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a b s t r a c t

FT-IR spectrum of quinoline-2-carbaldehyde benzoyl hydrazone (HQb�H2O) was recorded and analyzed.
The synthesis and crystal structure data are also described. The vibrational wavenumbers were examined
theoretically using the Gaussian03 package of programs using HF/6-31G(d) and B3LYP/6-31G(d) levels of
theory. The data obtained from vibrational wavenumber calculations are used to assign vibrational bands
obtained in infrared spectroscopy of the studied molecule. The first hyperpolarizability, infrared intensi-
ties and Raman activities are reported. The calculated first hyperpolarizability is comparable with the
reported values of similar derivatives and is an attractive object for future studies of non-linear optics.
The geometrical parameters of the title compound obtained from XRD studies are in agreement with
the calculated values. The changes in the CAN bond lengths suggest an extended p-electron delocaliza-
tion over quinoline and hydrazone moieties which is responsible for the non-linearity of the molecule.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Hydrazides and acylhydrazones are nowadays of considerable
technical and commercial importance [1]. This is connected with
their wide use as drugs, photo-thermochromic compounds and
precursors for organic synthesis [2–4]. In the case of acylhydra-
zones the presence of the carbonyl oxygen atom promotes the for-
mation of a chelate binding center [3]. Hydrazones and their metal
complexes possess pronounced biological and pharmaceutical
activities as antitumor [5–7], antimicrobial [8], antituberculosis
[9] and antimalarial agents [10]. Hydrazones play an important
role in improving the antitumor selectivity and toxicity profile of
antitumor agents by forming drug carrier systems employing suit-
able carrier proteins [11]. They are also employed as extracting
agents in spectrophotometric determination of some ions [12–
14] and spectrophotometric determination of some species in
pharmaceutical formulations [15], as well as used in catalytic pro-
cesses [16,17] and waste water treatment [18]. Hydrazones, such
as pyridoxal isonicotinoylhydrazone, salicyladehyde benzoylhyd-
razone and 2-pyridyl carboxaldehyde-2-thiophene carboxalde-
ll rights reserved.
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hyde hydrazone, act as orally effective drugs for the treatment of
iron overload diseases or genetic diseases b-thalassemia [19,20].
Metal complexes of hydrazones have found applications in various
chemical processes like non-linear optics, sensors etc. [21], and
have been used in the separation and concentration of palladium
and platinum in road dust [22]. Quinolines are heterocyclic com-
pounds, which are worth to study for many reasons, chief among
them being their prevalence among biologically active molecules
[23]. Derivatives of quinoline have been widely used in the synthe-
sis of antibacterial, antihypertensive and antifungal drugs [24].
These molecules possess non-centrosymmetry and hence they
are widely used in the synthesis of molecules having non-linear re-
sponses [24,25]. As for molecular design of new non-linear optical
materials based on quinoline, the pyridine ring can be thought of
as an acceptor group within the molecule, with the benzene ring
as a donor. Increasing the acceptor character of the pyridine ring
and/or increasing the donor character of the benzene ring would,
therefore, substantially increase the non-linearity of this class of
compounds [26]. Hydrazones have found wide applications in syn-
thetic chemistry [27], to be used as indicators. Hydrazones are now
being used extensively in detection and quantitative determina-
tion of several metals, for the preparation of compounds having di-
verse structures, analytical chemistry for the identification and
isolation of carbonyl compounds [28]. The hydrazones have been
used for different purposes such as herbicides, insecticides,
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Fig. 1. Structure of hydrazone.

S.R. Sheeja et al. / Journal of Molecular Structure 973 (2010) 36–46 37
nematocides, redenticides and plant growth regulators [29]. The
hydrazones are also important for their use as plasticizers and sta-
bilizers for polymers [30], polymerization initiators and antioxi-
dants [31]. More recently, 8-hydroxyquinoline aluminum has
been widely used as the emissive and electron transporting mate-
rial in organic light emitting devices [32,33]. El-Sonbati et al. [34]
reported the supramolecular structures and stereo-chemical versa-
tility of azoquinoline containing novel rare earth metal complexes.
Computational method is at present widely used for simulating IR
spectra. Such simulations are indispensable tools to perform nor-
mal coordinate analysis so that modern vibrational spectroscopy
is unimaginable without involving them. Non-linear optics deals
with the interaction of applied electromagnetic fields in various
materials to generate new electromagnetic fields, altered in wave-
number, phase, or other physical properties [35]. Organic mole-
cules able to manipulate photonic signals efficiently are of
importance in technologies such as optical communication, optical
computing, and dynamic image processing [36,37]. In this context,
the dynamic first hyperpolarizability of the title compound is also
calculated in the present study. The first hyperpolarizability (b0) of
this novel molecular system is calculated using B3LYP/6-31G(d)
method, based on the finite field approach. In the presence of an
applied electric field, the energy of a system is a function of the
electric field. First hyperpolarizability 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 Klein-
man symmetry [38]. The components of b are defined as the coef-
ficients in the Taylor series expansion of the energy in the external
electric field. When the electric field is weak and homogeneous,
this expansion becomes

E ¼ E0 �
X
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where E0 is the energy of the unperturbed molecule, Fi is the field at
the origin, li, aij, bijk and cijkl are the components of dipole moment,
polarizability, the first hyper polarizabilities, and second hyperpo-
larizibilites, respectively. In the present work, the synthesis, crystal
structure data and vibrational spectroscopic analysis of quinoline-
2-carbaldehyde benzoyl hydrazone (HQb�H2O) is reported. The
structure of the hydrazone is given in Fig. 1.
2. Experimental

All the chemicals and solvents used for the syntheses were of
analytical grade. Benzhydrazide (Sigma Aldrich) and quinoline-2-
carbaldehyde (Sigma Aldrich) were used as received. The title
compound is prepared by protocol reported by Mangalam et al.
[39]. Benzhydrazide (0.136 g, 1 mmol) dissolved in methanol
(10 cm3) was added to a hot solution of quinoline-2-carbalde-
hyde (0.157 g, 1 mmol) in the same solvent (20 cm3). Two drops
of glacial acetic acid were added to the reaction mixture. Then
the reaction mixture was refluxed for 4 h and cooled to
room temperature. The pale yellow product formed was filtered
off and washed with methanol and dried over P4O10 in vacuo.
Yield – 89%, m.p. 143 �C. Elemental Anal. Found (Calcd)%: C,
67.81 (67.54); H, 4.86 (5.33); N, 14.40 (13.90) for C17H13N3O�
1.5H2O.

Elemental analyses were carried out using a Vario EL III CHNS
analyzer at SAIF, Kochi, India. IR spectrum (Fig. 2) was recorded
on a Thermo Nicolet AVATAR 370 DTGS model FT-IR Spectropho-
tometer in the range 4000–400 cm�1 with KBr pellets and ATR
technique at SAIF, Kochi, India.

Colorless block shaped crystals of the hydrazone, suitable for
X-ray diffraction studies, were grown from a solution of mixture
of DMF and ethanol (1:1v/v). The lattice is monoclinic in nature
with P21/n symmetry. The crystal data and structural refinement
parameters are given in Table 1. The data were collected using
Oxford Diffraction Xcalibur-S diffractometer, equipped with
graphite-monochromated Mo Ka (k = 0.71073 Å) radiation at
the National Single Crystal X-ray Facility, IIT Bombay, Mumbai,
India. The intensity data were collected at 150(2) K by the
x/q-scan mode. The cell refinement was done using the CrysAlis
RED software [40]. The structure was solved by direct methods
with the program SHELXS-97 and refined by full matrix least
squares on F2 using SHELXL-97 [41]. The graphical tool used
were Diamond version 3.1f [42] and mercury [43]. Full crystallo-
graphic data (cif file) relating to the crystal structure have been
deposited with the Cambridge Crystallographic Data Centre as
CCDC 743681.

The ORTEP diagram of the compound is given in Fig. 3.
The molecule (numbering of atoms, according to Fig. 3) as a

whole is roughly planar with a maximum dihedral angle of
4.82(11)� between the rings formed by the atoms C1, C2, C3, C4,
C5, C6 and C12, C13, C14, C15, C16, C17 respectively. The C11AO1 bond
length of 1.228(3) Å indicates the molecule exists in the keto form
in the solid-state. The C10AN2 bond length of 1.279(2) Å confirms
its significant double-bond character. The values of the N2AN3

and N3AC11 bond distances of 1.379(2) and 1.362(3) Å, respec-
tively, indicate significant delocalization of p-electron density over
the hydrazone portion of the molecule. The torsion angle values,
�179.54(19)� and 1.9(3)� attained by N3AN2AC10AC9 and
N2AN3AC11AO1, suggest the existence of the ligand in trans config-
uration along the C10AN2 bond and in cis form along the C11AN3

bond [44–46]. The existence of C10AN2 bond in trans configuration,
rules out the possibility of intramolecular N3AH� � �N1 hydrogen
bonding. The packing of molecules in the crystal lattice is shown
in Fig. 4.

The unit cell is viewed down the ‘a’ axis. The molecules
are arranged in a zig-zag manner in the unit cell. An interesting
feature of the crystal packing is the formation of a
supramolecular chain mediated by a network of hydrogen bonds
(Fig. 5).

The residual water molecule in the crystal lattice interconnects
adjacent molecules in the lattice through intermolecular hydro-
gen bonds. Finally, these chains are linked into highly ribbed 3D
array by extensive hydrogen bonding interactions. The orientation
of the molecules in the crystal lattice is in such a manner that
p� � �p stacking interactions are present between Cg (2)
(C1, C2, C3, C4, C5, C6) and Cg(3) (C12, C13, C14, C15, C16, C17) at an
average distance of 3.8931(14) Å. In addition, C11AO1� � �Cg
(2) interaction is also observed with O1� � �Cg distance of
3.9025(19) Å and C11� � �Cg distance of 3.481(2) Å. The molecules
in the adjacent layers within the unit cell are held together by
these interactions, which reinforce the packing. The significant
bond parameters and interaction parameters are given in Tables
2 and 3 respectively.



Fig. 2. IR spectrum (a) experimental (b) theoretical (DFT).
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3. Computational details

Calculations of the title compound were carried out with Gauss-
ian03 program [47] using the HF/6-31G(d) and B3LYP/6-31G(d)
levels of theory to predict the molecular structure and vibrational
wavenumbers. The wavenumber values computed contain known
systematic errors [48] and we therefore, have used the scaling fac-
tor values of 0.8929 and 0.9613 for HF and DFT levels of theory.
Parameters corresponding to optimized geometry of the title com-
pound (Fig. 6) are given in Table 4. The absence of imaginary values
of wavenumbers on the calculated vibrational spectrum confirms
that the structure deduced corresponds to minimum energy. The
assignment of the calculated wavenumbers is aided by the anima-
tion option of MOLEKEL program, which gives a visual presentation
of the vibrational modes [49,50].

4. Results and discussion

The observed IR bands with their relative intensities and calcu-
lated (scaled) wavenumbers and assignments are given in Table 5.

The NH stretching vibration [51] appears strongly and broadly
in the region 3390 ± 60 cm�1. In the present study, the NH stretch-
ing band has split to a doublet, 3395, 3294 cm�1 in the IR spectrum
owing to the Davydov coupling between the neighboring units. A
similar type of splitting observed in acetanilide [52,53] and
N-methylacetamide [54] in the stretching band is attributed to
the Davidov splitting. The splitting of about 101 cm�1 in the IR
spectrum is due to the strong intermolecular hydrogen bonding.
The CNH vibration in which N and H atoms move in opposite direc-
tion of carbon atom in the amide moiety appears at 1523 (IR),
1518 cm�1 (DFT) and the CNH vibration in which N and H atoms
move in the same direction of carbon atom in the amide group ap-
pear at 1260 (IR) and at 1256 cm�1 (DFT) [55–57]. The NH rock in
the plane is observed at 1210 cm�1 in IR and at 1221 cm�1 theoret-
ically [57]. The out-of-plane waging of NH [51] is moderately ac-
tive with a broad band in the region 790 ± 70 cm�1 and the band
at 875 (IR), 865 cm�1 (DFT) is assigned as this mode. Panicker
et al. [58] reported NH deformation bands at 1538, 1220 cm�1 in
IR spectrum and at 1538, 1223 cm�1 theoretically.

The CN stretching vibration [51] coupled with dNH, is moder-
ately to strongly active in the region 1275 ± 55 cm�1. El-Shahawy
et al. [57] observed a band at 1320 cm�1 in the IR spectrum as this
mCN mode. In the present case, the mC32AN20 band is observed at
1358 cm�1 in the IR spectrum and at 1353 cm�1 theoretically. This
mode is not pure, but contains significant contribution from in-
plane CH mode.



Table 1
Summary of crystal data and structure refinement for HQb�H2O.

Formula C17H15N3O2

Formula weight 293.32
Color; shape Colorless, block
Temperature, T (K) 150(2)
Wavelength (Mo Ka) (Å) 0.71073
Crystal system Monoclinic
Space group P21/n
Lattice constants

a (Å) 6.4221(4)
b (Å) 32.7824(18)
c (Å) 7.0736(4)
a (�) 90.00
b (�) 104.047(6)
c (�) 90.00

Volume, V (Å3) 1444.69(15)
Z 4
Calculated density, q (Mg m�3) 1.349
Absorption coefficient, l (mm�1) 0.091
F(0 0 0) 616
Crystal size (mm3) 0.23 � 0.18 � 0.15
h range for data collection 3.03–25.0
Limiting indices �6 6 h 6 7; �38 6 k 6 35; �8 6 l 6 8
Measured/unique data 9072/2546 [R(int) = 0.064]
Observed data [I > 2r(I)] 1416
Data/restraints/parameters 2540/0/211
Final R indices R1 = 0.0475, wR2 = 0.0680
R indices (all data) R1 = 0.1179, wR2 = 0.0806
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The carbonyl stretching C@O vibration [51,59] is expected in
the region 1715–1680 cm�1 and in the present study this mode ap-
pears at 1655 cm�1 in the IR spectrum. The DFT calculations give
Fig. 3. ORTEP diagram

Fig. 4. Unit cell packing diagram of quinoline-2-carbaldehyde benzoyl hydrazone m
this mode at 1624 cm�1. The dC@O in-plane deformation and the
out-of-plane deformation cC@O are expected in the regions
625 ± 70 and 540 ± 80 cm�1, respectively [51]. The bands observed
at 750 and 625 cm�1 in the IR spectrum are assigned as these
mode. The theoretically calculated values are 756 and 626 cm�1.
Lv et al. [60] reported the stretching vibrations mC@N at
1506 cm�1 and mC@O at 1601, 1539 cm�1. The C@N stretching
skeletal bands [61–63] are observed in the range 1627–
1566 cm�1. For the title compound the band calculated at
1617 cm�1 is assigned as C@N stretching mode and a weak band
is observed in the IR spectrum at 1622 cm�1.

The mNAN has been reported at 1115 cm�1 by Crane et al. [64],
at 1121 cm�1 by Bezerra et al. [65] and at 1130 cm�1 by El-Behery
and El-Twigry [66]. The band observed at 1118 cm�1 in IR,
1118 cm�1 in DFT is assigned to the N19AN20 stretching mode in
the present case.

Since the identification of all the normal modes of vibration of
large molecules is not trivial, we tried to simplify the problem by
considering each molecule as a substituted benzene. Such an idea
has already been successfully utilized for the vibrational assign-
ments of vibrations containing multiple homo- and heteroaromatic
rings [67–70]. In the following discussion, the mono and ortho
substituted phenyl rings are designated as PhI and PhII, respec-
tively. The modes in the two phenyl rings will differ in wavenum-
ber, and the magnitude of splitting will depend in the strength of
the interaction between the different parts (internal coordinates)
of the two rings. For some modes, the splitting is so small that they
may be considered as quasi-degenerate, and for other modes a sig-
nificant amount of splitting is observed. Such observations have al-
ready been reported [67–71].
of the molecule.

onohydrate viewed along the ‘a’ axis. Hydrogen atoms are excluded for clarity.



Fig. 5. Supramolecular chain stabilized by hydrogen bonding between the hydrazone and the water molecule.

Table 2
Selected bond lengths (Å) and bond angles (�) of HQb�H2O.

Bond lengths (Å) Bond angles (�)

C10AN2 1.279(2) C10AN2AN3 115.50(19)
C11AO1 1.228(3) N2AN3AC11 118.1(2)
N2AN3 1.379(2) N3AC11AO1 121.9(2)
C11AN3 1.362(3) C9AC10AN2 119.9(2)
C9AC10 1.460(3) N3AC11AC12 117.0(2)
C11AC12 1.495(3)

Table 3
Interaction parameters of the title compound.

Hydrogen bonding
DAH� � �A DAH (Å) H� � �A (Å) D� � �A (Å) DAH � � �A ð�Þ
N3AH(3 N)� � �O111

a 0.91(3) 2.00(3) 2.879(3) 161.4(18)
O111AH111� � �O1 0.92(3) 1.91(3) 2.796(2) 161(2)
O111AH222� � �N1

b 0.84(3) 2.14(3) 2.948(3) 160(3)
C(5)AH(5)� � �O(1)c 0.95 2.54 3.367(3) 145
C(10)AH(10)� � �O(111)a 0.95 2.41 3.224(3) 144
C(13)AH(13)� � �O(111)a 0.95 2.48 3.416(3) 167

Short-ring interaction
Cg(I)–Res(I)� � �Cg(J) Cg–Cg (Å) a (�) b (�) c (�)

Cg(2) [1]� � �Cg(3)b 3.8931(14) 4.82 20.70 25.52

Pi-ring interactions
Y–X(I)–Res(I)� � �Cg(J) X� � �Cg (Å) Y–X� � �Cg Y� � �Cg

C(11)AO(1) [1]� � �Cg(2)d 3.9025(19) 61.19(12) 3.481(2)

Note: Equivalent position codes: a = 1 + x, y, z; b = 1 � x, �y, 2 � z; c = �x, �y, 1 � z;
d = 1 � x, �y, 1 � z.
Cg(2) = C1, C2, C3, C4, C5, C6; Cg(3) = C12, C13, C14, C15, C16, C17.
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For substituted benzenes, the CH stretching modes are expected
in the region 3105–3000 cm�1 [51]. There are five CH stretching
modes for mono substituted benzenes. According to selection rules
all five bands are allowed in the IR spectrum [55]. The calculated
values are 3116, 3103, 3091, 3079, 3069 cm�1 and only one band
is observed in the IR spectrum at 3193 cm�1. For ortho substituted
benzene, mCH modes are observed at 3095, 3080, 3067 cm�1 in the
IR spectrum and at 3109, 3094, 3080, 3066 cm�1 (DFT) theoreti-
cally. The benzene ring possesses six ring stretching vibrations, of
which the four with the highest wavenumbers occurring respec-
tively near 1600, 1580, 1490 and 1440 cm�1 are good group vibra-
tions [51]. In the absence of ring conjugation, the band near
1580 cm�1 is usually weaker than that at 1600 cm�1. The fifth ring
stretching vibration is active near 1335 ± 35 cm�1, a region which
overlaps strongly with that of the CH in-plane deformation and
the intensity is in general, low or medium high [51,55]. The sixth
ring stretching vibration or ring breathing mode appears as a weak
band near 1000 cm�1 in mono substituted benzenes [51]. The
bands observed at 1593, 1560, 1493, 1449, 1328 cm�1 and 1601,
1542, 1504, 1461, 1431, 1380, 1313 cm�1 in IR spectrum are as-
signed as tPh stretching modes of PhI and PhII, respectively. As
seen from Table 5, the DFT calculations give these modes in the
range 1603–1313 cm�1. These vibrations are expected in the re-
gion 1620–1300 cm�1 [51]. Some modes are not pure, but contain
significant contributions from other modes. For the title compound
the ring breathing mode of the mono substituted benzene is as-
signed at 996 cm�1 in the IR spectrum and at 995 cm�1

theoretically.
The CH out-of-plane deformations of the phenyl ring [51] are

observed between 1000 and 700 cm�1. Generally the CH out-of-
plane deformations with the highest wavenumbers have weaker
intensity than those absorbing at lower wavenumbers. In the pres-
ent case, the cCH vibrations are observed at 956, 837, 801, 791,
773, 750 cm�1 in the IR spectrum and at 992, 975, 959, 931, 863,
849, 793, 791, 774, 756 cm�1 theoretically. The cCH at 774 cm�1

and the out-of-pane ring deformation at 698 cm�1 form a pair of
strong bands characteristics of mono substituted benzene deriva-
tives [72]. In the case of 1,2-disubstitued phenyl ring one strong
vibration in the region 755 ± 35 cm�1 is observed and is due to
cCH. This is confirmed by the strong band at 750 cm�1 in the IR
spectrum. This band is not pure but contains significant contribu-
tion form dC@O mode.

In ortho disubstituted benzene rings, the ring breathing mode
has three wavenumber intervals according to whether both sub-
stituents are heavy, or one of them is heavy while the other is light,
or both of them are light. In the first case, the interval is 1100–
1130 cm�1, in the second case it is 1020–1070 cm�1, while in the
third case [55] it is 630–780 cm�1. In the present case, the band
at 760 cm�1 given by DFT is assigned as the ring breathing mode
of ortho substituted phenyl ring.

Quinolines and isoquinolines have three bands near 1600 cm�1

and five bands in the range 1500–1300 cm�1 [73]. Chowdhury
et al. [74] reported the in-plane skeletal deformation bands of



Fig. 6. Optimized geometry of the molecule.

Table 4
Geometrical parameters of the title compound, atom labeling according to Fig. 6.

Bond lengths (Å) DFT XRD Bond angles (�) DFT XRD Dihedral angles (�) DFT XRD

C1AC2 1.4211 1.4063 A(2,1,6) 120.3 120.2 D(6,1,2,3) 0.0 0.7
C1AC6 1.3806 1.3673 A(2,1,7) 117.6 119.9 D(6,1,2,12) �179.9 �179.1
C1AH7 1.0841 0.95 A(6,1,7) 122.1 119.9 D(7,1,2,3) 180.0
C2AC3 1.435 1.4163 A(1,2,3) 119.4 119.1 D(7,1,2,12) 0.1
C2AN12 1.3725 1.3743 A(1,2,12) 118.8 118.2 D(2,1,6,5) 0.0 0.1
C3AC4 1.421 1.4123 A(3,2,12) 121.8 122.6 D(2,1,6,10) 180.0
C3AC11 1.4245 1.4143 A(2,3,4) 118.9 119.0 D(7,1,6,5) �180.0
C4AC5 1.382 1.3623 A(2,3,11) 117.5 117.0 D(7,1,6,10) 0.0
C4AH8 1.0863 0.95 A(4,3,11) 123.6 124.0 D(1,2,3,4) �0.1 �1.4
C5AC6 1.4206 1.4023 A(3,4,5) 120.5 120.7 D(1,2,3,11) �180.0 178.5
C5AH9 1.0853 0.95 A(3,4,8) 118.9 119.6 D(12,2,3,4) 179.9 178.4
C6AH10 1.0852 0.95 A(5,4,8) 120.6 119.6 D(12,2,3,11) �0.0 �1.7
C11AH13 1.0861 0.95 A(4,5,6) 120.5 120.0 D(1,2,12,14) �180.0 �179.3
C11AC15 1.377 1.3543 A(4,5,9) 120.1 120.0 D(3,2,12,14) 0.1 0.9
N12AC14 1.3401 1.3273 A(6,5,9) 119.5 120.0 D(2,3,4,5) 0.0 1.2
C14AC15 1.4285 1.4143 A(1,6,5) 120.4 121.0 D(2,3,4,8) �179.9
C14AC17 1.4619 1.4603 A(1,6,10) 120.1 119.5 D(11,3,4,5) 179.9 �178.6
C15AH16 1.0901 0.95 A(5,6,10) 119.4 119.5 D(11,3,4,8) �0.0
H16AO35 2.104 A(3,11,13) 119.2 119.9 D(2,3,11,13) 179.7
C17AH18 1.0945 0.95 A(3,11,15) 120.4 120.1 D(2,3,11,15) �0.1 0.7
C17AN19 1.2934 1.2792 A(13,11,15) 120.3 119.9 D(4,3,11,13) �0.2
N19AN20 1.3751 1.3792 A(15,14,17) 122.0 121.8 D(4,3,11,15) �180.0 �179.5
N19AH36 2.4765 A(2,12,14) 118.6 117.9 D(3,4,5,6) �0.0 �0.3
N20AC32 1.3826 1.3623 A(12,14,15) 123.6 122.9 D(3,4,5,9) �180.0
N20AH34 1.0161 0.922 A(12,14,17) 114.4 115.3 D(8,4,5,6) 180.0
C21AC22 1.407 1.3833 A(11,15,14) 118.0 119.4 D(8,4,5,9) �0.0
C21AC23 1.4058 1.3813 A(11,15,16) 121.7 120.3 D(4,5,6,1) �0.0 �0.3
C21AC32 1.4905 1.4953 A(14,15,16) 120.3 120.3 D(4,5,6,10) �180.0
C22AC24 1.3978 1.3853 A(15,16,35) 175.9 D(9,5,6,1) 180.0
C22AH25 1.0859 0.95 A(14,17,18) 115.3 120.0 D(9,5,6,10) �0.0
C23AC26 1.3956 1.3813 A(14,17,19) 121.3 119.9 D(3,11,15,14) 0.1 1.1
C23AH27 1.0838 0.95 A(18,17,19) 123.4 120.0 D(3,11,15,16) 179.6
C24AC28 1.3999 1.3703 A(17,19,20) 118.4 115.5 D(13,11,15,14) �179.7
C24AH29 1.085 0.95 A(17,19,36) 139.0 D(13,11,15,16) �0.2
C26AC28 1.4009 1.3814 A(20,19,36) 102.2 D(2,12,14,15) �0.1 1.1
C26AH30 1.0849 0.95 A(19,20,32) 119.1 118.1 D(2,12,14,17) �179.9 �179.0
C28AH31 1.0852 0.95 A(19,20,34) 120.1 120.1 D(12,14,15,11) �0.1 �2.1
C32AO33 1.2525 1.2283 A(32,20,34) 120.6 121.8 D(12,14,15,16) �179.5
O33AH36 1.9717 A(22,21,23) 119.3 118.7 D(17,14,15,11) 179.7 178.0
O35AH36 0.9851 0.923 A(22,21,32) 123.3 124.3 D(17,14,15,16) 0.3
O35AH37 0.9741 0.843 A(23,21,32) 117.3 117.0 D(12,14,17,18) 1.2

A(21,22,24) 120.2 120.4 D(12,14,17,19) �178.7 178.7
A(21,22,25) 120.8 119.8 D(15,14,17,18) �178.6
A(24,22,25) 118.9 119.8 D(15,14,17,19) 1.5 �1.3
A(21,23,26) 120.3 120.9 D(11,15,16,35) �157.8
A(21,23,27) 118.4 119.5 D(14,15,16,35) 21.6
A(26,23,27) 121.3 119.5 D(15,16,35,36) �17.2
A(22,24,28) 120.1 120.5 D(15,16,35,37) �136.4
A(22,24,29) 119.8 119.7 D(14,17,19,20) �179.9 �179.1
A(28,24,29) 120.1 119.7 D(14,17,19,36) �8.5
A(23,26,28) 120.1 120.0 D(18,17,19,20) 0.2
A(23,26,30) 119.8 120.0 D(18,17,19,36) 171.6
A(28,26,30) 120.1 120.0 D(17,19,20,32) 178.2 179.7

(continued on next page)
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Table 4 (continued)

Bond lengths (Å) DFT XRD Bond angles (�) DFT XRD Dihedral angles (�) DFT XRD

A(24,28,26) 119.9 119.5 D(17,19,20,34) 3.1
A(24,28,31) 120.0 120.2 D(36,19,20,32) 4.0
A(26,28,31) 120.1 120.2 D(36,19,20,34) �171.2
A(20,32,21) 116.2 117.0 D(17,19,36,33) �175.4
A(20,32,33) 121.9 121.9 D(17,19,36,35) 15.2
A(21,32,33) 122.0 121.1 D(20,19,36,33) �3.1
A(32,33,36) 122.3 D(20,19,36,35) �172.5
A(16,35,36) 95.8 D(19,20,32,21) 178.0 �178.2
A(16,35,37) 129.7 D(19,20,32,33) �3.1 1.9
A(36,35,37) 108.0 104.0 D(34,20,32,21) �6.9
A(19,36,33) 74.3 D(34,20,32,33) 172.0
A(19,36,35) 124.6 D(23,21,22,24) �1.0 0.1
A(33,36,35) 158.9 D(23,21,22,25) 176.4

D(32,21,22,24) �179.6 179.2
D(32,21,22,25) �2.2
D(22,21,23,26) 1.3 0.1
D(22,21,23,27) �178.7
D(32,21,23,26) 180.0 �179.1
D(32,21,23,27) 0.0
D(22,21,32,20) �23.9 �1.1
D(22,21,32,33) 157.2 178.9
D(23,21,32,20) 157.5 178.0
D(23,21,32,33) �21.4 �2.1
D(21,22,24,28) 0.1 �0.2
D(21,22,24,29) 179.4
D(25,22,24,28) �177.4
D(25,22,24,29) 2.0
D(21,23,26,28) �0.6 0.0
D(21,23,26,30) 179.5
D(27,23,26,28) 179.4
D(27,23,26,30) �0.5
D(22,24,28,26) 0.6 0.2
D(22,24,28,31) �179.9
D(29,24,28,26) �178.7
D(29,24,28,31) 0.8
D(23,26,28,24) �0.4 �0.1
D(23,26,28,31) �179.9
D(30,26,28,24) 179.5
D(30,26,28,31) 0.0
D(20,32,33,36) �0.5
D(21,32,33,36) 178.4
D(32,33,36,19) 2.0
D(32,33,36,35) 157.4
D(16,35,36,19) �6.9
D(16,35,36,33) �157.7
D(37,35,36,19) 128.1
D(37,35,36,33) �22.6
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2,20-biquinoline at 526, 472, 508, 624, 829 869 cm�1 and out-of-
plane CH deformations at 737, 785, 938 cm�1 and the ring vibra-
tions at 1245, 1383, 1434, 1470, 1593, 1621 cm�1 in the Raman
spectrum and 760 cm�1 as the ring breathing mode. For 2-benzoyl-
pyridine the ring breathing mode is reported at 1002 cm�1,
stretching mode of C@O at 1659 cm�1 and in-plane C@O deforma-
tion band at 568 cm�1 [75]. For 8-hydroxyquinoline, the ring defor-
mation bands are reported at 422, 470, 487, 542, 705 cm�1 in the IR
spectrum, 422, 472, 489, 514, 548, 578, 636 cm�1 in the Raman
spectrum [76]. The in-plane and out-of-plane CH vibrations are re-
ported in the range 739–868 cm�1 and 1141–1259 cm�1 and the
ring stretching vibrations in the range 1347–1630 cm�1 [76] which
are in agreement with our results.

Corresponding to C11AH13, C15AH16, C17AH18 stretching modes,
bands are observed at 3077, 3043, 2984 cm�1 in the IR spectrum
and at 3078, 3025, 2978 cm�1 theoretically.

Primary aromatic amines with nitrogen directly on the ring ab-
sorb at 1330–1260 cm�1 because of the stretching of the phenyl
CAN bond [56]. For the title compound, the mC2AN12 mode is ob-
served at 1289 cm�1 in the IR spectrum and at 1276 cm�1 theoret-
ically. The CAN stretching bands are expected [77] in the range
1100–1300 cm�1. In the present case mC14AN12 mode stretching
band is calculated to be at 1304 cm�1 theoretically.
5. Geometrical parameters and first hyperpolarizability

The experimental NAN bond length of hydrazone [78] is re-
ported as 1.449 Å and the electron diffraction NAN bond length
of tetramethylhydrazone [79] is reported at 1.401 Å. Kostova
et al. [80] calculated NAN bond length of 3,5-pyrazoledicarboxylic
acid molecules with different methods and found the bond length
varying from 1.318 to 1.357 Å. In the present case, the NAN bond
length is 1.3756 Å (DFT), 1.3792 Å (XRD) which is somewhere be-
tween the length of an NAN single-bond (1.45 Å) and an N@N dou-
ble-bond (1.25 Å).

Both of the C17AN19 = 1.2934 Å (DFT), 1.2792 Å (XRD) and
C32AO33 = 1.2525 Å (DFT), 1.2283 Å (XRD) bonds show typical
double-bond characteristics. However, the bond lengths C2AN12 =
1.3725 Å (DFT), 1.3743 Å (XRD), C14AN12 = 1.3401 Å (DFT),
1.3273 Å (XRD) and C32AN20 = 1.3826 Å (DFT), 1.3623 Å (XRD) are
shorter than the normal CAN single-bond length of about 1.48 Å.
The shortening of the CAN bond lengths reveal the effects of reso-
nance in this part of the molecule [81]. At C21 position, the angles
C25AC21AC32 is reduced by 2.7� (DFT), 3� (XRD) and C22AC21AC32

is increased by 3.3� (DFT), 4.3� (XRD) from 120�, and this asymmetry
of exocyclic angles reveals the interaction between O33 and the
mono substituted phenyl ring.



Table 5
Calculated vibrational wavenumbers (scaled), measured infrared band positions and assignments for quinoline-2-carbaldehyde benzoyl hydrazone.

HF/6-31G(d) B3LYP/6-31G(d) m(IR) (cm�1) Assignments

m(HF) (cm�1) IR intensity Raman activity m(DFT) (cm�1) IR intensity Raman activity

3664 148.44 100.74 3597 71.41 95.12 mOH
3504 269.82 146.72 3394 285.76 222.84 mOH
3435 24.94 170.52 3388 14.51 531.23 3395 s, 3294 sbr mNH
3044 5.77 134.39 3116 8.79 155.24 3193 s mCH I
3038 17.71 175.66 3109 23.18 206.86 mCH II
3032 52.35 102.90 3103 22.34 249.22 mCH I
3030 19.80 195.39 3094 38.19 268.60 3094 sh mCH II
3022 37.15 212.43 3091 24.42 104.44 mCH I
3019 27.67 69.04 3080 24.04 157.23 3080 sh mCH II
3010 31.13 118.46 3079 2.54 104.41 mCH I
3008 7.98 100.12 3078 2.22 72.52 3077 s mmC11H13

3006 4.90 74.19 3069 11.91 37.17 mCH I
3000 4.75 36.62 3066 1.81 39.81 3067 sh mCH II
2995 0.24 38.57 3025 131.18 110.65 3043 sh mC15H16

2947 31.55 42.11 2978 42.59 50.10 2984 sh mC17H18

1698 1.13 1986.27 1624 132.84 10.93 1655 s mC@O
1652 296.07 203.94 1617 37.69 1062.39 1622 w mC@N
1638 8.89 264.84 1603 8.80 2827.47 1601 w mPh I, mC@C
1617 46.66 94.58 1597 30.62 1846.21 1593 m mPh Im
1613 9.53 187.39 1595 114.70 57.12 qH2O
1590 159.17 14.58 1584 23.92 1297.35 mC11C15, mPh II
1586 210.27 34.87 1569 53.39 245.68 1560 w mPh I
1577 0.72 28.62 1537 0.83 13.56 1542 sh mPh II
1550 360.70 2.12 1518 313.50 240.36 1523 sh dNH
1505 60.00 30.76 1504 94.84 333.83 1504 w mPh II
1499 22.83 2.99 1491 50.90 6.79 1493 m mPh I
1476 14.47 85.20 1464 22.78 349.57 1461 w mPh II
1450 5.47 3.46 1447 2.88 3.92 1449 w mPh I
1437 14.08 94.53 1434 7.53 189.28 1431 w mPh II
1365 15.66 255.70 1370 0.46 862.83 1380 w mPh II
1353 21.72 490.05 1353 27.61 49.81 1358 m dC17H18, tC32N20,

1341 0.79 15.29 1336 0.56 10.72 dCH I
1321 37.43 28.30 1319 14.75 283.41 1328 m dC15H16, tPh I
1308 8.26 188.19 1315 20.19 369.71 1313 m dC15H16, tPh II
1282 272.64 26.26 1304 9.93 759.57 dC17H18, mC14N12

1274 270.81 111.47 1276 30.30 13.77 1289 s mC2N12

1238 6.32 72.44 1256 409.29 1075.31 1260 m dNH
1234 50.69 32.48 1242 26.07 375.04 1240 w dCH II
1195 2.71 14.87 1221 5.50 261.24 1210 w qNH
1189 19.87 4.09 1192 32.91 45.07 dCH I
1168 1.42 11.07 1178 1.90 7.55 1185 w dCH II
1151 9.30 12.71 1174 0.43 63.82 dCH I
1137 159.26 9.03 1164 5.52 34.01 1145 m dCH II
1134 13.72 18.67 1126 55.14 70.50 mCC(X) II
1105 51.06 11.07 1118 131.11 275.37 1118 m mNN
1086 8.31 0.24 1084 62.73 55.94 1077 m mCC(X) I
1079 30.96 1.86 1055 6.43 1.27 dCH I
1068 0.06 0.69 1033 61.57 83.06 1040 w dCH I
1053 0.06 1.51 1021 6.98 65.34 1028 w mPh I
1041 40.98 10.44 1011 1.25 20.29 1014 w dCH II
1038 0.57 0.21 1004 3.74 8.37 1001 w mC14C17

1021 4.77 1.96 995 8.07 118.09 996 w Ring breath I
1020 9.64 0.50 992 0.00 0.32 cCH II
1002 38.15 31.47 975 1.62 2.04 cCH I

994 0.84 4.43 964 26.59 18.42 c C17H18

994 4.38 61.65 959 2.79 0.73 956 m cCH II
988 1.13 8.57 941 3.32 1.51 mC21C32

942 1.63 0.90 931 1.50 5.06 cCH I
924 21.38 3.67 913 8.35 5.26 923 m dPh II
916 8.00 3.11 893 22.99 4.95 c C11H13

891 57.39 0.08 865 14.70 32.26 875 m xNH
889 0.92 3.62 863 21.57 1.16 cCH II
864 19.65 12.34 849 1.38 7.61 837 m cCH I
824 4.07 3.22 793 5.77 10.58 801 w cCH I
818 2.47 5.21 791 0.55 4.93 791 w cCH II
785 76.11 4.30 774 10.37 9.87 773 W cCH I
770 18.97 5.37 760 53.87 4.94 Ring breath II
758 6.02 47.43 756 5.48 107.36 750 s cCH II, dC@O
731 198.72 4.35 703 98.52 8.92 698 s cPh I, II
707 2.95 0.75 691 1.98 0.30 cPh I, Ph II
698 0.68 0.57 684 15.56 1.19 cPh(X) I
682 35.10 2.17 681 22.52 1.43 683 w dPh(X) II
626 7.76 2.91 628 7.16 6.24 dPh(X) I, II

(continued on next page)
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Table 5 (continued)

HF/6-31G(d) B3LYP/6-31G(d) m(IR) (cm�1) Assignments

m(HF) (cm�1) IR intensity Raman activity m(DFT) (cm�1) IR intensity Raman activity

626 0.60 4.54 626 2.17 6.88 625 w cC@O
604 198.70 1.47 610 21.67 2.47 dCNC
601 89.35 2.07 605 265.92 4.82 cPh(X) M
583 84.76 2.25 595 53.17 4.10 dC@CAC
554 14.88 1.58 545 1.26 1.57 cPh(X) II
523 0.57 14.36 523 2.72 27.88 523 w cPh(X) I
510 10.74 6.39 501 6.04 10.02 cC@CAC
502 4.64 0.99 486 2.45 1.30 dPh(X) I
466 4.01 1.20 466 2.43 1.64 470 w dPh(X) II
427 11.19 2.50 428 8.27 1.48 427 w cPh II
418 0.31 0.29 409 0.58 1.21 415 w cPh M

m – stretching, d – in-plane bending, c – out-of-plane bending, s – strong, m – medium, w – weak, v – very, br – broad; sh – shoulder; mono and ortho substituted phenyl rings
are designated as PhI and PhII; X – substituent sensitive.
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According to Noveron et al. [82] for complexes of benzamide, the
bond lengths C32AO33 = 1.2253, C32AN20 = 1.3703, C32AC21 =
1.4943, C21AC22 = 1.3923, C21AC23 = 1.3933 and N20AH34 =
0.773 Å. In the present case, the corresponding values given by
DFT calculation are 1.2525, 1.3826, 1.4905, 1.407, 1.4058, 1.0161 Å
and the XRD values are 1.2283, 1.3623, 1.4953, 1.3833, 1.3813 and
0.922 Å. For some benzamide complexes [83] the bond lengths for
C32AO33 = 1.2445, C32AN20 = 1.3646, C32AC21 = 1.4816 Å respec-
tively, while in the present case, the corresponding values are
1.2525, 1.3826, 1.4905 Å (DFT) and 1.2283, 1.3623, 1.4953 Å
(XRD). The C@O and CAN bond lengths [84] in benzamide, acetam-
ide and formamide are, respectively, 1.2253, 1.2203, 1.2123 Å and
1.3801, 1.3804, 1.3683 Å. According to literature [85–88] the
changes in bond length in C@O and CAN are consistent with the fol-
lowing interpretation: that is, hydrogen bond decreases the double-
bond character of C@O and increases the double-bond characteris-
tics of the CAN bond. The values of the angles C23AC21AC32 = 117.3�
(DFT), 117.0� (XRD) and C21AC32AO33 = 122.0� (DFT), 121.1� (XRD)
are smaller than those of benzaldehyde [89] 121.0� and 123.6�.
These differences are ascribed to the steric repulsion between H25
and H34 atoms.

In the present case, the dihedral angles C22AC21AC32AO33 was
determined to be 157.2� (DFT) and 178.9� (XRD). On the contrary,
the equilibrium structure of benzaldehyde is planar [81]. The steric
repulsion in the present case is also considered to cause the non-
planar skeleton. The C21AC32 bond length 1.4905 Å (DFT),
1.4953 Å (XRD) is larger than the corresponding length of benzal-
dehyde (1.4794 Å) by 0.0111 Å [89].

The C32AN20 bond is twisted from the monosubstituted phenyl
ring, as is evident from the torsion angles N20AC32AC21AC23 =
�23.9� (DFT), �1.1� (XRD) and N20AC32AC21AC22 = 157.5� (DFT),
178.0� (XRD). The C2AN12 ring moiety is slightly twisted from the
disubstituted phenyl ring (C3AC2AN12AC14 = 0.1� (DFT), 0.9� (XRD)
and C1AC2AN12AC14 = �180.0� (DFT), �179.3� (XRD) as is evident
from the torsion angles.

For quinoline derivatives, Krishnakumar et al. [90] reported the
bond lengths N12AC14 = 1.45 Å, C14AC15 = 1.53 Å, C15AC11 = 1.53 Å,
C11AC3 = 1.51 Å, C3AC2 = 1.42 Å, C2AN12 = 1.39 Å, C3AC4 = 1.39 Å,
C4AC5 = 1.39 Å, C5AC6 = 1.4 Å, C6AC1 = 1.39 Å, C1AC2 = 1.4 Å,
C15AH16 = 1.09 Å, C11AH13 = 1.09 Å, C4AH8 = 1.08 Å, C6AH10 =
1.08 Å, C1AH7 = 1.08 Å. For the title compound, the corresponding
values are 1.3401, 1.4285, 1.377, 1.4245, 1.435, 1.3725, 1.421,
1.382, 1,4206, 1.3806, 1.4211, 1.0901, 1.0861, 1.0863, 1.0852,
1.0841 Å (DFT) and 1.3273, 1.4143, 1.3543, 1.4143, 1.4163,
1.3743, 1.4123, 1.3623, 1.4023, 1.3673, 1.4063, 0.95, 0.95, 0.95,
0.95 and 0.95 Å. The reported values of bond angles [90]
C11AC3AC2 = 119.1�, C1AC2AC3 = 118.6�, C2AC3AC4 = 118.8�,
C3AC4AC5 = 123� are in agreement with our calculated values in
the present case. For quinolinium derivatives Atalay et al. [91] re-
ported the dihedral angles C14AN12AC2AC1 = 180.0�, 179.1�,
C6AC1AC2AN12 = �180.0�, 179.5�, C5AC4AC13AC11 = 180.0�, 179.9,
C15AC11AC3AC4 = �180.0�, 179.9�, N12AC2AC3AC4 = 180.0�,
�179.3� and C1AC2AC3AC11 = 180.0�, �179.3� theoretically. The
corresponding experimentally reported values are �175.5�,
179.2�, �176.7�, 178.9�, 179.9� and 176.1� [92]. For the title com-
pound, we have obtained �180.0�, �179.9�, 179.9�, �180.0�,
179.9�, �180.0� theoretically and �179.3�, �179.1�, �178.6�,
�179.5�, 179.4� and 178.5� experimentally. For the title compound,
the bond angles and bond lengths are in agreement with the values
reported by Atalay et al. [91] and Baraczyriski et al. [92].

Using the x, y and z components, the magnitude of the dynamic
first hyperpolarizability can be calculated by b ¼ ðb2

x þ b2
y þ b2

z Þ
1=2.

The complete equation for calculating the magnitude of the dy-
namic first hyperpolarizability from the Gaussian03 output is given
as follows [93].

b¼ ðbxxxþbxyyþbxzzÞ
2þðbyyyþbyzzþbyxxÞ

2þðbzzzþbzxxþbzyyÞ
2

h i1=2

To calculate the dynamic first hyperpolarizability, the origin of
the Cartesian coordinate system was chosen as the centre of
mass of the compound. The calculated first hyperpolarizability of
the title compound in an electric field of value 0.001 a.u. is
14.03 � 10�30 esu. The CAN distances in the calculated molecular
structure vary from 1.2934 to 1.3826 ÅA

0

which are intermediate be-
tween those of a CAN single-bond (1.48 ÅA

0

) and a C@N double-bond
(1.28 ÅA

0

). Therefore, the calculated data suggest an extended p-elec-
tron delocalization over quinoline and hydrazone moieties [94,95]
which are responsible for the non-linearity of the molecule. Hon-
eybourne et al. [94] and Bader et al. [95] reported a hyperpolariz-
ability value equal to 1.794 � 10�30 esu for 8-hydroxyquinolinium
picrate. We conclude that the title compound is an attractive object
for future studies of non-linear optical properties.

In order to investigate the performance and vibrational wave-
numbers of the title compound root mean square value (RMS)
and correlation coefficient between calculated and observed wave-
numbers were calculated (Fig. 7). RMS values of wavenumbers
were evaluated using the following expression [96].

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n� 1

Xn

i
tcalc

i � texp
i

� �2

r

The RMS error of the observed IR bands is found to be 35.24 for
HF method and 13.11 for DFT method. The small differences be-
tween experimental and calculated vibrational modes are ob-
served. It must be due to the fact that hydrogen bond vibrations
present in the crystal lead to strong perturbation of the infrared
wavenumbers and intensities of many other modes. Also, we state
that experimental results belong to solid phase and theoretical cal-
culations belong to gaseous phase.



Fig. 7. Correlation graph between experimental and theoretical (DFT)
wavenumbers.
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6. Conclusion

The synthesis, crystal structure data, and FT-IR spectrum of
quinoline-2-carbaldehyde benzoyl hydrazone were reported. The
molecular geometry and wavenumbers were calculated using HF/
6-31G(d) and B3LYP/6-31G(d) basis. Optimized geometrical
parameters of the title compound are in agreement with the crystal
structure data obtained from XRD studies. The extended p-electron
delocalization over quinoline and hydrazone moieties is responsi-
ble for the non-linearity of the molecule. The first hyperpolarizabil-
ity, infrared intensities and Raman activities are reported. The
calculated first hyperpolarizability is comparable with the reported
values of similar derivatives and is an attractive object for future
studies of non-linear optics. An interesting feature of the crystal
packing is the formation of a supramolecular chain mediated by
a network of hydrogen bonds.
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