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2-Amino-4-nitroaniline crystallizes in a noncentrosymmetric space group, which gives it significant potential
for second-order nonlinear optical properties (NLO) in the bulk. Crystallographic and linear-polarized IR-
spectrocopic data in the solid state unambiguously confirm a quinoide-like structure in the ground state in
contrast to UV and theoretical data, which indicate an aromatic one for the excited state. UV-vis spectral
elucidations in solutions with different polarities indicate a significant charge-transfer band with shifts of up
to 100 nm, corresponding to a large value for the molecular first hyperpolarizability. Calculations of the UV-
and IR-spectroscopic properties confirm the stabilization of the quinoide-like structure in the ground state, as
well as the theoretically predicted NLO properties at the molecular level and provide a value ofâtot, which
is some 3.6 times higher than the analogous parameter forp-nitroaniline, a classical compound with
experimentally confirmed NLO properties.

1. Introduction

One of the most important tasks of molecular engineering is
the efficiency-transparency tradeoff. Conjugated and polar
molecules possessing the CT characteristics needed for large
hyperpolarizability exhibit an almost inevitable loss of transpar-
ency. The optimization of molecular hyperpolarizability and the
ability of such molecules to pack in the crystal in a useful
fashion are also very important. The nonlinear optical properties
(NLO) of organic molecules and crystals are of great interest
in physics, chemistry, and applied technologies, with a view to
expanding the application of organic materials in the field of
nonlinear optics (NLO). It is well-known that 4-nitroanilines
show NLO and electro-optical (EO) effects.1 Their electronic
nonlinearity is based on molecular units containing a strongly
delocalized p-electron system, with donor (-NH2) and acceptor
(-NO2) groups sited at opposite ends of the molecule.2

Interest in 2-amino-4-nitroaniline (1, Scheme 1) is based on
its similarity to p-nitroaniline and a previous lack of spectro-
scopic and structural investigations. The properties of1 have
been studied by means of UV and linear polarized IR spectros-
copy in the solid state as well as by single-crystal X-ray
diffraction. The theoretical ab initio and DFT data support the
experimental results as well as predicting its NLO properties.

2. Experimental Section

2.1. Materials.2-Amino-4-nitroaniline was received from the
Schuchard, Muenchen, Germany, as a red powder and was

recrystallized three times, first from a water-ethanol (1:2)
solvent mixture and then twice from 96% ethanol. Single
prismatic crystals, suitable for X-ray analyses, were grown from
methanol at room temperature over a period of 3 weeks.
(Found: C, 47.05; H, 4.61; N, 27.45. [C6H7N3O2] Calcd: C,
47.06; H, 4.61; N, 27.44%). The most intensive signal in the
mass spectrum is that of the peak at 154.21m/z, corresponding
to the singly charged cation [C6H8N3O2]+ with a molecular
weight of 154.15.

2.2. Methods.2.2.1. X-ray Diffraction.The X-ray diffraction
intensities were measured in theω scan mode on a SiemensP4
diffractometer equipped with Mo KR radiation (λ ) 0.710 73
Å, θmax ) 25°). The structure was solved by direct methods
and refined againstF2.3,4 Figure 1 illustrates the anion and cation
structures with thermal ellipsoids being depicted at the 50%
probability level. Relevant crystallographic structure data and
refinement details are presented in Table 1, and selected bond
distances and angles are given in Table 2. The hydrogen atoms
were constrained to calculated positions and refined using riding
models in all cases. As there are no atom types heavier than
oxygen in the structure, the absolute structure could not be
determined with certainty using Mo K radiation.
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SCHEME 1: Chemical Structure of
2-Amino-4-nitroaniline (1) and Its Quinoide Form (2)
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2.2.2. ConWentional and Polarized IR Spectroscopy.The IR
spectra were measured on a Thermo Nicolet OMNIC FTIR
spectrometer (4000-400 cm-1, 2 cm-1 resolution, 200 scans)
equipped with a Specac wire-grid polarizer. Nonpolarized solid-
state IR spectra were recorded using the KBr disk technique.
The oriented samples were obtained as a suspension in a nematic
liquid crystal (MLC 6815, Merck) with the presence of an

isolated nitrile stretching IR band at about 2245 cm-1 addition-
ally serving as an orientation indicator. The theoretical approach
and the experimental technique for preparing the samples have
been previously presented, as have procedures for the interpreta-
tion of polarized IR spectra. The validation of this novel linear-
dichroic infrared (IR-LD) orientation solid-state method with
regard to accuracy, precision, and the influence of the liquid
crystal medium on peak positions and integral absorbance of
the guest molecule bands has also been reported.5-7

Optimization strategies for the experimental conditions and
an experimental design for the quantitative evaluation of the
impact of four input factors have been presented.6,7 The
necessary number of scans, the rubbing-out procedures for KBr
pellets, the required sample quantities for the liquid crystal
medium, and the optimum ratios of Lorentzian to Gaussian peak
functions in the curve fitting procedure for the spectroscopic
signal at five different frequencies have all been investigated.6,7

It has been established that the procedure for the determination
of the position (νi) and integral absorbance (Ai) for eachi-peak
can be carried out by deconvolution and curve-fitting at a 50:
50% ratio of Lorentzian to Gaussian peak functions, forø2

factors within 0.00066-0.00019 (in our case) and 2000 itera-
tions.6,7 The means of two such treatments were compared by
the Studentt-test. The experimental IR-spectral patterns were
acquired and processed by GRAMS /AI 7.01 IR spectroscopy
(Thermo Galactic) and STATISTICA for Windows 5.0 (Stat-
Soft, Inc., Tulsa, OK) program packages. The applicability of
the latter approach to experimental IR-spectroscopic band
assignment as well as in obtaining stereo-structural information
has been demonstrated for a series of organic systems and
coordination complexes of heterocyclic ligands, including
codeine derivatives, Cu(II) complexes, and their polymorphs,
as well as Au(III) peptide complexes and their hydrochlorides
and hydrogensquarates. The theory of IR-LD spectroscopy and
the employed polarized IR-spectra interpretation difference-
reduction procedure are given in references.8-21

2.2.3. Mass Spectral Data.The FAB mass spectra were
recorded on a Fisons VG Autospec instrument employing
3-nitrobenzylalcohol as the matrix.

2.2.4. UV Spectra.UV spectra were recorded using 0.0921
cm quarz cells on a Tecan Safire Absorbance/Fluorescence
XFluor 4 V 4.40 spectrophotometer operating between 190 and
900 nm, and employing water, methanol, dichloromethane,
tetrahydrofuran, acetonitrile, acetone, 2-propanol, and ethyl
acetate (all Uvasol, Merck products) as solvents at a concentra-
tion of 2.5× 10-5 M.

2.2.5. Quantum Chemical Calculations.These are were
performed with the Gaussian 98 and Dalton 2.0 program
packages.22,23The output files were visualized by means of the
ChemCraft program.24 The procedures and approaches are
described in the following section.

The geometry of1 was optimized at two levels of theory,
namely by second-order Moller-Pleset perturbation theory
(MP2) and by density functional theory (DFT) using the
6-311++G** basis set. The DFT method employed is B3LYP,
which combines Backe’s three-parameter nonlocal exchange
function with the correlation functional of Lee, Yang, and
Parr.25,26Molecular geometries of the studied species were fully
optimized by the force gradient method using Bernys’ algo-
rithm.27 For every structure, the stationary points found on the
molecule potential energy hypersurfaces were characterized
using standard analytical harmonic vibrational analysis. The
absence of the imaginary frequencies, as well as of negative
eigenvalues of the second-derivative matrix, confirmed that the

Figure 1. ORTEP plot of1 with 50% thermal ellipsoids; hydrogen
atoms are shown as spheres of arbitrary radii.

TABLE 1: Crystal Data, Data Collection, and Refinement
Conditions for C6H7N3O2

empirical formula C6H7N3O2

formula weight 153.15
temperature 293(2) K
wavelength 0.71073 Å
crystal system
space group

orthorhombic
P2(1)2(1)2(1)

unit cell dimensions a ) 3.7590(8) Å
b ) 10.307(2) Å
c ) 17.290(4) Å
R ) â ) Γ ) 90°

volume 669.9(2) Å3

Z 4
calculated density 1.519
absorption coefficient 0.118
F(000) 320
crystal size 0.43× 0.36× 0.28 mm
θ range for data collection 7.50-15.00°
limiting indices 0W h W 4

0 W k W 12
0 W l W 20

absorption correction 0.118
refinement method full-matrix least-squares onF2

goodness-of-fit onF2 1.070
final R indices [I > 2σ(I)] R1 ) 0.0388,wR2 ) 0.1037
R indices (all data) R1 ) 0.0471,wR2 ) 0.1085

TABLE 2: Selected Bond Lengths (Å) and Angles (deg) for
C6H7N3O2

a

C1-C6 1.387(4) C6-C1-C2 121.8(2)
C1-C2 1.397(4) C6-C1-N1 119.2(2)
C1-N1 1.441(3) C2-C1-N1 119.0(2)
N1-O1 1.238(3) O1-N1-O2 121.9(2)
N1-O2 1.246(3) O1-N1-C1 119.3(2)
C2-C3 1.379(4) O2-N1-C1 118.8(2)
C3-N3 1.422(4) C3-C2-C1 120.0(2)
C3-C4 1.427(4) C2-C3-N3 121.1(2)
C4-N4 1.367(4) C2-C3-C4 119.1(2)
C4-C5 1.405(4) N3-C3-C4 119.7(2)
C5-C6 1.383(4) N4-C4-C5 120.2(3)

N4-C4-C3 120.4(3)
C5-C4-C3 119.5(2)
C6-C5-C4 120.8(3)
C5-C6-C1 118.8(3)

a Symmetry transformations used to generate equivalent atoms: #1
- x, -y + 1, -z + 1.
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stationary points correspond to minima of the potential energy
hypersurfaces. The calculations of vibrational frequencies and
infrared intensities were checked to establish which kind of
performed calculations agreed best with the experimental data.
In the case of1, the DFT method provides more accurate
vibrational data, as far as the calculated standard deviations of
respectively 10 (B3LYP) and 19 cm-1 (MP2) are concerned,
which correspond to those groups not involved in intra- or
intermolecular interactions. So, the B3LYP/6-311++G** data
are presented for these modes, where a modification of the
results using the empirical scaling factor 0.961428,29was made
to achieve a better correspondence between the experimental
and theoretical values. The UV spectra of1 in the gas phase
and in ethyl acetate solution were obtained by CIS/6-311++G**
and TDDFT calculations.

2.2.6. Thermal Analysis.The thermal analyses were per-
formed in the temperature range 25-300 °C by employing a
differential scanning calorimeter Perkin-Elmer DSC-7 and a
differential thermal analyzer DTA/TG (Seiko Instrument, model
TG/DTA 300). The experiments were carried out at a scanning
rate of 10K/min under an argon atmosphere.

2.2.7. Elemental Analysis.The elemental analysis was carried
out according to the standard procedures for C and H (as CO2,
and H2O) and N (by the Dumas method).

3. Results and Discussion

3.1. Crystal and Electronic Structure. The studied com-
pound crystallizes in the chiral noncentrosymmetric orthorhom-
bic space groupP212121, a fact that should determine its NLO
properties in the bulk. The asymmetric unit of1 is shown in
Figure 1, and a view of the structure perpendicular to [100] is
given in Figure 2. Infinite layers of molecules are linked into a

3D network by intermolecular contacts of the types NH2‚‚‚ONO
(lengths: 2.573, 2.343, 2.581, 2.345, 3.266 Å), CH‚‚‚ONO
(2.619 Å), and NH2‚‚‚NH2 (2.413 Å) (Figure 2). The bond
lengths and angles (Table 2) in the aromatic ring can be analyzed
to establish whether they are more typical for a push-pull
system or for a quinoide-like structure (Scheme 1). The C-C
bond lengths in the aromatic ring are, in fact, characteristic for
the latter structural type, as is the C4-N4 distance of 1.367 Å
for the p-amino substituent. A much longer distance of 1.422
Å is observed for the C3-N3 bond of them-amino substituent.
The molecule is effectively flat with a deviation from total
planarity of only 2.2°. The theoretically optimized geometry
parameters for the molecule (Scheme 2) also indicate a near to
bipolar structure (quinoide-like) in the ground state and a near
to aromatic one in the excited state. The calculated dihedral
angles and bond lengths for the MP2 method deviate in the
first case from the experimental crystallographic values by less
than 0.056 Å and 0.2°. The aromatic character in the excited
state leads to a distortion from total planarity for the molecule,
with both its NH2 groups being tilted by dihedral angles of 14.0-
(2)°, values that are typical for aromatic systems. The influence
of the geometry employed for the calculation is identical for
both methods, but the values obtained for the optimized
dimensions with B3LYP/6-311++G** were greater than those
others for the MP2/6-311++G** geometry by a factor of about
1.01 and the values for the latter level of theory correlated better
with the crystallographic data (compare Tables 2 and 3). The
lack of a second-order susceptibility for1, in contrast to
centrosymmetricp-nitroaniline, is an expected property due to
the noncentrosymmetric arrangement of its molecules in the
crystal lattice

3.2. IR Spectra.The quinoide-like structure in the solid state
is also confirmed spectroscopically by the linear-polarized IR
data discussed below. A complete assignment of the IR bands
of 1 to the corresponding normal vibrations was carried out by
theoretical vibrational analysis.

The main differences between the calculated (Figure 3) and
experimentally observed peak positions (Figure 4(1)) are
associated with the stretching and bending modes of the NH2

groups, as well as with those of the NO2 one. Thep-NH2 group
is characterized by a broad maximum at 3100-3000 cm-1,
which is typical for a positively charged group and belongs to
theνNδ+H2

as andνNδ+H2

s modes. On the other hand, the scissoring
δNδ+H2 band also exhibits an unusual high-frequency shift
(Figure 4(1)) to 1664 cm-1, an observation that is in support of
the presumption concerning partial charge redistribution. An
opposite tendency is observed for the characteristic maxima of

Figure 2. Extended unit cell and short contacts in the structure of1.

SCHEME 2: Optimized Geometry of 1 in the Ground
State
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the NO2 group, which is in accordance with a degree of push-
pull (bipolar) structural character for1 in ground state. The
characteristic maxima for the skeletal in-plane and out-of-plane
modes of the aromatic system are influenced to an insignificant
degree and the differences between their theoretical and
experimental positions all fall within the range 11-19 cm-1.
The stabilization of a push-pull type of structure also affects
the characteristics of 1,2,4-tetrasubstituted benzene rings, where
the typical 8a, 19a, 8b, and 19b modes as well as 11g and 4g
are influenced and are not observed at their typical values of
1580( 25, 1475( 25, 1575( 25, 1410( 50, 880( 40, and
720( 50 cm-1.30 In 2-amino-4-nitroaniline, these modes exhibit
the characteristics of conjugated double bonds with typical IR
bands within the ranges 1640-1595 cm-1 (νC)C) and 960-
840 cm-1 (γ)CH), respectively.30

The difference IR-LD spectrum of1 in the solid state indicates
a significant degree of macro-orientation of the crystalline
compound with a difference between the positive and negative
bands∆IνI of 0.456.6,7 Elimination of the 1641 cm-1 peak leads
to disappearance of the broad maximum at 3100-3000 cm-1,
which assigns the peak asδNH2 of thep-NH2 group. At the same
time, the peak at 1290 cm-1 is eliminated, which is once again
in accordance with the assumption of a push-pull like system
(Scheme 1(2)), where the charge redistribution leads to planarity
of the p-NH2 group and a collinear disposition ofνNH2

s , δNH2,
andνNO2

s due to the last peak belonging to the stretching mode
(Scheme 3). The procedure generates the maxima at 3432 cm-1

(νNH2

as ) and at 3380 and 3328 cm-1 (νNH2

s ), as well as that at
1664 cm-1 belonging to the second NH2 group. TheνNH2

s band

exhibits Fermi resonance and is split due to the participation of
this group in asymmetric intermolecular H-bonds (see above).
The high-frequency shift of the latter maximum can be attributed
to this state of affairs. Elimination of the 1629 cm-1 peak causes
a strong reduction of the a′ maxima at about 1600 cm-1 and in
all peaks above 3000 cm-1. This observation suggests that the
1629 cm-1 peak must belong to a partial CN double bond
formed as a result of the push-pull system in the ground state.
The transition moment of this peak is collinear to a pseudo a′
maxima and the elimination of the stretching peaks of both NH2

groups is due to the mutual orientation of the molecules of1 in
the unit cell, resulting in a macro alignment of the discussed
moments. The elimination of the 952 cm-1 peak (Figure 5(2))

TABLE 3: Selected Optimized Geometry Parameters of (1)
in the Ground State at the MP2 Level of Theory and for the
6-311++G** Basis Set Using the Atom Numbering in
Scheme 2

bond length (Å) angle (deg) dihedral angle (deg)

R(1,2) 1.395 A(2,1,4) 118.9(5) D(4,1,2,3) 179.3
R(1,4 1.389 A(1,2,3) 119.5(8) D(4,1,2,6) 1.9
R(2,3) 1.447 A(1,2,6) 121.3(4) D(2,1,4,7) 0.2
R(2,6) 1.400 A(3,2,6) 119.0(4) D(12,1,4,7) 178.8
R(3,5) 1.272 A(2,3,5) 118.6(0) D(1,2,3,5) 0.7
R(4,7) 1.406 A(2,3,11) 118.4(4) D(1,2,3,11) 179.3
R(6,9) 1.387 A(5,3,11) 122.9(4) D(6,2,3,5) 178.1
R(7,8) 1.379 A(1,4,7) 120.9(4) D(6,2,3,11) 1.8
R(7,9) 1.426 A(2,6,9) 119.9(1) D(1,2,6,9) 1.6
R(9,10) 1.411 A(4,7,8) 122.4(2) D(3,2,6,9) 179.6

A(4,7,9) 119.2(9) D(1,4,7,8) 177.8
A(8,7,9) 118.2(8) D(1,4,7,9) 2.5
A(6,9,7) 119.4(5) D(2,6,9,7) 0.7
A(6,9,10) 122.9(3) D(2,6,9,10) 179.0

D(4,7,9,6) 2.8
D(4,7,9,10) 178.8
D(8,7,9,6) 177.5
D(8,7,9,10) 0.7

SCHEME : 3 Visualization of Transition Moments of δNH2 (A), νCN (B), and νs
NO2 (C), Illustrating Their Mutual

Collinearity in the Unit Cell of Molecule 1

Figure 3. Calculated (nonscaled) IR spectrum of1.

Figure 4. Nonpolarized IR (1) and difference IR-LD (2) spectra of1.
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leads to disappearance of peaks at 904, 879, and 748 cm-1

peaks, all of which are assigned to the same symmetry class,
being a′′ out-of-plane modes as far as the asymmetric trisub-
stituted benzene belongs to theCs point group. The experimental
peak positions correspond well with the theoretically calculated
values with deviations of less than 9 cm-1. This data reduction
led to the observation of second pairs of maxima belonging to
same symmetry class (Figure 5(2)), due to the four molecules
(1) in the unit cell being oriented as pairs at an angle of 54.2-
(9)° (Scheme 4).

3.3. UV Spectra.The crystallographically determined non-
centrosymmetric space group and the quinoide-like structure
of 1 in the solid state prompted an investigation of its
corresponding properties in solution.

The theoretically predicted electronic spectrum of1 exhibits
three bands at 191, 240, and 362 nm corresponding to K and B
aromatic bands and a charge transfer (CT) transition. The
calculated electronic properties are in good accordance with the
experimentally observed UV spectra of1 in different solvents,

as presented in Figure 6. On changing of the solvent from
nonpolar CH2Cl2 to polar aprotic CH3CN, a bathochromic shift
of more than 100 nm is observed for the long wavelength CT
band maximum. On the other hand, the band position in water
is similar to that in CH3Cl. It may be assumed that a positive
or negative solvatochromism cannot be clearly defined for this
compound, a fact that may be explained by theCs symmetry of
1 in contrast to that ofC2V for p-nitroaniline, where a clear
solvatochromism is apparent. In the case of 2-amino-4-nitroa-
niline, specific solvate interactions determine the presented
results, but the observed significant value for its solvato-
chromism determines the NLO properties of1 in solution as
well.

3.4. Calculated NLO Properties of 1.The ground-state
dipole moment of1 calculated with the electron correlation
method (B3LYP) is 8.2310 Debye. Compared to the value for
p-nitroaniline31-33 as the reference molecule, the lowering of
this parameter by a factor of 3 for1 can be explained by the
presence of a second NH2 group at the 2-position. This leads
to a charge redistribution in the ground state and suggests that
variations in the substitution pattern could be used to exploit
the NLO properties of such pseudoCs chromophores. The
calculated single charges of the NH2 and NO2 groups in
p-position in are-3.57 and+2.66 in the ground state. The
second NH2 group is also positively charged with a value of
+0.07. The excited state exhibits respective values of-2.67,
-0.98 and-0.74 eV for these groups. The calculated quadru-
pole moments in Debye Å (XX) -68.144, YY ) -55.091,
ZZ ) -66.197, XY ) 1.003, XZ ) 0.375, YZ ) 1.693) and
octapole moments in Debye Å2 (XXX ) 108.989, YYY ) 8.154,
ZZZ ) 0.184, XYY ) 28.190, XXY ) -7.317, XXZ ) 0.044,
XZZ ) -9.229, YZZ ) 3.986, YYZ ) 1.579, XYZ ) 5.782)
exhibit values that are more than 3.6 times larger that the
corresponding parameters forp-nitroaniline,31-33 independent
of the differing symmetries of the molecules. The calculated
hexadecapole moments (Debye Å3) also displays higher values
than the reference material of XXXX) -1689.977, YYYY )
-492.829, ZZZZ ) -68.925, XXXY ) -25.994, XXXZ )
-10.022, YYYX ) 18.712, YYYZ ) 0.954, ZZZX ) 2.066,
ZZZY ) 1.778, XXYY ) -355.590, XXZZ ) -295.100, YYZZ
) -116.926, XXYZ ) 23.626, YYXZ ) 6.858, and ZZXY )
3.324, respectively.

3.5. TGV and DSC Data.TGV and DSC data are presented
in Figure 7. The results clearly indicated an absence of any

Figure 5. Nonpolarized IR (1) and reduced IR-LD (2) spectra of1
after elimination of the peak at 926 cm-1.

SCHEME 4: Planes of the Aromatic Systems in the Unit
Cell of 1

Figure 6. UV-vis spectra of1 in H2O (1), CH3CN (2), CH3OH (3),
CH2Cl2 (4), OdC(CH3)2 (5), tetrahydrofuran (6), 2-propanol (7), and
ethyl acetate (8).
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additional thermal transitions except for the sample melting in
the temperature range 220.04( 0.5 °C, thus confirming the
purity of the compound and its relevant stability up to its melting
point.

4. Conclusions

A noncentrocymmetric crystal structure has been established
for 2-amino-4-nitroaniline, which gives it a significant potential
for second-order NLO properties in the bulk. Crystallographic
and linear-polarized IR-spectrocopic data in the solid state
unambiguously confirm a quinoide-like structure for the com-
pound in the ground state. The UV-vis spectral elucidationin
solutions with different polarities indicate a significant charge
transfer (CT) band shifting of up to 100 nm, corresponding to
a large molecular first hyperpolarizability value. The calculated
NLO and UV- and IR-spectroscopic properties all confirm the
latter assumption. The obtained value ofâtot. is some 3.6 times
higher than the value forp-nitroaniline. The largeâ value of
the 2-amino-4-nitroaniline make this planar pseudo 1-D chro-
mophore a very promising candidate for second-order NLO
applications. It presents a simple compound but possesses a
novel structural motif for designing NLO-active molecules with
greater optical transparency in the bulk as well as in solution.
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Figure 7. TGV and DSC data of1 in the range 25-300 °C.
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