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ABSTRACT

The adsorption mechanism and inhibition performance of two pyridine based derivatives 4-methoxy-1-
methyl-2-oxo-1,2-dihydropyridine-3-carbonitrile(C1) and 4-methoxy-2-oxo-1,2-dihydropyridine-3 carbonit-
rile (C2) were investigated using Density functional theory (DFT) at the B3LYP/6-31G(d,p) basis set level in
order to elucidate the different inhibition efficiencies and reactive sites of these compounds as corrosion
inhibitors. The calculated results are in agreement with the experimental data. The calculated quantum
chemical parameters correlated to the inhibition efficiency are Eyono (highest occupied molecular orbital
energy), E,umo (lowest unoccupied molecular orbital energy), the energy gap(AE), hardness(n), Softness(S),
dipole moment(u), electron affinity(EA), ionization potential(lE), the absolute electronegativity (x) and the
fraction of electron transferred (AN). The local reactivity has been studied 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.

Keywords: Pyridine, corrosion inhibitors, reactivity, DFT, I function, softness indices

INTRODUCTION

An important method of protecting metallic matesialgainst deterioration due to corrosion is byube of
inhibitors. There has been a growing interest & ke of organic compounds as inhibitors for theeags
corrosion of metals. Among efficient corrosion titors used to prevent the deterioration of mileebtare
heterocyclic organic compounds consisting of-system and / or O, N, or S hetero atbm3he planarity
and the lone electron pairs in the hetero atomsiraportant features that determine the adsorptibn o
molecules on the metallic surféce

The inhibition efficiency has been closely relatedthe inhibitor adsorption abilities and the maolec
properties for different kinds of organic compoufidsThe power of the inhibition depends on the molecula
structure of the inhibitorOrganic compounds, which can donate electronswteaupied d orbital of metal
surface to form coordinate covalent bonds and tsmaxccept free electrons from the metal surfacadiyg
their anti bonding orbital to form feedback bonctmstitute excellent corrosion inhibitors. Freectten pairs
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on heteroatoms or electrons are readily available for sharing taorf@r bond and act as nucleophile centers of
inhibitor molecules and greatly facilitate the agiéion process over the metal surface, whose atrhas
electrophile¥. Recently the effectiveness of an inhibitor malechas been related to its spatial as well as
electronic structuré **Quantum chemical methods hapeoved to be a very powerful tool for studying
corrosion inhibitiormechanisr 8

Density functional theory (DF1}J*° has provided a very useful framework for develgpirew criteria for
rationalizing, predicting, and eventually undersiag many aspects of chemical proce$sés A variety of
chemical concepts which are now widely used asri¢scs of chemical reactivity, e.g., electronegiyf?
hardness or softness quantities etc., appear Hatwithin DFT*. The Fukui functioff represents the relative
local softness of the electron gas, measures ta ébectron density/population displacements epoading
to the inflow of a single electron.

The reactive ability of the inhibitor is closelynked to their frontier molecular orbital (FMO), lading
highest occupied molecular orbital, HOMO, and lawasoccupied molecular orbital, LUMO, and the other
parameters such as hardness and softness. Quamtanical studies have been successfully performédko
the corrosion inhibition efficiency with molecularbital (MO) energy levels for some kinds of organi
compound®?’.

P. P. Singtet al. have studied the DFT based study of charge traasi# interaction energy between phenyl
tin (IV) chlorides and derivatives of pyridifie DFT study of proton transfer, cooperativity, and
tautomerization in 2-pyridineselenol and 2-pyridiiel ammonia and water clusters was investigateib
Nsangotet al.%*.

The pyridine derivatives investigated in the present work are:
(i) 4-methoxy-1-methyl-2-o0xo-1,2-dihydropyridineezrbonitrile(C1)
(i) 4-methoxy-2-oxo-1, 2-dihydropyridine-3-carbtiie (C2)

The objective of the present paper is to extendstbdy of Rinki Goekt al.*® by analyzing the inhibitive
properties of C1 and C2 using DFT calculations. e@dalar orbital calculations are performed lookiog f
good theoretical parameters to characterize thibitidn property of inhibitor, which will be helpfuo gain
insight into the mechanism of the corrosion inldnit Results obtained showed that the inhibitidicieincy
of C1>C2. It is well correlated with the experimantesults. From the calculations we have explaimkith
adsorption site is favoured to bind to the metdiase.

Computational calculations were obtained by medrB3LYP/6-31G (d,p) method. Parameters likg ko,
ELumo, energy gap{E), dipole momen{(), global hardnessj, softness(S), the fraction of electron transfrre
(AN) and total energy changaK) were calculated. The local reactivity has beealyed by means of the
Fukui indices, since they indicate the reactiveiamg, in the form of the nucleophilic and electritiph
behaviour of each atom in the molecule.

Materials and Methods

Computational Details: In computational chemistry tools, the DFT offene fundamentals for interpreting

multiple chemical concepts used in different brasclof Chemistry. In order to explore the theorética
experimental consistency, quantum chemical calouat were performed with complete geometry
optimizations using standard Gaussian-03 softwackgmé".

Geometry optimization were carried out by B3LYPditional at the 6-31G (d,p) basis set and at theitlen
functional theory (DFT) level. Recently, Densitynfitional theory (DFT) has been used to analyze the
characteristics of the inhibitor/ surface mechan&rd to describe the structural nature of the itdilin the
corrosion proce$s® Furthermore, DFT is considered a very useful iggke to probe the inhibitor/surface
interaction as well as to analyze the experimefdtd.

173] J. Chem. Bio. Phy. Sci. Sec.A, Nov. 2011- Jan. 20¥»l.2, No.1, 172-183.



Computational..... P.Udlegala, T.V. Rajendiran.

CH;
/CH3 /
o] @)
v—— \ v\
N N
\ A
O CH, 9] H
4-methoxy-1-methyl-2-oxo- 4-methoxy-2-0xo-
1,2-dihydropyridine-3-carbonitrile 1,2-dihydropyridine-3-carbonitrile
(C1) (C2)

Fig. 1: Names, molecular structure and the abbreviation ofhe inhibitors investigated

Cc2
Fig. 2: Optimized structure of C1 and C2 calculated with tle B3LYP/6-31G(d,p)
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Density functional theory (DFtj has been quite successful in providing theoretieais for popular
gualitative chemical concepts like electronegatiyid, hardnessn), softness(S) and local ones such
as Fukui function, F(r) and local softness, s(f)e Dasic relationship of the density functionabtiye

of chemical reactivity is precisely, the one esgiiad by Parr, Donnelly, Levy and Patkehat links
the chemical potential of DFT with the first deiva of the energy with respect to the number of
electrons, and therefore with the negative of thetenegativityy.

_(9E )} __
HEoN Jun = A4

Whereyp is the chemical potential, E is the total enefgys the number of electrons, an() is the
external potential of the system.

Hardnessi{) has been defined within the DFT as the secondata/e of the E with respect to &t
v(r) property which measures both the stability andtigacof the molecul&.

. _(azEj
- 2
oN o)

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

From the value of the total electronic energy, ihvézation potential (IE) and electron affinity (A
of the inhibitors are calculated using the follogviequations and hengendn are calculated.

IE =E\y - En

EA= B - Bua
Where E is the total electronic energy, N is thenber of electrons, and v(r) is the external
electrostatic potential that the electrons feel uhe nuclei.

The higher HOMO energy corresponds to the more tikgaanolecule in the reactions with
electrophiles, while lower LUMO energy is esserfilmlmolecular reactions with nucleophiies

_IE+EA

The global softness(S) is the inverse of the glblaatines¥.

s=1

1
Electronegativity, hardness and softness have pragebe very useful quantities in the
chemical reactivity theory. When two systems, Fel amhibitor, are brought together,
electrons will flow from lowery(inhibitor) to highery(Fe), until the chemical potentials
become equal. The number of transferred electraNg was also calculatédby using the
equation below.

AN = Xre = Xim
| 2006 *+ iy |
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Where yre and ,inn denote the absolute electronegativity of iron anHikitor molecule
respectivelynee and ninn denote the absolute hardness of iron and the bohilholecule
respectively. In this study, we use the theoretedlie ofyr—=7.0 eV andiFe = 0 for the
computation of number of transferred electfdnhe difference in electronegativity drives
the electron transfer, and the sum of the hardpassmeters acts as a resistdhcehe local
selectivity of a corrosion inhibitor is best anayzby means of condensed Fukui function.

The global electrophilicity index was introduced Byarf® and is given byw = p?/2n.
According to the definition, this index measures fiiopensity of chemical species to accept
electrons. A good, more reactive, nucleophile iarabterized by lower value ¢f »; and
conversely a good electrophile is characterized lygh value ofi, . This new reactivity
index measures the stabilization in energy whersgis¢em acquires an additional electronic
chargeAN from the environment.

The change in electron density is the nucleophfli¢ (n and electrophilid “ () Fukui
functions, which can be calculated using the fidiféerence approximation as follofis

fk+ =0n+1- ON
fKk=0On- Ona

Where @ gn+1 and g1 are the electronic population of the atom k intreuanionic and
cationic systems.

Condensed softness indices allowing the compa$aaactivity between similar atoms of
different molecules can be calculated easily stgrfrom the relation between the Fukui
functionf (r) and the local softnesr) *.

_(9p(n)) (ON) _
-] (8] -0

From this relation, one can infer that local sassand Fukui function are closely related,
and they should play an important role in the field¢hemical reactivity.

RESULTS AND DISCUSSION

The inhibition effect of inhibitor compound is udlyaascribed to adsorption of the molecule
on metal surface. There can be physical adsorgtbysisorption) and chemical adsorption
(chemisorption) depending on the adsorption strengthen chemisorption takes place, one
of the reacting species acts as an electron pawrdand the other one acts as an electron pair
acceptor.The energy of the highest occupied molecular drifiEgiomo) measures the
tendency towards the donation of electron by a OudEs. High values of Eowvo have a
tendency of the molecule to donatkectrons to appropriate acceptor molecules with lo
energy, empty molecular orbital. Increasing values afolo facilitate adsorption and
therefore enhance the inhibition efficiency, ibfluencing the transport process through the
adsorbed layerTherefore, higher values ofybvo indicate better tendency towards the
donation of electron, enhancing the adsorptionhef ihhibitor on mild steel and therefore
better inhibition efficiency. Ejuwo indicates the ability of the molecule to accepicbns.
The binding ability of the inhibitor to the metalrface increases with increasing of the
HOMO and decreasing of the LUMO energy values. i gomolecular orbital diagrams of
C1 and C2 is representedfigure 3.
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HOMO of C1

LUMO of C1

HOMO of C2
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LUMO of C2
Fig. 3: Frontier molecular orbital diagrams of C1 and C2 byB3LYP/6-31G(d,p)

Table- 1 Quantum chemical parameters for C1 and C2 cakulilasingB3LYP/6-31G(d,p).

Parameters Cl C2
Eromo(eV) -6.13834 -6.25154
ELUMO (eV) -1.74275 -1.78697
Energy gapdE) (eV) 4.39559 4.46457
Dipole moment (Debye) 9.5475 9.6643

According to the frontier molecular orbital theqBMO) of chemical reactivity, transition of eleatro
is due to interaction between highest occupied cutde orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of reacting specf&sE,omo is a quantum chemical parameter which is
often associated with the electron donating abdityhe molecule. High value ofigvo is likely to a
tendency of the molecule to donate electrons toragpjate acceptor molecule of low empty
molecular orbital enerd§; The inhibitor does not only donate electron ® timoccupied d orbital of
the metal ion but can also accept electron frondtbebital of the metal leading to the formationaof
feed back bond. The highest value g -6.138346 (eV) of Clindicates the better inhibition
efficiency.

The energy gapAE = Eumo — Byomo) iS an important parameter as a function of redgtof the
inhibitor molecule towards the adsorption on thedatie surface. ASAE decreases the reactivity of
the molecule increases leading to increase in the 86the moleculeLower values of the energy
difference will render good inhibition efficienclecause the energy to remove an electron from the
last occupied orbital will be lof Reportedly, excellent corrosion inhibitors are Uiyuarganic
compounds which not only offer electrons to un@ded orbital of the metal but also accept free
electrons from the metal A molecule with a low energy gap is more polasleaand is generally
associated with the high chemical activity and lametic stability and is termed soft molectileThe
results as indicated in table 1 shows that inhibtd has the lowest energy gap, this means that the
molecule could have better performance as corrastabitor.

It is shown from the calculation that there wasobwious correlation between the values of dipole
moment with the trend of inhibition efficiency olstad experimentally. In the literature there isiekl

178 ] J. Chem. Bio. Phy. Sci. Sec.A, Nov. 2011- Jan. 201»l.2, No.1, 172-183.



Computational..... P.Udlekala, T.V. Rajendiran.

of agreement on the correlation between the dipmeent and inhibition efficienéy*® lonization
energy is a fundamental descriptor of the chennizattivity of atoms and molecules. High ionization
energy indicates high stability and chemical inesth and small ionization energy indicates high
reactivity of the atoms and molecufesThe low ionization energy 7.916787 (eV) of Clidades the
high inhibition efficiency.

Absolute hardness and softness are important pgrepeio measure the molecular stability and
reactivity. It is apparent that the chemical hasdnindamentally signifies the resistance towahnds t
deformation or polarization of the electron cloufltbe atoms, ions or molecules under small
perturbation of chemical reaction. A hard moleduds a large energy gap and a soft molecule has a
small energy gal. In our present study C1 with low hardness vall@03684(eV) compared with
other compound have a low energy gap. Normallg, itthibitor with the least value of global
hardness(hence the highest value of global softnissexpected to have the highest inhibition
efficiency’’. For the simplest transfer of electron, adsorptionld occur at the part of the molecule
where softness(S), which is a local property, hdsghest valu¥. C1 with the softness value of
0.255775 has the highest inhibition efficiency.

The Table 2 shows the order of electronegativity as C2>C1.ddean increase in the difference of
electronegativity between the metal and the inbibig observed in the order C1>C2. According to
Sanderson’s electronegativity equalization priledip C2 with a high electronegativity and low
difference of electronegativity quickly reaches @ation and hence low reactivity is expected
which in turn indicates low inhibition efficiency.

Table -2 Quantum chemical parameters for C1 and C2 calculat using B3LYP/6-31G (d,p).

Parameters C1 C2
En (au) -569.60802 -530.29463
En-1(au) -569.31709 -529.99744
En+1(au) -569.61160 -530.29883
IE(eV) 7.916787 8.087134
EA(eV) 0.097419 0.114290
n (eV) 3.909684 3.986422
S (eV) 0.255775 0.250852
% (eV) 4.007103 4.100712
® 2.053475 2.109139
AN 0.382754 0.363645
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The number of electrons transferréd\j was also calculated and tabulated able 2. Values ofAN
show that the inhibition efficiency resulting froefectron donation agrees with Lukovits’s sttfdyf

AN < 3.6, the inhibition efficiency increases by irasig electron-donating ability of these inhibitors
to donate electrons to the metal surface and reases in the following order: C1>C2. The results
indicate thatAN values correlates strongly with experimental intidii efficiencies. Thus, the highest
fraction of electrons transferred is associatedh whe best inhibitor (C1), while the least fractisn
associated with the inhibitor that has the leasibition efficiency (C2).

Table- 3 Fukui and local softness indices for nucleophilic rd electrophilic attacks on C1 atoms
calculated from Mulliken atomic charges

Atom No fi.* fi. s S’
Ci -0.003139 0.024742 -0.0008028 0.0063286
C2 0.081476 0.058747 0.0208395  0.0150265
Cc3 0.044924 0.086936 0.0114904  0.0222368
ci4 0.027394 0.046638 0.0070067 0.0119293
C5 0.131306 0.047519 0.0335847 0.0121546
H 6 0.079043 0.07212 0.0202172 0.0184471
H7 0.098082 0.074498 0.0250869 0.0190554
N 8 0.000101 0.009223 0.0000258 0.0023591
c9 -0.009449 -0.028239 -0.0024168 -0.007223
H 10 0.088596 0.042267 0.0226606 0.0108112
H11 0.02062 0.042208 0.0052740  0.0107961
H12 0.045184 0.051509 0.0115569 0.0131752
0O 13 0.084965 0.152228 0.0217319 0.0389375
C14 0.073958 0.080348 0.0189166 0.0205517
N 15 0.105985 0.109482 0.0271083 0.0280037
016 0.024945 0.034872 0.0063803 0.0089197
c17 -0.04836 -0.036447 -0.0123692 -0.009323
H 18 0.046859 0.040334 0.0119853 0.0103168
H19 0.060969 0.050813 0.0155943 0.0129972
H 20 0.046541 0.040202 0.0119040  0.0102830

The use of Mulliken population analysis to estimtte adsorption centres of inhibitors has been
widely reported and it is mostly used for the ckltion of the charge distribution over the whole
skeleton of the molecul® There is a general consensus by several autharshie more negatively
charged an heteroatom, is the more it can be aeldanb the metal surface through the donor-acceptor
type reactiof. It is important to consider the situation cop@sding to a molecule that is going to
receive a certain amount of charge at some centteésagoing to back donate a certain amount of
charge through the same centre or anotherbnBarr and Yang proposed that larger value of Fuku
function indicate more reactivityy Hence greater the value of condensed Fukui fomcthe more
reactive is the particular atomic centre in theeunale. Thef," measures the changes of density when
the molecules gains electrons and it correspondsactivity with respect to nucleophilic attack. On
the other handf corresponds to reactivity with respect to electiaphattack or when the molecule
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loss electrons. The FMO diagram of C1 and C2 atdi that the dense electron cloud around O13
and 09 respectively showing the electrophilic &tatthe particular site as confirmed by the Fukui
function f ¢ The nucleophilic attack at the site C5 in both thenpounds, calculated by Fukui
functionf,” is confirmed by the LUMO of the FMO diagram.

Table- 4: Fukui and local softness indices for nucleophilicrad electrophilic attacks in C2 atoms

calculated from Mulliken atomic charges

+

Atom No fi " fi,” S S
Ci -0.00561 0.021403 -0.0014072 0.0053690
C2 0.08837 0.061124 0.0221677 0.0153331
C3 0.045716 0.08722 0.0114679 0.0218793
Cc4 0.038696 0.054592 0.0097069 0.0136945
C5 0.131524 0.052318 0.0329930 0.0131241
H6 0.083402 0.073573 0.0209215 0.0184559
H7 0.105738 0.080982 0.0265245 0.0203145
N 8 0.012901 0.018606 0.0032362 0.0046674
09 0.100405 0.152596 0.0251867 0.0382790

c1o0 0.08214 0.084268 0.0206049 0.0211388
N 11 0.111638 0.113076 0.0280046 0.0283653

012 0.026495 0.040139 0.0066463 0.0100689

C13 -0.051072 -0.03771 -0.0128115 -0.009460
H 14 0.049586 0.043402 0.0124387 0.0108875
H 15 0.063765 0.053008 0.0159955 0.0132972
H 16 0.049728 0.043439 0.0124743 0.0108968
H17 0.066577 0.057965 0.0167009 0.0145406

CONCLUSION

The following conclusions can be deduced from tiesgnt study:

1. Through DFT calculations a correlation betwearameters related to the electronic and molecular
structures of some Pyridine base alkaloidsthen ability to inhibit the corrosion processutd
be established.

2. The inhibition efficiency of pyridine derivatis@®btained Quantum chemically increase with the
increase in pwo, and decrease in energy galk). C1 has the highest inhibition efficiency
because it had the highest HOMO energy/dialues and it was most capable of offering
Electrons.

3. The parameters like hardnegsSoftness(S), dipole momep}( electron affinity(EA) ionization
potential(IE), electronegativityand the fraction of electron transferr@dN confirms the
inhibition efficiency in the order of C1>C2.

4. Fukui function shows the nucleophilic and elaghilic attacking sites in the pyridine derivatives

5. Comparison of theoretical and experimental databit good correlation confirming the reliability
of the method employed here.
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