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a b s t r a c t

A new organic compound 4-nitrophenol 4-aminobenzoic acid monohydrate (4NPABA) was synthesized
and crystals were grown by slow evaporation solution technique (SEST). The crystal structure of 4NPABA
was confirmed by single crystal X-ray diffraction (SXRD) and it was found to be monoclinic system with
the centrosymmetric space group P21/c. The powder XRD (PXRD) was carried out for analysis of dif-
fracting planes of grown crystal and also indexed by the Rietveld refinement using FullProf code. The 1H
NMR and 13C NMR spectral analysis was used to confirm the chemical environment of various protons
and carbons present in a 4NPABA structure. The various functional groups of the grown crystal were
identified using Fourier transform infrared (FTIR) and FT-Raman spectroscopy. The transmittance of the
grown crystal was analyzed by using UVeVisibleeNIR spectral analysis and the cut-off wavelength was
found to be 400 nm. The thermal stability of the grown crystal has been investigated by TGA-DTA studies.
Laser damage threshold (LDT) value of the grown crystals has been determined using a nanosecond (ns)
Nd:YAG laser operating at 532 nm. The third-order nonlinear optical property of 4NPABA crystal was
studied by Z-scan technique to determine its nonlinear absorption (b) and nonlinear refraction (n2). The
charge transfer characteristic of the grown crystal was studied by frontier molecular orbital (FMOs)
analysis. The hydrogen bonding of the present molecule was confirmed by NBO analysis. The polariz-
ability and hyperpolarizability of the 4NPABA were calculated at the B3LYP/6e311þþG (d,p) level using
Gaussian 09W package. The calculated values of linear polarizability (a*) and first order hyper-
polarizability (b*) are 2.683� 10�23 (esu) and 11.865� 10�30 (esu) respectively.

© 2018 Published by Elsevier B.V.
1. Introduction

In recent years, search continues for organic single crystal for a
large number of applications such as photonics, optical information
processing, 3D optical memory storage, electro-optic switches,
color display, frequency doubling and optoelectronics [1e3].
Therefore, synthesis of new organic compounds with large
nonlinear optical co-efficient have attracted many research groups.
Normally the organic compounds have potentially high polarized p
, karuppasamyp@ssn.edu.in
conjugation systems and hence they have been found to possess
large frequency conversion compared to its inorganic compounds.
The p-conjugated organic systems have emerged as attracting
candidates because of this high second and third-order optical
nonlinearities (SHG, THG), high damage resistance and large
electro-optic co-efficient [4,5]. 4-nitrophenol (4NP) is an inter-
estingmaterial, because of a simple phenolic compound, it contains
both nitro (acceptor group) and a hydroxyl (donor group) in a
benzene ring. The 4NP is a classic dipolar NLO chromophore and a
donor- p -acceptor system (D-p-A) and hence the more possibility
of proton transfer from the phenolic (OH) to various organic bases
can result in increasing of its molecular hyperpolarizability [6]. This
D-p-A structure is added advantage to convert the frequency of the
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Fig. 1. Reaction scheme of 4NPABA.

Fig. 2. As grown 4NPABA single crystals.
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light. 4-aminobenzoic acid (4ABA) is one of the well-known car-
boxylic acids to promoting molecular self-assembly by means of
strong hydrogen bonding [7]. 4ABA is of considerable use in the
formation of stable molecular adducts with other carboxylic acids,
particularly via hydrogen bonding through the amino group. It is
very important in the pharmaceutically acceptable agent of co-
crystallization [8,9]. The molecule consists of an aromatic ring, an
NH2 substituent which is electron donating and a COOH substituent
which is electron accepting during the reactions and hence 4ABA
molecule has both accepting and donating abilities of strong
hydrogen bonding [10] and also it has different polymorphic forms
[11]. In this case, the two organic chromophores such as 4NP and 4-
ABA were combined to the formation of co-crystallization
(4NPABA) with one water molecule (H6A-O6-H6B), since they
possess a typical linear D-p-A conjugated chain, and are prone to
the formation of strong hydrogen bonds. Hydrogen bonding has
become a crucial part of the crystal engineering strategy with
synthons, or recognizable robust intermolecular interaction motifs,
being at the forefront. Thus examining the hydrogen bonding
capability of a molecule may provide information relevant to
assessing the likelihood of polymorphism [10e13]. The 4NP is
bonded to the bridge of O3/H6A-O6 and the nitro group of 4ABA is
directly involved to bonding in the conjugated chain of
N2/H6BeO6. The combination of these chains (N2/H6A-O6-
H6B/O3) together form a three-dimensional network. Generally,
optical limiting property exhibited by organic molecules is related
to high delocalization of the p-electrons. The optical limiting
behavior resulting from nonlinear absorption can occur due to
reverse saturable absorption, two-photon absorption, nonlinear
refraction and nonlinear scattering [14]. Unlike second-order ma-
terials, there exist no molecular symmetry restrictions for the
observance of a third-order nonlinear optical response.

In the present work, we have attempted to grow a novel single
crystal of 4-nitrphenol 4-aminobenzoic acid monohydrate
(4NPABA) by slow evaporation solution technique (SEST). The
grown crystals were characterized by single crystal X-ray diffrac-
tion, Powder X-ray diffraction, 1H and 13C NMR, Fourier transform
infrared (FTIR), FT-Raman, UVeVis NIR, thermogravimetric (TG)
and differential thermal analysis (DTA), laser damage threshold
(LDT) and Z-scan analysis. In addition to these studies, optimized
molecular structure, FMOs, linear polarizability, first-order hyper-
polarizability, Mulliken charge analysis and NBO of the 4NPABA
molecule were performed by DFT method for the first time in
literature.
Fig. 3. Morphology of 4NPABA.
2. Synthesis, crystal growth and morphology

The 4NPABA compound was synthesized by using commercially
available AR grade 4-nitrophenol and 4-aminobenzoic acid with
molar ratio of 1:1 in a methanol solvent. The solution was contin-
uously stirred until it became homogenous. The prepared solution
was filtered by using Whatman filter paper and then poured into
the crystallizing dish. The crystallizing dish was covered by the
polythene sheet and a few tiny holes were made for making
controlled evaporation at room temperature. After a few days, the
dark yellow colored 4NPABA single crystals were randomly formed
in a crystallizing dish. The synthesized material was further puri-
fied by repeated recrystallization process. The good quality of
4NPABA single crystals have been grown in a period of 30 days. The
reaction mechanism of the synthesized 4NPABA material is depic-
ted in Fig. 1. The photographs of as-grown 4NPABA crystals are
shown in Fig. 2. The morphology of 4NPABA was indexed by
WinXMorph software program. The indexed morphology of
4NPABA is shown in Fig. 3.
2.1. Solubility

The solubility studywas carried out as a function of temperature
ranging from 30 �C to 60 �C with an interval of 10 �C using a con-
stant temperature bath with an accuracy of ±0.01 �C. In order to
study the solubility, the small amount of solutewas slowly added to
the methanol solvent and maintained at 30 �C with continuous
stirring using immersible magnetic stirrer with controller. After
attaining the saturation, the equilibrium concentration of the so-
lution was analyzed gravimetrically. The same process was
repeated for different temperature to determine the solubility. The
quantity of dissolved salt increases with increasing temperature in



Table 1
Crystallographic data for 4NPABA crystal.

Parameters Description

Identification code 4NPABA
CCDC 1457375
Empirical formula C13 H14 N2 O6

Formula weight 294.26 g/mole
Temperature 296 (2) K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions a¼ 12.2560 (6) Å a¼ 90�

b¼ 6.1232 (2) Å b¼ 90.318
(2)

�

c¼ 18.5364 (7) Å g¼ 90�

Volume (V) 1391.06 (10) Å3

Z 4
Density (r) 1.405Mg/m3

Absorption co-efficient 0.113mm�1

F (000) 616
Crystal size 0.350� 0.300� 0.250mm3

Theta range for data
collection

2.197e25.000�

Index ranges �14� h<¼14, �7� k<¼7, �22� l<¼22
Reflections collected 16710
Independent reflections 2462 (R (int)¼ 0.0312)
Completeness to

theta¼ 25.000�
100.00%

Absorption correction Semi-empirical from equivalents
Max. and min.

transmission
0.987 and 0.957

Refinement method Full-matrix least-squares on F2
Data/restraints/

parameters
2462/6/207

Goodness-of-fit on F2 1.104
Final R indices

[I> 2sigma(I)]
R1¼ 0.0380, wR2¼ 0.0927

R indices (all data) R1¼ 0.0564, wR2¼ 0.1109
Extinction co-efficient 0.033 (2)
Largest diff. peak and

hole
0.211 and �0.233 e.Å�3
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a given volume of solvent and hence it confirms the grown crystal
has positive solubility nature. The positive solubility of 4NPABA is
given in the Fig. 4.

2.2. Characterization techniques

The grown 4NPABA single crystal was subjected to various
characterization studies. The Bruker AXS Kappa APEX II CCD
Diffractometer, equipped with monochromatic MoKa radiation
(l¼ 0.710 Å). The powder X-Ray diffraction studies were carried
out using BRUKER X-ray diffractometer with the Cu Ka radiation
(l¼ 1.5406 Å). The NMR was carried out using Bruker AVANCE III
500MHz (AV 500) multi nuclei solution NMR Spectrometer. FTIR
spectrum of grown crystal was recorded using Bruker AXS FTIR
spectrometer at room temperature in the range of 500e4000 cm�1

with method of KBr pellet technique. FT-Raman was carried out
using BRUKER RFS 27: Standalone FT-Raman Spectrometer with
scanning range 50e4000 cm�1. The UVeVis NIR spectrum for the
4NPABA crystal was recorded using Perkin-Elmer Lambda-35
spectrophotometer in the range of 200e1100 nm. The thermogra-
vimetric and difference thermal analysis (TG-DTA) was carried out
between 30 �C and 370 �C at a heating rate of 10 �C/min in the ni-
trogen atmosphere using a Perkin-Elmer Diamond TG-DTA in-
strument. Laser damage threshold (LDT) was performed using a Q-
switched Nd:YAG nanosecond laser (INNOLAS Spit Light, 1.2 J) at
1064 nm, 10 Hz, ~7 ns pulse duration. Z-scan studies was carried
using a diode laser (100mW) with wavelength of 532 nm.

3. Results and discussions

3.1. X-ray diffraction analysis

The suitable size of grown crystal was selected and subjected to
single crystal X-ray diffraction (XRD) analysis. The crystal structure
was solved by direct methods using SHELXS-97 and refined by full-
matrix least squares against F2 using SHELXL-97 software pro-
gramme [15]. It reveals that the grown crystal crystallizes in the
monoclinic crystallographic system and it has centrosymmetric
space group P21/c and R-factor equal to 0.0380. Full crystallographic
data (CIF file) relating to the crystal structure of 4NPABA has been
deposited with the Cambridge Crystallographic Database (CCDC
1457375). The crystallographic data of 4NPABA is given in Table 1.
The hydrogen bondings of 4NPABA are given in the S. Table 1. A
Fig. 4. Solubility curve of 4NPABA as a function of temperature.
view of the 4NPABA complex with the atomic numbering scheme is
depicted in ORTEP and shown in Fig. 5 and the crystal packing di-
agram is shown in S. Fig. 1. The PXRD was carried out at room
temperature in order to check the phase purity. The obtained PXRD
pattern for 4NPABA is in good agreement with that of Rietveld
refinement using the FullProf code performed on the 2q scans from
10� to 80� and CIF data. The obtained peaks have been indexed and
are shown in Fig. 6. The well-defined peaks appeared correspond-
ing to the angles (2q) and it shows a high degree of crystallinity of
4NPABA crystal. The growth morphology of 4NPABAwas generated
and indexed by using a single crystal XRD data (CIF format) given as
input to the WinXMorph software program [16].
3.2. 1H and 13C NMR studies

The 1H and 13C nuclear magnetic resonance (NMR) spectral
analysis is an important analytical technique used to the study of
the organic compounds. It is also an important tool to identify the
molecules and examine their functional groups in a structure. The
NMR studies were carried out with Dimethyl sulfoxide (DMSO‑d6)
as a solvent. The 1H and 13C NMR spectra of 4NPABA are given in
Fig. 7 and Fig. 8 respectively. The corresponding peaks are assigned
and tabulated (S. Table 2). In proton NMR spectrum, the hydrogen
atoms are present in the various chemical environment. The major
peaks arise between d¼ 6.5 ppme8 ppm, it indicates the presence
of carbon-hydrogen (CeH) in an aromatic (benzene) ring. The
doublet at d¼ 7.6 ppm and 6.5 ppm represents the four protons are



Fig. 5. Molecular structure (ORTEP) of 4NPABA.

Fig. 6. The powder XRD spectra of 4NPABA.
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C8eH8, C12eH12 and C9eH9, C11eH11 of the aromatic carbons in
a 4ABA molecule. The two aromatic group signal is split into a
multiplet due to the hyperfine splitting of neighboring protons. The
doublet at d¼ 8.1 ppm and 6.9 ppm represents the four protons
C2eH2, C6eH6 and C3eH3, C5eH5 of the aromatic carbons in 4NP
molecule. The broad singlet at d¼ 11.89 ppm and 11.14 ppm in-
dicates the hydrogen (H5A) atom in the carboxylate (COOH) group
and hydrogen (H3A) atom in the hydroxyl (OH) group respectively.
The singlet at d¼ 5.8 ppm represents the hydrogen (H2A-N2-H2B)
present in an amine group. The singlet at d¼ 3.44 ppm indicates the
presence of water molecule (H6A-O6-H6B) in a grown crystal.

In 13C spectra, the signal of d¼ 131.69 ppm and 116.27 ppm
represents the set of aromatic carbon in a 4ABA environment such
as C12eH12, C8eH8 and C11eH11, C9eH9 respectively. And the
further signals are due to C7 and C13 which give the corresponding
shift of d¼ 117.38 ppm and 167.98 ppm in a 4ABA respectively. The
aromatic ring of 4NP gives the chemical shift of 131.6 ppm and
113.2 ppm for the C6eH6, C2eH2 and C5eH5, C3eH3 respectively.
The singlet of 164.35 ppm and 140.09 ppm is due to the carbon of
C1 and C4 in the 4NP aromatic ring respectively.
3.3. FT-IR and FT-Raman spectral analysis

Vibrational spectroscopy is an important tool for understanding
the chemical bonding and the presence of various functional
groups in the material. FTIR spectrum of grown crystal was recor-
ded using Bruker AXS FTIR spectrometer and it was carried out at
room temperature in the range of 500e4000 cm�1 with KBr pellet
technique. FT-Raman was carried out using BRUKER RFS 27:
Standalone FT-Raman Spectrometer. The FTIR and FT-Raman
spectra are shown in Fig. 9 and Fig. 10, respectively. The spectral
range is 4000e50 cm�1 with resolution of 2 cm�1 using an Nd: YAG
1064 nm laser source. A peak around 3448 and 3405 cm�1 are
observed due to the NH2 asymmetric and symmetric stretching
vibrations. It confirms the presence of 4-aminobenozic acid in
grown 4NPABA crystal. The peak at 3320 cm�1 represents OeH
stretching, which is absent in the FT-Raman spectrum. The broad-
ening of the peak (2500-3000 cm�1) is due to presence of CeH
stretching rich in the present crystal. The unresolved vibrations are
clearly resolved at 3077.02 cm�1 in FT-Raman spectrum. The strong
peak at 1675 cm�1 is due to the presence of carboxylic acid (COOH),
hence it confirms the presence of 4-aminobenzoic acid. On the
other hand, this vibration has not been observed in FT-Raman
spectrum. The peak at 1600 cm�1 is due to the aromatic skeleted
stretching of vibration C]C and also which is present at
1603.45 cm�1 in FT-Raman. The 1550e1680 cm�1 regions of the FT-
Raman spectra of the complexes contain the phenyl C]C stretching
mode. This peak at 1603.45 cm�1 is assigned to the aromatic
stretching vibration. The peak at 1496 cm�1 is the asymmetric
stretching vibration of aromatic nitro (NO2) group and it is present
in FT Raman at 1496.24 cm�1. The benzene ring has two or three
bands in this region due to skeletal vibrations, the peak usually
being at about 1496.24 cm�1. The peak at 1420 cm�1 is due to CeC
stretching in an aromatic ring, which does not appear in FT-Raman.
The peak at 1335 cm�1 is due to the N]O strong symmetric
stretching vibration of aromatic nitro group and it is present in FT-
Raman at 1332.61 cm�1 [17]. The peak at 1281 cm�1 is assigned to
strong CeN stretching vibration of aromatic amine and also it is
present in FT Raman at 1281.93 cm�1. The peak at 1170 cm�1 con-
firms carboxylic acid (CeO) present in the material, it has weak
band at 1163.64 cm�1 in FT-Raman. The bands around 1000 cm�1

are attributed to skeleton vibration of aromatic carbons. In the FT-
Raman spectrum, such skeleton vibrations of aromatic carbons are
very weak [18]. The intense peaks at 1110 cm�1 and 1109.08 cm�1

observed at IR and Raman spectra respectively are due to the
CeNO2 stretching vibrations. The peak at 942 cm�1 is assigned to



Fig. 7. 1H NMR spectrum of 4NPABA.

Fig. 8. 13C NMR spectrum of 4NPABA.

P. Karuppasamy et al. / Journal of Molecular Structure 1176 (2019) 254e265258
OeH out of plane bending vibrations. The peak at 860 cm�1 and
864.57 cm�1 observed in IR and Raman spectra respectively indi-
cate the CeH out-of-plane bending for 1,4-disubstituted benzene
ring. The out-of-plane bending vibration of NeH group occurred at
795 cm�1. In and out-of-plane bending of OeH showed their peaks
at 753 cm�1. The peaks at 690 cm�1, 615 cm�1 and 550 cm�1 are
represent wagging, scissoring and out of plane deformation of NO2.
In general, organic nitro compounds have a very strong band at
655-605 cm�1 due to the deformation vibration of the NO2 group
and corresponding Raman peak appeared at 637.73 cm�1. The FTIR
and FT-Raman spectra peaks assignments of 4NPABA are given in
the S. Table 3.
3.4. UVevis NIR spectral analysis

Optical transmittance spectrum of 4NPABA crystal was recorded
in the wavelength range 200e1100 nm at room temperature. It
gives the information about the structure of the molecule because
the absorption of UV and visible light involves electronic transitions
from bonding (s and p) orbitals to anti-bonding (s* and p*) orbitals
[19]. The optical transmittance spectrum of 4NPABA crystal is
shown in Fig. 11 (a). The lower cut-off wavelength was found to be
at 400 nm, which indicates that the energy of 400 nm is required
for the promotion of electrons from ground state to excited energy
state due to absorptions. The dependence of the absorption co-



Fig. 9. FTIR spectrum of 4NPABA.
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efficient as a function of photon energy is useful to study the band
structure and transition of electrons. The linear optical absorption
co-efficient (a) can be calculated by using the following relation:

a ¼ 2:3026
t

log10

�
100
T

�
�
�
103

�
ðm�1Þ (1)

where T is the transmittance (%) and t is the thickness of the sample
(2.5mm). The quantity a (y) can be displayed in a number of ways
as described by the Tauc's plot relation [20]:

ðahyÞ ¼ A
�
hy� Eg

�m (2)

where a is the absorption co-efficient, hy is photon energy, Eg is the
optical energy band gap, A is a constant andm is the characteristics
of transition. The basic principle behind the technique is that the
absorption of photons happens when their energy is equal or
Fig. 10. FT-Raman spec
greater than the band gap of the materials. Therefore, the carriers
undergoing transition from occupied state to unoccupied state by
the two kinds of allowed transitions such as direct (no phonon
interaction) and indirect (involves phonon interaction), and also
these possess forbidden transitions. The transition number (m) is 1/
2 for direct allowed transition, 2 for indirect allowed transition, 3/2
for direct forbidden transition and 3 for indirect forbidden transi-
tion [21,22]. In this case, we have to determine the value of ‘m’ to
know the optical transition nature of 4NPABA crystal. Taking log-
arithm on both sides and differentiating the equation (2) with
respect to hy we get the following form:

dðlnðahyÞÞ
dðhyÞ ¼ m�

hy� Eg
� (3)

The value of Eg can be calculated from a graph plotted between
(ln(ahy))/hy and hy which is shown in Fig. 11 (b). It gives a discon-
tinuity at a particular maximum value and is found to be
Eg¼ 3.05 eV. Plotting the graph between (ln (ahy)) and (ln (hy-Eg))
the value of ‘m’ is obtained. The value of ‘m’ was found to be
0.429z 0.5¼1/2 by extrapolating linear fit as shown in Fig. 11 (c).
This confirms that the optical transition of 4NPABA crystal is of
allowed direct band gap nature. Tauc's plot relation has been
rearranged as given below for direct allowed transition:

ðahyÞ ¼ A
�
hy� Eg

�1
2 (4)

A graph is plotted between photon energy (hy) and (ahy)2. By
extrapolating the linear portion of the curve to zero absorption as
shown in Fig.11 (d), the optical band gap (Eg) of 4NPABA crystal was
found to be 3 eV.

According to Planck's relation the energy of a photon (E) is
proportional to its frequency and hence theoretically the optical
band gap energy of 4NPABA crystal can be calculated using the
following relation:

Eg ¼ 1240
l

eV (5)

where l is the lower cut-off wavelength (405 nm). The band gap of
the grown 4NPABA crystal is found to be 3.06 eV, which is in good
agreement with the value obtained from Fig. 11 (d).
trum of 4NPABA.



Fig. 11. (a) UVeVis NIR spectrum, (b) Plot of (ln (ahy))/hy vs. hy (c) Plot of (ln (ahy)) vs. (ln(hy - Eg)) and (d) Optical band gap (Eg) spectrum of 4NPABA single crystal.
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3.5. Thermogravimetric and differential thermal analysis

The thermal stability of 4NPABA crystal has been studied by
thermogravimetric analysis (TGA) and differential thermal analysis
(DTA). The 4NPABA powder sample was heated in the range of
30 �Ce300 �Cwith the heating rate of 10 �C/min. It provides reliable
information of sample about the charge of mass changes with
respect to the temperature. The TG and DTA graph is shown in
Fig. 12. In the TGA curve, it was observed that the initial weight loss
of 10% around temperature increase from 80 �C to 155 �C is due to
the liberation of weekly volatile substances like water molecules. It
Fig. 12. TG-DTA of 4NPABA crystal.
is confirmed that below this temperature there is no weight loss or
phase transitions observed in the material. Weight loss of 94.5%
occurs in a single stage between 155 �C and 235 �C. The DTA plot
gives two endothermic peaks. The peak at 90 �C is due to the first
stage of decomposing point of the 4NPABA and another endo-
thermic peak noticed at 220 �C is due to second stage of bulk
decomposition of the crystal. Finally, the residual masses of mate-
rials, around 5.4%, which remain may be carbons. Comparison of
TGA and DTA results indicates that the crystal is stable up to 80 �C
without any decomposition of the crystal. Hence, the suitability for
optical device applications of the crystal is limited up to a tem-
perature 80 �C.

3.6. Laser damage threshold (LDT) analysis

The high optical surface damage tolerance is extremely impor-
tant characteristic of a NLO crystal for optoelectronic device ap-
plications. The laser damage threshold (LDT) of the NLO
components depends on physical and chemical imperfections
particularly on growth dislocations. The crystals containing several
dislocations exhibit lower damage thresholds as these dislocations
reduce the strength of interatomic bonds [23]. LDT study of 4NPABA
crystal was performed using a Q-switched Nd:YAG nanosecond
laser (INNOLAS Spit Light, 1.2 J @ 1064 nm, 10 Hz, ~7 ns pulse
duration, input beam diameter of 8mm) operating in transverse
mode (TM00) at 532 nm in the single shot mode. Experimental
setup and other details can be found elsewhere [24]. The nano-
second pulses were focused by a plano convex lens of 10 cm focal
length, which is attached to a translational stage and can be moved
towards or away (Z direction, along the laser) from the sample. The
crystal surface was interrogated 5mm above from the focus and
translated in X-Y plane using translational stages controlled by ESP
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300. The output of the incident laser beam was controlled by an
attenuator (combination of half-wave plate and Brewster's polar-
izer). The input laser energy density was recorded by a digital po-
wer meter. The single shot input laser energy was increased until
the sample got damaged. The interrogation of laser causes localized
heating due to absorption of photons by thematerial resulting in its
vaporization, local melting as well as fracture from thermal stress
[25]. However, the onset of laser induced damage depends on
several factors such as absorption mechanism, material properties,
presence of defects and incident laser wavelength and its pulse
duration [26]. The input energy (mJ) was varied as 5, 10, 15, 20, 30
and 40mJ. S. Fig. 2 depicts the laser induced damaged portions on
surface of 4NPABA crystal. No damage (either crack or spot) was
observed at 5mJ and 10mJ of input energy. A spot was initiated at
15mJ and upon further increase in input energy, a visible damage at
40mJ was observed. The surface damage threshold of the grown
4NPABA crystal was calculated using the following expression.

Power densityðPdÞ ¼
E

tpðuZÞ2
(6)

where, E is the input pulse energy (mJ), t is the pulse width (7 ns),
and uz is the radius of the focused beam on crystal which is at 5mm
above the focal point and it is denoted as Z. The uz can be calculated
using following expressions:

uZ ¼ u0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
Z
ZR

�2
s

(7)

ZR ¼
 
pu2

0
l

!
; u0 � 2l

p
(8)

2u0¼
�
4l
p

��
f
d

�
(9)

where l is the wavelength of laser (532 nm), f is the focal length of
convex lens (10 cm) and d is the diameter of laser beam (8mm). The
theoretical value of uo was estimated to be 4.23 mm. However, the
experimental value was estimated from knife edge technique and
was found to be ~10 mm. The Rayleigh length (ZR) was found to be
590 mm and also condition of u0 � 2l/pwas satisfied. To avoid large
peak intensities, the crystal was placed at a distance of 5mm away
from the focus for all the damage threshold studies. The radius of
beam spot (uz) at a distance 5mm away from focus was estimated
using equation (7) and it was found to be ~85.3 mm. The calculated
laser damage threshold value of 4NPABA crystal is 9.37 GW/cm2

(15mJ laser power). The crystal got severely damaged at 25.01 GW/
cm2 (40mJ laser power).
Fig. 13. The schematic diagram of Z-scan setup.
3.7. Z-scan studies

The third order susceptibility of the grown 4NPABA crystal was
investigated using Z-scan technique [27,28]. Materials with large
third-order optical nonlinearity and fast response time are essential
for future optical device applications in optical computing, real
time holography, optical correlators and phase conjugators [29].
The Z-scan is defined as the plot of the relative power transmitted
through the sample as a function of sample position. When the
sample is placed far away from the focus there are no nonlinear
processes present in the sample because of the low intensity of the
light. When the sample is moved closer to the focus the intensity
within the sample is increased leading to nonlinear processes.
Therefore the transmittance of the samples is essential for this
experiment. Nonlinear refractive and nonlinear absorptive phe-
nomena in a sample give rise to characteristic features in the
associated Z-scan traces [27]. Due to the above reasons the solid
sample of 4NPABA is very difficult to use in an experiment, because
transmittance at 532 nm is low (20%) (Fig. 11 (a)). Another way to
improve the transmittance and finding the nonlinear parameter of
the samples is by preparing the solution and also in different molar
concentration such as 0.10M 0.15M, 0.20M, 0.25M and 0.30M.
The optical transmittance (T %) and linear refractive index (n0) in
differentmolar concentrations are shown in the S. Fig. 3 and S. Fig. 4
respectively. In this experiment, the diode laser (100mW) with
wavelength of 532 nmwas used as a source and the beam diameter
is 4mm. The polarized Gaussian beam (TEM00) was focused by a
convex lens (focal length 200mm) to produce the beam waist
uo¼ 16.94 mm. The thickness of the sample (L) was 1mm (holder
inner diameter). The Rayleigh length (ZR) was calculated as
1.69mm. The thickness of the samples must be less than the Ray-
leigh length and it was satisfied (L < ZR). All the Z-scan measure-
ments were carried out at room temperature. The sample was
mounted on a translation stage (at 90�) that was controlled by the
computer to move along the negative (eZ) to positive (þZ) axis
with respect to the focal point. When determining both sign and
magnitude of the nonlinear refraction, an aperture (radius is
1.5mm) was placed in front of the transmission detector and the
transmittance was recorded as a function of the sample position on
the Z axis (closed-aperture Z-scans). For measuring the nonlinear
absorption, the Z-dependent sample transmittance was taken
without the aperture (open-aperture Z scan) [30]. The schematic
diagram of Z-scan setup is shown in Fig. 13 and The Z-scan exper-
imental parameters are given in the S. Table. 4.

The intensity of a laser beam directly depends on the refractive
index of the materials and its absorption nature. The sample causes
an additional focusing or defocusing, depending on the nonlinear
refraction values. As the sample traverses through the beam focus
(at Z¼ 0), self-focusing or defocusing modifies the wave front
phase, therebymodifying the transmitted beam intensity. However,
the closed aperture Z-scan curve with pre-focal valley and post-
focal peak indicates a self-focusing process and it is a positive
sign for nonlinear refraction or self-defocusing process (pre-focal
peak and post-focal valley) and it is a negative sign [31]. In an open
aperture, the transmittance decreases (at less intensities) when the
sample moves closer to the focal point (Z¼ 0) resulting in two or
multi photons absorption or reverse saturable absorption (RSA) and
then saturation achieved (T¼ 1) when the sample moves away
from the focus. When the sample moves closer to the focal point
(Z¼ 0) the transmittance increases (at high intensities), which in-
dicates that the sample causes saturable absorption (SA) and then
again saturation achieved (T¼ 1) when the sample moves away
from the focus. From the open aperture Z-scan spectrum the non-
linear absorption coefficient (b) was calculated [32]. Fig. 14 (a)
and (b) depict the closed and open aperture Z-scan spectra of
4NPABA in different concentrations.

In order to find out the nonlinear refractive index (n2) of
4NPABA crystal, the DTp-v was calculated using the equation:



Fig. 14. (a) Closed and (b) open aperture Z-scan spectra of 4NPABA.
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jDfj ¼ DTp�v

0:406ð1� SÞ0:25
(10)

where D4 is the axis phase shift at the focus, S is the linear trans-
mittance aperture and it was calculated using the relation:

S ¼ 1� exp
��2r2a

u2
a

�
(11)

where ra is the radius of aperture (1.5mm) and ua is the beam
radius at the aperture (2.5mm). The nonlinear refractive index (n2)
was calculated using the relation:

n2 ¼ D4
kI0Leff

�
m2
.
W
�

(12)

The nonlinear absorption coefficient (b) was determined using
open aperture. The value of b would be positive for two or multi-
photon absorptions and negative for saturable absorption (SA).

b ¼ 2
ffiffiffi
2

p
DT

I0Leff
ðm=WÞ (13)

where k is the wave number (k¼ 2p/l), DT is the peak value at the
open aperture Z e scan curve and I0 is the intensity of the laser at
the focus (0.11MW/m2). The effective thickness (Leff) of the sample
was calculated by using the following expression:

Leff ¼
1� expð�aLÞ

a
(14)

where a is the linear absorption coefficient and L is the thickness of
the sample (1mm). The effective thickness (Leff) was found to be
0.99mm. The real and imaginary parts of the third order nonlinear
optical susceptibility (c(3)) were estimated using the following re-
lations [30]:
Table 2
The nonlinear parameters of 4NPABA.

Con. (mol) (n2)� 10�12 (m2/W) (b)� 10�6 (m/W) Re (c(3

0.10 0.86 0.51 0.68
0.15 1.12 3.57 0.94
0.20 1.44 3.57 1.62
0.25 1.53 5.61 1.99
0.30 1.66 7.40 2.77
Recð3Þ ðesuÞ ¼
10�4

ε0c2n20n2
p

�
cm2

.
W
�

(15)

Imcð3Þ ðesuÞ ¼
10�2

ε0c2n20lb
4p2 ðcm=WÞ (16)

where ε0 is the vacuum permittivity (8.854� 10�12 F/m), c is the
velocity of light in vacuum (3� 108m/s), n0 is the linear refractive
index of the samples at 532 nm (S. Fig. 4). The third order nonlinear
optical susceptibility of the grown crystal was calculated using the
expression:

cð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Recð3Þ

�2 þ �Imcð3Þ�2q
(17)

The calculated nonlinear refractive index (n2), nonlinear ab-
sorption coefficient (b), real and imaginary parts of susceptibility
and third-order nonlinear susceptibility (c(3)) for 4NPABA with
different molar concentrations are given in the Table 2. The ob-
tained third-order nonlinear susceptibilities (c(3)) increase with
increasing concentration in the order of 10�9 (esu) and these are
shown in Fig. 15. Increasing value of third-order nonlinear sus-
ceptibilities (c(3)) is indicated that the grown crystals are more
useful for NLO applications. The grown crystal has reverse saturable
absorption (open aperture) and hence it is an ideal candidate for
optical limiting applications [33]. The negative sign of the nonlinear
refractive index (n2) indicates the self-defocusing nature of the
material. This may have an advantage in practical devices, by
providing useful for the applications of holographic recording and
two-wave mixing [34], photorefractive (PR) glasses, soliton wave
communication [35], Self-trapping of light, as well as optically
induced focusing-to-defocusing switching device applications [36].

3.8. Computational details

The quantum chemical calculations were employed with DFT
method. All theoretical calculations are computed using Becke
))� 10�10 (cm2/W) Im (c(3))� 10�9 (cm/W) (c(3))� 10�9 (esu)

0.17 0.18
1.26 1.26
1.70 1.71
3.09 3.10
5.21 5.21



Fig. 15. Susceptibilities (c(3)) in different molar concentrations.
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three parameter Lee-yang-Parr (B3LYP) with 6e311þþG (d,p)
standard basis set [37]. The optimized molecular geometry of
4NPABA was selected for further calculations. The natural bond
orbital analysis (NBO) of titled molecule was carried out with the
same basis set [38]. The polarizability and other electronic prop-
erties of the isolated molecule were calculated with the same level
of theory. All the calculations were employed using Gaussian 09W
program package [39].
3.8.1. Optimized molecular structure
The optimized molecular structure of 4NPABA molecule with

atom numbering scheme was depicted in Fig. 16. The computed
geometrical parameters were compared with available XRD data.
The optimized geometrical parameters of band length and band
angle are listed in S. Table 5 and S. Table 6 respectively. The dis-
crepancies between computed and experimental values are due to
the different hydrogen and carbon environment. The theoretical
values are calculated in gaseous phase for isolated molecule and
intermolecular interactions are in the crystalline state. The CeC
bond lengths are in the range of 1.384 Å e 1.481 Å for B3LYP and
Fig. 16. Optimized molecular structure of 4NPABA.
1.4 Å e 1.536 Å for XRD. The C26eC16 has the highest bond length
compared to other bond lengths it is due to the acid group in the
C26 atom. CeH bond lengths are in the range of 1.081 Å e 1.085 Å
for B3LYP and 1.065Å e 1.072 Å for XRD. All the CeH bond lengths
are nearly same. The CeO bond lengths are C1eO14, C26eO29,
C26¼O28 in B3LYP 1.361 Å, 1.361 Å, 1.209 Å and from XRD 1.429 Å,
1.421 Å, 1.257 Å respectively. The CeO bond lengths are different
due the various environment of oxygen atom. The OeH, NeH, NeO
and CeN bond lengths are nearly same.
3.8.2. Frontier molecular orbital (FMOs) analysis
The highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) are named as frontier mo-
lecular orbital. The electronic transition from the ground state to
the first excited state is mainly described by an electron excitation
from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). HOMO is an electron donor
while LUMO is an electron acceptor that represents ability to obtain
an electron. HOMO and LUMO are calculated using B3LYP/6-31G
(d,p) and the 3D plots are illustrated in Fig. 17. The HOMO is
localized on the 4-aminobenzoic acid monohydrate part and
smaller density was in the OH part of the 4NP. The LUMO of the
4NPABA was delocalized over the 4NP part of the molecule. The
HOMOeLUMO transition implies an electron density transfer from
4ABA ring to 4NP part of molecule. The energies of molecular or-
bitals of 4NPABA were calculated with same level of theory. The
calculated energy values of the HOMO and LUMO are �6.582 eV
and �2.992 eV respectively. The value of energy gap between the
HOMO and LUMO is 3.59 eV in the gas phase.
3.8.3. Molecular electrostatic potential (MEP)
The molecular electrostatic potential (MEP) map of 4NPABAwas

depicted in Fig. 18. The region of most negative, most positive and
zero electrostatic potential are represented by red, blue and green
color respectively. The negative MEP is delocalized over the oxygen
and nitrogen atoms and is reproduced by red and yellowish color
respectively. The regions having the positive potential are delo-
calized over all hydrogen atoms. The concentrated electron density
in the molecule attracted proton and it is corresponding to the
negative electrostatic potential. The repulsion of proton by atomic
nuclei corresponds to positive electrostatic potential. The MEP
gives the molecular structure along with its physiochemical prop-
erties [40].
Fig. 17. Frontier molecular orbital (FMO) of 4NPABA.



Fig. 18. Molecular electrostatic potential (MEP) map of 4NPABA.
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3.8.4. Nonlinear optical studies
The molecular polarizability is an indicator of nonlinear optical

response of an isolatedmolecule in external field Ei (u). Where m0 is
the permanent dipole moment, a* is the linear polarizability and
b*ijk are the first hyperpolarizability tensor components. Polariz-
ability (a*) and hyper polarizability (b*) tensor components are
given in S. Table 7.

The average linear polarizability is defined as

a*Tot ¼
�
a*xx þ a*yy þ a*zz

�
3

(18)

First hyper polarizability is third rank tensor that can be
described by 3� 3� 3 matrix. The 27 components are reduced to
10 components due to kleinman symmetry [41]. The output from
Gaussian 09 provides 10 components of this matrix as b*xxx, b*xxy,
b*xyy, b*yyy, b*xxz, b*xyz, b*yyz, b*xzz, b*yzz, b*zzz respectively. Using the x,
y and z components the magnitude of the first hyperpolarizability
tensor b* can be calculated by

b*Tot ¼
�
b*2x þ b*2y þ b*2z

�1=2
(19)

The complete equation for calculating b* is given as following
equation

b*Tot ¼
��

b*2x þ b*2y þ b*2z

�
þ
�
b*2x þ b*2y þ b*2z

�
þ
�
b*2x þ b*2y þ b*2z

��1=2
(20)

The polarizability and hyperpolarizability of the titled com-
pound were calculated at the B3LYP/6e311þþG (d,p) level using
Gaussian 09W package. The calculated value of linear polarizability
(a*) and hyperpolarizability (b*) values are 2.683� 10�23 e.s.u. and
11.865� 10�30 e.s.u., respectively.
4. Conclusions

An organic single crystal, 4NPABA was successfully grown by
slow evaporation solution technique and it belongs to the mono-
clinic systemwith centric space group, P21/c. The single crystal XRD
(SXRD) was carried out to solve the crystal structure. Powder X-ray
diffraction (PXRD) analysis shows a relatively good crystalline na-
ture and also refined using FullProf code. Themolecular structure of
4NPABA was recognized by NMR (1H and 13C) studies and its
vibrational modes were confirmed by FTIR and FT-Raman studies.
UVeViseNIR spectrum of grown crystal shows good optical
transparency in the visible and near-IR region with cut-off wave-
length 405 nm. The thermal stability of the grown crystal is upto
80 �C. The higher value of LDT indicates that the 4NPABA crystal is
useful for laser applications. Z-scan study was made with different
molar concentrations and confirms 4NPABA crystal has self-
defocusing and reverse saturable absorption nature. The bonding
interactions and charge transfer of title molecule were analyzed by
Mulliken atomic charge and FMO's respectively. The calculated first
order hyperpolarizability (b*) value of 4NPABA was 23.9 times
greater than that of urea. Third-order nonlinear optical suscepti-
bilities (c(3)) of 4NPABAwere found to be in the order of 10�9 (esu).
The higher value of b* and c(3) indicated that the grown crystals are
more useful for NLO applications. Also the grown crystal has
reverse saturable absorption (open aperture) and hence it is useful
for practical devices such as optical limiter, two-wave mixing and
switching devices.
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