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In this study, 5,17-di(2-antracenylazo)-25,27-di(ethoxycarbonylmethoxy)-26,28-dihydroxycalix[4]arene
has been synthesized from 2-aminoantracene and 25,27-dihydroxy-26,28-diethylacetate calix[4]arene.
In order to identify the molecular structure and vibrational features of the prepared azocalix[4]arene,
FT-IR and 1H NMR spectral data have been used. FT-IR spectrum of the studied molecule is recorded in
the region 4000–400 cm�1. 1H NMR spectrum is recorded for 0.1–0.2 M solutions in DMSO-d6 solution.
The molecular geometry, infrared spectrum are calculated by the density functional method employing
B3LYP level with different basis sets, including 6-31G(d) and LanL2DZ. The chemical shifts calculation
for 1H NMR of the title molecule is calculated by using by Gauge-Invariant Atomic Orbital method by
utilizing the same basis sets. The total density of state, the partial density of state and the overlap pop-
ulation density of state diagram analysis are done via GaussSum 3.0 program. Frontier molecular orbital
(HOMO–LUMO) and molecular electrostatic potential surface on the title molecule are carried out for var-
ious intramolecular interactions that are responsible for the stabilization of the molecule. The experimen-
tal results and theoretical calculations have been compared, and they are found to be in good agreement.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Calix[n]arenes are macrocycles prepared by the base-catalyzed
condensation of p-tert-butyl phenol with formaldehyde [1]. The
cup-shaped macrocycles possess a hydrophobic cavity capable of
binding organic molecules. Calixarenes belong to the important
category of building blocks for supramolecular assemblies [2]
and molecular recognition, and are widely used as receptors for
cations [3,4], anions [5] and also neutral compounds [6]. However,
there are fewer examples of complexation in solution [3] and/or in
interfaces [4]. The binding properties of calix[n]arenes and their
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solubility in organic or aqueous solutions can be tailored by mod-
ification of the upper rim (p-position) and lower rim (hydroxyl).

The identification of the structure of the calix[n]arenes has pro-
vided further facilities to their applications in different areas. The
theoretical studies of the calix[n]arenes have given important
information about the physical and chemical properties of them.
Functionalized calix[n]arenes have received wide attention for a
variety of applications such as recovery of uranium, accelerators
for instant adhesives, ionophoric electronic devices, and phase
transfer agents [5–7]. Chemical modification of the upper or lower
rim with alkyl groups affords amphiphilic calix[n]arenes [8].

Atalay and et al. [9] have carried out to calculate optimal molec-
ular geometry, vibrational wavenumbers and modes of the free
ethene-1,1,2,2-tetrayltetramethylene tetrathiocyanate. Optimized
geometrical parameters and vibrational frequencies of this com-
pound by means of HF and B3LYP with the 6-31G(d) basis set have
been calculated [9]. Structure and conformational equilibrium of
amino and mercaptocalix[4]arenes are studied by Suwattanamala
et al. [10]. Previously, density functional theory (DFT) calculations
of the electronic structure and bonding in meso-tetraphenylmetal-
loporphyrins have been carried out [11]. Johansson and et al.
[12,13] studied the spin distribution in low-spin iron porphyrins
and compared DFT results with coupled cluster calculations for
molecular spin-polarization and charge delocalization in iron
porphyrins.

In recent reports [14–17], we have described the synthesis of
new azocalix[n]arenes. By selective p-substitution on the upper
rim of calix[n]arene, azocalix[n]arene (n = 4,6) derivatives are iso-
lated and characterized in order to study their enol-keto tautomer-
ization in solution and their absorption properties. In order to
extend the calixarene complexing reaction to Fe3+, we have
concentrated on complexation between calix[n]arenes (n = 4,6,8)
and Fe3+ in order to understand the important properties of
calix[n]arene-Fe3+ complexes [18].

In the present study, we have reported the synthesis, character-
ization and molecular structure of the title molecule. We have
attempted to understand the 25,27-dihydroxy-26,28-diethylace-
tate-5,11-di(2-antracenylazo)calix[4]arene. Theoretically calcu-
lated NMR parameters are shown to be very helpful in
distinguishing between two (or more) related forms of the same
compound, e.g. isomers and tautomers. The aim of this study is
that the results obtained on the reaction of azocalix[4]arene with
2-aminoantracene and 25,27-dihydroxy-26,28-diethylacetateca-
lix[4]arene are analyzed. Therefore, the molecular geometry, vibra-
tional wavenumbers and chemical shifts in the ground state have
been calculated via the DFT method.

The rest of the paper is organized as follows; experimental
details and some results are presented in the Section of Experimen-
tal method. The computational detail is given in the Section of
Computational method. The experimental and simulation results
for structural, electronic features, chemical shifts and vibrational
properties for the title molecule considered in this study are pre-
sented and discussed in the Section of Results and discussion.
We have also compared the simulation results with the observed
data in the same Section. Finally, the summary of our main results
are given in the last section.

Experimental method

Generals

All solvents and compounds are commercially graded reagents
and they have been used without further purification. Melting
points are measured using an Electrothermal IA9100 digital
melting point apparatus in capillaries sealed asunder nitrogen
and are uncorrected.
Spectra

1H NMR spectrum is recorded for 0.1–0.2 M solutions in DMSO-
d6 solution at 303 K with a Bruker AVANCE DRX 500 FT-NMR spec-
trometer equipped with an inverse detection 5-mm diameter
broad-band probe head and z-gradient accessory working at
500.13 MHz (1H). 1H NMR chemical shifts are referenced to the
trace signal of CHCl3 (d = 7.26 ppm from internal TMS). Satisfactory
analytical data (0.3% for C and H) are obtained for all calix[4]arenes
(1–3). FT-IR spectrum is recorded by a Perkin–Elmer 2000 FT-IR
spectrophotometer (4000–400 cm�1).

Preparation of the ligands

p-tert-Butylcalix[4]arene, calix[4]arene and 25,27-dihydroxy-
26,28-diethylacetate calix[4]arene are synthesized as described
by previously reported methods [19–21].

Synthesis of the 5,17-di(2-antracenylazo)-25,27-
di(ethoxycarbonylmethoxy)-26,28-dihydroxycalix[4]arene

A solution of 2-antracenyldiazonium chloride, which is pre-
pared from 2-aminoantracene (0.68 g, 3.52 mmol), sodium nitrite
(0.49 g, 7.04 mmol) and conc. HCl (0.85 mL) in water (3 mL), is
added slowly to a cold (0 �C) solution of 25,27-diethylacetoxy-
26,28-dihydroxycalix[4]arene (1.0 g, 1.68 mmol) and sodium ace-
tate trihydrate (1.10 g, 8.08 mmol) in DMF–THF (50 mL, 8:5, v/v)
to give a brown suspension. After keeping the suspension at
(0 �C) temperature for 12 h, it is acidified with aqueous HCl
(5 mL, 0.25%). The resulting mixture is then warmed up to 60 �C
to keep at that temperature for 30 min to give azocalixarene (yield,
1.21 g, 72%) as a dark brown solid, which than is filtered, washed
with water and MeOH. A sample for analysis is obtained as follows:
azocalixarene is dissolved in 100 mL of hot aqueous NaHCO3 (4.2 g)
solution; to this solution is added activated charcoal (1 g). After the
charcoal is filtered, the filtrate is cooled down to at room
temperature and acidified with conc. HCl (1 or 2 mL). The solution
is heated up to 60 �C and kept at there before cooling down for
30 min. The resulting solid is filtered, washed with water, and
dried, respectively. Re-crystallization from CHCl3/EtOH mixture
gives us a dark brown product (yield, 1.06 g (63%), m.p. 211–
212 �C). [Found: C: 76.39%; H: 5.17%; N: 5.66%]; C64H52N4O8

requires C: 76.48%; H: 5.21%; N: 5.57%. IR (KBr) m: 3370 cm�1

(AOH), 2930 cm�1 (ACAH), 1740 cm�1 (AC@O), 1465 cm�1

(AN@N), 1189 cm�1 (CAO). 1H NMR (CDCl3, 25 �C) dH: 1.43 (6H,
t, J = 7.15 Hz, ACH2ACH3), 3.64 (4H, d, J = 13.22 Hz, ArACH2AAr),
4.42 (4H, q, J = 7.17 Hz, ACH2ACH3), 4.58 (4H, d, J = 13.18 Hz,
ArACH2AAr), 4.81 (4H, s, OACH2AC@O), 6.85 (2H, t, J = 7.59 Hz,
ArH), 7.15 (4H, d, J = 7.63 Hz, ArH), 7.55–8.60 (22H, m, ArAH),
8.47 (2H, s, AOH).
Computational methods

In recent years, as a result of major advances in theoretical
work, ab initio and DFT methods have became significantly. In par-
ticular, the elucidation of the structure of organic molecules, DFT
methods according to HF methods give highly accurate results
[22–26]. Therefore, DFT methods are preferred in this work. In this
study, DFT/B3LYP (Becke’s three-parameter hybrid model using the
Lee–Yang–Parr correlation functional) level [27,28] with using
6-31G(d) and LanL2DZ basis sets is used for the explanation of
molecular structure of the title molecule. Theoretical calculations
are made with the Gaussian 09W package program that based on
quantum chemical calculation [29]. The title molecule correspond-
ing to the most stable geometry structure is calculated with both
B3LYP/6-31G(d) and B3LYP/LanL2DZ levels. Some of the relevant
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parameters are given in Table 1 and all data are given in Table S1.
The optimized structure of the molecule, obtained from three
dimensional GaussView 5.0.8 program [30], is given in Fig. 1. The
theoretically calculated structural parameters are used for chemi-
cal shifts, vibration frequencies and the electronic properties calcu-
lation. Theoretical chemical shifts calculation for 1H NMR of the
title molecule is made using by Gauge-Invariant Atomic Orbital
(GIAO) method [31,32] and B3LYP level with 6-31G(d) and
LanL2DZ basis sets, respectively. Solvent effect on calculated chem-
ical shifts parameters are studied by means of the conductor-polar-
izable continuum model (CPCM) [33] provided by Gaussian 09
program. Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) of the title molecule are cal-
culated by the level of DFT/B3YLP with 6-31G(d) and LanL2DZ
basis sets. The reactivity of the molecule determines global
descriptors such as the chemical hardness, chemical softness, elec-
tron affinity, ionization potential. GaussSum 3.0 program has used
to calculated contributions the molecular orbitals of functional
groups in the molecule [34]. Molecular electrostatic potential sur-
face (MEPs) are plotted to expose the chemical reactivity of mole-
cules. The thermodynamic parameters of the title molecule such as
total thermal energy, entropy, the rotational constants and heat
capacity values are presented in Table S2.

Results and discussion

Structural analysis

The optimized molecular structure is performed at B3LYP/6-
31G(d) and LanL2DZ basis sets. The studied molecule with atom
numbering is shown in Fig. 1(a) and (b). The optimized molecular
structure that is corresponding to the ground state belongs to C1

point group symmetry. The calculated molecular structure is
Table 1
The some selected optimized structure parameters in the ground state for the title molec

Parameters via Gaussian Bond length (Å)

R(1-2) C1AC2
R(1-6) C1AC6
R(1-41) C1AC41
R(2-3) C2AC3
R(2-7) C2AH7
R(3-4) C3AC4
R(3-8) C3AH8
R(4-5) C4AC5
R(4-9) C4AH9
R(5-6) C5AC6

Bond angles (�)
A(2-1-6) C2AC1AC6
A(2-1-41) C2AC1AC41
A(6-1-39) C6AC1AC41
A(1-2-3) C1AC2AC3
A(1-2-7) C1AC2AH7
A(3-2-7) C3AC2AH7
A(2-3-4) C2AC3AC4
A(2-3-77) C2AC3AH77
A(4-3-77) C4AC3AH77
A(3-4-5) C3AC4AC5

Dihedral angles (�)
D(38-18-19-47) O38AC18AC19AC47
D(19-20-21-79) C19AC20AC21AN79
D(47-30-31-40) C47AC30AC31AO40
D(15-14-80-82) C15AC14AN80AN82
D(20-21-79-81) C20AC21AN79AN81
D(18-19-47-48) C18AC19AC47AH48
D(18-19-20-24) C18AC19AC20AH24
D(22-23-44-46) C22AC23AC44AH46
D(27-26-50-51) C27AC26AC50AH51
D(27-28-29-34) C27AC28AC29AH34
non-planar. As a result of the theoretical study, molecular structure
has been determined that two hydrogen bonds are formed
between the O(35)AH(36). . .O(40) atoms and O(38)AH(39). . .H(37)
atoms. Hydrogen bond lengths between atoms has been calculated
at 1.89195 ÅA

0

and 1.82324 ÅA
0

for O(35)AH(36). . .O(40) and
O(38)AH(39). . .H(37), respectively (see Scheme 1).

Conformational analysis

In this part, to find the optimum position by the cone conforma-
tion, conformational analysis is made. The potential energy surface
(PES) scan with the B3LYP level with 6-31G(d) basis set of
theoretical computational method is done to define the preferen-
tial position of the cone conformation with regard to anthracene
groups of the molecule. To find the most suitable conformation
of the two groups, both anthracene groups separately that
C15AC14AN80AN82 and C20AC21AN79AN81 are rotated 360�
around the bond. The scan is made at every 5�. The results obtained
from PES scan are given graphically in Fig. 2. The most stable struc-
ture is found to be approximately 140� and 40� for
C20AC21AN79AN81 and C15AC14AN80AN82, respectively. The
optimized structure parameter values of C20AC21AN79AN81
and C15AC14AN80AN82 dihedral angles are 141.9166� and
38.6532� (see Table 1). When the results of structure parameters
and potential energy surface scan are compared, it seems that they
become in more suitable conformation in either anthracene groups
and in the composition of the molecule structure.

Frontier molecular orbitals (FMOs)

HOMO and LUMO which are referred as FMOs in the literature
are very important parameters for computational quantum chem-
istry. The energy band gap is defined as the difference between
ule.

DFT/B3LYP/6-31G(d) DFT/B3LYP/LanL2DZ

1.40 1.41
1.40 1.41
1.52 1.53
1.39 1.40
1.09 1.09
1.39 1.41
1.09 1.09
1.40 1.41
1.09 1.09
1.41 1.42

117.1 116.7
119.6 119.7
123.2 123.5
121.6 121.52
118.8 118.8
119.5 119.7
119.8 120.1
120.0 119.9
120.1 119.9
120.6 120.3

6.5 6.4
176.8 175.2
�4.4 �3.3
38.6 31.1
141.9 152.4
�41.7 �38.2
176.6 175.9
�130.9 �129.8
159.1 153.9
�177.3 �176.8



Fig. 1. Optimized structure with using B3LYP/6-31G(d) of the title molecule (a) Ball-bond type structure with the atomic labeling image (b) tube structure image.
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HOMO and LUMO orbitals. Also the HOMO–LUMO band gap deter-
mines characteristic of the molecule such as stability of the mole-
cule, chemical reactions, electrical and optical properties [35]. For
example, the smaller the band gaps for structure the better electric
conduction. Also it refers to the low kinetic stability. The ability of
electron giving and accepting characterizes for HOMO and LUMO,
respectively [36]. The calculations have shown that the molecule
has total of 1244 molecular orbitals, 264 of these orbitals are occu-
pied orbitals, and the rest are virtual orbitals. From these molecular
orbitals, HOMO orbital is numbered 264 and LUMO orbital is num-
bered 265. HOMO and LUMO energies of the title molecule are cal-
culated at �4.96 eV and �2.08 eV, respectively. Also that second
lowest unoccupied molecular orbital (LUMO+1) and second
highest unoccupied molecular orbital (HOMO�1) energy values
are calculated at �1.86 and �5.19 eV, respectively. Global descrip-
tors of molecule such as chemical softness (S), chemical hardness
(g), ionization potential (I), electron affinity (A), global electrophi-
licity (x) and global electronegativity (v) properties depend on the
HOMO–LUMO orbital energies. These calculated values for molec-
ular orbitals and global descriptors are given in Table 2. The HOMO
and LUMO calculated orbitals are observed in Fig. 3.

DOS spectrum represents the number of energy level on the
energy axis that the section has width dE. DOS spectrum is convo-
luted with Gaussian curves of heights equal to the calculated con-
tributions for each orbital [37]. Then the spectrum is obtained here,
this spectrum is referred to as partial density of state (PDOS) that
shows the contribution to each molecular orbital for selected spe-
cific atoms or functional groups. Another important feature of the



Scheme 1. Synthesis of 5,17-di(2-antracenylazo)-25,27-di(ethoxycarbonylmethoxy)-26,28-dihydroxycalix[4]arene.

Fig. 2. Potential energy surface of the title molecule determined by B3LYP/6-31G(d) method. (a) For the torsion angle C20AC21AN79AN81 and (b) for the torsion angle
C15AC14AN80AN82.

Table 2
Frontier molecular orbital energies (eV), Ionization potential (I), electron affinity (A),
global electronegativity (v), global electrophilicity (x), total hardness (g), chemical
potential (l) and global softness (S) of the title molecule are calculated by using
B3LYP level with employing 6-31G(d) and LanL2DZ basis sets, respectively.

B3LYP/6-31G(d) B3LYP/LanL2DZ

ELUMO+1 (eV) �1.86 �2.13
ELUMO (eV) �2.08 �2.44
EHOMO (eV) �4.96 �5.10
EHOMO�1 (eV) �5.19 �5.41
DEHOMO–LUMO (eV) 2.88 2.66
DEHOMO–LUMO+1 (eV) 3.10 2.97
DEHOMO�1–LUMO (eV) 4.96 5.10
DEHOMO�1–LUMO+1 (eV) 3.33 3.28
I (eV) 4.96 5.10
A (eV) 2.08 2.44
v (eV) 3.52 3.77
g (eV) 1.44 1.33
S (e V�1) 0.35 0.38
l (e) 8.92 9.45
x (e V�1) �3.52 �3.77
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DOS spectrum is to show MO configuration and their contributions
to chemical bonding through the overlap population density of
state (OPDOS) spectrum [38]. OPDOS is also known as COOP in
the literature. The COOP diagram shows the bonding, anti-bonding
and nonbonding nature of the interaction of the two orbitals,
atoms or groups. The positive and negative values indicate a bond-
ing interaction and an anti-bonding interaction and zero value
indicates nonbonding interactions, respectively. The total density
of states (TDOS), PDOS, and OPDOS (or COOP) spectra of the title
molecule are plotted in Figs. 4–6, respectively, created by convo-
luting the molecular orbital information with Gaussian curves of
unit height and Full width at half maximum of 0.3 eV by using
the GaussSum 3.0 program. GaussSum program is based on Mullik-
en population analysis for calculation contribution of fragment to
molecular orbitals [39]. As shown in Figs. 3 and 5, LUMO electrons
are mostly localized on the anthracene group having C and H
atoms (60%), double-bonded nitrogen group which N@N (29%)
and C6H2OH groups (11%). On the other hand HOMO electrons
are mostly localized on the anthracene group having C and H
atoms (49%), double-bonded nitrogen group which N@N (26%)
and C6H2OH groups (25%).



Fig. 3. The frontier molecular orbitals of the title molecule by using DFT/B3LYP/6-31G(d) for gas phase. (a) The only negative region of the FMOs. (b) Both positive and
negative of the FMOs. (c) The only positive region of the FMOs.
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The OPDOS diagrams are shown in Fig. 6 for selected groups.
Accordingly, between anthracene M N@N groups are shown bond-
ing interaction, while among N@N M C6H2OH groups are shown
anti-bonding interaction from selected groups for LUMO energy
level. However both between anthracene M N@N groups and
among N@N M C6H2OH groups are shown anti-bonding interaction
from selected groups for HOMO energy level.
Fig. 4. The calculated total electronic density of the states plot for the title
molecule.
Chemical shifts: 1H and 13C NMR spectra

NMR is a physical phenomenon in which nuclei in a magnetic
field absorb and re-emit electromagnetic radiation. NMR spectros-
copy is one of the principal techniques used to obtain physical,
chemical, electronic and structural information about molecules.
1H and 13C NMR calculations are performed by (GIAO)/B3LYP level
and 6-31G(d) and LanL2DZ basis sets for the title molecule. The
solvent effect such as chloroform is included in the calculation
by Gaussian 09W software program. Tetramethylsilane (TMS) is



Fig. 5. The calculated partial electronic density of the states plot for the title
molecule.

Fig. 6. The overlap population electronic density of the states plot for the title
molecule.

Table 3
Experimental and theoretical, 1H NMR isotropic chemical shifts (with respect to TMS)
of the title molecule by using B3LYP level with employing 6-31G(d) and LanL2DZ
basis sets.

H Atom B3LYP/
6-
31G(d)

B3LYP/
LanL2DZ

Exp. H Atom B3LYP/
6-
31G(d)

B3LYP/
LanL2DZ

Exp.

7 e 5.32 6.32 7.15 69 b 3.58 3.33 4.42
8 d 6.00 6.75 6.85 70 b 4.67 4.44 4.42
9 e 5.32 5.98 7.15 72 a 1.39 1.00 1.43

16 f 7.31 7.56 7.85 73 a 0.76 0.45 1.43
17 f 5.93 6.18 7.85 74 a 1.02 0.71 1.43
24 f 7.31 7.64 7.85 76 a 0.66 0.38 1.43
25 f 5.73 5.93 7.85 77 a 1.17 0.89 1.43
32 e 6.92 6.88 7.15 78 a 0.93 0.55 1.43
33 d 6.79 6.83 6.85 89 g 7.80 7.88 8.05
34 e 6.95 7.16 7.15 90 i 7.58 7.70 8.40
36 OH 7.70 10.30 8.45 91 h 6.24 6.65 8.05
39 OH 7.17 9.64 8.45 98 g 7.91 8.00 8.05
42 AB 2.16 1.81 3.64 99 h 6.06 6.47 8.05
43 AB 5.21 5.50 4.58 100 i 7.21 7.40 8.40
45 AB 2.60 1.99 3.64 117 p 8.28 7.95 8.60
46 AB 3.13 2.61 4.58 118 n 7.80 7.69 8.05
48 AB 4.28 3.67 4.58 119 l 7.22 7.36 7.55
49 AB 3.15 2.69 3.64 120 m 7.25 7.27 7.55
51 AB 3.99 5.39 4.58 121 k 7.70 7.62 8.05
52 AB 3.19 2.78 3.64 122 o 8.12 7.94 8.60
54 c 4.63 4.46 4.81 123 o 8.21 7.98 8.60
55 c 3.67 3.29 4.81 124 n 7.85 7.66 8.05
57 c 3.76 3.98 4.81 125 l 7.49 7.33 7.55
58 c 4.59 5.00 4.81 126 m 7.62 7.46 7.55
66 b 3.65 3.49 4.42 127 k 8.22 7.82 8.05
67 b 3.58 3.40 4.42 128 p 8.31 7.99 8.60
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taken into the calculation as reference for 1H and 13C NMR value.
Chemical shift values are reported in ppm relative to TMS for 1H
NMR and 13C NMR spectra. However, experiments on the
calix[4]arenes have shown that axial (H43, H46, H48 and H51)
Fig. 7. 1H NMR spectrum o
and equatorial protons (H42, H45, H49 and H52) of bridge methy-
lene groups in the calix[4]arene have different values of chemical
shifts. This is due to the axial protons that are affected by ring cur-
rent causing the resonance of the axial protons at the lower mag-
netic field as explained in the Ref. [40]. Experimental 1H NMR
spectrum of the title molecule is given in Fig. 7. The calculated
chemical shift values of 13C NMR are given in Table S3. The calcu-
lated and observed chemical shifts values for 1H NMR are com-
pared in Table 3. Correlation R2 values between the calculated
and the experimental values of 1H NMR for the title molecule are
shown in Fig. S1 and found to be 0.9308 and 0.9209 for B3LYP/6-
31G(d) and B3LYP/LanL2DZ basis sets, respectively. As can be seen
f the title compound.



Fig. 8. The molecular electrostatic potential surface map calculated at B3LYP/6-31G(d) level.

Fig. 9. (a) Total electron density surface mapped with electrostatic potential, (b) the
contour map of molecular electrostatic potential surface of the title molecule
predicted from DFT/B3LYP method with 6-31G(d) basis set.
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from the values of the correlation of theoretical data are quite com-
patible with the experimental data.

Molecular electrostatic potential (MEP)

MEPs, also known as electrostatic potential maps, show that the
molecules have three dimension charge distribution. In this case
the knowledge of charge distribution can be used for determina-
tion of molecule interactions. Red color represents the negative
region, while blue color represents the positive region and green
color represents the regions of zero potential on the map
(red < orange < yellow < green < blue).

MEP values are calculated by using the following equation [41];

VðrÞ ¼
X

A

ZA

j RA
�!�~rj �

Z
qð r0
!
Þ

j r0
!
�~rj

d3r0

where ZA is the charge on nucleus A, located at RA and q(r0) is the
electronic density function of the molecule, and r0 is the dummy
integration variable. MEPs map of the title molecule is investigated
using B3LYP/6-31G(d) level of theory and are given in Fig. 8. Also
that the calculated total electron density map and MEP contour
plots of the title molecule are given in Fig. 9(a) and (b), respectively.
While the electrophilic sites are represented as red color, the nucle-
ophilic sites are represented as blue color. As can be seen from
Fig. 8, map color range is between from �0.06063 (deepest red
region) to +0.06063 (deepest blue region). MEPs map demonstrates
that the most applicable atomic sites for electrophilic attack are
N@N groups, while the most possible sites which could be involved
in nucleophilic process are OAH groups.

Polarizability and dipole moment

The polarizabilities (a0), axx, ayy, azz, axy, axz and ayz which are
calculated by B3LYP level with 6-31G(d,p) and LanL2DZ basis sets
are given in Table 4. The total dipole moment l is defined by;

l ¼ ðl2
x þ l2

y þ l2
z Þ

1=2

The mean and anisotropy (Da) of the static dipole polarizability
are given as [42];
a0 ¼ 1=3ðaxx þ ayy þ azzÞ

and



Table 4
The components of the polarizability (a) are reported in atomic unit (a.u.). The electric
dipole moment lo (in the unit of Debye), the average polarizability ao (in the unit of
esu) of the title molecule is calculated from B3LYP level with using 6-31G(d) and
LanL2DZ basis sets, respectively.

DFT/B3LYP/6-31G(d) DFT/B3LYP/LanL2DZ

lx 3.8490 1.4771
ly 3.6191 5.6829
lz 5.1660 7.2559
l0 7.3766 9.3341
axx 1079.4780 1157.3470
axy 55.2990 47.4860
ayy 737.9300 793.0800
axz �124.9490 �111.6840
ayz 22.9920 0.5940
azz 563.6920 570.8720
a0 117.6263 124.5522
Da 67.3495 76.0036
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Da¼ 1ffiffiffi
2
p ðaxx�ayyÞ2þðayy�azzÞ2þðazz�axxÞ2þ6a2

xzþ6a2
xyþ6a2

yz

h i1
2

The polarizability values are expressed in the atomic unit (a.u.)
obtained from Gaussian output file. Then, these calculated values
are converted to electrostatic unit with 1 a.u. = 0.1482 � 10�24 esu.
The components of the polarizability and electric dipole moment
are given in Table 4.

The calculated dipole moment values by using B3LYP/6-31G(d)
and B3LYP/LanL2DZ levels of DFT method are computed as 7.3766
and 9.3341 Debye, respectively. Also the total polarizability values
for the title molecule are calculated at 117.6263 � 10�24 esu and
124.5522 � 10�24 esu for the B3LYP with 6-31G(d,p) and LanL2DZ
basis sets, respectively.
Vibrational frequencies analysis

The main purpose in vibration analysis is to find the vibration
modes depending on the geometry of the ground state of
Table 5
Selected vibrational wavenumbers obtained from B3LYP level with using 6-31G(d) and La
Intensities (km mol�1) and assignment with PED percentage in square brackets.

Modes B3LYP/LanL2DZ B3LYP/6-31G(d)

Unscaled Scaled Intensity Unscaled Scaled

84 486 468 6.61 482 463
92 514 494 1.03 513 493

103 573 551 12.75 573 551
112 627 603 1.63 619 594
120 676 650 17.57 666 640
134 782 751 52.07 767 737
142 810 779 31.73 791 760
156 877 843 107.37 861 827
175 965 927 8.76 935 899
178 971 933 8.00 948 911
202 1059 1018 243.32 1090 1047
208 1122 1079 240.49 1129 1085
213 1142 1098 13.87 1160 1115
226 1210 1164 2.51 1209 1161
232 1232 1185 5.80 1240 1191
248 1309 1259 47.43 1308 1257
267 1398 1344 2.04 1403 1348
273 1441 1385 19.28 1433 1377
306 1540 1481 5.66 1576 1514
319 1644 1580 9.17 1652 1587
325 1707 1641 198.66 1829 1758
328 3053 2935 35.82 3048 2929
338 3131 3010 14.19 3099 2978
349 3184 3061 1.16 3170 3047
377 3261 3135 868.73 3545 3406

m; stretching, msym; symetric stretching, d: in plane bending, x: wagging, s: torsion, t: tw
molecular structure. The Gaussian 09W package program is used
to calculate theoretical vibration frequencies. In studies with
Gaussian 09W package program, calculations are done in the gas
phase while the experiment is performed for the solid sample
and without taking into account anharmonic effects. Therefore
the calculated values are disagreement with experimentally
observed ones. The theoretically calculated results are scaled with
the scaling factor to eliminate this discrepancy. The B3LYP level of
DFT method yields a good agreement of harmonic vibrational fre-
quencies for small and medium-sized molecules [43–45]. In this
study, the theoretically vibrational wavenumber calculations are
performed by using Gaussian 09W package at the DFT/B3LYP level
with the basis sets of 6-31G(d) and LanL2DZ. The theoretically cal-
culated vibrational frequencies are scaled by 0.961 for both 6-
31G(d) and LanL2DZ basis sets [46]. The title molecule is composed
of 128 atoms, but it does not have a planar structure. Therefore, the
title molecule has 378 (3N-6) normal modes of vibrations. The the-
oretical calculation results, scaled, unscaled vibrational frequen-
cies, IR intensities and the comparison of scaled frequencies with
experimentally observed frequencies are given in Table 5 and
Fig. 10. Also the assignment of the vibrations are made with the
help of the GaussView 5.0.8 molecular visualization program and
interpreted by means of PED by using VEDA 4 program [47]. The
assignment data are also given in Table 5. The correlation values
between the experimental and calculated vibrational frequencies
are found to be 0.9997 and 0.9964. The correlation graphs are
shown in Fig. S2 (a) and (b) for 6-31G(d) and LanL2DZ basis sets,
respectively.
OAH Vibration
Hydroxy group exhibits stretching vibrational motion. Molecu-

lar structure has a free hydroxyl group or if does not include
hydrogen bonding, stretching band strongly in the region
3550–3700 cm�1 [48]. The structure has phenol groups and if it
has hydrogen bond, the OH stretching band would be reduced
towards to 3200–3550 cm�1 region [49,50]. According to theoreti-
cal calculation, there are two hydrogen bonds in the molecular
nL2DZ basis sets in cm�1, experimental frequencies from FT-IR spectrum in cm�1, IR

Exp. Assignment (%)

Intensity

3.87 466 Butterfly CHring(35) + d{CCACH3}(13) + dCCN(10)
6.07 494 dCCN(15) + bOCOC(12)
9.46 554 dCCC(12)

66.80 596 dOCO(15) + dCOC(10)
40.79 642 sHOCC(34) + sCOH(15)
12.70 737 sHCCC(37)

2.66 767 sCCCH(65)+ dCCC(11)
1.17 829 sCCCH(65)

15.61 900 sHCCC(31) + cCH2(16)
16.10 951 sHCCC(36) + cCH2(28)

133.98 1055 mCCring(20) + dCCHring(13) + mCO(27)
61.59 1086 dOCC(48) + xCH2(19)

221.51 1115 mCO(45) + cCH2(22)
24.39 1159 mCO(18) + cCH2(15)

286.08 1189 mCO(54) + dCOH(15) + cCH2(15) + xCH2(13)
73.23 1258 tCH2(19) + dCOH(15) + dCCH(14)

3.18 1344 mCC(51) + dHCC(30)
0.26 1378 dHCC(28) + mCC(21)

106.64 1465 mNN(51) + mCC(25) + dHCC(18)
60.60 1587 mCCring(20) + dCCHring(15) + mNN(11)

259.24 1740 mC@O(84) + mCH(11)
37.41 2930 msym CH2(81)
25.97 2980 msym CH2(91)

9.05 3045 mCH(81)
641.06 3370 mOH(99)

isting, c: rocking, s: scissoring, b: out of bending.
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structure. One of them is between O38AH39� � �O37, the other one
is between O35AH36� � �O40. The OAH stretching vibration is
observed at 3370 cm�1 in vibration spectrum (FT-IR), while this
vibration mode is calculated at 3406 cm�1 for B3LYP/6-31G(d)
level and 3135 cm�1 for B3LYP/LanL2DZ level with the 99% contri-
bution of PED. The theoretical results are in good agreement with
the experimental results.

CAH Vibration
CAH stretching vibrations in infrared spectrum of molecular

structures are generally observed in the range of 3100–
3000 cm�1 [51,52]. Also CH stretching vibrations in CH2 and CH3

groups for the most part show up in the region 3000–2850 cm�1

[53–55]. In this work, the bands of CAH stretching vibrations are
observed at 2930 cm�1, 2980 cm�1 and 3049 cm�1 in FT-IR. We
have calculated CAH vibrations at 2929 cm�1, 2978 cm�1,
3047 cm�1 and 2935 cm�1, 3010 cm�1, 3061 cm�1 for DFT/B3LYP
level with 6-31G(d) and LanL2DZ basis sets, respectively.

C@O Vibration
The C@O group of bands, the functional groups, are one of the

most pronounced on spectrum. The C@O band is assigned strong
Fig. 10. (a) Experimental FT-IR spectrum, (b) calculated infrared spectrum by usin
stretching motion ranging from 1600 cm�1 to 1800 cm�1 [56–
58]. In this study, the group vibration band of the C@O is observed
at 1740 cm�1 experimentally, while this vibration mode is calcu-
lated at 1758 cm�1 for B3LYP/6-31G(d) level and 1641 cm�1 for
B3LYP/LanL2DZ level with the 84% contribution of PED.

N@N Vibration
N@N stretching vibration mode is a kind of a very strong bond

which is exhibit stretching motion. In this work, the experimental
value is observed at 1465 cm�1 for the title molecule. Whereas the
calculated values are found to be 1514 cm�1 and 1481 cm�1 using
by DFT/B3LYP level with 6-31G(d) and LanL2DZ basis sets,
respectively.

CAO Vibration
The stretching vibrations bands of CAO groups produce a strong

band in the region of 1260–1000 cm�1 [59]. In this work, the
experimental value is assigned at 1189 cm�1 from vibrational fre-
quencies spectrum of the title molecule. On the other hand, we
have computed CAO band at 1191 cm�1 for B3LYP/6-31G(d) and
1185 cm�1 for B3LYP/LanL2DZ basis sets according to theoretically
calculation for the title molecule. The theoretical result
g B3LYP/6-31G(d) (c) calculated infrared spectrum by using B3LYP/LanL2DZ.
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(1185 cm�1) is in good agreement with the experimental result
(1189 cm�1).

Generally, it is difficult to assign all bands due to the complexity
of the vibration bands. In this study, it is shown that only charac-
teristic stretching vibration bands can be identified.

Conclusions

In this paper, the title molecule is synthesized and character-
ized by FT-IR and 1H NMR spectroscopic techniques. Additionally,
DFT calculations for the title molecule are presented for the first
time. Theoretical calculations are used for the characterization of
the title molecule. All theoretical calculations are performed with
DFT/B3LYP level, 6-31G(d) and LanL2DZ basis sets. The complete
molecular structural parameters of the optimized geometry of
the title molecule have been obtained from theoretical calculations
by helping Gaussian 09W package program. The calculated and
scaled wavenumbers are compared with the experimental wave-
numbers. The complete vibrational spectra are also assigned by
means of the PED analyses determined from the VEDA 4 and
GaussView softwares. The good compatible has been observed
between the experimental and scaled frequencies obtained by
using the basis set 6-31G(d). In order to understand the charge
transfer in the molecule, frontier molecular orbital are presented.
On the other hand, from MEP of the title molecule, the negative
region is mostly localized on the hydroxyl group, while positive
region is on the N@N bond having N atoms. The contribution of
groups to molecular orbitals is determined with helping TDOS
and PDOS graphs that are obtain using by GaussSum program. The-
oretical 13C and 1H magnetic isotropic chemical shifts values (with
respect to TMS) are reported and compared with experimental
data, showing a very good agreement 1H NMR.
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