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Quantum chemical methods [density functional theory (DFT), ab initio (HF) and semi emperical methods] have given to be very important
information about the molecular structure in addition to elucidating the electronic structure and reactivity. They have also proved to be a
useful tool for studying inhibition mechanisms. In the present study, quantum chemical calculations using the density functional theory
and ab initio (HF) methods have been performed on three isoxazoline and three isoxazolidine derivatives used as corrosion inhibitors to
found the relationship between molecular structure and their inhibition efficiencies. The corresponding structures have been optimized
and the highest occupied molecular orbital energy (Enomo), the lowest unoccupied molecular orbital energy (ELumo), energy gap (AE),
electronegativity (), hardness (1)), softness () and the fraction of electrons transferred from the inhibitor molecule to the metal surface
(AN) have been calculated using the DFT/B3LYP and HF methods with the 6-31G(d,p) basis set.
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INTRODUCTION

Heterocycles are an important class of compounds not only
due to their natural abundance but also because of their simi-
larities with isoxazoline and isoxazolidine mainly due to their
pharmacological activity'. The isoxazoline derivatives have been
reported to possess a variety of significant and diverse pharma-
cological activities such as antibacterial, anti-candida activity,
antifungal, HIV-RT activity*®. Similarly, the isoxazolidine
derivatives have been published to many pharmacological
activities such as antibacterial, antiretroviral drug, hypoglycemic
agents, anti-inflammatory, anti-tubercular, anticancer’'>. They
have been also reported earlier as corrosion inhibitors'*'*,

Recently Yildirim et al."> have been investigated experi-
mentally that isoxazoline and isoxazolidine derivatives showed
inhibitive properties for iron and its alloys in 2 M HCI solutions
20 h at room temperature. In our previous study, we have
performed quantum chemical calculations on acetamides and
isoxazolidine derivatives, using the DFT and HF methods'®.

The relationships between the structural parameters and
corrosion inhibition of isoxazoline derivatives have not been
studied yet. Therefore, the aim of this study is to present theore-
tical study on electronic and molecular structure of three
isoxazoline 5-octylsulfanylmethyl-3-phenyl-4,5-dihydro-
isoxazol (OSPI), [1-(3-phenyl-4,5-dihydro-isoxazol-5-yl)-
nonan-2-ol (PINO), 9-(3-phenyl-4,5-dihydro-isoxazol-5-yl)-
nonanoic acid 2-[2-(methoxy-ethoxy)-ethoxy]-ethyl ester

(PINEE)] used as inhibitors and to compare the relationship
between some quantum chemical parameters/descriptors
from the structures of isoxazoline and isoxazolidine [5-octyl-
sulfanylmethyl-2,3-diphenyl-isoxazolidine (OSDPI), 1-(2,3)-
diphenyl-isoxazolidin-Syl)nonan-2-ol (DPINO), 9-(2,3-diphenyl-
isoxazolidin-5-yl)nonanoic acid 2-[2-(2-methoxy-ethoxy)-
ethoxy]ethyl ester (DPINEE)] and inhibition efficiencies
(Table-1).

EXPERIMENTAL

The geometry pre-optimizations of the molecules studied
have been carried out by applying the molecular-mechanics
method with the MM+ force field using the HyperChem-7.5
software'’. Thereafter, the optimized equilibrium structures
of molecules have been calculated at the B3LYP and HF
methods 6-31G(d, p) basis set. The corresponding goemetries
have been optimized without any geometry constraints for full
geometry optimizations. The molecules have been built with
the GaussView 3.0 visualization program'® implemented in
the Gaussian 03 program package'.

RESULTS AND DISCUSSION

The calculated quantum chemical parametres such as
chemical potential (p), electronegativity (), hardness (1) and
softness (G) were calculated. The concepts of electronegativity
()* and global hardness (1)*'** are given by:
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where p is the chemical potential, E is the total energy, N is
the number of electrons and v(7) is the external potential of
the system.

The global hardness (1) and chemical potential (i) were
calculated in terms of Euomo and Erumo™ as:

— Eromo + Evomo . — Eomo ~Evumo
2 ’ 2

The inverse of the global hardness is designated as the

softness, ¢ as follows:
c=1/Mm

The fraction of electrons transferred (AN) from the inhi-
bitor molecule to the metallic atom was calculated according
to Pearson**. For a reaction of two systems with different
electronegativities (as a metallic surface and an inhibitor mol-
ecule) the following mechanism will take place: the electronic
flow will occur from the molecule with lower electronegativity
toward that of a higher value, until the chemical potentials are
the same. In order to calculate the transferred electrons fraction,
a theorical value for the electronegativity of bulk iron was
used Yr¥/ < 7eV*** and a global hardness of Mg.: 0, by
assuming that for a metallic bulk I: A”” because they are softer
than the neutral metallic atoms. For the calculation the follo-
wing formula was used****?*:

AN = _Kre “Xinh
2(Mp +M,n)

The molecular dipole polarizability ¢ is the linear response
of amolecular electronic distribution to the action of an external
electric field. In this paper, we are presenting values of mean
polarizability (o) as defined in the following equation:

1
(o) = g(ocxx +0, + o)

and sometimes the anisotropy (Act), which is written here in
an obvious notation as”.

Ao =

{hﬂ—aw +m“—auf+wu—awY+6®;+ai+a;?m
2

The o components of the GAUSSIAN 03W output are
reported in atomic units, thus the calculated values have to be
converted into electrostatic units (0: 1a.u. =0.1482 x 10™ esu)™.

Isoxazoline and isoxazolidine derivatives are bearing three
or more of N, O, S heteroatoms and one or two aromatic rings.
The compounds are being adsorbed over these heteroatoms
and aromatic rings with their 7 electrons by the metal surface
prevent destructive effect of aggressive acidic medium. As
known, besides being structures of these heteroatoms, 7 elec-
trons available in the various functional groups can also
facilitate adsorption of corrosion inhibitors to the metal surface
and increase inhibition efficiencies'.

The corrosion efficiencies of inhibitors can be related to
their spatial molecular structures and their molecular electronic
structures. Adsorption on the metal surface depends on the

structure and the chemical properties of inhibitors. The
inhibitor layer has been related to the electronic structure of
the molecule. The change and orientation of the inhibitor
molecule at the metal surface are also important. Molecular
modeling and frontier orbital theory has been proven to help
in predicting the adsorption centre of the inhibitors such as
the heteroatoms (S, P, N and O), the functions group and elec-
tronic density at the donor or acceptor atom Tt orbital character®.
In addition to, the planarity and the lonely electron pairs in
the heteroatoms are important features that determine the
adsorption of these molecules on the metallic surface. Certain
quantum chemical parameters that can be related to the metal-
ll’lhlbltOI' interaction namely EHOMO, ELUMO, AE = ELUMO - EHOMO,
M, %, N, O, & and AN.

The optimized structures, HOMO and LUMO orbitals of
isoxazoline and isoxazolidine derivatives are presented in Fig.
1. The spatial distribution of valence electrons is determined
by the HOMO orbital, electrophilic attacks can be correlated
very well with atomic sites having high density of the HOMO
orbital. As can be seen from Fig. 1, the HOMO is found to
reside on the benzene ring and heteroatoms for all studied corro-
sion inhibitors. The figure clearly reveals the information that
governs electrophilic attacks on the studied inhibitors.

Table-1 present Enomo, ELumo, AE, total energy and %
inhibition efficiencies for isoxazoline and isoxazolidine deri-
vatives. Enomo 1s often associated with the electron donating
ability of a molecule. The higher the value of Enomo of the
inhibitor, the greater is the ease of offering electrons to the
unoccupied d orbital of metallic iron and the higher is the
inhibition efficiency of the inhibitors. E umo is lower the value
of energy of lowest unoccupied molecular orbital, the easier
is the acceptance of electrons from metallic iron surface. Thus
higher Enomo and the lower Erumo values generally enhance
the inhibition efficiency. Moreover, smaller value of AE for
an inhibitor, higher the inhibition efficiency of that inhibitor®.
The calculated Enomo, Erumo and Erumo.nomo values for all
molecules show that any attempt to correlate parameters with
experimental inhibition efficiencies is not significant and there
is no simple relation with the inhibition performance of these
inhibitors.

Two types of adsorptions are known as physical and
chemical adsorption. It can be concluded from the negative
sign of the Enowmo obtain in this study that the adsorption these
isoxazoline and isoxazolidine derivatives on the steel surface
is not by chemical adsorption but by physical adsorption.
Physical adsorption results from electrostatic interaction
between the charged centres of inhibitor and charged metal
surface which results in a dipole interaction of molecules and
metal surface™.

The shape, size, orientation and electronic charge on the
molecule determine the degree of adsorption and the effec-
tiveness of the inhibitor. Generally, the inhibition efficiency
increases at the molecular weight of the molecules due to the
increase of the contact area between corrosion inhibitor mole-
cules and surface. As seen from Table-2, the molecular weights
of PINEE and DPINEE are highest of the isoxazoline and
isoxazolidine derivatives, respectively, so these molecules are
expected the best inhibitors in the isoxazoline and isoxazolidine
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Fig. 1. Molecular structures and HOMO-LUMO of, 5-octylsulfanylmethyl-3-phenyl-4,5-dihydro-isoxazol (OSPI),1-(3-phenyl-4,5-dihydro-isoxazol-5-yl)-
nonan-2-ol (PINO) 9-(3-phenyl-4,5-dihydro-isoxazol-5-yl)-nonanoic acid 2-[2-(methoxy-ethoxy)-ethoxy]-ethyl ester (PINEE), 5-octylsulfanylmethyl-

2,3-diphenyli soxazolidine (OSDPI), 1-(2,3-diphenyl-isoxazolidin-5-yl)-nonan-2-ol (DPINO) 9-(2,3-diphenyl isoxazolidin-5-yl)-nonanoic acid 2-

[2-(2-methoxy-ethoxy)-ethoxy]-ethyl ester (DPINEE)

derivatives. However, they have polar ester groups, so they
haven't parallel adsorption and theirs inhibition efficiencies is
lower than expected inhibition efficiencies.

PINO and DPINO have same alkyl side chain, but DPINO
have second benzene ring in other word a T electron system.
A result of this, inhibition efficiency of DPINO is higher than
inhibition efficiency of PINO. The HOMO level is mostly

localized on the benzene moiety and O and N atoms in the
five membered ring and OH group indicating that preferred
sites for electrophilic attack at metal surface are through the
O atom (Fig. 1). This means that the benzene moiety with
high coefficients of HOMO density was oriented toward the
metal surface, so adsorption is probably occurred through the
7 electrons of benzene moiety, the lone pairs of O and N atoms
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TABLE-1
CALCULATED ENERGY (V) LEVELS OF THE E,,0, E; 1500 ABsuono 1 imos TOTAL ENERGIES AND THE MEASURED AVERAGE
INHIBITION EFFICIENCIES (%) AT 50 ppm CONCENTRATION OF 2M HCI SOLUTION"” FOR THE SERIES OF STUDIED MOLECULES

Molecules OSPI PINO PINEE OSDPI DPINO DPINEE
B3LYP E,ono -5.893 -5.798 -5.892 -5.064 -5.172 -5.264
6-31G(d.p) E, o -1.041 -0.967 -1.072 -0.094 -0.367 -0.194
AE 4.852 4.831 4.820 4970 4.806 5.070
Total Energy -33479.4 -24691 -40333.5 -39799.3 -31010.9 -46653.4
HF Eono -8.554 -8.485 -8.577 1717 -7.800 -8.034
6-31G(d.p) E, o 2.875 2.939 2.831 3.802 3.643 3.727
AE 11.429 11.424 11.408 11.520 11.443 11.761
Total Energy -40154.39 -24531.6 -40083.4 -38526.96 -30809.42 -46361.17
Inhibition eff. (IE) % "' 50 ppm 89.3 56.4 51 91 83.9 88.6
HRef"
TABLE-2

MOLECULAR STRUCTURES, ABBREVIATIONS AND MOLECULAR WEIGHTS OF
THE ISOXAZOLINE AND ISOXAZOLIDINE DERIVATIVES
Compounds used as inhibitors Abbreviation m.f. m.w.
1 5-octylsulfanylmethyl-3-phenyl-4,5- OSPI 305
dihydro-isoxazol

2 1-(3-phenyl-4,5-dihydro-isoxazol-5- PINO 289
yl)-nonan-2-ol
3 9-(3-phenyl-4,5-dihydro-isoxazol-5- PINEE 449
yl)-nonanoic acid 2-[2-(methoxy-
ethoxy)-ethoxy]-ethyl ester
| 0 o,
N Mg Y
n=3
4 5-octylsulfanylmethyl-2,3-diphenyl- OSDPI 16 383
isoxazolidine
5 1-(2,3-diphemyl-isoxazolidin-5-yl)- DPINO 367
nonan-2-ol
6 9-(2,3-diphenyl-isoxazolidin-5-yl)- DPINEE 527

nonanoic acid 2-[2-(2-methoxy-
ethoxy)-ethoxy]-ethyl ester
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TABLE-3

HARDNESS (1), SOFTNESS (o), THE FRACTION OF ELECTRON TRANSFERRED AN FOR MOLECULES WITH INHIBITOR
PROPERTIES (eV) STUDIED USING DFT AND HF METHODS WITH 6-31G(d,p) BASIS SET IN THE PRESENT WORK

nev) o(1/eV) AN
Molecules B3LYP HF B3LYP HF B3LYP HF
6-31G(d,p) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p)
OSPI 2.426 5.715 0.412 0.175 0.728 0.374
PINO 2416 5.712 0.414 0.175 0.749 0.370
PINEE 2410 5.704 0.415 0.175 0.730 0.362
OSDPI 2.485 5.760 0.402 0.174 0.889 0.438
DPINO 2.403 5.721 0.416 0.175 0.880 0.430
DPINEE 2.535 5.880 0.394 0.170 0.843 0.412
TABLE-4

MEAN (<o) POLARIZABILITIES, THE ANISOTROPY POLARIZABILITIES (<Ac>), THE ELECTRIC DIPOL MOMENTS (),
THE FIRST-ORDER HYPERPOLARIZABILITIES () AND THE MEASURED AVERAGE INHIBITION
EFFICIENCIES"” OF THE STUDIED MOLECULES FROM DFT AND HF CALCULATIONS

B3LYP/6-31G(d,p) [HF/6-31G(d,p)] OSDPI DPINEE DPINO OSPI PINEE PINO
<> x10%esu 23.53 34.65 23.83 -19.63 (- 29.79 -18.62
(23.68) (34.74) (24.03) 19.73) (-30.10) (-18.80)
< Ao > au. 14.85 61.31 21.25 3.63 9.8 2.96
(15.44) (59.12) (20.59) (4.06) 9.79) (3.52)
Dipole moment (D) 3.80 3.60 1.18 424 3.95 227
(3.63) (4.14) (1.11) (4.45) (4.99) (2.46)
Inhib. eff. % 50 ppm (IE %)"*! 50 ppm 89.3 56.4 51 91 83.9 88.6

in the five membered ring and the lone pair of O atom of OH
group™.

The optimized structure of isoxazoline derivatives and
isoxazolidine derivatives with minimum energies obtain from
the calculations are given in Fig. 1. As can be seen from Fig.
1, isoxazolidine derivatives contain second benzene ring
different from isoxazoline derivatives. Hence they are more
easy dispersion in acidic aqueous medium. As a result of this,
the inhibitory properties of the isoxazolidine derivatives more
improve than isoxazoline derivatives. The comparison orders
of inhibiting efficiency (% IE) are DPINO > PINO, OSDPI >
OSPI, DPINEE > PINEE".

The sulfur atom on alkyl side chain increases the electron
density on the isoxazoline and isoxazolidine derivatives and
enhances the inhibition efficiency by strengthening the
adsorption interaction. Experimentally, it was found that orders
of the inhibition efficiencies (% IE): OSPI > other isoxazoline
derivatives and OSDPI > other isoxazolidine derivatives. This
was an expected result because of the high electron releasing
effect of sulfur atom.

Absolute hardness (1) and softness (G) are important
properties to measure the molecular stability and reactivity. A
hard molecule has a large energy gap and a soft molecule has
small energy gap. Soft molecules are more reactive than hard
ones because they could easily offer electrons to an acceptor.
For simplest transfer of electrons, adsorption could occur at
the part of the molecule where G, which is a local property,
has the highest*. However, as seen from Table-3, our investi-
gated molecules approximately equal 1 and ¢ values. If AN <
3.6 (electron), the inhibition efficiency increased electron-
donating ability at the metal surface®. DPINO have electron
donate group (OH), so AN of DPINO higher than other
isoxazolidine derivative's AN. Calculated values of AN are also
shown in Table-3.

The dipole moment () is another indicator of the electronic
distribution in a molecule and is one of the properties used to
discuss and to rationalize the structure”. All the calculated
values of dipole moment (u) and polarizability < o > are pre-
sented in Table-4. Comparison of the result obtained from
quantum chemical calculations with experimental inhibition
efficiencies indicated that the % inhibition efficiency of the
inhibitors increase with increasing value of the dipole moment.
Highest value of p using B3LYP/6-31G(d,p) method is shown
for OSDPI (3.80D) which has the highest inhibition efficiency
for isoxazolidine derivatives. Similarly OSPI (4.24D) has the
highest inhibition efficiency and highest value of p in for
isoxazoline derivatives. Furthermore, no reasonably good
correlation was obtained between polarizability, o and % inhi-
bition efficiency.

Mulliken population analysis™ is mostly used for the
calculation of the charge distribution in a molecule. These
numerical quantities are easy to obtain and they provide at
least a qualitative understanding of the structure and reactivity
of molecules. The atomic charges of the studied molecules
obtained by Mulliken's population analysis are shown in Table-
5. These charges indicate that there is more than one active
centre and it is confirmed that the more negative the atomic
partial charges of the adsorbed centre is, the more easily the
atoms donate its electrons to the unoccupied d-orbital of the
metal***'. Recently, good corrosion inhibitors are generally
organic compounds which not only offer electrons to unoccu-
pied orbital of the metal but also accept free electrons from
the metal®”. Frontier Orbital Prediction, the site of highest nega-
tive density is mainly the site of electrophilic attack. The more
negative atomic charges of the adsorbed centers have, the more
easily the electrostatic attraction between the surface and
studied molecules®. O 20 atom has the most negative charge
for DPINO and PINO. Thus the bond with the chelate from
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TABLE-5
CHARGES OF C, N, O, S ATOMS FOR STUDIED MOLECULES BY USING B3LYP/6-31G(d,p) AND HF/6-31G(d,p) METHODS

Atoms B3LYP/6-31G(d,p) HF/6-31G(d,p) Atoms B3LYP/6-31G(d,p) HF/6-31G(d,p)
OSDPI DPINEE DPINO | OSDPI DPINEE DPINO OSPI  PINEE PINO OSPI  PINEE PINO
Cl1 -0.089 -0.085 -0.089 | -0.170 -0.161 -0.172 - - - - - - -
C2 -0.097 -0.104 -0.094 | -0.137 -0.148 -0.137 - - - - - - -
C3 -0.095 -0.097 -0.097 | -0.138 -0.146 -0.135 - - - - - - -
C4 -0.109 -0.093 -0.109 | -0.170 -0.138 -0.174 - - - - - - -
C5 -0.102 -0.109 -0.112 | -0.163 -0.173 -0.174 - - - - - - -
C6 0.292 0.280 0.287 0.293 0.284 0.291 - - - - - - -
N7 -0.308 -0.320 -0.301 | -0.381 -0.390 -0.376 N7 -0.189  -0.190 -0.202 | -0.147 -0.147 -0.166
C8 0.020 -0.419 -0.429 | 0.094 0.105 0.097 C8 0244  0.232 0244 | 0.262  0.248 0.273
c9 -0.244 -0.238 -0.251 0.289 0.135 -0.294 c9 -0.284  -0.283 -0.283 | -0.315 -0.306 -0.302
C10 0.237 0.200 0.219 0.269 0.252 0.254 C10 0.170  0.187 0.156 | 0.218 0.247 0.203
O11 -0.409 -0.419 -0.429 | -0.524 -0.540 -0.543 Ol11 -0.394  -0.410 -0.405 | -0.523 -0.543 -0.535
C12 0.123 0.093 0.132 | -0.020 -0.042 -0.014 C12 0.109  0.111 0.105 | -0.038 -0.036 -0.044
C13 -0.130 -0.121 -0.122 | -0.163 -0.157 -0.157 C13 -0.107  -0.108 -0.110 | -0.122 -0.123  -0.125
Cl4 -0.086 -0.088 -0.083 | -0.136 -0.145 -0.140 Cl4 -0.091  -0.091 -0.092 | -0.155 -0.154 -0.155
C15 -0.085 -0.084 -0.083 | -0.149 -0.153 -0.153 C15 -0.088 -0.081 -0.082 | -0.143 -0.143 -0.144
C16 -0.085 -0.087 -0.082 | -0.146 -0.145 -0.144 C16 -0.091 -0.091 -0.092 | -0.153 -0.153 -0.154
C17 -0.088 -0.108 -0.169 | -0.151 -0.137 -0.188 C17 -0.136  -0.138  -0.136 | -0.157 -0.159 -0.154
Cl18 -0.377 -0.182 -0.206 | -0.412 -0.219 -0.237 Cl18 -0.331  -0.187 -0.179 | -0.383  -0.227 -0.217
S19 0.099 - - 0.135 - - S19 0.102 - - 0.146 - -
020 - - -0.554 - - -0.666 020 - - -0.553 - - -0.666

020 [-0.554 for B3LYP/6-31G(d,p), -0.666 for HF/6-31G(d,p)
DPINO and -0.553 for B3LYP/6-31G(d,p),-0.666 for HF/6-
31G(d,p) PINO] will be easily formed, rather than other atoms.
The calculation shows that N7, C9, O11 and C18 are high
negative charges for isoxazoline and isoxazolidine derivatives.
Hence these atoms are the most probable centres of adsor-
ption via the lone pair electrons in studied molecules. The
sulphur atom present positive charges, being the further value
of 0.102 for B3LYP/6-31G(d,p), 0.146 for HF/6-31G(d,p) for
the sulphur atom of OSPI, thus probably experiencing the
greater repulsive effect towards metallic atom when the
molecule acts as a nucleophile and the less value of the positive
charge being 0.099 for B3LYP/6-31G(d,p), 0.135 for HF/6-
31G(d,p) for the sulphur atom of OSDPI. This makes the
OSDPI to probably experience the greatest attractive effect
towards metallic atoms when molecule acts as a nucleophile
thus making it to probably exhibit the highest inhibitive effect.
Similar observation has been reported by Obot et al.** on their
study of hard & soft acid base descriptors of thiadiazole deri-
vatives calculated by DFT: possible relationship as mild steel
corrosion inhibitors.

Conclusion

The comparison between the quantum chemical para-
meters of isoxazoline and isoxazolidine derivatives was
calculated using the density functional theory (DFT) and ab
initio (HF) methods. The quantum chemical parameters of six
different molecules indicate that the inhibition effect of
isoxazoline and isoxazolidine derivatives is no simple relation
with the inhibition performance of these inhibitors. The inhi-
bition efficiency increased with the increase in dipole moment
and AN. Isoxazolidine derivatives have second benzene ring
in other word a  electron system. A result of this, inhibition
efficiency of isoxazolidine is higher than inhibition efficiency
of isoxazoline.

Mulliken population analysis shows, that the mechanism
of adsorption between the isoxazoline and isoxazolidine
derivatives and mild steel surface occurs mainly through the
same atoms (N7, C9, O11, C18) not the sulphur atom.
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