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ABSTRACT

Density functional theory (DFT) at the B3LYP/6-3d{®] basis set level was performed on two
Formazan 2-(phenyl(2-phenylhydrazinyl) methylengiir&azinecarboxamide (FB) and 2-((4-
(dimethylamino)phenyl)(2-phenylhydrazinyl)methy)agdrazinecarboxamide (FD) and the
inhibitive effect of these formazans against theosion of mild steel in acidic medium is
elucidated. The calculated quantum chemical paramsetorrelated to the inhibition efficiency
are Biomo (highest occupied molecular orbital energy).ufso (lowest unoccupied molecular
orbital energy), the energy gaff), hardness(), Softness(S), dipole moment(electron
affinity(EA), ionization potential(IE), the absadtutelectronegativity) and the fraction of
electron transferred4N). The order of inhibition efficiency of the faman derivatives was
found to be in agreement with experimental coonsnhibition efficiencies. The local reactivity
has been analyzed through the condensed Fukuiidmneind local softness indices using
mulliken population analysis.

Keywords: Corrosion inhibition, Formazan, Density functibibeory(DFT), Fukui function,
softness indices.

INTRODUCTION

The protection of metal surfaces against corrosan important industrial and scientific topic.
Many chemical phenomena cannot be explained bysicklsphysics and need quantum
mechanics for the complete analysis. In that casmtym chemical studies are used to analyze
the inhibition efficiency of certain compounds oworrosion. A number of heterocyclic
compounds containing nitrogen, oxygen and sulpktbeein the aromatic or long chain carbon
system have been reported to be effective inhibifdr2]. The planarity and the lone electron
pairs in the hetero atoms are important featurasdétermine the adsorption of molecules on the
metallic surface[3].The inhibition efficiency hasdn closely related to the inhibitor adsorption
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abilities and the molecular properties for diffar&mds of organic compounds[4-9[he power

of the inhibition depends on the molecular struetof the inhibitor Organic compounds, which
can donate electrons to unoccupied d orbital ofh®irface to form coordinate covalent bonds
and can also accept free electrons from the matéce by using their anti bonding orbital to
form feedback bonds, constitute excellent corrogibibitors.

Quantum chemical calculations have bgepved to be a very powerful tool for studying
corrosion inhibitionrmechanism [10-14]Density functional theory (DFT)[15,16] has providad
very useful framework for developing new critera@ fationalizing, predicting, and eventually
understanding many aspects of chemical process@4[[1A variety of chemical concepts which
are now widely used as descriptors of chemicaltngg e.g., electronegativity [18] hardness
or softness quantities etc., appear naturally iwitBFT[16]. The Fukui function[20]
representing the relative local softness of thecteda gas, measures the local electron
density/population displacements correspondin@eédriflow of a single electron.

The reactive ability of the inhibitor is closelynked to their frontier molecular orbital (MO),
including highest occupied molecular orbital, HOMsDd lowest unoccupied molecular orbital,
LUMO, and the other parameters such as hardnessadiméss. Quantum chemical studies have
been successfully performed to link the corrosiohibition efficiency with molecular orbital
(MO) energy levels for some kinds of organic comutai[22,23].

Claudia Nadejde et al. have studied the spectv@stigation of Triphenylformazan derivatives
in ultraviolet light[24]. A series of new substiéat formazan derivatives has been synthesized
from corresponding aryl diazonium chloride and 8dbtese in pyridine and were identified by
spectral studies and screened for their antimietcutivities by Marjadi et al.[25].

The Formazan derivatives investigated in the pitaserk are:
(2-(phenyl(2-phenylhydrazinyl)methylene)hydrazimboxamide (FB)
2-((4-(dimethylamino)phenyl)(2-phenylhydrazinyl)hglene)hydrazinecarboxamide (FD)

The inhibition efficiency of the formazan derivaginvestigated in this work has been studied
experimentally using weight loss method, potenti@iyic polarization and electrochemical
impedance spectroscopic techniques. Results olbtaimawed that FB<FD [26].The objective of
this work is therefore, to present a theoreticadigtof the electronic and structural parameters of
formazan derivatives and the effect of these par@ammen their inhibition efficiency of corrosion
of mild steel using the quantum chemically calcedgparameters. Molecular orbital calculations
are performed looking for good theoretical paramsete characterize the inhibition property of
inhibitors, which will be helpful to gain insightto the mechanism of corrosion inhibition. Also
from the calculations we will try to explain whigdsorption site is favoured to bind to the metal
surface. Computational calculations were obtaingdmeans of B3LYP/6-31G(d,p) method.
Parameters like domo, Eumo, energy gamE), dipolemomeni(), global hardnessj,
softness(S), the fraction of electron transfer@adN)( and total energy change\E) were
calculated. The local reactivity has been analylzgdneans of the Fukui indices, since they
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indicate the reactive regions, in the form of thuelaophilic and electrophilic behaviour of each
atom in the molecule.

MATERIALSAND METHODS

Computational Details

All the quantum chemical calculations were perfadméth complete geometry optimizations
using Gaussian-03 software package [27]. Geomgdtiyn@ation were carried out by B3LYP
functional at the 6-31G(d,p) basis set and at #esity functional theory (DFT) level. BLYP
functional is obtained by adding gradient corrawido the LDA method—specifically the
exchange correction of Becke [28] and the corn@lafunction of Leeet al. [29]. Recently,
Density functional theory (DFT) has been used talyme the characteristics of the inhibitor/
surface mechanism and to describe the structutatenaf the inhibitor in the corrosion process

[30,31].
NH,
Lo
o N
~

I

H
HN

(2-(phenyl(2-phenylhydrazinyl) methylene)hydr azinecar boxamide (FB)

2-((4-(dimethylamino)phenyl)(2-phenylhydr azinyl)methylene)hydr azinecar boxamide (FD)
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Figure 1. Names, molecular structure and the abbreviation of theinhibitorsinvestigated

(FD)

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

Density functional theory (DFT) [16] has been quitecessful in providing theoretical basis for

popular qualitative chemical concepts like elecdgativity ), hardnessr( ), softness(S) and
local ones such as Fukui function(F(r) and locdtress(s(r). For an N-electron system with
total energy E, these reactivity indices are defias the following first-order derivative [32].

(2]
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Hardnessi( ) has been defined within the DFT as the secondat&ve of the E with respect to
N as v(r) property which measures both the stability andtrefe of the molecule [33].

. _(aZEj
- 2
ON )

where v(r)andp are, respectively, the external and electronicribal potentials.

According to Koopman'’s theorem [ 34] the ionizatjgotential (IE) and electron affinity (EA) of
the inhibitors are calculated using the followirggations and hengeandn are calculated.

IE = -Enomo

EA = -Liumo
The higher HOMO energy corresponds to the moretik@aenolecule in the reactions with
electrophiles, while lower LUMO energy is essentidr molecular reactions with
nucleophiles[35].

(= [E*EA
2

= E-EA
2

The global softness(S) is the inverse of the glblaatiness [33]

s=1

n

When two systems, Fe and inhibitor, are broughettogy, electrons will flow from lower
x(inhibitor) to higher y(Fe), until the chemical potentials become equdie Thumber of
transfered electron?\N) was also calculated [36] by using the equatieloWw.

AN = XFe _)(inh
[Z(HFe +/7inh}

Where yee and ynn denote the absolute electronegativity of iron andibitor molecule
respectivelynee and ninn denote the absolute hardness of iron and the tohilbnolecule
respectively. In this study, we use the theoreticdlie ofye=7.0 eV andnge = O for the
computation of number of transferred electrons[3&le difference in electronegativity drives
the electron transfer, and the sum of the hardpassmeters acts as a resistance [ 37]. The local
selectivity of a corrosion inhibitor is best anagzby means of condensed Fukui function.
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The change in electron density is the nucleoplfli) and electrophilicf() Fukui functions,
which can be calculated using the finite differeapproximation as follows [38

fi" = gn+1- Ou (for nucleophilic attack)
fkx=0v-On1 (for electrophilic attack)

where ¢ gn+1and g1 are the electronic population of the atom k intredpanionic and cationic
systems.

Condensed softness indices allowing the compareforeactivity between similar atoms of
different molecules can be calculated easily stgrtiom the relation between the Fukui function
f (r) and the local softnes§r) [39]

(o) (N _
S(r)_( oN jV(f)[aIu]v(r) Hns

RESULTS AND DISCUSSION

According to Wanget al. [39], the frontier orbital (highest occupied mal&r orbital-HOMO
and lowest unoccupied molecular orbital-LUMO) ofclaemical species play major role in
defining its reactivity.As Bijomo IS often associated with the electron donatinditgbof a
molecule, high value of {puo are likely to indicate the tendency of the molectd donate
electrons to appropriate acceptor molecules witvetoenergy MOlIncreasing values of lomo
facilitate adsorption and therefore enhance théimbn efficiency, by influencing the transport
process through the adsorbed layEruvo indicates the ability of the molecule to accept
electrons. The binding ability of the inhibitorttte metal surface increases with increasing of the
HOMO and decreasing of the LUMO energy values. igormolecular orbital diagrams of FB
and FD is represented in figure 3.

Table 1. Quantum chemical parametersfor FB and FD calculated using B3LYP/6-31G(d,p).

Parameters FB FD
Enomo(eV) -5.55602 -5.13479
EL umo (eV) -1.10152 -0.68845

Energy gapAE) (eV) 445451 4.44634
Dipole moment (Debye) 3.9276 4.7028

According to the frontier molecular orbital thedfO) of chemical reactivity, transition of
electron is due to interaction between highest piecl molecular orbital(HOMO) and lowest
unoccupied molecular orbital (LUMO) of reacting sigs. The higher values ofievo indicate
the greater its ability of offering electrons toogoupied d-orbital of the metal, and higher the
corrosion inhibition efficiency through better adstion. The inhibitor does not only donate
electron to the unoccupied d orbital of the metal but can also accept electron from the d-
orbital of the metal leading to the formation dead back bond. The highest value gbko
-5.13479 eV indicates the better inhibition e#fiaty of FD.
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AE (energy gapAE = BE.umo — B4omo) is an important parameter as a function of rgdagtof the
inhibitor molecule towards the adsorption on theatie surface. A?AE decreases the reactivity
of the molecule increases leading to increase en%E of the moleculeLower values of the
energy difference will render good inhibition effincy, because the energy to remove an
electron from the last occupied orbital will be lo#0]. Reportedly, excellent corrosion
inhibitors are usually organic compounds which erdy offer electrons to unoccupied orbital of
the metal but also accept free electrons from te@hjil1]. A molecule with a low energy gap is
more polarizable and is generally associated with High chemical activity and low kinetic
stability and is termed soft molecule[41The results as indicated in table 1 shows thabitdn

FD has the lowest energy gap, this means that tlecule could have better performance as
corrosion inhibitor.

The dipole momentu(in Debye) is another important electronic paramgtat results from non
uniform distribution of charges on the various asaim the molecule. The high value of dipole
moment probably increases the adsorption betweemiclal compound and metal surface [42].
The energy of the deformability increases with ittiease inu , making the molecule easier to
adsorb at the Fe surface. The volume of the inhiliitolecules also increases with the increase
of u. This increases the contact area between the oleland surface of iron and increasing the
corrosion inhibition ability of inhibitors. In owstudy the value 4.7028(eV) of FD enumerates its
better inhibition efficiency.

lonization energy is a fundamental descriptor ef themical reactivity of atoms and molecules.
High ionization energy indicates high stability andemical inertness and small ionization
energy indicates high reactivity of the atoms anolecules[43]. The high ionization energy
5.55602 (eV) of FB indicates the low inhibitionieféncy.

Absolute hardness and softness are important grepeéo measure the molecular stability and
reactivity. It is apparent that the chemical hasgndundamentally signifies the resistance
towards the deformation or polarization of the #&tat cloud of the atoms, ions or molecules
under small perturbation of chemical reaction. Adnhaolecule has a large energy gap and a soft
molecule has a small energy gap[44]. In our prestatly FD with low hardness value
2.22317(eV) compared with FB have a low energy ghlprmally, the inhibitor with the least
value of global hardness(hence the highest valuglafal softness) is expected to have the
highest inhibition efficiency [45].

For the simplest transfer of electron, adsorptionld occur at the part of the molecule where
softness(S), which is a local property, has a highalue[46]. FD with the softness value of
0.449808 correlates the above statement.

The table 2 shows the order of electronegativitf-B<FB. Hence an increase in the difference
of electronegativity between the metal and the bitbi is observed in the order FD>FB.
According to Sanderson’s electronegativity equion principle [47], FB with a high
electronegativity and low difference of electron@gty quickly reaches equalization and hence
low reactivity is expected which in turn indicatew inhibition efficiency.
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The values oAN presented in the table 2 represents the nunfb&ectronic charges that will
be exchanged between the surface and the adsqubeds The greater value of 0.919493 for

FD indicates the maximum transfer of electron aedcle greater inhibition efficiency.

Table 2. Quantum chemical parametersfor FB and FD calculated using B3LYP/6-31G(d,p).

Parameters

FB FD
Ex(au)  -891.494426 -1025.470690
Exs(au)  -891.256647 -1025.224731
Exsi(au)  -891.495437 -1025.461112
IE(eV) 5.55602 5.13479
EA(eV) 1.10152 0.68845
n (eV) 2.22725 2.223171
S (eV) 0.448984 0.449808
x (eV) 3.32877 2.91162
AN 0.824162 0.919493
HOMO

LUMO

FB

FD

Figure 3. Frontier molecular orbital diagramsof FB and FD by B3LY P/6-31G(d,p)
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Table 3. Fukui and local softnessindicesfor nucleophilic and electrophilic attacks on FB atoms calculated

from mulliken charges

Atom No fi ¥ fi S S¢
0.00125 0.00411 0.013671
0.01383 0.02203 0.004167 0.073339
1 c -0.00038 0.00862 0.046033 0.028694
>C 0.00097 -0.00428 -0.001278 -0.014234
3 C -0.03466 0.01772 0.003242 0.059002
4 C -0.00162 0.02101 -0.115375 0.069924
5¢C 0.03596 0.04849 -0.005399 0.161435
? ﬁ 0.04011 0.05229 0.119722 0.174078
0.03364 0.04649 0.133513 0.154777
8 H 0.111999
9 H 0.00534 0.01534 0.017782 0.051046
10 H 0.02205 0.04218 ' 0.140417
0.073396
11 H 0.02647 0.04913 0.163549
0.088109
12 N 0.02044 0.05283 0.068046 0.175865
13 H :
N 0.00794 0.09562 0.026420 0.318283
15 H 0.01831 0.05869 0.060959 0.195365
16 C 0.18363 0.02323 0.611258 0.077344
17 N 0.01194 0.13366 0.039735 0.444916
18 N -0.02568 0.05612 -0.085479 0.186817
19 H 0.02273 0.02618 0.075662 0.087157
22 g 0.01535 -0.13951 0.051103 -0.464407
0.06118 -0.01754 0.203654 -0.0584
22 C 0.336285
23 & 0.10102 -0.04115 : -0.136986
24 H -0.00123 0.01328 -0.004104 0.044199
25 C 0.03471 0.02349 %‘%115;572% 0.078219
26 H -0.00533 0.01664 by 0.055377
27 C 0.02223 0.04409 0.074011 '
28 H ' : 0.180908 0.146772
50 H 0.05435 0.00673 0.907715 0.022412
30 H 0.06240 0.04203 0.209333 0.139891
gg (I\? 0.07441 0.04643 0.034838 0.154548
0.01047 0.07059 0.210744 0.934971
34 H 0.06331 0.05829 0.046446 '
35 H ' ' : 0.194037
0.01395 -0.00269 0.036067 10.008944
0.01083 0.02386 0.123727 '
0.03717 000045 0.079424
’ : 0.134542
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Table 4. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin FD atoms calculated

from mulliken charges

Atom No [ [ S S

; g 0.002133 0.0030! 0.006210 0.008880
3¢ 0.012599 0.010: 0.036683 0.029989
4C -0.001466 0.0(572 -0.004268 0.016712
2 g 0.007017 0.00274 0.020430 0.007998
7 H -0.009138 -0.033289 -0.026606 -0.096925
8 H 0.000226 0.001267 0.000658 0.003689
190 HH 0.03072 0.033208 0.089444 0.096689
11 H 0.034246 0.034647 0.099711 0.100878
12 N 0.027581 0.025405 0.080305 0.073969
ﬁ E -0.00010: -0.025909 -0.00029 -0.07543
15 H 0.015689 0.024838 0.045680 0.072318
16 C -0.00719 0.01413! -0.02095: 0.04115'
g m 0.012066 0.03498! 0.035131 0.101863
19 H 0.01018: 0.00977; 0.02964: 0.02845!
20 C 0.02503; 0.03867! 0.07288: 0.11260
g% g 0.14079 0.05823; 0.40994. 0.169541
23 G 0.10407" 0.04682! 0.30302( 0.1363:6
24 H -0.028897 0.07289. -0.084137 0.212239
gg ﬁ 0.01553! 0.06409! 0.04523; 0.18663.
27 ¢ -0.033704 0.020008 -0.098133 0.058255
28 H 0.04251 0.025402 0.123772 0.073961
gg g 0.047375 0.041463 0.137938 0.120724
316 -0.033182 0.006529 -0.096613 0.019010
32 N 0.030862 0.028025 0.089858 0.081598
33 H -0.017700 0.013094 -0.051535 0.038124
2‘5‘ H 0.036800 0.018612 0.107147 0.054191
36 C 0.150490 0.019041 0.438169 0.055454
37 H 0.049892 0.03801. 0.145266 0.110682
28 : 0.04829! 0.03862! 0.14062! 0.11246.
40 C 0.052513 -0.01108 0.152897 -0.032284
j‘é E 0.0476¢ 0.095099 0.13885! 0.276892
43 H 0.00151; 0.02245 0.00440; 0.06538

0.01563 0.01790! 0.04552( 0.05213;

0.03542; 0.04266: 0.10313! 0.12421:

-0.035297 0.016515 -0.102771 0.048085

-0.02728 -0.023728 -0.07945; -0.06908

0.057459 0.029536 0.167298 0.085997

0.03847 0.035046 0.112010 0.102040

0.015137 0.033282 0.044073 0.096904

-0.027816 -0.022844 -0.080989 -0.066513

0.013231 0.032391 0.038523 0.094310

0.040819 0.03551 0.118849 0.103412

0.059774 0.02681: 0.174039 0.078066
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The maxima of the nucleophilic Fukui functidériindicate thepreferred site for adsorption of
nucleophilic agents[48]. On the other hahdcorresponds to reactivity with respect to
electrophilic attack. Table 3and 4 representdthiaui and local softness indices of FB and FD .
In FB the preferred sites for attack by nucleapragent is near C16 atom. This is due torthe
electron density is slightly shifted towards NIat the approach of a reagent the electromeric
shift results in complete transfer of tmiselectron pair to N. This leads to the electrophalitack

at N17. The powerfully activating dialkyl amino group mak&27 to be the site for the
nucleophilic attack and O31 to be the site for tetghilic attack in FD.

CONCLUSION
The following conclusions can be drawn from thisdst

1. The inhibition efficiency of formazan derivatsreobtained Quantum chemically increase with
the increased in dovo, and with decreased in o and energy gapAg). FD has the highest
inhibition efficiency because it had the highestMiO energy andAN values and it was most
capable of offering electrons.

2. The parameters like hardnegs(Softness(S), dipole momen}( electron affinity(EA)
ionization potential(IE), electronegativify( and the fraction of electron transferredN{
confirms the inhibition efficiency in the order BD>FB.

3.Fukui function shows the nucleophilic and elegglvibc attacking sites in the formazan
derivatives.
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