J Therm Anal Calorim (2015) 119:963-968
DOI 10.1007/s10973-014-4246-9

Urea/thiourea induced crystal growth of ammonium nickel sulfate
hexahydrate and characterization studies

K. Meena - K. Muthu - M. Rajasekar -
G. Bhagavannarayana - S. P. Meenakshisundaram -
S. C. Mojumdar

Received: 8 June 2014/ Accepted: 14 October 2014 /Published online: 7 November 2014

© Akadémiai Kiado, Budapest, Hungary 2014

Abstract Single crystals of ammonium nickel sulfate
hexahydrate, (NH,4),Ni(SO,4),-6H,0 (ANSH), are grown by
conventional slow evaporation solution growth technique
at room temperature from an aqueous solution containing
an excess of urea/thiourea. Structural analysis by single
crystal X-ray diffraction analysis reveals that the crystal
belongs to monoclinic system with centrosymmetric space
group P2,/c and the cell parameters are a = 6.246(2) A,
b= 12454) A, c =9.21(2) A, = 106.96°. The powder
X-ray diffraction and high-resolution X-ray diffraction
studies reveal the crystallinity and crystalline perfection of
the grown crystal. Optical absorbance spectrum indicates a
discontinuous transmission pattern. An increase in dielec-
tric and conductivity parameters with the increase of
temperature at all frequencies is observed. Thermal studies
reveal that there is no decomposition up to the melting
point. Probable mechanism of facile crystal growth of the
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Introduction

Ultraviolet light filters, usually made of optical crystals,
allow UV light to be selectively transmitted and have been
applied in various devices [1]. Most of the crystals show
continual optical transmission from UV to near IR wave-
lengths range and few of them show discontinuity in the
above-mentioned range. UV filters are used in missile
approach warning systems which locate and track sources
of ultra-violet energy, enabling the system to distinguish
the plume of an incoming missile from other UV sources
that pose no threat. The success and efficiency of the sys-
tem for helicopters or transport-type aircrafts depend on the
UV sensors [2]. Potassium manganese nickel sulfate
hexahydrate [2], potassium nickel sulfate hexahydrate [3],
cesium nickel sulfate hexahydrate [4], iron nickel sulfate
twelve hydrate [5], rubidium nickel sulfate hexahydrate
[6], ammonium cobalt nickel sulfate hexahydrate [7], and
ammonium nickel sulfate hexahydrate [8] have been
reported as UV filter materials. Growth of ammonium
nickel sulfate hexahydrate (ANSH) of dimension ~
20.5 x 28 x 15 mm from an aqueous solution containing
equimolar proportions of ammonium sulfate and nickel
sulfate hexahydrate at 80 °C and its structure have been
reported [8, 9]. Bulk growth by gel technique was also
reported [10]. Our attempts to grow good quality bulk and
transparent crystals of ANSH from its aqueous solution by
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slow evaporation solution growth technique are not suc-
cessful. Interestingly, excess of urea/thiourea in the aque-
ous growth medium facilitates the crystal growth process
of ANSH. The aims of this work are the systematic studies
of ANSH. In this article, we report the bulk growth of
ammonium nickel sulfate hexahydrate in the presence of
urea/thiourea as inducer and the probable mechanistic
aspects. Thermal, spectral, structural, and optical studies
are very important techniques in the characterization of
various materials [11-33]. The as-grown crystal is char-
acterized by FT-IR, X-ray diffraction (XRD), high-reso-
lution X-ray diffraction (HRXRD), UV-Vis, thermal, and
dielectric studies.

Experimental
Crystal growth

An aqueous solution of ANSH and urea/thiourea (1:2) was
stirred for 3—4 h at room temperature to obtain a homo-
geneous solution. A small portion of the mother solution
was used to get seed crystals by slow evaporation of the
solvent. The crystallization took place within 18-20 days.
Macroscopic defect-free seed crystals of ANSH were har-
vested, and one such seed was used for bulk crystal growth.
The photographs of the as-grown ANSH crystals are shown
in Fig. 1.

Close observation of solubility data (Table 1) reveals
that the induced crystallization is due to largely varied
solubilities of urea/thiourea and ammonium nickel(Il) sul-
fate hexahydrate. Less soluble ANSH is thrown out from
the aqueous solution during the slow evaporation since
there is less free water available to dissolve the ammonium
salt. ‘Salting out’ could be the prime reason for the induced
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Fig. 1 Photographs of as-grown ANSH crystals
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Table 1 Solubility data of ANSH, urea and thiourea at 20 °C

Materials Solubility/g L™
ANSH ~25
Urea ~ 1,080
Thiourea ~137

facile crystal growth in the presence of excess urea/
thiourea.

Characterization techniques

The FT-IR spectrum was recorded on an AVATAR 330
FT-IR by KBr pellet techniques in the range
4,000-400 cm™~'. Bruker AXS (Kappa APEXII) X-ray
diffractometer with graphite monochromated Mo Ka
radiation (1 = 0.71073 A) was used to analyze the lattice
parameters of ANSH. The powder XRD pattern of ANSH
is recorded using Philips X’pert Pro Triple-axis X-ray
diffractometer at room temperature using a wavelength of
1.540 A and a step size of 0.008°. Optical absorption
spectrum was recorded in the wavelength region from 200
to 900 nm on a Perkin-Elmer Lambda 35 UV-Vis spec-
trophotometer. The TG-DSC analysis of ANSH was carried
out at 20-800 °C in the nitrogen atmosphere on a NET-
ZSCH STA 409C thermal analyzer, at a heating rate of
10 °C min™". 0.5 g of sample taken in an Al,O5 crucible is
placed on top of a thermocouple resting on a balance and
the system is sealed into a chamber and heated with a
constant heating rate. Dielectric measurements were car-
ried out by the parallel plate capacitor method as a function
of temperature for various frequencies using a precision
LCR meter (AGILENT 4284 A model).

The crystalline perfection of the specimen was charac-
terized by HRXRD by employing a multicrystal X-ray
diffractometer developed at NPL [34]. The well collimated
and monochromated Mo Ko, beam obtained from the three
monochromator Si crystals set in dispersive (+, —, —)
configuration has been used as the exploring X-ray beam.
The rocking or diffraction curves (DC) were recorded by
changing the glancing angle (angle between the incident
X-ray beam and the surface of the specimen) around the
Bragg diffraction peak position 0p (taken as zero for the
sake of convenience) starting from a suitable arbitrary
glancing angle and ending at a glancing angle after the
peak so that all the meaningful scattered intensities on both
sides of the peak include in the diffraction curve. Before
recording the diffraction curve to remove the non-crystal-
lized solute atoms remained on the surface of the crystal
and the possible layers which may sometimes form on the
surfaces on crystals grown by solution methods [35, 36]
and also to ensure the surface planarity, the specimen was
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first lapped and chemically etched in a non-preferential
etchant of water and acetone mixture in 1:2 volume ratio.

Results and discussion
FT-IR spectrum

Figure 2 shows the FT-IR spectrum recorded for the
sample on an AVATAR 330 FTIR by KBr pellet technique
in the range of 400-4,000 cm™'. The broad absorption
band centered around 3,258 cm ™! can be attributed to OH™~
vibration mode. The peak centered around 1,150 cm” ! s
due to S=O stretching frequency of sulfate ion. The char-
acteristic of the urea/thiourea vibrational patterns is absent,
ruling out any type of interaction between the host crystal
and inducer.

Single crystal X-ray diffraction

The as-grown ANSH crystal was subjected to single crystal
X-ray diffraction analysis to determine unit cell dimensions.
It belongs to monoclinic system with centrosymmetric space
group P2,/c. The obtained unit cell parameters, a =
6.246(2) A, b = 12.45(4) A, ¢ =9.21(2) A, B = 106.96
are in good agreement with the reported values [8, 9]. This
clearly establishes the fact that the product formed is only
ANSH and urea/thiourea is not reacting with it.

Powder X-ray diffraction

Figure 3 shows the indexed powder XRD pattern of
ANSH. The samples were examined with Cu K, radiation

in a 20 range of 10°-80°. The well-defined Bragg’s peaks
at specific 20 angles show good crystallinity of the mate-
rial. The characteristic peaks are in good agreement with
the JCPDS file [37].

High-resolution X-ray diffraction

Figure 4 shows the high-resolution X-ray diffraction curve
recorded for (210) diffraction planes for ANSH. The curve
does not seem to be a single peak and it contains an
additional peak which is 412 arc sec away from the higher
intensity peak. For more details of such structural grain
boundaries including their effect on physical properties,
reference is made available elsewhere [38, 39]. The full
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Fig. 3 Powder X-ray diffraction pattern of ANSH crystal

Fig. 2 FT-IR spectrum of
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Fig. 4 HRXRD curve recorded for ANSH crystal

width at half maximum (FWHM) of the main peak and the
low-angle boundary are 105 and 385 arc sec, respectively.
These relatively low values reveal the fact that both the
regions of the crystal are nearly perfect. These types of
structural defects are probably generated in the crystals due
to mechanical/thermal fluctuations occurred during the
growth process and/or also due to fast growth [40].

Optical studies

Optical absorption spectrum of ANSH was recorded in the
wavelength region from 200 to 900 nm on a Perkin-Elmer
Lambda 35 UV-Vis spectrophotometer. The as-grown
specimen was polished, and the good transparent single
crystal with 2 mm thickness was used for the optical
studies. Figure 5 shows that the absorption is discontinuous
in the visible region and IR as reported earlier [8, 41].

Thermal analysis

The TG-DSC analysis of ANSH was carried out in the
nitrogen atmosphere, and the TG-DSC curves are given in
Fig. 6. The TG curve illustrates that the compound is
thermally stable up to 100 °C and the mass loss started
above 100 °C due to dehydration and decomposition of
ANSH into fragments and its subsequent volatilization. TG
curve exhibits total four mass loss steps in 100-200 °C,
200-420 °C, 420-550 °C, and 550-750 °C corresponding
to the dehydration and decomposition of ANSH into
fragments. We observe a slightly higher dehydration tem-
perature of ANSH (~100 °C) in comparison with the
melting temperatures reported earlier [8, 41]. In DSC, a
sharp endothermic peak at ~ 165 °C could be due to the
decomposition of the material and it is matching with the
major mass loss on TG curve. The sharpness of the
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Fig. 6 TG-DSC curves of ANSH crystal

endothermic peak shows a good degree of crystallinity and
purity. The gradual mass loss on TG curve observed
between 165 and 800 °C is due to the liberation of volatile
substances like ammonia, nitric oxide, sulfur dioxide etc.

Dielectric studies

Dielectric measurements (Fig. 7a—c) were carried out by
the parallel plate capacitor method as a function of tem-
perature for various frequencies. It can be seen that
dielectric parameters are temperature dependent. It is
observed that ¢, and tan ¢ both are inversely proportional to
frequency. The decreased dielectric constant at higher
frequencies could be due to the reduction in the space
charge polarization. Dielectric constant varying propor-
tionally with temperature could be due to the temperature
variation of the polarizability [42]. The characteristic low
dielectric loss with high frequency indicates that the as-
grown crystal has good optical quality with lesser defects,
and the low ¢, value dielectric materials have potential
applications in microelectronic industries.
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Fig. 7 Dielectric measurements for ANSH crystal. a Plot of dielec-
tric constant versus temperature, b plot of dielectric loss versus
temperature, and ¢ plot of AC electrical conductivity versus
temperature

Conclusions

We have developed a successful method of bulk growth,
and transparent dark green crystals of ammonium nickel
sulfate hexahydrate of dimension ~39 x 18 x 12 mm’
were grown with ease by slow evaporation solution growth
technique at room temperature in the presence of excess

urea/thiourea, inducing the crystallization process. Narrow
peaks in powder X-ray diffraction study reveal good
crystallinity of the material and the additional peaks in
HRXRD indicate the formation of low angle structural
grain boundaries. The crystal has a good thermal stability, a
required property in device applications and a discontinu-
ous transmittance pattern. The low dielectric constant at
high frequency is indicative of a less defective good quality
optical crystal. Relative ease of crystal growth of ammo-
nium salt in the presence of excess urea/thiourea is ratio-
nalized by ‘salting out’ process, quite a possibility because
of large difference in solubility between the ammonium
salt and inducer.
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