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� FT-IR spectrum of the studied compound was recorded and compared with the theoretical result.
� To determine the hyperconjugative interactions NBO analysis was performed.
� Theoretical calculated (b0) indicates the NLO response of the investigated molecule.
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The detailed spectroscopic analysis of a newly synthesized dipyrromethane derivative: 1,9-bis[(4-isoni-
cotinoyl)-hydrazonomethyl]-5-phenyl-dipyrromethane (3) has been performed using experimental mea-
surement and quantum chemical calculations. Calculated thermodynamic parameters (H, G, S) of all the
reactants and products have been used to determine the nature of reaction of synthesis. Occurring of a 1H
NMR singlet at 5.54 ppm indicates meso-proton and formation of product molecule (3). The molecular
orbital coefficients and molecular plots analysis indicates the nature of electronic excitations as
p ? p�. Natural bond orbitals (NBOs) analysis has been carried out to investigate the intramolecular
interactions within molecule and their second order stabilization energy. The primary hyperconjugative
interactions n2(O23) ? r�(N21AC22)/r�(C22AC24) and n2(O48) ? r�(N46AC47)/r�(C47AC49) stabilize
the molecule to a greater extent �117.75 KJ/mol. Global electrophilicity index (x = 3.64 eV) shows that
the title molecule (3) is a strong electrophile. Local reactivity descriptors: Fukui functions ðfþk ; f�k Þ, local
softnesses ðsþk ; s�k Þ and electrophilicity indices ðxþk ; x�k Þ analyses were performed to find out the reactive
sites within molecule. The first hyperpolarizability (b0) has been computed and found to be
60.95 � 10�30 esu indicating synthesized molecule to be suitable for non-linear optical response.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Dipyrromethanes (DPM) are the building blocks for the synthe-
ses of a variety of calix[n] pyrroles, porphyrins [1–4], polypyrrolic
macrocycles [5], hexaphyrin [6] and corroles [7,8]. The oxidized
dipyrromethanes (dipyrromethenes or dipyrrins) give monoanion-
ic, conjugated, planar ligands that have attracted attention in the
metal organic framework due to strong coordinating ability
towards different metal ions [9–12]. They are versatile ligands
for supramolecular coordination chemistry and self-assembly with
various transition metal ions [13,14]. The dipyrrinato metal
complexes are used for developing novel magnetic, electronic
[15–19], luminescent [20] and strong optical absorption materials
[20,21]. DPM based amido-imine hybrid macrocycles have shown
oxoanions receptor property [22]. Dipyrrins are also used as
ligands for the syntheses of boron dipyrromethene (BODIPY)
[23–25], which are used extensively as molecular probes and dyes.

Hydrazide–hydrazones having frame ACOANHAN@CHA are
versatile intermediates for the syntheses of N-alkyl hydrazides,
1,3,4-oxadiazolines, 2-azetidinones and 4-thiazolidinones [26,27].
These compounds show different biological activities such as
antidepressant [28], antimalarial [29], anticancer [30] and
antimicrobial [31] due to the presence of the active pharmaco-
phore (ACOANHAN@CHA). They are used as prospective new
materials for the development of potential chemosensors [32],
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opto-electronic [33] and non-linear optical (NLO) response [34].
The development of organic NLO materials for device applications
requires multidisciplinary effort involving both theoretical and
experimental studies. Quantum-chemical calculations have made
an important contribution to the understanding of the electronic
polarization underlying the molecular NLO processes and the
establishment of structure–property relationships [35,36]. Organic
molecules with large second-order NLO are the subject of substan-
tial research due to their potential applications in optical modula-
tion, molecular switching, optical memory, and frequency doubling
[37–42]. Nonlinearity in organic molecules can be synthetically
modulated by varying the composition or length of conjugated
p-systems, and by evaluating the effects of various electron-donor
and -acceptor groups. Although, organic molecules are not as
robust as inorganics, they have received a great deal of interest
in the non-linear optics field and they offer many advantages over
traditional inorganic crystals: (i) organic materials show high
molecular hyperpolarizability and fast response time; (ii) they
are cheaper to produce and easier to fabricate; and (iii) their struc-
tures can be modified in numerous ways allowing to finely tune
NLO properties for desired applications.

In observation of above applications of dipyrromethanes and
hydrazide–hydrazones, hydrazide–hydrazones containing dipyr-
romethane: 1,9-bis[(4-isonicotinoyl)-hydrazonomethyl]-5-phe-
nyl-dipyrromethane (3) has been synthesized and characterized
using experimental measurement (1H NMR, UV–Visible, FT-IR,
Mass spectroscopic techniques) and quantum chemical calcula-
tions. The nature of chemical reactivity and site selectivity of this
molecule has been determined on the basis of Global and Local
reactivity descriptors. The first hyperpolarizability (b0) has been
computed to indicate suitability for non-linear optical response.
2. Experimental details

2-[(4-Isonicotinoyl)-hydrazonomethyl]-1H-pyrrole (1) was
prepared by stirring the equimolar reaction mixture of pyrrole-2-
carboxaldehyde and isonicotinic acid hydrazide at room tempera-
ture. Benzaldehyde (2) was purchased from commercial source.
The Mass spectrum of (3) was recorded on JEOL-Acc TDF JMS-
T100LC, Accu TOF mass spectrometer. The 1H NMR spectrum of
(3) was recorded in MeOD on Bruker DRX-300 spectrometer using
TMS as an internal reference. The FT-IR spectrum was recorded in
KBr medium on a Bruker spectrometer. The UV–Visible absorption
spectrum of (3), (1 � 10�5 M in MeOD) was recorded on ELICO
SL-164 spectrophotometer.
2.1. Synthesis of 1,9-bis[(4-isonicotinoyl)-hydrazonomethyl]-5-
phenyl-dipyrromethane (3)

To the solution of 2-[(4-isonicotinoyl)-hydrazonomethyl]-1H-
pyrrole (0.200 g, 0.93420 mmol) and benzaldehyde (0.0495 g,
0.047 ml, 0.46713 mmol) in 25 ml methanol conc. HCl (0.001 ml)
was added as catalyst. The reaction mixture was refluxed for
12 h; the color of reaction was changed to dark brown. The com-
pletion of reaction was monitored by thin layer chromatography
(TLC). Now, the reaction mixture was treated with saturated aque-
ous solution of sodium bicarbonate (NaHCO3) and extracted with
dichloromethane (30 ml � 4). The organic layer was dried over
MgSO4 and solvent was removed under reduced pressure. The
formed solid was purified by column chromatography using
hexane, dichloromethane as eluent and the pure product (3) was
obtained. Color: dark brown; Yield: 67.50%; MS for C29H24N8O2:
Calcd. 516.20 amu, Obs. m/z 517.21 [M+ + 1]. Elemental analysis
for C29H24N8O2: Calcd. C 67.41, H 4.68, N 21.70, Obs. C 67.38, H
4.72, N 21.67%.
3. Quantum chemical calculations

All the quantum chemical calculations have been carried out
with Gaussian 09 program package [43] using DFT method,
B3LYP functional and 6-31G(d,p) basis set to predict the molecu-
lar structure, 1H NMR chemical shifts, vibrational wavenumbers,
electronic transitions, electronic reactivity descriptors and first
hyperpolarizability. B3LYP invokes Becke’s three parameter (local,
non local, Hartree–Fock) hybrid exchange functional (B3) [44],
with Lee–Yang–Parr correlational functional (LYP) [45]. The basis
set 6-31G(d,p) with ‘d’ polarization functions on heavy atoms and
‘p’ polarization functions on hydrogen atoms are used for better
description of polar bonds of molecule [46,47]. The ‘p’ polariza-
tion functions on hydrogen atoms are used for reproducing the
out of plane vibrations involving hydrogen atoms. The motivation
to use B3LYP functional and the bases set 6-31G (d,p) for the the-
oretical calculations is due to ability to successfully predict a
wide range of molecular properties of hydrogen bonded com-
plexes at a relatively low computational cost. To estimate the en-
thalpy (H) and Gibbs free energy (G) values, thermal corrections
to the enthalpy and Gibbs free energy are added to the calculated
total energies. Time dependent density functional theory (TD-
DFT) is used to find the various electronic excitations and their
nature within molecule. The second-order Fock matrix was used
to evaluate the donor–acceptor interactions in the NBO basis
[48]. For each donor (i) and acceptor (j), the stabilization energy
E(2) associated with the delocalization i ? j is estimated using
equation [49,50] as:

Eð2Þ ¼ DEij ¼ qiððFði; jÞ
2
=ðej � e0iÞÞÞ

where qi is the donor orbital occupancy, ei and ej are diagonal ele-
ments and F(i, j) is the off-diagonal NBO Fock matrix element be-
tween i and j NBO orbitals.

Potential energy distribution along internal coordinates has
been calculated by Gar2ped software [51]. Global reactivity
descriptors [52–56]: electronegativity (v), chemical potential (l),
global hardness (g), global softness (S) and electrophilicity index
(x) are highly successful in predicting global reactivity trends
and calculated using the following equations: v = �1/2(eLUMO + -
eHOMO); l = 1/2 (eLUMO + eHOMO); g = 1/2 (eLUMO � eHOMO); S = 1/2g;
x = l2/2g. The local reactivity descriptors [52,56] such as Fukui
functions fþk ðrÞ, f�k ðrÞ, f 0

k ðrÞ calculated using the following equa-
tions: fþk ðrÞ ¼ ½qNþ1ðrÞ � qNðrÞ� ¼ ½qkðN þ 1Þ � qkðNÞ�, for nucleo-
philic attack; f�k ðrÞ ¼ ½qNðrÞ � qN�1ðrÞ� ¼ ½qkðNÞ � qkðN � 1Þ�, for
electrophilic attack; f 0

k ðrÞ ¼ 1=2½qNþ1ðrÞ þ qN�1ðrÞ� ¼ 1=2½qkðNþ
1Þ þ qkðN � 1Þ�, for radical attack, where, q is the electron density
of atom k in the molecule, q is the gross charge of atom k in the
molecule and N, N + 1, N � 1 are electron systems containing neu-
tral, anion, cation form of molecule, respectively. Using Fukui func-
tions, other local reactivity descriptors: local softnesses ðsþk ; s�k ; s0

kÞ
and electrophilicity indices ðxþk ; x�k ; x0

kÞ are calculated using fol-
lowing equations: sþk ¼ Sfþk ; s�k ¼ Sf�k ; s0

k ¼ Sf 0
k; xþk ¼ xfþk ; x�k ¼

xf�k ; x0
k ¼ xf 0

k , where; +, � and 0 sign show nucleophilic, electro-
philic and radical attack, respectively.

The total static dipole moment (l0), mean polarizability (|a0|),
anisotropy of polarizability (Da) and first hyperpolarizability (b0)
are calculated using x, y, z components by following equations
[57–60]

l0 ¼ ðl2
x þ l2

y þ l2
z Þ

1=2

ja0j ¼ 1=3ðaxx þ ayy þ azzÞ

Da ¼ 2�1=2½ðaxx � ayyÞ2 þ ½ðayy � azzÞ2 þ ðazz � axxÞ2 þ 6a2
xx�

1=2

b0 ¼ ½ðbxxx þ bxyy þ bxzzÞ
2þðbyyy þ bxxy þ byzzÞ

2þðbzzzþbxxz þ byyzÞ
2�

1=2
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where the conversion factors for |a0| and Da is1 a.u. = 0.1482 �
10�24 esu; for b0 1 a.u = 0.008639 � 10�30 esu.
Fig. 1. Optimized geometry for the ground state lower energy conformer of (3).
4. Results and discussion

4.1. Thermochemistry

For simplicity, the reactants 2-[(4-isonicotinoyl)-hydrazonom-
ethyl]-1H-pyrrole and benzaldehyde are abbreviated as (1), (2)
and product 1,9-bis[(4-isonicotinoyl)-hydrazonomethyl]-5-phe-
nyl-dipyrromethane, byproduct water as (3), (4), respectively.
The calculated thermodynamic parameters enthalpy (H), Gibbs
free energy (G) and entropy (S) of (1), (2), (3), (4) and their change
(DH, DG, DS) for Reaction, at 25 �C are listed in Table 1. The calcu-
lated negative values of enthalpy change (DH) and entropy change
(DS) show that energy factor is favorable, whereas entropy factor is
unfavorable for formation of the product. It is to be noticed that net
spontaneity of the chemical reaction is depend upon the Gibbs free
energy change of reaction (DG). For uncatalyzed reaction, the
calculated positive value of (DG) shows that this reaction is non-
spontaneous at 25 �C. Therefore, this reaction is carried out in pres-
ence of acid as catalyst.

4.2. Molecular geometry

Optimized geometry of all the reactants (1, 2) and product (3, 4)
involved in chemical reaction is shown graphically in Supplemen-
tary Scheme 1. Optimized geometry for the ground state lower
energy conformer of (3) is shown in Fig. 1. Selected optimized geo-
metrical parameters of (3), calculated at B3LYP/6-31G (d,p) are
listed in Supplementary Table 1. The ground state lower energy
conformer of (3) possesses C1 symmetry. In (3), two pyrrole units
in anti form gives lower energy conformer. The anti form of two
pyrrole units is also well reported in the crystal structure of dipyr-
romethane derivatives [61,62]. The E-configuration about the
Schiff base bonds as C19@N20, C44@N45 with respect to the
ArACOANHA group and pyrrole give lower energy conformer.
The E-configuration about the Schiff base bonds is also well re-
ported in the crystal structure of hydrazone derivatives [63,64].
The asymmetry in the N14AC18 and N14AC15 bond lengths is
explained due to the presence of the two different groups as 4-
isonicotinoyl-hydrazonomethyl at C18 and substituted methylene
group at C15 carbon atom of pyrrole ring. In same manner, the
asymmetry of the N39AC43 and N39AC40 bonds is also explained
due to the presence of the two different groups at C43 and C40 car-
bon atoms of pyrrole ring. The meso-substituted DPM molecule (3)
is associated with the C1 as tetrahedral (sp3) carbon atom. The an-
gles associated with C1 carbon atom as C15C1C2, C40C1C2,
C15C1H8, C40C1H8 are deviated from the ideal tetrahedral angle
and have values in the range 105.92–114.00.

4.3. 1H NMR spectroscopy

The geometry of the title compound, together with that of tet-
ramethylsilane (TMS) is fully optimized. 1H NMR chemical shifts
are calculated with GIAO approach at B3LYP/6-31G(d,p) method
Table 1
Calculated thermodynamic parameters: enthalpy (H/a.u.), Gibbs free energy (G/a.u.)
and entropy [S/(cal/mol K)] of (1), (2), (3), (4) and their change for reaction, at 25 �C.

(1) (2) (3) (4) Reaction

H �719.1875 �345.4654 �1707.4572 �76.3945 DH �0.0111
G �719.2439 �345.5031 �1707.5656 �76.4160 DG 0.0093
S 118.575 79.467 228.287 45.116 DS �43.214
[65]. Chemical shift of any ‘x’ proton (dX) is equal to the difference
between isotropic magnetic shielding (IMS) of TMS and proton (x).
It is defined by the equation: dX = IMSTMS � IMSX. The experimental
1H NMR spectrum of (3) is shown in Fig. 2. The calculated and
experimental 1H NMR chemical shifts (d/ppm) for (3), in MeOD sol-
vent at 25 �C are given in Table 2. The observed singlet chemical
shifts at 8.388, 9.452 ppm for Schiff base ACH@N and ArCONH,
respectively indicates formation of aroylhydrazone linkage
(ACH@NANHACOAAr) in the title molecule. The observed chemi-
cal shift as a singlet at 5.544 ppm indicates presence of meso-pro-
ton i.e. formation of dipyrromethane molecule. In order to compare
the chemical shifts, correlation graphs between the experimental
and calculated 1H NMR chemical shifts are shown in Supplemen-
tary Fig. 2. The correlation graph follows the linear equation:
y = 1.03x� 0.152, where ‘x’ is the calculated 1H NMR chemical shift,
‘y’ is the experimental 1H NMR chemical shift (d in ppm). The cor-
relation value (R = 0.91) shows that there is an agreement between
experimental and calculated chemical shifts.

4.4. UV–Visible spectroscopy

The nature of the excitations in the observed UV–Visible spec-
trum of the title compound has been studied by the time depen-
dent density functional theory (TD-DFT). The calculated
electronic excitations of high oscillatory strength and experimental
are listed in Table 3. The comparison between experimental and
theoretical UV–Visible spectra for (3) is shown in Fig. 3. HOMO–
LUMO and their vicinal molecular orbital plots involved in the high
oscillator strength electronic excitations for (3) are shown in Sup-
plementary Fig. 3. The HOMO–LUMO energy gap for (3) is found to
be 3.64 eV. A combined experimental and theoretical UV–Visible
spectrum analysis of (3) indicates that the first observed electronic
excitation at kmax = 278 nm agrees well with the aggregate of two
electronic excitations calculated at kmax = 278.4, f = 0.218 and
kmax = 282.6 nm, f = 0.246. The second observed kmax at 356 nm
corresponds to the aggregate of three electronic excitations calcu-
lated at kmax = 361.9, f = 0.229, kmax = 379.9 nm, f = 0.229 and



Fig. 2. The experimental 1H NMR chemical shifts for (3).

Table 2
Calculated and experimental 1H NMR chemical shifts (d/ppm) in MeOD at 25 �C for
(3).

Atom no. dcalcd dexp Assignment

H 8 5.7768 5.544 (s, 1H, meso-CH)
H 9 7.3044 7.218–7.564 (m, 5H, benzene-CH)
H10 7.6378
H11 7.615
H12 7.7024
H13 7.6379
H30 9.2936 9.891 (s, 2�1H, pyrrole-NH)
H31 5.7919 5.926–5.938 (s, 2�1H, pyrrole-CH)
H32 6.6341 6.489–6.501 (s, 2�1H, pyrrole-CH)
H33 7.8272 8.388 (s, 2�1H, ACH@N)
H34 9.2228 9.452 (s, 2�1H, ArCONH)
H35 7.8015 7.840–7.859 (s, 2�2H, pyridine-CH)
H38 8.0504
H36 9.0276 8.071–8.111 (s, 2�2H, pyridine-CH)
H37 9.0556
H55 8.6406 9.891 (s, 2�1H, pyrrole-NH)
H56 6.4346 5.926–5.938 (s, 2�1H, pyrrole-CH)
H57 6.7594 6.489–6.501 (s, 2x1H, pyrrole-CH)
H58 7.7888 8.388 (s, 2�1H, ACH@N)
H59 9.156 9.452 (s, 2�1H, ArCONH)
H60 7.7869 7.840–7.859 (s, 2�2H, pyridine-CH)
H63 8.0328
H61 9.0019 8.071–8.111 (s, 2�2H, pyridine-CH)
H62 9.0297

Table 3
Calculated and experimental electronic transitions for (3): E/eV, oscillatory strength
(f), (kmax/nm) at TD-DFT/B3LYP/6-31G(d,p) level.

S. no. Excitations E
(eV)

(f) kmax

calcd.
kmax

obs.
Assignment

1. 135 ? 140, H ? L + 4 4.45 0.218 278.4 278 p ? p�

134 ? 138,
H � 1 ? L + 2

4.38 0.246 282.6

2. 134 ? 136, H � 1 ? L 3.42 0.229 361.9 356 p ? p�

135 ? 137, H ? L + 1 3.26 0.229 379.9
135 ? 136, H ? L 3.19 0.369 387.8
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kmax = 387.8 nm, f = 0.369. Therefore, the observed kmax are blue
shifted up to �32 nm compared with the calculated kmax in the
theoretical UV–Visible spectrum. According to TD-DFT calculations
the observed bands at 278, 356 nm originate mainly due to
H ? L + 4, H � 1 ? L + 2; H � 1 ? L, H ? L + 1, H ? L excitations,
respectively. The molecular orbital H, H � 1 are localized over
C4AC5, C2AC3 of pyrrole ring, whereas L, L + 1, L + 2, L + 4 are
localized over C26AN27, C50AC51 of pyridine, C19AN20 of Schiff
base, C24AC25 of pyridine ring, respectively. On the basis of
molecular orbital coefficients and molecular orbital plots analyses,
the nature of both electronic excitations is assigned as p ? p�.

4.5. Natural bond orbitals (NBOs) analysis

Natural bond orbital (NBO) analysis is an important tool for
studying hybridization, covalency, hydrogen-bonding and van der
Waals interactions [66,67]. Second-order perturbation theory anal-
ysis of the Fock matrix in NBO basis for (3) is presented in Supple-
mentary Table 2. The interactions p(C15AC16) ? p�(C17AC18),
p(C17AC18) ? p�(C15AC16) and n1(N14) ? p�(C15AC16)/p�

(C17AC18) are responsible for the conjugation of respective p-
bonds in pyrrole ring due to the high electron density at p bonds
(1.755–1.780) or loan pair (1.575) and low density at p� bonds
(0.361–0.401) and stabilized the molecule with energy in the
region 75.57–173.39 kJ/mol. The interactions n1(N14) ? p�

(C15AC16)/p�(C17AC18) indicate the involvement of loan-pair of
pyrrole N atom with p-electron delocalization in ring. In same
manner, for other pyrrole unit the conjugation of p-bonds, and



Fig. 3. Correlation graph between experimental and calculated 1H NMR chemical
shifts for (3).

R.N. Singh et al. / Journal of Molecular Structure 1052 (2013) 67–75 71
involvement of loan-pair of pyrrole N atom with p-electron
delocalization in ring can be explained. The interactions
p(C17AC18) ? p�(C19AC20), p(C19AC20) ? p�(C17AC18) dem-
onstrate the conjugation of these bonds with C18AC19 and stabi-
lized the molecule up to �95.38 kJ/mol. The interactions
p(C2AC3) ? p�(C4AC5)/p�(C6AC7), p(C4AC5) ? p�(C2AC3)/p�

(C6AC7) and p(C6AC7) ? p�(C2AC3)/p�(C4AC5) are responsible
for the conjugation of respective p-bonds in benzene ring. In same
way, p ? p� interactions in pyridine ring designate conjugation of
p-bonds in ring and stabilized the molecule with maximum energy
�111.98 kJ/mol. It is to be noticed that the charge transfer interac-
tions are formed by the orbital overlap between bonding (p) and
antibonding (p�) orbitals, which results in intramolecular charge
transfer (ICT) causing stabilization of the system. The movement
of p-electron cloud from donor to acceptor i.e. intramolecular
charge transfer (ICT) can make the molecule more polarized which
is responsible for the NLO properties of molecule. Therefore, the
title compound may be used in non-linear optical materials.

The primary hyperconjugative interactions n2(O23) ? r�

(N21AC22)/r�(C22AC24) and n2(O48) ? r�(N46AC47)/r�

(C47AC49) are stabilized the molecule with maximum energy
�117.75 kJ/mol. The other interactions n1(N21) ? p�(C22AO23)
and n1(N46) ? p�(C47AO48) are also stabilized the molecule to a
greater extent �216.61 kJ/mol. The secondary hyperconjugative
interactions r ? r� associated with benzene, pyrrole, and pyridine
ring are stabilized the molecule with maximum energy �15.75,
25.79, 16.38 kJ/mol, respectively.

Selected Lewis orbitals (occupied bond or lone pair) of (3) with
NBO hybrids are listed in Supplementary Table 3. The NBO hybrids
analysis shows that all the NAH/CAN bond orbitals are polarized
towards the nitrogen atom (ED = 59.34 � 73.87% at N) and CAO
bond orbitals towards oxygen atom (ED = 64.92 � 64.93% at O).
The electron density distribution around the loan pair of O, N
atoms and imino group (�NH) also influences the polarity of the
compound. Therefore, they consist with the maximum electron
density on the oxygen and nitrogen atoms, which is responsible
for the polarity of molecule.
4.6. Vibrational assignments

The theoretical (selected) and experimental vibrational wave-
numbers of (3) and their assignments using PED are given in Table
4. Comparison among experimental and theoretical (selected) IR
spectra for (3) in the region 4000–400 cm�1 is shown Fig. 4. The
total number of atoms (n) in monomer (3) is 63, therefore this
gives 183, (3n � 6) vibrational modes. The calculated wavenum-
bers are scaled down using scaling factor 0.9608 [68], to discard
the anharmonicity present in real system. The observed wavenum-
bers are assigned by comparing the calculated wavenumbers using
potential energy distribution (PED) analysis of the various vibra-
tional modes.
4.6.1. NAH vibrations
In the experimental FT-IR spectrum of (3), the NAH stretches of

pyrrole (mNAH) is observed at 3425 cm�1, whereas it is calculated at
3506 cm�1 in one pyrrole unit and at 3492 cm�1 in other pyrrole
unit. The observed wavenumber at 3425 cm�1 also corresponds
to the NAH stretch of pyrrole at 3475 cm�1, reported in literature
[69]. The calculated wavenumber at 584 cm�1 depicts the presence
of NAH wagging mode of pyrrole and observed at 567 in the exper-
imental FT-IR spectrum. The NAH stretches of ArCONH part of
molecule is observed at 3286 cm�1, whereas it is calculated at
3382 cm�1 in the experimental FT-IR spectrum. The observed
deformation mode of hydrazide NAH at 1496 cm�1 matches well
with the calculated wavenumber at 1503 cm�1. The observed band
at 1496 cm�1 also corresponds to the NAH deformation of hydra-
zide at 1506 cm�1, reported in literature [70].
4.6.2. CAH vibrations
The CAH stretching vibrations of pyrrole and benzene rings are

assigned in the region 3136–3122, 3085–3078 cm�1, respectively
in theoretical IR-spectrum. The calculated CAH stretches of pyri-
dine at 3049 cm�1 match well with the observed wavenumber at
3052 cm�1 experimentally. These mCAH vibrations also correspond
to the CAH stretching vibrations for aromatic compounds reported
in literature in the region 3100–3000 cm�1 [71,72]. The calculated
wavenumber at 2941 cm�1 exhibits the presence of CAH stretch-
ing of Schiff base and observed at 2923 cm�1 in the experimental
FT-IR spectrum. The CAH stretching associated with C1 as tetrahe-
dral carbon atom (mC1AH8) is observed at 2852 cm�1, whereas it is
calculated at 2910 cm�1 in theoretical IR-spectrum. In substituted
benzene rings, the aromatic CAH stretching vibrations (Ar-mCH), in-
plane (‘‘ip’’) and out-of-plane (‘‘oop’’) CAH bending vibrations are
reported in literature in the region 3000–3100, 1300–1000 and
900–675 cm�1, respectively [71]. The CAH stretching vibrations
associated with benzene, pyridine and pyrrole ring are assigned
at 1312, 1302, 1286 cm�1, respectively. The calculated wavenum-
bers at 1315, 914 cm�1 designate the in-plane and out-of-plane
CAH deformation of Schiff base, respectively and correspond to
the observed wavenumber at 1287, 910 cm�1. The wagging modes
(an out-of-plane deformation) of pyridine and pyrrole rings are
observed at 814, 685 cm�1, whereas these are calculated at 820,
766 cm�1, respectively. The calculated wavenumber at 712 cm�1

displays the CAH wagging mode of benzene and it is observed at
610 cm�1 in the experimental FT-IR spectrum. The puckering
vibrations (torsional modes) of benzene and pyridine rings are as-
signed at 689, 684 cm�1, respectively.
4.6.3. C@O vibrations
The investigated molecule (3) contains two carbonyl groups as

�C22@O23 and �C47@O48. The stretching vibration of hydrazide
carbonyl group (mC@O) is observed at 1656 cm�1, whereas it is cal-
culated at 1718 cm�1 in theoretical IR-spectrum. The observed
wavenumber at 1656 cm�1 matches well with the reported C@O
stretching vibration of ACONHR in literature in the region 1680–
1640 cm�1 [72].



Table 4
Theoretical (selected) and experimental vibrational wavenumbers of (3) and their assignments: wavenumbers (�v/cm�1), Intensity (K mmol�1).

S. no. �m scaled IRint �m Exp. Assignment (PED) P 5%

183 3506 56.43 3425 m(N14H30)(99)
182 3492 62.8 m(N39H55)(99)
181 3382 10.12 3286 m(N21H34)(100)
180 3381 10.06 m(N46H59)(100)
178 3136 4.48 m(C41H56)(59) + m(C42H57)(40)
177 3129 4.25 m(C17H32)(86) � m(C16H31)(13)
176 3122 6.12 m(C42H57)(59) � m(C41H56)(40)
173 3085 13.34 m(C3H9)(45) + m(C4H10)(26) + m(C5H11)(19) + m(C6H12)(8)
172 3078 31.27 m(C3H9)(38) � m(C5H11)(31) � m(C6H12)(28)
171 3071 12.11 m(C50H60)(90) + m(C51H61)(9)
170 3070 12.02 m(C25H35)(89) + m(C26H36)(10)
169 3068 20.28 m(C6H12)(39) � m(C4H10)(28) � m(C5H11)(11) + m(C7H13)(10) + m(C3H9)(10)
167 3049 31.51 3052 m(C28H37)(93)
166 3049 31.07 m(C53H62)(93)
164 3043 23.69 m(C26H36)(87) � m(C25H35)(9)
163 3042 25.98 m(C51H61)(87) � m(C50H60)(8)
162 2941 45.85 2923 m(C19H33)(99)
161 2936 53.43 m(C44H58)(99)
160 2910 9.95 2852 m(C1H8)(99)
159 1718 427.68 1656 m(C22O23)(59) � m(C47O48)(18)
158 1717 71.95 m(C47O48)(59) + m(C22O23)(18)
157 1621 147.92 1602 m(C19N20)(27) + m(C44N45)(25) � m(C18C19)(9) � m(C43C44)(8) � (dip � C19H33)(7) � (d-N45C44C43)(5)
155 1595 9.93 m(C6C7)(22) + m(C3C4)(21) + (das-R1)(10) � m(C2C3)(7) � m(C2C7)(6) � (d-C6H13C7)(6) + (d-C2H9C3)(6)
154 1582 50.79 m(C53C54)(11) + m(C50C51)(10) + m(C28C29)(10) + m(C25C26)(9) � m(C49C54)(5) + (das-R2)(5) � m(C24C29)(5)
153 1582 43.83 m(C28C29)(11) + m(C25C26)(10) � m(C53C54)(10) � m(C50C51)(9) � m(C24C29)(5) + (das-R2)(5)
149 1548 51.34 m(C49C50)(17) � m(C49C54)(15) + m(N52C53)(10) � m(C51N52)(10) � (das-R2)(8) � m(C24C25)(5)
147 1505 401.88 (d-N46H59)(22) � (d-N21H34)(22) + m(N46C47)(7) + m(N21C22)(7)
146 1503 443.53 1496 (d-N21H34)(23) + (d-N46H59)(22) + m(N46C47)(7) � m(N21C22)(7)
143 1472 21.74 (d-N27H37C28)(12) + (d-N27H36C26)(10) + (d-C54H62C53)(9) + (d-C50H61C51)(8) + (d-C26H35C25)(6)
141 1455 46.13 1412 m(C17C18)(7) + m(C15C16)(7) + (d-R)(6) � m(C42C43)(6) � (d-R)(6) � (q-N21H34)(6) + m(C1C40)(5) � (q-N46H59)(5)
138 1408 21.16 m(N14C18)(32) � (d-C18H30N14)(14) � m(N14C15)(12) + (d-R)(11) � m(C17C18)(10) + m(C15C16)(7)
134 1392 15.62 1343 (d-N27H36C26)(26) � (d-N27H37C28)(21) + m(C25C26)(15) � m(C28C29)(15) � (d-C26H35C25)(5) + (d-C28H38C29)(5)
133 1317 31.15 (d-N45C44C43)(27) � m(C41C42)(11) + (d-C41H57C42)(8) + m(C44N45)(5) + m(C43C44)(5)
132 1315 37.22 1287 (dip-C19H33)(17) � m(C16C17)(10) + (q-C1H8)(7) � (d-C18H32C17)(6) � (d-C6H13C7)(6) � (d-C2H9C3)(6)
131 1312 13.00 (d-C6H13C7)(18) + (d-C2H9C3)(18)-(d-C6H11C5)(9) � m(C6C7)(6) + m(C3C4)(5) � m(C4C5)(5)
128 1302 7.4 (d-C26H35C25)(17) � (d-C28H38C29)(15) � (d-N27H37C28)(10) + (d-N27H36C26)(9)
127 1286 25.84 m(C41C42)(21) + (d-N45C44C43)(13) + (d-C40H56C41)(10) + (dip-C43C44)(6) � m(C1C40)(6) � (dip-C19H33)(5)
123 1249 30.11 (d-C15C1C2)(19) � (d-C18H30N14)(14) + (d-C2C1C40)(11) + (d-N45C44C43)(5)
122 1241 25.42 (q-C1H8)(16) � (d-C15C1C40)(12) + m(C2C3)(7) � m(C1C2)(7) � (d-C41H57C42)(7) + (d-C40H55N39)(6)
121 1221 226.78 m(C47C49)(27) � m(N46C47)(14) + (q-N46H59)(11) � m(C53C54)(8) + (d-O48C47N46)(7) + (dtrigonal-R2)(5)
120 1220 308.7 1193 m(C22C24)(27) � m(N21C22)(14) � (q-N21H34)(11) � m(C28C29)(8) + (d-C22O23N21)(7) � m(C241107C25)(6)
119 1204 76.94 (d-C40H55N39)(12) + m(C1C2)(9) � (d-C18H32C17)(7) � (q-C1H8)(7) � (d-C17H31C16)(6) � (d-C41H57C42)(5)
117 1198 55.51 (d-N27H36C26)(13) + (d-N27H37C28)(10) � (d-C28H38C29)(8) + m(C26N27)(7) + m(N27C28)(6)
116 1196 119.41 (d-C15C1C2)(15) � (d-C40H55N39)(11) � (d-C18H32C17)(10) � (d-C17H31C16)(10) + m(C1C40)(6)
114 1162 36.18 (d-C6H13C7)(11) + m(C1C2)(9) � m(C2C7)(8) + (d-C40H56C41)(8) + (q-C1H8)(7) � (d-C2H9C3)(7)
113 1148 94.54 m(C1C2)(11) + (q-C1H8)(10) � m(C2C7)(8) � (d-C40H55N39)(7) + m(C1C40)(6) + (dtrigonal-R1)(5)
112 1143 174.74 1127 (d-C18H30N14)(17) � m(N14C15)(12) + m(N20N21) (10) + m(C1C15)(6) + m(C1C2)(5) + (d-C15C1C2)(5) + (d-R)(5)
110 1131 128.38 m(N45N46)(23) � m(N20N21)(13) � m(N46C47)(8)
101 1029 51.51 (d-C17H31C16)(29) � (d-C18H32C17)(28) + m(C16C17)(26)
100 1027 65.26 1012 (d-C40H56C41)(29) � (d-C41H57C42)(29) � m(C41C42)(25)

93 972 13.46 m(N39C40)(11) + m(C1C40)(10) � (d-R)(10) � (d-R)(7) + (d-C41H57C42)(6) + m(C40C41)(5) � (dtrigonal-R2)(5)
84 914 9.69 910 (doop-C19H33)(91)
81 888 16.62 843 (d-C22O23N21)(27) � (d-C22N21N20)(14) � (dtrigonal-R2)(10) + m(C22C24)(8)
74 820 12.62 814 (x-C25H35)(27) + (x-C26H36)(15) � (doop-C22C24)(10) + (doop-C22C24)(9) � (x-C28H37)(8)
70 766 60.04 685 (x-C17H32)(39) + (x-C16H31)(25)
69 764 33.51 (d-R)(23) � (d-C19N20C18)(14) + (d-R)(6) � (x-C17H32)(6) � (d-C19N21N20)(6)
68 759 40.59 (x-C41H56)(39) + (x-C42H57)(32) � (x-N39H55)(6) � (s-R)(5)
64 712 38.97 610 (x-C5H11)(18) + (R1-puckering)(14) � (x-C7H13)(10) � (x-C3H9)(9) + (x-C6H12)(7)
59 666 49.18 (das-R2)(28) + (das-R2)(26) � (d-O48C47N46)(5) � (d-C22O23N21)(5) + m(C47C49)(5)
58 665 59.31 (das-R2)(27) � (das-R2)(25) � (d-C22O23N21)(5) + m(C22C24)(5) + (d-O48C47N46)(5)
50 584 22.6 567 (x-N39H55)(33) + (s-R)(23) + (das-R1)(13) � (s-R)(9)
49 550 49.24 (x-N14H30)(64) + (s-R)(17)
45 487 44.57 (x-N46H59)(62) � (x-N21H34)(18)
44 485 49.91 (x-N21H34)(54) + (x-N46H59)(13) � (s-R1)(5)
41 420 8.72 (s-R2)(17) � (s-R2)(10)-(doop-C22C24)(7) + (d-C19N21N20)(6)

Proposed assignment and potential energy distribution (PED) for vibrational modes: Types of vibrations: m-stretching, q-rocking, x-wagging, d-deformation, ds-symmetric
deformation, das-asymmetric deformation, dip-in plane deformation, doop-out-of-plane deformation, s-torsion. R-pyrrole ring, R1-benzene ring, R2-pyridine ring.
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4.6.4. CAC vibrations
The calculated wavenumber at 1595 cm�1 exhibits the C@C

stretches of benzene ring and corresponds to the observed band re-
ported in literature in the region 1600–1585 cm�1 [71], 1630–1590
[72]. The C@C stretches in pyrrole ring are assigned at 1552 cm�1
and well corresponds to the observed wavenumber at 1550 cm�1.
The C@C stretches in pyridine ring are assigned at 1548 cm�1 in
theoretical IR-spectrum. A combination band of mC@C in pyrrole
ring and its deformation (d-R) with 6% contribution in PED is calcu-
lated at 1455 cm�1, whereas it is observed at 1412 cm�1 in the
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Fig. 4. Comparison between experimental and theoretical UV–Visible spectra for
(3).
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experimental FT-IR spectrum. The calculated wavenumber at
972 cm�1 exhibits presence of the CAC stretching vibration associ-
ated with C1 tetrahedral carbon atom (mC1AC40) and matches with
the observed band for CAC@ stretches reported in literature in the
region 965–920 cm�1 [72]. The CAC stretching vibration (mC22AC24)
is calculated at 888 cm�1, whereas it is observed at 843 cm�1 in the
experimental FT-IR spectrum. The calculated wavenumber at
584 cm�1 exhibits the asymmetric deformation of benzene ring
(das-R1) with 13% contribution in PED and corresponds to the ob-
served band at 567 cm�1 [71].

4.6.5. CAN and NAN vibrations
The observed C@N stretching vibration (mC@N) at 1602 cm�1

agrees with the calculated wavenumber at 1621 cm�1 in theoreti-
cal IR spectrum. The presence of mC@N confirms the Schiff base
(C@N) linkage in the product molecule (3). The observed mC@N at
1602 cm�1 also corresponds to the reported absorption band
at 1600 cm�1 in literature [73]. The calculated wavenumber at
1220 cm�1 with 14% contribution in PED designates presence of
the CAN stretching vibration (mC22AN21) and corresponds to the
observed wavenumber at 1193 cm�1 in the experimental FT-IR
spectrum. The NAN stretching vibration (mN20AN21) is calculated
at 1143 cm�1 with 10% contribution in PED, whereas it is observed
at 1127 cm�1 in the experimental FT-IR spectrum. The observed
band at 1127 cm�1 is also in agreement with the reported band
in literature at 1107 cm�1 [70].

4.7. Chemical reactivity

4.7.1. Global reactivity descriptors
The chemical reactivity and site selectivity of the molecular sys-

tems have been determined on the basis of Koopman’s theorem
[74]. The energies of frontier molecular orbitals (eHOMO, eLUMO), en-
ergy gap (eLUMO � eHOMO), electronegativity (v), chemical potential
(l), global hardness (g), global softness (S), global electrophilicity
index (x) for (1), (2), (3) and ECT for reactant system [(1) M (2)]
are listed in Supplementary Table 4. The global elecrophilicity
index (x = 3.64 eV) for (3) shows that it behaves as a strong elec-
trophile. Electrophilic charge transfer (ECT) = (DNmax)A � (DNmax)-
B [75] is defined as the difference between the DNmax values of
interacting molecules. If we consider two molecules A and B ap-
proach to each other (i) if ECT > 0, charge flow from B to A (ii) if
ECT < 0, charge flow from A to B. ECT is calculated as 0.246 i.e.
ECT > 0, for reactant system [(1) M (2)], which indicates that
charge flows from (2) to (1). Therefore, (1) acts as electron acceptor
(electrophile) and (2) as electron donor (nucleophile).
4.7.2. Local reactivity descriptors
Selected nucleophilic reactivity descriptors ðf�k ; s�k ; x�k Þ for

reactant (1), using Mulliken atomic charges are given in Supple-
mentary Table 5. In reactant (1), the maximum values of the local
nucleophilic reactivity descriptors ðf�k ; S�k ; x�k Þ at C2 indicate that
this site is prone to electrophilic attack. It is to be noticed that the
reactants (2), possess only one carbonyl functional group (�C@O),
therefore for (2) there is no need to calculate the Local electrophilic
reactivity descriptors ðfþk ; sþk ; xþk Þ. Thus, Local reactivity descrip-
tors for reactant (1) confirm the formation of product (3) by nucle-
ophilic attack of the C2 carbon atom of (1) on the more
electrophilic carbonyl carbon (C12) of the reactant (2). Selected
electrophilic reactivity descriptors ðfþk ; sþk ; xþk Þ and nucleophilic
reactivity descriptors ðf�k ; s�k ; x�k Þ for (3), using Hirshfeld charges
are given in Supplementary Table 6. The maximum values of local
electrophilic reactivity descriptors ðfþk ; sþk ; xþk Þ at Schiff base
carbon (C19/C44) of (3) indicate that this site is more prone to
nucleophilic attack and favor the formation of new heterocyclic
compounds such as thiadiazoline, thiazolidinones and azetidinon-
es by attack of nucleophilic part of the dipolar reagent on the
carbon site of C@N bond.
4.8. Static dipole moment (l0), mean polarizability (|a0|), anisotropy
of polarizability (Da) and first hyperpolarizability (b0)

In order to investigate the relationship between molecular
structure and NLO response, first hyperpolarizability (b0) of this
molecular system, and related properties (|a0|, Da) are calculated
using B3LYP/6-31G(d,p), based on the finite-field approach and
their calculated values are given in Supplementary Table 7. 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 compo-
nents of the 3D-matrix can be reduced to 10 components due to
the Kleinman symmetry [76–79]. It can be given in the lower tet-
rahedral format. It is obvious that the lower part of the 3 � 3 � 3
matrix is a tetrahedral. The components of l, a, b 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 of the energy in the external
electric field is weak and homogeneous, this expansion becomes:

E ¼ E0 � la

X
Ea � 1=2aab

X
EaEb � 1=6babc

X
EaEbEc

� 1=24cabcd

X
EaEbEcEd � . . .

where E0 is the energy of the unperturbed molecules, Ea is the field
at the origin, la is component of the dipole moment and aab, babc,
cabcd are the polarizability, first hyperpolarizability and second
hyperpolarizability tensors, respectively. Large value of particular
component of the polarizability and hyperpolarizability indicate a
substantial delocalization of charge in these directions. The polariz-
abilities and hyperpolarizabilities characterize the response of a
system in an applied electric field. Electric polarizability is a funda-
mental characteristic of atomic and molecular systems. The donor
and acceptor substituents provide the requisite ground-state charge
asymmetry, whereas the p-conjugation system provides a pathway
for the redistribution of electric charges under the influence of elec-
tric fields. The first hyperpolarizability (b0) of the title compound is
calculated as 60.95 � 10�30 esu. In this study, p-Nitroaniline (p-NA)
is chosen as a reference molecule because there were no experi-
mental values for the title compound. The p-NA is one of the proto-
typical molecules used in the study of the NLO properties of
molecular systems (for p-NA, b0 = 11.54 � 10�30 esu). Therefore,
investigated molecule will show non-linear optical response and
might be used as non-linear optical (NLO) material.
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5. Conclusions

The title compound (3) has been synthesized and characterized
by experimental techniques and theoretical calculations. The cal-
culated 1H NMR chemical shifts are in agreement with the ob-
served chemical shifts experimentally. A combined molecular
orbital coefficients analysis and molecular orbital plots suggests
that nature of both observed electronic excitations is p ? p�.
Natural bond orbitals (NBOs) analysis exhibits intramolecular
conjugative interactions as p ? p�, which are responsible for
p-electron delocalization within pyrrole, benzene and pyridine
rings. The intramolecular n1 (N46) ? p�(C47AO48) interaction
stabilizes the molecule with maximum energy �216.61 kJ/mol.
The local reactivity descriptors of reactant molecules confirm the
formation of product molecule (3). The global electrophilicity
index (x = 3.64 eV) of (3) shows that product is electrophilic in
nature. The electrophilic reactivity descriptors analysis of (3) indi-
cates that the investigated molecule might be used as precursor for
the target syntheses of new heterocyclic compounds such as thi-
adiazoline, thiazolidinones and azetidinones etc. The compound
exhibits effective intramolecular charge transfer being responsible
for hyperpolarisability. On the basis of first hyperpolarizability
(b0 = 60.95 � 10�30 esu), we conclude that title compound can be
used as an attractive material for non-linear optical (NLO)
applications.
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