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Abstract: In present investigation, we have designed several novel corrosion inhibition compounds using diazenyl as
central core while pyrazole-5-one and substituted phenyl as lateral moieties (hereafter will be called diazenyl
derivatives). The ground state geometries of diazenyl derivatives have been optimized by using density functional
theory (DFT) methods with three different basis sets i.e. 6-31G*, 6-311G** and 6-311++G**. The inhibition efficiency
of different diazenyl derivatives has been calculated to determine the relationship between their molecular structures
and inhibition activity. The calculated efficiencies have also compared with some standard organic inhibitors. Several
quantum chemical parameters, specifically, Enomo (highest occupied molecular orbital energy), Eiumo (lowest
unoccupied molecular orbital energy), the energy difference between Enomo and Erumo (A E), dipole moment (),
electron affinity (EA), ionization potential (IP), the absolute electronegativity (), absolute hardness (1)), softness (%),
Mulliken charges, and the fraction of electrons (AN) transfer from inhibitors to iron were calculated and correlated. We

have also shed light on the polarizabilty, static first hyperpolarizability ( ﬂtot) and its components.

Kevwords: Corrosion inhibition; Density Functional Theory; Time dependent density functional theory;
y : Electronic properties; Molecular properties.

1. INTRODUCTION

The metallic infrastructure of many industries is often prone
to corrosion, which cause many disadvantages ranging from
loss of materials to chemical contaminations that can pose
several financial, environmental and health risks. Many
industries are spending millions of dollars to avoid the
unwanted process of corrosion. Among several techniques
that have been applied to reduce the corrosion of metals, the
use of corrosion inhibitors is a very common method for
protection of metals against corrosion in acidic media®.
Corrosion inhibitors can be classified into three kinds: (i)
inorganic inhibitors, (ii) organic inhibitors, and (iii) mixed
material inhibitors 4. Several studies have examined the
relationship between the structure of the inhibitor molecule
and its efficiency®®. Initially, to cope with corrosion, several
neutralizers have been used by the industry for example
sodium hydroxide, ammonium and sodium carbonates etc.
But with the passage of time these have been replaced with
organic inhibitors available in many soluble forms. The
working of organic inhibitors usually involves the protection
of the metal surface from corrosion by forming a film on the
metal surfacel®. The real time efficiency of an organic

inhibitor depends on many factors including its electronic
structure, chemical composition, surface charge density as
well as its affinity toward metal surface’4. Several organic
inhibitors with heteroatoms like nitrogen, oxygen, sulphur
and phosphorus show more effective interaction with metal
surfaces because of the presence of their free electrons pairs.
A thorough review of literature exhibits that organic
compounds contain nitrogen, oxygen, sulphur and/or
aromatic ring in their molecular structure are usually
employed as corrosion inhibitors!>2,

In present study, we have spotlighted the diazenyl derivatives
as organic inhibition compounds of interest, see scheme 1.
These compounds are expected to be excellent corrosion
inhibitors because of the presence of hetro-atoms like
nitrogen, carbon and oxygen atoms in them. Experimental
means are often expensive and time-consuming to explain and
investigate the mechanism of corrosion inhibition. Recently,
many academic and industrial laboratories have started the
use of advanced and high-performance computers and
softwares to study the corrosion inhibition process®.
Quantum chemical methods are usually applied to study the
relationship between the inhibitor molecular properties and
their corrosion inhibition efficiencies. However, so far no
quantum chemical study has been reported about the study of
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diazenyl derivatives. In this work, the structural, electronic
and molecular properties of diazenyl derivatives were
investigated at density functional theory level. Our aim is to
shed light on the corrosion inhibition activity by calculating
several chemical descriptors, e.g. electron affinity (EA),

ionization potential (IP), the absolute electronegativity (y),
absolute hardness (1), softness (X) and the fraction of
electrons (AN) transfer from inhibitors to iron. We have also
shed light on the polarizabilty, static first hyperpolarizability

(B,) and its components. The present study deals with the

effect of donor and acceptor groups on the corrosion
inhibition. This study would also help the experimentalists to
synthesize new corrosion inhibitors.
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Scheme 1. The schematic representation of deS|gned diazenyl
derivatives and their chemical names.
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2. COMPUTATIONAL DETAIL

level of theory were in good agreement with the experimental
values?®. More recently, B3LYP has been applied to compute
the properties of interests which reproduced the promising
experimental evidences e.g., hydrazones®, triphenylamine
dyes®, chemosensors®, phthalocyanines®, biologically
active molecules®, and oxadiazoles®. In the present
investigation, ground state geometries were optimized at the
B3LYP/6-31G*, B3LYP/6-311G** and
B3LYP/6-311++G** level of theories. The DFT based
reactivity descriptors were calculated by using eqg. (3) to (6).
These structure-property descriptors play an important role to
study the reactivity of corrosion inhibitors .
Mulliken electronegativity (y), hardness (1), and chemical
softness (X) were calculated from the following equations:
%= (Enomo + ELumo)/2 1
Hardness (1) was defined as:
N = (ELumo—Enomo)/2 (2
Softness (X) was calculated as:

=1/2n 3)
Similarly, electrophilicity index (wi) was calculated using
hardness value with the help of following equation:

= p¥/2n (4)
The Koopmans’ launches the relation between Enomo/ELumo
and ionization potential (IP) / electron
affinity (EA)% which can be calculated by the following

equations.
IP=- EHOMO (5)
EA = - ELUMO (6)

3. RESULTS AND DISCUSSIONS

All calculations were performed by Gaussian 09 software.
The density functional theory (DFT) method has been used to
calculate geometries and other electronic properties of above
presented compounds. The B3LYP delivers the best depiction
among the standard DFT functionals, which is a good choice
for small molecules as in present study!®2¢, Using B3LYP
method maximum absorption wavelengths of numerous
organic dyes (hydrazone, azobenzene, anthraquinone,
phenylamine and indigo) have been computed and found
good agreement with the experimental data (deviation almost
0.20 eV)?. Recently, we showed that the computed electronic
and charge transport  properties of  dianthra
[2,3-b:20,30-f]thieno[3,2-b] thiophene at B3LYP/6-31G**

Molecular Geometries

The geometrical parameters computed at B3LYP/6-31G*,
B3LYP/6-311G** and B3LYP/6-311++G** level of theories
have been given in Table 1. To see the effect of basis set, we
have applied three basis sets including 6-31G*, 6-311G** and
6-311+G** with different balance of polarization and diffuse
functions. The bond length of 1.253A for N7-N8 bond shows
slight variation by shortening to 1.246A for higher basis sets
of 6-311G** and 6-311+G**. The rest of the bond lengths
and bond angles at all the level of theories are
semi-quantitatively similar showing that basis set has no
significant effect on the geometrical parameters. The

optimized molecular structure is not linear in one plan due to
the slight bent of pyrazole-5-one and diazenyl moiety. The
optimized structure of system 1 (see Fig. 1) shows that the
oxygen atom of pyrazole-05-one is pointing towards the
diazenyl moiety in its minimum energy structure.

@

Figure 1. The optimized geometry of system 1 with its
labeled atoms.
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Svstems 1 2 3 4 5 6 7
B3LTP6-31G*

Cll-CI2 1396 1399 1404 1400 1394 1393 1393
cl2-Cci3 1.401 1408 1406 1405 1400 1399 1397
CO-NG 1425 1422 1417 1417 1423 1423 1428
N7-N§ 1.253 1254 1256 1256 1254 1254 11252
Cl1-C12-CI3 120.15 11832 11991 12022 12142 12145 12234
N7-N8-C9 11499 115.04 11531 11526 11483 11482 11444
B3LTP/G-311G**

clil-ci2 1.393 1397 1402 1397 1391 1391 1389
cil2-Cci3 1398 1406 1404 1403 1396 1397 1394
CO-NG 1425 1422 1416 1416 1423 1423 1427
N7-N& 1246 1247 1249 1248 1246 1246 1245
Cli-Ci2-Cl3 12015 11832 119.81 12011 12147 12146 12233
N7-N8-C9 11536 11541 11568 11563 11519 11518 114.80
B3LTP6-3]11++G**

Cli-Ci2 1.393 1397 1400 139 1391 1391 1.390
cil2-Cci3 1399 1406 1405 1402 1397 1397 1395
CO-N§ 1426 1422 1418 1418 1424 1424 1429
N7-N8 1245 1246 1248 1247 1245 1245 124
Cli-Ci2-Cl3 12013 11829 11970 12027 12142 12143 0971
N7-N§-C9 11562 11568 11575 11588 11547 11545 1361

Table 1: The bond lengths (&) and bond angles (degree) of
system 1 at B3LYP functional and three different basis sets.
The labeling of atoms is according to Fig. 1.Molecular
properties
The HOMOs are delocalized at pyrazole moiety and bridge
while LUMOs are localized at diazenyl side and bridge in 1,
2, 5-7 revealing intra-molecular charge transfer within the
systems. In 3, the HOMO/LUMO is delocalized/localized on
entire of the system. In 4, almost similar distribution for
HOMO has been observed like the 3 while in LUMO some of
the ICT can be seen from pyrazole moiety to rest of the

system, see Fig. 2.
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Figure 2. The distribution pattern of the HOMOs and
LUMOs of all studied compounds

The frontier molecular orbitals (FMOs) play a very crucial
role in the reactivity of any molecule. Among FMOs, highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMOQO) are very important. These
molecules determine the way that it interacts with other
species. The HOMO energies (Enomo), LUMO energies
(ELumo), HOMO-LUMO energy gaps (Egap), %, M, X and oi at
the B3LYP/6-31G*, B3LYP/6-31+G*, B3LYP/6-311G* and
B3LYP/6-

311++G** level of theories have been presented in Table 2. It
has been observed that the trend of the Exomo, ELumo, Egap, %,
M, ®, X and i at all the level of theories is similar. The
resistance to charge transfer can be measured by 1 values. The
stabilization energy can be discussed on the basis of ®wi which
governs the affinity for the electrons. Generally, the electron
donor group (2-4) lowered while electron-withdrawing group
(5-7) increased the y, and wi compared to phenyl substituted
derivative (1).

The HOMO is generally concomitant with the electron
donating capability of the molecule. High Enomo values
reveal that the molecule has affinity to donate electrons to
applicable acceptor molecules. The adsorption can be
facilitated by increasing the Enomo Vvalues (and therefore
inhibition) by impelling the transport process through the
adsorbed layer. The ELumo designates the aptitude of the
molecules to accept electrons. If ELumo would be lower than
the molecule might consent electrons more efficiently®,
Moreover, smaller Egp contributes worthy inhibition
efficiencies as the energy to remove electron from the last
occupied molecular orbital will be low®. In Table 2, we listed
the calculated energies for the Enomo, ELumo and Eg for the
studied compounds at ground states. The trend of Exomo iS as
follows:3>4>2>1>6>5>7. The tendency in ELumo is as:
3>4>2>5=6>1>7.Thetrendof Egis2>1>5>6=4
> 3 > 7. The system 3 has the highest Exomo While the lowest
ELumo has been observed for 7. Another point to be
considered is the Egap; the smaller Egqp have been observed for
the 7 and 3 among all the systems. It is revealing that systems
7 and 3 have more preference to get adsorbed on the metal
surface.

The electronic charge density on the chelating atom play
important role towards the atom binding ability of a molecule
with the metal. The atomic charge values acquired by the
Mulliken population analysis showed good and rational
manner®®. In the present study, we have tabulated the
Mulliken charges of all the atoms in Table S1. From the
atomic charge values listed, N2, N3, O6, N7 and N8 atoms.
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Table 2: Different chemical descriptors for all adopted
systems (1-7) obtained at B3LYP/6-31G* level of theory.
Svs. 1 7

2 3 4 5 L]

Exono(eV) -6.47 -6.39 -6.09 -6.19 -6.62 -6.60 -6.88
Errao (&V) -2.80 -1.99 -1.87 -1.80 -2.31 -231 -3.10
Eopp (eV) 4.39 4.40 422 4.29 4.31 4.29 3.78
LP(eV) 6.47 6.39 6.08 6.19 6.62 6.60 6.88
EA(eV) 2.80 199 187 1.80 231 231 310
X 428 419 398 4.04 446 446 499
i 543 5.40 516 524 5.46 544 533
z 018 019 019 019 018 018 019
oi 1.68 1.63 154 1.56 1.82 1.82 233
AN 0.251 0.260 0.283 0.282 0.232 0.234 0.189
AE -1.357  -1.34%  -1289 -1310 -1.366

-1.361 -1.332

Table 3: The calculated values of dipole moments (), static
polarizability (ao), anisotropy (Aa), static first
hyperpolarizability (o), and total first hyperpolarizability
(Brot) for all adopted systems at B3LYP/6-31G* level of

theory
Property 1 2 3 4 5 6 7
n(D) 3.06 339 391 348 2.8 281 4.54
ug (au.) 138 154 162 147 155 163 160
An (au) 112 131 144 130 144 157 144
Bo(au.) 94 368 1095 832 669 886 1639
Bres (A1) 158 613 1825 1387 1115 1478 2732

of system 3 have excess electron density, more significant
charge density has been observed on N7 (-0.1518) which
increases the p-electron density in the aromatic ring whilst in
all other studied compounds these atoms less contribute to the
p-system when compared to 3. It is well-known that more
negative charge would lead to the stronger binding ability thus
it is expected that 3 would be easier to bind with metal.

To shed light on the structure and electronic distribution in a
molecule the dipole moment (x) has been investigated.
Moreover, in previous studies there is a lack of agreement on
the correlation between the u and inhibition efficiency*%4.,
Popova and co-workers pointed out that the increasing values
of u would facilitate adsorption®2. In literature, we can find
that the inhibition efficiency increases with increasing values
of the 4*®. Instead, some studies showed irregularities in case
of correlation between u and inhibition efficiency*. In the
present case highest 1 have been observed for 7 and 3. We
didn’t find substantial relationship between the u values and
inhibition efficiencies. The system 3 has the highest u value
among all the systems except system 7, see Table 3.
Fraction of transferred electrons (AN)

We have computed the fraction of electrons transferred from
the inhibitor molecule to the metallic atom (AN) according to
Pearson®. They highlighted that in two systems having
different electronegativities (as a metallic surface and an
inhibitor molecule) electrons would flow from low y towards
the higher value till chemical potentials are same. With the
intention of computing the AN, we have used theoretical value

for the y of bulk iron £Fe= 7 V%5, and a global hardness of ng
= 0, by assuming that for a metallic bulk IP = EA* because

they are softer than the neutral metallic atoms. The following
formula has been used to compute the AN*5;

AN = AFe — Xinb/ Z(T]Fe + ninh) (7)

The lowest 1 and y values have been observed for 3 see Table
2. The highest AN has been observed for the 3 as compared to
the other investigated compounds. Lece and coauthors
showed that low n and high AN values improves the inhibition
efficiency. Thus, the higher inhibition of 3 may be ascribed to
the substitution of —~OCHjs. Furthermore, organic inhibitors
containing reactive functional groups would be favorable
positions of the adsorption process. The electron density of
the donating atom also play vital role on the strength of the
adsorption bond*”. The inhibition efficiency can be improved
by substituting the mercapto group to a heterocyclic
compound#’. The superior inhibition efficiency of 2 and 4
compared to 1, 5-7 is due to the presence of -CHj; and -OH
groups in 2 and 4, respectively. The electron donor groups
(-OCHg, -OH, -CHj3) increases the electron density which is
also a factor to improve the inhibition efficiency.
Absorption Spectra

To investigate the electronic transition nature, we have
applied the time dependent density functional theory
(TD-DFT) approach. The accurate absorption wavelength at
relatively small computing time can be easily detect by
TD-DFT study, which corresponds to vertical electronic
transitions computed on the basis of ground state geometry*®,
The excitation energies, absorbance and oscillator strengths
for diazenyl molecules at the optimized geometries in the
ground state were obtained in the frame work of
TD-B3LYP/6-31G* level of theory. The significant effect of
EWDG (-NO-) has been observed towards the red shift in the
absorption wavelengths. In phenyl substituted derivative (1),
three absorption spectrum peaks have been observed at 245,
267 and 302 nm. By substituting the donor group (2-4) the
second peak intensity (at 272 nm) decreases. By introducing
the —OCHs, 24 nm red shift has been observed in the
maximum absorption wavelength compared to the 1.
Moreover, in chloro (5) and bromo (6) substituted derivatives
three absorption wavelengths have been observed but no
significant effect of EWDGs have been noticed on the
absorption wavelengths towards red/blue shift. In 7, two
absorption wavelengths have been observed; by introducing
the -NO- increased the second peak intensity (at 282 nm) and
40 nm red shift was noticed in the maximum absorption
wavelength compared to 1, see Fig. 3.
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Figure 3. The absorption spectra of investigated compounds
in the present study

Polarizability and first hyperpolarizability

The Finite Field (FF) method has been used to calculate the
static first hyperpolarizability ( /3, ) and its components for

all diazenyl derivatives. The FF methodology has been
applied to calculate first hyperpolarizability because this
method has given good semi-quantitative results in concert
with the electronic structure method®. In FF approach, the
energy (E) of a molecule is expressed by Eq.1, when it is
subjected to a static electric field (F).

1 1 1
F=F _y 7 EajFI__ﬂ —gﬁM};Fj}f; —ﬁywﬂz‘:.zﬁﬁ, —.. ®

Where E@ is the energy of molecule in the absence of an
electronic field, u is dipole moment vector, « is the linear

polarizability of molecule, 5 and y are the first and second
hyperpolarizabilities, respectively, while i, j and K label

the X, y and z components, respectively. It is clear from

Eq.1 that the values of p, a, B, and y can be obtained by
differentiating E with respect to F.

In our present investigation, we have calculated the electronic
4, molecular polarizability, polarizability anisotropy and
molecular first hyperpolarizability. For a molecule, the

average u (,uo) is defined as follows:

Ho=(ul+t+ 2 f

9)
The polarizability (¢, ) and its anisotropy (V&) can be

calculated by following equations:
26

1,
ao :g (axx +a}y Jr(xzz ]

(10)
Aa{{(aﬂi Q}})BJr(.QW 7”‘5]2 Ha e, l}/z]y (11)

Similarly, the components of the first hyperpolarizability can
be calculated using the following Eq;:

B.=B +§:‘[(£¢7 +2/6_m‘}/3:|

Using the x, y, z components, and the magnitude of static first
hyperpolarizability (Bo) can be calculated by following Eq. 3

B=(B1 Br ) W

magnitude of the total first static
is calculated calculated using

Similarly, the
hyperpolarizability (Btot)
following eq. 6

Por = [P + By + Pyt Byt Pt Byya) + (Bract
ByzztPezz)]” (14)

The first hyperpolarizability () is a third rank tensor that can
be described by a 3 x 3 x 3 matrix. The 27 components of the
3D matrix can be reduced to 10 components due to the
Kleinman symmetry (Bxyy = Byxy = Byyx, Byyz = Byzy = Bayy,. -
likewise other permutations also take same value). These
components have been calculated using Polar = Enonly
keyword implemented in GAUSSIAN 09.

The calculation of 4, and polarizabilities, a, in Table 3 are the
most fundamental electric response properties, which
provides a good basis for discussing the reliability of the
calculation of the electronic states with various theoretical
models in the field of quantum chemistry. The electronic x for
our designed systems is in the range from 2.81 D to 4.94 D.
The highest 4 is for system 7, which can be attributed to its
donor acceptor like structural configuration. The qualitative
definition of hardness is closely related to the polarizability,
since a decrease of the energy gap usually xx 27

leads to easier polarization of the molecule®. The order of
polarizability isas 1 <4 <2 <5 <7 <3 =6 which can be
correlated with %IE for corrosion.

Besides this, we have also investigated the potential of our
indigenously designed compounds as nonlinear optical
(NLO) material by calculating their static first
hyperpolarizability and total first hyperpolarizability. The
system 7 has the largest values of Bo and Pior, Which are 2732
a.u. and 1639 a.u., respectively. Urea is one of the standard
molecules, which are used to study the NLO properties of
different materials. The Bo value of system 7 is about 14 times
larger than those calculated value (93.75)%! of a prototype
molecule of urea at same method. The hyperpolarizability
values of other molecules are also significant, which indicate
that these systems can be also potential candidates for NLO
applications.

4. CONCLUSION

Thus, we have calculated different chemical descriptors to
investigate the efficiency of titled compounds for corrosion
inhibition process. Highest Enomo Vvalue of system 3 is
revealing that it would likely more adsorb on the metal surface
that can increase the corrosion inhibition efficiency. The
binding ability of a molecule with the metal also depends on
the electronic charge density on the chelating atom. In the
present study, similarly, the substantial charge density on N7
(-0.1518) atom in system 3, showed that it would lead to the
stronger binding ability with metal and easy to bind which
would increase the inhibition. The introduction of NO, group
in system 7, increases the second peak intensity (at 282 nm)
and 40 nm red shift was noticed in the maximum absorption
wavelength compared to 1. The largest AN for the 3 as
compared to the other investigated compounds showed that it
would have improved the inhibition efficiency. Thus, the
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higher inhibition of 3 as compared to other systems may be
ascribed to the substitution of -OCHs. The greater inhibition
efficiency of 2-4 compared to 1, 5-7 is due to the presence of
-CHs, OCH3; and -OH groups in 2-4, respectively. The
electron donor groups (-OCHs, -OH, -CHs) increase the
electron density that is also a factor to improve the inhibition
efficiency. This study would also help the experimentalists to
synthesize new corrosion inhibitors. The significant
hyperpolarizability values of studied compounds revealed
that these systems would be also potential candidates for NLO
applications.
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