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ABSTRACT

Quantum chemical calculations have been employedttfe inhibition efficiencyof two substituted 1,3,4-
oxadiazoles namely2,5-bis(2-pyridyl)-1,3,4- oxadiazole (POX) and BjS(2-hydroxyphenyl)-1,3,4-oxadiazole
(HPOX) on mild steel have been investigated thexaiéy using density functional theory (DFT) &et B3LYP/6-
31G(d,P) basis set level in order to elucidate thiferent inhibition efficiencies and reactive sitef these
compounds as corrosion inhibitors. The calculategiantum chemical parameters correlated to the itioit
efficiency are the frontier molecular orbital eges Eomo (highest occupied molecular orbital energy)uko
(lowest unoccupied molecular orbital energy), @yegap 4E), dipole momentyj and the other parameters
including global hardnessy), global softness (S), the absolute electronetgt(y), the electrophilicity index«f)
and the fractions of electrons transferredN) from the inhibitor molecule to the metallicoat. The local
reactivity has been analyzed through the condefsgdi function and condensed softness indices udinijken
population analysis. The calculated results aragneement with the experimental data.

Keywords. OxadiazolesCorrosion inhibition, reactivity, DFT, Fukui futien, softness indices.

INTRODUCTION

Corrosion of mild steel is an inevitable procesatthroduces a deterioration of materials and tpedperties
resulting in massive economic losses especiallynwheccurs in aggressive media like hydrochloadg1]. In
view of the problems created by mild steel cormsgeveral researches on the methods of inhibitidrs corrosion
have been reported and it has been establisheththase of inhibitors is one of the best methddbi@ prevention
of the corrosion of mild steel in acidic medium[ Zhe study of corrosion processes and their itibibiby organic
compounds is a very active field of research [3]eOthe years, considerable efforts have been deglto find
suitable corrosion inhibitors of organic origin irmrious corrosive media [4]. Most of the organidibitors
containing nitrogen, oxygen, sulfur atoms, and ipldtbonds in their molecules facilitate adsorptammthe metal
surfaceg]5,6]. Researchers conclude that the adsorption on ¢tal surface depends mainly on the physicochemical
properties of the inhibitor, such as the functiogr@up, molecular electronic structure, electronsity at the donor
atom, Tt orbital character and the molecular size [7]. Ptenarity and the lone electron pairs in the hetgoons are
important features that determine the adsorptiormofecules on the metallic surface [8]. Quantumnalal
calculations have been widely used to study reacthechanism and also an effective tool in the aimmlgnd
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elucidation of many experimental observatiornghey have beeproved to be a very powerful tool for studying
corrosion inhibitiormechanism [9,10].

Substituted 1,3,4-Oxadiazoles derivatives arengwoitant class of heterocyclic compounds, whicly glgivotal
role in a wide range of biological activities indlng antitubercular, antifungal, cytotoxic and ermgenic
activities[11]. They have attracted considerableergion in the recent years for their diverse aatibrial
activity[12], anti-HIV activity[ 13] and anticancer agents[1#].literature, a few reports have been presentad o
the use of oxadiazole and some of its derivatives@rosion inhibitors in different media [15-1Although
experimental work of Bentisst al.[18] provide valuable information on the corrosimibition efficiency of
1,3,4-oxadiazoles namely2,5-bis(2-pyridyl)-1,3,4- oxadiazole (POX) and ®i5(2-hydroxyphenyl)-1,3,4-
oxadiazole (HPOX) a deep understanding of thebitibh property remain unclear. The objective of fresent
paper is to extend the study of Bentisst al.[18] by analyzing the inhibition efficiency of POahd HPOX on
theoretical chemical parameters such as the eeofibighest occupied molecular orbit&h6yo) and the lowest
unoccupied molecular orbitalE(ymo), the energy gapdg) betweenEpomo and E ymo, dipole moment L),
ionization potential I, electron affinity A), electronegativity x), global hardnessn), softness (S), the global
electrophilicity (v), the fraction of electrons transferre&alNj and back donationg). The local reactivity has been
analyzed by means of the Fukui indices, since théigate the reactive regions, in the form of tlielaophilic and
electrophilic behaviour of each atom in the molecuking DFT calculations.

MATERIALSAND METHODS

2.1Quantum Chemical Calculation

In order to explore the theoretical-experimentaisistency, quantum chemical calculations were peréd using
Gaussian-03 software package [18mong quantum chemical methods for evaluation afrasion inhibitors,
density functional theory, DFT has shown significaromise [20] and appears to be adequate for ipgimut the
changes in electronic structure responsible foribitdry action. Complete geometrical optimization$ the
investigated molecules are performed using derfsitgtional theory(DFT) with the Becke’'s three pasder
exchange functional along with the Lee— Yang—Pamocal correlation functional (B3LYP) [21-23] at3a.G(d,p)
basis set levelThis cdculations have been widely used to study react@mthanisms [24]. They have also been
proved to be a very powerful tool for studying ioitibn of the corrosion of metals [25,26]The chemical and
optimized structuresf the compounds studied are given in Fig 1. agd2Fi
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2,5-bis(2-pyridyl)-1,3,4-
oxadiazole (POX)
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2,5-bis(2-hydroxyphenyl)-1,3,4-oxadiazole
(HPOX)

Figure 1. Names, molecular structure and the abbreviation of the inhibitor sinvestigated
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POX

HPOX

Figure 2. Optimized structure of POX and HPOX calculated with the B3LYP/6-31G(d,p)

2.2. Global and local reactivity descriptors

Density functional theory (DFT) [27] has been fouadbe successful in providing theoretical insigimto the
chemical reactivity and selectivity, in terms pbpular qualitative chemical concepts like electgativity ),

hardnessi( ), softness(S), electrophilicity index( and local reactivity descriptors such as Fdlotction, F(r) and
local softness, s(r).

The basic relationship of the density functionadty of chemical reactivity is precisely, the orgablished by
Parr, Donnelly, Levy and Palke [28], that links tfemical potential of DFT with the first derivatiwf the energy
with respect to the number of electrons, and tloeeefvith the negative of the electronegatiyity
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Wherep is the chemical potential, E is the total enenyyis the number of electrons, anf) is the external
potential of the system.

Hardness( ) has been defined within the DFT as the secondative of the E with respect to N agr) property
which measures both the stability and reactivityhef molecule [29].

n= O )
oN? )

where V(r) andp are, respectively, the external and electronicrébal potentials.

According to Koopman’s theorem [30], ionization @uatial () and electron affinityA) the electronegativityj ,
global hardnesgj and softneséS) may be defined in terms of the energy of the HOM@ the LUMO.

lonization potential (1) is defined as the amouhéwergy required to remove an electron from a madke[31]. It is
related to the energy of the,guo through the equation:

I = -Enomo 3

Electron affinity (A) is defined as the energy eded when a proton is added to a system [31]rélaged to Eyvo
through the equation:

A =-Eumo (4)
When the values dfandA are known, one can determine the electronegajhatyd theglobal hardnessj.

The electronegativity is the measure of the posfean atom or group of atoms to attract electrangatds itself
[32], it can be estimated by using the equation:

/\’:|+A ®)
2

Chemical hardness; measures the resistance of an atom to a changsfarg33], it is estimated by using the
equation:

(6)

Chemical softness (S) is the measure of the capatian atom or group of atoms to receive electi@3, it is
estimated by using the equation:

g-1 (7)
n

For a reaction of two systems with different elen&gativities the electronic flow will occur frore molecule with
the lower electronegativity (the organic inhibittovards that of higher value (metallic surfacegtilithe chemical
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potentials are equal [34]. Therefore the fractidrelectrons transferredd) from the inhibitor molecule to the
metallic atom was calculated according to Pearsectrenegativity scale [35]

AN = /YFe _/Yinh 8)
[Z(OFe +,7inh}

Whereye and yi,n denote the absolute electronegativity of iron amuikitor molecule respectivelys. andnn
denote the absolute hardness of iron and the bohibiolecule respectively. In this study, we use theoretical
value ofye=7.0 eV[36] andnge = 0 by assuming that for a metallic bulk | 3V] because they are softer than
the neutral metallic atoms.

The electrophilicity is a descriptor of reactivityat allows a quantitative classification of thelgdl electrophilic
nature of a molecule within a relative scale. Rdral [38] have proposed electrophilicity index as a meastire o
energy lowering due to maximal electron flow betaeenor and acceptor. They defined electrophiliziex)

as follows.

2
w= ’u_ (g)

217

According to the definition, this index measurks propensity of chemical species to accept elestrA good,
more reactive, nucleophile is characterized by lowelue of u, o; and conversely a good electrophile is
characterized by a high value pf . This new reactivity index measures the stabilizain energy when the
system acquires an additional electronic chaigdrom the environment.

2.3. Local molecular reactivity
The Fukui function provides an avenue for analyzhmglocal selectivity of a corrosion inhibitor[ [3Their values
are used to identify which atoms in the inhibitare more prone to undergo an electrophilic or demhilic attack.

The change in electron density is the nucleophili€ () and electrophili¢ “(r) Fukui functions, which can be
calculated using the finite difference approximatis follows [40]

fi’ = Onet- On (10)
fik=0On- Ona (11)
where @, gy« and G, are the electronic population of the atom k intreduanionic and cationic systems.

Condensed softness indices allowing the compa$oeactivity between similar atoms of different lemules can
be calculated easily starting from the relatiomiaetn the Fukui functiof(r) and the local softnes§r) [41]

(900 (N} _
s(r)—( N jv(r)(aﬂl(,) f(r)S (12)

From this relation, one can infer that local safsvand Fukui function are closely related, and gteyuld play an
important role in the field of chemical reactivity.

According to the simple charge transfer model fonation and back-donation of charges proposed tigcey
Gomezet al, [42] an electronic back-donation process mightolscurring governing the interaction between the
inhibitor molecule and the metal surface. The cphastablishes that if both processes occur, nameyge
transfer to the molecule and back-donation fromnttidecule, the energy change is directly relatethéohardness
of the molecule, as indicated in the following eegmion.
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AE Back-donation = _% (13)

The AEgack-donationimplies that wheny > 0 and4Eg,ck-gonaion< O the charge transfer to a molecule, followedaby
back-donation from the molecule, is energeticalyofed. In this context, hence, it is possible empare the
stabilization among inhibiting molecules, sincertheill be an interaction with the same metal, thers expected
that it will decrease as the hardness increases.

RESULTSAND DISCUSSION

According to the frontier molecular orbital thegiiyMO) of chemical reactivity, transition of eleatrés due to
interaction between highest occupied moleculantarifHOMO) and lowest unoccupied molecular orbf{tdUMO)

of reacting species [43]. Table 1 represents threngum chemical parameters for the inhibitors POX EifOX.
The energy of the highest occupied molecular drifaomo) measures the tendency towards the donation of
electron by a molecule. Therefore, higher valueggf,o indicate better tendency towards the donationexfteon,
enhancing the adsorption of the inhibitor on milglet and therefore better inhibition efficiencyyfgo indicates the
ability of the molecule to accept electrons. Thedbig ability of the inhibitor to the metal surfatereases with
increasing of the HOMO and decreasing of the LUM@rgy values. Frontier molecular orbital diagrarh®0X

and HPOX is represented in fig. 3.

Table 1. Quantum chemical parametersfor POX and HPOX calculated using B3LY P/6-31G(d,p).

Parameters POX HPO
EHomo(eV) -6.555 | -5.719
Eiumo (eV) -1.986 | -1.389

Energy gapfE) (eV) 4.569 4.33
Dipole moment (Deby | 7.279¢ | 2.642:

The energy of the HOMO (EHOMO) is a quantum chemjaameter which provides information about the
electron donating ability of the molecule. The noole with the highest EHOMO value often has thehbgy
tendency to donate electrons to appropriate acceptdecule of low empty molecular orbital energy4Zhe
inhibitor does not only donate electron to the wupded d orbital of the metal ion but can also ptedectron from
the d-orbital of the metal leading to the formatafra feed back bond. The highest value @ -5.719 (eV) of
HPOX indicates the better inhibition efficiency.

The energy gap between the HOMO and the LUME)(provides information about the overall reacyiwif a
molecule.As AE decreases the reactivity of the molecule incieéesading to increase in the inhibition efficignc
of the molecule [45]Low values of the AE = E ymo — Eiomo) gap will render good inhibition efficiencies s
the energy to remove an electron from the last miecliorbital will be minimized [46].A molecule with a low
energy gap is more polarizable and is generallpaated with the high chemical activity and low ddiic stability
and is termed soft molecule [47]n our study, the trend for thaE) values follows the order HPOX<POX, which
suggests that inhibitor HPOX has the highest reifigtin comparison to the other compound POX armlih
therefore likely interact strongly with the metalface.

The dipole momentu(in Debye) is another important electronic parametieich provides the information on the
polarity and the reactivity indicator of the malée. Literature survey reveals that several irragties appeared in
case of correlation of dipole moment with inhibitefficiency [43]. In general, there is no signifitaelationship
between the dipole moment values and inhibitioiciefficies [48]. It is shown from the calculatiohst there was
no obvious correlation between the values of thpoldi moment with the trend of inhibition efficienofptained
experimentally.

Table 2 summarized the important global chenpeahmeters. lonization energy is a fundamentalrgec of the
chemical reactivity of atoms and molecules. Highization energy indicates high stability and chexhinertness
and small ionization energy indicates high reattiaf the atoms and molecules[49]. The low ionizatenergy
5.719 (eV) of HPOX indicates the high inhibitioffi@ency.
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Absolute hardness and softness are important giepeo measure the molecular stability and redgtivt is
apparent that the chemical hardness fundamentaihfies the resistance towards the deformatiopalarization
of the electron cloud of the atoms, ions or molesuinder small perturbation of chemical reactioma#d molecule
has a large energy gap and a soft molecule hasall emergy gap [50]. In our present study HPOX wlitkv
hardness value 2.165 (eV) compared with other camgdnave a low energy gap. Normally, the inhibitdth the
least value of global hardness (hence the higheaewof global softness) is expected to have tgbdst inhibition
efficiency [51]. For the simplest transfer of etect, adsorption could occur at the part of the make where
softness(S), which is a local property, has a highalue [52]. HPOX with the softness value of 0.8®% has the
highest inhibition efficiency.

Table 2. Quantum chemical parametersfor POX and HPOX calculated using B3LY P/6-31G(d,p).

Parameters POX HPOX
IE(eV) 6.555 5.719
EA(eV) 1.986 1.389
n (eV) 2.2845 2.165
S 0.43773| 0.46189
1 (eV) 4.2705 3.554
® 3.9915 | 2.9171
1] -4.2705 | -3.554

The table 2 shows the order of electronegativdy aPOX> HPOX. Hence an increase in the differeote
electronegativity between the metal and the inbibis observed in the order HPOX> POX. According to
Sanderson’s electronegativity equalization pritec[p3], POX with a high electronegativity and lalifference of
electronegativity quickly reaches equalization dweshce low reactivity is expected which in turnicades low
inhibition efficiency.

The number of electrons transferretNj andback-donationdE) was also calculated and tabulated in Table 3.
Values ofAN show that the inhibition efficiency resulting frostectron donation agrees with Lukovits’s study [54]
If AN < 3.6, the inhibition efficiency increases by iresing electron-donating ability of these inhibittwsdonate
electrons to the metal surface and it increasdharnfollowing order: POX <HPOX. The results indedhatAN
values correlates strongly with experimental intidpi efficiencies. Thus, the highest fraction ofatons
transferred is associated with the best inhibitP©QX), while the least fraction is associated wité inhibitor that
has the least inhibition efficiency (POX).

Table 3. Thenumber of electron transferred (AN) and 4E pac donation (€V) calculated for inhibitor POX and HPOX.

Parametel POX HPOX
Transferred electrons fraction]) | 0.59739 | 0.79584
4E back-donatior / (eV) -0.57112| -0.54125
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HOMO of POX

LUMO of POX
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HOMO of HPOX

LUMO of HPOX

Figure 3. Frontier molecular orbital diagrams of POX and HPOX by B3LY P/6-31G(d,p)

There is a general consensus by several authdrththanore negatively charged a heteroatom, isrbee it can be
adsorbed on the metal surface through the don@ptoctype reaction [55]. It is important to catesi the situation
corresponding to a molecule that is going to rezeicertain amount of charge at some centre agoing to back
donate a certain amount of charge through the samiee or another one [42].

3.1. Local Selectivity
The condensed Fukui functions and condensed laafathess indices allow us to distinguish each pérthe
molecule on the basis of its distinct chemical @radue to the different substituent functionabgps. It is known
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that the Fukui indices were widely used as desmspdf site selectivity for the soft—soft reactidsg]. Parr and
Yang proposed that larger value of Fukui functiowli¢ate more reactivity [57]. Hence greater theugabf
condensed Fukui function, the more reactive isghrticular atomic centre in the molecule. Th&measures the
changes of density when the molecules gains electaod it corresponds to reactivity with respeattoleophilic
attack. On the other hand corresponds to reactivity with respect to electibphttack or when the molecule loss
electrons. The calculated Fukui functions for thigbitor POX and HPOX are presented in Tables 45and

It can be noticed that the N(3) and N(4) atomstheedominant sites susceptible for electrophiltacks in POX
and HPOX. These atoms have the highest valuds efhich attain 0.09778 in POX (Table. 4) and 0.07%586
HPOX (Table. 5).

On the other hand, the susceptible sites for optidic attack in both the inhibitor POX and HPOM d&1(14) and
H(23). These sites present the highest value$ ‘of which attain 0.06832 in POX (Table.4) and 0.06471
HPOX(Table.5). These results agree well with thalysis of the HOMO and LUMO densities which alsedicted
these sites as the most electron rich and deficremiers.

Table4. Fukui and local softnessindicesfor nucleophilic and electrophilic attacks on POX atoms calculated from M ulliken atomic
charges; maximain bold.

Atom No fi * fi~ s" S
1C 0.0514! 0.0381( 0.0225: 0.0166
2 C 0.05145 0.03810 0.02252 0.01667
3N 0.04095 0.09778 0.01793 0.04280
4 N 0.04095 0.09778 0.01792 0.04280
50 0.04796 0.03104 0.02099 0.01358
6 C 0.04143 0.00288 0.01813 0.00126
7 C 0.01889 0.03565 0.00827 0.01560
8 C 0.01079 0.01131 0.00472 0.00495
9 H 0.03621 0.03959 0.01585 0.01733
10 C 0.00694 0.02701 0.00304 0.01182
11 C 0.03884 0.02802 0.01699 0.01226
12 H 0.05959 0.05472 0.02608 0.02395
13 H 0.06337 0.05714 0.02774 0.02501
14 H 0.06832 0.06339 0.02991 0.02775
15 C 0.04143 0.00288 0.01813 0.00126
16 C 0.0188¢ 0.0356! 0.0082° 0.0156(
17 C 0.01079 0.01131 0.00473 0.00495
18 H 0.03621 0.03959 0.01585 0.01733
19 C 0.0069:- 0.0270: 0.0030¢ 0.0118:
20 C 0.03884 0.02802 0.01699 0.01227
21 H 0.05959 0.05472 0.02608 0.02395
22 H 0.0633" 0.0571 0.0277: 0.0250:
23 H 0.06832 0.06339 0.02990 0.02775
24 N 0.03922 0.02888 0.01716 0.01264
25 N 0.0392: 0.0288t¢ 0.0171¢ 0.0126:
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Table5. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin HPOX atoms calculated from Mulliken atomic
charges; maximain bold.

Atom No fi * fi S S
1C 0.05957 0.03203 0.02752 0.01479
2 C 0.0595 0.0320¢ 0.0275: 0.0147¢
3N 0.03646 0.07536 0.01684 0.03481
4 N 0.03646 0.07536 0.01684 0.03481
5C 0.0412: 0.0222¢ 0.0190: 0.0102¢
6 C 0.00974 -0.01181 0.00449 -0.00546
7 C 0.03206 0.02837 0.01481 0.01310
8 C -0.0041¢ 0.0131° -0.0019: 0.0060¢
9 H 0.03378 0.03115 0.01560 0.01439
10 C 0.01622 0.01499 0.00749 0.00692
11 C 0.0382¢ 0.0216! 0.0176¢ 0.0100(
12 H 0.05516 0.05371 0.02547 0.02481
13 H 0.05909 0.05355 0.02729 0.02473
14 H 0.06471 0.05844 0.02989 0.02699
15 C 0.00974 -0.01181 0.00449 -0.00545
16 C 0.03206 0.02837 0.01481 0.01310
17 C -0.00416 0.01317 -0.00192 0.00608
18 H 0.03378 0.03115 0.01560 0.01439
19 C 0.01622 0.01499 0.00749 0.00692
20 C 0.03828 0.02165 0.01768 0.01000
21 H 0.05516 0.05371 0.02548 0.02481
22 H 0.05909 0.05355 0.02729 0.02473
23 H 0.06471 0.05844 0.02989 0.02699
24 C 0.03006 0.04278 0.01388 0.01976
25 C 0.0201: 0.0419¢ 0.0093( 0.0193¢
26 H 0.02826 0.03351 0.01305 0.01548
27 C 0.03006 0.04278 0.01388 0.01976
28 C 0.0201: 0.0419¢ 0.0093( 0.0193¢
29 H 0.02826 0.03351 0.01305 0.01548

CONCLUSION

The inhibition efficiency of two substituted 1,3,4-oxadiazoles nameéyg-bis(2-pyridyl)-1,3,4- oxadiazole (POX)
and 2,5-bis(2-hydroxyphenyl)-1,3,4-oxadiazole (HPOas been investigated by utilizing quantum cheimic
approaches using the Density Functional Theory agetiihe quantum chemical results have provided imébion
on the reactivity centers of the compounds whiduld likely interact with the metal surface. HOMOLUMO
and condensed Fukui functions analysis agreéemossible electron donating centers and the ljessiectron
poor centers on the inhibitor molecules. The irtfohi efficiency of POX and HPOX increase with therease in
Enomo, and decrease in energy gafE). HPOX has the highest inhibition efficiency hese it had the highest
HOMO energy and\N values and it was most capable of offering etexgr It may be due to the presence of an
electron releasing -OH group in the aromatic rirtigtl@e ortho position. The parameters like hardngss(
Softness(S), dipole momepj( electron affinity(EA) ionization potential(IEg¢lectronegativityf) and the fraction of
electron transferred\(N) confirm the inhibition efficiency in the ordef HPOX >POX.
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