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ABSTRACT

A theoretical study for five azlactones,i.e, 4-benzylidene-2-phenyl oxazol-5-one (AZ1), 4-(4-methoxy benzylidene)-2-
phenyl oxazol-5-one (AZ2), 4-(4 hydroxy -3methoxy benzylidene)- 2-phenyl oxazol-5-one (AZ3), 4-(2-hydroxy
benzylidene)-2-phenyl oxazol-5-one (AZ4) and 4-(2-Nitro benzylidene)-2-phenyl oxazol-5-one (AZ5), was
investigated using density functional theory (DFT) at the B3LYP/6-31G(d,p) basis set level through the relationship
between their molecular and electronic structure. The calculated quantum chemical parameters correlated to the
inhibition efficiency such as Eyomo (highest occupied molecular orbital energy), E ywo (lowest unoccupied
molecular orbital energy), energy gap (4E), dipole moment (u), absolute hardness (7), absolute softness (S), the
absolute electronegativity (y), the fractions of electrons transferred from the inhibitor molecule to the metallic
atom(4N) and the electrophilicity index (o) were calculated. The local selectivity and reactivity has been analyzed
through the Fukui function and local softness indices in order to compare the possible sites for nucleophilic and
electrophilic attacks. The theoretical results are in well accordance with the experimental data reported.

Keywords: azlactones, corrosion inhibition, DFT, Fukui ftina, softness, reactivity.

INTRODUCTION

Corrosion of metals is a major issue in variousugtdal fields, resulting in huge economic lossksd]. Several
approaches are therefore employed to reduce thesion process of mild steel and one of these aoes is the
use of corrosion inhibitor [3]. Over the years, siderable efforts have been deployed to find slétabrrosion
inhibitors of organic origin in various corrosiveedia [4—6]. A number of heterocyclic compounds aaning

nitrogen, oxygen, and sulfur either in the aromatidong chain carbon system have been reportdxt teffective
inhibitors [7, 8]. Organic compounds, which can a@nelectrons to unoccupied d orbital of the metaface to
form coordinate covalent bonds, and can also acteptelectrons from the metal surface by usingr thati-

bonding orbital to form feedback bonds, constitexeellent corrosion inhibitors [9]. Quantum cherhicgethods
have already proven to be very useful in deterngirttre molecular structure as well as elucidatireg etectronic
structure and reactivity [10]. Density functionakory (DFT)[11,12] has proven to be an importat tn modern
quantum chemistry because of its ability to inclwieme effects of electron correlation at a greatiguced
computation cost. It also have provided a very uistbhmework for developing new criteria for ratadizing,

predicting, and eventually understanding many aspet chemical processes [13-17]. A variety of cloain
concepts which are now widely used as descriptbchemical reactivity, e.g., electronegativity [14drdness or
softness quantities etc. appear naturally withimf DFhe Fukui function [16] represents the relativeal softness of
the electron gas, measures the local electron tggmgdulation displacements corresponding to tHéown of a

single electron. The reactive ability of the inkdbiis closely linked to their frontier molecularb@al (FMO),
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including highest occupied molecular orbital, HOM&nhd lowest unoccupied molecular orbital, LUMO, d@hd

other parameters such as hardness and softnesstu@uehemical studies have been successfully pagarto link

the corrosion inhibition efficiency with molecularbital (MO) energy levels for some kinds of orgacompounds
[18, 19].

The azlactones are important synthones for thehsgig of several biologically active compounds[Zldjey are
known to exhibit antifungal[21], antibacterial[2Znd anti-inflammatory activities. They are also gfeat
importance to produce penicillin type of drug imediates [23]A series of 4-arylidene-2-phenyl-5(4H)-azlactones
have been synthesized and the DFT calculationg begn carried out by Mehtab Parveeal .[24].

The aim of the present work is to extend the expenital work of Parameswagi.al.[25] to ascertain whether the
experimentally predicted order of inhibition eféincy are fully supported by the theoretically peged quantum
chemical parameters such Bsowo, ELumo, the energy gapdE) betweenEyomo and E ymo, dipole moment),
ionization potential Ij, electron affinity A), electro negativity 1), global hardnessy), softness (S), the global
electrophilicity @), the fraction of electrons transferredNj and back donationg) of 4-benzylidene-2-phenyl
oxazol-5-one (AZl), 4-(4-methoxy benzylidene)-24pyle oxazol-5-one(AZ2), 4-(4hydroxy -3methoxy
benzylidene)-2-phenyl oxazol-5-one (AZ3), 4-(2-hyxdy benzylidene)-2-phenyl oxazol-5-one (AZ4) an(24Nitro
benzylidene)-2-phenyl oxazol-5-one (AZ5). The loselectivity and reactivity has been analyzed bwamseof the
Fukui indices, since they indicate the reactivéaeg, in the form of the nucleophilic and electriipthehaviour of
each atom in the molecule using DFT calculations.

2. COMPUTATIONAL DETAILSAND CALCULATIONS

2.1DFT Calculations

The present calculations have been performed aB8h&'P level of theory using Gaussian-03 seriepraigram

package [26]. The calculations were based on 6@l basis set. This method has been widely imphged to
study the relationship between corrosion inhibitédficiency of the molecules and their electroniogerties [27].
In order to establish correlation between experbaledata and structural and electronic charactesistf the

investigated inhibitors, thegeometry of the molecules were optimized by thesity functional theory(DFT)[11]
with the Becke’s three parameter exchange fund{@8galong with the Lee— Yang—Parr correlation dtianal

(B3LYP) [29]. The optimized structure of the invigsted inhibitors are given in Fig 1.

AZ1 AZ2
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AZ5

Figure 1. Optimized structure of the investigated inhibitors AZ1,AZ2,AZ3,AZ4 and AZ5 calculated with the B3LYP/6-31G(d,p)
2.2 Global quantities
The basic relationship of the density functionadty of chemical reactivity is precisely, the orgablished by

Parr et al., [30], that links the chemical potential of DFT kvithe first derivative of the energy with respexthie
number of electrons, and therefore with the negatifithe electronegativity.

= a_E = - (1)
HEoN Jun = A

Whereyp is the electronic chemical potential, E is thaltenhergy, N is the number of electrons, ailis the
external potential of the system.

Hardnessi( ) has been defined within the DFT as the seconigative of the E with respect to N a{r) property
which measures both the stability and reactivityhef molecule [31].

0°E
= 2
n ( aNsz(r) &)
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where V(r) andyp are, respectively, the external and electronierébal potentials.

According to Koopman'’s theorem [32], ionization guatial (), electron affinity(A), the electronegativityyf, global
hardness() and softneséS), may be defined in terms of the energy of the HOM@ the LUMO.

lonization potential (1) is related to the enerdyt® Biomo through the equation[33]:

| = -Eromo @)
Electron affinity (A) is [33] related to Byvo through the equation:

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

The electronegativity [34], can be estimated sipg the equation:

)(:|+A (®)
2

Chemical hardness; measures the resistance of an atom to chargefdargi®®], it is estimated by using the

equation:

p =12 (6)
2

Chemical softness (S), the reverse of hardnessigBBtimated by using the equation:

g=1 (7)
n

During the interaction of the azlactones with theni surface, electron flow from the lower electrgativity
inhibitors to the higher electronegativity iron faoe until the chemical potential becomes equalif@8].The
fraction of electrons transferred)) was calculated according to Pearson electrongtyadicale [37].

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

The theoretical value gf-=7.0 eV [38] andng = 0 is used assuming that for a metallic bulkA £39] because
they are softer than the neutral metallic atoms.

Parret al., [40] have defined electrophilicity index) as follows.

2
w=H 9)
2n

According to the definition, this index measures tiropensity of chemical species to accept elestréngood,
more reactive, nucleophile is characterized by Vadue ofy, ®; and conversely a good electrophile is characdriz
by a high value ofi, ®. This new reactivity index measures the stabilirain energy when the system acquires an
additional electronic chargeN from the environment.
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Fukui functions were computed since it providesaaenue for analyzing the local selectivity of arosion
inhibitor [41]. Their values are used to identifihish atoms in the inhibitors are more prone to wgdean
electrophilic or a nucleophilic attack. The chamgelectron density is the nucleophilic* (r) and electrophili¢ -
() Fukui functions, which can be calculated gdime finite difference approximation as follow2]4

fi© = Onet- On (10)

f'=0n- Ona (11)

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) [43]

_(9p)) (oN) _
s(r)—( N jv(r)(aﬂj\,(r) 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., [44] an electronic back-donation process mightolscurring governing the interaction between the
inhibitor molecule and the metal surface. The cphastablishes that if both processes occur, namiedyge
transfer to the molecule and back-donation fromnttedecule, the energy change is directly relatethéohardness
of the molecule, as indicated in the following eegmion.

AE gack-donation = _Q (13)
4

The AEgack-gonation iMplies that wheny > 0 and4Egak.donation < 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, sinceréhwill be an interaction with the same metal, titee expected

that it will decrease as the hardness increases.

RESULTSAND DISCUSSION

3.1 Frontier Molecular Orbital (FMO) Level Calculations

According to the frontier molecular orbital theochemical reactivity is a function of the interactibetween the
HOMO and LUMO levels of reacting species [4bhe energy of the highest occupied molecular drfEaowmo)
measures the tendency towards the donation ofrefebly a molecule. Therefore, higher values gf\ indicate
better tendency towards the donation of electrarhancing the adsorption of the inhibitor on miléedtand
therefore better inhibition efficiency. Gyo indicates the ability of the molecule to accemcaions. Frontier
molecular orbital diagrams tfie studied compounds amgpresented in fig. 2.

Table 1. Quantum chemical parametersfor the studied molecules calculated using B3L Y P/6-31G(d,p)

Parametel AZ1 AZ2 AZ3 AZ4 AZ5
Eromo(eV) -5.9521 | -5.5909 | -5.4726 | -5.8574 | -6.3603
ELumo (eV) -2.4918 | -2.2942| -2.3095| -2.5440| -2.7326

Energy gap4E) (eV) 3.4603 | 3.2967 | 3.1631 | 3.3134 | 3.6277
Dipole moment (Debye) 3.5482 | 4.2006 | 3.7498 | 3.4883 | 7.6639

Enhowmo IS @ quantum chemical parameter which is often@ated with the electron donating ability of thelecule.
High value of oo is likely to a tendency of the molecule to donelectrons to appropriate acceptor molecule of
low empty molecular orbital energy [46]. The inbdridoes not only donate electron to the unoccugiedbital of
the metal ion but can also accept electron fromcHuebital of the metal leading to the formationafeedback
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bond. From tablel it is observed thaipko for the five compounds follows the order; AZ3 >22 AZ4 > AZ1 >
AZ5 which implies that AZ3 has the highest tendetrcgonate electrons.

The energy gap between theoko and Eyuwo energy levels of the moleculés an important parameter as a
function of reactivity of the inhibitor moleculevards the adsorption on the metallic surface AEsdecreases the
reactivity of the molecule increases leading taréase in the %IE of the moleculeower values of the energy
difference will render good inhibition efficiencgecause the energy to remove an electron fromatiteokccupied
orbital will be low [47]. Hard molecules have hifOMO-LUMO gap [48] and thus soft bases inhibitors the
most effective for metals [49]. The results as ¢atid in table 1 show that inhibitor AZ3 has thedst energy gap,
this means that the molecule could have betteopegnce as corrosion inhibitor than other molecuteis shown
from the calculation that there was no obvious alation between the values of dipole moment with tilend of
inhibition efficiency obtained experimentally. lhet literature also there is a lack of agreementhencorrelation
between the dipole moment and inhibition efficiefe9,51]. Other computed quantum chemical propedigch as
ionization potential 1), electron affinity A), electro negativity ), global hardnessy), softness (S), the global
electrophilicity (), the fraction of electrons transferreth) and back donatioAE) are given in table 2.

Table 2. Quantum chemical parametersfor AZ1,AZ2,AZ3,AZ4 and AZ5 calculated using B3LY P/6-31G(d,p) level of theory

Perameter AZl AZ2 AZ3 AZ4 AZ5
IE(eV) 5.9521 | 5.5909 5.4726 | 5.8574 | 6.3603
EA(eV) 24918 | 2.2942 2.3095 | 2.5440 | 2.7326
n (eV) 1.73025| 1.64835| 1.58155| 1.6567 | 1.81385
S (eV) 0.57795| 0.60667 | 0.63229 | 0.60361| 0.55131
1 (eV) 4.2220 | 3.94255| 3.89105 | 4.2007 | 4.54645
® 5.15107| 4.71493 | 4.78653 | 5.32561| 5.69788
U -4.2220 | -3.94255| -3.89105| -4.2007 | -4.54645

lonization energy is a fundamental descriptor @ themical reactivity of atoms and molecules. Highization
energy indicates high stability and chemical inessnand small ionization energy indicates hightigacof the
atoms and molecules [52]. The low ionization endygy726 eV of AZ3 indicates the high inhibitioniei&éncy.

Hardness and softness are the basic chemical dsnaeglled global reactivity descriptors which &abeen
theoretically justified within the framework of dgty functional theory (DFT)[11].These are the intpot
properties to measure the molecular stability aattivity. It is apparent that the chemical hardrfemdamentally
signifies the resistance towards the deformatiopaterization of the electron cloud of the atonagisi or molecules
under small perturbation of chemical reaction. Adhaolecule has a large energy gap and a soft meldwas a
small energy gap [53]. In our present study AZ3hwidw hardness value 1.58155 eV compared with other
compound have a low energy gap. Normally, thebidi with the least value of global hardness (leethe highest
value of global softness) is expected to have flgadst inhibition efficiency [54]. For the simplestinsfer of
electron, adsorption could occur at the part of ti@ecule where softness(S), which is a local priypdas a
highest value [55]. AZ3 with the softness valu®d¥3229 eV has the highest inhibition efficiency.

The table 2 shows the order of electronegativityAd8 < AZ2 < AZ4 < AZ1 < AZ5. Hence an increasetire
difference of electronegativity between the metad ¢he inhibitor is observed in the order AZ3 > AZ2AZ4 >
AZ1 > AZ5. According to Sanderson’s electroneg#givdqualization principle [56], with a high elembegativity
and low difference of electronegativity quickly cbas equalization and hence low reactivity is etgubevhich in
turn indicates low inhibition efficiency.

The number of electrons transferretlNj and back-donation(4E) was also calculated and tabulated in Table 3.
Values ofAN show that the inhibition efficiency resulting froehectron donation agrees with Lukovits’ study [57].
If AN < 3.6, the inhibition efficiency increases by iresing electron-donating ability of these inhibittwsdonate
electrons to the metal surface and it increasdéisariollowing order; AZ3 > AZ2 > AZ4 > AZ1 > AZ5.1e results
indicate thatAN values correlates strongly with experimental intidioi efficiencies. Thus, the highest fraction of
electrons transferred is associated with the besibitor (AZ3), while the least fraction is assdeih with the
inhibitor that has the least inhibition efficien@yZz5).
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Table 3. Thenumber of electron transferred (AN) and 4E back donation (eV) calculated for inhibitor AZ1,AZ2,AZ3,AZ4 and AZ5

Parameters AZ1 AZ2 AZ3 AZ4 AZ5
Transferred electrons fractionl) | 0.80277 | 0.92743 | 0.98288 | 0.84484 | 0.67634
Back-donatiomAE / (eV) -0.43256 | -0.41209| -0.39539| -0.41417]| -0.45346

HOMO of AZ1 LUMO AZ1

HOMO of AZ2 LUMO of AZ2
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HOMO of AZ3 LUMO of AZ3

HOMO of AZ5 LUMO of AZ5

Figure 2. Frontier molecular orbital diagramsof AZ1,AZ2,AZ3,AZ4 and AZ5 by B3LYP/6-31G(d,p)
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There is a general consensus by several authdrththanore negatively charged a heteroatom, isrbee it can be
adsorbed on the metal surface through the don@pdorctype reaction [58]. It is important to corgidhe situation
corresponding to a molecule that is going to rexzeicertain amount of charge at some centre againg to back
donate a certain amount of charge through the samie or another one [45]. Parr and Yang proptsatdarger
value of Fukui function indicate more reactivitys]1Hence greater the value of condensed Fukuitifmmcthe more
reactive is the particular atomic centre in theemnale.

3.2L ocal Sdectivity

Fukui functions compute local reactivity indicesattmakes possible to rationalize the reactivityirafividual
molecular orbital contributions. The condensed Ffimction and local softness indices allow ondidguish each
part of the molecule on the basis of its distifetroical behaviour due to the different substitiftetttional group
[59]. Thef " measures the changes of density when the molegalas electrons and it corresponds to reactivity
with respect to nucleophilic attack. On the othandhf , corresponds to reactivity with respect to electitph
attack or when the molecule loss electrons. ThadsgFukui Indices values for the studied inhilsitare presented
in Table 4.

Table. 4 The highest Fukui indices vales calculated with B3LYP/6-31G(d,p) for the studied inhibitors

Inhibitor | Atom fi,* fi.”
AZ1 O(17) | 0.08498 | 0.08286
H(19) | 0.09039 | 0.04468
C(14) | 0.07759 | 0.05755
azo | C12) | 033478 | 0.20381
C(13) | 0.25613 | -0.14626
N(16) | -0.12268| 021446
a7z | C4) | 0.07566 | 0.05168
O(17) | 0.08252 | 007626
H(19) | 0.08919 0.03236
Aza | C(12)| 033050 | 0.04233
C(13) | 0.26131 | 0.05079
O(17) | 0.01936 | 0.07134
AZS5 C(12) | 0.05858 | 0.31635
C(13) | 0.06453 | 0.24560
0(17) | 0.08276 | 0.02138

According to fukui indices, the preferred sites &ttack by a nucleophilic agent is near C(12) aitotie inhibitors
AZ2 and AZ4, whereas the same is near H(19) in Add AZ3. In the case of AZ5 due to the presendeigiily
electron attracting N©group the O(17) becomes nucleophilic attacking sit

The preferred site for electrophilic agents for AAZ¥Z3 and AZ4 is near O(17) atom and the same N(it6) in the
inhibitor AZ2 and C(12) in AZ5.

3.3Reactivity

The azlactones under investigation having electtmmating and electron withdrawing substituentshim aromatic
ring system react with mild steel in various foraml inhibit corrosion in different range. The etentwithdrawing
NO, group of AZ5 decreases its softness to 0.55131c@vipared to the other inhibitors whereas the alactr
donating —OH and —OGHdf AZ3 increases the softness to 0.63229 eV. Tleendtal hardness 1.81385 eV of AZ5
with NO, as substituent shows its least reactivity in ggsies of compounds. The highest chemical potential
3.89105 eV of the compound with electron donatimgssituents in reference with -4.222 eV with nostitbent and
-4.54645eV of N@substituted compound indicates the highest irbitiof AZ3.
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CONCLUSION

1.The inhibitory properties of five azlactones hagrbelucidated using quantum chemical calculaticaset on
density functional theory at B3LYP/6-31G(d,p) basis$ level. The calculated electronic parameterslued in the
activity of the inhibitors confirmed that the ord®trinhibition efficiency.

2.The inhibition efficiency increase with the increai® Eiomo, and decrease in energy gaBj. AZ3 has the
highest inhibition efficiency because it had thghdist HOMO energy antiN values and lowest energy gap it was
most capable of offering electrons and it couldehabetter performance as corrosion inhibitor.

3. The parameters like hardnags(Softness(S), electron affinity(EA) ionizationtpntial(IE), electronegativityj
and the fraction of electron transferrexN() confirm the inhibition efficiency in the ordef 8Z3 > AZ2 > AZ4 >
AZ1 > AZ5.

4. Fukui function shows the nucleophilic and elechitip attacking sites in the inhibitars

5.Comparison of theoretical and experimental dataib#xlyood correlation confirming the reliability dhe
guantum chemical method employed here to studynthibition of corrosion of metal surface and alswealed the
reactivity of the azlactones under study.
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