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A novel Schiff base N-(2,4-dinitro-phenyl)-N'"-(1-phenyl-ethylidene)-hydrazine has been synthesized and structurally
characterized by X-ray single crystal diffraction, elemental analysis, IR spectra and UV-vis spectrum. The crystal be-
longs to monoclinic with space group P21/n. The molecules are connected via intermolecular O-H-+-O hydrogen bonds
into 1D infinite chains. The crystal structure is consolidated by the intramolecular N-H---O hydrogen bonds. weak inter-
molecular C-H:+-O hydrogen bonds link the molecules into intriguing 3D framework. Furthermore, Density functional
theory (DFT) calculations of the structure, stabilities, orbital energies, composition characteristics of some frontier mole-
cular orbitals and Mulliken charge distributions of the title compound were performed by means of Gaussian 03W
package and taking B3LYP/6-31G(d) basis set. The time-dependent DFT calculations have been employed to calculate
the electronic spectrum of the title compound, and the UV-vis spectra has been discussed on this basis. The results show
that DFT method at B3LYP/6-31G(d) level can well reproduce the structure of the title compound.
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Introduction

The chemical properties of aroyl hydrazones have been in-
tensively investigated in several research fields mainly due to
their facile syntheses, tuneable electronic and steric properties
and good chelating capability.' Especial the 2,4-dinitrophenyl-
hydrazones exhibit good nonlinear optical (N LO)Z'4 and crystal-
line properties.s'9 They are found to have versatile coordinating
abilities towards different metal ions. In addition, some 2,4-dini-
trophenylhydrazone derivatives have been shown to be potenti-
ally DNA-damaging and mutagenic agents. "% As a result of their
significant molecular nonlinearities and remarkable ability to
crystallize in non-centrosymmetric crystal systems,1 b1z many
X-ray structural studies of 2,4-dinitrophenylhydrazone have
been reported. In order to obtain further information about 2,4-
dinitrophenylhydrazone, the title compound was prepared and
its synthesis, crystal structure, spectroscopic data, and electronic
structure of the title compound reported. Furthermore, quantum
chemistry calculation was performed to disclose the stability,
molecular orbital energy and frontier orbital constitution. The
electronic structure of the title compound has been determined
with the density functional theory (DFT) method, and time-
dependent DFT (TDDFT) calculations have been employed for
discussion of the spectroscopic properties in more detail.

Experimental Sections

General. All chemicals were obtained from commercial sour-
ces and used without further purification. IR spectra were re-
corded on a Nicolet 6700 spectrometer with KBr pellets in the
4000 ~400 cm ' re gion. Crystal structure determination was car-

ried out on a Bruker Smart APEX II CCD diffractometer. C, H,
and N elemental analyses were performed on a PE-2400(II)
apparatus. UV spectrum was recorded on a Helis Alpha, Thermo
spectrometer (specpure acetonitrile as solvent) in the 200 ~ 600
nm range.

Synthesis of the title compound. The title compound was pre-
pared by reflux of (2,4-dinitro-phenyl)-hydrazine (1.0 mmol)
and 4-acetylphenoy (1.0 mmol) in the presence of acetic acid in
50 mL ethanol. After refluxing 3 h, the solution was stood at
room temperature for 6 days, and a quantity of block red crystals
were produced with 87.5% yield. mp 260 - 262 °C. Anal. Calcd.
(%) for C14H12N4Os: C, 53.17; H, 3.82; N, 17.72. Found (%):
C, 53.12; H, 3.76; N, 17.81. Main IR peaks (KBr, v/cm_l) 3390
(vo-m), 3298(viv-my), 1619(vic=n)), 1588(vasinoy)s 1326(vsinoy)-
UV-vis (acetonitrile, Amax/nm) 204, 266, and 385.8.

Crystal structure determination and refinement. A red block-
like single crystal of the title compound with dimensions of
0.15 mm % 0.12 mm % 0.10 mm was used for X-ray diffraction
analysis. Data were collected at 295 K on a Bruker Smart APEX
1T CCD diffractometer equipped with a graphite-monochromatic
Mo Ka radiation (A= 0.71073 A) using an @ scan mode. The
structure was solved by direct methods with SHELX-97 pro-
gram" and refined by full-matrix least-squares techniques on
F*with SHELXL-97."* All non-hydrogen atoms were refined
anisotropically. Hydrogens attached to carbon atoms were in-
cluded at their geometrical positions and refined in the riding
mode. Amine and hydroxyl protons were located in a difference
Fourier map and refined isotropically and no restrictions put
on the D-H distance. The crystallographic data for the compound
are listed in Table 1, selected bond lengths and angles are listed
in Table 2, the details of the hydrogen bonds for the compound
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are listed in Table 3.

Quantum chemical calculation. All the calculations have
been performed with the Gaussian 03 software package'” on a
Pentium IV computer using the default convergence criteria.
The full geometry optimizations were performed starting from
the experimental structure without constraints on symmetry at
density functional theory (DFT) level with basis set 6-31G(d)
and stationary points (including excited states) were characteriz-
ed by frequency calculations. For DFT calculations, the hybrid
B3LYP density functional (Becke’s three parameter nonlocal
exchange functional along with the Lee-Yang-Parr correlation
functional)16 was used. After optimizations, Mulliken charge
and properties of frontier molecular orbitals of the title com-
pound were analyzed using the results calculated at B3LYP/6-
31G(d) level. The vertical excitation energies and oscillator
strengths in low-lying singlet exited states were calculated at
the TDDFT method at B3LYP/6-31G(d) level based on the opti-
mized geometry.

Results and Discussion

Structural description. The molecular structure of the title
compound is revealed in Figure 1, 1D infinite chain structure in
Figure 2 and its 3D framework in Figure 3.

As shown in Figure 1 and Table 1, the bond lengths and angles
in the title compound have normal values. The molecule, except
the C8-methyl group, displays a nearly co-planar structure. The
dihedral angle between the two aromatic rings is 5.04(2)°. The
N1-C7 bond distance of 1.287(3) A is significantly shorter than
N1-N2 and N2-C9 bond distances, and indicates the typical
C=N double bond. The N2-C9 bond distance of 1.344(3) A
indicates partial double-bond character. It should be noted that,
within the phenyl ring attached to N2, both the C9-C10 bond
[1.414(4) A] and the C9-C14 bond [1.417(4) A] are significantly
longer than the average distance of 1.376(3) A for the other four
C-Cbonds (range from 1.361(4), 1.397(4), 1.364(4) to 1.381(4)
A). This is presumably due to the fact that the non-bonding or-
bital of nitrogen can overlap with the orbitals of the arene, thus
contributing to the iminocyclohexadiene resonance structure.'’
The C7=N1-N2 angle is 116.9(2)°, which is significantly smaller
than the ideal value of 120° expected for spz-hybridized N atoms.
This is probably a consequence of repulsion between the nitro-
gen lone pairs and the adjacent N-N bond.

As anticipated, the N-H and O-H of the title compound are
involved in classical hydrogen bonds. The O-H--O (O(1)-H(1)--
0(4)"2.07 A, 177.1°, symmetry code: x-1, y-1, z) intermolecular
hydrogen bond shaped by hydroxy group and one of the nitro
groups link the molecules into a 1D infinite chain as shown in
Figure 2. The H-O diatance of 2.07 A which is significantly
shorter than the van der Waals separation between the O atom
and H atom (2. 72 A)"® and the O(1)-H(1)--O(4)" angle of 177.1°
which is nearly equal to 180° indicate the existence of the strong
O-H--O interaction. The N-H---O (N(2)-H(2)---O(2)b 1.99 A,
127.8°, symmetry code: x, y, z) intramolecular hydrogen bond
formed by another nitro group and one of the hydrazone N atoms
help to consolidate the crystal structure. The H---O diatance of
1.99 A illustrates the existence of the strong N-H--O interaction.
Furthermore, the O(2) atom also has weak interaction with C(5)
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Figure 1. Molecular structure of the title compound.

Table 1. Crystal data and structure refinement parameters for the
title compound

Chemical formula Ci4H12N4Os
Formula weight 316.28
Crystal system Monoclinic
Space group P21/n
a/A 12.778(2)
b/A 8.1483(14)
c/A 14.394(3)
al® 90.00
Bl° 109.893(4)
9/° 90
VIA® 1409.3(4)
Z 4
Deact /gem” 1.491
Absorption coefficient /mm 0.116
F(000) 656
Reflections collected 7198
Independent reflections 2490
Theta range(deg) 1.84 to 25.05
Rint 0.0144
Goodness-of-fit on F* 1.030
Large diff. Peak and hole /e. A? 0.184,-0.190

Ri, wRy [1> 26(])]
Ri, wR, (all data)

0.0485, 0.0906
0.1256, 0.1204

via anonclassical intermolecular hydrogen bond, C(5)-H(5)-
0O(2)° diatance of 3.340(4) A and angle of 137.6°. The weak in-
termolecular hydrogen bond interactions further extend the
1D arrangement to generate an intriguing 3D framework as
shown in Figure 3.

DFT calculations. The calculated structural parameters are
listed in Table 2. Comparisons between the theoretical values
with the experimental ones indicate that most of the optimized
bond lengths are slightly larger than the experimental values, as
the experimental data belong to solid phase, whereas the cal-
culated data correspond to the isolated molecule in gas phase.
The geometry of the solid-state structure is subject to inter-
molecular forces, such as van der Waals interactions, crystal
packing forces and hydrogen-bond forces."” The largest dif-
ference between experimental and calculated N2-H2 length is
0.1582 A, whereas the biggest deviation occurs in the C9-N2-H2
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Figure 2. 1D infinite chain structure of the title compound. Hydrogen
bonds are shown as dashed lines.

Figure 3. 3D framework of the title compound. Hydrogen bonds are
shown as dashed lines.

Table 2. Selected bond lengths (A) and angles (°) by X-ray and theoretical calculations

Bond Lengths Exp. Cal. Bond Angles Exp. Cal.
N(1)-N(2) 1.377(3) 1.3624 C(7)-N(1)-N(2) 117.0(2) 117.3064
N(1)-C(7) 1.287(3) 1.2978 C(9)-N(2)-N(1) 119.3(2) 120.9618
N(2)-C(9) 1.344(3) 1.3592 C(9)-N(2)-H(2) 120.4 115.9454
N(3)-0(2) 1.239(3) 1.2489 N(1)-N(2)-H(2) 120.4 123.0828
N(@3)-0(3) 1.22403) 1.228 N(1)-C(7)-C(4) 115.1(3) 116.52783
N(4)-0(4) 1.228(3) 1.2319 N(1)-C(7)-C(8) 124.6(3) 122.64988
N(4)-0(5) 1.227(3) 1.2333 C(4)-C(7)-C(8) 120.3(3) 120.82015
N(3)-C(10) 1.443(3) 1.4521 N(2)-C(9)-C(10) 123.5(3) 122.33330
N(4)-C(12) 1.448(4) 1.4594 N(2)-C(9)-C(14) 119.8(3) 120.52227
C(4)-C(7) 1.471(4) 1.4775 C(11)-C(12)-N(4) 119.0(3) 119.32086
C(7)-C(8) 1.502(4) 1.5137 C(13)-C(12)-N(4) 119.9(3) 119.68007
C(1)-0(1) 1.369(3) 1.3623 0(4)-N(4)-C(12) 118.6(3) 117.93309
O(1)-H(1) 0.8200 0.9702 O(5)-N(4)-C(12) 118.6(3) 117.38660
N(2)-H(2) 0.8600 1.0182 0(4)-N(4)-0(5) 122.8(3) 124.68030
C(9)-C(10) 1.414(4) 1.4316 C(9)-C(10)-N(3) 121.9(3) 122.60626
C(10)-C(11) 1.381(4) 1.3963 C(11)-C(10)-N(3) 115.9(3) 116.34878
C(11)-C(12) 1.364(4) 1.3809 0O(2)-N(3)-C(10) 118.9(3) 118.68404
C(12)-C(13) 1.397(4) 1.4061 0O(3)-N(3)-C(10) 119.4(3) 118.73183
C(13)-C(14) 1.361(4) 1.3752 0(2)-N(3)-0(3) 121.7(3) 122.58412
C(9)-C(14) 1.417(4) 1.4217

angle by ca. 4.4546°. The reasons for above discrepances maybe
that, in the solid states, there exist hydrogen-bond interactions
corresponding with N1-H2 bond, while in theoretical calcula-
tions, the interactions are neglected, which, to some extent, may
lead to the bond angle of C9-N2-H2 smaller in solid than that
in calculations. Despite of some differences, the calculated geo-
metrical parameters represent a good approximation. So the
DFT methods used here can reproduce the molecular geometry
on the whole and they are the bases for our following discussion.

Energy and constitution of FMOs. The FMOs are important
in determining such properties as molecular reactivity and the
ability of a molecular to absorb light. These FBOs are important
for optical and electric properties.20 According to the quantum
chemical calculations, the single point energy and frontier mole-
cular orbitals were calculated. 35 atoms, 369 basis functions,
692 primitive gaussians, including 82 occupied orbitals, are in-
volved in the calculation.

On the basis of molecular orbital theory, the HOMO-LUMO

Table 3. Hydrogen bonds geometries (A, °) for the title compound

D-H-A d(D-H) d(H-A) dD-A) ZDHA
O(1)-H(1)-0@)"  0.82 2.07 2.893(3) 1771
NQ)-HQ2)-02)"  0.86 1.99 2.603(3) 1278
C(5)-H(5)~0Q2)  0.93 2.59 3340(4) 1376

Symmetry codes: “x-1, y-1, z x, y, z x-1/2, -y+1/2, z-1/2

and the vicinal molecular orbital affect the property of coordina-
tion mostly.”' The molecules will be stable when the energies of
occupied front molecular orbitals are all negative values.” The
energy levels of the HOMO-7, HOMO-5, HOMO-1, HOMO,
LUMO, LUMO+1, LUMO+2 and LUMO+4 orbitals computed
at the B3LYP/6-31G(d) level for the title compound are shown
in Figure 6. The energy of HOMO and LUMO and the energy
gapare—0.21 a.u. (-5.91¢eV),0.10a.u. (2.78 eV)and 0.11 a.u.
(3.13 eV). The total energy (—1135.62 a.u) of the title compound
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Table 4. Some calculated frontier molecular orbital composition (%) of the title compound
MO ¢/Hartree N() N(I) o) o) Cc() C{n) Cm) H
78 -0.29 38.90 0.90 0.03 34.68 6.60 5.91 10.96 2.03
79 -0.29 0.90 1.50 0.00 83.44 0.11 13.26 0.20 0.58
80 -0.27 1.19 0.01 0.00 0.24 97.14 0.57 0.61 0.23
81 -0.26 13.86 0.17 15.29 4.26 32.50 26.74 5.71 1.48
82HOMO -0.21 30.59 0.78 8.74 4.94 30.56 16.63 6.71 1.07
83LUMO -0.10 2.98 27.63 0.19 37.57 1.55 27.82 1.98 0.28
84 -0.09 3.32 23.39 0.38 34.21 3.40 29.79 4.02 1.46
85 -0.05 24.01 6.78 245 6.54 29.08 13.53 12.88 4.73
86 -0.02 1.20 0.20 0.02 0.13 90.82 1.70 3.71 2.24
87 -0.01 3.37 13.76 043 8.72 7.88 65.21 0.27 0.37
%, -0.10 a.u.
. g";j 5. == LUMO
0.11 a.u.
3.13 ev

o 3
y m—— HOMO
'.‘y ”' -0.21 a.u.
Figure 4. Schematic diagram of the frontier MO for the title compound.

is lower and the energies of HOMO, LUMO and their neighbor-
ing orbital are all negative, which indicate that the title com-
pound is stable. The HOMO and its vicinal orbital play the role
of electron donors, and the LUMO and its vicinal orbital play
the role of electron accepters.” From the viewpoint of charge
transfer, larger fHOMO)| means that ionization from HOMO is
more difficult, that is to say, the title compound is hard to lose
electron.

In order to disclose the electronic structure and bonding cha-
racter of the title compound, systematical analysis on the mole-
cular orbitals has been carried out. Here, the orbital component
was assigned according to the percentage of orbital coefficient
quadratic sum and normalization. For the convenience of discus-
sion, the atoms of the title compound are divided into seven
groups: (a) azomethine N atoms (N(I)), (b) nitro N atoms (N(II)),
(c) hydroxyl O atom (O(I)) (d) nitro O atoms (O(II)), (e) C atoms
on the 4-acetylphenoy benzene ring (C(I)), (f) C atoms on the
(2,4-dinitro-phenyl)-hydrazine benzene ring (C(II)), (g) non

Table S. The Mulliken charges (e) for the title compound

Absorbance

ANnm

Figure 5. The experimental (——) and calculated (-----) electronic
absorption spectra of the title compound.

benzene ring C atoms (CIII), (h) hydrogen atoms H. Five frontier
occupied and unoccupied orbitals were taken into account in
this paper, and the calculation results are shown in Table 4 and
Figure 4.

As will be seen in Figure 4, the HOMO of the title compound
is principally localized among two benzene rings and azome-
thine N atoms, whereas the LUMO is localized approximately
on the 4-acetylphenoy benzene ring and nitro N atoms. Accord-
ing to our analysis, in the HOMO, the components of N(I), C(I)
and C(II) are 30.59, 30.56 and 16.63%, respectively. The other
atoms contribute to the molecular orbital are relative small. In
the LUMO, the contribution of most atoms to LUMO changes
greatly. The contribution of N(II) reaches 27.63%. The contribu-

Atom Charge(e) Atom Charge(e) Atom Charge(e) Atom Charge(e) Atom Charge(e)
N(1) -0.303 04) -0.399 C(6) -0.161 C(13) -0.145 H(6) 0.150
N@©) -0.586 o(5) -0.401 C(7) 0.290 C(14) -0.180 H(8A) 0.188
NQ@3) 0.375 C(1) 0.360 C(8) -0.565 H(1) 0.412 H(8B) 0.180
N“4) 0.373 C(2) -0.198 C(9) 0.402 H(2) 0.396 H(8C) 0.188
o(1) -0.633 C(3) -0.194 C(10) 0.245 H(2A) 0.127 H(11) 0.227
0(2) -0.451 C(4) 0.105 C(11) -0.2086 H(3) 0.138 H(13) 0.191
0Q@3) -0.386 C(5) -0.163 C(12) 0.280 H(5) 0.156 H(14) 0.186
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Table 6. The energy and molar absorption coefficients of experimental
absorption bands and the electronic transitions calculated with the
TDDEFT method for the title compound

The most important

orbital excitations A (nm) £ (eV) f E()ilrilel;l?ée(lelt\%)/l

H—L+1 387.26  3.20 0.5706 385(3.48)
H-1-L 330.05 3.76  0.0203

H-4—L 328.08 3.78  0.0068

H-1-L+1 298.92 415 0.2703 264(4.59)
H-2—L 296.80 4.18 0.0016

H-8—L 290.26  4.27  0.0003

H-6—L+1 28749 431  0.0001

H—-L+2 28398 4.37  0.0856

H-2—L+1 274.17 452 0.0017

H-4—L+1 260.96 475  0.0040

H-5-L 259.96 477  0.1331  221.8(5.26)
H—L+3 258.35 4.80 0.0325

H-5—-L+1 254.68 4.87  0.0096

H-6—L 253.62 4.89  0.0004

H-7-L 24823 499 0.0166

H—-L+4 245.87 5.04 0.0580

H-11-L 24279  5.12  0.0001

f: oscillator strength. H: highest occupied molecular orbital. L: lowest
unoccupied molecular orbital.

tion of O(II) and C(II) increases to 37.57 and 27.82%, respec-
tively. Upon comparing the orbital component of HOMO and
LUMOQO, it is easy to conclude that when electrons are excited
from HOMO to LUMO, they will mainly transmit from the
4-acetylphenoy benzene ring and azomethine N atoms to the
(2,4-dinitro-phenyl)-hydrazine benzene ring.

Mulliken charge distribution. Based on the optimized struc-
ture of the title compound, the Mulliken charge distribution of
all atoms is calculated and the results are given in Table 5. The
result shows that atomic electronegativity plays important
roles for Mulliken charge distribution. Namely, between the
two connecting atoms, the atom having bigger electronegativity
will carry negative charges, while the atom having smaller elec-
tronegativity will carry positive charges. " So, for the title com-
pound, N (from nitro group), H and C (non-bonding with H
atoms) are all positive. N (from amine group), O and C (bonding
with H atoms) are all negative. On the other hand, O(1) and N(2),
are more negative and could act as electron donor when coor-
dinating with metals. The analysis of the Mulliken charge distri-
butions is consistent with the crystal determination.

Electronic spectra. The nature of the transitions observed in
the UV-vis spectra of the title compound has been studied by
the time-dependent density functional (TDDFT) method. The
calculated and experimental electronic spectrum are presented
in Figure 5. As seen from the Figure 5, TDDFT calculations well
reproduce the absorption spectrum of the title compound. Table
6 presents the most important electronic transitions calculated
with the TDDFT method for the title compound. The assignment
of'the calculated orbital excitations to the experimental bands

HOMO(-5.91 ev)

LUMO(-2.78 ev)

Figure 6. Contour plots and energy of the selected occupied and unoc-
cupied orbitals active in the electronic transitions.

was based on an overview of the contour plots and relative
energy of HOMO and LUMO molecular orbitals involved in the
electronic transitions (Figure 6). The TDDFT calculations show
that the longest wavelength experimental band at 385 nm origi-
nates in the HOMO — LUMO+1 transitions. The experimental
band at 264 and 221.8 nm originates predominately in the
HOMO-1 — LUMO+1 and HOMO-5 — LUMO transitions,
respectively . As can be seen from the Figure 6, The HOMO-1
is delocalized on the whole compound whereas the LUMO+1
is centered on the n-bonding orbitals of (2,4-dinitro-phenyl)-
hydrazine benzene ring and azomethine N atoms. Otherwise,
the HOMO-5 is centered on the (2,4-dinitro-phenyl)-hydrazine
benzene ring.

Supplementary Material. Crystallographic data for the struc-
ture reported here have been deposited with the Cambridge Cry-
stallographic Data Centre (Deposition No. CCDC-714150). The
data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/perl/catreq.cgi or from the CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK fax: +44 1223 336033; e-mail: deposit@
ccde.cam.ac.uk.
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