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ARTICLE

Conformational, spectroscopic, optical, physicochemical and
molecular docking study of 4-methoxy-benzaldehyde oxime and
4-hydroxy-3-methoxy-benzaldehyde oxime
Yunus Kayaa, Ilhan Kucuka and Asli A. Kayab

aFaculty of Engineering and Natural Sciences, Department of Chemistry, Bursa Tech University, Bursa, Turkey;
bFaculty of Arts and Sciences, Dept. Physics, Bilecik Seyh Edebali Univ, Bilecik, Turkey

ABSTRACT
In this study, the conformational, spectroscopic, optical, physicochemical
andmolecular docking studies of two oximemolecules, namely 4-methoxy-
benzaldehyde oxime (mboH) and 4-hydroxy-3-methoxy-benzaldehyde
oxime (hmboH) were reported. The conformational analyses and spectro-
scopic properties were performed by DFT/B3LYP method and 6–311++G(d,
p) basis set to find the most probable geometries of both molecules. The
optical properties, energy gap and nonlinear optical (NLO) properties were
investigated in different solvents which are benzene, chloroform, ethanol,
dimethyl sulfoxide (DMSO) and water. Some physicochemical properties
were also performed. The stability of the mboH and hmboH arising from
hyper-conjugative interaction and charge delocalisation has been analysed
using natural bond orbital (NBO) analysis. The stability of the molecules
arising from hyper conjugative interactions and charge delocalisation has
been also analysed using NBO study. In addition, molecular docking studies
with DNA and protein structures to find the most preferred binding mode
of the ligands inside the DNA and protein cavity.
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1. Introduction

Oxime molecules as a structure played a significant role in the theoretical chemistry [1–5]. Since
the oxime group possesses two heteroatoms such as the nitrogen and oxygen atoms, these
molecules show interesting electronic future. These type molecules are also synthesised by
experimentalists due to their potential coordination behaviour [6–8]. Generally, the coordination
occurs via the nitrogen atom. In addition, these type molecules, structures and electronic proper-
ties are important as theoretically or experimentally, due to the fact that they showed versatile
antimicrobial activity [9–11] and they exhibited high DNA binding affinity as well as significant
cytotoxic activity [12–15].

With the development of computer science in recent years, many important chemical and
physical properties of chemical systems can be obtained by various calculation techniques [16].
The most popular of these techniques for calculations in theoretical modelling is density func-
tional theory (DFT). In many cases, the results of DFT calculations for solid state systems agreed
quite satisfactorily with the experimental data. DFT predicts a great variety of molecular proper-
ties; geometry, conformational analysis, vibrational frequencies, absorption and emission spectra,
NMR spectra, ionisation energy, magnetic properties, atomic charges, thermodynamic features,
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reaction paths, etc. The theoretical studies on isomerisations, reaction mechanisms and spectro-
scopic properties of some oximes were performed in the literature [1,17–27]. As far as we have
examined, the molecular structures of the mboH and hmboH, experimental and theoretical
spectroscopic properties and some physicochemical properties have not been presented yet in
the literature. Therefore, in this study, the synthesis, characterisation and spectroscopic properties
(IR and UV-vis) were reported as experimentally. In addition, DFT calculations were performed
to explain the structures, spectroscopic properties (IR and UV-vis) and some physicochemical
properties, such as the nonlinear optical (NLO) properties, the molecular electrostatic potential
(MEP), the Frontier molecular orbitals (FMOs), energy gap between HOMO and LUMO orbitals,
atomic charges, Fukui function indices, the first hyperpolarisibility, the natural bond orbital
(NBO) analysis and thermodynamic properties with different temperatures. The molecular dock-
ing studies were performed with Autodock/vina to explain the interaction of mboH and hmboH
with DNA and HSA, since the oxime molecules can be potential antimicrobial activity. These
calculations are precious for providing insight into molecular properties of oxime compounds.

2. Materials and methods

2.1. Instrumentation

All chemicals used in the experiments were purchased commercially and used without further
purification. The elemental analyses for C, H and N were performed using a EuroEA 3000 CHNS
elemental analyser. UV-vis spectra were measured on an Agilent Cary60 spectrophotometer. IR
spectra were recorded on a Perkin Elmer Spectrum Two FT-IR spectrophotometer.

2.2. Synthesis

The mboH and hmboH were synthesised according to the literature [28]. The mboH and hmboH
were prepared by refluxing a mixture of a solution containing respective aldehyde (0.680 g,
4-methoxy-benzaldehyde; 0.761 g, 4-hydroxy-3-methoxy-benzaldehyde; 5 mmol) and 0.400 g
NaOH (5 mmol) are mixed in a flask. 0.348 g hydroxylamine hydrochloride are added in small
portions at a time, the reaction mixture was stirred for 4 h under reflux. The reaction temperature
rose 80 °C. On cooling, a crystalline mass separates out. These reactions are illustrated in
Scheme S1.

mboH: Colour, white. [Yield: 0.722 g, 96%]. Mw: 151.16 g.mol−1. Anal. Found: C, 63.38; H,
5.88; N, 9.31% Calc: C, 63.56; H, 6.00; N, 9.27%. IR(ATR, cm−1): νOH 3320 br, νCH 3009 w,
2976 w, 2940 w, 2842 w, νCN 1627 w, νCC 1608 m, 1576 m, δOH 1418 m, νNO 964 s.

hmboH: Colour, white. [Yield: 0.774 g, 93%] Mw: 167.16 g.mol−1 Anal. Found: C, 57.32; H,
5.12; N, 8.44% Calc: C, 57.48; H, 5.43; N, 8.38%. IR(ATR, cm−1): νOH 3444 br, νCH 3011 w,
2945 w, 2867 w, νCN 1647 w, νCC 1599 m, δOH 1430 s, νNO 948 s.

2.3. Computational details

All quantum chemical calculations in this work were carried out using Gaussian 09 software
packed [29]. The energy minimization was carried out for the oxime, methoxy and hydroxy
groups for both molecules. The most stable conformation of the mboH and hmboH were
calculated using DFT with dispersion correction were estimated using the wB97X-D/6–311++G
(d,p) level developed by Grimme and co-workers [30] changing and scanning the dihedral angles
C2-C1-C7-N1 and C3-C4-O2-C8 for mboH and the dihedral angles C2-C1-C7-N1, C2-C3-O3-C8
and C3-C4-O2-H for hbmoH. The structures of mboH and hmboH were reoptimized at the
Becke–Lee–Yang–Parr functional (B3LYP) method [31] with 6–311++G(d,p) basis set. Harmonic
frequencies of the both molecules were calculated at the same method and basis set to find local
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minima, and all calculated frequencies are positive. The optimised structural parameters were
used for all of the spectroscopic, molecular docking and physicochemical calculations, such as
FMOs, MEP map, energy gap between HOMO and LUMO orbitals, the NBO analysis, thermo-
dynamic and NLO properties in this study.

The harmonic vibrational frequencies obtained calculations were scaled by 0.958 [32] for
4000–1700 cm−1 and 0.978 [33] for 1700–400 cm−1 ranges, respectively. Vibrational band assign-
ments were made using the GaussView molecular visualization program [34]. Transition energies
and oscillator strengths for electronic excitation to the first 12 singlet-to-singlet excited states of
the title compounds were calculated using TDDFT with the CAM-B3LYP/6–311++G(d,p) level. In
addition, electronic absorption spectra were calculated in EtOH solution using the CPCM
method.

In order to the detailed information about reactivities of mboH and hmboH, chemical
reactivity parameters, chemical hardness (η) [35], chemical potential (μ) [35], and electrophilicity
index (ω) [36] were evaluated from HOMO and LUMO energies. On the other hand, dipole
moment is a useful index for the description of interactions between two chemical species.
Therefore, the larger the dipole moment is, the stronger the van der Waals interaction will be.
The chemical hardness (η) and the chemical potential (μ) are fundamental indicators of the
stability and overall reactivity of a chemical system. The electrophilicity index (ω) allows quanti-
tative description of the global electrophilic or nucleophilic nature of chemical species, physically
signifying the propensity of chemical species to accept electrons.

2.4. Molecular docking

Molecular docking studies were performed using Autodock/Vina program [37]. The PDB formats
of the mboH and hmboH were obtained by converting their out files using Autodock software.
The crystal structures of B-DNA (PDB ID: 1BNA) and HSA (PDB ID: 5FCT) were retrieved from
the Protein Data Bank. Visualisation of the docked systems was performed using Discovery Studio
3.5 software. The binding sites were centred on the DNA and HSA, and a grid box was created
with 60 × 60 × 60 points and a 0.375 Å grid spacing in which almost the entire macromolecules
were involved. All other parameters were kept at their default values.

3. Results and discussion

The discussions of synthesis and characterisation were presented in Supplementary materials
(Figure S1).

3.1. Conformational analysis and optimised structures

In calculations firstly the potential energy surface (PES) of the compounds were scanned around
the dihedral angles C2-C1-C7-N1 and C3-C4-O2-C8 for mboH and the dihedral anles C2-C1-C7-
N1, C2-C3-O3-C8 and C3-C4-O2-H for hbmoH from 0 to 180° at increments of 10° at wB97X-D/
6–311++G(d,p) level. The PES showed one minimum energy structure for both molecules as seen
in Figure 1. The corresponding dihedral angles in most stable conformers for the mboH and
hmboH molecules were calculated as ω1 = ω2 = 0° and ω1 = ω2 = 180°, ω3 = 0°, respectively.
These results clearly indicate that the molecular structures of the title compounds are planar
except methyl group, belongs to Cs point group symmetry as seen in Figure 2.

The molecular structures of mboH and hmboH were optimised by the DFT and B3LYP
method with 6–311++G(d,p) basis set. The bond lengths, bond angles and dihedral angles of
the mboH and hmboH molecules are listed in Table S1, while the optimised structures with
numbering of atoms are shown in Figure 2. The mboH and hmboH molecules consist of 20 and
21 atoms, respectively. These molecules have six CC bonds, one CN bond and one NO bond. In

PHYSICS AND CHEMISTRY OF LIQUIDS 79



addition, the mboH has two CO bonds and one OH bond, while the hmboH has three CO bonds
and two OH bonds. Generally, the molecular geometry is calculated in the gas phase, so the
geometrical parameters may differ from the solid state, owing to the extended hydrogen bonding
and stacking interactions. The average bond distances of CC bond of phenyl rings of mboH and
hmboH molecules calculated by DFT/B3LYP method with 6–311++G(d,p) basis set are 1.396 and
1.393 Å, respectively. The CN double bond and NO single bond of oxime group of both molecules
were calculated at 1.277 and 1.384 Å, respectively. These bond lengths agree well with the reported
results on the oximes [5,38,39]. In the phenyl ring, the σ bond occurs between carbon and
hydrogen atoms. A large attraction is exerted on the valence electron cloud of the hydrogen
atom by the ring carbon atoms resulting in an increase in the CH force constant and in turn
a decrease in the bond length in substitution benzenes. The CH bond lengths were calculated to
have an average of 1.073 Å in the both molecules. The bond length OH shows a comparatively
smaller value (0.974 Å for both molecules). In these molecules, the bond angle C7-N1-O1 116.5°

Figure 1. Potential energy surfaces of a) mboH for rotation ω1, ω2 and b) hmboH for rotation ω1, ω2, ω3 calculated at level of
wB97X-D/6–311++G(d,p).
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for both molecules. The C8-O2-C4 bond angle was calculated at 118.8° in the mboH, while the
bond angle C8-O3-C3 is 118.7° in the hmboH. Some selected dihedral angles are listed in Table
S1. The planarity of the mboH and hmboH can be understood on the angle values to be 0°
and 180°.

3.2. Spectroscopic properties

3.2.1. Vibrational spectra
The mboH and hmboH molecules containing N number of atoms have maximum number of
potentially active observable fundamentals given by 3N-6. The title molecules, mboH and hmboH
consist of 20 and 21 atoms, i.e. 54 and 57 normal vibrational modes. The calculated frequencies
with the intensity less than 10 were not taken into consideration. The vibrational frequencies
obtained for the title compounds with the unscaled B3LYP/6–311++G(d,p) force field is detected
to be slightly greater than the experimental values. The calculated frequency values generally
scaled for comparison of experimental and calculated values, due to improve the agreement
between the predicted and observed frequencies and to compensate for the errors arising from
the basis set incompleteness and to neglect of vibrational anharmonicity. The vibrational frequen-
cies are scaled to 0.958 (above 1700 cm−1) and 0.978 (below 1700 cm−1) for B3LYP/6–311++G(d,
p) level. The resultant scaled frequencies and measured infrared are presented in Tables S2 and S3,
while comparative representations of experimentally and theoretically IR spectra of mboH and
hmboH are given in Figure 3. The band centred at 3320 cm−1 for mboH and 3444 cm−1 for
hmboH correspond to the vibration of the hydroxyl group. These stretching vibrations were
calculated at 3472 and 3617 cm−1, respectively. The deviation between the experimental and
calculated values seems to be significant for the hydroxyl groups frequencies with a difference of
152 and 173 cm−1, since IR vibration frequencies are calculated anharmonically [40]. The
calculated aromatic and aliphatic CH vibrations were found in the range of 3027–2878 cm−1, in
agreement with the experimental values. The experimental CN bands of oxime group for mboH
and hmboH were observed at 1627 and 1647 cm−1 respectively as weak bands and the calculated
values of this mod were at ca 1633 cm−1 for both molecules. In the IR spectra of mboH and
hmboH, there have been observed two CC vibration bands in both molecules, which are at 1608
and 1576 cm−1 for mboH and 1599 and 1517 cm−1 for hmboH. These bands were calculated at
1613 and 1569 cm−1 for mboH, 1609 and 1514 cm−1 for hmboH. All the CC bands are well within

Figure 2. Optimized structures and atomic numbers of the mboH and hmboH.

PHYSICS AND CHEMISTRY OF LIQUIDS 81



the expected range [41–44]. The most characteristic band in the oxime molecules is NO stretching
vibration. This vibration mode is usually independent of the rest of the modes in the molecule.
The NO stretchings for both oxime molecules were observed at 964 cm–1 in the mboH and
948 cm−1 in the hmboH, as sharp bands, while these vibration modes were calculated at 967 and
971 cm−1, respectively. In addition, the C-O stretching vibrations were observed at ca. 1028 cm−1,
while calculated at 1035 cm−1 for both oxime molecules. Although the calculated vibrational
frequencies in some cases significantly deviate from the experiment, the correlations are very
linear (r2 = 0.9991 for mboH and r2 = 0.9972 for hmboH) as seen in Figure S2.

3.2.2. Uv-vis spectra
The UV-vis. electronic spectra of mboH and hmboH have been investigated by experimental and
theoretical calculation at the range of 800–200 nm in 5 × 10−5 M EtOH solutions and a 10 mm
quartz cuvette. Time dependent density functional theory (TDDFT), allowing for the best
compromise between accuracy and computational cost, has recently emerged as a great tool for
examining the static and dynamic properties of the molecules in their excited states. Therefore,
the absorption bands of the title compounds were assigned based on TDDFT/CAM-B3LYP in
EtOH solution using the CPCM method. First 12 singlet-excited states were calculated to predict
the transition energies. The calculated absorptions with oscillator strengths lower than 0.03 were
not taken into consideration. The calculated and experimental absorption values are listed in
Table S4, while the absorption spectra of both molecules are showed in Figure 4. The mboH and
hmboH display three main absorption bands centred at 295, 265 and 215 nm for mboH and 305,
270 and 215 nm for hmboH in the experimental spectrum. The absorption coefficients (ε) were
calculated as 3021.9, 2111.4 and 14574.3 dm3mol−1cm−1 for mboH, 6773.6, 12,296.5 and
21,233.4 dm3mol−1cm−1 for hmboH, respectively. However, the calculated spectrum shows four
transitions at 266, 251, 207 and 203 nm (fos = 0.5538–0.0511) in the mboH and three transitions at
283, 257 and 215 nm (fos = 0.7157–0.1100) in the hmboH.

Figure 3. Experimantal (blue) and calculated (red) IR spectra of the mboH and hmboH.
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The TDDFT calculation of molecular orbital geometry shows that the highest wavelength of
the both molecules resembles the electronic transition from HOMO to LUMO. This transition
mode is measured to be 295 nm for mboH and 305 nm for hmboH, while calculated 266 and
283 nm, respectively. The other bands the observed in high energy region (λmax = 265 and 215 nm
for mboH and λmax = 270 and 215 nm for hmboH) chiefly formed by two electronic transition
modes HOMO → LUMO+2 and HOMO-1 → LUMO are calculated to be 251 and 207 nm for
mboH, 257 and 215 nm for hmboH with the minor difference of percent. An overview of the
contour plots and relative energy of occupied (HOMO) and unoccupied (LUMO) molecular
orbitals help explain the assignment of the calculated orbital excitations to the experimental band.
The HOMO-1 and LUMO+2 orbitals are mainly located on one of the phenyl side, while HOMO,
LUMO and LUMO+3 orbitals are localised on the oxime and phenyl groups in the both
molecules. All of the calculated molecular orbitals have π character. Therefore, all electronic
transitions can be ascribed to the π→π* transitions for both molecules.

3.3. Optical properties

3.3.1. Nonlinear optical properties (NLO)
A good NLO material () has been frequently used in telecommunications, signal processing,
optical interconnections and optical memory devices. Organic molecules able to manipulate
photonic signals efficiently are of importance in technologies. Theoretical studies on elec-
tronic properties have been done in order to understand the microscopic origin of nonlinear
behaviour of the different organic molecules. First hyperpolarisibility is a third rank tensor
that can be described by a 3 × 3 × 3 matrix. The 27 components of the 3D-matrix can be
reduced to 10 components due to the Kleinman symmetry [45]. The components of β are
defined as the coefficients in the Taylor series expansion of the energy in the external
electric field. When the external electric field is weak and homogeneous this expansion
becomes:

E ¼ E0 � μiFi � 1=2αijFiFj � 1=6βijkFiFjFk þ 1=24γijkl (1)

where E0 is the energy of the unperturbed molecules, Fi the field at the origin and μi, αij and βijk
are the components of dipole moment, polarizability, and the first hyperpolarisability,

Figure 4. Experimental (blue) and calculated (red) electronic spectra of (a) mboH and (b) hmboH.
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respectively. The total static dipole moment (µ), the linear polarizability (α) and the first
hyperpolarisability (β) using the x, y, z components are calculated using the following equa-
tions [46]:

μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2x þ μ2y þ μ2z

q
(2)

α ¼ αxx þ αyy þ αzz
3

(3)

β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðβxxx þ βxyy þ βxzzÞ2 þ ðβyyy þ βxxy þ βyzzÞ2 þ ðβzzz þ βxxz þ βyyzÞ2

q
(4)

Since the x, y, z components of α and β of Gaussian 09 output are reported in an atomic mass unit
(a.u.), the calculated values have been converted into Å3 and electrostatic unit (e.s.u.) using (for):1 a.
u. = 0.1482 Å3; for β: 1 a.u. = 0.0086393 × 10−30 e.s.u.). The dipole moment (µ), the linear
polarisability (α) and the first hyperpolarisability (β) were calculated in vacuum at the B3LYP/
6–311++G(d,p) level for the mboH and hmboH. In addition, the NLO properties were investigated
using polarised continuum model (PCM) [47] with same level in different solvents which are
benzene, chloroform, ethanol, dimethyl sulfoxide (DMSO) and water, and presented in Table 1.

The calculated dipole moment (µ) is 1.987 and 2.899 D in vacuum for mboH and hmboH,
respectively. These values were calculated at 2.428 and 3.434 D in benzene (ε = 2.28), at 2.699 and
3.688 D in chloroform (ε = 4.81), at 2.919 and 3.985 D in etnaol (ε = 24.60). Then the rate of
increase of dipole moment declined and almost stabilised for DMSO and water. These changes are
better seen in Figure 5. The linear polarizability (α) for mboH and hmboH were calculated 18.067
and 18.573 Å3 in vacuum, respectively. This value also increases with increasing dielectric
constants in different solvents, and then fixed as similar to dipol moment values (Figure 5).
The calculated first hyperpolarisibilities (β) of mboH and hmboh in vacuum are 6.102 × 10−30 and
6.910 × 10−30 e.s.u. These results indicate that the hmboH molecule possesses better NLO
properties than the mboH. The high β value and µ value different from zero indicate that the
both molecules might be a good candidate of NLO material and can also be considered to be an
important class of compounds in medical chemistry.

3.3.2. Energy gap between HOMO and LUMO orbitals determination of mboH and hmboH
The UV-vis absorbance spectra of thin films (an average thickness of 1 µm) were used to
determine the analysis of optical gap of mboH and hmboH using the Tauc relation, as given
following equation [48].

αhν � hν� Eg
� �n

where α is the absorption coefficient in cm−1, Eg is the energy gap between HOMO and LUMO orbitals,
and hν is the photon energy. The Eg of the mboH and hmboH are obtained by extrapolation to α = 0
when n = 2 for a direct allowed transition and n = 1/2 for an indirect allowed transition. The absorption
data is fitted to the equation for direct energy gap between HOMO and LUMO orbitals transition of

Table 1. The dipole moments (µ), the linear polarizabilities (α) and the first hyperpolarizabilitis (β) in the different solvents for
mboH and hmboH.

Gas
(ε = 1.00)

Benzene
(ε = 2.28)

Chloroform
(ε = 4.81)

Ethanol
(ε = 24.60)

DMSO
(ε = 47.00)

Water
(ε = 78.54)

μ (D) mboH 1.937 2.428 2.699 2.919 2.945 2.977
hmboH 2.899 3.434 3.688 3.985 4.008 4.049

α (Å3) mboH 18.067 21.196 22.968 24.374 24.548 24.692
hmboH 18.573 21.858 23.729 25.239 25.420 25.596

β (×10−30 e.s.u.) mboH 6.102 9.322 11.733 13.953 14.283 14.477
hmboH 6.910 10.839 13.852 16.871 17.067 17.726
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mboH and hmboH. Figure 6 shows (αhν)2 versus hν for a direct allowed transition. As shown in Figure 6
and Table S6, the mboH and hmboH show a perfect fit and the extrapolation yielding Eg values of 4.326
and 4.282 eV, respectively for direct allowed transition. The theoretical energy gap between HOMO and
LUMO orbitals values of mboH and hmboH were calculated as 4.733 and 4.542 eV, respectively with
B3LYP/6–311++G(d,p) level.

3.4. Physicochemical properties

Some physicochemical properties, such as Mulliken and NBO charges (Table S5 and Figure S3),
FMOs (Table S6 and Figure S4), MEP (Figure S5) and thermodynamic properties (Table S7 and
Figure S6) were discussed in supplementary materials [49–56].

3.4.1. Fukui function indices
Fukui function plays the important role in determining whether the molecule will accept or
donate electrons which are more prone to undergo a nucleophilic or an electrophilic attack,

Figure 5. The change of the dipole moments (µ), the linear polarizabilities (α) and the first hyperpolarizabilitis (β) in the
different solvents for mboH and hmboH.
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respectively. Partial atomic charges and atomic Fukui function indices are good indicators of
selectivity, that is, the region on the molecule on which certain type of reactions is likely to occur.
The regions of a molecule where the Fukui function is large are chemically softer than the regions
where the Fukui function is small. The atomic Fukui functions calculated from the Mulliken or
NBO atomic charges, but the NBO charges give better results than Mulliken charges [57]. The
Fukui function indices have been calculated by taking the finite difference approximations in both
oxime molecules:

fþ ¼ qNþ1 � qN
� �

f� ¼ qN � qN�1

� �

Here ‘q’ is the natural charge of atom in the molecule, that is, the electron density at a point in
space around the molecule. The ‘N’ corresponds to the number of electrons in the neutral
molecule. ‘N + 1’ corresponds to an anion, ‘N-1’ corresponds to a cation, with an electron
removed from the HOMO of the neutral molecule.

The values performed at the ground state geometry based on NBO charges are listed in Table 2.
It has been found that the highest f–value which preferred site for electrophilic attack is the atom
in the molecule is −0.126 in the mboH and −0.115 in the hmboH. From Table 2 indicates that the
reactivity order for the electrophilic case as O2 > C1> O1> N1> C4> C3> C5> C2> C6> C7> C8
for mboH and O2≅ C1> O1> C4> N1> C3≅ C6> O3> C5> C7> C2> C8 for hmboH. Reactivity of
similar atoms of different molecules can also be compared by calculating condensed softness
indices from the Fukui function indices and global softness (S) by using the following equa-
tions [58]:

s+ = f + . S
s− = f – . S

Figure 6. Plot of (αhν)2 versus hν for direct allowed transition of mboH and hmboH (α, absorption coefficient is calculated from
A/d formula, A and d are absorbance and thickness, respectively).
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These equations envisage the most electrophilic site in a molecule has maximum value of s+

while maximum value of s− corresponds to the nucleophilic site in the molecule. The local
reactivity descriptors, s± provides the reactivity tendencies of local site during nucleophilic or
electrophilic attacks. MEPs counter and Fukui function analysis demonstrate that the O2, C1, O1,
N1 and C4 atoms are reactive atoms for electrophilic attack. The both oxime molecules are more
electrophilic attack than nucleophilic attack. These results show mboH and hmboH molecules act
as more biological activity.

3.4.2. NBO analysis
The NBO calculations were performed using DFT/B3LYP method and 6–311++G(d,p) basis set
with Pop = NBO keyword in order to understand various second-order interactions between the
filled orbital of one subsystem and vacant orbital of another subsystem, which is a measure of the
intra-molecular delocalisation or hyper conjugation. The second order Fock matrix was carried
out to evaluate the donor-acceptor interactions in the NBO calculation. For each donor (i) and
acceptor (j), the stabilisation energy (E2) associates with electron delocalisation between i and j is
estimated as [59]

E 2ð Þ ¼ �qi Fij2=εj� εi
� �

where qi is the donor orbital occupancy, εj and εi large diagonal elements, Fij is the off diagonal
NBO Fock matrix element. The corresponding results are presented in Table 3.

In the NBO analysis, large E(2) value shows the intensive interaction between electron-donors
and electron-acceptors, and the greater the extent of conjugation of the whole system. A different
level of π electron delocalisation is observed between C1 = C2, C3 = C4 and C5 = C6 in the both
molecules. The strongest interaction between the lone pair LPO2 with that of antibonding C4-C5,
with stabilisation energies 128.49 and 116.48 kJ/mol, respectively for mboH and hmboH, denotes
larger delocalisation within the phenyl ring system. In addition, a contribution for the molecular
stabilisation of hmboH is further given by the intramolecular interaction formed by the orbital

Table 2. Condensed Fukui function and local softness indices for the both oximes.

Atom qN-1 qN qN+1 f + f− s+ s−

mboH
C1 −0.011 −0.134 −0.152 −0.018 −0.123 −0.004 −0.027
C2 −0.116 −0.157 −0.185 −0.028 −0.041 −0.006 −0.009
C3 −0.229 −0.293 −0.310 −0.017 −0.064 −0.004 −0.014
C4 0.421 0.335 0.266 −0.069 −0.086 −0.015 −0.019
C5 −0.178 −0.229 −0.236 −0.007 −0.051 −0.001 −0.011
C6 −0.131 −0.148 −0.211 −0.063 −0.017 −0.013 −0.004
C7 0.043 0.033 −0.051 −0.084 −0.010 −0.018 −0.002
C8 −0.227 −0.206 −0.230 −0.024 0.021 −0.005 0.005
N1 −0.002 −0.111 −0.208 −0.097 −0.109 −0.021 −0.024
O1 −0.403 −0.523 −0.570 −0.047 −0.120 −0.010 −0.026
O2 −0.410 −0.536 −0.561 −0.025 −0.126 −0.005 −0.028
hmboH
C1 −0.002 −0.117 −0.131 −0.014 −0.115 −0.003 −0.025
C2 −0.255 −0.252 −0.273 −0.021 0.003 −0.004 0.001
C3 0.333 0.259 0.252 −0.007 −0.074 −0.001 −0.016
C4 0.397 0.295 0.236 −0.059 −0.102 −0.013 −0.022
C5 −0.213 −0.233 −0.242 −0.009 −0.020 −0.002 −0.004
C6 −0.095 −0.169 −0.221 −0.052 −0.074 −0.011 −0.016
C7 0.038 0.033 −0.044 −0.077 −0.005 −0.016 −0.001
C8 −0.216 −0.201 −0.230 −0.029 0.015 −0.006 0.003
N1 −0.010 −0.108 −0.195 −0.087 −0.098 −0.019 −0.022
O1 −0.417 −0.522 −0.564 −0.042 −0.105 −0.009 −0.023
O2 −0.552 −0.667 −0.696 −0.029 −0.115 −0.006 −0.025
O3 −0.501 −0.570 −0.586 −0.016 −0.069 −0.003 −0.015
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overlap between LPO3 and O2-H antibonding orbital, with stabilisation energy 6.49 kJ/mol, which
is a consequence of hyperconjugation between methoxy oxygen lone pair electron pairs and
hydroxyl σ* antibonding orbitals, resulting in the formation of intramolecular O-H⋅⋅⋅⋅⋅O hydrogen
bond.

In the case of LP (1) of nitrogen atom (N1) to the antibonding acceptor σ* (O1-H) in the
mboH and σ* (N1-O1) in the hmboH, there is a low stabilisation energy of 2.38 kJ/mol for both
molecules shown in Table 3.

3.5. Molecular docking studies

3.5.1 DNA binding studies
The molecular docking studies were conducted in order to validate the obtained biological and
pharmacological data and to provide understandable evidence for the observed anticancer and
antimicrobial activity of mboH and hmboH molecules. Recently, the well establishes techniques to
calculate the interaction of two molecules such as DNA and ligand or protein and ligand are
presented in the literature. These techniques find the best orientation of ligand that would form
a complex with overall minimum energy. Therefore, the theoretical calculations of the interactions
with DNA and HSA are significant, and these interactions were studied in this and next sections.
It was built to discussion the binding modes using Autodock/Vina program.

In order to obtained the binding site, blind docking was performing on the DNA dodecamer
with a d(CGCGAATTCGCG) sequence (PDB ID: 1BNA). The grid map was set to 60 × 60 × 60
Å3 along the x, y and z axes with 0.375 Å grid spacing. The centre of the grid map was set to
14.779, 20.976 and 8.804 Å. The conformations were ranked based on the lowest free binding
energy. The results of the docking revealed that the mboH and hmboH molecules interactions
with the DNA minor grove, which is C-G rich region, as seen Figure 7. In the mboH, there are
hydrophobic interactions between the mboH molecule atoms and based of DNA, viz., DC9,
DG10, DC11 and DG16, while the interactions of hmboH with DNA (DC9, DC11 and DG16)
are weak hydrogen bonds and hydrophobic interactions. The binding free energies of mboH and
hmboH were calculated to be −23.012 and −25.522 kJmol−1, respectively. The binding free
energies indicate a high binding affinity between the oxime molecules with DNA, and the affinity
of hmboH molecule is higher than that of the mboH molecule.

3.5.2. Docking with protein
Molecular docking is playing an increasingly important role in drug design for the treatment of
many diseases. The graphical user interface program ‘Autodock Tools’ was used to prepare and
analyse the docking simulations and running Autodock/Vina program. This docking software
design as an automated to predict how our molecules may be drug candidates bind to a receptor.

The mboH and hmboH were selected to be docked into the active site of protein (PDB ID:
5FCT) which belongs to the class of proteins exhibiting the property as a Dihydrofolate synthase
inhibitor. The ligands were docked into the functional sites of the respective protein individually
and the docking energies were examined to achieve a minimum value. Autodock/Vina result
indicates the binding position and bound conformation of the mboH and hmboH, together with
a rough estimate of its interaction. Docked conformation, which calculated the lowest binding
energy, was chosen to investigate the mode of binding. The dominating configurations of the
mboH-protein and hmboH-protein complexes are showed in Figure 8. The binding free energies
of the mboH and hmboH with protein were computed to be −26.359 and −25.941 kJ mol−1,
respectively. Molecular docking study revealed that the most stable conformers of the mboH and
hmboH are surrounded by the residues (within 3.5 Å) ASN, HIS, PHE, GLU, ASN (Figure 8).
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Table 3. Second order perturbation theory analysis of Fock matrix in NBO basis for mboH and hmboH.

Donor (i) Type ED/e Acceptor (j) Type ED/e E(2)a (kJ/mol) E(j)-E(i)b (a.u.) F(i,j)c (a.u.)

mboH
C5-C6 π 1.71507 C3-C4 π* 0.38524 91.17 0.28 0.071

C1-C2 π* 0.37797 70.46 0.29 0.063
C3-C4 σ 1.97805 C4-C5 σ* 0.02346 16.57 1.27 0.063
C3-C4 π 1.66413 C5-C6 π* 0.27406 62.89 0.30 0.061

C1-C2 π* 0.37797 92.59 0.30 0.073
C2-C3 σ 1.97424 C4-O2 σ* 0.03022 19.37 1.06 0.063
C1-C2 σ 1.97451 C2-C3 σ* 0.01297 11.76 1.27 0.054

C1-C6 σ* 0.02580 16.02 1.26 0.062
C1-C2 π 1.66249 C5C6 π* 0.27406 82.63 0.29 0.068

C3-C4 π* 0.38524 72.34 0.27 0.062
C7-N1 π* 0.18128 82.63 0.27 0.068

C1-C6 σ 1.97168 C1-C2 σ* 0.02104 16.19 1.26 0.063
C1-C7 σ 1.96999 N1-O1 σ* 0.01855 20.00 0.94 0.060
C7-N1 π 1.95474 C1-C2 π* 0.37797 34.89 0.36 0.054
LPO1 π 1.99228 C7-N1 π* 0.18128 88.16 0.35 0.078
LPO2 σ 1.96337 C4-C5 σ* 0.02346 3.14 1.10 0.026

C3-C4 σ* 0.02914 28.70 1.11 0.078
C8-H σ* 0.00892 12.05 0.94 0.047
C8-H σ* 0.01866 3.18 0.92 0.024

LPO2 π 1.83692 C4-C5 π* 0.27406 128.49 0.34 0.097
C8-H σ* 0.01866 23.18 0.69 0.057

LPN1 σ 1.94815 C1-C7 σ* 0.02505 5.90 0.89 0.032
C7-H σ* 0.03424 38.33 0.79 0.076
O1-H σ* 0.00566 2.38 0.68 0.018

hmboH
C4-C5 σ 1.97442 C3-C4 σ* 0.03647 15.40 1.25 0.061
C4-C5 π 1.64267 C2-C3 π* 0.39581 82.84 0.28 0.067

C1-C6 π* 0.39782 90.29 0.3 0.072
C5-C6 σ 1.97532 C4-O2 σ* 0.01974 16.99 1.06 0.058
C3-C4 σ 1.97081 C4-C5 σ* 0.0218 15.77 1.28 0.062

C2-C3 σ* 0.02383 17.57 1.28 0.066
C2-C3 σ 1.97637 C3-C4 σ* 0.03647 18.24 1.26 0.066
C2-C3 π 1.71276 C4-C5 π* 0.38533 75.40 0.3 0.067

C1-C6 π* 0.39782 71.30 0.31 0.067
C1-C2 σ 1.96980 C1-O3 σ* 0.02833 20.54 1.03 0.064

C1-C6 σ* 0.02463 15.86 1.27 0.062
C1-C6 σ 1.97189 C1-C2 σ* 0.02014 16.11 1.25 0.062
C1-C6 π 1.64215 C4-C5 π* 0.38533 83.09 0.27 0.066

C2-C3 π* 0.39581 86.19 0.26 0.066
C7-N1 π* 0.18192 69.50 0.26 0.062

C1-C7 σ 1.96997 N1-O1 σ* 0.01834 19.83 0.94 0.06
C7-N1 π 1.99076 C1-C6 π* 0.39782 30.88 0.37 0.051
LPO3 σ 1.96017 C3-C4 σ* 0.03647 4.52 1.11 0.031

C2-C3 σ* 0.02383 27.61 1.14 0.078
C8-H σ* 0.00852 11.30 0.95 0.046
C8-H σ* 0.01817 2.85 0.93 0.023
O2-H σ* 0.01233 6.49 0.98 0.035

LPO3 π 1.86321 C2-C3 π* 0.39581 108.62 0.35 0.091
C8-H σ* 0.00852 22.64 0.7 0.057
C8-H σ* 0.01817 22.59 0.7 0.057

LPO2 σ 1.97764 C3-C4 σ* 0.03647 23.39 1.15 0.072
LPO2 π 1.86640 C4-C5 π* 0.38533 116.48 0.35 0.094
LPN1 σ 1.94761 C1-C7 σ* 0.02481 5.90 0.89 0.032

σ C7-H σ* 0.03448 38.58 0.79 0.077
σ N1-O1 σ* 0.01834 2.38 0.68 0.018
σ O1-H σ* 0.00565 4.35 0.82 0.026

LPO1 π 1.89390 C7-N1 π* 0.18192 88.28 0.35 0.078
aE(2) means energy of hyper-conjugative interactions (stabilisation energy).
bEnergy difference between donor and acceptor i and j NBO orbitals.
cF(i,j) is the Fock matrix element between i and j NBO orbitals.
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4. Conclusion

In this work, two oxime molecules, namely 4-methoxy-benzaldehyde oxime (mboH) and
4-hydroxy-3-methoxy-benzaldehyde oxime (hmboH) have been synthesised and characterised
by IR and elemental analysis. After then, the DFT/B3LYP theory has been successfully employed
using 6–311++G(d,p) basis set for mboH and hmboH to support the experimental findings and to
evaluate some important parameters, bond length, bond angle, frequency, Mulliken and NBO
charge distributions, Fukui function indices, HOMO-LUMO energy gap (ΔE), MEP, chemical
reactivity, NLO properties, thermodynamic properties etc. In general, a good agreement mboH
and hmboH experimental and theoretical normal modes of vibrations has been investigated.

In order to study electronic properties of both molecules, the theoretical calculations were
successfully performed by using TDDFT method. The calculated data were in agreement with the
observed data. All electronic transitions of both molecules can be π→π* transition. The nonlinear
optical properties were also investigated with same level in different solvents which are benzene,
chloroform, ethanol, dimethyl sulfoxide (DMSO) and water. The calculated first hyperpolarisi-
bilities (β) of mboH and hmboH in vacuum are 6.102 × 10−30 and 6.910 × 10−30 e.s.u. The β values
of mboH and hmboH are about 16.4 and 18.5 times more than that of standard NLO material
urea. These results indicate that the both compounds might be a good candidate of NLO material
and can also be considered to be an important class of compound inmedical chemistry because if
theirs high electrophilicity indexes (2.978 for mboH and 2.991 for hmboH). The various types of
intramolecular electron interactions and their stabilisation energies were determined by NBO
analysis. The analysis reveals large electron delocalisation within the phenyl ring system. The
predicted MEP figure revealed the negative and positive regions of the molecules.
Thermodynamic parameters, C, S and H increases as the temperature increases which is attributed

Figure 7. Computational docking models (using the Autodock/Vina software) illustrating the interactions between DNA (PDB
code: 1BNA) and mboH, hmboH.
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to the enhancement of the molecular vibration. In the binding process, the binding free energies
of DNA docking of mboH and hmboH were calculated at −23.012 and −25.522 kJmol−1,
respectively. Binding of the both molecules to DNA through minor groove was determined by
molecular docking studies. The mboH and hmboH were selected to be docked into the active site
of the protein 5FCT which belongs to the class of proteins exhibiting the property as
a Dihydrofolate syntase (DHFS) inhibitor and had a minimum binding energies of −26.359 and
−25.941 kJmol−1, respectively.
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