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1. Introduction

Single crystal growth has a prominent role in the present era of rapid scientific and technical
advancement, whereas the application of crystals has unbounded limits. New materials are
the lifeblood of solid state research and device technology. Nonlinear optical (NLO) crystals
have come upon the materials science scene and are being studied by many research groups
around the world. These materials operate on light in a way very analogous to the way of
semiconductors which operate on electrons to produce very fast electronic switching and
computing circuits.

Organic crystals have compounds with carbon atoms as their essential structural elements.
The design and synthesis of organic molecules exhibiting NLO properties have been
motivated by the tremendous potential for their applications in the fast developing domains
of optoelectronics and photonic technologies. The relevance of the organic materials in the
present context is, the delocalized electronic structure of m—conjugated organic compound
offers a number of tantalizing opportunities in the applications as NLO materials. Extensive
research in the last decades has shown that organic crystals often possess a higher degree of
optical nonlinearity than their inorganic counterparts [1, 2]. Some of the advantages of
organic materials include inherently high nonlinearity, high electronic susceptibility
through high molecular polarizability, fast response time, the ease of varied synthesis, scope
for altering the properties by functional substitutions, high damage resistance, relative ease
of device processing, etc. Organic materials have another advantage over inorganic
materials, in that the properties of organic materials can be optimized by modifying the
molecular structure using molecular engineering and chemical synthesis [3]. A very large
operating bandwidth modulation in organic electro-optic devices can be obtained through
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its low dielectric constant at low frequencies. Hence they are projected as forefront
candidates for fundamental and applied investigations.

In organic materials, there is a strong correlation between structure and nonlinear
properties. Thus, in the case of second order nonlinear effects, it has been established that
the macroscopic susceptibility of the materials x®@, is related to both the magnitude of the
molecular nonlinearities, i.e. the first hyperpolarizability (3, and the relative orientation of
the molecules in the medium. Therefore, a fundamental limitation for second-order effects
to be observed is the non-centrosymmetry requirement, both at the microscopic molecular
level and at the macroscopic bulk level. On the other hand, the third order effects described
by x® can be present in any medium. The x® coefficients are thus essential in
centrosymmetric compounds where the second order coefficients equal zero. They are also
important in the non-centrosymmetric molecules. Moreover, these x® coefficients play a
part in some experimental determination of x® coefficients. It is for example the case in
electric field induced second harmonic generation [4-6] (EFISHG) experiment or in hyper-
Rayleigh technique [7-10] where the two-photon absorption (TPA), which is third order
effect, can induce fluorescence thus making imprecise the determination of the 3 coefficient.
An ultimate goal for designing the molecules with large third order nonlinearities is to
incorporate them into devices used in all optical signals processing [11, 12]. Nonlinear
optical absorption (NOA) has shown its potential application in optical information storage,
all optical logic gates, laser radiation protection, and locked laser mode. Interest in searching
for NOA materials has been gradually increased. Organic molecules have been the subjects
of great attention due to their potential applications in nonlinear optics, optical switching,
and light emitting diodes. Indeed, the potential use of organic device materials in
optoelectronics is now a very serious matter.

In order to achieve good macroscopic nonlinear response in organic crystals, one requires an
increase in the number of 7 electrons and m delocalization length, so as to lead to high
molecular hyperpolarizability and also proper orientation of the molecule in the solid-state
structure to facilitate high-frequency conversion efficiency. Effective materials generally
contain donor and acceptor groups positioned at either end of suitable conjugation path.
The increased effective conjugation and the large m delocalization length have been
recognized as the factors leading to the large third order nonlinearities. While the engineering
for enhancing second order NLO efficiency is relatively well understood, the need for efficient
third order molecules and materials still exists. The design of organic polar crystals for the
quadratic NLO applications is supported by the observation that organic molecules containing
7t electron systems asymmetrized by electron donor and acceptor groups are highly
polarizable entities [13]. Donor/acceptor benzene derivatives are sure to produce high
molecular nonlinearity. So far, many organic Donor-n—Acceptor (D-n—A) type compounds
have been studied theoretically and also experimentally [14]. The studies indicate that the
organic D-m—A compounds are highly promising candidates for NLO applications.

Nicotinic acid, a B vitamin also known as niacin, and its derivatives have been studied
extensively over the last decade due to their biological and chemical importance. Niacin
forms coordination complexes with tin (Sn), which have been found to have better
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antitumor activity than the well-known cis-platin or doxorubicin [15]. Many of its
pharmacological properties are detailed in literature [16-18]. The reported structures of
complexes reveal that nicotinic acid and its derivatives acting as bridging ligands through
the carboxylate group and pyridyl N atom [19]. We have synthesized the crystalline salt of
nicotinium trifluoroacetate and their crystals in monoclinic system were grown by using
solution growth technique for the first time. The crystal structure of nicotinium
trifluoroacetate in triclinic system has reported by S. Athimoolam and S. Natarajan [20].
Here we report monoclinic polymorph of nicotinium trifluoroacetate, its asymmetric unit
contains a protonated nicotinium cation and a trifluroacetate anion. This chapter discusses
synthesis, solubility, crystal growth, structural, dielectric and mechanical properties of
nicotinium trifluoroacetate (NTF). Thermal properties of NTF were analyzed and compared
with that of two nicotinium derivative crystals nicotinium oxalate and nicotinium nitrate
monohydrate.

2. Experimental studies
2.1. Synthesis of NTF

NTF was synthesized by the reaction between nicotinic acid (SRL, India) and trifluoroacetic
acid (Merck) taken in equimolar ratio. The growth solution was prepared by adding
calculated amount of trifluoroacetic acid slowly in saturated aqueous solution of equimolar
nicotinic acid at 50 °C. The continuous stirring of the solution for 6 h at constant temperature
using a temperature controlled magnetic stirrer yielded the precipitate of crystalline
substance of NTF. Repeated crystallization and filtration processes were applied for the
purification of the synthesized compound.

2.2, Determination of solubility and metastable zone width

The nucleation studies were carried out in a constant temperature bath (CTB) with cooling
facility of accuracy of +0.01 °C. The solubility at 30 °C was determined by dissolving the
recrystallized salt of NTF in 100 ml Millipore water of resistivity 18.2 MQcm taken in an air
tight container. The solution was stirred continuously for 6 h to achieve stabilization using
an immersible magnetic stirrer. After attaining the saturation, the concentration of the solute
was estimated gravimetrically. The same procedure is repeated for different temperatures
(35, 40, 45 and 50 °C).

Metastable zone width is an essential parameter for the growth of large size crystals from
solution, since it is the direct measure of the stability of the solution in its supersaturated
region. The metastable zone width was measured by adopting the conventional polythermal
method [21]. The saturated solution (100 ml) at 30 °C was prepared according to the
presently determined solubility data. After attaining the saturation, the solution was filtered
by the filtration pump and Whatman filter paper of pore size 11 um. The solution was
preheated to 5 °C above the saturated temperature for homogenization and left at the
superheated temperature for about 1 h before cooling. Then it was slowly cooled at a
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desired cooling rate of 4 °C/h, until the first crystal appeared. The temperature was instantly
recorded. The difference between the saturation temperature and nucleation temperature
gives the metastable zone width of the system. Then experiment was repeated for different
saturation temperatures 35, 40, 45 and 50 °C and the corresponding metastable zone widths
were measured. Several runs (3-5 times) were carried out under controlled conditions for
the confirmation of the saturation and nucleation points. The measured values of solubility
and metastable zone width of NTF are shown in Figure 1. It shows that NTF has good
solubility in water and it increases almost linearly with temperature. Hence solution growth
could be a better method to grow good quality single crystals of NTF. The value of the
metastable zone width depends not only on the temperature but also on the type of the
crystal and its physicochemical properties [22]. One can observe that the metastable zone
width decreases with increasing temperature.
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Figure 1. Solubility and metastablity curves of NTF

2.3. Crystal growth

Slow evaporation method was employed for growing the single crystals of NTF. The
recrystallized salt was used for the preparation of saturated solution at room temperature
(35 °C). The solution was filtered by filtration pump and Whatman filter paper of pore size
11 pum. Then the filtered solution was transferred to a petridish with a perforated lid in
order to control the evaporation rate and kept undisturbed in a dust free environment. The
single crystal of NTF of size 27 x 12 x 7 mm?® was harvested from mother solution after a
growth period of 22 days. The grown single crystal of NTF is shown in the Figure 2.
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Morphology of the grown crystals was identified by the single crystal X-ray diffraction
studies (Bruker Kappa APEXII). It establishes that the crystal has eight developed faces, out

of which (112) and (115) planes are more prominent. For each face, its parallel Friedal plane

is also present in the grown crystal and shown diagrammatically in Figure 3.

Figure 2. Photograph of as-grown NTF crystal
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Figure 3. Morphology representation of NTF crystal

3. Analysis of physicochemical studies
3.1. X-ray diffraction analysis

The unit cell parameters and crystal structure of NTF were determined from single crystal
X-ray diffraction data obtained with a four-circle Nonius CAD4 MACH3 diffractometer
(graphite monochromated, MoKa = 0.71073 A) at room temperature (293 K). The data
reduction was done by using XCAD4 [23] and absorption correction was done by the
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method of {—scan [24]. The structure solution and refinement were performed using
SHELXTL 6.10 [25]. The crystal structure of NTF was solved by direct methods, and full-
matrix least-squares refinements were performed on F? using all the unique reflections. All
the non-hydrogen atoms were refined with anisotropic atomic displacement parameters,
and hydrogen atoms were refined with isotropic displacement factors. The crystallographic
data and structure refinement parameters of NTF crystal are presented in Table 1. The
crystal structure and packing diagram of NTF are shown in Figures 4 and 5 respectively.
The H atom participating in the N-H bond was located from the difference Fourier map and
all other H atoms were positioned geometrically and refined using a riding model with C-H
= 0.93 A and O-H = 0.82 A with Uiso(H) = 1.2 — 1.5 Ueq (parent atom). The absolute
configuration is assigned from the starting materials taken for reaction.

Empirical formula CsHeFsNOa
Formula weight 237.14
Temperature 293(2) K
Wavelength 0.71073 A

Crystal system, space group

Monoclinic, I2/a

Unit cell dimensions

a=15.616(5) A, a =900
b =7.455(5) A, p = 95.74°
c=16.503(5) A, v =90°

Volume 1911.6 A3

Z, Calculated density 8, 1.648 g/cm?
Absorption coefficient 0.167 mm™!
F(000) 960

Crystal size

0.18 mm x 0.15 mm x 0.13 mm

Theta range for data collection

2.48 - 24.96°

Limiting indices

-18<h<18,-8<k<1,-19<1<19

Reflections collected / unique

3929 /1680 [R(int) = 0.0204]

Completeness to theta = 24.96

99.6%

Absorption correction

- scan

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

1680 /0 /194

Goodness-of-fit on F?

1.095

Final R indices [I>20(I)]

R1=0.0353, wR2=10.0905

R indices (all data)

R1=0.0495, wR2=10.0976

Extinction coefficient

0.0040(7)

Largest diff. peak and hole

0.210 and -0.201 e.A3

Table 1. Crystallographic data and structure refinement parameters for NTF
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This monoclinic polymorph of NTF crystallized in [2/a space group and the asymmetric unit
contains a protonated nicotinium cation and a trifluroacetate anion. The angle between the
mean plane of the pyridine ring and the mean plane of the acetate group is 48.93° where as
in the triclinic form [20], it is 14° and the distance between the anion to cation is 3.134 A
which is 0.463 A longer than the triclinic form. The structure is stabilized by N-H--O, O-
H:-O and C-H:+-O hydrogen bonds and hydrogen bond geometry is given in Table 2.

Figure 4. Structure of NTF showing 50% probability displacement ellipsoids with atom numbering
scheme (for clarity, only major components of the disordered fluorine atoms are shown)
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A

Figure 5. Molecular packing diagram of NTF viewed down the b-axis

D-H--A d(D-H) d(H--A) d(D--A) <(DHA)
N(1)-H(IN)--O(3) 0.97 1.69 2.6468 167
O(2)-H(20)--O(4): 0.82 1.74 2.5460 167
C(3)-H(3)--O(1)i 0.93 2.44 3.3397 163
C(4)-H(4)--O(3)ii 0.93 2.37 3.2929 174

Symmetry codes: (i) 1/2-x,y,-z, (ii) x,1/2-y,1/2+z and (iii) 1-x,-1/2+y,1/2-z.
Table 2. Hydrogen bonds geometry of NTF

CCDC No. 779179 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data-request/cif, by e-mailing
data-request@ccdc.com.ac.uk or by contacting the Cambridge crystallographic data centre,
12 Union Road, Cambridge CB21 EZ, U.K.; Fax: +44 1223 336033.

Powder X-ray diffraction study was carried out by employing SEIFERT, 2002 (DLX model)
diffractometer with CuK, (A = 1.5405 A) radiation using a tube voltage and current of 40 kV
and 30 mA respectively. The grown crystals were finely powdered and have been subjected
to powder XRD analysis. The sample was scanned over the range 10-60° at the rate of
1°/min. The indexed powder X-ray diffraction pattern of NTF is given in Figure 6. The well
defined Bragg’s peaks at specific 20 angles confirmed the crystallinity of NTF.
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Figure 6. Powder XRD pattern of NTF

3.2. High-resolution x-ray diffraction (HRXRD) analysis

The crystalline perfection of the grown NTF single crystals was characterized by HRXRD
analysis by employing a multicrystal X-ray diffractometer designed and developed at
National Physical Laboratory [26]. The schematic diagram of this multicrystal X-ray
diffractometer is shown in figure 7. The divergence of the X-ray beam emerging from a fine
focus X-ray tube (Philips X-ray Generator; 0.4 mm x 8 mm; 2kWMo) is first reduced by a
long collimator fitted with a pair of fine slit assemblies. This collimated beam is diffracted
twice by two Bonse-Hart [27] type of monochromator crystals and the thus diffracted beam
contains well resolved MoKou and MoKa2 components. The MoKoau: beam is isolated with
the help of fine slit arrangement and allowed to further diffract from a third (111) Si
monochromator crystal set in dispersive geometry (+, —, —). Due to dispersive configuration,
though the lattice constant of the monochromator crystal and the specimen are different, the
dispersion broadening in the diffraction curve of the specimen does not arise. Such an
arrangement disperses the divergent part of the MoKai beam away from the Bragg
diffraction peak and thereby gives a good collimated and monochromatic MoKau beam at
the Bragg diffraction angle, which is used as incident or exploring beam for the specimen
crystal. The dispersion phenomenon is well described by comparing the diffraction curves
recorded in dispersive (+, —, —) and non-dispersive (+, —, +) configurations [28]. This
arrangement improves the spectral purity (AA/A << 10°) of the MoKa: beam. The divergence
of the exploring beam in the horizontal plane (plane of diffraction) was estimated to be << 3
arc s. The specimen occupies the fourth crystal stage in symmetrical Bragg geometry for
diffraction in (+, -, —, +) configuration. The specimen can be rotated about a vertical axis,
which is perpendicular to the plane of diffraction, with minimum angular interval of 0.4 arc
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s. The diffracted intensity is measured by using an in-house developed scintillation counter.
To provide two-theta (208) angular rotation to the detector (scintillation counter)
corresponding to the Bragg diffraction angle (0s), it is coupled to the radial arm of the
goniometer of the specimen stage. The rocking or diffraction curves 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 08 (taken as zero for the sake of
convenience) starting from a suitable arbitrary glancing angle. The detector was kept at the
same angular position 208 with wide opening for its slit, the so-called ® scan. This
arrangement is very appropriate to record the short range order scattering caused by the
defects or by the scattering from local Bragg diffractions from agglomerated point defects or
due to low angle and very low angle structural grain boundaries [29].

MONOCHROMATOR STAGE (+,—,~)

-

DETECTOR

1 )
X-RAY P
SOURCE *y |
I SPECIMEN
KGZ
“DIRECT BE AM
LMONOCHROMATORS-
'
STEPPING MICRO-PROCESSOR
MOTOR CONTROL UNIT

Figure 7. Schematic line diagram of multicrystal X-ray diffractometer designed, developed and
fabricated at National Physical Laboratory

Before recording the diffraction curve, to remove the non-crystallized solute atoms
remained on the surface of the crystal and also to ensure the surface planarity, the specimen
was first lapped and chemically etched in a non preferential etchant of water and acetone
mixture in 1:2 ratio.

Figure 8 shows the high-resolution X-ray diffraction curve recorded for NTF specimen

crystal using (115) diffraction planes using MoKau radiation. The solid line (convoluted

curve) is well fitted with the experimental points represented by the filled circles. On
deconvolution of the diffraction curve, it is clear that the curve contains two additional
peaks, which are 18 and 28 arc s away from the main peak (at zero glancing angle). These
two additional peaks correspond to two internal structural very low angle (tilt angle <1 arc
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min) boundaries [30] whose tilt angles (Tilt angle may be defined as the misorientation
angle between the two crystalline regions on both sides of the structural grain boundary) are
18 and 28 arc s from their adjoining regions. The FWHM (full width at half maximum) of the
main peak and the very low angle boundaries are respectively 22, 27 and 40 arc s. The low
FWHM values and relatively low angular spread of around 200 arc s of the diffraction curve
show that the crystalline perfection of the specimen is reasonably good. Thermal
fluctuations or mechanical disturbances or segregation of solvent molecules during the
growth process could be responsible for the observed very low angle boundaries. It may be
mentioned here that such very low angle boundaries could be detected with well resolved
peaks in the diffraction curve only because of the high-resolution of the multicrystal X-ray
diffractometer used in the present studies.

1000 . . .
NTF
' (112) Planes
750 MOKCtl N
(+7"7_1+) 28“ 18“
500 40"

250

Diffracted X-ray intensity (c/s)

-200 -100 0 100 200
Glancing angle (arc s)

Figure 8. High-resolution X-ray diffraction curve recorded for a typical NTF single crystal specimen

using (1 15) diffracting planes

3.3. Thermal analysis

Thermal properties of NTF were analyzed and compared with that of two nicotinium
derivative crystals nicotinium oxalate (NOX) and nicotinium nitrate monohydrate (NNM).
All these crystals had grown in our laboratory and belong to monoclinic system. Differential
thermal analysis (DTA) and thermogravimetric analysis (TGA) of crystals were carried out
simultaneously by employing TA instrument Model Q600 SDT thermal analyzer. The
sample was heated at a rate of 10 °C/min in inert nitrogen atmosphere. Thermal stability of
crystals was further tested using differential scanning calorimetry (DSC). DSC study was
performed by using TA instrument Model Q20 in the temperature range 50-300 °C at a
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heating rate of 10 °C/min in inert nitrogen atmosphere and sample was placed in the
Alumina crucible.
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Figure 9. TGA-DTA curves of NTF
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Figure 10. DSC trace of NTF

TG-DTA and DSC curves of NTF were depicted in Figures 9 and 10 respectively. In DTA
curve, first endothermic peak at 152 °C is attributed to meting point of the sample, which is
also evident in the DSC curve. Another important observation is that, there is no phase
transition till the material melts and this enhances the temperature range for the utility of
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the crystal for NLO applications. The absence of water of crystallization in the molecular
structure is indicated by the absence of the weight loss near 100 °C. Further there is no
decomposition near the melting point [31]. This ensures the suitability of the material for
possible application in lasers, where the crystals are required to withstand high
temperatures. The weight loss starts around 110 °C and weight loss corresponding to
decomposition of NTF was observed at 223 °C, which takes place over large temperature
range (110252 °C) where almost all the gaseous fragments like carbon dioxide and
ammonia might be liberated. The TGA reveals exactly the same changes shown by DTA.
The second endothermic peak in the DTA curve shows that the material is fully decomposed
at 223 °C as confirmed by DSC. The small difference in the shape of the second peak may be
due to the presence of impurities. The sharpness of the endothermic peaks shows good
degree of crystallinity of the grown sample.
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Figure 11. TGA-DTA curves of NOX

In TG-DTA trace of NOX (Figure 11), endothermic peak in DTA trace at 203 °C represents
the melting point of the sample. The absence of water of crystallization in the molecular
structure is indicated by the absence of the weight loss around 100 °C. TGA trace reveals
that weight loss of the sample starts from this region and at 223 °C it shows complete weight
loss. The shoulder peaks in DTA after the main peak corresponds to the decomposition of
the material. There is no phase transition till the material melts and this enhances the
temperature range for the utility of the crystal for applications. Under these conditions,
phase transition means common phase transition (e.g., solid-to-liquid, liquid-to-gas etc.).

Figure 12 shows the thermogram for DTA and TGA of NNM. The compound starts to lose
single molecule of water of crystallization at about 90 °C and the loss continues up to 102 °C.
The weight loss in this temperature range is consistent with the weight of single molecules
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of water present in the crystal. The DTA curve shows a major endothermic peak, which
corresponds to the melting point of NNM at 189 °C. The second weight loss take place over
the temperature range 135-235 °C and almost all the compounds decomposed as its gaseous
products. The second endothermic peak in the DTA curve at 230 °C attributed to the
decomposition temperature of NNM. Summarized results of thermal analysis of NNM are
given in Table 3.
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Figure 12. TGA-DTA curves of NNM
Stage Decomposition Decomposition steps Weight loss (%)
temperature range Observed Calculated
()
1 90-102 CgHgNO,.NO;.H,0O 8.58 8.82
|
2 135-235 CsHgNO,.NO; 91.42 91.18

Table 3. Summarized TGA and DTA results of NNM

The figure 13 shows the comparison of DSC curves of NTF with other nicotinium derivative
crystals. The calculated values of enthalpy for vapourisation, melting reaction and
decomposition reaction for these three materials show that enthalpy value for NTF is less
than that of NNM and NOX. As the temperature increases, initially NNM loses its single
molecule of water of crystallization in the range 90-102 °C. NTF melts at 152 °C, NNM at 189
°C and NOX at 203 °C respectively. Thus thermal stability of NTF is higher than that of
NNM but low when compared to NOX. The low thermal stability of NNM is due to
vapourisation of its water molecule.



Studies on Growth, Crystal Structure and Characterization
of Novel Organic Nicotinium Trifluoroacetate Single Crystals 63

Heat Flow (W/qg)

50 100 150 200 250 300
Temperature (°C)

Figure 13. DSC curves of NNM, NTF and NO

3.4. FTIR studies

The FTIR spectrum was recorded using Perkin—Elmer FTIR spectrum RXI spectrometer by
KBr pellet technique in the range 400-4000 cm™ at room temperature (35 °C). In the FTIR
spectrum of NTF (Figure 14), the strong band at 3439 cm’ is attributed to stretching
vibrations of O-H groups. The peak at 3086 cm™! corresponds to the aromatic C-H stretching
vibrations in the ring. O-H and C-C stretching vibrations are observed at 2809 cm! and 1907
cm! respectively. The existence of COO- or COOH groups in the studied crystal was
deduced on the basis of vibrational spectra. It is clearly seen that the existence of COOH is
illustrated by the very strong infrared band located at 1708 cm™. Asymmetric stretching
vibration of COO- is observed at 1597 cm’. The peak at 1420 cm™ is due to symmetric
stretching vibration of COO~. The C-H vibrations are occurred at 1369 cm. C-H in plane
bending vibrational modes in nicotinic acid is assigned to the frequency at 1322 cm. It should
be noted that the next band at 1194 cm™ in IR spectrum is assigned to C-F stretching, which is
the characteristic vibration peak of CFs group [32, 33]. The absorption at 1140 cm is also due
to the stretching type of vibrations of C-F bonds. The band at 517 cm™ is assigned to C-C=0O
wagging. The characteristics bands, one at 836 cm™ (COO- rocking), one at 746 cm™ (COO-
scissoring) and the third at 622 cm (COO- wagging) are observed in the IR spectrum.

3.5. Dielectric studies

The dielectric constant is one of the basic electrical properties of solids. Dielectric properties
are correlated with the electro-optic property of the crystals [34]. The capacitance (Cerys) and
dielectric loss (tan 0) of NTF crystal were measured using the conventional parallel plate
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capacitor method with the frequency range 100 Hz to 1 MHz using the Agilent 4284A LCR
meter at various temperatures ranging from 40 to 80 °C. A good quality crystal of size 5 x 5 x
2 mm3 was electroded on either side with graphite coating to make it behave like a parallel
plate capacitor. The observations were made during cooling of the sample. The air

capacitance (Cair) was also measured.
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Figure 14. FTIR spectrum of NTF

The dielectric constant (er) of the crystal was calculated using the following relation

C
Crys
& =—2

C

(D

air

As the crystal area was smaller than the plate area of the cell, parallel capacitance of the
portion of the cell not filled with the crystal was taken into account and, consequently the

above equation becomes

()

E. =

' C.. A

where Adys is the area of the crystal touching the electrode and Aair is the area of the

electrode.

The variation of dielectric constant with frequency at different temperatures (Figure 15)
shows that dielectric constant decreases with increasing frequency and finally it becomes
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almost a constant at higher frequencies for all temperatures. It is also indicates that dielectric
constant increases with increase in temperature. The measurements of dielectric loss at
different frequencies and temperatures show the same trend. This dielectric behavior [35]
can be understood on the basis that the mechanism of polarization is similar to that of
conduction process. The electronic exchange of the number of ions in the crystals gives local
displacement of electrons in the direction of the applied field, which in turn gives rise to
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 crystal. As the frequency increases, a point will be reached where the space
charge cannot sustain and comply with the external field and hence the polarization
decreases, giving rise to decrease in values of &r. At 80 °C, the dielectric constant of NTF
crystal at 100 Hz is 10.851, and this value decreases to 1.955 at 1 MHz. Lowering the value of
dielectric constant of the interlayer dielectric (ILD) decreases the RC delay, lowers the power
consumption and reduces the crosstalk between nearby interconnects [36]. Also the
materials with quite low dielectric constant lead to a small RC constant, thus permitting a
higher bandwidth in the range of 102 Hz for light modulation. Thus materials with low
dielectric constant have considerable advantages in this context.

12

Dielectric constant

log frequency
Figure 15. Plot of dielectric constant versus applied frequency. Plot of dielectric loss versus applied
frequency is in inset
3.6. Mechanical hardness studies

Mechanical strength of the materials plays a key role in the device fabrication. Vickers
hardness is one of the important deciding factors in selecting the processing (cutting,
grinding and polishing) steps of bulk crystal in fabrication of devices based on crystals.
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Microhardness measurements were done on (112) face of NTF crystal using Leitz-Wetzlar

hardness tester fitted with a Vickers diamond indenter at room temperature. The Vickers
microhardness number, Hv was calculated using the relation [37]:

H, = 18544 (p/d’) kg /mm’ 3)

where p is the applied load (g) and d is the diagonal length (um) of the indentation. The
indentation time was kept at 10 s and microhardness value was taken as the average of the
several impressions made. Figure 16 shows the variation of Hv as function of applied load in

the range 10-100 g on (112) face of NTF crystal.
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Figure 16. Variation of Vickers microhardness values versus applied load

It reveals that hardness number increases with increasing applied load. This phenomenon is
known as reverse indentation size effect (RISE). When the material is deformed by the
indenter, dislocations are generated near the indentation site. The major contribution to the
increase in hardness is attributed to the high stress required for homogenous nucleation of
dislocations in the small dislocation-free region indented [38]. The RISE can be caused by
the relative predominance of nucleation and multiplication of dislocations. The other reason
for RISE is that the relative predominance of the activity of either two sets of slip planes of a
particular slip system or two slip systems below and above a particular load [39]. The RISE
phenomenon essentially takes place in crystals which readily undergo plastic deformation
[40]. The relation between load and the size of indentation can be interpreted using Meyer’s
law, P = kid®, where kiis a constant and n is the Meyer’s number (or index). The slope of log
P versus log d gives the n value and it is estimated to be 2.73. According to Onitsch [41] and
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Hanneman [42], n should be between 1 and 1.6 for hard materials and above 1.6 for softer
ones. Thus NTF crystal belongs to soft material category. Meyer number is a measure of the
indentation size effect (ISE). For the normal ISE behaviour, the exponent n <2. When n > 2,
there is the RISE behaviour [39].

4. Conclusions

Single crystals of NTF in monoclinic system were grown by solution growth technique for
the first time and its solubility and metastable zone width were determined. X-ray
diffraction analysis reveals that NTF crystallizes in monoclinic system with space group I2/a
and unit cell parameters are a = 15.616(5) A, b = 7.455(5) A, ¢ = 16.503(5) A, and = 95.74.
HRXRD analysis substantiates the good quality of the crystals. TG-DTA and DSC studies
show that NTF melts at 152 °C. It is observed that thermal stability of NTF is in between that
of other nicotinium derivative crystals. The FTIR analysis confirms the presence of
functional groups constituting NTF. Dielectric measurements indicate that NTF crystal has
low values of dielectric constant and dielectric loss.
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