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Synthesis, growth and characterization of semiorganic
nonlinear optical single crystal bis(thiourea) barium nitrate
(BTBN) for frequency conversion
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A novel semiorganic nonlinear optical (NLO) crystal, bis(thiourea) barium nitrate (BTBN) was synthesized and grown
by slow evaporation method. Structure of the new crystalline compound was confirmed by single crystal X-ray diffraction
analysis and it showed that BTBN belongs to orthorhombic crystal system. The crystalline nature of the BTBN was confirmed
by powder X-ray diffraction study. Important functional groups of BTBN were identified by FT-IR spectroscopic analysis.
UV-Vis-NIR spectral study showed that the grown crystal is transparent in the entire visible region with low cut off wavelength
of 304 nm. BTBN exhibits a SHG efficiency which is nearly 2.38 times higher than that of KDP. The BTBN crystal has high
mechanical strength and belongs to soft category, which was confirmed by micorhardness study. The thermal stability of BTBN
was determined from TGA and DTA thermal study which revealed that the BTBN crystal has thermal stability up to 243.1 °C.
The surface properties and presence of elements was analyzed by SEM and EDAX study, respectively.
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1. Introduction

The current research is focused on nonlin-
ear optical (NLO) materials because of their vi-
tal applications in the field of optical modulation,
optical switching, optical logic frequency shift-
ing and optical data storage. It is the most in-
teresting research field connected with the optical
phenomena such as second harmonic generation
(SHG) and third harmonic generation (THG). The
emerging fields, such as telecommunication, sig-
nal processing, photonics and optoelectronics, are
highly dependent on NLO materials [1-4]. There-
fore, there is a challenge faced by materials sci-
entists to discover new variety of NLO materials.
In the recent past, many researchers have shown
extreme interest in semiorganic crystals because

*E-mail: smravi78 @rediffmail.com

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

of the combination of hyperpolarizability, low an-
gular sensitivity, excellent mechanical properties
and the ease to alter their molecular structure in or-
der to maximize their nonlinear properties [5, 6].
Generally, semiorganic NLO materials have better
physical and chemical properties than their con-
stituent elements and they are highly suitable to
growing crystals with required dimensions [7, 8].
The literature shows that the research and develop-
ment is focusing on a new class of NLO materials
known as semiorganic materials [9, 10]. In semior-
ganic material, polarizable organic molecules are
stoichiometrically bound within an inorganic host.
In fact, considerable efforts have been made to
combine thiourea with various interesting inor-
ganic matrices to produce materials having a non-
centrosymmetric cell, large polarizability, and a
strong nonlinear optical coefficient. When thiourea
is combined with inorganic matrix it creates

© 2019. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.materialsscience.pwr.wroc.pl/

382

A. ANBARASI et al.

a semiorganic complex which has high optical non-
linearity and chemical flexibility of organics with
the physical ruggedness of inorganics [11-13]. Lig-
ands like thiourea and thiocyanate with S and N
donors are capable of combining with metal to
form stable complexes through coordinated bonds.
Thiourea molecule is attracting not only due to
the structural chemistry but also the attainability of
formation of semiorganic coordination complexes
which results in enhanced NLO activity [14, 15].
Thiourea based semiorganic optical crystals like
potassium thiourea chloride (PTC) [16], calcium
bis(thiourea) chloride (CBTC) [17], pure and mag-
nesium doped ZTS [18], bis thiourea ammonium
nitrate (BTAN) [19], cadmium thiourea acetate
(CTA) [5], mono-thiourea cadmium sulfate dehy-
drate (MTCSD) [6] are good examples of engi-
neering the materials with high nonlinearity out
of an organic ligand with vanishing microscopic
dipole moment (thiourea) by metal complexation,
which exhibit very high NLO properties. Hence,
our attention has been focused towards the develop-
ment of semiorganic materials with thiourea ligand
because of their interesting architecture and wide
variety of applications. The thiourea complex of
bis(thiourea) barium nitrate (BTBN) with dimen-
sion 16 mm X 12 mm x 4 mm has grown by solu-
tion growth method. The structural, spectral, opti-
cal, mechanical, thermal and surface properties of
the grown BTBN have been investigated and dis-
cussed for the first time.

2. Experimental
2.1.

Bis(thiourea) barium nitrate has been synthe-
sized by taking AR grade thiourea and barium ni-
trate in stoichiometirc molar ratio 2:1. The syn-
thesis process was done by using double distilled
water at room temperature. The solution of BTBN
was stirred using a magnetic stirrer for more than
6 hours to obtain a homogeneous solution. The syn-
thesized compound of BTBN has been obtained by
the following chemical reaction:

Synthesis

Q[CS(NHz)z] +Ba(N03)2 — Ba[CS(NH2)2]2<N03)2
(1)
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Scheme 1. Molecular arrangement of bis(thiourea) bar-
ium nitrate.

The International Union of Pure and Applied
Chemistry (IUPAC) nomenclature of the com-
pound is bis(thiourea) barium nitrate. In this com-
plex, the ligand thiourea acts as monodentate lig-
and. Since the coordinate bond is formed between
the barium and sulfur atom present in thiourea
molecule, the thiourea molecule acts as a negative
ligand through sulfur atom which is mentioned in
the following resonating structure by the formation
of zwitter ion.

@
N+ NH N+
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Scheme 2. The molecular structure of thiourea.

In this complex, the coordinate bond is formed
between the central barium atom and sulfur atom of
thiourea. The bond cannot be formed between the
barium atom and lone pair of electron of nitrogen
atom which clearly shows the stretching frequen-
cies of C—S and free NH, and NH;r . The molecular
structure of bis(thiourea) barium nitrate is shown in
Scheme 1.

2.2. Solubility

The solubility of BTBN in double distilled wa-
ter was measured at five different temperatures
(30 °C, 35 °C, 40 °C, 45 °C and 50 °C). The solu-
bility data were determined by dissolving the syn-
thesized salt of BTBN in 100 mL of double distilled
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water at a constant temperature under continuous
stirring. After attaining saturation, the equilibrium
concentration of the solute was analyzed gravimet-
rically. The solubility of BTBN increased with tem-
perature and thus exhibited positive solubility coef-
ficient. The solubility curve for BTBN is shown in
Fig. 1.
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Fig. 1. Solubility curve of BTBN.

2.3. Crystal growth

The saturated solution bis(thiourea) barium ni-
trate was filtered using good quality microfilter pa-
per to remove the insoluble impurities. The filtered
solution was transferred into a beaker and sealed
with a plastic sheet with few holes. The beaker was
kept in an undisturbed and dust free environment.
After the time period of 20 days the tiny seed crys-
tals were obtained. Macroscopic, defect free trans-
parent crystals were selected as seed for growing
large size single crystal of BTBN. The seed crys-
tal was introduced into the mother solution. The
crystal was grown as a bulk crystal with dimension
16 mm x 12 mm x 4 mm in the period of 35 to
45 days. The as-grown crystal of BTBN is shown
in Fig. 2.

3. Results and discussion

3.1.

The single crystal XRD studies have been
carried out to confirm the crystallinity and

Single crystal XRD studies
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Fig. 2. Photograph of as-grown crystal of BTBN.

to measure the lattice parameter of the grown
crystal. The single crystal XRD study has been
performed using ENRAF NONIUS CAD4 X-ray
diffractometer. The calculated cell parameters are
a=5.1310A,b=7.0907A,c=8.1131 A, x =B
=y = 90° and V = 352.838 A3. By comparing
the cell parameters of thiourea and bis(thiourea)
barium nitrate, one can understand the role of bar-
ium nitrate in the grown crystal. The comparison of
cell parameters of thiourea and the grown BTBN
sample is given in Table 1. From the result it is
observed that the structure of the thiourea has not
changed whereas the values of cell parameters have
varied which confirms the incorporation of bar-
ium nitrate into the thiourea. The grown crystal be-
longs to an orthorhombic crystal system with non-
centrosymmetric space group P»;.

3.2. Powder XRD analysis

The grown crystal of BTBN was ground into
fine powder form to investigate its crystalline
nature by powder X-ray diffraction analysis us-
ing BRUCKER, (Model D8 Advanced, Germany)
X-ray diffractometer with CuKo radiation (wave-
length 1.5405 A). The obtained XRD pattern shows
the sharp Bragg peaks which reveal the high crys-
talline nature of BTBN. The recorded powder XRD
pattern of BTBN is depicted in Fig. 3.
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Table 1. Comparisons of lattice parameters with BTAN.

Sample a[A] b[A] <c[A] Volume[A3] Crystal system
Thiourea 7.655 8.537 5.520 360.732 Orthorhombic
BTBN* 5.1310 7.0907 8.1131 352.838 Orthorhombic
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Fig. 3. The powder XRD pattern of BTBN crystal.

3.3. FT-IR spectral studies

The grown crystal of BTBN was subjected to
Fourier Transform Infrared (FT-IR) spectroscopy
analysis using Perkin Elmer Spectrum RX1 Fourier
transform infrared spectrometer. The FT-IR spec-
trum of the BTBN crystal is shown in Fig. 4. The
spectrum confirms the presence of important func-
tional groups in the BTBN. The obtained functional
groups with corresponding wave numbers are given
in Table 2. Investigations of crystal structure of
thiourea have established the co-planar structure
of C, N and S atoms in the molecule. The broad
and intense peak due to N-H stretching vibration
appeared as a strong absorption band in the re-
gion of 3429 cm~!. The shifting of lower fre-
quency gives information about the formation of
metal thiourea complex which indicates that the
bonding is only between sulfur and nitrogen atoms.
The peak observed at 2815 cm™! is due to O-
H stretching vibration. The NH; stretching is ob-
served at 2742 cm~!. The C-N symmetric stretch-
ing has occurred at 2098 cm~'. At 1779 cm™!, the
N-H bending vibration is detected. The NH; rock-
ing vibration is obtained at 1446 cm~!. The low
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Fig. 4. FT-IR spectrum of BTBN crystal.

3.4. Optical transmission studies

The most important property of nonlinear op-
tical crystal is wide transparency window which
can be analyzed by optical transmission study us-
ing UV-Vis-NIR spectrophotometer. Therefore, de-
termination of transmittance is very important for
a crystal to recognize its suitability for optical ap-
plications. The optical transmission spectrum was
recorded using DOUBLE BEAM UV-Vis spec-
trophotometer 2202 in the region of 200 nm to
1100 nm. The spectrum is shown in Fig. 5. From
the spectrum, it is observed that the grown crys-
tal has low cut off wavelength around 304 nm and
good transparency in UV as well as visible regions
(304 nm and 1100 nm). The absence of absorption
in the region between 304 nm and 1100 nm indi-
cates that the grown crystal could be used for opti-
cal window applications. The wide range of trans-
parency of the grown crystal is an additional advan-
tage in the field of optoelectronic applications. The
optical band gap of the grown BTBN crystal was
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Table 2. Assignment of IR band frequencies (cm™1) of thiourea and BTBN.

Thiourea [cm '] BTBN [cm~!]  Assignments
3376 3429 N-H stretching vibration
2851 2815 O-H stretching vibration
- 2742 NHj stretching
2075 2098 (C-N) symmetric
1627 1779 N-H bending vibration
1429 1446 NH; rocking vibration
792 805 (C=S) symmetric stretching
730 720 (C=YS) stretching vibration

determined by plotting the Tauc plot (Fig. 6) and
from the graph it was found to be 3.85 eV.
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Fig. 5. UV-Vis-NIR spectrum of BTBN crystal.

3.5. Microhardness studies

The microhardness study is a suitable technique
to identify the mechanical behavior of a sample
and it reveals the worthiness of the sample for
device fabrication. Hence, the grown crystal of
BTBN (with a thickness of 2 mm) was subjected
to hardness test by using Shimadzu HMV micro-
hardness tester fitted with a diamond pyramidal
indenter. Hardness values were measured for dif-
ferent magnitudes of load varying from 10 g to
50 g. The value of Hv decreases with increasing
the load as is shown in the Fig. 7. The calculated
hardness values are 90.8 kg/mm?, 78.4 kg/mm?,
70.4 kg/mm?, 67.2 kg/mm? for the applied load
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Fig. 6. Tauc plot of BTBN crystal.

of 10 g, 25 g, 50 g, respectively. The result implies
that the BTBN crystal could be mechanically sta-
ble up to 50 g and then the crack is observed on
the surface of the crystal. To analyze the soft/hard
nature of the grown crystal, the graph between log
p vs. log d has been drawn (Fig. 8). From the slope
of linear part of the plot fitted with a straight line,
the value of n for selected plane can be obtained.
The measured value of n = 1.651 indicates that the
grown sample of BTBN belongs to soft category.

3.6. TG and DTA studies

Thermal behavior of the BTBN crystal was an-
alyzed by the thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) using an
instrument Netszch STA 409C. The sample was
heated in a crucible between the temperature
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Fig. 7. Variation of Hv versus load p for BTBN crystal.
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Fig. 8. Plot of log p vs. log d for BTBN single crystal.

of 50 °C and 1200 °C at a heating rate of 20 °C/min
in nitrogen atmosphere. The TGA-DTA curves
of the BTBN crystal are shown in Fig. 9. The
grown sample has four stages of decomposition
which have been determined from the thermogram
of the BTBN. During the first stage, the maxi-
mum weight loss of BTBN occurs at 243.1 °C,
which is attributed to the removal of hydrogen from
the thiourea molecule. The second stage of de-
composition occurs at a temperature of 261.2 °C,
corresponding to the removal of nitrogen from
the thiourea molecule. The third stage of decom-
position temperature occurs at 333.1 °C, which

is due to removal of carbon from the thiourea
molecule. The fourth stage of decomposition in-
dicates the breaking of sulfur-barium coordination
bonds (390 °C). The total weight loss in these four
stages was found to be 54 %, which was due to the
removal of two units of thiourea molecule. The fi-
nal stage peak at 756.0 °C was due to the melting
of BaNOs. After the final stage of decomposition
up to 1200 °C, the residual material was found to
be barium. The total weight loss of pure BTBN was
found to be 83 %.
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Fig. 9. TG/ DTA curve of BTBN crystal.

3.7. Second harmonic generation (SHG)
analysis

The second harmonic generation (SHG) effi-
ciency was measured for a grown BTBN crystal us-
ing the well-known technique of Kurtz et al. [21].
The sample was ground into powder form and
packed between the transparent slides. The inci-
dent light with a wavelength of 1064 nm from the
source of Q-switched Nd:YAG laser with a power
density 1 GW/cm? and pulse width 8 ns of repe-
tition rate 10 Hz was passed through the packed
powdered sample. The sample emitted bright green
light (532 nm) which confirmed the second har-
monic generation. To compare the SHG efficiency
with a commercial NLO crystal, potassium dihy-
drogen phosphate (KDP) was taken as a reference
material. The KDP crystal was ground to obtain
the identical particle size as the studied sample
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and the same procedure was done. The SHG ef-
ficiency results for both the grown and reference
sample are given in the Table 3. From the results,
we observed that the output energy of the grown
BTBN crystal is 2.38 times greater than that of
KDP. Hence, the BTBN crystal may replace the
commercial NLO crystal in photonics, optoelec-
tronics and laser field. The result of SHG efficiency
of grown sample compared with a known NLO
crystal is given in Table 4.

3.8. SEM studies

The morphology and orientation of the sample
were identified using scanning electron microscope
(SEM). The surface pitting, deposits of dust and
contaminant particles and filter residues were also
assessed. The SEM analysis was carried out using
JEOL/E O-JSM-5610. The SEM photograph of a
grown BTBN crystal is shown in Fig. 10. From the
figure, it is observed that the surface of the crystal
has few dislocations and voids which may be the
common phenomenon of solvent inclusion in solu-
tion grown crystals.

! 300um ' Election Image 1

Fig. 10. SEM photograph of BTBN crystal.

3.9. EDAX analysis

To confirm the presence of metal elements
in the grown sample, energy dispersive atomic
X-ray fluorescence spectrometry (EDAX) has been
carried out. The EDAX spectrum of BTBN crys-
tal is shown in the Fig. 11. From the spectrum,
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Fig. 11. EDAX spectrum of BTBN crystal.

it is observed the presence of barium; an impor-
tant functional element in the sample of thiourea is
sulfur.

4. Conclusion

Good quality nonlinear optical semiorganic sin-
gle crystals of BTBN have been successfully syn-
thesized. The crystals were grown by solution
growth technique using double distilled water as
a solvent. Single crystal study revealed that the
grown crystal belongs to orthorhombic crystal sys-
tem. Good crystalline nature and intensity varia-
tions were observed in powder X-ray diffraction
study. FT-IR spectroscopic analysis confirmed the
functional group and molecular structure of the
compound. The transparency of the crystal in the
visible and infrared regions between 304 nm and
1100 nm was deduced from the transmission spec-
trum and it confirms the NLO properties of the
crystal. It has low UV cutoff of 304 nm and good
transmittance. The mechanical strength of the crys-
tal has been studied by Vickers microhardness mea-
surement which indicated that the hardness number
in the crystal decreases with the applied load. The
BTBN crystal was found to be thermally stable up
to 243.1 °C. The SHG efficiency of the BTBN is
2.38 times greater than that of the reference mate-
rial KDP. The surface morphology and the presence
of barium was investigated by SEM/EDAX study.
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Table 3. SHG efficiency the grown and reference material.

Name of the sample

Input energy [mJ]

Output energy [J]

Potassium dihydrogen phosphate KDP
Bis(thiourea) barium nitrate (BTBN)

0.68
0.68

7.80
18.6

Table 4. Comparison of SHG efficiency of the grown sample with other thiourea complex semiorganic crystals.

SHG efficiency relative to

S. No. Name of the crystal KDP Literature
1. Bis(thiourea) zinc chloride (BTZC) 1.75 Parasuraman et al. [22]
2. Bis(thiourea) zinc acetate (BTZA) 2.0 Nirmala et al. [13]
3. Thiourea potassium hydrogen phthalate (TKHP) 1.2 Srinivasan et al. [23]
4. Bis(thiourea) strontium chloride (BTSC) 1.54 Rajagopalan et al. [24]
5. Bis(thiourea) ammonium nitrate (BTAN) 1.52 Anbarasi et al. [19]
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