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Quantum mechanical calculations of amino pyrazole
derivatives as corrosion inhibitors for zinc, copper and
a-brass in acid chloride solution
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Quantum mechanical calculations have been applied to a series of pyrazole derivatives used as
corrosion inhibitors for zinc, copper and a-brass in order to assess quantum chemistry as a means of
evaluating effectiveness of corrosion inhibitors. The corresponding structures have been optimized and
the energies and coefficients of their molecular orbitals (HOMO and LUMO) have been computed using
the semi-empirical method, MNDO. The theoretical results are then compared with experimental data.

1. Introduction

It is known that the efficiency of an organic compound
as corrosion inhibitor depends not only on the structure
of the inhibitor itself, but also on the characteristics of
the environment in which it acts, the nature of the
metal surface and the electrochemical potential at
the interface [1]. Many organic inhibitors promote the
formation of a chelate on the metal surface and,
consequently, inhibit the corrosion process [2]. Under
such conditions, for a given metal, the efficiency of the
inhibitor depends on the stability of the formed
chelate. The inhibitor molecule should have centres
capable of forming bonds with the metal surface via
electron transfer. Thus, the metal acts as an electro-
phile, whereas the inhibitor molecule acts as a Lewis
base, whose nucleophilic centres are normally hetero-
atoms with free electron pairs which are readily
available for sharing, i.e. formation of a bond.

Among the organic compounds used a corrosion
inhibitors, amino pyrazole derivatives were found to
inhibit the corrosion of zinc [3], a-brass {4] and copper
[5] in acid chloride solutions. The inhibition efficiency
depends on the substituent type, whether an electron-
donating or electron-withdrawing group, and the con-
centration of the inhibitor [6]. The aim of this paper is
to investigate the applicability of quantum mechanical
calculations to predict the inhibition efficiency of such
a series of amino pyrazole compounds. For this purpose,
the structures of such compounds have been opti-
mized and, furthermore, the energies and coefficients
of their MO’s, net charges on their active centres, gap
between HOMO and LUMO, heat of formation, ioniz-
ation potential and dipole moments have been cal-
culated. The correlations between such parameters
and inhibition efficiency for zinc, copper and «-brass
in acid chloride solutions have been illustrated.

2. Experimental details

The electrodes of Zn and Cu were cut from spectro-
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scopic pure metal rods while that of o-brass was
manufactured from local commercial grade brass
supplied by the Helwan Company of Non-Ferrous
Industries, Egypt with the following composition:
Cu, 67.28%:; Pb, 0.029%; Fe, 0.002%; Zn, 32.689%.

The preparation of the electrodes, the electrolytic
cell, the electric circuit and other experimental details
have been given elsewhere [7-9]. All solutions were
prepared from AnalaR grade chemicals and triply
distilled water. The organic inhibitors used were;
3(5) amino, 5(3)-phenylpyrazole (PP); 3(5) amino,
5(3)[4’-methyphenyl] pyrazole (MePP); 3(5) amino
[4’-methyoxylphenyl] pyrazole (MeOPP); and 3(5)
amino, 5(3)[4’-chlorophenylpyrazole] (CIPP). Their
structures are as follows:

X

N NH,

~

i
H

where X = H(PP), X = CH;(MePP), X = OCH,
(MeOPP) and X = CI(CIPP).

These compounds were prepared, purified and
identified following the recommended method [10].

3. Method of calculation

All the quantum mechanical calculations were carried
out using the Dewar LCAO-SCF MO semi-empirical
method, MNDO (modified neglect of differential
overlap). This method develops the MO on a valence
basis set.

4. Results and discussion

Figure 1 shows the geometric parameters of the parent
amino pyrazole compound, i.e. 3(5) amino, 5(3)-
phenylpyrazole (PP), and those for the p-Cl, p-CH,
and p-OCH; derivatives are given in Table 1. As can
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Fig. 1. The geometric parameters of parent amino pyrazole derivative
(PP).

be seen from Fig. 1 the active centres of the pyrazole
molecule are the two nitrogen atoms of the pyrazole
ring (N, and N,) and the nitrogen atom of the amino
group (N;). The coefficients and nodal properties of
the two highest occupied molecular orbitals (HOMO
and NHOMO) for the pyrazole derivatives are given
in Fig. 2. The computed MO coefficients show the
contribution of each AO to the probability density of
the electronic charge in a given MO. It might be
supposed that the HOMO of each molecule could be

Table 1. Geometric parameters for the amino pyrazole derivatives

Amino pyrazole Bond length Bond angle
derivative /pm /deg.
p-Cl
b = 174.81 {ab = 120.067
(-
p-CH, {ab = 120.614
b = 151.03
¢ = 110.88 {bc = 112.39 (in plane)
d =e = 10997
e (bd = 110.833
b 37 out of plane with
d dilydral angle = 120.07
) (be = 110.833
out of plane with
dilydral angle = 239.93
p-OCH; a = 140.65 {ab = 114.688
b = 136.20 (be = 124.382
f= ¢ = 140.65 {ed = 112.39 (in plane)
¢ A ¢ d=11088 {ce = 110.833
b = e=f=1110 out of plane with

dilydral angle = 60.636
(¢f = 110.833

out of plane with
dilydral angle = 239.93
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Fig. 2. MO coefficients and nodal properties of the amino pyrazole
derivatives.

identified with the free electronic pair of the O or N
atom. In the compounds under investigation the
identity of the free pair is lost. Thus the HOMO and
NHOMO are essentially a linear combination of the 2
p, orbitals.

On introducing an electron-donating group, e.g.
~-CH, or -OCH;, into the phenyl group of the
pyrazole molecule, the coefficient percent of HOMO
decreases while that of the NHOMO increases.
Therefore, both MO’s may contribute significantly to
the charge-transfer. On the other hand, in the case of
electron-withdrawing groups, e.g. —Cl, the coefficient
percent of HOMO increases while that of NHOMO
decreases showing abnormal properties. The coef-
ficient percent for the different amino pyrazole
derivatives follows the order:

-Cl > -OCH, > -CH, > -H

Such an order is in reasonable agreement with that
obtained from polarization measurements, ¢f. Fig. 3
as an example. The variation of the inhibition efficiency
for the different amino pyrazole derivatives with
substituent Hammett constants, o, [12, 13] (for
p-chloro, methyl and methoxy, they are +0.23,
—0.17 and —0.27, respectively), for the different
electrodes are shown in Fig. 4. The correlations
are linear and obey an equation similar to that of
Hammett, thus:

1% = po )

where p is the proportionality constant which depends
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Fig. 3. Anodic polarization of zinc electrode in 0.06 M HCl solutions
containing 1 x 107>M inhibitor of different substituent: (0) O,
(a) PP, (o) MePP, (O) CIPP and (®) MeOPP. Note: J = current
density.
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Fig. 4. Variation of inhibition percentage, /%, with Hammett
substituent constant, o, for electrodes of (a) zinc, (b) copper;
(c) a-brass.

on the nature of the metal and the electrolyte, respect-
ively; it is a measure of the ability of a given series of
inhibitors to reduce corrosion reactions.

Another point regarding MO energy level is the
energy gap between the HOMO and LUMO for the
different amino pyrazole derivatives. Fischer and
Henriksson [14] found that the energy gap, AE, is
defined as

AE = Eromo — Enomo (2)

where E}mo and Eyoye are the energy of the lowest
unoccupied and highest occupied molecular orbitals,
respectively. AE can be used as a characteristic
quantity for metallic complexes. Cherry ez al. [15] have
used the concept of the HOMO-LUMO gap in
developing a theoretical model capable of qualitatively
explaining the structure stability and conformation
barriers in many molecular systems. Furthermore, the
energy gap may be related to the redox potential and
the electrical resistivities of the complexes [16]. Table 2
shows AE values for the different amino pyrazole
derivatives. As can be seen AF increases on going from
the p-chloro derivative to that of the unsubstituted
pyrazole molecule (PP). Also, as the MO gap energy
increases the efficiency of a compound to inhibit the
corrosion process decreases, which reflects the exper-
imental results, ¢f. Fig. 3. Accordingly, the efficiency
of the amino pyrazole derivatives as corrosion inhibi-
tors follows the order: CI ~ OCH, > CH, > H
which is similar to that observed experimentally.

The charge densities on the active centres for the
various amino pyrazole derivatives at their equilib-
rium geometry, ie. the three nitrogen atoms of the
amino group and pyrazole ring, are presented in
Table 3. It is seen that the chloro-derivative possesses
a new active centre, i.e. Cl in addition to the other 3
nitrogen atoms. Also, the calculated charge densities
show that the N, active centre, the -NH, group, is the
most probable centre of protonation or chelation. The
variations of the net charge densities on each active
centre, i.e., N;, Ny and N,, respectively, with the
Hammett substituent constant, o, [12, 13] are shown
in Fig. 5a-c. The correlations are linear and obey
an equation similar to that observed previously,
Equation 1, thus:

q = p'o 3)
The proportionality p” is small for N; and higher for
N;. It is a measure of the extent to which the active
centre contributes in the inhibition process.

A molecular property closely related to the charge
distribution in the molecule is the change in the
electric dipole moment, u, caused by the introduction
of the substituent group. A recent approximate self-
consistent molecular orbital theory (MNDO) is used
to calculate the electronic dipole moments of the
amino pyrazole derivatives. The nuclear coordinates
are chosen to correspond to the standard geometrical
model. Within the MNDQO, the dipole moments are
calculated as the sum of two contributions [17], thus:

H = ﬂcharged + ,uhybridized (4)
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Table 2. MO energies and HOMO-LUMO energy gaps for the different amino pyrazole derivatives

Amino pyrazole Eyomo E;ymo AE = E yuo — Enomo
derivative leV leV leV

PP(H) —8.7312 0.1170 8.8483

MePP(p-CH,;) —8.7397 0.0515 8.7913
MeOPP(p-OCH,) —8.4917 0.1276 8.6193

CIPP(p-Cl) —8.9029 —0.2797 8.6232

The first contribution, fe,..q, iS Obtained from the net
charges located at the nuclear positions. The second
contribution, Uy died, 18 €ssentially a hybridization
term and measures the contribution due to displace-
ment of charge away from the centre of the nuclear
position. The dipole moment for the different amino
pyrazole derivatives are listed in Table 4. As can be
seen the nature of the substituent group affects the
dipole moment value of the amino pyrazole compound,
the higher value is obtained for the chloro-derivative
and the lowest for the unsubstituted one (PP). The
order of increase -Cl > -OCH,; > -CH, > -H,isin
reasonable agreement with results of the gap energy.

The values of the heat of formation, AH; in kcal
mol~!, ionization potential, E, in eV, and the total
energy, E; in eV, for the different amino pyrazole
derivatives support the previous conclusions obtained,
¢f- Table 4. Their correlations with the Hammett
substituent constants, o, are shown in Fig. 6a—d. The
relations are linear and obey an equation similar to
that of Equations | and 3. Therefore, the different
parameters obtained from quantum mechanical
calculations are in reasonable agreement with the
experimental result for the inhibition efficiency of
the studied amino pyrazole derivatives as corrosion
inhibitors for zinc, copper and a-brass in acid chloride
solutions.

5. Mechanism of inhibition

The corrosion of zinc, copper and «-brass in acid
chloride solutions is an electrochemical process and its
inhibition may take place by changes in corrosion
potential or polarization measurements, i.c. cathodic
or anodic or both. All inhibitors under investigation
affect the cathodic and anodic processes [3, 4], to an
extent depending on the nature of the metal under test.

The experimental results, ¢f. Figs 3 and 4, show that
the inhibition by amino pyrazole derivatives is due to
adsorption of the inhibitor molecules on the active
anodic and cathodic sites. The nature of the sub-

Table 3. Net charge densities on active centres of the amino pyrazole
derivatives

Amino pyrazole N, N, Ny
derivative

H(PP) —-0.1845 —0.4362 —0.1306
p-CH,;(MePP) —0.1822 —0.4365 —0.1316
p-OCH;(MeOPP) —0.1826 —0.4367 —0.1345
p-CI*(CIPP) —0.1802 —0.4353 —0.1280

* The net charge density on Cl-is —0.1092

stitutent group affects the inhibition efficiency of the
inhibition as is obvious from the net charge on the
active centres of the amino pyrazole molecule and
other parameters obtained from quantum mechanical
calculations, ¢f. Tables 3 and 4. The inhibition action
occurs via chelation of the active centres with the
metal surface. Further, the chloro-derivative adds a
new active centre to the already active centres present
in the amino pyrazole molecule which increases its
inhibition efficiency. The position of the substituent
group with respect to the pyrazole ring also affects the
inhibition efficiency of the inhibitor molecules, i.e. the
para, meta or ortho positions of the arylazo group [6].

Conway and Barradas [18] showed that the inhi-
bition action of pyridine on a mercury surface in 0.5 M
HCI solution occurs through adsorption via the lone
pair of electrons of the pyridine ring. The same mode
of adsorption was also assumed by Smialowska and
Kaminski [19], and Fouda ez al. [20] for thiophene
derivatives.
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Fig. 5. Variations of the net charge densities on each active centre
for amino pyrazole derivatives with Hammett substituent constant.
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Table 4. The calculated dipole moment, p, heat of formation, AH;, ionization energy, E,, and total energy, Er, for the different amino pyrazole
derivatives

Amino pyrazole Dipole moment, D Total Heat of formation lonization potential Total energy
derivative point charge hybridized [k cal mol ! eV eV
H(PP) 1.9120 1.1786 2.9484 97.1411 8.7312 — 1896.9203
p-CH,(McPP) 1.9116 1.2268 3.0039 90.1822 8.7398 —2053.4642
p-OCH, (MeOPP) 2.0433 1.6187 3.5606 60.2057 8.4917 —2375.2152
p-Cl{CIPP) 4,0272 1.1346 4.8955 89.6199 8.9029 —2237.4756
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Fig. 6. Hammet plots for the different amino pyrazole derivatives. (a) dipole moment, (b) heat of formation, (c) ionization potential and
(d) total energy.
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