6.069 -0.338 5.731 82.62
AET -6.030 -0.338 5.692 86.96
APT -6.003 -0.309 5.693 90.06

% alues of inhibition efficiency in 20% acetic acti100 ppm from Ref. [14]

In addition, the values of the energy of the g&puvo — E+omo), show the relation AT > AMT

> AET = APT for this property. Value AE for AET and APT are lower and close as compared
to AT which has the highest energy gap value (Tahl&lthough molecular structures are quite
different (i.e. substitution of £is with CsH;), experimental results show that AET and APT
have somehow close values of inhibition efficien€iius, AET and APT provide an excellent
evidence to confirm the relationship between mawpE properties and their microscopic
structures.
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In order to calculate the fraction of electronsnéfarred, a theoretical value for the
electronegativity of bulk iron was useg.,=7eV [29], and a global hardness pf, = 0, by

assuming that for a metallic bulk= A [15] because they are softer than the neutral Ihteta
atoms. From Table 3, it is possible to observe thatvalues of global hardness for APT and
AET are almost similar and lower than AMT and ATowever, the fraction of electrons
transferred is the largest for APT and, in turnAET, AMT and AT. According to Lukovits
[19], if AN < 3.6, the inhibition efficiency increased wittcirasing electron donating ability at
the metal surface. In this study, APT was the hsgtonor of electrons, and the mild steel
surface was the acceptor. This result supportagiertion that the adsorption of inhibitor on the
metal surface can occur on the bases of donorptmcmteractions between theelectrons of
the heterocyclic compound and the vacant d- osbdathe metal surface [17]. According to Issa
et al. [28], adsorption of inhibitor onto a metaliurface occurs at the part of the molecule which
has the highest softness. The calculations showAR& has the highest softness similar to the
value obtained for AET whereas AMT and AT have lowalues. This result agrees well with
the experimental results obtained.

Table 3. Quantum-chemical descriptorsfor the studied compounds obtained with the DFT
at the B3LYP/6-31G (d) level

Molecules I A X n AN S

AT 6.331 0.510 3.420 2910 0.614 0.343
AMT 6.069 0.338 3.204 2.865 0.662 0.348
AET 6.030 0.338 3.184 2.846 0.670 0.351
APT 6.003 0.309 3.156 2.844 0.675 0.352

The local reactivity is analyzed by means of thedemsed Fukui function and condensed local
softness. These indices allow us to distinguishhgzert of the molecule on the basis of its
distinct chemical behaviour due to the differenbstiiuent functional groups. Thus, the site for

nucleophilic attack will be the place where theueabf f,"is a maximum. In turn, the site for
electrophilic attack is controlled by the valuefpf. The condensed local softness indi&sand

S, are related to the condensed Fukui functions thrdug 12. In Table 4, in order to obtain an

overall conception with regard to the values of Bukui functions and local softness for each
thiadizole ring (the 2 Nitrogen atoms and 1 Sulpatom including the Nitrogen of the NH
attached to the ring), their average values arptaddor comparison. It can be observed that the

order of the average values of Fukui functidfisfor the 2 Nitrogen atoms and 1 Sulphur atom

of the thiadiazole ring including the Nitrogen b&tNH, attached to the rindor the investigated
compounds is APT > AET > AMT > AT. In the same walye order of the averaged local
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softness indicesS; values is APT > AET > AMT > AT. Thus, the thiadidgaing of APT will

be more reactive than the thiadiazole ring of thigeio molecules in a nucleophilic reaction.
These results are not surprising. This is becatideeqresence of propyl group4&;-) attached
to thiadiazole ring of APT which has the ability d@nate more electrons to the ring when

compared to ethyl group §8s-), methyl group (Cht) and H attached to the thiadiazole rings of
AET, AMT and AT respectively.

Table 4. Fukui function and local softness average values for 4 atoms (2 nitrogen and 1
sulphur atom including the nitrogen of the NH; attached to the ring) of the thiadiazole and
its derivatives obtained with the DFT at the B3LYP/6-31G (d) level

Average AT AMT AET APT
fo -0.1276 -0.1203 -0.1195 -0.1193
fo -0.1555 -0.1453 -0.1419 -0.1389
S -0.0438 -0.0420 -0.0419 -0.0417
S -0.0533 -0.0506 -0.0492 -0.0488

Fig. 2 shows the highest occupied molecular orbit#OMO) and the lowest unoccupied
molecular orbital (LUMO) of the compounds underastigations. From these figures it can be
concluded that the compounds adsorbed on the teid surface by using the thiadiazole moiety
which contains the heteoatoms Nitrogen and Sulphur

HOMO of AT
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LUMO of AT

HOMO of AMT
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LUMO of AMT

HOMO of AET
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LUMO of AET

HOMO of APT
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LUMO of APT

Fig. 2. Frontier molecular orbital diagrams of AT, AMT, AET and APT by the B3LYP/6-
31G(d) model chemistry

In Table 5, the results derived from the applicaid Mulliken population analysis are reported.
The objective of this is to obtain a wider knowledgf the reactive site responsible for the
adsorption and to show whether the atom responfiblihe adsorption is nitrogen or sulphur of
the thiadiazole ring. For all the studied compouritds possible to observe that all the nitrogen
atoms of the thiadiazole ring present and the génoatom of the Nkgroup attached to the ring
have considerable excess of negative charge (Bble all the molecules studied, the sulphur
atoms present positive charges, being the greasdse of 0.207 for the sulphur atom of AT,
thus probably experiencing the greater repulsifecetowards metallic atom when the molecule
acts as a nucleophile and the least value of teéiyp® charge being 0.185 for the sulphur atom
of APT. This makes the APT to probably experienice greatest attractive effect towards
metallic atoms when the molecule acts as a nucleofgius making it to probably exhibit the
highest inhibitive effect. Thus the likely reactigentres of adsorption of the thiadiazole and its
derivatives are the nitrogen atoms. Similar obdemahas been reported by Rodriguez-Valdez
et al [8] on their study of computational simulatiof the molecular structure and properties and
properties of heterocyclic organic compounds (%{Biddiazole and its derivatives) with
possible corrosion inhibition properties.
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Table5. Mulliken population analysis obtained for the heteroatomswith the DFT at the
B3LYP/6-31G (d) level.

Molecules AN 2N 3N 1S

AT -0.207 -0.316 -0.746 0.207
AMT -0.265 -0.318 -0.756 0.186
AET -0.273 -0.317 0-757 0.186
APT -0.274 -0.318 -0.758 0.185

Materials and methods

The use of density functional theory (DFT) for ttealuation of corrosion inhibitors has been
shown to have some merits over other quantum clamiethods [20]. B3LYP, a version of the
DFT method that uses Becke’s three-parameter fumalti(B3) and includes a mixture of HF

with DFT exchange terms associated with the gradierrected correlation functional of Lee,

Yang, and Parr (LYP) [21], has been recognized @albg for systems containing transition

metal atoms [22]. It has much less convergencel@mbthan those commonly found for pure
DFT methods. Thus, B3LYP was used in this workaoycout quantum calculations. Then, full
geometry optimizations of all inhibitors were catdiout at the B3LYP/6-31G(d) level using the
Spartan’06 V112 program package. Many quantum oterparameters that indicate structural
characteristics of these organic inhibitors sucltasuo ELumo, energy gap, charge distribution

and so on, were obtained.

The recent impact of density functional theory (DHT the development of quantum chemistry
is considerable, and can be linked to achievemiest-galled “chemical accuracy” at the end of
the 1980s when gradient-corrected and hybrid foneli methods were introduced [23]. Based
on the well-known Hohenberg-Kohn theorems [24], OBduses on the electron densgyr),

itself as the carrier of all information in the raollar (or atomic) ground state.

DFT also provides a convenient theoretical framéwand has extra-ordinary potential for
calculating global and local indices that describe inherent reactivity of chemical species
guantitatively. The electronegativity has been identified as the negative of the chdmica

potentialu , which is the Lagrange multiplier in the differehtequation in DFT [25]:
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_(0E)} __
X—(aN jvm U 1)

Where E is the total electronic energy, N is thenbar of electrons, and v(r) is the external
electrostatic potential that the electrons feel wuthe nuclei.

The global hardness is defined as [26]:

GZEJ (ayj
n =[ =l o )
ON? o ON ),y
While the global softness is the inverse of thelhass [27]:
g-1_ ("_N] 3)
n \ou),,
For y andy, their operational and approximate definations[ 284
I +A
= 4
X=— (4)
I -A
=— 5
n=— (5)

X, hand Sare global properties characterizing the molecasea whole.

When two systems, Fe and inhibitor, are broughettogy, electrons will flow from lowery
(inhibitor) to higher y (Fe), until the chemical potentials become equalaAirst approximation,
the fractions of electrons transferred [29Y], will be given by:

AN — XFe _Xinh

6
2(’7Fe +,7inh) ( )

where Fe is the Lewis acid according to HSAB thg@6]. The difference in electronegativity
drives the electron transfer, and the sum of thidriesss parameters acts as a resistance [30, 31].

According to Koopman'’s theorem [32], the energiethe HOMO and the LUMO orbitals of the
inhibitor molecule are related to the ionizationtegutial, 1, and the electron affinity, A,
respectively, by the following relation [33]:

I =—Eiomo (7)

A=-Emo (8)
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The Fukui functiorf (r ) as proposed by Parr and Yang [34], is definethagpartial derivative
of the electron density(r With respect to the total number of electrons Nha&f system at the
constant external potentigr : )

(o)) _( ou
f(”’( oN jvm (av(r)]N ©)

The condensed Fukui function calculations are basethe finite difference approximation and
partitioning of the electron densityp(r between atoms in a molecular system. Yang and

Mortier [35] proposedf, calculations from atomic charges using the follogvequations:
For reaction with the electrophiles:
fi =0y — Oy (10)
For reaction with the nucleophiles:
f = Ay —dy j11

where q,, 0., and g,_are the atomic charges of the systems WithN +1and N-1

electrons, respectively. The condensed Fukui foncis local reactivity descriptor and can be
used only for comparing reactive atomic centerfiwithe same molecule.

Condensed softness indices allowing the comparwdforeactivity between similar atoms of
different molecules can be calculated easily stgrfiiom the relation between the Fukui function
f (r) and the local softnesS(r [23]:

S(r):(ap(r)j (a—NJ = f(r)S (12)
v(r) v(r)

ON ou

From this relation, one can infer that local safs@nd Fukui function are closely related, and
they should play an important role in the field adfemical reactivity. Indeed, local softness
combines the site reactivity indei(r , Yith the global softness measure, S. It can Insidered

as a distribution of global softness weighted by Bukui function over the molecule, so that it
may be considered as a softness density.

All calculations including geometry optimizationrfall structures were performed with B3LYP
exchange-correlation corrected functional [21, 36ih the 6-31G (d) basis set using the
spartan’06 V116 package [37]. As shown by De Pebtil. [38], the B3LYP function appears to

be reliable for calculatiorf (r @nd f, indices.
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Conclusion
The following conclusions can be drawn from thisdst

1. The inhibition efficiency of thiadiazole and derivatives obtained experimentally increase
with the increased indomo, and with decreased in fmo and energy of the gaph\E). APT
has the highest inhibition efficiency because d ttee highest HOMO energy andN values,
and it was most capable of offering electrons.

2. The order of the average values of Fukui fumstf,” for the 2 nitrogen atoms and 1 sulphur

atom of the thiadiazole ring including the nitrogeinthe NH attached to the rinfpr the
investigated compounds is APT > AET > AMT > AT. time same way, the order of the

averaged local softness indic8svalues is APT > AET > AMT > AT. Thus, the thiadideo

ring of APT is more reactive than the thiadiazatgy rof the other molecules in a nucleophilic
reaction confirming its highest inhibiting capaaomyen adsorbed on the mild steel surface.

3. Mulliken population analysis shows that the nastbm of adsorption between the
thiadiazole and its derivatives and the mild steface occurs mainly through the nitrogen
atoms and not the sulphur atom.
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