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ABSTRACT: Good quality single crystals ofL-asparaginium picrate have been grown by a low-temperature solution growth technique.
The UV-visible-NIR absorption spectra were recorded for the grown crystal and relative second harmonic generation (SHG)
efficiency was investigated to explore the NLO characteristics of the material for the first time in the literature. The relative SHG
efficiency of the material is 66.5 times greater than that of KDP and 10 times higher than that of urea. The dielectric and mechanical
behavior of the specimen were also studied. The structural perfection of the grown crystals has been analyzed by high-resolution
X-ray diffraction (HRXRD) rocking curve measurements. Fourier transform infrared (FTIR) spectroscopic studies were also performed
for the identification of different modes present in the compound.

Introduction

Nonlinear optical (NLO) materials utilize the nonlinear
dependence of the refractive index on the applied electric field
to bring forth other frequencies. The added esteem of nonlinear
optical materials over lasers and electrooptics became prepon-
derant from the early days of lasers. NLO materials endow the
expansion of the circumscribed spectral regime of lasers. The
pursuance of more efficient nonlinear optical (NLO) materials
of increased optical quality is being goaded by the development
of optical communication systems that require ultrafast broad-
band optical signal processing functions. The noetic construction
of structurally controlled supramolecular assemblies (e.g.,
acentric and chiral solids) remains a great challenge even though
the art of chemical synthesis of discrete molecules has signifi-
cantly advanced in recent decades. The relevance of organic
materials in this fresh context is because the delocalized
electronic structure ofπ-conjugated organic compound offers
a number of tantalizing opportunities in applications as nonlinear
optical materials. Organic crystals in terms of nonlinear optical
properties possess advantages when compared to their inorganic
counterparts.1-8 Also one of the advantages in working with
organic materials is that they allow one to fine-tune the chemical
structures and properties for the desired nonlinear optical
properties.9 In addition, they have large structural diversity. The
properties of organic compounds can be refined using molecular
engineering and chemical synthesis.10 Hence they are projected
as forefront candidates for fundamental and applied investiga-
tions. The design of organic polar crystals for quadratic NLO
applications is supported by the observation that organic
molecules containingπ electron systems asymmetrized by
electron donor and acceptor groups are highly polarizable
entities.11 Donor/acceptor benzene derivatives are sure to
produce high molecular nonlinearity. An organic molecule
should have large second-order hyperpolarizability (â) to exhibit
good nonlinear optical properties. Extension of benzene deriva-
tives has permitted an increase in the number ofπ electrons as

well as their delocalization length, so as to lead to prodigious
enhancement inâ. Picric acid forms crystalline picrates of
various organic molecules through ionic and hydrogen bonding
and π-π interactions.12 It is known that picric acid acts not
only as an acceptor to form variousπ stacking complexes with
other aromatic molecules but also as an acidic ligand to form
salts through specific electrostatic or hydrogen bond interac-
tions.13 Bonding of electron donor/acceptor picric acid molecules
strongly depends on the nature of the partners. The linkage could
involve not only electrostatic interactions but also the formation
of molecular complexes.14

Acentric molecules consisting of highly delocalizedπ electron
systems interacting with suitably substituted electron donor and
acceptor groups exhibit a high value second-order polarizability
(â).15 L-Asparaginium picrate (LASP) is one suchπ donor-
acceptor molecular compound in whichL-asparagine acts as
donor and the picric acid as electron acceptor. Anitha et al. have
reported the unit cell parameters of LASP.16 However, to our
knowledge no systematic studies of LASP have been made.
Hence, in the present investigation we report for the first time
the bulk growth, optical, mechanical, and dielectric studies, and
second harmonic generation (SHG) properties ofL-asparaginium
picrate (LASP).

Experiment

LASP crystals were grown by a slow evaporation solution growth
technique. Picric acid is less soluble in water, whereasL-asparagine
shows more affinity toward solubility only in water. Equimolar
quantities of the parent compounds picric acid (Loba Chemie, 99%)
andL-asparagine (Loba Chemie, 99%) were dissolved in a mixture of
acetone and water (1:1). The reaction is depicted in Scheme 1. On
cooling of the solution, the salt was obtained by crystallization at low
temperature (25°C). The material was repurified from aqueous solution
by the recrystallization process. The single-crystal growth of this
material has been performed from solution. Selection of suitable solvents
is very definitive for the growth of good quality single crystals.17 The
solubility of LASP in acetone and water (1:1) was assessed as a function
of temperature in the range 30-55 °C. A thermostatically controlled
vessel (100 mL) was filled with an aqueous solution of LASP with
some undissolved LASP and stirred for 24 h. On the next day, a small
amount of the solution was pipetted out, and the concentration of the
solute was determined gravimetrically. Figure 1 shows the solubility
curve for LASP. The title compound exhibits good solubility and a
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positive solubility-temperature gradient (direct solubility) in the mixed
solvent of acetone and water (1:1). Thus, single crystals of LASP have
been grown from saturated solution (pH) 2.01) of the synthesized
salt of LASP by the slow evaporation technique at 30°C using a
constant-temperature bath having a control accuracy of ((0.01 °C).
Yellowish crystals of size 1.5× 0.8 × 0.4 cm3 have been obtained
(Figure 2).

X-ray diffraction data were collected at room temperature using a
single-crystal X-ray diffractometer (ENRAF NONIUS CAD4, Mo KR,
λ ) 0.710 69). High-resolution X-ray diffraction analysis was carried
out to study the structural perfection of LASP. A multicrystal X-ray
diffractometer (MCD) developed at NPL (National Physical Laboratory,
New Delhi),18 set in (+,-,-,+) configuration, has been employed using
Mo KR1 radiation originated from a fine focus sealed tube X-ray
generator (Philips, 1743; 2 kW). The dispersive (+,-,-) configuration
for the three Si(111) monochromator crystals of MCD has a special
advantage to get a highly monochromatic (∆λ/λ e 10-5) and collimated
(horizontal divergence<3 arc sec) exploring beam (KR1).19 The sample
(0.8 × 0.2 × 0.2 cm3) was lapped and polished and the resultant
damaged surfaces were removed by preferential chemical etching using
acetone and water in 1:1 ratio. The specimen occupies the fourth crystal
stage and is oriented for diffraction in symmetrical Bragg geometry
and (+,-,-,+) configuration of the diffractometer.

Dielectric properties are correlated with the electro-optic property
of the crystals.20 Carefully discerned samples of LASP were cut and
polished on a soft tissue paper with fine grade alumina powder (0.1
µm) dispersed in a mixture of acetone, water, and DMFO (1:1:4). Each
sample was electroded on both sides with silver paste (air-drying) to
make the sample behave as a parallel plate capacitor. The dimensions
of the crystal were measured using a traveling microscope (LC) 0.001
mm). The sample thickness was 0.4 to 1.4 mm. A HIOKI 3635 model
LCR meter was used to measure the capacitance, dielectric loss (tan
δ), and resistance of the sample as a function of frequency (range 30-
95 °C). A small cylindrical furnace (20 cm× 20 cm× 20 cm), whose
temperature was controlled by a Eurotherm temperature controller (0.01
°C) was used to house the sample. The dielectric constant was calculated
by using the relation

whereε0 is the permittivitty of free space,t is the thickness of the
sample,C is the capacitance, andA is the area of cross section. The
conductivity of the crystal was calculated using the relation

Quantitative measurement of relative efficiency of LASP with respect
to well-known SHG materials KDP and urea was made by the Kurtz
and Perry21 powder technique. The finely powdered crystal of LASP
was densely packed between two transparent glass slides. An Nd:YAG
laser (DCR11) was used as a light source. A laser beam of fundamental

Scheme 1. Reaction Mechanism of LASP

Figure 1. Solubility graph of LASP. Figure 2. As-grown single crystals of LASP.

ε′ ) Ct/(ε0A)

σdc ) t/(RA)
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wavelength of 1064 nm, 8 ns pulse width, with 10 Hz pulse rate was
made to fall normally on the sample cell. The power of the incident
beam was measured using a power meter. The transmitted fundamental
wave was passed over a monochromator (Czerny Turner mono-
chromator), which separates 532 nm (second harmonic signal) from
1064 nm, and absorbed by a CuSO4 solution, which removes the 1064
nm light, and passed through BG-38 filter to remove the residual 1064
nm light and an interference filter with bandwidth of 4 nm and central
wavelength of 532 nm. The green light was detected by a photo-
multiplier tube (Hamamatsu R5109, a visible PMT) and displayed on
a storage oscilloscope (TDS 3052 B 500 MHz, Phosphor digital
oscilloscope). KDP and urea crystals were powdered to the identical
particle size and were used as reference materials in the SHG
measurement. The melting point measurements were made using
TEMPO PT s100-230 V melting point apparatus.

For optical device applications, the transparency in the near-IR
region is significant rather than that in the visible region because 1.3
and 1.5 µm wavelengths are used in optical telecommunication
systems.22 The absorption spectrum for the title crystal was recorded
using a Varian Cary 5E UV-vis-NIR spectrophotometer in the region
200-2000 nm.

The room-temperature mid-Fourier transform infrared spectrum of
LASP was recorded in the region 400-4000 cm-1 at a resolution of
(4 cm-1 by using a Perkin-Elmer Fourier transform infrared spectro-
photometer (model SPECTRUM RX1), equipped with a LiTaO3

detector, a KBr beam splitter, a He-Ne laser source, and a boxcar
apodization used for 250 averaged interferograms collected for both
the sample and the background. KBr pellets contained a fine LASP
powder obtained from the grown single crystals.

The structure and composition of the crystalline solids are inviolably
related to the mechanical hardness. Microhardness testing is one of
the best methods of understanding the mechanical properties of materials
such as fracture behavior, yield strength, brittleness index, and
temperature of cracking.23-24 Hardness of a material is a measure of
resistance it offers to local deformation.25 The hardness measurements
were made on the prominent (301) plane of the crystal of thickness
0.3 cm using Leitz-Wetzler Vicker’s hardness tester fitted with a
Vicker’s diamond pyramidal indenter and attached to an incident light
microscope (Neophot-2 of Carl-Zeiss, Germany). Loads ranging from
0.5 to 5 g were used for making indentations, keeping the time of
indentation constant at 10 s for all the cases. The diagonal lengths of
the indentation mark and crack length were measured, using the
micrometer eyepiece at a magnification of×100. The microhardness
value25 was calculated using

whereHV is the Vicker’s hardness number,P is the applied load (N),
andd is the average diagonal length (m) of the indentation mark.

Results and Discussion

Good quality single crystals of LASP (Figure 2) were
obtained using a mixed solvent of acetone and water (1:1). Other
mixed solvents resulted in either plate-like or small crystals.
The results are tabulated in Table 1.

The morphology of LASP establishes that there are six
developed faces, out of which the{3 0 1} plane is more
prominent. For each face, its parallel Friedel plane is also present
in the grown crystal and shown diagrammatically in Figure 3.
LASP belongs to the monoclinic crystal system with space group
P21 having two molecules in the unit cell. The obtained unit
cell parameters are in good agreement with the reported value.16

Table 2 portrays the comparison between observed and reported

crystallographic data. Figure 4 shows the molecular structure
of L-asparaginium picrate. The arrangement of picrate and
asparagine ions shows that the title compound is an internally
linked hydrogen bonded ion pair and hence can be regarded as
a molecular crystal. The asymmetric unit ofL-asparaginium
picrate contains an asparaginium cation and a picrate anion
where the carboxyl group is protonated. Thus aπ-π* transition
occurs in the carboxyl group, which gives rise to NLO properties
in this system.26 The picrate anion plays a pivotal role in
hydrogen bonding (intermolecular hydrogen bonding) with the
L-asparaginium residue and forms strong O-H‚‚‚O and N-H‚‚‚O
hydrogen bonds.16 The donor and acceptor molecules of
L-asparagine and picric acid complex are held together by the
contacts of van der Waals type. Hence, the effect of inter-
molecular hydrogen bonding between the phenolate ion of picric
acid and theL-asparaginium residue will enhance theâ value,
which is the required property for a system to exhibit a nonlinear
optical process. Table 3 summarizes the details of LASP.

Table 1. LASP Crystal Shapes with Different Solvents

solvent crystal shape

acetone+ water (1:1) block
ethanol+ water (1:1) plate-like
methanol+ water (1:1) small plates

HV )
(1.8544P)

d2
N/m2

Figure 3. Morphology diagram of LASP.

Table 2. Comparison of Crystallographic Data of LASP

reported16 present work

a, Å 10.367(4) 10.3322
b, Å 5.1611 5.1215
c, Å 13.120 13.0932
â (deg) 93.20 92.99

Figure 4. Molecular structure of LASP.
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Figure 5 shows the rocking curve of LASP crystal recorded
for (101) diffracting planes. The square points are experimental
points. The curve bears two additional peaks with adjacent
angles 40 and 12 arc sec away from the main peak. These two
additional peaks may be attributed to very low angle boundaries
whose tilt angles are 40 and 12 arc sec. The full width at half-
maximum (fwhm) of the individual boundaries are in the range
18 arc sec. The peak is less sharp, and the half width of the
low angle boundaries are 42 and 96 arc sec. From the HRXRD
results, we elucidate that the incorporation of solvent into the
growing crystal, which is common in solution grown crystals,
is responsible for the very low angle boundaries, and we
conclude that the quality of the crystal is good.

The results of dielectric measurements are shown in Figures
6 and 7. It can be reasoned out that the dielectric constant (ε′)
and dielectric loss (tanδ) decrease with increase of frequency.
The large values of dielectric constant at low frequency suggest
that there is a contribution from all four known sources of
polarization, namely, electronic, ionic, dipolar, and space charge
polarization. Space charge polarization is generally active at
lower frequencies and high temperatures and indicates the
perfection of the crystals.27 Further, the space charge polarization
will depend on the purity and perfection of the material. Its
influence is large at higher temperature and is noticeable in the
low-frequency region.28 The changes ofε′ and tanδ as a
function of frequency for LASP may be considered as a normal

behavior of a dielectric. The dielectric constant and dielectric
loss decrease with increase in frequencies (Figure 6). The low
value of dielectric loss (tanδ) indicates that the grown crystals
of LASP are of reasonably good quality.29 The dielectric
constant of LASP crystal at 308 K (1 kHz) is 363, and this
value decreases to 227 at 368 K. There is an ion-dipole
interaction between dipole moments of the LASP molecule and
the effective ionic charges. In the temperature range 308-368
K, the dielectric constant of dispersive medium decreases
because the term contributing to dielectric constant from the
ion-dipole interactions is compensated by the thermal energy
leading to the relaxation of polarization.28 Figure 7 shows the
variations in dc conductivity (σdc) of LASP for different
frequencies and different temperatures. At higher frequencies,
the increased conductivity could be due to the reduction in the
space charge polarization.30 The increase in conductivity at
higher frequencies for a given temperature confirms small
polaron hopping in the title crystal.31-33 The conductivity of
LASP increases upon increase in temperature. The electrical
conduction in dielectrics is mainly a defect controlled process
in the low temperature region. We ascertain from Figure 7 that

Table 3. Summary and Details of LASP Crystal

empirical formula C4H9N2O3
+C6H2N3O7

-

formula weight 361.24
color bright yellow
shape black
size 0.9× 0.4× 0.3 cm3

symmetry monoclinic
space group P21

unit cell parameters a ) 10.3322 Å,R ) 90.3106°
b ) 5.1215 Å,â ) 92.9924°
c ) 13.0932 Å,γ ) 90.5880°

volume (Å3) 692.8445
Z 2
diffractometer ENRAF NONIUS CAD 4
radiation Mo KR
wavelength 0.71069 Å
hygroscopicity nonhygroscopic
UV absorption (cut off) 430 nm
mechanical properties moderately hard.
melting point 223-226°C

Figure 5. High-resolution X-ray diffraction (rocking curve) curve of
LASP.

Figure 6. Plot of log(freq) vs dielectric constant and loss.

Figure 7. Log frequency vs conductivity of LASP.
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the electrical conductivity of LASP is low at low temperature
owing to trapping of some carriers at defect sites. At any
particular temperature, however, the Gibbs’s free energy of a
crystal is minimal when a certain fraction of ions leaves the
normal lattice. As the temperature rises, more and more defects
are created, and as a result, the conductivity, which is
predominantly due to the movement of defects produced by
thermal activation, increases.34

Table 4 shows the comparison of SHG signal energy output
for the title compound LASP with that for standard KDP and
urea. It is clearly ascertained that LASP displays very high
efficiency relative to KDP and urea counterparts and its parent
compounds. The crystal is 66.5 times more efficient than KDP
and 10 times more efficient than urea. The SHG efficiencies of
the parent compounds were also studied and are included in

Table 4. This strongly suggests the title compound as a potential
candidate for SHG applications. The melting point of the title
crystal was found to be 223-226 °C.

The UV-vis spectrum gives limited information about the
structure of the molecule because the absorption of UV and
visible light involves promotion of the electrons in theσ andπ
orbitals from the ground state to a higher energy state. The UV-
vis-NIR spectrum of LASP is shown in Figure 8. When
absorption is monitored from longer wavelength to shorter
wavelength, enhanced absorption is observed between 1500 and
2000 nm. The absorption in this region is due to overtones of
some fundamental vibrations of the nitro group in picric acid.
There is low absorption at the fundamental wavelength (1064
nm) of the Nd:YAG laser, which contributes to the crystal’s
resistance to laser-induced damage. Further there is very little
absorption at the wavelength of 532 nm, which can improve
the second harmonic throughput.35 The characteristic absorption
band is observed at 430 nm, and there is no absorption band
between 435 and 1400 nm; hence the crystal is expected to be
transparent to all the UV-visible-NIR radiation between these
two wavelengths.36

The FTIR spectrum of the compound is shown in Figure 9.
The recorded FTIR spectra were compared with the standard
spectra of the functional groups.37 The hydrogen bond bridges
two atoms that have higher electronegativity (such as O, N)
than hydrogen. The hydrogen bonds most often found in
nonlinear optical crystals of organics involve an interaction
between a hydrogen bond to an sp3 nitrogen or oxygen and an
oxygen atom with more s-bond character although more
symmetrical interactions also occur. The profound influences
of hydrogen bonding will be different depending on whether
the hydrogen bond is intramolecular or intermolecular and in
the latter case on the specific extent and mode of interaction.
The structure of LASP includes a weak intramolecular and a

Figure 8. UV-vis-NIR spectrum of LASP.

Figure 9. FTIR spectrum of LASP.

Table 4. Comparison of SHG Signal Energy Output

input power,
mJ/pulse

KDP,
mV

urea,
mV

picric acid,
mV

L-asparagine,
mV

LASP,
V

1.9 9.0 121 2 0.599
3.0 100 142 9 1.0
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strong intermolecular hydrogen bonding between the picrate
anion and theL-asparaginium residue, which is characterized
by O-H‚‚‚O.16 The frequency of such vibrations strongly
depends on the length of those bonds.L-Asparagine exhibits
tautomerism due to weak intramolecular hydrogen bonding
between the OH group and the imine N atom. Due to
tautomerism, the asparagine derivatives resemble urea, which
is one of the very few organic materials in which second
harmonic generation has actually been observed. In urea also,
the hydrogen bonding polarizes the electron cloud and enhances
the intramolecular nonlinear process. Vibrations of hydroxyl
groups that are hydrogen bonded to aromatic ringπ-electron
systems absorb at 3670-3580 cm-1.38 In the present investiga-
tion, in LASP, the frequency of this band is shifted to low
wavenumber region at 3531 cm-1 due to the addition of picric
acid, which forms intermolecular hydrogen bonds withL-
asparagine. The broad envelope between 2400 and 3700 cm-1

includes vibrations due to NH stretch (3200 cm-1), aromatic
CH stretch (3084.6 cm-1), aliphatic CH stretch (about 2950 cm
-1), and broadening of OH stretch by hydrogen bonding. The
less intense broad band at about 1978.3 cm-1 is due to a
combination of NH3

+ asymmetric bend and its torsional

oscillation at 547.44 cm-1. The peak at 1740.19 cm-1 is due to
CdO stretch of COOH. The amide carbonyl stretch occurs at
1671.9 cm-1. The asymmetric and symmetric modes of CO2

occur at 1562.69 and 1437.56 cm-1, respectively. The peak at
1485.13 cm-1 is assigned to NH3+ symmetric vibration. The
symmetric stretch of NO2 is assigned to the peak at 1335.65
cm-1. The aliphatic CH bend appears at 1370.27 cm-1. The
OH bending modes produces peaks at 1271.7 and 906.89 cm-1.
The phenolic O vibration produces peak at 1159.97 cm-1. From
the above discussion, it is concluded that picric acid necessarily
protanates the carboxyl group. The observed vibrational fre-
quencies and their assignments are listed in Table 5.

A plot between the hardness number and the load is depicted
in Figure 10a. We clearly infer that the microhardness number
increases with increasing load. A plot (Figure 10b) obtained
between log(P) and log(d) gives more or less a straight line.
The relation connecting the applied load and diagonal lengthd
of the indentor is given by Meyer’s lawP ) adn. Here,n is the
Meyer’s index or work hardening coefficient that has been
calculated from the slope of the straight line. The value ofn
obtained for LASP is 1.05. From careful observations on various
materials, Onitsch39 and Hanneman pointed out thatn lies

Figure 10. Mechanical behavior of LASP: (a) load vs hardness number; (b) logP vs logd; (c) load vs crack length; (d) load vs fracture toughness;
(e) load vs brittleness index; (f) load vs yield strength.
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between 1 and 1.6 for moderately hard materials, and it is more
than 1.6 for soft materials. The value ofn obtained is 1.05,
which in comparison is harder than that of its parent compound
picric acid (n ) 2.07)40 and benzimidazole (n ) 2.06).41 The
term toughness may be defined as the property of the material
by virtue of which it can absorb maximum energy before
fracture takes place. The indendation impressions are usually
seen associated with cracks at almost all loads. The presence
of cracks confirms the decrease in microhardness.42 For the title
crystal, we see from Figure 10c that as load increases the crack
decreases, which supports the increase in hardness of the
material. The resistance to fracture indicates the toughness of
the material. According to Ponton and Rawlings,43 two types
of crack systems can be formed in a material as a result of
indendation. These are radial-median and Palmqvist crack
systems. At a well-defined value ofC/a, C being the crack length
measured from the center of the indendation mark to the crack
end anda being half the diagonal length of the indendation
mark, transition from Palmqvist to median cracks occurs. For
C/a e 2.5, the cracks developed are Palmqvist cracks. For the
title crystal LASP, the type of crack obtained is Palmqvist. The
pattern of Palmqvist crack is depicted in Figure 11. The fracture
toughnessKc for median crack type is calculated using the
relation44

where the constantk ) 1/7 for the Vicker’s indentor andl ) C
- a is the mean Palmqvist crack length. We see from Figure
10d that as the load increases the fracture toughness increases
linearly up to 0.039 N and there is a steep increase inKc for
load 0.049 for LASP. Brittleness is an important property that
affects the mechanical behavior of a material. It gives an idea
about the fracture induced in a material without any appreciable
deformation. The value of brittleness index, Bi, is calculated45

using

From the hardness value, the yield strengthσy can be calcu-

lated.46 For n < 2, the applicable formula isσy ) HV/3. We
see from Figure 10e,f that the brittleness index and yield strength
also increase as load increases. The increase in hardness
accompanied by increase in fracture toughness, brittleness index,
and yield strength are clearly seen.

Conclusion

Optical quality single crystals of LASP were grown using a
solution growth technique. The morphology unveils the growth
habits of the material. The rocking curve measurements
substantiate the good quality of the crystals. The occurrence of
π-π* transition in the carboxyl group accounts for the
nonlinearity in the title crystal. The dielectric constant and
dielectric loss studies of LASP establish the normal dielectric
behavior. The increase in conductivity may be attributed to a
decrease in space charge polarization. The UV-vis-NIR
spectrum elucidates that the crystal is transparent between 435-
1400 nm. From the FTIR spectrum, we establish the presence
of intermolecular hydrogen bonding, which could enhance the
nonlinear property of the material. The hardness study projects
the crystal to be moderately hard. The fracture toughness,
brittleness index, and yield strength for LASP have been
reported. The relative SHG efficiency of the material is 66.5
times greater than that of KDP and 10 times greater than that
of urea. Based on these facts, it could be proposed that this
novel material can be better accommodated for optical applica-
tions.

Detailed investigations of nonlinear characteristics of LASP
are in progress and will be reported in due course.
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