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ABSTRACT

The Density functional theory (DFT) study was usednvestigate the corrosion inhibition performancgtwo
inhibitors namely: 2-thiophene carboxylic acid (T&)d 2-thiophene carboxylic acid hydrazide (TCH)aambon
steel using the B3LYP/6-311G(d,p) level of theoFe calculated quantum chemical parameters mdsvaeat to
their potentialaction as corrosion inhibitors are:swo (highest occupied molecular orbital energy)ylo (lowest
unoccupied molecular orbital energy), energy gdg)( dipole moment., hardnessy), softness (S), the absolute
electronegativity¥), the electrophilicity index«), the total energy( &), the fractions of electrons transferredN),
back donation from the molecul@H.ckqonatiod- The local reactivity is analyzed through the Fukunction and
condensed softness indices in order to compareptssible sites for nucleophilic and electrophilitaaks.The
relationship between the inhibitory efficiency amaantum chemical parameters has been discusseddar to
elucidate the inhibition mechanism.
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INTRODUCTION

Corrosion of metals by chemical reaction with iiwieonment, is a major industrial problem that h#sacted many
investigation and researches. Among numerous argion measures, corrosion inhibitors is widelgdigand act
as one of the most economical effective ways ftLhals been commonly recognized that organic inbrihisually
promotes formation of a chelate on the metal setfadchich includes the transfer of electrons frora trganic
compounds to metal, forming coordinate covalentdoduaring such chemical adsorption process [2]. Aber of

heterocyclic compounds containing nitrogen, oxyged sulphur either in the aromatic or long chaireca system
have been reported to be effective inhibitors [Bfrganic compounds, which can donate electronswteaupied d
orbital of metal surface to form coordinate covaleonds and can also accept free electrons fromrmtéital surface
by using their anti-bonding orbital to form feedkagonds, constitute excellent corrosion inhibit¢4$.Their

effectiveness as promising inhibitors is relatedspatial molecular structural distribution, moleuklectronic
structure, chemical composition, surface chargesitlerand of course to their affinity to the indivia metal
surface[5]. Density functional theory (DFT) has etgntial application towards the design and develkomt of
organic corrosion inhibitors in corrosion field [6pubstituted thiophene derivatives are importastetocycles
found in numerous biologically active and natuinpounds [7,8]. Thiophene moiety have attractedtgattention
in medicinal field due to its diversified biologlicactivities such as anti-microbial activity [9nt&fungal activity
[10] and anti-tubercular activity [11]. They albave shown diverse pharmacological activitiesuiiag anti-
oxidant [12], anti cancer [13] and anti-convulsautivity [14]. The electronic properties exhibitdy the
thiophene and polythiophene derivatives have mhdmtimportant in organic field effect transistofg[lorganic
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light emitting diodes[16] and solar cells[17]. Dgui et al., have investigated théAb-initio and dft study of
polythiophene energy band gap and substitutionectfffl8]. Raheernet al., have investigated the electronic
properties of thiophene compounds and their adfi8jtsBishir Usmaret al., have investigated the QSAR Model
of corrosion inhibition efficiency of thiophene deatives on mild steel [20]. Recently Balachandedral., have
studied the molecular structure, vibrational sgectdOMO, LUMO, NBO analysis and hyperpolarizability
calculations of thiophene-2-carbohydrazide withfeecent basis set [21].

Although experimental work of A. S. Foud# al.,[22] provide valuable information on the corrosioibition
efficiency of 2-thiophene carboxylic acid (TC) aridthiophene carboxylic acid hydrazide (TCH), a deep
understanding of the inhibition property remain leac. To date, however, no study has been perfortoed
investigate the corrosion inhibition efficiency BEH>TC by using quantum chemical calculations. @hgective of
the present paper is to extend the study of A.obdket al.,[22] by analyzing the inhibitive properties of TG
TCH using DFT calculations. These properties dne: olecular structure, the dipole momentoWe, E umo.
energy gapAE), and those parameters that give valuable infoomabout the reactive behavior: electronegativity
(), global hardnessy) and the fraction of electrons transferred frora ihhibitor molecule to the metallic atom
(AN) and the back-donatiohE Back-donation). Total energy of the inhibitorsatalculated. The local reactivity
has been analyzed by means of the Fukui indicese sihey indicate the reactive regions, in the farfthe
nucleophilic and electrophilic behavior of eachmatim the molecule. Results obtained showed thairthibition
efficiency of TCH>TC. It is well correlated with éhexperimental results. From the calculations wee lexplained
which adsorption site is favoured to bind to theahsurface.

EXPERIMENTAL SECTION

2.1Quantum Chemical Calculation

Recently, the density functional theory (DFT) haet used to analyze the characteristics of théditohisurface
mechanism and to describe the structural natuteeoinhibitor on the corrosion procg&8]. It is also considered
as a very useful technique to probe the inhibitberaction as well as to analyze the experimerdtd.dn the field

of reaction chemistry, DFT study is emerging asy@we approach for the study of reaction mecharisth The
survey of theoretical corrosion literature presériig Gece [25] demonstrates that quantum chenis@ypowerful
tool to study the fundamental, molecular-level gsEes related to corrosion inhibitiofihe present quantum
chemical calculations have been performed with Gans03 series of program package [26]. In ourutaton we
have usedBecke’s three parameter exchange functional [2Fh@lwith the Lee— Yang—Parr nonlocal correlation
functional (B3LYP) [28] using 6-311G(d,p) basis.set

0] 0]
NH,
A oH A H/
\ ! \
2-thiophene carboxylic acid (TC) 2-thiophene carboxylic acid hydrazide (TCH)

Figure 1. Names, molecular structure and the abbreviation of the inhibitor sinvestigated

According to Koopman’s theorem [29] the ionizatjmotential (IE) and electron affinity (EA) of thehibitors are
calculated using the following equations.

IE = -BEiomo 1)
EA =-Eumo )

Thus, the values of the electronegativigy 4nd the chemical hardnesg @ccording to Pearson, operational and
approximate definitions can be evaluated usingdhewing relations [30]:
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Figure 2. Optimized structure of TC and TCH calculated with the B3L Y P/6-311G(d,p)

Electron polarizability, also called as chemicdtmsess @) is the measure of the capacity of an atom ormafu
atoms to receive electrons [30], it is estimatedi®ing the equation:

o =2 ©)
4

When two systems, Fe and inhibitor are brought ttege electrons will flow from lower electronegativ(x)
inhibitor to higher electronegative)( Fe, until the chemical potentials become equakré&fore the fraction of
electrons transferredd) from the inhibitor molecule to the metallic atomas calculated according to Pearson
electronegativity scale [31].

N = /YFe _/Yinh
| 2006 *+ i

(6)

Where yr. andy;,, denote the absolute electronegativity of iron amibitor molecule respectivelyz. andnnn
denote the absolute hardness of iron and the bohibiolecule respectively. In this study, we use tiheoretical
value ofye=7.0 eV/mol andne. = 0 eV/mol for the computation of number of trifemeed electrons [ 31].

Recently, Parr et g32], have introduced an electrophilicity index) (defined as:

217

This was proposed as a measure of the electrogtuiier of a molecule. The higher the valuawthe higher the
capacity of the molecule to accept electrons. Tkig reactivity index measures the stabilizatioeriergy when the
system acquires an additional electronic chafgdrom the environment.
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The local reactivity of the compounds under studlgs analyzed through an evaluation of the Fukuices{33].
Their values are used to identify which atoms ia thhibitors are more prone to undergo an electliopbr a
nucleophilic attack. The regions of a molecule whtre Fukui function is large are chemically softesn the
regions where the Fukui function is small. The d®iin electron density is the nucleophilie * (r) and
electrophilicf “(r) Fukui functions, which can be calculated ustimg finite difference approximation as follows [34]

fi = Oner- On (8)
fi'=0n- Ona )
where @, gv+1and G, are the electronic population of the atom k intreduanionic and cationic systems.

The local softness s, for an atom can be expreaselde product of the condensed Fukui funcfjoarid the global
softness(S) as follows [35]

st=(@"S (10)
s=()S (11)

The local softness contains information as likesthobtained from the condensed Fukui function hee the
additional information about the total moleculaftsess, which is related to the global reactiviiyhwespect to the
reactive agents. A high value gifindicates high nucleophilicity and a high valuesdiigh electrophilicity.

According to the simple charge transfer model fonation and back-donation of charges proposed tigcey
Gomezet al, [36] an electronic back-donation process mightolocurring governing the interaction between the
inhibitor molecule and the metal surface. The cphastablishes that if both processes occur, namiedyge
transfer to the molecule and back-donation fromnttedecule, the energy change is directly relatethéohardness
of the molecule, as indicated in the following eegmion.

U

AE Back-donation = _Z (12)

The AEgack-donationimplies that wheny > 0 and4Eg,ck-gonation< O the charge transfer to a molecule, followedaby
back-donation from the molecule, is energeticallydired. In this context, hence, it is possible dmpare the
stabilization among inhibiting molecules, sinceréheill be an interaction with the same metal, titee expected
that it will decrease as the hardness increases.

RESULTSAND DISCUSSION

According to the frontier molecular orbital (FMQ)ebry, of chemical reactivity, transition of elextris due to
interaction between highest occupied moleculartabénd lowest unoccupied molecular orbital (LUMG)
reacting species [37Frontier molecular orbitals diagrams of TC and TGHshown in figure 3. The energy of
HOMO is often associated with the electron donatifgity of a molecule Therefore, higher valuesEjvo
indicate better tendency towards the donation @ftebn, enhancing the adsorption of the inhibitorcarbon steel
and therefore better inhibition efficiency. The adated quantum chemical parameters for the irgnibiTC and
TCH are given in Table.1

The inhibitor does not only donate electron touheccupied d orbital of the metal ion but can @soept electron
from the d-orbital of the metal leading to the fation of a feedback bond. The highest value @\ -6.4966
(eV) of TCHindicates the better inhibition efficiencyfhe energy difference between the HOMO and the LUMO
(AE) provides information about the overall reacyivif a molecule; the smaller tlE value is, the greater is the
reactivity of a molecule [38]. The results presdntetable.1 show that the inhibitor TCH have tbeest energy
gap ie., 6.9464 (eV) than TC, Therefore, the higleactivity of TCH allows it to be easily adsodbento the
carbon steel surface leading to increase theibiti efficiency.

The dipole momentu(in Debye) is another important electronic parameted to describe the polarity of the
molecule [39]. Molecules that have high dipole maimieave a tendency to interact with other mole¢hreugh
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electrostatic interactions (e.g., dipole-dipoleerattions). The high value of dipole moment propabtreases the
adsorption between chemical compound and metahsaif40]. The energy of the deformability increaséh the
increase in, making the molecule easier to adsorb at the staéhce. The volume of the inhibitor moleculeals
increases with the increase pf This increases the contact area between the melemd surface of steel and
increasing the corrosion inhibition ability of itiiors [41]. In our present study the inhibitor HGQaving the
dipole moment value of 4.5413, which is greatenttieat of inhibitor TC, having higher inhibitionfigiency.

Table 1. The calculated quantum chemical parametersfor theinvestigated inhibitors TC and TCH obtained with B3LY P/6-311G(d,p)

method

Parameters TCH TC
Enowo (€V) -6.4966 -6.9573
ELumo (€V) 0.4498 0.050
Energy gapAE) 6.9464 7.0073
Dipole momen{ in Debye) 4.5413 2.4794
lonization potential(l) 6.4966 6.9573
Electron affinity(A) -0.4498 -0.050
Hardness{) 3.4732 3.503
Electronegativityg) 3.0234 3.4537
Softness 0.2879 0.285
Electrophilicity index() 1.3159 1.7025
Fraction of electron transferrefN) 0.5725 0.506
AEbackdonat\on(ev) -0.8683 -0.8758
Total energy (i) -777.15215| -741.70084

Global hardness and global softness are the bhsimical concepts, called global reactivity desorigtwhich has
been theoretically justified within the framework DFT. A hard molecule has a large energy gap arsbfa
molecule has a small energy gap [42]. It is apgatkat the chemical hardness fundamentally signitiee
resistance towards the deformation of the eleattoud of the atoms. Soft molecules are more readtian the hard
molecules because they could easily offer electtonsn acceptor. In accordance with the HSAB ppiegi
normally the molecule with least value of globatdreess is expected to have the highest inhibitféoiency [39].
In our present study, it is clear from the caldolathat the compound TCH having the lowest harsiivedue and
highest softness value is expected to be the bieititor.

The calculation from the table 1. shows the ordeelectronegativity X) as TCH<TC. According to Sanderson’s
electronegativity equalization principle [43], thehibitor TC with a high electronegativity and ladifference of
electronegativity quickly reaches equalization hedce low reactivity is expected.

In literature it has been reported that the valfegN show inhibition effect resulted from electrons dima [44].
The number of electrons transferréd\j from the inhibitor to the iron was also calcuthend tabulated in table.1.
The values ofAN show that the inhibition efficiency resulting froehectron donation agrees with Lukovits’s study
[45]. If AN < 3.6, the inhibition efficiency increases by iresing electron-donating ability of these inhibittos
donate electrons to the metal surface and it ise®én the following order; TCH>TC. The resultsigade that the
AN value of TCH is greater which strongly correlatéth the experimental inhibition efficiencies.

The total energy calculated by DFT methods is albeneficial quantum chemical parameter. HohenaedgKohn
[46] proved that the total energy of a system idilg that of the many body effects of electronschenge and
correlation) in the presence of static externakptial (for example, the atomic nuclei) is a uniduectional of the
charge density. In our study the total energy efitthibitor TCH is equal te777.15215 authis value is lower than
that of the compound TCThe minimum value of the total energy functionalti® ground state energy of the
system. This result indicated that the inhibitorH'3 favourably adsorbed through active centreghencarbon
steel.
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HOMO of TC LUMOof TC

HOMO of TCH LUMO of TCH

Figure3.HOM O and LUMO diagramsof TC and TCH using B3L YP/6-311G(d,p)

3.1 Local Sdectivity

Fukui functions compute local reactivity indicesathmakes possible to rationalize the reactivityirafividual
molecular orbital contributions. The condensed Fimction and local softness indices allow ondidgiish each
part of the molecule on the basis of its distifotmical behaviour due to the different substitiftetttional group.
The preferred site for nucleophilic attack is thenain the molecule where the valuefgf is maximum and it is
associated with the LUMO energy while the site dt@ctrophilic attack is controlled by the valuesf gfwhich is
associated with the HOMO energy.

Table 2. Fukui and local softnessindicesfor nucleophilic and electrophilic attacksin TC atoms calculated from Mulliken atomic charges
; maximain bold

Atom fk+ fk> S S
1cC 0.06547 0.1199 0.03783 0.06929
2C 0.004319 0.07869 0.00249 0.04547
3C 0.05803 0.068131 0.03353 0.03937
4 C 0.027933 0.052995 0.01614 0.03062
58 0.293284 0.167473 0.16950 0.09679
6 H 0.081239 0.085364 0.04695 0.04933
7H 0.07791 0.085967 0.04502 0.04968
8 H 0.073982 0.073093 0.04275 0.04224
9C 0.07661 0.042619 0.04427 0.02463
10 O 0.12€27¢ 0.10048! 0.0747: 0.0580°
11 O 0.036051 0.081633 0.02083 0.04717
12 H 0.075898 0.043648 0.04386 0.02522

The HOMO diagrams of both the inhibitors TC and Ti@Hicate that the satom in both the inhibitors are rich in
electron density indicating the preferred site dactrophilic attack whereas the LUMO diagrams athbTC and
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TCH indicate that the electron density away frosra®ms depicting nucleophilic attack in that siteiah is highly
supported by Fukui indices which show that tgea®ms in both inhibitors to be the site for boteatdophilic and
nucleophilic attacks.

Table 3. Fukui and local softnessindices for nucleophilic and electrophilic attacksin TCH atoms calculated from Mulliken atomic
charges; maxima in bold

Atom fk+ fkr S S
1cC 0.07019 0.08918 0.04056 0.05154
2C 0.01888 0.05687 0.01091 0.03287
3C 0.05368 0.04265 0.03102 0.02465
4 C 0.07979 0.04778 0.04611 0.02761
58 0.27339 0.12352 0.15800 0.07139
6 H 0.09443 0.07489 0.05457 0.04328
7H 0.08848 0.07319 0.05114 0.04230
8 H 0.08061 0.07911 0.04659 0.04572
9C 0.00898 0.10765 0.00519 0.06221
10 O 0.14994 0.07378 0.08665 0.04264
11 N 0.0153¢ 0.0436¢ 0.0088t 0.0252!
12 H 0.04747 0.06642 0.02743 0.03838
13 N -0.02778 0.01021 -0.01605 0.00590
14 H 0.0334- 0.0443¢ 0.0193: 0.0256t¢
15 H 0.01309 0.06660 0.00756 0.03849

CONCLUSION

The inhibition efficiency of thiophene derivativeamely TC and TCH has been investigated by usiranigm
chemical approaches utilizing DFT /B3LYP/6-311Gjdgvel of theory leading the following conclusions

1. Through DFT calculations, a correlation betwegmantum chemical parameters related to the eldctamd
molecular structures of the inhibitors TC and TCht gheir ability to inhibit the corrosion processutd be
established.

2. The inhibition efficiency of the investigatedngpounds are closely related tedmo, energy gapAE , dipole
moment (i) and fraction of electron transfedd®t The inhibition efficiency increases with the iease in HOMO
and decrease in energy gap.

3. From the calculation of quantum chemical paranselike Eomo, €nergy gap, the fraction of electron transfer,
back donation and softness, it has been foundhieadrder of inhibition efficiency of inhibitor iSTCH>TC, which
agrees well with the experimental findings.

4. The total energy of the best inhibitor TCH isvéy than that of the TC, thus, the TCH is favorahdisorbed
through the active centre/s of adsorption on thibarasteel surface.

5. The Fukui function shows the nucleophilic anec&bphilic attacking sites of the inhibitors.

6. Comparison of theoretical and experimental dathibit good correlation confirming the reliabilityf DFT
method employed here.
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