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ABSTRACT

The inhibition potentials of two pyridazine derivas 5-benzyl-6-methyl pyridazine-3-thione (BMRf) 5-benzyl-
6-methyl pyridazine-3-one(BMPO) has been elucidatsidg quantum chemical calculations based on siten
functional theory (DFT) at the B3LYP/6-31G(d,P) isaset level in order to investigate the relatioipshetween
their molecular and electronic structure and inhidn efficiency. The quantum chemical propertieshsas oo
(highest occupied molecular orbital energy)ufo (lowest unoccupied molecular orbital energy), rgyegap UE),
dipole moment 4), hardness #), softness (S), the absolute electronegativify the fractions of electrons
transferred ¢N) and the electrophilicity index»of were calculated. The local reactivity has beealgred through
the Fukui function and condensed softness inditesder to compare the possible sites for nuchélp and
electrophilic attacks. The obtained theoreticalalagree well with the experimental results.

Keywords. Pyridazine, corrosion inhibition, DFT, Fukui furan, electrophilicity index.

INTRODUCTION

Corrosion of mild steel is an inevitable proces# thas attracted many investigation and reseafdéhebhe study of
corrosion process and their inhibition by orgambilbitors is a very active field of research [2A number of
heterocyclic compounds containing N, O, and S eithethe aromatic or long chain carbon system hiagen
reported as effective inhibitors of metal corros{8]. The inhibition mechanism is generally exptd by the
formation of a physically and / or chemically adseat film on the metal surface [5]. Most efficienthibitors are
organic compounds containing electronegative fonéti groups and:-electrons in triple or conjugated double
bonds. Researchers conclude that the adsorptioth@metal surface depends mainly on the physicoidta¢m
properties of the inhibitor, such as the functiograup, molecular electronic structure, electronsity at the donor
atom, 1t orbital character and the molecular size [6,7]. Ti@bition efficiency has been closely relatedthe
inhibitor adsorption abilities and the moleculaoerties for different kinds of organic compoun8®]. The power
of the inhibition depends on the molecular struetof the inhibitor.Organic compounds, which can donate
electrons to unoccupied d orbital of metal surfeamdorm coordinate covalent bonds and can also pcitee
electrons from the metal surface by using their bahding orbital to form feedback bonds, conséitecellent
corrosion inhibitors [10].
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Quantum chemical calculations have been widely tigestiudy reaction mechanism. They have h@ened to be a
very powerful tool for studyingorrosion inhibitionmechanism [11-13].Density functional theory (DFT) [14,15]
has provided a very useful framework for developieyv criteria for rationalizing, predicting, andeexually
understanding many aspects of chemical proces$e$dJlL A variety of chemical concepts which are neidely
used as descriptors of chemical reactivity, e.lg¢teonegativity [17] hardness or softness quattigtc., appear
naturally within DFT [14]. The Fukui function [18gpresenting the relative local softness of theteda, measures
the local electron density/population displacementsesponding to the inflow of a single electréheyhave been
successfully performed to link the corrosion intidn efficiency with molecular orbital (MO) enerdgvels for
some kinds of organic compounds [19, 20].

The pyridazine and their derivatives are reporteéxhibit a broad range of biological activity, buas analgesic
[21], antibacterial [22], anti-inflammatory [23]n@hypertensive properties [24]. They have attrédatensiderable
attention in the recent years for their diverseé diatoetic [25] and also as human rhinovirus (HRMrhibitors[26].
L.M.C. Vieira et al.have studied the electrochemical and spectrosapities of some Pyridazine derivatives[27].
A. Zarrouk et al., have investigated the comparative study of newdgyme derivatives towards corrosion of
copper in nitric Acid [28]. An investigation of twnovel pyridazine derivatives as corrosion inluibfor C38 Steel

in 1.0 M HCl was reported byA. Ghazoui et d129].

Although experimental work ofA. Chetouani et al[30] provide valuable information on the corrosimhibition
efficiency of two pyridazine derivatives 5-benBymethyl pyridazine-3-thione ( BMPT) and 5-benzytr@thyl
pyridazine-3-one(BMPO), a deep understanding ofittegbition property remain unclear. The objectiok the
present paper is to extend the studyfoChetouani et al[30] by analyzing the inhibition efficiency of BMPand
BMPO on theoretical chemical parameters such agileegies of highest occupied molecular orbiEof0) and
the lowest unoccupied molecular orbit& (o), the energy gapdE) betweenEyomo and E ymo, dipole moment
(), ionization potentiall, electron affinity A), electro negativityy), global hardness;), softness (S), the global
electrophilicity @), the fraction of electrons transferretNj and back donatioAE). The local reactivity has been
analyzed by means of the Fukui indices, since théigate the reactive regions, in the form of thelaophilic and
electrophilic behaviour of each atom in the moleawding DFT calculations.

EXPERIMENTAL SECTION

2.1Quantum Chemical Calculation

In order to explore the theoretical-experimentaisistency, quantum chemical calculations were peréd using
Gaussian-03 software package [31)JComplete geometrical optimizations of the investiggl molecules are
performed using density functional theory(DFT) wihe Becke’s three parameter exchange functidonabawith
the Lee— Yang—Parr nonlocal correlation functiofig8LYP) [32,33]. The calculations were based onl&3d,p)
basis set. This metholas been widely implemented to study the relaligndetween corrosion inhibition
efficiency of the molecules and their electroniogmrties [34] 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 [39]he chemical andptimized structuresf the compounds studied are given in
Fig 1. and Fig 2.
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Figure 1. Names, molecular structure and the abbreviation of the inhibitorsinvestigated

BMPT

BMPO

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

144



P. Udhayakala et al J. Chem. Pharm. Res., 2013, 5(8):142-153

2.2. Theoretical background

Global quantities

Density functional theory (DFT) [14] has been fouedbe successful in providing theoretical insigimt the
chemical reactivity and selectivity, in terms pbpular qualitative chemical concepts like electgativity ),

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.,[36], that links the chemical potential of DFT Withe first derivative of the energy with respexthe
number of electrons, and therefore with the negatiithe electronegativity.

_[ 0E __ 1
M= IN v X 1)

Wherep is the chemical potential, E is the total enemyyis the number of electrons, arf) is the external
potential of the system.

Hardnessi( ) has been defined within the DFT as the secondative of the E with respect to N a{r) property
which measures both the stability and reactivityhef molecule [37].

5= 0°E @)
ON? .

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

According to Koopman’s theorem [38], ionization @atial () and electron affinityA) the electronegativityy,
global hardnessgj 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[39]. It is
related to the energy of theguo through the equation:

I = -Enomo ®3)

Electron affinity (A) is defined as the energy eded when a proton is added to a system [39]réldged to Eymo
through the equation:

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

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

I + A
2

(®)

Chemical hardnesg; measures the resistance of an atom to a changsférg41], it is estimated by using the
equation:

(6)
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Chemical softness (S) is the measure of the capatian atom or group of atoms to receive electidds, it is
estimated by using the equation:

S== (7)
n

For a reaction of two systems with different elentgativities the electronic flow will occur frorne molecule with
the lower electronegativity (the organic inhibittovards that of higher value (metallic surfacegtilithe chemical
potentials are equal [42]. Therefore the fractidrelectrons transferreddN) from the inhibitor molecule to the
metallic atom was calculated according to Pearsectrenegativity scale [43]

AN = /YFe _/Yinh 8)
[z(nFe +/7inh}

Whereye. andy;nn denote the absolute electronegativity of iron amitikitor molecule respectiveljre andnin
denote the absolute hardness of iron and the tohibiolecule respectively. In this study, we use theoretical
value ofyr=7.0 eV [44] andnee = 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. Rareal [46] have proposed electrophilicity index as a measfire o
energy lowering due to maximal electron flow betaweenor and acceptor. They defined electrophilicidex()

as follows.

2
w= 'u_ (9)
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According to the definition, this index measures firopensity 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 chaigdrom the environment.

2.3. Local molecular reactivity
Fukui functions were computed since it providesaaenue for analyzing the local selectivity of arosion
inhibitor [47]. Their values are used to identifyhieh atoms in the inhibitors are more prone to wgdean

electrophilic or a nucleophilic attack. The chamgelectron density is the nucleophilic® (r) and electrophili¢ -
(r) Fukui functions, which can be calculated gdime finite difference approximation as follows[4

fi" = Onsa- On (10)
fr=0On- Ona (11)
where ¢ gu+1and gy, are the electronic population of the atom k intreduanionic and cationic systems.

Condensed softness indices allowing the compa$oeactivity between similar atoms of differentlecules can
be calculated easily starting from the relationmgetn the Fukui functioh(r) and the local softnes§’) [49]

_(9p)) (N} _
s(r)—( N jv(r)(aﬂl(r, f(r)S (12)
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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, [50] 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 fromnttidecule, the energy change is directly relatethéohardness
of the molecule, as indicated in the following eegmion.

7

AE gack-donation = _Z (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, 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 thegiiyMO) of chemical reactivity, transition of eleatrés due to
interaction between highest occupied moleculartarHOMO) and lowest unoccupied molecular orb{talMO)

of reacting species [51]The energy of the highest occupied molecular drifEaonme) measures the tendency
towards the donation of electron by a molecule.réfwee, higher values of gy indicate better tendency towards
the donation of electron, enhancing the adsorptibithe inhibitor on mild steel and therefore betihibition
efficiency. Eymwo indicates the ability of the molecule to accegiceons. The binding ability of the inhibitor toeth
metal surface increases with increasing of the HOBMA decreasing of the LUMO energy values. Frontier
molecular orbital diagrams &MPT andBMPO s represented in fig. 3.

Table 1. Quantum chemical parametersfor BMPT and BM PO calculated using B3L Y P/6-31G(d,p)

Parameters BMPT BMPO
Eromo(eV) -5.52676 | -6.21821
ELumo (eV) -1.81177| -1.39815

Energy gapAE) (eV) 3.71506 | 4.82006
Dipole moment (Debye)] 5.6775 4.0670

Enomo IS @ quantum chemical parameter which is often@ated with the electron donating ability of theletule.
High value of FRowmo is likely to a tendency of the molecule to donaltectrons to appropriate acceptor molecule of
low empty molecular orbital energy[52]. The inhdsidoes not only donate electron to the unoccugiedbital of
the metal ion but can also accept electron fromddoebital of the metal leading to the formationafeed back
bond. The highest value ofiko -5.52676 (eV) of BMPT indicates the better inhdoitefficiency than the other
compound.

The energy of the lowest unoccupied molecular akbif yvo, indicates the ability of the molecule to accept
electrons [36]. So, the lower the value @, the more probable the molecule to accept elestrionour study the
BMPT having low value of o could have better performance as corrosion inhibito

The gap between the,fo and Eyvwo energy levels of the moleculés an important parameter as a function of
reactivity of the inhibitor molecule towards thesagption on the metallic surface. A& decreases the reactivity of
the molecule increases leading to increase in tHe @bthe moleculeLower values of the energy difference will
render good inhibition efficiency, because the gndo remove an electron from the last occupiedtalriwill be
low [53]. Hard molecules have high HOMO-LUMO gapl]%&nd thus soft bases inhibitors are the mostg¥fe for
metals [55]. The results as indicated in table dwsthat inhibitor BMPT has the lowest energy gdyis theans that
the molecule could have better performance as si@manhibitor.

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
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the adsorption between chemical compound and metédce [56]. 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 of This increases the contact area between the melend surface of iron and
increasing the corrosion inhibition ability of itiitors. In our study the value 5.6775 (Debye) of BMenumerates
its better inhibition efficiency.

lonization energy is a fundamental descriptor & tihemical reactivity of atoms and molecules. Highization
energy indicates high stability and chemical inesshnand small ionization energy indicates hightiggcof the
atoms and molecules [57]. The low ionization ene&§2676 (eV) of BMPT indicates the high inhibition
efficiency.

Hardness and softness are the basic chemical dsnagled global reactivity descriptors has bdweeptetically
justified within the framework of density functidrtheory(DFT) [14].These are the important propesrtio measure
the molecular stability and reactivity. It is apgiatrthat the chemical hardness fundamentally semthe resistance
towards the deformation or polarization of the &f@mt 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 [58]. In our present study BMPT with low hargm@alue 1.85749 (eV) compared with other compdwawet a
low energy gap. Normally, the inhibitor with theakt value of global hardness (hence the highdsé vd global
softness) is expected to have the highest inhibigifficiency [59]. For the simplest transfer of@ten, adsorption
could occur at the part of the molecule where &s#(S), which is a local property, has a highestevg0]. BMPT
with the softness value of 0.53836 has the higinddbition efficiency.

The table 2 shows the order of electronegativityBdPO > BMPT. Hence an increase in the differenfe o
electronegativity between the metal and the inbibis observed in the order BMPT > BMPO. Accorditay
Sanderson’s electronegativity equalization prireifdl], BMPO with a high electronegativity andavlaifference

of electronegativity quickly reaches equalizatiowd daence low reactivity is expected which in tundicates low
inhibition efficiency.

Global electrophilicity indexd) is the measure of the electrophilic tendency wigdecule. In our case, the inhibitor
BMPT with high electrophilicity index value thanetiother compound, has the highest inhibition edfficly.

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

Parameterg BMPT BMPO
IE(eV) 5.52676 | 6.21821
EA(eV) 1.81177 | 1.39815
n (eV) 1.85749 | 2.41003
S (eV) 0.53836 | 0.41493
1 (eV) 3.66926 | 3.80818

® 3.6241 3.0087
y -3.33926 | -3.80818

The number of electrons transferretlNj and back-donationdE) was also calculated and tabulated in Table 3.
Values ofAN show that the inhibition efficiency resulting frostectron donation agrees with Lukovits’s study [62]
If AN < 3.6, the inhibition efficiency increases by irasing electron-donating ability of these inhibittwsdonate
electrons to the metal surface and it increaselsarfollowing order: BMPO < BMPT. The results indie thatAN
values correlates strongly with experimental intidpi efficiencies. Thus, the highest fraction ofattons
transferred is associated with the best inhibiBMPT), while the least fraction is associated with inhibitor that
has the least inhibition efficiency (BMPO).

Table 3. The number of electron transferred (AN) and 4E back donation (eV) calculated for inhibitor BMPT and BMPO .

Parameters BMPT BMPQ
Transferred electrons fractioAN) | 0.89657 | 0.66219
AE back-donation / (eV) -0.46437| -0.6025

There is a general consensus by several authdrththanore negatively charged a heteroatom, isrtbee it can be
adsorbed on the metal surface through the don@paactype reaction [63]. It is important to calesi the situation
corresponding to a molecule that is going to rexzeicertain amount of charge at some centre againg to back
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donate a certain amount of charge through the samiee or another one [50]. Parr and Yang proptisatlarger
value of Fukui function indicate more reactivity8]1Hence greater the value of condensed Fukuitifmmcthe more
reactive is the particular atomic centre in theenale.

3.1 Local Selectivity

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

Thef " measures the changes of density when the molegales electrons and it corresponds to reactivith wi
respect to nucleophilic attack. On the other hdgdorresponds to reactivity with respect to electiliplattack or
when the molecule loss electrons. The calculatédiifunctions for the molecules BMPT and BMPO aresgnted
in Tables 4 and 5.

HOMO of BMPT

LUMO of BMPT
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HOMO of BMPO

LUMO of BMPO

Figure 3. Frontier molecular orbital diagramsof BMPT and BM PO by B3L Y P/6-31G(d,p)
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Table4. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin BMPT atoms calculated from Mulliken atomic
charges; Maximain bold.

Atom No it fi~ s S

1N 0.048153 0.065312 0.019980 0.027099
2 C 0.066988 0.053859 0.027795 0.022348
3C 0.060183 0.016401 0.024972 0.006805
4 C 0.004431 0.01803 0.001838 0.007481
5N 0.111762 0.058821 0.046373 0.024406
6 H 0.09568 0.050852 0.039701 0.0211

7C -0.025324 -0.073599 -0.010508 -0.030538
8 C 0.00263: -0.01088: 0.00109: -0.004511
9 H 0.043512 0.042687 0.018054 0.017712
10 H 0.026728 0.043394 0.011090 0.018005
11 + 0.042201 0.03846. 0.01751. 0.01595!
12 C -0.008987 -0.012871 -0.003729 -0.005341
13 H 0.055384 0.03705 0.022980 0.015373
14 + 0.03489! 0.03995! 0.01447 0.01657¢
15 C -0.050839 -0.019221 -0.021095 -0.007975
16 C 0.004785 -0.004255 0.001985 -0.001766
17 C 0.026347 -0.007757 0.010932 -0.003219
18 C 0.011015 0.004158 0.004570 0.001725
19 H -0.027871 0.016464 -0.011564 0.006831
20 C 0.002469 0.005402 0.001024 0.002241
21 H 0.031793 0.017849 0.013192 0.007406
22 C 0.01149 0.005908 0.004767 0.002451
23 H 0.028824 0.031962 0.011959 0.013262
24 H 0.041496 0.032905 0.017218 0.013653
25 H 0.041232 0.034747 0.017108 0.014418
26 S 0.269272 0.464558 0.111729 0.192759
27 H 0.051745 0.049809 0.021471 0.020667

Table5. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin BM PO atoms calculated from Mulliken atomic
charges; maxima in bold

Atom Nc fi* fi” s S

; ? 0.036736 0.065793 0.015242 0.027299
2c 0.081742 0.063029 0.033917 0.026153
s 0.051654 0.002207 0.021433 0.000916
N 0.011018 0.012601 0.004572 0.005228
o 0.119842 0.074825 0.049726 0.031047
o 0.115216 0.054562 0.047806 0.022639
s 0.03076 0.022228 0.012764 0.009223
5 0.001978 -0.017846 0.000821 -0.007405
o 0.047887 0.043664 0.019869 0.018117
o 0.027668 0.046823 0.011480 0.019428
o 0.045978 0.044091 0.019077 0.018294
e -0.012554 0.002878 -0.005209 0.001194
v 0.057663 0.049766 0.023926 0.020649
P 0.043416 0.037474 0.018015 0.015549
P -0.045247 -0.003367 -0.018774 -0.001397
ot -0.000932 -0.005785 -0.000386 -0.002432
e 0.03035 0.018302 0.012593 0.007594
o 0.01469. 0.01851' 0.00609! 0.00768
o b -0.020654 0.041203 -0.008569 0.017096
25 0.000986 0.009061 0.000409 0.003759
oA 0.0374 0.03404; 0.01554 0.01412!
o 0.013575 0.020089 0.005633 0.008335
o 0.036737 0.055896 0.015243 0.023192
o 0.04681: 0.05031 0.01942: 0.02080.
o 0.047459 0.057791 0.019692 0.023979
AN 0.065207 0.058572 0.027056 0.024303

0.114536 0143457 0.047524 0.059525
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According to fukui indices, N5 is the most reactsite for nucleophilic attack and O27 is the siteslectrophilic
attack in the compounB8MPO. In the compound BMPT, S26 is the site of betbctrophilic and nucleophilic
attack.Generally when we have a carbonyl group, the cavtirbe made highly electron deficient, so it bets
the centre of nucleophilic attack. By the sameaerabe oxygen will be rich in electrons, so thecttgphiles will
prefer to go to the oxygen only.

In the case of the sulphone derivative, the sulgitom has 2 pairs of non-bonding electrons, nbg tihrat among
sulphur and oxygen, oxygen is more electronegatidch makes the sulphur atom a nucleophilic aeptey
contrast carbon doesn't have lone pairs). Amonghsmland oxygen sulphur will be ready to part vitishpair rather
than the oxygen, which also confirms the inhibitefficiency in the order of BMPT > BMPO.

CONCLUSION

The inhibition efficiency of two pyridazine derivats, 5-benzyl-6-methyl pyridazine-3-thione (BMPahd 5-
benzyl-6-methyl pyridazine-3-one (BMPO) has beerestigated by utilizing DFT quantum chemical appies.
The inhibition efficiency increase with the increds Biomo, and decrease in o and energy gapg). BMPT
has the highest inhibition efficiency because d tee highest HOMO energy andN values and lowest energy gap
it was most capable of offering electrons and itildohave a better performance as corrosion inhibitoThe
parameters like hardneg¥( Softness(S), dipole momenp}( electron affinity(EA) ionization potential(lE),
electronegativityf) and the fraction of electron transferredNj confirms the inhibition efficiency in the ordef
BMPT >BMPO. Fukui function shows the nucleophilitdaelectrophilic attacking sites in the BMPT and B®I
Comparison of theoretical and experimental databitxgood correlation confirming the reliability ahe method
employed here.
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