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Investigation of proton and sodium lon affinities of topiramate (anticonvulsant drug)

by DFT calculations

Hamid Saeidian®

Department of Science, Payame Noor University (PNU), PO Box: 19395-4697, Tehran, Iran

Abstract: In this present study, the proton and sodium ion affinities of topiramate has been investigated by
density functional theory calculations. The most basic site for protonation on topiramate is nitrogen atom of
sulfamate group. It is interesting that sodium ion affinity of topiramate was determined as 670 kJ mol-1 is
less than its proton ion affinity. It was found that during sodiation, topiramate conformation is changed.
Because of the limited understanding of the biological molecular mechanism of topiramate, these results
might devise a clear understanding of the role of topiramate in blockade of voltage-dependent sodium
channels in biological systems.

Keywords: Topiramate, anticonvulsant drug, DFT calculation, sodium ion affinity, Theoretical chemistry,
Sulfamate esters.
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The proton and sodium ion affinities of Topiramate has been investigated by DFT approach. The
most basic site for protonation on Topiramate is nitrogen atom of sulfamate group. It is also interesting
that sodium ion affinity of Topiramate was determined as 670 kJ mol™ is less than its proton ion
affinity. Because of the limited understanding of the biological molecular mechanism of Topiramate,
these results might devise a clear understanding of the role of Topiramate in blockade of voltage-
dependent sodium channels in biological systems.
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1. Introduction

Epilepsy has been recognized as a neurological
disorder, affecting of people. Every vyear,
approximately 0.25 million new cases are added to
this population [1, 2]. Anticonvulsant drugs are
useful in treating 90% of the epileptic patients [3].
Compounds bearing sulfamate moiety are an
important group of compounds in chemistry and
biology. They are widely used in the production of
pharmaceuticals and sweeteners [4-6]. Topiramate,
namely  2,3:4,5-bis-O-(1-methylethylidene)-4-D-
fructopyranose sulfamate (Figure 1), has emerged
as newer and promising anticonvulsant drug
marketed worldwide for the treatment of epilepsy
[71.

Topiramate is structurally unrelated to other
antiepileptic drugs and its biological molecular
mechanism of action is still unknown [8-11]. This
drug acts by multiple neurostabilizing mechanisms.
One of them is blockade of voltage-dependent
sodium channels [12, 13].

_OSO,NH,
0. o><
o

Figure 1. Chemical structure of topiramate.

o

O

Topiramate is structurally unrelated to other
antiepileptic drugs and its biological molecular
mechanism of action is still unknown [8-11]. This
drug acts by multiple neurostabilizing mechanisms.
One of them is blockade of voltage-dependent
sodium channels [12, 13]. Sodium ion, the most
important electrolyte, is one of the most abundant
metal ions in biological systems. It is involved in a
variety of biological processes, including osmotic
balance, the stabilization of biomolecular
conformations and information transfer via ion
pumps and ion channels [14-16]. Understanding of
topiramate interactions with Na* and H*, and to
obtain some information about the intrinsic binding
modes of these ions to topiramate, is necessary. The
present study addresses this subject by using
density functional theory calculations (DFT)
calculations.

2. Computational Details

Geometry  optimizations and  frequency
calculations of all species were carried out using the
Gaussian 03 program [17]. Density Functional
Theory with the Becke three parameters hybrid
functional (DFT-B3LYP) calculations were
performed with a 6-31G (d) basis set for all atoms.
Vibrational frequencies were calculated at the same
level to ensure that each stationary point is a real
minimum. Harmonic-oscillator approximation was
also used for the thermodynamic partition
functions. After geometry optimization and
frequency calculations, zero-point energies (ZPEs)
and thermal corrections are obtained at 298.15 K.

3. Results and discussion

Topiramate structure, was fully optimized in the
B3LYP method using 6-31G(d) basis set [18, 19]
and then, the most stable conformer is used for
proton and sodium ion affinities (see supporting
information, Figure 1S). Proton ion affinity for
topiramate [P1A (T)] in the gas phase can be defined
as the negative value of the enthalpy variation (AH)
for the process:

Topiramate + H* — [TopiramateH]*

PIA(T) = —AH = —AE — A(pv) =
—AE — AngRT = —AE + RT =
—E(T—H") + E(T)

+E(H") 4+ RT =

—E(T—H*) + E(T) + 3/2RT + RT =
—E(T—H*) + E(T) + 5/2RT

€]

Like proton ion affinity, sodium ion affinity for
topiramate [NalA (T)] in the gas phase can be
assumed:

NalA(T) = —AH = —AE — A(pv) =
—E(T—Na*) + E(T) + E(Na*) +RT @

In equations (1) and (2) E is the total energy
calculated for the optimized structures of
topiramate, protonated and sodiated topiramate at
298.15 K. The 5/2RT term includes the translation
energy of proton [20]. Zero point vibrational
energies were computed in order to correct all the
calculations to 298.15 K.
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Three basic sites for protonation were assumed on
topiramate structure: the nitrogen atom of amino
group (A), the oxygen atom of sugar ring (B,
C—O0—C) and the oxygen atom of O=S moiety
(C). The most stable corresponding protonic
structures of protonated topiramate are shown in
Figure 2. The isomer A is stabilized by two
intramolecular hydrogen bonds between amino
group and oxygen atoms of sugar unit. Due to
positive charge of nitrogen atom on amino group,

these intramolecular hydrogen bonds in A, are more
strong than the others. The proton ion affinity (PIA)
and the proton ion affinity difference (APIA)
between these species are given in Table 1. The
results show that among the three basic sites, the
amino group has the greatest PIA. The proton ion
affinity of the NH> group is estimated to be 27 kJ
mol~! and 57 kJ mol~! higher than of oxygen atoms
of sugar ring and O=S, respectively at the
B3LYP/6-31G(d) level.

B C

Figure 2. Optimized protonated isomers of topiramate at B3LYP/6-31G(d) level (distances are in A).

Table 1. PIA and APIA of optimized protonated isomers of topiramate

determined in kJ mol™".

PIA(A) PIA(B)
919 892 862

PIA(C)

APIA(A-B)) APIA(A-C)
27 57

In the next step, calculations were performed for
topiramate complexes corresponding to the position
known as the active sites for the interaction of
sodium ion. As seen in Scheme 1, in principle,
sodium ion can interact with topiramate at different
positions: (1) on a nitrogen of amine, oxygen atom
of O=S, oxygen atoms of sugar ring; (2) on
combination of 1, 2 and 3 situations as a tri-
coordinated or bi-coordinated ligand (see
supporting information, Figure 3S). The optimized
structures of some sodiated conformers of
topiramate are given in Figure 4S of supporting
information.

__.-Na*  *Na..__
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0=S-NH O=S—NH, 0=S-NH,
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o Y oGRSl
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Scheme 1. Some of the initial structures used
for complexation of topiramate with sodium ion.

The results of calculations show that during
metalation, the topiramate conformation is changed
significantly. As can be seen from Figure 3, the tri-
coordinated complex, is the most stable sodiated
conformer of topiramate, in which the sodium has
attractive electrostatic interactions with the oxygen
atoms of sugar ring and O=S group. Sodium ion
affinity for topiramate [NalA (T)] in the gas phase
using the equation (2) for the most stable conformer
was calculated to be 249 kJ mol* at the B3LYP/6-
31G(d).

4. Conclusion

The amino group has been confirmed to be the
most favorable protonation site of topiramate in the
gas phase. On the other hand, comparing the
calculated AH of the reactions:
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Topiramate — H —= [TopiramateH]™  1H=-%1%1J md"

Topiramate — Na —= [TopiramateNa]” sH=-2451J md®

Indicating that the protonation of topiramate is
more exothermic than the sodinization (670 kJ mol

y,

Figure 3. Optimized structure and main
geometrical parameters of the most stable
conformer of sodiated topiramate at the B3LYP/6-
31G(d) level (distances are in A).

Difference in energies between H* and Na*
reflect the fact that the sodium ion has electrons and
hence its positive charge is spread over space while
H* is a point charge and the positive charge is not
spread out at all. These two, therefore, bind with
very different energies. DFT calculation results, for
the gas phase, can be used as a guideline for the
condensed phase and it might devise a clear
understanding of the role of topiramate in blockade
of voltage-dependent sodium channels in biological
systems.
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Investigating Chitosan—Curcumin Nanorings for Containing Fluorouracil
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Abstract: Density functional theory (DFT) calculations have been performed to investigate formation
possibilities and properties of chitosan—curcumin (Chit—Cur) nanorings for containing fluorouracil (FU)
anticancer drug. The B3LYP exchange—correlation functional and the 6-31G* standard basis set have
employed for performing DFT calculations. In this case, first, all individual structures have been optimized,
then; nanorings have been constructed by the covalent attachments of Chit—Cur counterparts. To this aim,
three complexes including FU-Chit2—Cur2, FU-Chit4-Cur2 and FU-Chit6—Cur2 have been constructed by
physically locating FU inside the nanorings. The atomic and molecular scales results in isolated gas phase
and water solvated systems indicated that the FU-Chit2—Cur2 complex could be expected as a good

container for the FU anticancer drug.

Keywords: Chitosan, Curcumin, Fluorouracil, Nanoring, Density functional theory.

1. Introduction

Fluorouracil, or 5-fluorouracil, (FU) has been
used for several years as an efficient anticancer
agent to treat several types of cancers [1]. However,
the unwanted side effects made the FU as an
unsuitable medicine for the patients [2]. Therefore,
several efforts have been dedicated to optimize the
usage of FU for the patients with minimum side
effects [3]. In this case, designing new carriers to
contain and to carry FU until reaching the specific
target could be a useful method of modifications of
FU usage [4]. Chitosan (Chit) and curcumin (Cur)
have been considered as good carriers or
complementary materials to carry drugs inside the
living systems for some years [5-10]. However,

1 Corresponding author
E-mail: mdmirzaei@pharm.mui.ac.ir;
Mobile: +98-939-4581324

each of Chit and Cur compounds itself may have
some deficiencies for the required role of drug
carrier [11, 12]. Combining different portions of
Chit and Cur together may help to improve the
efficiency of using ofthis material as a better carrier
comparing with each individual structure [13].
Solubility is an important task to be considered for
carriers, in which it is also important for both of
Chit and Cur individual counterparts [14, 15]. In
addition to physico—chemical properties, size of
carrier is also very much important for the purpose
of investigating new drug carriers [16]. After the
discovery of nano science and technology,
considerable attempts have been done to
characterize nano-sized materials for specific
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purposes in living systems [17]. Targeted drug
delivery systems based on nanostructures have been
expected to be very much useful for the purposes of
carrying drugs up to the specified targets [18]. In
this case, investigations of various types of
nanostructures have become one of first aims or
researcher of different fields [19]. It is important to
note that the nanostructures are such complicated
structures to be investigated in the laboratories;
therefore, computational chemistry methodologies
could help researchers to significantly investigate
the formation possibilities and properties of nano
based materials [20-22].

Within  this  work, possibilities of
formation for a type of Chit—Cur nanoring to
contain FU (Figs. 1 and 2) have been investigated
based on density functional theory (DFT)
calculations employing the B3LYP exchange-
correlation functional and the 6-31G* standard
basis set. Optimizations of structural models have
been investigated by different numbers of repeating
Chit and Cur counterparts. Optimized geometries in
addition to atomic/molecular scales properties have
been evaluated to achieve the purpose of this work.
Itis important to note that chemical bonds are used
to construct Chit—Cur structures, but FU is kept
through physical interactions in the center of
constructed nanoring.

2. Computational Method

Within this work, DFT based calculations have
been performed employing the standard B3LYP/6—
31G* method to investigate formation possibilities
and properties for types of Chit—Cur nanorings to
contain FU anticancer drug. To achieve this
purpose, individual molecular models of Chit, Cur
and Fu (Fig. 1) have been firstly optimized to
achieve the minimum-energy starting structures to
construct hybrid systems. Subsequently, nanorings
have been constructed and optimized based on
combinations of already optimized Chit and Cur
counterparts including Chit2-Cur2, Chit4—Cur2,
and Chit6-Cur2 systems (Fig. 2). At the last step,
the FU counterpart has been located in the center of
nanorings and the complex structures have been
optimized again. As a result, there are three
individual starting structures: Chit, Cur and FU,
three nanorings: Chit2-Cur2, Chit4—Cur2 and
Chit6—Cur2, and three complex structures: FU-
Chit2—Cur2, FU-Chit4-Cur2, and FU-Chit6-Cur2

(Figs. 1 and 2). The calculations have been
performed in two systems of isolated gas phase and
water solvated (based on polarizable continuum
model, PCM) to obtain molecular and atomic
properties. Molecular properties including total
energies, binding energies, energies of the highest
occupied and the lowest unoccupied molecular
orbitals, energy gaps, and dipole moments are
summarized in Table 1. Additionally, atomic scale
quadrupole coupling constants (QCC) [23] have
been calculated for all FU counterparts in the
individual and complex forms to see the effects of
nanoring on the initial properties of FU (Table 2). It
is important to note that QCC parameters are very
good elements to investigate the electronic
properties of matters [24-26]. These parameters
could be obtained by the solid—state nuclear
magnetic resonance (NMR) technique, in which
reproducing reliable values of QCC is an advantage
of computational chemistry [27]. Moreover, it is not
easy to perform NMR experiments on the
complicated nano systems. All calculations of this
work have been performed by the Gaussian 09
program [28].

3. Results and Discussion
3.1 Molecular properties

Within this work, formation possibilities and
properties have been investigated fora novel design
of Chit—Cur (chitosan—curcumin) nanoring for
containing FU (fluorouracil) anticancer (Figs. 1 and
2). To achieve this purpose, the individual
structures of Chit, Cur and FU have been optimized
to reach to the minimum energy levels. Table 1
presents the results for total energies, HOMO and
LUMO energies, energy gaps,and dipole moments
for isolated gas phase and water solvated systens.
Comparing the results shows that the investigated
structures have different properties in both systerns.
In the next step, Chit and Cur counterparts have
been attached together by formation of ether bonds
to make possible constructions of Chit—Cur
nanorings. As indicated by the results of Table 1,
HOMO and LUMO are at different levels of
energies for the nanorings with corresponding
different energy gaps, in which the values of dipole
moments also showdifferent parameters. The value
of dipole moment for Chit2—Cur2 is very much
highlighted among the three available nanorings
(11.889 Debye vs. 4.067 and 6.514 Debye), which
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NH,

c)

o]

Fig. 1. 3D and 2D views of individual models: a) chitosan (Chit), b) curcumin (Cur), c) fluorouracil
(FU). The connecting atomic sites are shown by indicator arrows.

Fig. 2. Complex models: a) FU-Chit2—Cur2, b) FU-Chit4—Cur2, c) FU-Chit6-Cur2.

may refer to more reactivity of this structure than
other two ones. At the third step, FU counterparts
have been placed at the center of nanorings to
construct FU-Chit—Cur complexes. In this case, the
values of dipole moments for FU-Chit4—Cur2 and
FU-Chit6-Cur2 (4545 and 7.020 Debye) are
increased in comparison with the corresponding
Chit—Cur nanorings (4.067 and 6.514 Debye) but
the value was decreased for FU-Chit2—Cur2 (8.282
Debye) in comparison with the Chit2-Cur2
nanoring (11.889 Debye). The results of binding
energies in both gas and water solvated phases
indicate that the most stable complex structure is
FU-Chit2-Cur2 among the models (gas phase:
6.190 keV vs.0.442 and 1.744 keV, water sovlated:
0.871 keV vs. 0.005 and 0.233 keV). It has been

already indicated by the values of dipole moments
that the reactivity of FU-Chit2-Cur2 could be
expected more than other two nanorings, in which
it is again confirmed here by the highlighted
magnitude of binding energy. Comparing the
energies of HOMO and LUMO indicates that the
complex structures are more similar to the
individual nanorings but not to the individual FU
counterparts. Based on the obtained results, the
properties of FU and nanorings have been
influenced by presenting in the complex systens
because of interactions, in which the effects are
more significant for the properties of smaller
counterpart (FU) than the properties of larger
counterpart (nanorings). Earlier studies have been
also tried to show the possibility of existence of a
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Table 1: Molecular properties™

Model Total Energy HOMO LUMO Energy Dipole
(keV) (eV) (eV) Gap Moment

V) (Debye)

Chit -20.542 -6.323 1517 7.893 4.907
[-20.297] [-6.054] [2.138] [8.192] [6.129]

Cur -34.384 -5.790 -1.972 3.818 3.833
[-34.385] [-5.750] [-2.023] [3.727] [6.121]

FU -13.988 —6.786 -1.378 5.408 3.902
[-13.989] [-6.302] [0.878] [7.180] [5.156]

Chit.—Cur: —-104.949 -5.611 -1.955 3.656 11.889
[-104.953] [-5.618] [-2.028] [3.590] [15.401]

Chits—Cur: -137.107 -5.900 -2.151 3.749 4.067
[-137.113] [-5.805] [-2.050] [3.755] [5.668]

Chits—Cur: —169.253 —5.484 —2.146 3.338 6.514
[-169.259] [-5.436] [-2.067] [3.369] [7.764]

FU-Chit.—Cur2 —118.937 (6.190) -5.622 -2.018 3.604 8.282
[-118.942 (0.871)] [-5.616] [-2.028] [3.588] [10.427]

FU-Chits—Cur2 —-151.096 (0.442) -5.802 —2.284 3.518 4.545
[-151.101 (0.005)] [-5.804] [-2.053] [3.751] [6.349]

FU-Chits—Cur2 —183.240 (1.734) —-5.453 -2.135 3.318 7.020
[-183.247 (0.233)] [-5.436] [-2.066] [3.371] [7.989]

*See Figs. 1 and 2 for the models. The values in brackets are for the water solvated systems. Energy

Gap =LUMO - HOMO. The values in parentheses are for the binding energies (kcal/mol); Binding

Energy = Energy ru-chitcur— ENergy cnit-cur— Energy ru.

containeror carrier for FU counterpart, in which the
results are in complementary of each other for the
purpose.

Comparing the results of isolated gas phase and
water solvated systems indicates the significant
effects of solvent on molecular properties of the
investigated systems. Total energies of the complex
systems indicate that the FU-Chit—Cur structures
are slightly more stable in the water solvated system
than the isolated gas phase. Binding energies
indicate that the solvent could separate the FU
counterpart from the nanoring. HOMO and LUMO
levels also indicate the effects of solvent on
electronic properties of the investigated models,
which are also seen by the energy gaps in two
systems. Dipole moments significantly show the
importance of the investigated complex models

with highlighted polarization properties in the water
solvated systems. Since the solubility is an
important factor for the systems related to life
sciences, the results of this work indicated that the
designed complex models could help for better
solubility activities [1, 3].

3.2 Atomic scale quadrupole coupling constants

Atomic scale QCC (quadrupole coupling
constants) parameters have been evaluated for
nitrogen and oxygen atoms of FU in the individual
and complex models for both isolated gas phase and
water solvated systems (Table 2). These two types
of atoms of FU are the most important ones, which
are the responsible for interactions with other
molecules and atoms in the populated systems.
Both of nitrogen and oxygen have considerable
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quadrupole moments and they are very much active
for the QCC measurements [23]. Since the
magnitudes of QCC are related to the amounts of
electric charges at the atomic sites, larger or smaller
values indicate the contribution of the atom to
interact with other atoms. For nitrogen atoms, the
behaviors in FU-Chit4—Cur2 and FU-Chit6-Cur2
are similar with decrease of magnitude of QCC for
both nitrogens from FU to complex However,
behavior in FU-Chit2—Cur2 is different, in which
the magnitude of N(3) (3724 kHz) is increased
whereas the that of N(1) (4069 kHz) is decreased.
Interestingly, the changes of magnitudes of QCC
for oxygen atoms from individual FU to FU-Chit2—

Cur2 are different in comparison with the situations
in the two other complexes. The atomic scale
results, in addition to molecular results, also
indicate that the properties for FU-Chit2-Cur2 are
highlighted among three constructed complexes. In
this case, FU-Chit2-Cur2 could be proposed as a
good container for the FU counterpart. The effects
of solvents on the magnitudes of QCC are also
obvious to approve the importance of investigated
complex models for better solubility in water
systems. Lower magnitudes of QCC in the water
solvated systems in comparison with isolated gas
phase reveal that the FU counterpart could detect
the existence of solvent and could detect the effects.

Table 2: Atomic quadrupole coupling constants (kHz) for fluorouracil”

Model N1 Ns 02 O4

FU 4121 3690 8247 9440
[3768] [3526] [8109] [9060]

FU-Chit,—Cur» 4069 3724 8180 9250
[3786] [3533] [8121] [9022]

FU-Chits—Cur 4076 3656 8292 9495
[3762] [3509] [8114] [9064]
FU-Chite—Cur> 4035 3643 8359 9461
[3748] [3542] [8178] [9066]

*See Figs. 1 and 2 for the atoms and models. The values in brackets are for the water solvated systems.

4. Conclusion

Within this work, formation possibilities and
properties have been investigated for FU-Chit—Cur
complexes as possible containers for FU anticancer
drug in isolated gas phase and water solvated
systems. Among the constructed complex models,
FU-Chit2—Cur2 has been observed as more
possible structure than two other FU-Chit4-Cur2
and FU-Chit6—Cur2 ones. The molecular
properties indicated that the reactivity of Chit2—
Cur2 nanoring is more than other two Chit4—Cur2
and Chit6-Cur2 nanorings. The magnitudes of
binding energies also have approved the expected
reactivity for Chit2-Cur2 nanoring. Atomic scale
QCC properties indicated that the behaviors of
nitrogen and oxygen atoms in the FU-Chit2-Cur2
complex are different in comparison with two other
FU-Chit4—Cur2 and FU-Chit6-Cur2 complexes,
approving again the highlighted behaviorof Chit2—
Cur2 nanoring. Therefore, FU-Chit2-Cur2

complex could be proposed as a possible container
of FU. The effects of water solvent were also
significantly observed for both of molecular and
atomic properties. As important achievements of
this part, the molecular orbital energy levels and
dipole moments indicated the most significant
effects. Moreover atomic properties of FU also
indicated the effects of solvent, in which the
magnitudes of effects are still different for the
complex structures. Finally, the constructed
containers models could be seen as a possiblke
design for FU related applications, in which the
FU-Chit2—-Cur2 complex could be proposed as the
most proper one among the models.
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Abstract: Amoxicillin  (Amox) and ampicillin  (Amp) are investigated by using quantum mechanical
methods. These compounds was confirmed by XRD analysis and optimized bond parameters were calculated
by density functional (DFT) at B3LYP/6-31G(d) level. The optimized geometrical parameters are in good
agreement with crystal data. The experimentally observed FT-IR and NMR picks were assigned to calculated
modes for the molecules. Some molecular descriptors are calculated with density functional theory
(DFT/B3LYP) 6-31G(d) level in the gas phase. The highestoccupied molecular orbital energy (EHOM O),
the lowest unoccupied molecular orbital energy (ELUMO), the energy difference (AE), hardness (1),
softness (o), electronegativity (y), chemical potential (1), electrophilicity index (o) and nucleophilicity index
(¢) are calculated in the this level and associated with inhibition efficiencies of the mentioned B-lactam
inhibitors. Molecular Electrostatic Potential (MEP) maps were investigated and predicted the reactive sites.
Some quantum chemical descriptors which are total static dipole moment (u), the average linear
polarizability (o), the anisotropy of the polarizability (Aa) and first hyperpolarizability (B) were evaluated
for explaining the NLO properties in studies molecules. The inhibition activities were studied using
molecular docking studies. The antibiotics were docked into the cocrystallized structure of PXR with
SR12813 (PDB ID: INRL). Docking results and order of inhibition activity associated with quantum
chemical parameters was the same as that of experimental inhibition activity.

Keywords: g-lactam, DFT, Molecular Docking, Quantum Chemical Parameters.

Graphical Abstract

Amoxicillin - (Amox) and ampicillin  (Amp) were investigated by using quantum mechanical
methods. Optimized geometrical parameters, IR and NMR spectroscopic studies were provided for the
structure elucidation of chemical species. NLO properties of related molecules are investiggated.
Docking was used to predict the bound conformation and binding free energy of small molecules to
the target.
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1. Introduction

B-lactams have been discovered at the
beginning of the twentieth century and they are
used in the struggle against pathogenic bacteria [1].
These compounds have the antibacterial effect
because they contain amino and carbonylgroups as
well as the nitrogen and sulfuratoms in the aromatic
structure [2]. In addition, B-lactam antibiotics are
applied in the treatment of neurological disorders
such as Alzheimer’s disease, Parkinson’s disease,
prion diseases and amyotrophic lateral sclerosis
(ALS) [3,4]. Transition metal chelates of B-lactams
are effective to prevent the most neurological
diseases [5-10].

Amoxicillin - (Amox) and ampicillin  (Amp)
exhibit a similar  antibacterial  spectrum.
Amoxicillin (Amox) and ampicillin (Amp) are two
B-lactam antibiotics derivatives. Amox and Amp
are effective against both gram-positive and gram-
negative organisms which are various pathogenic
enteric organisms. Amp is used to infections caused
by Escherichia coli, Salmonella, Proteus and
Klebsiella [11].

Amox and Amp have not been extensively
evaluated in the literature with experimental and
theoretical chemistry methods. For this reason,
these compounds with vital precautions have been
extensively studied, which is spectroscopic
behavior and quantum chemical approaches.
Density function theory (DFT) is one of the most
widely used methods for spectroscopic and
quantum chemical studies theoretically in recent
years for chemical compounds.

Structural parameters (bond lengths and bond
angles) and spectroscopic studies (IR and NMR)
provide a basis for the structure elucidation of
chemical species. Computational chemistry
methods provide visual and detailed analysis of
these studies. Non-linear optical (NLO) features
have become a very interesting subject due to their
potential applications such as optoelectronic
devices, optical modulation, molecular switching
and optical memory [12]. Therefore, a wide variety
of molecular systems inorganic, organic and
organometallic were investigated for NLO activity.
Some quantum chemical descriptors which are total
static dipole moment (u), the average linear
polarizability (o), the
polarizability (Aa) and first hyperpolarizability ()
have been used for explaining the NLO properties

anisotropy of the

in many computational studies. Molecular
electrostatic potential (MEP) maps are used to
predict the atom with the higher electron density in
a molecule. MEP is the potential generated by the
charge distribution of a molecule and denotes
chemical reactivity, showing nucleophilic and
electrophilic sites indicated by MEP maps [13]. For
this reason, MEP maps of B-lactam compounds are
examined. Molecular descriptors are obtained with
quantum chemical calculations. These molecular
descriptors are the highest occupied molecular
orbital energy (Exomo), the lowest unoccupied
molecular orbital energy (ELumo), the energy gap
(AE), hardness (), softness (o), electronegativity
(), chemical potential (u), electrophilicity index
(o) and nucleophilicity index (¢). Computational
docking programs examine interactions with a
chemical compound and are widely used for drug
discovery and development. Docking is used to
predicting the bound conformation and binding free
energy of small molecules to the target. Docking
Server is a free open source software package for
virtual placement of small molecules into
macromolecular receptors and developed for
making related accounts.

In this study, the studied compounds are
optimized at DFT/B3LYP/6-31G(d) level both in
the gas phase. The structural parameters are
examined and compared with the data obtained
from X-rays for Amox and Amp. The computed
and experimentally observed spectroscopic values
are examined on the B-lactams to give a detailed
assignment of the fundamental bands in FT-IR and
NMR. The chemical activity areas of the studied
compounds are determined via MEP maps. The
quantum chemical identifiers are associated with
the activities of the compounds. NLO materials
have been calculated due to promising applications
in optoelectronic technology. For the compounds
with the target protein are reviewed to the
interacting energies by Molecular Docking studies
and are determined to the interaction types and
interaction regions.

2. Computational Details

The investigated compounds were drawn with
the Gauss View 5.0.8 package program for
molecular geometry optimization [14] and the
calculation was performed via Gaussian 09
Revision C.01 programme pack (Linux based) in
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TUBITAK-TR Grid [15]. The calculations included
Density Functional Theory (DFT) hybrid B3LYP
[16] and used to 6-31G (d) basic sets. Molecular
geometries were optimized using B3LYP/6-31G
(d) level in the gas phase. IR spectrumwas obtained
from optimized structures and the frequencies
obtained as harmonic were converted to
anharmonic frequencies with a scale factor of
0.9600 [17].The protonand carbon NMR chemical
shift was calculated with the gauge-including
atomic orbital (GIAO) approach by using
B3LYP/6-31G(d) level of the studied molecule.
Molecular docking (ligand-protein) simulations
were performed by using DockingServer free
software package.

The total static dipole moment (), the mean
polarizability (o), the anisotropy of the
polarizability (Aa) and the total static first
hyperpolarizability (B) usingx, y, zcomponents are
defined as using Egs. 1-4 [18].

ﬂ=(ﬂx2+ﬂy2+ﬂzz)% )
1
azg(axx+ayy+au) @)
2 2 %
Ll (a,-a,) +(a,-a,) + o
V2 (a,-a,) +6a,’+6a,’+6a,’
2 %
i [lBa, T o, “
\2 (a, -a,) +6a,’ +6a,’+6a,’

According the Koopman’s theorem, as can be
seen from eq. (5)-(6), Elumo and EHOMO of any
chemical species have been associated with its
ionization energy and electron affinity values [19-
22]

I'=—Eyomo ®)
A= —Eymo ©)
Energy gap (AE) [23], absolute

electronegativity (y), chemical potential (),
absolute hardness (1) and absolute softness (o) are

given by eq. (7-11) [24].

AE = E;ymo — Enomo U
I+A

X== ®

n=—X ©)

I-A
n=-— (10)

o=

(11)

=

Parr et al. have defined electrophilicty index as
a measure of energy lowering due to maximal
electro flow between donor and acceptor [25].

0=t (12)

Kiyooka et al. have detected that the ® is a
function of wn in the second-order parabola for
various species [26] and they have proposed the €
parameter related to nucleophilicty index

€= (13)

3. Results and discussion

3.1. Optimized Geometry

The optimized structures of Amox and Amp are
shown Figure 1 and the structure parameters (bond
length and bond angles) are listed in Table 1 using
DFT/B3LYP/6-31G(d) level in the gas phase. The
calculated bond lengths are compared with X-ray
diffraction data [27]. It can be seen that the results
obtained with the calculated values are in
agreement with the crystallographic data.

The bond lengths (S-C1, S-C3, C1-C2, C2-N1,
N1-C3, N1-C5, C3-C4, C4-C5 and C5-O1) of the
Amox and Amp are correlated with X-ray data and
R2 values are determined as 0.9756 and 0.9930,
respectively. It is shown that the correlation
coefficients (R2) close to 1 which provide
remarkable data of the theoretical calculations.
Therefore, bond lengths which are not in the
literature can be foreseen.

Frau etal. investigated the C1-S-C3, C3-N1-C5,
01-C5-N1, C3-N1-C2, C5-N1-C2, C4-C5-N1 and
C5-C4-C3 bonds for Amox and compared them
with X-ray data. They are given in Table 2 and
compared the calculated bond angles with X-ray
data.

15



Turkish Comp Theo Chem (TC&TC), 1(2), (2017), 13- 26

Sultan Erkan Kariper

Figure 1. Optimized structure and numbering of Amox and Amp. Hydrogen atoms are not presented for

clarity.

Table 1. The calculated and X-ray bond lengths of Amox and Amp

Amox Amp
Bond length Calc. X-ray Calc. X-ray
S-C1 1.880 1.843 1.881 1.850
S-C3 1.850 1.775 1.851 1.810
C1-C2 1.584 1.559 1.584 1.550
C2-N1 1.443 1.456 1.443 1.460
N1-C3 1.462 1.492 1.462 1.450
N1-C5 1.398 1381 1.399 1.380
C3-C4 1571 1.575 1571 1530
C4-C5 1.556 1515 1.556 1520
C5-01 1.206 1.200 1.206 1.180
C4-N2 1.427 - 1.427 -
N2-C6 1.369 - 1.369 -
C6-02 1.222 - 1.222 -
C6-C7 1.547 - 1.546 -
C7-N3 1.546 - 1.481 -
C7-C8 1.518 - 1521 -
C8-C9 1.401 - 1.399 -
C8-C10 1.401 - 1.402 -
C9-C11 1.392 - 1.396 -
C10-C12 1.393 - 1.394 -
C12-C13 1.399 - 1.397 -
C13-03 1.367 - - -

Table 2. The calculated and X-ray bondangles of Amox and Amp

Amox Amp.
Bond angles Calc. X-ray Calc.
C1-S-C3 94.3 90.1 94.3
C3-N1-C5 94.9 933 94.9
01-C5-N1 131.3 131.2 131.3
C3-N1-C2 117.9 117.1 117.9
C5-N1-C2 128.6 1275 128.6
C4-C5-N1 914 93.0 914
C5-C4-C3 84.7 85.1 84.8

16



Turkish Comp Theo Chem (TC&TC), 1(2), (2017), 13- 26

Sultan Erkan Kariper

As a result, R2 value is calculated as 0.991 for
Amox Additionally, bond angles of Amp are given
in Table 2, too. The graphs are plotted for Amox
and Amp both bond length and bond angle and
given in supplementary material. (Supp. Fig. S1).
As shown in Table 2, there is a deviation from the
ideal geometry at the bond angles of the lactamring
where is the square part and the sulfur ring of the
mentioned molecules above. For example, C3-N1-
C5, C4-C5-N1 and C5-C4-C3 angles are found as
94.9, 91.4 and 84.7, respectively.

3.2. IR Analysis

A band may consist of multiple vibrational
transition in the IR spectrum. Some of the
vibrational transitions that form a band are violent
and some are weak. Some of the vibrational
transitions that form a band are violent and some

4004, 43:2‘5. 3?-IIT-". 311.53. 2589

"-_‘Dill. ].-4"32. 3'5'3_8 2?'|5.1 -303. -BB2.

are weak. Vibrational transition with high severity
makes more contribution to band [28]. For this
reason, in this study, vibrational transition
frequency with the highest intensity in a band was
given and all the vibrational movements that make
up the band are labeled. The frequencies obtained
after the optimization of the molecules are
harmonic frequencies and the frequencies obtained
experimentally are also anharmonic frequencies.
Gaussian calculations provide a scale factor which
is converted harmonic frequencies into anharmonic
frequencies. The scale factor is 0.9600 of B3LYP
method and 6-31G(d) basic set [29]. The vibrational
spectra obtained from the optimized structures
which calculated at B3LYP/6-31G(d) level in the
gas phase of Amox and Amp were given in Figure
2.
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Figure 2. IR spectraof Amox and Amp

As seen in Figure 2, 15 peaks for Amox and 14
peaks for Amp were labeled. Table 3 indicates the
anharmonic frequencies for Amox and Amp and the
detailed labeling of these vibration modes with
obtained at B3LYP/6-31G(d) in the gas phase.
According to Table 3, the bond vibrational

frequency of the specific OH group of Amox is
3600.1 cm. This value in the literature is 3552 cm-
1. The N-H vibrational frequency calculated for
Amox is 33925 cm! and the experimental
frequency is 3161 cml. C = O frequency
experimentally measured in the B-lactam and amide
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region is labeled as 1775 and 1686 cm-1 and the
calculated frequencies are found as 1800.7 and
17171 cml,  respectively.  Although the
experimental value of the N-H bending stretching
frequency is 1560 cm, the calculated value is
determined as 1717.1 and 14814 cm?l by an
animation  program.  Observation of other
vibrational types besides N-H bending stretching
may cause a certain difference between
experimental and calculated. The CN bond
stretching frequency in the square part is calculated
as 1069.9 cm?, the experimental value of this
stretching is 1021 cmrl. The calculated frequency
for CS bond stretching is 554.9 cm while the
experimental stretching is 582 cm™,

The experimental vibrational frequencies of N-
H, C=0 of B-lactam and amide region, N-H bending
stretching, CN and CS in the Amp are 3200, 1774,
1688, 1516, 1075 and 598 cml, respectively. The
calculated values for these stretching types are also
3395.1, 1880.8, 1718.8, 1481.6, 1284.4 and 555.6
cmrl. The theoretical and experimental results for
some stretching frequencies are very close to each
other. Vibration spectroscopy is an effective tool
for illuminating the molecular structure and gives a
dynamic image of the molecule [30]. The used
method and the basic set are chosen quite
appropriately for structure verification.

Table 3. Calculated anharmonik frequencies (cm™) and assignments for Amox and Amp.

Amox Amp
Anhar. IR Assign. Anhar. IR Assign.

1 3600.1 STRE O-H 3587.3 STRE COO-H

2 33925 STRE N-H 3395.1 STRE N-H

3 3005.5 STRE C-H 3072.1 STRE C-H(aro.)

4 2928.1 STRE CHs 3004.2 STRE C-H

5 1800.7 STRE C=0 2928.5 STRE CH3

6 17171 STRE C=0 1800.8 STRE C=0
BEND N-H

7 1609.5 STRE C-C(aro.) 1718.8 STRE C=0

BEND N-H

8 14814 STRE C-N 1481.6 STRE C-N
BEND N-H BEND N-H

9 1284.1 STRE C-N 1284.4 STRE C-N
BEND C-H (square part)

BEND C-H

10 1200.9 STRE C-N 1055.4 STRE C-N
BEND C-H BEND C-H
BEND N-H BEND N-H

11 1069.9 STRE C-N (square part) 933.1 STRE C-C (square part)
BEND C-H Wagging N-H

12 989.5 STRE C-C 686.4 OUT C-H (aro.)
TORS CHs

13 682.5 OUT N-H 555.6 STRE C-S

14 554.9 STRE S-C 458.0 OuUT O-H

15 349.5 Wagging O-H

STRE; bond stretching, BEND; valence angle bending, OUT; out-of-plane bending and Wagging;

valence angle bending between the planes.
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3.3.NMR spectral analysis
Nuclear magnetic resonance  (NMR)
spectroscopy is one of the most frequently used

methods in structure illumination. The chemical
shift values for the 3C and H-NMR of the
investigated compounds are given in Tables 3 and
4. Bperimental 13C and 'H-NMR spectra of t'
compounds were obtained in the DMSO-de+Ne

in the D20 solvent [31]. Theoretical NMR spectra
were calculated in the gas phase. Theoretical 13C
and 1H NMR chemical shifts are presented in
Tables 3 and 4 with reference to TMSO using the
GIAO method [32] in the gas phase for the
optimized structures obtained at the B3LYP/6-
31G(d) level. The atomic labeling of the mentioned
compounds for NMR data is indicated in Figure 3.
The results of Table 3 and 4 show that the
theoretical chemical shifts obtained by the DFT
method are in good agreement with experimental
data. The chemical shift values, which are slightly
different from the experimental value, arising from
the theoretical calculations taking place in isolated
gas phase.

Figure 3. Labeling atomic number of Amox and
Amp.

According to Table 3, 13C-NMR the chemical
shift value of 6C for the Amox compound is greater
than the chemical shift value of othercarbons in the
ring. Likewise, the chemical shift values of 13C,
19C and 34C for the compound are higher than the
chemical shift values of the other carbons. This is a
theoretically expected situation. Because the
electronegative oxygen atom attracts more
electrons from the carbon atoms it is bound to. In
this case, the nuclei of these carbon atoms show less
shielding effect. Less shielded nuclei show the

higher chemical shift. The similar situation is valid
for Amp compound in Table 3 and the hydrogen
atoms in Table 4.

Computational studies have many advantages.
Bxperimental NMR does not give the chemical shift
value separately for atoms and the atoms with
similar chemical structure entities have similar
values. However, theoretical calculations give the
value of individual chemical shifts for each atom
and also illuminate many chemical shift values that

are not observed experimentally.

Table 3.13C-NMR data of Amox and Amp

Amox Amp
Atoms  Calc. Bxp. Atoms  Calc. Bxp.
1C 1079 1150 1C 1227 1270
2C 1223 1314 2C 120.6 1285
3C 1281 1281 3C 136.8 1270
4C 1245 1314 4AC 1223 1285
5C 1085 1150 5C 1216 1270
6C 1475 1568 6C 120.6 1275
11C 61.1 57.2 12C 61.8 57.0
13C 1594 1731  14C 1593 1740
17C 67.3 57.5 18C 67.3 57.7
18C 76.6 67.0 19C 76.6 67.1
19C 161.3 1700 20C 1614  171.0
24C 68.8 739 25C 68.8 74.0
25C 70.1 64.6 26C 70.3 65.0
26C 345 318 27C 344 31.0
30C 25.7 2715 31C 25.6 2715
34C 156.1 1736  35C 156.2  174.2
Table 4.'H-NMR data of Amox and Amp

Amox Amp
Atoms Calc. Bgp. Atoms Calc. Bp.
H 6.11 6.75 7H 7.23 7.45-7.31
8H 6.90 722 8H 7.04 745731
9H 6.85 850 9H 6.90 7.45-7.31
10H 6.61 850  10H 7.16 7.45-7.31
16H 7.83 no. 11H 7.16 7.45-7.31
20H 5.37 545 17H 7.79 7.56
27H 1.59 149 21H 5.40 5.42
28H 123 149  28H 1.60 150
29H 1.65 149  29H 1.23 1.50
31H 1.15 159  30H 1.66 1.50
32H 1.64 159  32H 1.16 1.56
33H 1.66 1.59 33H 164 1.56
37H 5.30 - 34H 1.67 1.56
38H 395 453 38H 531 -
39H 5.23 541  39H 393 454
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40H 371 398  40H 5.25 5.46
41H 0.32 - 41H 3.71 3.97
42H 1.22 - 42H 0.40 n.o.
44H 3.48 n.o. 43H 1.27 n.o.

corrosion activities of molecules. Exchange of the
calculated ELumo values for these compounds is:
Amox = Amp

n.o. not observed.

The separation energy, AE is an important

3.4. Quantum chemical parameters

The molecular descriptors were calculated by
using B3LYP/6-31G(d) level for investigation of
inhibition efficiencies of B-lactam inhibitors given
in Figure 1. The calculated molecular descriptors
were given in Table 5 at gas phase. Abdallah
experimentally identified the biological activities of
these compounds and found that the inhibitory
activity of Amox was greater than Amp [33].

Table 5. Quantum chemical parameters with
B3LYP/6-31G(d) level in gas phase of inhibitors

Parameters Amox Amp
Eromo™ -5.962 -6.271
ELumo”™ -0.414 -0.414
AE 5.549 5.857
n 2774 2.928
c 0.360 0.341
X 3.188 3.343
u -3.188 -3.343
® 1.832 1.908
€ -8.845 -9.789

*Enomo and ELumo are given in eV unit

Evomo is a parameter associated with the
electron donating ability of molecule [34,35]. If the
EHomo increases, electron transfer tendency will
increase to the LUMO of appropriate receptor
molecules. The molecule having the higher Enomo
indicates the higher inhibition effect. The order of
the calculated Enomo values for these compounds
is:

Amox >Amp

ELumo is a measure of electron accepting ability
of chemical species. ELumo determines the
polarizability of the compound i.e. the ability to be
distorted by an electric field, and hence LUMO
level receives electrons. BExperimental and
theoretical studies related to biological activity
show that increasing of ELumo decreases the

parameter as a function of reactivity ofthe molecule
and chemical hardness is defined as resistance to
electron transfer. The larger values of the HOMO-
LUMO energy gap and chemical hardness will
provide low reactivity for chemical species. The
inhibition efficiencies orders according to AE gap
and n will be similar to each other. The rankings of
the AE andn values are:
Amox <Amp

Softness is the inverse of chemical hardness and
represents high reactivity. Therefore, soft
molecules exhibit high electron donating tendency
and high biological activity effect. Exchange of the
calculated o values for these compounds is:

Amox >Amp

Absolute electronegativity is taken into account
as achemical descriptorin comparison of inhibition
effects of chemical species. It should be noted that
strong inhibitors should have low electronegativity
values. Because inhibitors with low
electronegativity are tended to give the electron.
For a reaction of two systems with different
electronegativity the electronic flow will occur
from the molecule with the lower electronegativity
towards that of higher value until the chemical
potentials are equal [36,37]. Theranking ofy values
for these compounds is:

Amox <Amp

Chemical potential is the inverse of the
electronegativity.  Therefore, the inhibition
efficiency increases with increasing of chemical
potential. Chemical hardness and softness,
chemical potential are known as global reactivity
descriptors [38]. According to the chemical
potential, the inhibitor efficiency ranking should
be:

Amox >Amp

Recently, Parr et al. have defined a new
descriptor [39]. This parameter is a numeric
expression of the global electrophilic power of the
molecule that known as electrophilicity index (o).
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The electrophilicity index is a descriptor that
represents the reactivity of the chemical species.
The global electrophilicity index of the molecule
allows quantitative classification of its reactive [40-
44]. The electrophilicity index shows the ability of
the electron-accepting ability [45]. According to the
electrophilicity index, the inhibitor efficiency
ranking should be:
Amox <Amp
Nucleophilicity index indicates the electron-
donating ability of inhibitor molecules. The
inhibition efficiency increases with increasing the e
value or decreasing the  value. According to the
nucleophilicity index, the inhibitor efficiency
ranking should be:
Amox >Amp

If inhibitory activities in terms of the molecular
properties of the [-lactam compounds are
examined, this inhibitory efficiency rankings are an
expected result. Amox among the first group of
inhibitors are expected the condition to have higher
inhibitory efficiency. The phenyl ring has a
negative inductive effect. Moreover, OH group on
the phenyl ring at Amox provides form stable
complexes of compounds because it increases the
electron density in the ring. Thus, localization of the
electron pairs on the nitrogen atom of the NH>
group increases. In this case, inhibitory efficiency
increases of these molecules.

3.5. Molecular Electrostatic Potential (MEP)
Maps

Molecular electrostatic potential (MEP) maps
are used to predict the atom with the higher electron
density in a molecule. MEP is the potential
generated by the charge distribution of a molecule
and denotes chemical reactivity, showing
nucleophilic and electrophilic sites indicated hy
MEP contour maps [46]. For the consideration of
the reactive behavior of a chemical system and to
investigate the molecular structure with its
physiochemical property relationships, the three-
dimensional distribution of its MEP is helpful [47].
In MEP diagram negative regions can be regarded
as nucleophilic centers [48]. Negative electrostatic
potential corresponds to the attraction of a proton
by the concentrated electron density in the molecule
(lone pairs, pi-bonds); thus, revealing sites for
electrophilic attack (colored in shades of red in

standard contour diagrams) Positive electrostatic
potential corresponds to the repulsion of a proton
by the atomic nuclei in regions where low electron
density exists and the nuclear charge is
incompletely shielded (colored in shades ofblue in
standard contour diagrams) [49]. Theoretical
methods can be used to answer these questions that
may be greatly helpful in designing otherand better
drugs. Molecular electrostatic potentials (MEP)
computed wusing ab initio methods can be
particularly useful in this context since MEP is
known to be a reliable descriptor of hydrogen
bonding [50-55].

The MEP maps of inhibitors which calculated
B3LYP/6-31G(d) are given in Figure 4. The third
region with higher electron density is labeled in
maps. These regions are referred to as Zone 1, Zone
2 and Zone 3. According to this diagram will be
protonated regions. Zone 1,2 and 3 have protonated
region for Amox (14, 21 and 350), Amp (15, 22
and 360). Asa result, the MEP map show that the
negative potential region is on oxygen atom which
is the biologically active region.

st

Figure 4. The MEP maps of the neutral
inhibitor molecules at HF/6-31++G(d,p) level in
gas phase

3.6. Non-Linear Optical (NLO) Properties

NLO is important property in providing the key
functions of frequency shifting, optical modulation,
optical switching, optical logic and optical memory
for the technologies in areas such as
telecommunications, signal processing and optical
interactions [10]. In the recent studies, NLO is
attracted a lot of attention. Organic molecules
exhibit significantly NLO properties due to
delocalized = electron moving along the molecule.
NLO materials are categorized as semiconductor
multilayer structures. Therefore, a wide variety of
molecular  systems inorganic, organic and
organometallic were investigated for NLO activity.
Some quantum chemical descriptors which are total
static dipole moment (u), the average linear
polarizability (), the anisotropy of the
polarizability (Ac) and first hyperpolarizability ()
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have been used for explaining the NLO properties
in many computational studies. NLO properties
and urea is taken according to standards were
calculated at the DFT/B3LYP/6-31G(d) level for

protein. The interaction between the ligands and the
target enzyme are presented in the Figure 5.

Table 6 The calculated dipole moment (u), average linear polarizability (o), the anisotropy of the
polarizability (Aa) and hyperpolarizability (B) for urea and investigated molecules.

n(D) a/(A3) Aa/(A3) Bo (cmP/esu)x10-30
Urea 1.8059 2.0958 8.8780 297.3869
Amox 1.1490 23.4659 58.9546 2539.9904
Amp 0.5947 25.4659 66.6607 038.9493

the studied ligand. These parameters are given in
Table 6.

NLO properties can be affected from
polarizability, the anisotropy of the polarizability
and hyperpolarizability. NLO properties increase
with increasing the linear polarizability, the
anisotropy of the polarizability and first
hyperpolarizability. According to Table 3, all
values of each mentioned molecules are greater
than their urea values. Therefore, NLO properties
of Amox and Amp are better than urea and these
molecules can be used as NLO material [56].

3.7. Molecular Docking Study

Molecular docking is an effective tool used to
achieve binding affinity between the identified
ligand and the appropriate target protein of this
ligand. Docking is a program that is allowed to
interact with a chemical known as a 'receptor' and a
chemical entity known as a 'ligand' in a software to
analyze interactions between the receptor and
ligand. The interaction can be analyzed by
evaluating various parameters such as the free
energy of binding (kcal/mol). Binding energy is a
measure of the affinity of the ligand-protein
complex [57]. Astheenergy decreases, the stability
of the complex increases. Computational
approaches can be a method for filtering molecules
before the experimental test. Docking methods may
need a combination with other computational
methods for structure-activity relationships [58].

The starting structure was selected by PDB
Database (PDB ID: INRL) for Amox and Amp and
the molecular docking calculations were performed
on AutoDock [59] is a free open source software
package for virtual placement of small molecules
into macromolecular receptors and developed for
making related accounts. Forthis reason, all ligands
were studied in the docking program with this target

Amox Amp

Figure 5. Ligands (green balls) interaction with
protein 2J9N.

According to molecular docking result,
interaction energies that occur when ligands bind to
the protein for Amox and Amp is -9.0 and -8.29
kcal/mol, respectively. These results show that the
inhibition efficiency of Amox is higher than Amp.
Ki provides information that predicts that a ligand
can inhibit an enzyme and interact with a substrate
for the enzyme. Docking server inhibition constant
for Amox and Amp is 229.81 and 837.77 nM,
respectively. If Ki is smaller, less drugis needed to
inhibit the enzyme activity and this situation shows
thatthe ligands are within reasonable limits [60]. If
vdW is hydrogen bond and dissolved energy is
negative, the ligand is well attached to an active site
on the target molecule. Similarly, if the electrostatic
energy is negative, this negative value proves that
the ligands are linked to the target molecule [61].
These values in the molecular docking results are
negative for the ligands. So, it can say it is
appropriate for the selected target molecule ligands.
In accordance with the docking server which gives
the binding site analysis, the ligands interacted well
with the protein in the docking grid.

The hydrogen bond between Amox and INRL
is between the nitrogen atoms of the ligand and
LEU209 and SER238 of the target proteins. Polar
bonds are between the hydrogen atom of the ligand
SER238. There are hydrophobic bonds between the
carbon atoms in the ligand and LEU206, LEU209,
PRO227, LEU239, MET243, HIS407 and ILE414.
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The hydrogen bonds for Amp are between nitrogen
atoms LEU209. Polar bonds are between oxygen
atoms and SER247. m-m interactions occur between
the carbon atoms of the ligand and HIS407. The
hydrophobic interactions of this ligand exst
between the carbon atoms and LEU239, LEU240,
MET243 and LEU411. According to molecular
docking calculations, the most important
interaction is the hydrogen bond interaction. Amox
has made more H-bonds than Amp. As a result,
according to experimental, theoretical and docking
studies, Amox is a molecule with a higher
inhibitory activity than Amp.

4. Conclusion

Amoxicillin (Amox) and ampicillin (Amp) were
calculated at B3LYP/6-31G(d) level. The
optimized geometrical parameters are in good
agreement with crystal data. The theoretical and
experimental  results for some strecthing
frequencies are very close to each other. It was
observed that the theoretical chemical shifts
obtained by the DFT method were in good
agreement with the experimental data and it was
thought that the difference between the
experimental values and the calculated chemical
shift values was derived from the theoretical
calculations in the isolated gas phase. The
biological activity suggested from the quantum
chemical parameters and the experimental
induction activities gave very similar results for the
molecules. MEP maps for Amox and Amp show
that the biologically active region is on the oxygen
atom. NLO properties of Amox and Amp are better
than urea and these molecules can be used as NLO
material. As a result, according to experimental,
theoretical and docking studies, Amox is a
molecule with a higher inhibitory activity than
Amp.
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Abstract: We present a quantum chemical study of three small boron nitride clusters BoNz, BsN3 and B4N..
Their structure and electronic characteristics are calculated by means of the coupled cluster (CC) and density
functional theory (DFT) techniques. In order to find the best match with the coupled cluster data the twenty-
four DFT exchange-corrected functionals are analyzed. According to our results, B3P86V5 and B97
functionals reproduce well the geometry of small boron-nitrides, whereas for the electronic characteristics
OP and VWN functionals give the closest to CC results. Note that prevalent B3LYP and PBEO DFT-

functionals demonstrate lower accuracy.

Keywords: coupled cluster, density functional theory, exchange-corrected functionals, boron nitride

clusters, boron nitride cubane.

1. Introduction

After discoveries of fullerenes, nanotubes and
graphene, many novel carbon architectures were
proposed and investigated. They include peapods
[1], fullerites [2], diamonds [3,4], and many others
[5-8]. In these structures, carbon atoms form k-
membered cycles, in which k value varies mostly
from 4 to 8. Note, that only a limited number of
high-strained structures contains triangle cycles
with k = 3 (for example, tetrahedrane derivatives
[9-10] and Ladenburg’s benzene [11]). The values
of k = 4+8 are prevalent, because it provides more
energetically favorable valence angles. Larger
cycles with k > 8 often tend to split into two smaller

! Corresponding author
E-mail: kpkatin@yandex.ru

ones via forming of additional carbon-carbon bond
between the opposite atoms.

The square cycles (k = 4) are quite strain. The
angle between C-C bonds of about 90° is far from
the typical values of 109.5° (as in diamond) or 120°
(as in graphite). Nevertheless, a number of
structures with the square cycles were found to be
stable, for example, cubane [12-13] and its
derivatives  [14-16], prismanes [17] and
hypercubane [18]. Moreover, some “non-classical”
fullerenes with square cycles on its surfaces are
even more stable than the “classical” ones [19-22].
Four-membered rings are also contained in many
recently proposed carbon structures [23-24].
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Boron nitrides form the other promising class of
new materials. Both boron and nitrogen atoms are
the nearest neighbors to carbon in the Mendeleev’s
table. For this reason, many carbon architectures
have boron nitride analogues, consisted of
alternated boron and nitrogen atoms instead of
carbon ones. So, boron nitride fullerenes [25],
nanotubes [26,27] and other structures [28-30] are
actively investigated. Construction of boron
nitrides based on already known carbon cages was
an efficient way of searching new BN materials.
Similar to carbon compounds, some boron nitrides
also include four-membered B-N-B-N cycles [31-
32].

Most computational studies of novel boron
nitrides are based on density functional theory. The
commonly used exchange-correlation functionals
are B3LYP [33-34] and PBE [35], because they
provide high accuracy for many systems [36-37],
including boron nitride species [38]. Nevertheless,
these functionals were not tested on high-strained
boron nitrides with square cycles. For this reason,
their application to such untypical systems remains
questionable.

In this study, we perform a benchmark study of
24 exchange-correlation functionals on a set of
small boron nitride clusters including those with the
square cycles. The results, obtained with the density
functional theory, were compared with the more
accurate data derived from coupled clusters
calculations [39-41].

2. Materials and Methods

To test different density functional methods, we
chose three boron nitride clusters C,N,, C3N3z and
CsN4 with alternated boron and nitrogen atoms.
Their structures are presented at Figure 1.
Geometries of all three systems were optimized
within the density functional and coupled clusters
methods until the forces acting on atoms become
smaller than 10 Ha/Bohr. No symmetry constrains
were introduces. To confirm that the obtained
geometries are true minima on the potential energy
hypersurface, we calculate the Hessian matrix at the
same level of theory. All considered structures have
not any imaginary frequencies and therefore
correspond to metastable states.

(€)

o7
3 \&

Figure 1. Structures of small boron nitride
clusters B2N3 (a), BsN3 (b) and BsN4 (c).

The values of Ign, asne and ansn for each cluster
are calculated as the arithmetic means of all B-N
bonds lengths, B-N-B and N-B-N angles,
respectively (note, that all averaged numbers,
corresponding to the same molecule, are almost the
same due to the symmetries of the considered
systems). The chemical potentials p are evaluated
according to the Koopmans theorem [42] as p =
(EHOMO + ELUM())/Z, where Exomo and Eumo are the
energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular
orbital (LUMO), respectively.

In our density functional calculations, we
compare the follow exchange-correlation
functionals: B3LYP [33-34], B3LYPV1R [43],
B3P86V5 [34], B3PW91 [34], B97 [44], B97-2
[45], B97-3 [46], B97-K [47], CAMB3LYP [48],
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LYP [49], M11 [50], OP [49], PBEO [51],
PW91C [52], VWN [53], VWN1RPA [54], wB97
[65-56], wB97X [55-56], wB97X-D [55-56],
X3LYP [57], BMK [47], dLDF [58], MO05 [59],
MO6 [60]. The results are compared with the data
obtained with the coupled clusters CCSD(T)
method [61]. For all calculations, we use the same
6-311G(2d,2p) basic set [62]. Since we restrict our
study by the only singlet configurations, the
restricted Hartree-Fock method of self-consistent
field calculation is applied. All calculations are
performed with the GAMESS software [63].

As a measure of difference between
geometries, obtained with coupling clusters and
density functional methods, we use the value

&g = %Z |Xcc — Xprrl/Xcc- 1)

Here x is one of the geometric parameters (lgn,
agng OF ansn), N = 9 is the number of terms,
summation is performed over all parameters of all
considered clusters, indices “CC” and “DFT”
correspond to coupled clusters and density
functional methods, respectively. A very similar
value ee is used as a measure of difference of
electronic properties. In this case, X is the chemical
potential p or it means partial Mulliken qm or
Lowdin g charge of boron atoms.

3. Results and Discussion

In all three considered boron nitride structures,
optimized with the coupled clusters method, all
obtained B-N bonds lengths are the same. They are
equal to 1.409, 1.363 and 1.511 A for B2N,, B3N3
and BuNs clusters, respectively. The value for
cubane B4N4 (see Figure 1c) slightly differs from
the earlier reported coupled clusters results (1.492
[64] and 1.505 A [65]). However, the authors of
Ref. [64] performed only single point calculation of
pre-optimized structure, whereas the authors of Ref.
[65] applied the CCSD method with symmetry
constrains. So, reported here CCSD(T) results are
obtained with the higher level of theory and should
be regarded as the most accurate.

In Table 1, we present all geometry parameters
of considered boron nitride clusters. We can see that
the bonds lengths and valence angles, obtained with
the density functional methods, differ from the
coupled clusters data by ~0.01 A and ~I°,
respectively. The calculated electronic parameters
are listed at Table 2. Chemical potentials are
compared well with the each other, whereas partial
charges demonstrate huge dispersions.

Table 1. Geometric parameters sy (A), asns and ansn (degree) of clusters BoN2, B3Nz and BsNg,
obtained with the CCSD(T) method. The differences between lgn, asne and ansn Values, calculated with

the CCSD(T) and DFT approaches, are also listed.

Method B,>N> BsN3 B4N4
len aBNB aANBN len aBNB ANBN Ien aBNB ANBN

CCsD(T) 1409 63.81 116.19 1363 88.32 15168 1511 7537 10291
B3LYP -0.017 0.46 -0.46 -0.010 0.87 -0.87 -0.010 0.18 -0.14
B3LYPVI1R -0.017 0.46 -0.46 -0.010 0.88 -0.88 -0.010 0.18 -0.14
B3P86V5 -0.015 0.31 -0.31 -0.008 0.03 -0.04 -0.011 -0.13 0.10
B3PW91 -0.016 0.27 -0.27 -0.009 -0.22 0.23 -0.012 -0.26 0.20
B97 -0.012 0.56 -0.57 -0.005 -0.09 0.09 -0.006 0.19 -0.15
B97-2 -0.014 0.15 -0.15 -0.008 -0.36 0.36 -0.012 -0.60 0.46
B97-3 -0.017 0.49 -0.49 -0.010 0.03 -0.03 -0.013 0.01 -0.01
B97-K -0.013 0.68 -0.68 -0.007 0.37 -0.37 -0.007 0.00 0.00
CAMB3LYP -0.025 0.71 -0.71 -0.016 1.50 -1.50 -0.018 0.18 -0.14
LYP -0.045 1.42 -1.42 -0.036 2.87 -2.87 -0.042 0.15 -0.12
M11 -0.019 0.84 -0.84 -0.010 0.86 -0.86 -0.011 -0.78 0.59
OoP -0.042 1.36 -1.36 -0.033 2.58 -2.58 -0.039 0.00 0.00
PBEO -0.017 0.25 -0.25 -0.228 -0.37 0.37 -0.014 -0.40 0.31
PW91C -0.044 1.23 -1.23 -0.035 1.94 -1.93 -0.043 -0.25 0.19
VWN -0.045 1.43 -1.43 -0.036 2.87 -2.86 -0.018 0.19 -0.14
VWNI1RPA -0.047 1.44 -1.44 -0.037 2.80 -2.86  -0.043 0.06 -0.04
wB97 -0.017 0.42 -0.42 -0.008 -0.30 0.30 -0.013 -1.13 0.86
wB97X -0.020 0.59 -0.59 -0.011 0.27 -0.27 -0.015 -0.53 0.41
wB97X-D -0.020 0.78 -0.78 -0.011 0.19 -0.18 -0.015 -0.02 0.01
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Table 1 continued

X3LYP -0.018 0.50 -0.50 -0.011 0.98 -0.98 -0.011 0.19 -0.15
BMK -0.026 1.32 -1.32 -0.015 -0.97 0.97 -0.019 0.15 -0.11
dLDF -0.014 0.38 -0.38 -0.009 1.62 -1.62 -0.006 -0.95 0.72
MO5 -0.017 -0.13 0.13 -0.007 -3.23 3.23 -0.014 -1.89 1.42
MO06 -0.022 0.19 -0.19 -0.015 -0.24 0.24 -0.018 -0.67 0.51

Table 2. Chemical potentials p (eV), mean Mulliken qm or Lowdin g, charges of boron atoms (Je|, where
e is the elementary charge) of clusters B,N», BsN3 and B4N4, obtained with the CCSD(T) method. The
differences between the values, calculated with the CCSD(T) and DFT approaches, are also listed.

Method B>N> B3Ns B4N4
u gm Qqu u Qm qu u Qm Ju

CCsD(T) -5.73 -0.437 0.040 -5.60 -0.275 0.128 -6.37 -0.513 0.146
B3LYP -0.20 0.144 0.083 -0.21 0.166 0.066 -0.04 0.178 0.081
B3LYPVI1R -0.29 0.143 0.083 -0.30 0.165 0.066 -0.12 0.177 0.081
B3P86V5 -0.39 0.128 0.082 -0.43 0.142 0.069 -0.25 0.157 0.087
B3PW91 -0.29 0.129 0.081 -0.33 0.140 0.069 -0.16 0.155 0.087
B97 -0.18 0.125 0.072 -0.22 0.150 0.064 -0.04 0.158 0.075
B97-2 -0.18 0.139 0.074 -0.19 0.134 0.061 -0.04 0.169 0.083
B97-3 -0.21 0.116 0.070 -0.26 0.141 0.061 -0.10 0.138 0.075
B97-K -0.17 0.104 0.061 -0.21 0.138 0.057 -0.10 0.135 0.067
CAMB3LYP -0.39 0.147 0.084 -0.41 0.174 0.066 -0.24 0.185 0.084
LYP -0.74 0.018 0.024 -0.75 0.032 0.013 -0.73 0.053 0.038
M11 -0.45 -0.014 0.075 -0.56 -0.055 0.059 -0.40 0.043 0.085
OP -0.62 0.001 0.016 -0.63 0.001 0.006 -0.62 0.027 0.031
PBEO -0.28 0.141 0.081 -0.34 0.152 0.072 -0.17 0.189 0.092
PW91C -0.82 0.003 0.021 -0.87 -0.002 0.015 -0.85 0.025 0.045
VWN -1.13 -0.006 0.010 -1.12 -0.003 -0.004 -1.12 0.021 0.022
VWNI1RPA -1.60 -0.009 0.009 -1.59 -0.004 -0.004 -1.59 0.020 0.022
wB97 -0.28 0.134 0.069 -0.37 0.145 0.059 -0.21 0.165 0.082
wB97X -0.29 0.130 0.070 -0.36 0.148 0.060 -0.24 0.184 0.088
wB97X-D -0.26 0.103 0.066 -0.32 0.130 0.059 -0.14 0.118 0.073
X3LYP -0.25 0.146 0.084 -0.27 0.170 0.067 -0.10 0.845 0.082
BMK -0.30 0.024 0.054 -0.39 0.135 0.069 -0.20 0.094 0.071
dLDF -0.66 0.081 0.033 -0.66 0.069 0.008 -0.62 0.099 0.033
MO05 -0.13 0.120 0.066 -0.28 0.171 0.066 -0.04 0.124 0.086
MO06 -0.27 0.074 0.068 -0.33 0.095 0.053 -0.13 0.038 0.074

The mean geometry and electronic errors (g  Whereas the OP and VWN provide the best matches
and &), calculated with different exchange-  of electronic properties. OP and VWN functionals
corrected functionals using formula (1), are  also provide the minimal values of g + €. Using of
collected at Table 3. We conclude that B3P86V5  popular B3LYP and PBEQ functionals results in
and B97 functionals reproduce well the geometries,  higher errors £g and ge.
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Table 3. The values of mean errors &g and & for
different exchange-corrected functionals (see
formula (1) for details). The sums of two errors
are also presented.

functional &g &e ggt e
B3LYP 0.0063 0.5003  0.5066
B3LYPV1R 0.0063 0.5045 0.5108
B3P86V5 0.0038 0.4981  0.5019
B3PW91 0.0047  0.4892  0.4939
B97 0.0039 0.4476  0.4515
B97-2 0.0051 0.4558  0.4609
B97-3 0.0045 0.4319 0.4364
B97-K 0.0047 0.3905 0.3952
CAMB3LYP 0.0099 0.5224 0.5323
LYP 0.0195 0.1777  0.1972
M11 0.0089 0.3862  0.3951
OoP 0.0177  0.1151  0.1328
PBEO 0.0233 0.5108 0.5341
PW9I1C 0.0172 0.1605  0.1777
VWN 0.0178 0.1190 0.1368
VWNI1RPA 0.0196 0.1438 0.1634
wB97 0.0073 0.4501 0.4574
wB97X 0.0069 0.4631 0.4700
wB97X-D 0.0061 0.4082 0.4143
X3LYP 0.0069 0.6547 0.6616
BMK 0.0105 0.3620 0.3725
dLDF 0.0087 0.2304 0.2391
MO5 0.0140 0.4413  0.4553
MO06 0.0068 0.3708  0.3776
4. Conclusion

In the study presented, we perform a
comparable analysis of density functional

approaches applied to the small boron nitride
clusters. The data obtained provide a reasonable
choice of the most suitable exchange-corrected
DFT-functional for strained BN-systems numerical
simulation. We consider that the reported results
stimulate further density functional studies not only
of pristine boron nitrides, but also of their strained
analogues such as prismanes, non-classical
fullerenes, and silicic cages both in molecular and
crystalline forms.
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1. Introduction

Corrosion means the gradual destruction of
materials by chemical and/or electrochemical
reaction with their environment [1-3]. Controlling
and stopping corrosion is so important for
industries. Corrosion affects people and industries
and their environment. Investigations of anti-
corrosive properties, therefore, are important and
will continue throughout human life. Large
investments are made in this regard and many
experiments are carried out. Inhibitors are used in
corrosion prevention and their efficiency ranking
can be learned by experimental or computational
methods [4-12]. Computational research has many
advantages and gives important results to
experimental  works. There are a lot of
computational research over corrosion in literature.

Selected mono azo naphthylamine dyes have
been synthesized by Mabrouk et al. in 2011 and
their corrosion inhibition efficiencies have been
investigated toward aluminum in 2M HCI solutions
[13]. In their study, weight loss, thermometry and
galvanostatic polarization techniques have been
used. In this study, mentioned inhibitors are
investigated via computational methods. HF,
B3LYP and MO062X methods are used with 6-
31G(d) basis set in calculations. Fully
optimizations are carried out and some quantum
chemical descriptors are determined. These
descriptors are energy of the highest occupied
molecular orbital (EHOMO), energy of the lowest
unoccupied molecular orbital (ELUMO), energy
gap among frontier molecular orbitals (EGap),
chemical hardness (1), chemical softness (o),
absolute electronegativity (), electrophilicity index
(o) and (N). These
descriptors are often used in foreseeing the
inhibition efficiency ranking on inhibitors or
reactivity ranking of chemicals. These parameters
are calculated from results of optimized structures
in each level. Then, experimental inhibition
efficiency ranking is compared with calculated
results. In this way, the best calculation level is
determined. This level is used in the prediction of
corrosion mechanism and in the derivation of
theoretical formula. In the determination of
corrosion mechanism, molecular electrostatic
potential (MEP) map, MEP contour, contour
diagram of HOMO and LUMO, natural bond

nucleophilicity  index

orbital (NBO) analyses and Fukui functions are
used. Additionally, the most compatible descriptors
are determined by regression analyses.

2. Method

Computational investigations of mono azo
naphthylamine dyes were performed via Gaussian
package program which are Gauss View 5.0.8 [14],
Gaussian 09 1A32W-G09RevA.02 [15] and
Gaussian 09 AML64-G09RevD.01 [16]. Pre-
calculations were done by personal computers and
full calculations were carried out via Linux server
in TUBITAK TR-Grid from TURKEY.
Additionally, ChemBioDraw  Ultra  \ersion
(13.0.0.3015) program was used in preparation of
some figures [17]. Hartree-Fock (HF) [18] and
hybrid density functional theory (DFT) functionals,
B3LYP [19] and M062X [20] methods, was used in
calculation with 6-31G(d) basis set. No imaginary
frequency was observed in results of calculation.
Mentioned quantum chemical descriptors are via
Eq. (1) - (9) [21-28]. In calculation of these
parameters, Koopmans theorem was taken into
account [29]. Fukui functions for nucleophilic

attack (fk+), electrophilic attack (fk') and radicalic

attack (fko) are calculated [30]. For a systemof N

electron, fully optimizations are performed at the
same level of theory for corresponding systems of
(N +1) and (N — 1) electron. The natural population
analysis yields to Px(N — 1), Px(N) and Pk(N + 1);
the population for all k atoms.

I'=—Eyomo @
A= —=Eyno @
Ecar = ELumo — Enomo Q)
n= -4 _ ELUMO - EHOMO (4)
2 2
1
og== ®)
n
¥ = |1 +A| _ |_EH0MO - ELUMO| (6)
2 2
CP=—y @)
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3. Results and discussion

3.1. Optimized Geometry

Investigated inhibitors are optimized at HF/6-
31G(d), B3LYP/6-31G(d) and MO062X/6-31G(d)
levels in gas phase. Schematic and optimized
structures of studied inhibitors are given in Fig. 1.
Calculated quantumchemical descriptors are given
in Table 1 at HF/6-31G(d), B3LYP/6-31G(d) and
MO062X/6-31G(d) levels.

The energy of HOMO s significant descriptors
in explanation of anti-corrosion properties of
related molecules. The high value of its means that
inhibitor may easily coordinate to metal surface by
giving electrons. Hence, inhibition efficiency of
inhibitors increases with increasing of Enomo. The
energy value of LUMO is a descriptorwhich is used
by researcher in determination of inhibition
efficiency ranking. Tendency of coordinating
increases with the lower energy value of LUMO.
Another descriptor is energy gap between frontier
molecular orbitals. Electron mobility is important
subject in explanation of anti-corrosive properties
of inhibitors. Electron mobility increases with
decreasing of energy gap. Hence, anti-corrosive
properties of inhibitors increase with decreasing of
EGAP. In addition to these parameters, chemical
hardness and chemical softness is considerable
descriptor. Since, metallic bulks are known as
chemical soft structure. They prefer to interact with
soft molecule. Thence, the increasing of chemical
softness increases the inhibition efficiency of
molecules. Another parameter is electronegativity.
Decreasing of electronegativity implies the
increasing of anti-corrosion properties. The last

parameters are electrophilicity and nucleophilicity
indexes. Increasing of nucleophilicity index or
decreasing of electrophilicity index increases the
coordination tendency of inhibitor against metallic
surface. Therefore, it is expected that inhibition
efficiency  increases  with  increasing  of
nucleophilicity index  According to above
explanations, inhibition efficiency ranking for each

descriptor should be as follow.

According to EHomo

According to ELumo

According to Ecap

According ton and o

According toy

According to® and N

(V) > (1)) > (1) > (1) (HF)
(V) > (1) > (1) > (1) (B3LYP)
(V) > (1 > (11 > (1) (M062X)
iy > (V) > (1) > (1) (HF)
1y > (1) > (V) > () (B3LYP)
(1) > (1) > (V) > (1) (M062X)
(V) > () > (1) > (1) (HF)
)y > (1) > (V) > (1) (B3LYP)
an > > (V) > (1) (M062X)
(V) > (1) > (1) > (1) (HF)
@y > (1) > (IV) > (Il (B3LYP)
an > > (V) > (1) (M062X)

(V) > () > (1) > (1) (HF)
(V) > (1)) > (1) > (1) (B3LYP)
(V) = (1) > (1) > (1) (M0OB2X)

(V) >y > (1 > ) (HF)

(N > (V) > (1) = (1) (B3LYP)
@y > (V) > (1) > (1) (M062X)

According to above ranking the most
compatible ranking is obtained at HF/6-31G(d)
level in the gas phase. Hence, this level is taken into
account for other calculations. Additionally,
calculated general inhibition efficiency ranking is
found as follow:

(V) >y >@an >

Above ranking is in agreement with
experimental results. In addition to this result, it is
found that electron releasing group (-OCH3)
increases the inhibition efficiency of inhibitor while
electron donating group (-COOH) decreases the
inhibition efficiency of inhibitors.
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Fig. 1. Schematic and optimized structures of studied mono azo naphthylamine dyes at HF/6-31G(d) level

in gas phase.

Table 1. Calculated descriptors for inhibitor (I) — (IV) at related levels in gas phase

Inhibitors Enomo!  Erumo!  Ecar! 1t o? x o! N2
HF/6-316(d)

Inhibitor (1) -7.614 2.039 9.653 4,827 0.207 2.788 0.805 1.242
Inhibitor (1) -7.602 1.974 9.575 4,788 0.209 2.814 0.827 1.209
Inhibitor (1) -7.325 1.932 9.257 4.629 0.216 2.696 0.785 1.273
Inhibitor (1V) -7.303 1.946 9.249 4.624 0.216 2.679 0.776 1.289
B3LYP/6-31G(d)

Inhibitor (1) -5.510 -2.218 3.292 1.646 0.607 3.864 4,536 0.220
Inhibitor (II) -5.495 -2.221 3.274 1.637 0.611 3.858 4545 0.220
Inhibitor (1) -5.223 -1.887 3.337 1.668 0.599 3.555 3.787 0.264
Inhibitor (1V) -5.204 -1.890 3.314 1.657 0.604 3.547 3.797 0.263
M062X/6-31G(d)

Inhibitor (1) -6.757 -1.282 5.475 2.737 0.365 4,019 2.951 0.339
Inhibitor (1) -6.742 -1.306 5.436 2.718 0.368 4,024 2.978 0.336
Inhibitor (1) -6.518 -0.983 5.535 2.768 0.361 3.750 2.541 0.394
Inhibitor (IV) -6.497 -1.002 5.495 2.747 0.364 3.750 2.559 0.391

LineV, 2in eV!

Table 2. Calculated quantum chemical descriptors of inhibitor (I) — (IV) at HF/6-31G(d) level in

aqua

Inhibitors Enomo? ELumo!  Esar! 1t o’ x o' N2
Inhibitor (1) -7.913 1.668 9582 4791  0.209 3.122 1.018 0.983
Inhibitor (II) -7.763 1.310 9.074 4537 0.220 3.226 1.147 0.872
Inhibitor (1) -7.662 1.522 9.184 4,592 0.218 3.070 1.026 0.974
Inhibitor (V) -7.596 1.597 9193 4597 0.218 3.000 0.979 1.022

LineV, 2in eVv?
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3.2. Optimization of Inhibitors in Aqua

Investigated compounds are re-optimized at
HF/6-31G(d) level in aqua. Related quantum
chemical descriptors are re-calculated and given in
Table 2.

In terms of quantum chemical descriptors in
Table 2, inhibition efficiency ranking of related
compounds should be given as follow:

(V) >y >y >
(m >n >3av) >
z(an > >av) >
an >@am >av) >
(V) >y > >
(v) > >y >

According to EHomo
According to ELumo
According to Ecar
According tom and o
According toy
According to ® and N

Results in aqua show that these calculations are
inadequate in explanation of the anti-corrosion
properties. It is determined that computational
investigations in water is not appropriate for our
studied molecules.

3.3. Prediction of Corrosion Mechanism

The most important stage in corrosion research
is determination of corrosion mechanism. If
mechanism is determined close to truth, it may be
easier to recommend the inhibition efficiency and
the anti-corrosive molecules. The first one is
contour diagram of frontier molecular orbital and
they are represented in Fig. 2.

HOMO LUMO
-_ A | - A ]
-4.159x1072 +4.159x1072 -4.380x1072 +4.380x1072
9 o
iﬂ
Inhibitor (I) S
@
7 4]
9
[ . A |
-4.155x10'2‘ +4.155x1072 -4.312x1072 +4.312x102
Inhibitor (IT) )
2
[ . A .
-2.677x1072 +2.677x1072 -2.739x1072 +2.739x107?
Inhibitor (IIT) .
[ . A - - R .
-2.790x1072 +2.790x1072 -2.731x1072 +2.731x1072
Inhibitor (TV) M

Fig. 2. Contour diagram of frontier molecular orbitals of related compounds at HF/6-31G(d) level in gas

phase.
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According to Fig. 2, if molecule gives electrons to
the metal surface, they belong to HOMO and these
electrons are mainly delocalized on the molecule
surface. These results showed that  electrons have
a significant effect on corrosion protection.
Additionally, electron density at HOMO of
inhibitor (III) and (IV) is more than those of
inhibitor (I) and (I1). It is expected that corrosion
inhibition efficiency of (111) and (IV) is better than
those of inhibitor (I) and (ll). As for the contour
diagram of LUMO, if studied compounds accept
electron from metal, these electrons will be mainly
delocalized on the structure. The other part to be
examined is MEP maps and contours. They
calculated at HF/6-31G(d) level in gas phase and
represented in Fig. 3.

According to Fig. 3, the reactivity of heteroatoms is
not as much as expected. Because there are not so
many red or yellow regions in the environment of
heteroatoms. Additionally, it is easily seen that the
steric effects are dominant in the environment of
heteroatoms. In determination of corrosion
mechanism, molecular structure is so important. If

MEP Maps

-8.697x1072

Inhibitor (I)

optimized structures are examined in detail,
molecular planarity in inhibitor (lII) and (IV) is
more than those of others. It is understood that
surface area among related inhibitors and metal is
more than those of others. Also, inhibition
efficiencies of inhibitor (Ill) and (IV) are better
than those of inhibitor (I) and (II). The other
important stage is the determination of corrosion
mechanism is NBO analyses. The stabilization
energy of the second order perturbation theory is
mainly associated with delocalization. Lower
stabilization energy is mean that better inhibition
efficiency. The lowest stabilization energy is
calculated as -506.27, -2057.92, -530.24 and -
453.69 kcal mol! for inhibitor (I) — (IV),
respectively. According to these results, it is
expected that inhibitor (IV) is the best corrosion
inhibitor. The last one is Fukui functions for
electrophilic, nucleophilic and radicalic attacks.
Fukui functions are calculated at HF/6-31G(d) level
in gas phase via using Eq. (10) — (12) and they are
given in Table 3 for heteroatoms.

MEP Contours

+8.697x102

s
P
:g%9 e
299 &4

2> 0;#!,
>,

2

—
+7.639x102

+8.706x1072

Fig. 3. MEP maps and contours of investigated chemicals at HF/6-31G(d) level in vacuum.
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Table 3. Calculated condensed Fukui functions for heteroatomin mentioned molecules

Inhibitors Atoms Pk(N+1) P(N) P(N-1) fk+ f ko f,
N1 7.434 7.191 7.105 0.24292 0.16463 0.08634
5 N2 7.397 7.129 6.738 0.26769 0.329545 0.39140
s~ o1 8.735 8.737 8.748 -0.00218 -0.00693 -0.01167
% ~ 02 8.789 8.771 8.765 0.01749 0.01178 0.00607
= 03 8.748 8.681 8.683 0.06744 0.03251 -0.00242
o4 8.756 8.782 8.761 -0.02524 -0.00225 0.02074
N1 7.426 7.190 7.109 0.23628 0.15884 0.08140
s N2 7.407 7.143 6.744 0.26375 0.33169 0.39963
S o1 8.726 8.726 8.747 0.00018 -0.01036 -0.0209
% = 02 8.769 8.745 8.734 0.02369 0.01757 0.01145
= 03 8.750 8.681 8.685 0.06873 0.03268 -0.00337
04 8.756 8.782 8.761 -0.02591 -0.00241 0.02109
N1 1.476 7.224 7.107 0.25161 0.18440 0.11719
§ - N2 7.348 7.134 6.755 0.21450 0.296435 0.37837
S = 01 8.732 8.718 8.746 0.01448 -0.00699 -0.02847
'E = 02 8.787 8.773 8.765 0.01422 0.01092 0.00762
03 8.589 8.587 8.605 0.00184 -0.00783 -0.01750
o N1 7.466 7.218 7.108 0.24792 0.17882 0.10972
S _ N2 7.361 7.147 6.762 0.21373 0.29922 0.38471
2> 01 8.723 8.710 8.745 0.01281 -0.01110 -0.03500
E = 02 8.771 8.746 8.734 0.02504 0.01843 0.01182
03 8.590 8.588 8.606 0.00178 -0.00809 -0.01797

According to Table 3, N2 atom is appropriate

for electrophilic, nucleophilic and radicalic attacks
in inhibitor (I) and () while N1, N2 ve N2 atoms
is appropriate for nucleophilic, radicalic and
electrophilic attacks, respectively in inhibitor (I11)
and (IV).
As aresult, The N1 and N2 atoms are in the interior
of themolecules and sterically crowded. Thence, it
is thought that inhibitors will protect the metal
horizontally rather than a single point. Also, due to
their planarity, inhibition efficiencies of inhibitor
(11 and (IV) are better than those of (I) and (11).
In terms of NBO analysis, inhibitor (IV) is the best
molecule in protection of metal in corrosion. All
these results are appropriate with experimental
results. The inhibitors coverthe surface ofthe metal
horizontally.

3.4. Regression Analyses and Theoretical
Formula

Regression analyses is important step in search
of harmony between experimental and calculated
results. The scatter graphs are plotted by using
experimental inhibition efficiencies and quantum
chemical parameters. These graphs are represented
in Supp. Fig. S1 — S6 for each quantum chemical
descriptors, respectively. According to these

graphs, Enomo, ELumo, Ecap and chemical softness
are the most compatible descriptors. They are used
to derived new theoretical formula for derivatives
of mono azo naphthylamine dyes. This formula is
given in Eq. (13).

%IE porix = 5504.34 X Eyouo + 5599.49 X
E,ymo — 5530.34 X Eg,p + 666.49 X 0

Eqg. (13) is obtained by regression analysis and
matrix solution.  BExperimental inhibition
efficiencies of inhibitor (I) — (IV) have been
reported as 81.08, 83.76, 87.19 and 8873,
respectively while they calculated as 81.00, 83.68,
87.11 and 88.65, respectively. The scatter graph is
plotted by using these values and represented in
Fig. 4.

90y~ 0.9001%

R*=1 ']

Experimental Results

80
80 82 84 86 88 90
Calculated Results

Fig. 4. The scattergraph between experimental
and calculated inhibition efficiencies.
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According to Fig. 4, correlation coefficient (R?)
indicates the orientation between the experimental
and calculated results. The orientation is good for
our studied molecules. The agreement between
related results can be handled by graphic slope.
Graphic slope of our graphic is calculated as
0.9991. It indicates that, there is a well agreement
between experimental and calculated results.

4. Conclusion

Studied mono azo naphthylamine compounds
are optimized at HF/6-31G(d), B3LYP/6-31G(d)
and M062X/6-31G(d) levels in gas phase. Quantum
chemical descriptors of mentioned molecules are
calculated in each level and compared with
experimental ones. The best method is determined
as HF/6-31G(d) level and this level is taken into
consideration in calculation of MEP maps, MEP
contours, HOMO and LUMO contour diagram,
NBO calculations, optimization in water and
condensed Fukui functions. All quantum chemical
parameters are compared with experimental
inhibition efficiency and compatible descriptors are
determined by regression analyses. Then, a new
theoretical formula for aluminum is derived by
matrix solution. The well agreement is calculated
between experimental and calculated inhibition
efficiencies.
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