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ABSTRACT

In the present work, a theoretical study of two benzohydrazide derivatives N’-benzylidene benzohydrazide(BBH) and N’-(3-
phenylallylidene) benzohydrazide(PABH), has been performed 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 quantum chemical properties/descriptors most relevant to their potential action as corrosion inhibitors have been calculated.

They include Ejopo (highest occupied molecular orbital energy), E;yuo (lowest unoccupied molecular orbital energy), energy gap

(AE), dipole moment (U), hardness (1), softness (S), the absolute electronegativity (X), the fraction of electrons transferred (AN)

and the electrophilicity index (w) . The local reactivity has been analyzed through the condensed Fukui function and condensed

softness indices in order to compare the possible sites for nucleophilic and electrophilic attacks. The theoretical results were found

to be consistent with the experimental data reported.

Keywords: Benzohydrazide, reactivity, DFT, Fukui function, softness indices.

1. INTRODUCTION

Corrosion of mild steel is an inevitable process that
produces a deterioration of materials and their properties
resulting in massive economic losses that has attracted many
investigation and researches [1, 2]. One of the most common,
effective and economic method to protect metals against
corrosion is use of organic compounds, as corrosion inhibitors.
A number of heterocyclic compounds containing N, O, and S
cither in the aromatic or long chain carbon system have been
reported as effective inhibitors of metal corrosion [3, 4]. Most
efficient inhibitors are organic compounds containing
clectronegative functional groups and T-clectrons in triple or
conjugated double bonds. Researchers conclude that the
adsorption on the metal surface depends mainly on the
physicochemical properties of the inhibitor, such as the

functional group, molecular electronic structure, electron

density at the donor atom, T orbital character and the
molecular size [5, 6]. The planarity and the lone electron pairs
in the hetero atoms are important features that determine the
adsorption of molecules on the metallic surface [7].The
inhibition efficiency has been closely related to the inhibitor
adsorption abilities and the molecular properties for different
kinds of organic compounds [8, 9]. The power of the inhibition
depends on the molecular structure of the inhibitor. Organic
compounds, which can donate electrons to unoccupied d
orbital of metal surface to form coordinate covalent bonds and

can also accept free electrons from the metal surface by using
their anti bonding orbital to form feedback bonds, constitute
excellent corrosion inhibitors [10].

Recently the effectiveness of an inhibitor molecule has been
related to its spatial as well as electronic structure [11, 12].
Quantum chemical calculations have been widely used to study
reaction mechanism. They have been proved to be a powerful
tool for studying corrosion inhibition mechanism [13-15].
Density functional theory (DFT) [16, 17] has provided a very
useful framework for developing new criteria for rationalizing,
predicting, and eventually understanding many aspects of
chemical processes [18-20]. A variety of chemical concepts
which are now widely used as descriptors of chemical
reactivity, e.g., eclectronegativity [19] hardness or softness
quantities etc., appear naturally within DFT [16]. The Fukui
function [20] represents the relative local softness of the
electron gas, measures the local electron density/population
displacements corresponding to the inflow of a single electron.

The reactive ability of the inhibitor is closely linked to their
frontier molecular orbital (FMO), including highest occupied
molecular orbital, HOMO, and lowest unoccupied molecular
orbital, LUMO, and the other parameters such as hardness and
softness. Quantum chemical studies have been successfully
performed to link the corrosion inhibition efficiency with
molecular orbital (MO) energy levels for some kinds of organic
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compounds [21, 22]. Arjunan et al. have studied the systematic

vibrational ~ spectroscopic  assignment and analysis of
benzohydrazide [23]. An experimental and theoretical study on
the acetylation reaction of benzohydrazide derivatives
towards p-nitrophenyl acetate was investigated by Paola R.
Campodonico et al. [24]. Quantum chemical study of the
efficiency of some o-, m-, and p-substituted benzohydrazides

were studied by El Sayed H. El Ashry et al. [25].

The benzohydrazide derivatives investigated in the present
work are:
N’-benzylidene benzohydrazide (BBH)
N’-(3-phenylallylidene) benzohydrazide (PABH)

The objective of this paper is to extend the study of
P.Mohan et al. [ 26] to investigate the dependence of inhibition
efficiency of BBH and PABH
parameters such as the energies of highest occupied molecular

on theoretical chemical

orbital (E,,,) and the lowest unoccupied molecular orbital
(Erumo), the energy gap (AE) between Ej 0 and E, 0, dipole
moment (M),

clectronegativity (x), global hardness (1), softness (S), the

ionization potential (I), electron affinity (4),

global electrophilicity (W), the fraction of electrons transferred
(AN) and back donation(AE). The local reactivity has been
analyzed by means of the Fukui indices, since they indicate the
reactive regions, in the form of the nucleophilic and
electrophilic behaviour of each atom in the molecule.

2. MATERIAL AND METHODS
2.1. Quantum Chemical Calculation

In order to explore the theoretical-experimental
consistency, quantum chemical calculations were performed
using  Gaussian-03

software package [27]. Complete

geometrical optimizations of the investigated molecules are
with the

Becke’s three parameter exchange functional along with the

performed using density functional theory (DFT)

Lee— Yang—Parr non local correlation functional (B3LYP)
[28,29]. The calculations were based on 6-31G (d,p) basis set.
This method has been widely implemented to study the
relationship between corrosion inhibition efficiency of the
molecules and their electronic properties [30]. Recently,
Density functional theory (DFT) has been used to analyze the
characteristics of the inhibitor mechanism and to describe the
structural nature of the inhibitor in the corrosion process [31].
The chemical and optimized structures of the compounds
studied are given in Fig 1. and Fig 2.
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N'-benzylidene benzohydrazide(BBH) N'-(3-phenylallylidene) benzohydrazide(PABH)
Fig. 1. Names, molecular structure and the abbreviation of the
inhibitors investigated

BBH

PABH
Fig. 2: Optimized structure of BBH and PABH calculated with
the B3LYP/6-31G (d,p)

2.2. Global and local reactivity descriptors

Density functional theory (DFT) [16] has been quite
successful in providing theoretical basis for popular qualitative
chemical concepts like electronegativity (X), hardness (n),
softness(S), electrophilicity index (W) and local reactivity
descriptors such as Fukui function, F(r) and local softness, s(r).

The basic relationship of the density functional theory of
chemical reactivity is precisely, the one established by Parr,
Donnelly, Levy and Palke [32], that links the chemical
potential of DFT with the first derivative of the energy with
respect to the number of electrons, and therefore with the

negative of the electronegativity X.

_(E) __ (M
#_[GN]VU)_ x

Where W is the chemical potential, E is the total energy, N is
the number of electrons, and v(r) is the external potential of
the system.

Hardness (1)) has been defined within the DFT as the second
derivative of the E with respect to N as V(r) property which
measures both the stability and reactivity of the molecule [33].

oE )
{5
N,

Where v(r) and p are respectively the external and

electronic chemical potentials.
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According to, the Koopman’s theorem [34] ionization
potential () and electron affinity (4) can be expressed as
follows in terms of Eyy0, E;yyo the highest occupied molecular
orbital energy, and the lowest unoccupied molecular orbital
energy, respectively:

I=-Eyomo 3)
A= -Ejumo )

When the values of I and A are known, one can determine
through the following expressions [35] the values of the
absolute clectronegativity y, the absolute hardness 77 and the
softness S (the inverse of the hardness):

I+ A

_ (s)

S
1 =A (6)

7TTT2
The global softness(S) is the inverse of the global hardness [36]
s=1 ™)

U

with  different
electronegativities the electronic flow will occur from the

For a reaction of two systems
molecule with the lower electronegativity (the organic
inhibitor) towards that of higher value (metallic surface), until
the chemical potentials are equal [37]. Therefore the fraction of

electrons transferred (AN) from the inhibitor molecule to the

metallic atom was calculated according to Pearson
clectronegativity scale [38].
/l/ Fe — /?inh (8)

AN =
[2(’7Fe + ninh}

Where X;, and ¥, denote the absolute electronegativity of
iron and inhibitor molecule respectively Ny, and n,,, denote the
and the
respectively. In this study, we use the theoretical value of
Xe=7.0 eV[39]
bulk T = A [40] because they are softer than the neutral metallic
atoms. The difference in electronegativity drives the electron

absolute hardness of iron inhibitor molecule

and N = 0 by assuming that for a metallic

transfer, and the sum of the hardness parameters acts as a
resistance [41]. The local selectivity of a corrosion inhibitor is
best analyzed by means of condensed Fukui function.

The electrophilicity is a descriptor of reactivity that allows
a quantitative classification of the global electrophile nature of a
molecule within a relative scale. Parr et al [42] have proposed
clectrophilicity index as a measure of energy lowering due to
maximal electron flow between donor and acceptor. They

defined electrophilicity index (W) as follows.
o= ©)

According to the definition, this index measures the
propensity of chemical species to accept electrons. A good,
more reactive, nucleophile is characterized by lower value of

U, ®; and conversely a good electrophile is characterized by a
high value of W, ®. This new reactivity index measures the
stabilization in energy when the system acquires an additional

electronic charge AN from the environment.

2.3. Local molecular reactivity

Fukui functions are the relevant reactivity indicators in the

electron-transfer controlled reactions such as corrosion
inhibition process [42]. Their values are used to identify which
atoms in the inhibitors are more prone to undergo an
electrophilic or a nucleophilic attack. The change in electron
density is the nucleophilic f *(r) and electrophilic f*(r) Fukui

functions, which can be calculated using the finite difference
approximation as follows [43].

(@) = Prsa(r) - Py () (for nucleophilic attack) (10)

S () = py () - pro(r) (for electrophilic attack) (11)

Where, Pyi1, P and Pt are the electronic densities of anionic,
neutral and cationic species respectively.

Condensed softness indices allowing the comparison of
reactivity between similar atoms of different molecules can be
calculated easily starting from the relation between the Fukui
function f'(r) and the local softness s(r) [44].

_(ap0)) (aN) (12)
() (GN jv(r)[aﬂl(r) rns

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

According to the simple charge transfer model for donation
and back-donation of charges proposed recently by Gomez et
al., [45] an electronic back-donation process might be
occurring governing the interaction between the inhibitor
molecule and the metal surface. The concept establishes that if
both processes occur, namely charge transfer to the molecule
and back-donation from the molecule, the energy change is
directly proportional to the hardness of the molecule, as
indicated in the following expression.

AE 4 gonaion = =1 (13)

donation 4

The AE implies that when 17 > 0 and AE <0 the

charge transfer to a molecule, followed by a back-donation

Back-donation Back-donation

from the molecule, is energetically favored. In this context,
hence, it is possible to compare the stabilization among
inhibiting molecules, since there will be an interaction with the
same metal, then, it is expected that it will decrease as the
hardness increases.
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3. RESULTS AND DISCUSSION

According to the frontier molecular orbital theory (FMO)
of chemical reactivity, transition of electron is due to
interaction between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
of reacting species [46]. The energy of the highest occupied
molecular orbital (Ejqy0) measures the tendency towards the
donation of electron by a molecule. Therefore, higher values of
Eyomo indicate better tendency towards the donation of
clectron, enhancing the adsorption of the inhibitor on mild
steel and therefore better inhibition efficiency. E, o indicates
the ability of the molecule to accept electrons. The binding
ability of the inhibitor to the metal surface increases with
increasing of the HOMO and decreasing of the LUMO energy
values. Frontier molecular orbital diagrams of BBH and PABH
are represented in fig. 3.

Table 1. Quantum chemical parameters for BBH and PABH
calculated using B3LYP/6—31G(d,p).

Parameters BBH PABH
Enomo(eV) -5.98119 -5.66391
Eiumo (eV) -1.53993  -1.80715
Energy gap(AE) 4.44126 3.85676
Dipole moment (Debye) 4.3719 4.6456

Ejomo is @ quantum chemical parameter which is often
associated with the electron donating ability of the molecule.
High value of Ej oo is likely to a tendency of the molecule to
donate electrons to appropriate acceptor molecule of low
empty molecular orbital energy [47]. The inhibitor does not
only donate electron to the unoccupied d orbital of the metal
ion but can also accept electron from the d-orbital of the metal
leading to the formation of a feedback bond. The highest value
of Ejjomo -5.66391 (eV) of PABH indicates the better inhibition
efficiency than the other compound.

The energy of the lowest unoccupied molecular orbital,
E,umo, indicates the ability of the molecule to accept electrons
[36].S0, lower the value of E,;,,, more probable the molecule
to accept electrons. In our study the PABH having low value of
E, umo could have better performance as corrosion inhibitor.

The energy gap, (AE = E yyo—FEuomo) is an important
parameter as a function of reactivity of the inhibitor molecule
towards the adsorption on the metallic surface. As AE
decreases, the reactivity of the molecule increases leading to
increase in the % IE of the molecule. Lower values of the
energy difference will render good inhibition efficiency,
because the energy to remove an electron from the last
occupied orbital will be low [48]. Hard molecules have high
HOMO-LUMO gap [49] and thus soft bases inhibitors are the
most effective for metals [50]. Reportedly, excellent corrosion
inhibitors are usually organic compounds which not only offer

electrons to unoccupied orbital of the metal but also accept
free electrons from the metal [15]. A molecule with a low
energy gap is more polarizable and is generally associated with
the high chemical activity and low kinetic stability and is
termed soft molecule [49]. The results as indicated in table 1
shows that inhibitor PABH has the lowest energy gap, this
means that the molecule could have better performance as
corrosion inhibitor.

The dipole moment (W in Debye) is another important

electronic parameter that results from non uniform
distribution of charges on the various atoms in the molecule.
The high value of dipole moment probably increases the
adsorption between chemical compound and metal surface
[51]. The energy of the deformability increases with the
increase in W, making the molecule easier to adsorb at the Fe
surface. The volume of the inhibitor molecules also increases
with the increase of W. This increases the contact area between
the molecule and surface of iron and increasing the corrosion
inhibition ability of inhibitors. In our study the value 4.6456

(Debye) of PABH enumerates its better inhibition efficiency.

lonization energy is a fundamental descriptor of the
chemical reactivity of atoms and molecules. High ionization
energy indicates high stability and chemical inertness and small
ionization energy indicates high reactivity of the atoms and
molecules [52]. The low ionization energy 5.66391 (eV) of
PABH indicates the high inhibition Cfficicncy.

Absolute hardness and softness are important properties to
measure the molecular stability and reactivity. It is apparent
that the chemical hardness fundamentally signifies the
resistance towards the deformation or polarization of the
electron cloud of the atoms, ions or molecules under small
perturbation of chemical reaction. A hard molecule has a large
energy gap and a soft molecule has a small energy gap [53]. In
our present study PABH with low hardness value 1.92838(eV)
compared with other compound have a low energy gap.
Normally, the inhibitor with the least value of global hardness
(hence the highest value of global softness) is expected to have
the highest inhibition efficiency [54]. For the simplest transfer
of electron, adsorption could occur at the part of the molecule
where softness(S), which is a local property, has a highest value
[55]. PABH with the softness value of 0.51857 has the highest
inhibition efficiency.

The table 2 shows the order of clectronegativity as
BBH>PABH. Hence an increase in the difference of
clectronegativity between the metal and the inhibitor is
observed in the order PABH> BBH. According to Sanderson’s
electronegativity equalization principle [56], BBH with a high
electronegativity and low difference of electronegativity
quickly reaches equalization and hence low reactivity is
expected which in turn indicates low inhibition efficiency.
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Table 2. Quantum chemical parameters for BBH and
PABH calculated using B3LYP/6-31G (d,p).

Parameters BBH PABH
I(eV) 5.98119 5.66391
A(eV) 1.53993 1.80715
N (eV) 2.22063 1.92838
S (eV) 0.45032 0.51857
X (eV) 3.76056 3.73553

0 3.184189 3.61811
u -3.76056 -3.73553

The number of electrons transferred (AN) and back-donation
(AE) was also calculated and tabulated in Table 3. Values of AN
show that the inhibition efficiency resulting from electron
donation agrees with Lukovits’s study [57]. If AN<3.6, the
inhibition efficiency increases by increasing electron-donating
ability of these inhibitors to donate electrons to the metal
surface and it increases in the following order: BBH<PABH.
The results indicate that AN values correlates strongly with
experimental inhibition efficiencies. Thus, the highest fraction
of electrons transferred is associated with the best inhibitor
(PABH), while the least fraction is associated with the inhibitor
that has the least inhibition efficiency (BBH).

Table3. The number of electron transferred (AN) and AE back
donation (eV) calculated for inhibitor BBH and PABH.

LUMO of PABH
Fig. 3: Frontier molecular orbital diagrams of BBH and
PABH by B3LYP/6-31G (d,p)

Table 4. Fukui and local softness indices for nucleophilic and
electrophilic attacks on BBH atoms calculated from
electron densities.

Parameters BBH PABH
Transferred electrons 0.729397  0.84643
fraction (AN)

AE back-donation / (eV) -0.55516 -0.48210

LUMO of BBH

Atom No 7 J P S
1C -0.240357  0.092708 -0.108237 0.041748
2C -0.046054  0.086501 -0.020739 0.038953
3C -0.207955  0.131371  -0.093646 0.059158
4 C -0.009009 -0.018585 -0.004056  -0.008369
5C -0.179868  0.090904 -0.080998 0.040935
6 C -0.050173  0.094728 -0.022593 0.042657
7 H 0.102180 -0.094245  0.046013  -0.042440
8 H 0.091019 -0.092293  0.040987  -0.041561
9 H 0.090152  -0.086102  0.040597  -0.038773
10 H 0.125365 -0.120922  0.056454  -0.054454
11 H 0.094898 -0.096242  0.042734  -0.043340
12 C 0.456771 -0.606247  0.205693  -0.273005
13 O -0.616222  0.534748 -0.277497 0.240807
14 N -0.364738  0.364212  -0.164248 0.164011
15 C 0.079197 -0.011357  0.035663  -0.005114
16 C -0.213024  0.232966 -0.095928 0.104909
17 C -0.205098  0.225534  -0.092359 0.101562
18 C -0.035826  0.013121  -0.016133 0.005908
19 H 0.130380 -0.130635  0.058712  -0.058828
20 C -0.049439  0.040030 -0.022263 0.018026
21 H 0.084448 -0.085029  0.038028  -0.038290
22 C -0.241337  0.326692  -0.108678 0.147115
23 H 0.091053  -0.090639  0.041002  -0.040817
24 H 0.087271 -0.087252  0.039299  -0.039291
25 H 0.097320 -0.099263  0.043825 -0.044700
26 N -0.350342  0.713615 -0.157766 0.321355
27 H 0.251486  -0.263877  0.113249  -0.118829
28 C -0.045602  0.005618 -0.020535 0.002529
29 H 0.073510  -0.070055  0.033098  -0.031547

Journal of Advanced Scientific Research, 2012, 3(4)



Udhayakala et al, | Adv Sci Res, 2012, 3(4): §2-88 87

There is a general consensus by several authors that the
more negatively charged a heteroatom, is the more it can be
adsorbed on the metal surface through the donor-acceptor type
reaction [58]. It is important to consider the situation
corresponding to a molecule that is going to receive a certain
amount of charge at some centre and is going to back donate a
certain amount of charge through the same centre or another
one [45]. Parr and Yang proposed that larger value of Fukui
function indicate more reactivity [20]. Hence greater the value
of condensed Fukui function, the more reactive is the
particular atomic centre in the molecule. The f ;) measures the
changes of density when the molecules gains electrons and it
corresponds to reactivity with respect to nucleophilic attack.
On the other hand, f corresponds to reactivity with respect to
electrophilic attack or when the molecule loss electrons.

Table 5. Fukui and local softness indices for nucleophilic and
electrophilic attacks in PABH atoms calculated from
electron densities.

Atom No T S S S
1C -0.16334 0.085278 -0.084703 0.044223
2 C -0.066638 0.088397  -0.034556 0.045840
3C -0.16925 0.128452 -0.087767 0.066611
4 C 0.018992  -0.026192 0.009848 -0.013582
5C -0.14436 0.092519  -0.074860 0.047977
6 C -0.066337 0.092806  -0.034400 0.048126
7H 0.09786  -0.093709 0.050747  -0.048595
8 H 0.091417  -0.092109 0.047406  -0.047765
9 H 0.087814  -0.085757 0.045537  -0.044471
10 H 0.123471 -0.120933 0.064028 -0.062712
11 H 0.095154 -0.09601 0.049344  -0.049788
12 C 0.494258  -0.597266 0.256307  -0.309724
13 O -0.572959 0.529522 -0.297119 0.274594
14 N -0.412623 0.388582 -0.213973 0.201507
15 N -0.363199 0.640681 -0.188344 0.332238
16 H 0.251479  -0.260828 0.130409  -0.135258
17 C 0.058894  -0.109082 0.030540  -0.056567
18 H 0.069508  -0.066622 0.036044  -0.034548
19 C -0.142067 0.188697  -0.073671 0.097852
20 H 0.113276  -0.114147 0.058741 -0.059193
21 C -0.325036 0.304322 -0.168553 0.157812
22 H 0.089171 -0.08639 0.046241 -0.044799
23 C 0.141641 -0.118018 0.073450  -0.061201
24 C -0.22193 0.236662 -0.115086 0.122725
25 C -0.232379 0.222948 -0.120504 0.115614
26 C -0.037907 0.026978 -0.019657 0.013990
27 H 0.087499  -0.087631 0.045374  -0.045443
28 C -0.029159 0.027041 -0.015120 0.014022
29 H 0.096221 -0.095326 0.049897 -0.049433
30 C -0.243279 0.270681 -0.126157 0.140367
31 H 0.087293  -0.087085 0.045267  -0.045160
32 H 0.089162  -0.089356 0.046236  -0.046337
33 H 0.097353  -0.097106 0.050484  -0.050356

According to fukui indices, C12 is the most reactive site for
nucleophilic attack in both the compounds BBH and PABH. In
case of HOMO of BBH the dense electron cloud around N26

indicates the electrophilic attack. The same is around N15 in
PABH as confirmed by the Fukui function f, too.

4. CONCLUSION

Through DFT quantum chemical calculations, a
correlation between parameters related to the electronic
structures of benzohydrazide derivatives N’-benzylidene
benzohydrazide (BBH) and N’-(3-phenylallylidene)
benzohydrazide (PABH) and their inhibition efficiencies have
been established.

increase in Ejjoy0, and decrease in E, o and energy gap (AE).
PABH has the highest inhibition efficiency because it had the

highest HOMO energy and AN values and it was most capable

The inhibition efficiency increase with the

of offering electrons.  The parameters like hardness(n),

Softness(S), dipole moment([), electron affinity(A) ionization
potential(T), electronegativity(X) and the fraction of electron

transferred (AN) confirms the inhibition efficiency in the order
of PABH >BBH. Fukui function shows the nucleophilic and
electrophilic attacking sites in the PABH and BBH.
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