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ABSTRACT

Corrosion inhibition performance of three flavonoids , ie., apigenin (C1), luteolin-3’-methyl
ether (C2) and quercetin-3,3’-dimethylether (C3) on copper was evaluated by density
functional theory (DFT) at the B3LYP/6-31G(d,p) level. Quantum chemical parameters most
relevant to their potential action as corrosion inhibitors, such as Enonmo, Eiumo, the energy
gap(AE), hardness(n), Softness(S), dipole moment(u), electron affinity(EA), ionization
potential(lE), the absolute electronegativity (x) , the fraction of electron transferred (AN),
electrophilicity index(w) and the back-donation(AE g.ck-donation) have been calculated. The local
reactivity has been analysed through the Fukui and condensed softness indices in order to
predict both the reactive centres and to know the possible sites of nucleophilic and
electrophilic attacks. The theoretical conclusions were found to be consistent with the
experimental data reported.

Keywords: Flavonoids , quantum chemical descriptors, redgtiDFT, Fukui function, softness
indices, electrophilicity index.

INTRODUCTION

Copper is one of the most important material usétely in different industries, especially in cemtra
heating installations, oil refiners, energetic amarine environment because of its excellent corintiGt
good mechanical workability and relatively low castd reactivity. It is relatively a noble metal;
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however, it is susceptible to corrosion by acidg sinong alkaline solutions. The use of inhibitisrene

of the most practical methods for protecting metalalloys from corrosion. Inhibitors are chemictiat
often work by adsorbing themselves on the metallidace by forming a filmt®. Organic compounds
containing polar groups including nitrogen, sulfamd oxygeri®, and heterocyclic compounds with polar
functional groups and conjugated double bottishave been reported to inhibit copper corrosiore Th
inhibiting action of these organic compounds isaligsuattributed to their interactions with the cepp
surface via their adsorption. Even though manylsstit organic compounds showed good anticorrosive
activity, most of them are highly toxic to both hambeings and the environment. Presently, many
researchers have reoriented their studies to theiusaturally occurring substances. Naturally ogog
substances are cheap and renewable, biodegradatblelcanot contain heavy metals or other toxic
chemicals and are therefore eco-friendly and henotogically acceptable.

The Flavonoids, one of the most numerous and wjdeasl groups of natural secondary constituents,
important to man not only because they contribideptant color but also many members are
physiologically active 2 Flavonoids have antioxidant activity, anti-alierg anti-cancer, anti-
inflammatory and anti-viraf. Nelly N. Mateevaet al. have reported the synthesis of novel flavonoid
derivatives as potential HIV- Integrase inhibitdrsTheoretical study of the structural and electoni
properties of luteolin and apigenin dyes were regzbby Anna Amatt al.”®. The objective of the present
paper is to extend the study of Mahmoud A. Al-Quifaby analyzing the inhibitive properties of three
flavonoids , ie., apigenin(C1), luteolin-3’-methtler (C2) and quercetin-3,3’-dimethylether (C3) by
Density Functional Theory (DFT) calculations. Resobtained showed that the inhibition efficiensy

in the order of C3>C2>C1. It is well correlated lwihe experimental results. From the calculatioes w
have explained which adsorption site is favouredital to the metal surface. The local reactivity ha
been analyzed by means of the Fukui indices, dimeg indicate the reactive regions, in the formnthaf
nucleophilic and electrophilic behavior of eachnaia the molecule.

Quantum chemistry calculations have been widelyl usesvaluate the inhibition efficiency of corrasio
inhibitors among all computer simulation methodse Teactive ability of the inhibitor is closely ked to
their frontier molecular orbital (FMO). Quantum aohieal studies have been successfully performed to
link the corrosion inhibition efficiency with molelar orbital (MO) energy levels for some kinds of
organic compound§™® With this method, the capability of inhibitor necliles to donate or accept
electrons can be predicted with analysis of glabkaktivity parameters such agoko, ELumo, €nergy
gap AE), the dipole moment, electronegativigy, (Qlobal hardnessy], softness, electrophilicity index
and the fraction of electrons transferred from ititgbitor molecule to the metallic atomAll) and the
back-donation§E gack-donation-

MATERIALS AND METHODS

Quantum-chemical calculations methodology Among quantum chemical methods for evaluation of
corrosion inhibitors, density functional theory (DFhas shown significant promiSeand appears to be
adequate for pointing out the changes in electrstrigcture responsible for inhibitory action. Irder to
explore the theoretical-experimental consistenagntum chemical calculations were performed with
complete geometry optimizations using standard San<3 software packaljeGeometry optimization
were carried out by B3LYP functional at the 6-313} basis set.

This basis set provided accurate geometry and retdct properties of a wide range of organic
compound¥. Recently, Density functional theory (DFT) has esed to analyze the characteristics of
the inhibitor/ surface mechanism and to descrileedtiuctural nature of the inhibitor in the corowsi
proces&?* Furthermore, DFT is considered a very useful e to probe the inhibitor/surface
interaction as well as to analyze the experimetidd. The results of the geometry optimizationhaf t
compounds C1, C2 and C3 are presentédgare 1.
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guercetin-3,3’-dimethylether (C3)
Figure 1: Optimized molecular structure of C1, C2, and CBBYYP/6-31G(d,p)
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RESULTS AND DISCUSSION

Density functional theory (DFT) has become an etitva theoretical method because it gives exadtbas
vital parameters for even huge complex moleculetowt cost > It has been quite successful in
providing theoretical basis for popular qualitatoleemical concepts like electronegativigy, (hardnessy

), softness(S) and local ones such as Fukui fumcE¢r) and local softness, s(r). The basic refetidp of
the density functional theory of chemical reactivigg precisely, the one established by Parr, Ddpnel
Levy and Palké, that links the chemical potential of DFT with tfiest derivative of the energy with
respect to the number of electrons, and therefdietie negative of the electronegativity

_[ 9E __
=N Jvo =X

Wherep is the electronic chemical potential, E is thalt@nergy, N is the number of electrons,
andv(r) is the external potential of the system.

Hardnessi{ ) has been defined within the DFT as the secongative of the total energy with respect to
N at v(r) property which measures both the stability andtieiacof the molecule®.

5= 9°E
ON? o

In this formula, N is the number of electrongy) is the external potential due to nuclei anis the
electronic chemical potentials.

According to Koopman’s theoref the ionization potential (I) and electron affinit§) are related to
Enomo and Eywo by the following equation.

| = -Evomo
A =-Euvmo

These quantities are related to the electroneggtiyiand the global hardneg$(of the molecule using
the following relation¥.

In the chemical reactivity theory, the parametike &€lectronegativity, hardness and softness hawesp

to be very useful quantities. The electronegativitythe inhibitor molecules are lower than the bulk
copper. Hence, electron move from the molecules \Watver electronegativity (inhibitor compound)
toward that of a higher value (metal surface) uhtl equilibrium in chemical potential is reached.

The global electrophilicity indexa), introduced by Patf, calculated using the electronic chemical
potential and chemical hardness is given by
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According to the definition, this index measures iiopensity of chemical species to accept elestton
A good, more reactive, nucleophile is characteribydlower value ofw; and conversely a good
electrophile is characterized by a high valueof his new reactivity index measures the stabilirain
energy when the system acquires an additionalreld@ctchargeAN from the environment.

According to Pearson thedfthe fraction of transferred electrosN) from the inhibitor molecule to the
metallic atom can be calculated. For a reactiotwaf systems with different electronegativities (aas
metallic surface and an inhibitor molecule) thddaing mechanism will take place: the electronmafl
will occur from the molecule with the lower eleatemativity towards that of higher value, until the
chemical potentials are the same. For the calamldltie following formula was us&d

AN = Xeu = Xim
| 2006+ 1Ty |

Whereyc,and ynn denote the absolute electronegativity of copperiahihitor molecule respectivelyc,
andninn denote the absolute hardness of copper and Hieitor molecule respectively. In order to
calculate the fraction of electrons transferred,ttieoretical value for the electronegativity ofkacopper
was usedyc~4.98 eV and a global hardness of,= 0 by assuming that for a metallic bulk 1=5A
because they are softer than the neutral metadirnsa

The local selectivity of a corrosion inhibitor iedi analyzed by means of condensed Fukui funclioa.
change in electron density is the nucleophfli¢ (r) and electrophili¢ " (r) Fukui functions, which can
be calculated using the finite difference approxiomas follows™.

fi =0On+1- On
fi'=0On- Ona

where  gu+1and g.; are the electronic population of the atom k intreduanionic and cationic
systems.

Condensed softness indices allowing the comparigoreactivity between similar atoms of different
molecules can be calculated easily starting froerétation between the Fukui functibr) and the local

softnesss(r) *'.
_(0p(r) ON _
S(r) _( oN jv(f)(aﬂ}v(r) f(r)s

From this relation, one can infer that local sodgvand Fukui function are closely related, and #teuld
play an important role in the field of chemical cthaty.

According to the simple charge transfer model fonation and back-donation of charges proposed
recently by Gomezt al., *® an electronic back-donation process might be emurgoverning the
interaction between the inhibitor molecule and thetal surface. The concept establishes that if both
processes occur, namely charge transfer to thecoeland back-donation from the molecule, the gnerg
change is directly proportional to the hardnesthefmolecule, as indicated in the following expiass

n

AE Back-donation— —

4

The AEgack-donation iMplies that whemy > 0 andAEgaeqonation < O the charge transfer to a molecule, followed
by a back-donation from the molecule, is energhyidavored. In this context, hence, it is possibbe
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compare the stabilization among inhibiting molesulgince there will be an interaction with the same
metal, then, it is expected that it will decreasd¢he hardness increases.

Theoretical assessmentAccording to the frontier molecular orbital theotlie formation of a transition
state is due to an interaction between frontieitartHOMO and LUMO) of reacting specisThus, the
treatment of the frontier molecular orbital sepelsafrom the other orbital based on the generaigipies
governing the nature of chemical reactions, thergynof the highest occupied molecular orbitaldf)
measures the tendency towards the donation ofretetty a moleculé®. Increasing values of fsvo
facilitate adsorption and therefore enhance théitidn efficiency, by influencing the transportqoess
through the adsorbed layer. ko indicates the ability of the molecule to accegice#bns. The binding
ability of the inhibitor to the metal surface inases with increasing of the HOMO and decreasirthef
LUMO energy values. The frontier molecular orbdégrams of C1, C2 and C3 are represented in figure
2. Table 1 represents the total energy and catdilmergy levels of the HOMO, LUMO and energy gap
in(eV) and dipole moment of the investigated moles.

Table-1: Global chemical reactivity indices for C1,C2 an8l €alculated using@33LYP/6-31G(d,p).

Parameters c1 C2 C3

E(au) -953.74166 -1068.26873 -1182.78554
Eromo(eV) -5.8262 -5.6553 -5.3885
Ewumo (eV) -1.3717 -1.3489 -1.3355
Energy gap(AE) (eV) 4.4545 4.3064 4.053
Dipole moment(u)D 2.4234 1.3592 1.7404

Enomo iS @ quantum chemical parameter which is often@ated with the electron donating ability of the
molecule. High value of lguvo is likely to a tendency of the molecule to donglectrons to appropriate
acceptor molecule of low energy empty moleculaitat¥. The inhibitor does not only donate electron to
the unoccupied d orbital of the metal ion but céso accept electron from the d-orbital of the metal
leading to the formation of a feedback bond. Fhahble 1, it can be clearly seen that the highedsievaf
Enomo -5.3885 (eV) of C3 indicates the better inhibitiefficiency. This is in agreement with the
experimentally determined inhibition efficiencies.

The energy gap,AE = Eumo — Eiomo) iS an important parameter as a function of regagtiof the
inhibitor molecule towards the adsorption on theatlie surface. ASAE decreases the reactivity of the
molecule increases leading to increase in the iititvibefficiency of the molecufé Lower values of the
energy difference will render good inhibition eféincy, because the energy to remove an electran fro
the last occupied orbital will be I8% A molecule with a low energy gap is more polaslzaand is
generally associated with the high chemical agtivand low kinetic stability and is termed soft
moleculd®. Soft molecule is more reactive than a hard miéebecause a hard molecule has a large
energy gap. The results as indicated in tablevshbat inhibitor C3 has the lowest energy gaps thi
means that the molecule could have better perfatenans corrosion inhibitor.

The dipole momentu is another parameter of the electronic distriiouin a molecule and is the measure
of polarity of a polar covalent bond. In our cades order of dipole moment is not correlated wiib t
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experimental results. Literature survey reveals sbeaeral irregularities appeared in case of catigi of
dipole moment with inhibitor efficienéy, In general, there is no significant relationshigtween the
dipole moment values and inhibition efficienéfes

Table-2: Quantum chemical descriptors for inhibitor C1,&@®I C3 calculated usinB3LYP/6-31G(d,p).

Parameters C1 Cc2 C3
lonization potential (1) /(eV) 5.8262 5.6553 5.3885
Electron affinity (A) /(eV) 1.3717 1.3489 1.3355
Chemical Potentialy) /eV -3.59895 -3.50195 -3.3619
Global Hardness)) / eV 2.22725 2.1532 2.02645
Electronegativity) (eV 3.59895 3.50195 3.36195
Global softness(S) 0.44898 0.46443 0.49347
Electrophilicity () 2.90772 2.8477 2.7887

lonization energy is a fundamental descriptor @& themical reactivity of atoms and molecules. High
ionization energy indicates high stability and ciehinertness and small ionization energy indisate
high reactivity of the atoms and molecdleThe low ionization energy 5.3885 (eV) of C3 iraties the
high inhibition efficiency.

Absolute hardness and softness are important giepéo measure the molecular stability and re#gtiv

It is apparent that the chemical hardness fundaattgsignifies the resistance towards the deforomatr
polarization of the electron cloud of the atomsisi@r molecules under small perturbation of chemica
reaction. A hard molecule has a large energy gapaasoft molecule has a small energy“§aim our
present study C3 has low hardness value 2.0264p devipared with the other molecules C1 and C2.
Normally, the inhibitor with the least value of bl hardness (hence the highest value of globahess)

is expected to have the highest inhibition efficd For the simplest transfer of electron, adsorption
could occur at the part of the molecule where ssf(S), which is a local property, has a highelsieta

In our case, the molecule C3 with the softnessevaflD.49347 has the highest inhibition efficiency.

The absolute electronegativity is the chemical priypthat describes the ability of a molecule toaat
electrons towards itself in a covalent bond. Aceuydto Sanderson’s electronegativity equalization
principle’®, the molecule C1 with a high electronegativity aly reaches equalization and hence low
reactivity is expected which in turn indicates lownibition efficiency. The table 2 shows the ardef
electronegativity as C1> C2> C3. Hence an incréadbe difference of electronegativity between the
metal and the inhibitor is observed in the order @2> C1. The electrophilicity indexy, shows the
ability of the inhibitor molecules to accept elects. It is a measure of the stabilization in enexfjgr a
system accepts additional amount of electron chfxoge the environmert In our present study, C3 is
the strongest nucleophile while C1 is the strongksitrophile.

The number of electrons transferrekNj was also calculated and tabulated in Table 3ué&&lof AN
show that the inhibition efficiency resulting frogtectron donation agrees with Lukovits’s sttidyf AN
< 3.6, the inhibition efficiency increases by irasimg electron-donating ability of these inhibitdos
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donate electrons to the metal surface and it ise®#n the following order: C3> C2> C1. The results
indicate thatAN values correlates strongly with experimental infidioi efficiencies. Thus, the highest
fraction of electrons transferred is associatech Mlite best inhibitor (C3), while the least fractisn
associated with the inhibitor that has the ledsibition efficiency (C1).InTable 3 the calculatedE -
donation Values for the inhibitors are listed. The ordetdwekd is: C3> C2> Clwhich indicates that back-
donation, is favoured for the C&hich is the best inhibitor.

Table -3: The number of electron transferred\) and4E back donation (eV) calculated for inhibitor C1,
C2 and C3.

Parameters C1 C2 C3

Transferred electrons 0.31003 0.34322 0.39924
fraction (AN)

AE back-donation / (eV)
-0.55681 -0.53831 -0.50661

HOMO LUmMmo

Apigenin
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Luteolin

Quercetin

Figure-2: Frontier molecular orbital diagrams of C1, C2 &8l by B3LYP/6-31G(d,p)

The use of Mulliken population analysis to estimidite adsorption centres of inhibitors has been lyide
reported and it is mostly used for the calculatibthe charge distribution over the whole skeletbithe
moleculé®. There is a general consensus by several autharshie more negatively charged heteroatom,
is the more it can be adsorbed on the metal sutfaceigh the donor-acceptor type reactfonlt is
important to consider the situation correspondm@ imolecule that is going to receive a certainwarho
of charge at some centre and is going to back damaertain amount of charge through the sameecentr
or another on@ . Parr and Yang proposed that larger value oLFfikction indicate more reactivity
Hence greater the value of condensed Fukui functi@more reactive is the particular atomic ceirtre
the molecule.

The local reactivity of molecule C1, C2 and C3 malsized by means of the condensed Fukui function.
The condensed Fukui function and local softnesi@sdallow one distinguish each part of the molecul
on the basis of its distinct chemical behaviddue to the different substituted functional grotipe f *
measures the changes of density when the molegaies electrons and it corresponds to reactivity wi
respect to nucleophilic attack. On the other hand, ( corresponds to reactivity with respect to
electrophilic attack or when the molecule loss tetets. For electrophilic attack the most reactiite of
molecule C1 is on the O(29) atom and for nucledphittack the most reactive site is the O(18) atiom.
the molecule C2 the most reactive site for eledtilap attack is in atom O(28) and favourable
nucleophilic attack is in atom O(18). In the moliecG3, the electrophilic attack site is in atom @(and
nucleophilic attack takes place in atom O(17). €letrophilic and nucleophilic attacks of molecGlg,
C2 and C3 are tabulatedTiable 4, 5 and 6
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Table- 4: Fukui and local softness indices for electrogh#éind nucleophilic attacks in C1 atoms
calculated from Mulliken atomic charges.

Atom f fr Sk Sk’
1C 0.01490 0.01851 0.00669 0.00831
2C 0.02931 0.01941 0.01316 0.00871
3C -0.00085 -0.00839 -0.00038 -0.00377
ac 0.01217 -0.00005 0.00546 -3.63674
5C 0.02727 0.04109 0.01224 0.01845
6C 0.02672 0.01920 0.01199 0.00862
7H 0.04486 0.03877 0.02014 0.01741
8C 0.01266 0.03735 0.00568 0.01677
9H 0.05007 0.04977 0.02248 0.02234
10C 0.06710 0.02519 0.03012 0.01130
11C 0.03540 0.07075 0.01589 0.03176
12H 0.05859 0.06067 0.02630 0.02724
130 0.03789 0.02959 0.01701 0.01328
14H 0.02460 0.02117 0.01104 0.00950
150 0.03660 0.01511 0.01643 0.00678
16H 0.02937 0.02737 0.01318 0.01228
170 0.01949 0.02580 0.00875 0.01158
180 0.05979 0.10587 0.02684 0.04753
19C -0.00318 0.00420 -0.00142 0.00188
20C 0.02775 0.03277 0.01246 0.01471
21C 0.02648 0.02956 0.01189 0.01327
22C 0.01991 0.00213 0.00894 0.00095
23H 0.03988 0.04384 0.01790 0.01968
24C 0.01675 0.00092 0.00752 0.00041
25H 0.03889 0.04495 0.01746 0.02018
26C 0.03140 0.05566 0.01410 0.02499
27H 0.05650 0.05816 0.02537 0.02611
28H 0.05634 0.05819 0.02529 0.02612
290 0.06928 0.04525 0.03110 0.02031
30H 0.03393 0.02711 0.01523 0.01217
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Table- 5: Fukui and local softness indices for electrophilic and nucleophilic and attacks in C2 atoms

calculated from Mulliken atomic charges.

Atom f f* Sk S
1C 0.01357 0.01808 0.00630 0.00839
2C 0.02038 0.01913 0.00946 0.00888
3C 0.00049 -0.00836 0.00023 -0.00388
4C 0.00966 -0.00006 0.00448 -3.06524
5C 0.02471 0.04031 0.01147 0.01872
6C 0.02202 0.01893 0.01023 0.00879
7H 0.03524 0.03819 0.01636 0.01774
8C 0.01044 0.03733 0.00485 0.01734
9H 0.04411 0.04891 0.02048 0.02271
10C 0.06211 0.02345 0.02884 0.01089
11C 0.03211 0.07040 0.01491 0.03269
12H 0.05079 0.05927 0.02359 0.02753
130 0.03352 0.02912 0.01556 0.01352
14H 0.02190 0.02080 0.01017 0.00966
150 0.02859 0.01471 0.01328 0.00683
16H 0.02556 0.02686 0.01187 0.01247
170 0.00689 0.02583 0.00320 0.01199
180 0.05385 0.10349 0.02501 0.04806
19C 0.00222 0.00443 0.00103 0.00205
20C 0.03425 0.03047 0.01590 0.01415
21C 0.02369 0.03835 0.01100 0.01781
22C 0.02510 0.00046 0.01165 0.00021
23H 0.04926 0.04309 0.02287 0.02001
24C 0.03468 0.01413 0.01610 0.00656
25H 0.03180 0.03518 0.01477 0.01634
26C 0.03720 0.06051 0.01727 0.02810
27H 0.05982 0.05598 0.02778 0.02600
280 0.08372 0.04753 0.03888 0.02207
29H 0.03216 0.02332 0.01494 0.01083
300 0.02266 0.01274 0.01052 0.00591
31C -0.02670 -0.02319 -0.01240 -0.01077
32H 0.02606 0.01546 0.01210 0.00718
33H 0.04172 0.04010 0.01937 0.01862
34H 0.02624 0.01491 0.01218 0.00692
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Table- 6:Fukui and local softness indices for electroptald nucleophilic attacks in C3 atoms calculated
from Mulliken atomic charges.

Atom f fr S, S
1C 0.01379 0.02139 0.00680 0.01055
2C 0.01418 0.01925 0.00700 0.00950
3C 0.00029 -0.00456 0.00014 -0.00225
4C 0.00364 -0.01154 0.00179 -0.00569
5C 0.02304 0.04624 0.01137 0.02282
6C 0.01907 0.01574 0.00941 0.00776
7H 0.03063 0.03927 0.01511 0.01938
8C 0.00293 0.05564 0.00144 0.02745
9H 0.04045 0.04922 0.01996 0.02429
10C 0.08550 0.04469 0.04219 0.02205
11C 0.04144 0.04845 0.02045 0.02391
120 0.02967 0.03045 0.01464 0.01502
13H 0.01982 0.02126 0.00978 0.01049
140 0.01519 0.01573 0.00749 0.00776
15H 0.02253 0.02741 0.01112 0.01352
160 0.01445 0.02991 0.00713 0.01476
170 0.04185 0.10789 0.02065 0.05324
18C -0.00282 0.00447 -0.0014 0.00220
19C 0.03148 0.02963 0.01553 0.01462
20C 0.02342 0.04196 0.01156 0.02070
21C 0.01926 0.00011 0.00950 0.00005
22H 0.04369 0.03541 0.02156 0.01747
23C 0.03095 0.01287 0.01527 0.00635
24H 0.01169 0.02822 0.00577 0.01393
25C 0.03372 0.05197 0.01664 0.02564
26H 0.05333 0.05125 0.02631 0.02529
270 0.06967 0.04399 0.03438 0.02170
28H 0.02736 0.02123 0.01350 0.01047
290 0.01829 0.01202 0.00902 0.00593
30C -0.02044 -0.01992 -0.0101 -0.00983
31H 0.01623 0.01168 0.00800 0.00576
32H 0.03880 0.03784 0.01915 0.01867
33H 0.01563 0.01238 0.00772 0.00610
340 0.04323 0.00385 0.02133 0.00190
35C 0.00110 -0.02644 0.00054 -0.01304
36H 0.07163 0.03035 0.03534 0.01497
37H 0.02591 0.01465 0.01278 0.00723
38H 0.02926 0.04590 0.01444 0.02265
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CONCLUSION

The corrosion inhibition efficiencies of three ftmwoid compounds was investigated using density
functional theory at B3LYP/6-31-G(d,p) basis s@uantum chemical parameters such aguk, E.umo,
energy gap{E), hardness|), Softness(S), electron affinity(EA), ionizatigotential(IE), the absolute
electronegativity ) , the fraction of electron transferretiN), electrophilicity index) and the back-
donationAAE sack-donatiop Were calculated The inhibition efficiency of thelecules C1,C2 and C3 obtained
guantum chemically increase with the increasedsvyk, and decrease in energy gayt]. C3 has the
highest inhibition efficiency because it had thgheist HOMO energy artiN values and lowest energy
gap it was most capable of offering electrond dncould have a better performance as corrosion
inhibitor. Fukui function shows the nucleophilic darlectrophilic attacking sites in the investigated
inhibitors. The Comparison of theoretical and ekpental data exhibit good correlation confirming th
reliability of the method employed here.
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