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ABSTRACT

Corrosion inhibition performance of three Phenyléeble substituted compounds, namely 5-phenyl-itdzele
(PT), 5-p-tolyl-1H-tetrazole (M-PT) and 5-(4-metlyphenyl)-1H-tetrazole (MO-PT) on mild steel waaleated
by quantum chemical calculations based on derdsitgtional theory (DFT) method at the B3LYP/6-34.8]
basis set level in order to investigate the relasioip between their molecular and electronic suetand
inhibition efficiency. The quantum chemical proptmost relevant to their potential action as osion inhibitors
such as Bowo. Elumo, energy gap AE), dipole momenty), hardness #), softness (S), the absolute
electronegativity ), the fractions of electrons transferrediN) and the electrophilicity index»j were calculated.
The local reactivity has been analyzed through tRekui function and condensed softness indicesrderoto
compare the possible sites for nucleophilic aretiebphilic attacks. The theoretical results obtinusing DFT
based reactivity indexes, were found to be conistéh the experimental outcomes.

Keywords. Phenyltetrazole, Corrosion inhibition, DFT- dexdvindices, Fukui function, electrophilicity index.

INTRODUCTION

Corrosion of mild steel is an inevitable proces# firoduces deterioration of materials and thepprties resulting
in massive economic losses especially when it'sioot aggressive media like hydrochloric acid [Lhe study of
corrosion process and their inhibition by orgamibibitors is a very active field of research [2Jlost efficient
inhibitors are organic compounds containing elewgative functional groups andelectrons in triple or
conjugated double bonds[3].A number of heterocyotimpounds containing nitrogen, oxygen and sulglither in
the aromatic or long chain carbon system have lreported as effective inhibitors of metal corrosigh.
Researchers conclude that the adsorption on thal sweface depends mainly on the physicochemicggaties of
the inhibitor, such as the functional group, molacwelectronic structure, electron density at tlemal atom,Tt
orbital character and the molecular size [5]6le power of the inhibition depends on the molectstaucture of the
inhibitor. Organic compounds, which can donate electronsnmcaupied d orbital of metal surface to form
coordinate covalent bonds and can also acceptefestrons from the metal surface by using their bahding
orbital to form feedback bonds, constitute excel@nrosion inhibitors [7].
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Quantum chemical calculations have been widely teevaluate the inhibition performance of corrasichibitors
and the reaction mechanism. They have h@ered to be a very powerful tool for studyingrrosion inhibition
mechanism [8-10].Density functional theory (DFT) [11,12] has provide very useful framework for developing
new criteria for rationalizing, predicting, and atgally understanding many aspects of chemicalge®es [13-15].

A variety of chemical concepts which are now widalged as descriptors of chemical reactivity, e.g.,
electronegativity [14] hardness or softness quastitc., appear naturally within DFT [11]. The Eufunction [15]
representing the relative local softness of theteda, measures the local electron density/pomratisplacements
corresponding to the inflow of a single electromey have been successfully performed to link the oo
inhibition efficiency with molecular orbital (MO)ergy levels for some kinds of organic compounds 1T7].

Tetrazole and its derivatives have important apgibims in major areas, such as medicine, agri@ibmd imaging
technology. They have attracted much attentionabse of their unique structure and applications as
antihypertensive, antialergic, antibiotic and amieulsant agents as well as in cancer and AlDSnexat [18-23].
The tetrazole functional group has currently beeceived considerable attention because of a widgeraf
applications such as corrosion inhibitors [24].

Pengju Liuet al. have studied the electrochemical and quantum aadmproperties of 5-substituted tetrazoles as
corrosion inhibitors for copper [25]. 1,2,3,4-tetvée (TTZ) and some of its derivatives has beerlyard by M.
Mihit et.al[26]. The inhibitive effect of some tetrazole derivatitesvards Aluminium has been studied by K.F.
Khaledaand M.M. Al-Qahtani[27].

Although experimental work of Elkacimat al. [28] provide valuable information on the corrosiohibition
efficiency of Phenyltetrazole substituted compajnadamely 5-phenyl-1H-tetrazole (PT), 5-p-tolyl-1déirazole
(M-PT) and 5-(4-methoxyphenyl)-1H-tetrazole (MO-PTa deep understanding of the inhibition propeeyain
unclear. The objective of the present paper ixteral the study of Elkacimét al.[28] by analyzing the inhibition
efficiency of PT, M-PT and MO-PT on theoretical ofieal parameters such as the energies of highestpex
molecular orbital Esome) and the lowest unoccupied molecular orbiEl(i0), the energy gaplE) betweerE,omo
and E yyvo, dipole moment.(), ionization potentiallj, electron affinity A), electro negativity,), global hardness
(), softness (S), the global electrophilicity indéx), the fraction of electrons transferredN) and back
donationAE). The local reactivity has been analyzed by meditse Fukui indices, since they indicate the tiwac
regions, in the form of the nucleophilic and elephilic behaviour of each atom in the molecule gsibFT
calculations.

MATERIALSAND METHODS

2.1 Quantum Chemical Calculation

In order to explore the theoretical-experimentaisistency, quantum chemical calculations were peréd using
Gaussian-03 software package [29]Complete geometrical optimizations of the investigl molecules are
performed using density functional theory(DFT) lwihe Becke’s three parameter exchange functidonabawith
the Lee— Yang-Parr nonlocal correlation functiofi8LYP) [30,31]. The calculations were based onl&3d,p)
basis set. This methotas been widely implemented to study the relatigndetween corrosion inhibition
efficiency of the molecules and their electroniopgerties [32] Recently, Density functional theory (DFT) has been
used to analyze the characteristics of the inhib&arface mechanism and to describe the struchatlre of the
inhibitor in the corrosion process [33]he chemical andptimized structuresf the compounds studied are given in
Fig 1. and Fig 2.

N

N/ N
\
N—NH

5-phenyl-1H-tetrazole(PT)
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5-p-tolyl-1H-tetrazole(M-PT)

HN— N\\
N
NN /
N
\o
5-(4-methoxyphenyl)-1H-
tetrazole(MO-PT)

Figure 1. Names, molecular structure and the abbreviation of theinhibitorsinvestigated

M-PT
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MO-PT

Figure 2. Optimized structure of PT, M-PT and MO-PT calculated with the B3LY P/6-31G(d,p)

2.2. Theoretical background

Global quantities

Density functional theory (DFT) [11] has been fouadbe successful in providing theoretical insigimto the
chemical reactivity and selectivity, in terms pdpular qualitative chemical concepts like electguativity ),

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

The basic relationship of the density functionadty of chemical reactivity is precisely, the orgablished by

Parr et al.,[34], that links the chemical potential of DFT kvithe first derivative of the energy with respexcthie
number of electrons, and therefore with the negadivthe electronegativity.

=N Jvn = X

Wherep is the chemical potential, E is the total enefyyis the number of electrons, amt) is the external
potential of the system.

Hardnessi ) has been defined within the DFT as the seconateve of the E with respect to N agr) property
which measures both the stability and reactivityhef molecule [35].

0°E
= 2
I7 (aNz Jv(r) ( )

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

According to Koopman’s theorem [36], ionization @atial () and electron affinity(A) the electronegativity],
global hardnessj 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 md&e[37]. It is
related to the energy of the,&o through the equation:
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I = -Enomo ®3)

Electron affinity (A) is defined as the energy esded when a proton is added to a system [37]rélaged to Eyvo
through the equation:

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

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

)(:|+A (®)
2

Chemical hardnesgX measures the resistance of an atom to a changsfarg39], it is estimated by using the
equation:

n=—-- (6)

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

S== (7)
i

For a reaction of two systems with different elen&gativities the electronic flow will occur frorng molecule with
the lower electronegativity (the organic inhibittovards that of higher value (metallic surfacegtilithe chemical
potentials are equal [40]. Therefore the fractidrelectrons transferredt) from the inhibitor molecule to the
metallic atom was calculated according to Peartextrenegativity scale [41]

AN = /YFe _/Yinh
[Z(UFe +/7inh} Y

Wherey: andy;.n, denote the absolute electronegativity of iron amitikitor molecule respectiveljre andnin
denote the absolute hardness of iron and the tohibolecule respectively. In this study, we use theoretical
value ofy=7.0 eV [42] andnge = 0 by assuming that for a metallic bulk | = A[decause they are softer than
the neutral metallic atoms.

The electrophilicity is a descriptor of reactivilyat allows a quantitative classification of thelml electrophilic
nature of a molecule within a relative scale. Rarel [44] 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_ (9)

217

According to the definition, this index measures tiropensity of chemical species to accept elestréngood,
more reactive, nucleophile is characterized by lowalue of u, ®; 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 chafggrom the environment.
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2.3. Local molecular reactivity

Fukui functions were computed since it providesaaenue for analyzing the local selectivity of arosion
inhibitor [45]. 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 follow$€]4

fi’ = e On (10)
fi=0On- Ona (11)
where @, gv+1and G, are the electronic population of the atom k intreduanionic and cationic systems.

Condensed softness indices allowing the compa$oaactivity between similar atoms of different lemules can
be calculated easily starting from the relatiomsetn the Fukui functiof(r) and the local softnes§r) [47]

(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 tigcen
Gomezet al, [48] an electronic back-donation process mightolocurring governing the interaction between the
inhibitor molecule and the metal surface. The cphastablishes that if both processes occur, narmledyge
transfer to the molecule and back-donation fromrtiedecule, the energy change is directly relatethéohardness
of the molecule, as indicated in the following egsion.

7

AE gack-donation = _Z (13)

The AEgack-donationimplies that wherny > 0 and4Eg,ck gonation< 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, tites expected
that it will decrease as the hardness increases.

RESULTSAND DISCUSSION

According to the frontier molecular orbital theofiyMO) of chemical reactivity, transition of eleatras due to
interaction between highest occupied moleculartariiHOMO) and lowest unoccupied molecular orbftalMO)

of reacting species [49]The energy of the highest occupied molecular drifaonc) measures the tendency
towards the donation of electron by a molecule.rétoge, higher values ofdguo indicate better tendency towards
the donation of electron, enhancing the adsorptibthe inhibitor on mild steel and therefore betit@nibition
efficiency. Eywo indicates the ability of the molecule to accegiceons. The binding ability of the inhibitor toeth
metal surface increases with increasing HOMO ammte#sing LUMO energy values. Frontier molecularitatb
diagrams oPT,M-PT and MO-PTs represented in fig. 3.

Table 1. Quantum chemical parametersfor PT,M-PT and M O-PT calculated using B3L YP/6-31G(d,p).

Parameters PT M-PT MO-PT
Eromo(eV) -6.93797| -6.70204 | -6.28488
ELumo (eV) -1.54374| -1.43706| -1.25338

Energy gapdE) (eV) 5.39423 | 5.26498 | 5.0315
Dipole moment (Debye] 5.9427 6.4287 7.6171

Enowmo IS @ quantum chemical parameter which is often@ated with the electron donating ability of theletule.
High value of Fomo is likely to a tendency of the molecule to donalctrons to appropriate acceptor molecule of
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low empty molecular orbital energy[50]. The inhdsidoes not only donate electron to the unoccugiedbital of
the metal ion but can also accept electron fromddwebital of the metal leading to the formation aofeedback
bond.

From table 1, it can be clearly seen that thewk for thethree compounds follow the order as MO-PT>M-PT>PT.
The highest value 06.28488(eV) of MO-PT indicates the better inhditefficiency than the other compounds.

The gap between thesbyo and Eyvwo energy levels of the moleculés an important parameter as a function of
reactivity of the inhibitor molecule towards thesatption on the metallic surface. A& decreases the reactivity of
the molecule increases leading to increase in thHe ébthe moleculeLower values of the energy difference will
render good inhibition efficiency, because the gpdp remove an electron from the last occupiedtalriwill be
low [51]. Hard molecules have high HOMO-LUMO ga2]%&nd thus soft bases inhibitors are the mostgife for
metals [53]. The value &fE indicated in table 1 show the following relatioRT> M-PT> MO-PT, which suggests
that the inhibitor MO-PT has the lowest energy gad highest reactivity in comparison to the ott@mpounds,
could have better performance as corrosion inhibito

The dipole momenty( in Debye) is another important electronic paramelat results from non uniform
distribution of charges on the various atoms inrti@ecule. The high value of dipole moment probabbreases
the adsorption between chemical compound and raetfdce [54]. The energy of the deformability irages with
the increase ip, making the molecule easier to adsorb at the Fac The volume of the inhibitor molecules also
increases with the increase jof This increases the contact area between the nielemd surface of iron and
increasing the corrosion inhibition ability of ifditors. In our study the value 7.6171(Debye) of MD-enumerates
its better inhibition efficiency.

lonization energy is a fundamental descriptor @ themical reactivity of atoms and molecules. Highization
energy indicates high stability and chemical inessrand small ionization energy indicates hightiafcof the
atoms and molecules [55]. The low ionization enefg8488 (eV) of MO-PT indicates the high inhibitio
efficiency.

Hardness and softness are the basic chemical dsncefied global reactivity descriptors and hasrbineoretically
justified within the framework of density functidrtheory(DFT) [11]. These are the important propesrtio measure
the molecular stability and reactivity. It is apgairthat the chemical hardness fundamentally segithe resistance
towards the deformation or polarization of the &t cloud of the atoms, ions or molecules undealsm
perturbation of chemical reaction. A hard moledudes a large energy gap and a soft molecule hasak snergy
gap [56]. In our present study MO-PT with low hagda value 2.51575(eV) compared with other compobass a
low energy gap. Normally, the inhibitor with theakt value of global hardness (hence the highdisé vd global
softness) is expected to have the highest inhibiifficiency [57]. For the simplest transfer ofaten, adsorption
could occur at the part of the molecule where s&sf#(S), which is a local property, has a highdsev®8]. MO-PT
with the softness value of 0.397496 has the highégtition efficiency.

Table 2. Quantum chemical parametersfor PT, M-PT and M O-PT calculated using B3L Y P/6-31G(d,p)

Parameterg PT M-PT MO-PT

En (au) -489.32634| -528.64770| -603.85278
IE(eV) 6.93797 6.70204 6.28488
EA(eV) 1.54374 1.43706 1.25338
n (eV) 2.69712 2.63249 2.51575
S (eV) 0.370766 | 0.379868 0.397496
¥ (eV) 4.24086 4.06955 3.76913
® 3.33409 3.14555 2.82348
U -4.24086 -4.06955 -3.76913

The table 2 shows the order of electronegativityPds>M-PT>MO-PT. Hence an increase in the diffeecnt
electronegativity between the metal and the inbibi$ observed in the order MO-PT> M-PT> PT. Acdogdto
Sanderson’s electronegativity equalization prireifd9], PT with a high electronegativity and lakfference of
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electronegativity quickly reaches equalization dehce low reactivity is expected which in turn cates low
inhibition efficiency.

Global electrophilicity indexd) is the measure of the electrophilic tendency wfadecule. In our case, the inhibitor
MO-PT with low electrophilicity index value thanettother compounds, has the highest inhibition iefficy.

HOMO of PT

LUMO of PT

118
www.scholarsresearchlibrary.com



P. Udhayakala et al Der Pharma Chemica, 2013, 5 (6):111-124

LUMO of M-PT
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LUMO of MO-PT

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

The number of electrons transferretlNj and back-donationdE) was also calculated and tabulated in Table 3.
Values ofAN show that the inhibition efficiency resulting frogtectron donation agrees with Lukovits’s study [60]
If AN < 3.6, the inhibition efficiency increases by irasing electron-donating ability of these inhibittmsdonate
electrons to the metal surface and it increaséisarfollowing order: PT < M-PT<MO-PT. The resuliglicate that
AN values correlates strongly with experimental intidini efficiencies. Thus, the highest fraction oéatons
transferred is associated with the best inhibikd®¢(PT), while the least fraction is associated wtité inhibitor that
has the least inhibition efficiency (PT).

Table 3. The number of electron transferred (AN) and 4E back donation (eV) calculated for inhibitor PT and M-PT and MO-PT .

Parameters PT M-PT MO-PT]
Transferred electrons fractionN) | 0.511497| 0.556593| 0.642128
AE back-donation / (eV) -0.67428 | 0.65812 | -0.62894
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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@ptoctype reaction [61]. It is important to catesi the 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 s&mie or another one [50]. Parr and Yang proptsatdarger
value of Fukui function indicate more reactivityp]LHence greater the value of condensed Fukuitifmmcthe more
reactive is the particular atomic centre in theemnale.

3.1 Local Selectivity

Fukui functions compute local reactivity indicesattmakes possible to rationalize the reactivityirafividual
molecular orbital contributions. The condensed Fdilmction and local softness indices allow ondidguish each
part of the molecule on the basis of its distif@mical behaviour due to the different substitdtetttional group.

Thef,” measures the changes of density when the molegales electrons and it corresponds to reactivitth wi
respect to nucleophilic attack. On the other hdgd;orresponds to reactivity with respect to electiliplattack or
when the molecule loss electrons. The calculatekliFiunctions for the molecules PT, M-PT and MO-Bie
presented in Tables 4,5 and 6.

According to fukui indices, C12 is the most reaetsite for nucleophilic attack and H9 is the siteslkectrophilic
attack in the compounBT. In the inhibitor M-PT, N16 is the site of hemphilic attack and C11 is the site of
electrophilic attack. The preferred site for atthgknucleophilic agent in the inhibitor MO-PT isthe site C11 and
electrophilic attack is at H9.

Table4. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin PT atomscalculated from Mulliken atomic char ges
; Maximain bold

Atom No fi * fi~ S S
1C -0.00228i 0.02134: -0.00084 0.00791.
2 C 0.053847 0.037175 0.019965 0.013783
3C 0.029997 0.007185 0.011122 0.002664
4 C 0.0141¢ 0.06936. 0.€0525( 0.02571
5C 0.008282 0.01744 0.003071 0.006466
6 C 0.058533 0.052351 0.021702 0.019410
7H 0.085682 0.078446 0.031768 0.029085
8 H 0.118313 0.011153 0.043867 0.004135
9 H 0.009846 0.132024 0.003650 0.048950
10 H 0.079114 0.084179 0.029333 0.031211
11 H 0.091173 0.090379 0.033804 0.033509
12 C 0.136345 0.021013 0.050552 0.007791
13 H 0.055362 0.05233 0.020526 0.019402
14 N 0.019617 0.035361 0.007273 0.013111
15 N 0.131524 0.103371 0.048765 0.038327
16 N 0.052892 0.082528 0.019611 0.030598
17 N 0.057598 0.10436 0.021355 0.038693
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Table5. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin M-PT atoms calculated from Mulliken atomic

charges; maximain bold

Atom No [ fi~ s S

1C 0.012596 0.027409 0.004785 0.010412
2 C 0.057289 0.032610 0.021762 0.012387
3C -0.035081 0.072938 -0.013326 0.027707
4 C 0.03433! 0.03999. 0.01304! 0.01519:
5C 0.022091 0.022298 0.008392 0.008470
6 C 0.010706 0.045373 0.004067 0.017236
7H 0.08288! 0.07030 0.03148! 0.02670
8 H 0.09476 0.032285 0.035997 0.012264
9 H 0.03948 0.096642 0.014997 0.036711
10 H 0.07590:. 0.07651( 0.02883:. 0.02906!
11 C -0.197601 0.348635 -0.075063 0.132435
12 H 0.078133 0.022693 0.029680 0.008620
13 N 0.112593 -0.064586 0.042771 -0.024534
14 N 0.135295 0.086729 0.051394 0.032946
15 N 0.088117 0.03744 0.033473 0.014222
16 N 0.236959 -0.087339 0.090013 -0.033177
17 C -0.004206 -0.028382 -0.001597 -0.010781
18 H 0.048556 0.047242 0.018445 0.017946
19 H 0.059196 0.061672 0.022487 0.023427
20 H 0.047991 0.059526 0.018230 0.022612

Table6 Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin MO-PT atoms calculated from Mulliken atomic

charges; maximain bold

Atom No fi * fi.~ S S

1C -0.005654 0.034886 -0.002247 0.013867
2 C 0.03544! 0.027101 0.01408¢ 0.01077!
3C 0.02147 0.009803 0.008534 0.003896
4 C 0.039394 0.058267 0.015659 0.023161
5C -0.03297: 0.03337. -0.01310¢ 0.01326!
6 C 0.116743 0.03694 0.046405 0.014683
7 H 0.077606 0.073291 0.030848 0.029133
8 H 0.06492: 0.00953! 0.025801 0.00379:
9 H 0.050902 0.127865 0.020233 0.050826
10 H 0.065324 0.072594 0.025966 0.028856
11 C 0.138863 0.015238 0.055197 0.006057
12 H 0.051719 0.041693 0.020558 0.016573
13 N 0.015056 0.02375 0.005985 0.009441
14 N 0.126765 0.081708 0.050388 0.032478
15 N 0.049395 0.062981 0.019634 0.025035
16 N 0.052103 0.076246 0.020711 0.030307
17 O 0.036943 0.085611 0.014685 0.034031
18 C -0.046444 -0.045839 -0.018461 -0.018221
19 H 0.040872 0.056249 0.016246 0.022358
20 H 0.063854 0.062332 0.025382 0.024777
21 H 0.037691 0.056373 0.014982 0.022408

CONCLUSION

From the present study, we can deduce the followinmglusions:
1.Through DFT calculations a correlation between peters related to the electronic and molecularcsiras of
three Phenyltetrazole substituted compounds, namglfienyl-1H-tetrazole (PT), 5-p-tolyl-1H-tetrazdl®l-PT)
and 5-(4-methoxyphenyl)-1H-tetrazole (MO-PT) arbit ability to inhibit the corrosion process coube

established.

2. The calculated HOMO energy, energy gdpl and the value of dipole moment show reasonaloygdg
correlation with the efficiency of corrosion inHiloin.
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3.The parameters like hardnags(Softness(S), dipole momep}( electron affinity(EA) ionization potential(IE),
electronegativityf) and the fraction of electron transferreNj confirms the inhibition efficiency in the ordef
MO-PT>M-PT>PT.

4.Fukui function shows the nucleophilic and electibplattacking sites in the MO-PT,M-PT and PT

5.Comparison of theoretical and experimental databé&@ood correlation confirming the reliability ofie method
employed here.
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