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Abstract— This article deals with the growth and characterization of 2-Amino-5-Chloropyridinium-4-hydroxybenzoate
crystals by slow evaporation technique using methanol as solvent. The structural analysis infers the formation of title
crystal in to monoclinic system. The various modes of vibrations are detected with suitable FT-IR and FT-Raman peaks.
The cut off wavelength of 311 nm and rapid increase in transmission across the visible region assured the transparent
nature of the crystal beyond UV region. Further, the broad ultraviolet emission peak centered at 373 nm observed in the
photoluminescence analysis strengthen the emission characteristics. In terms of thermal stability, the crystal is stable up to
126 °C with < 10% weight loss and then degrades rapidly. The dielectric parameters depict the usual behavior of the
crystal for optical materials. The high work- hardening coefficient 2.38 justifies that the crystal belongs to soft material
type. The nonlinear optical characteristics are examined by Z-Scan analysis with an excitation source of 532 nm.
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l. INTRODUCTION

Organic intermolecular charge-transfer complexes have
been extensively studied in the recent past, because of
their potential applications in optical data storage
systems, nonlinear optics and photoelectric conversion
[1-2]. The organic charge-transfer composites consist of
delocalized system of donor and acceptor ions. This
type of complexes has recently projected in extensive
research both theoretically and experimentally [3-5].
Due to their prolonged electric property related to the
near molecular packing, organic charge-transfer
complexes also found applications in solar cells [6].
Over the recent years, the charge transfer between the
aromatic electron acceptors and donors with oxygen,
sulphur or nitrogen atoms gained more interest because
of their enhanced optical and physicochemical
properties. The donor molecule with low ionization
ability and the acceptor with excessive ionization
potential tend to shape stable inter-molecular charge-
transfer complexes [7-9]. The molecule pyridine
blended with organic acids and their derivatives are
stated to own strong hydrogen-bond interaction and this
property plays a considerable role in nonlinear optical
properties of materials. In view of this, pyridine-
primarily based organic complexes such as 2-amino-5-
chloropyridinium-4-aminobenzoate  [10], Bis (2-
aminopyridinium) maleate [11], 2-aminopyridinium-
benzilate [12], 2-amino-5-nitropyridinium-I-tartrate
[13], 2-amino-5-bromopyridinium-4-carboxybutanoate

© 2021, IJSRPAS All Rights Reserved

[14] and 2-amino-4-methylpyridinium-3-chlorobenzoate
[15] have been extensively studied for their optical and
physical properties. Hence in this work, a systematized
method was performed to acquire pyridine-primarily
based organic NLO crystals which result in the
formation of 2-amino-5-chloropyridinium - 4 -
hydroxybenzoate crystal. Though the crystal structure of
2-amino -5-choropyridinium -4-hydroxybenzoate has
been reported by (Madhukar Hema Malini and Hoong-
kun in 2010) yet there is no information available on its
detailed growth and characterization for devices. So,
attempts are made to grow 2-amino-5-chloropyridinium-
4-hydroxybenzoate (2A5C4HB) crystal via a slow
evaporation technique using methanol as solvent and
obtained successfully.

1. RELATED WORK

Recent years have witnessed the demand of good quality
optical crystals for widespread applications in the field of
telecommunications, photonic devices, signal processing and
optical data storage devices. Pyridine is a heterocyclic
compound and their derivative has been widely studied in the
past few years in view of their biological, NLO and medical
applications. Among the pyridine derivatives, 2-Amino-5-
chloropyridine base-acid organic complexes have been
extensively studied and reported for their enhanced optical
and physical properties. In view of that, the research is
developed on the growth of pyridine based organic crystals for
nonlinear optical applications. The crystal structure of the title
compound  2-Amino-5-chloropyridinium-4-hydroxybenzoate
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has been reported by Madhukar Hemamalini and Hoong-Kun
in the year 2010. In this present work, to fulfill the need of
device application, 2-Amino -5-chloropyridinium -4-
hydroxybenzoate organic single crystal was grown to an
appreciable size by slow evaporation method. The grown 2-
Amino -5-chloropyridinium -4-hydroxybenzoate single crystal
was subjected to various characterization studies such as
Single crystal X-ray diffraction, spectral, optical, thermal,
dielectric, Vickerhardness and Z-scan studies to analyze its
suitability for NLO device applications.

1. METHODOLOGY

Materials synthesis and crystal growth

Step | Analytical grades of 2-amino-5-chloropyridine
(CsHsCLNy) and 4-hydroxy benzoic acid (C;H¢O3) have
been purchased from Avra (98%) and used as received. In
the synthesis process, methanol is used as solvent.
The growth solution is prepared with 2-amino-5-
chloropyridine with 4-hydroxybenzoic acid in the
equimolar ratio. The reaction mechanism of the formation
2-amino-5-chloropyridinium-4-hydroxybenzoate is shown
in Figure 1.

cl OH
-\ : VR g
7 N ‘\ »
M 1o ™No

_ 2-amino- 4-Hydroxybenzoic

5-Chloropyridine acid

Figure 1. Reaction mechanism of 2A5C4HB crystal.

Step Il The experiment is carried out by dissolving the
desired quantity of the salts in 50 ml of methanol. Then the
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determined using a Bruker Kappa APEX Il CCD single
crystal X-ray diffractometer with a radiation source of Ka
with A = 0.71 A. The vibrational properties are examined
with PERKIN ELMER FT-IR and FT-RAMAN
spectrometer (A BRUKER: RFA 27, 2.0 cm™ resolution).
A Perkin Elmer Lambda 950 spectrophotometer is used to
obtain a transmittance spectrum in the wavelength range of
200-800 nm. The thermal property is tested by NETZCH
STA 409 TGA/DTA analyzer by heating the powdered
sample at the rate of 10°C/min across various temperatures
ranging from 30 to 450 'C. The Jobin-Vyon M/S
spectrofluorometer is used to obtain the emissive
characteristics of the crystal. The mechanical stability and
dielectric nature of the crystal is examined with
ECONOMET Vickers hardness tester and HIOKI 3532-50
LCR HITESTER respectively. Finally, the nonlinear
optical characteristic is obtained by the Z-scan analysis.

V. RESULTS AND DISCUSSION

X-ray Diffraction analysis

The structural aspects of the synthesized crystal are
determined by using a single-crystal x-ray diffraction
experiment. The result of the study reveals that the title
crystal belongs to P2,/C monoclinic space group. The
obtained lattice parameters compared with the reported
values elsewhere [16] is found to be agrees well. The
crystallographic parameters of the crystal are listed in
Table 1.

Vibrational analysis
The recorded FT-IR and FT-Raman spectrum of the grown
crystal is displayed in Figure 3 and Figure 4 respectively.

Table 1. Crystallographic parameters of the grown
2A5C4HB.

solution is left in the stirrer for 7 hours till a homogeneous P ¢ p ted studv | R ted val
mixture is attained. Further, the solution is filtered and the arameter resented study eported values
residue is preserved in a dust-free environment for 21 days
to pursue the crystallization process under optimization A 10.07 A 10.0893 3) A
condition. At last, a well-grown transparent bulk crystal is
acquired, which is displayed in Figure 2. B 11.81 A 11.7612 (4) A
] C 11.66 A 11.6634 (3) A
| |
| |« 90° 90°
S B 115° 116.113 (2)°
: F— 8
Y 90° 90°
_ 1
i \Y 1257 A3 1242.74 (6) A®
¢
 §
Crystal system | Monoclinic Monoclinic
Figure 2. As grown transparent 2A5C4HB crystal.
Space group P2./c P2./c

Characterization tools

The grown crystal is investigated with different
characterization techniques for finding its suitability for
device applications. The unit cell dimension are
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The functional group vibrations present in the spectrum
assured the formation of 2-amino-5-chloropyridinium-4-
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hydroxybenzoate. The different modes of vibrations and
possible assignments are listed in the Table 2.
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Figure 3. FT- IR spectrum of 2A5C4HB crystal.

0.16

0.14-
0.12-.
0.10 3071 860
0.08-.
0.05-.

0.04 4

Raman Intensity (a.u)

0.02 4

0.00 SO~ NPV SN LV SV WL
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 4. FT- Raman spectrum of 2A5C4HB crystal.

Table 2. FT-IR and FT-Raman frequency assignments of
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1268 1274 C — N stretching vibration
of primary amine

1227 1250 C — O stretching vibration

1162 1147 C — N stretching vibration
of secondary amine group

1096 - C — H in-plane bending
vibration

839 670 C - H out-of-plane
bending vibration

785 - C — Cl stretching vibration

657 - Alkyne group of C — H
bending vibration

2A5C4HB crystal.
IR Raman Assignments
frequency | frequency
(cm™) (cm™
3077 3072 C — H stretching vibration
of pyridinium ring
1664 - Alkenyl group of C=C
stretching vibration
1596 1607 C = C stretching vibration
- 1556 N — H bending vibration
1540 1518 N — O stretching vibration
1478 - C = N stretching vibration
1351 1321 In-plane bending of O — H
group
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Carbon-Hydrogen mode of interactions

The first IR vibration observed at 657 cm™ is assigned to
C-H bending vibrations. The aromatic C-H out of plane
bending is seen at 839 cm™ and 670 cm™ in the FT-IR and
FT Raman spectrum respectively. Then, a C-H in-plane
bending is identified at 1096 cm™ in FT-IR spectrum.
Finally, the stretching vibrations are evident at 3077 cm™
and 3072 cm™ in the FT-IR and FT-Raman spectrum
respectively.
Carbon=Carbon mode of
interactions

The carbon-nitrogen (C=N) interactions are detected in the
FTIR spectra at 1478 cm™.The aromatic C=C mode of
assignments are observed at 1596 cm® (IR) and
1607 cm™(Raman) respectively. Further, the alkenyl C=C
stretching IR vibration is seen at 1664 cm™.

and Carbon=Nitrogen

Carbon-Oxygen, Nitrogen-Oxygen and
Hydrogen mode of interactions

The carboxylate group C-O stretching is observed in both
FTIR and Raman spectrum at 1227 cm™ and 1250 cm™,
respectively.  Similarly, the nitrogen-oxygen bond
stretching of IR and Raman vibrations are seen at 1540 cm’
! and 1518 cm™ respectively. The O-H group in-plane
bending is observed at 1351 cm™ and 1321 cm™ in FTIR
and Raman spectrum respectively.

Oxygen-

Carbon-Nitrogen Stretching and Nitrogen-Hydrogen
mode of interactions

The secondary amine group C-N stretching vibration peak
is observed at 1162 cm™ in the FT-IR spectrum and 1147
cm? in the FT-Raman spectrum. The aromatic primary
amine group of C-N stretching vibration peak is detected in
the FT-IR spectrum at 1268 cm™ and in the FT-Raman
spectrum at 1274 cm™ . In the FT-Raman spectrum, the N-
H bending vibration of secondary amine is observed at
1556 cm™.
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Carbon-Chlorine vibration

The C-CI stretching vibration of pyridinium ring is
confirmed with an intense absorption peak at 785 cm™ in
the FTIR spectrum.

Linear optical analysis
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Figure 5. UV-Vis-NIR transmission spectra of 2A5C4HB
crystal.

The recorded UV-Vis-NIR transmission spectrum for the
synthesized crystal in the 200-800 nm wavelength regions
is displayed in Figure 5. In the case of NLO crystals, high
transmittance with a low cut off wavelength (Acutom IS
desired for potential applications [17]. Examination of the
spectrum reveals that in the present crystal, the cut-off
wavelength  (Acutofr) IS observed at 311 nm with increase
in transparent nature across the visible region of the
spectrum. The crystal has a significant rise in transmission
beyond the cut-off wavelength and becomes nearly
transparent (> 80%) in the visible region. It denotes the
non-absorbing nature of the title crystal beyond the mid
UV region. These are the desirable property for the
materials used in NLO applications. To obtain the optical
band gap, the absorption coefficient in other words, alpha
is determined by using the following relation as reported
elsewhere [18].

2.303><l0g(1)
=— T (1)
Then, the optical band gap is calculated by tauc relation
(ahv) = A(E5 — hv)" (2)

Where, T is the transmittance, t is the thickness, h is the
Planck’s constant, v is the frequency and A is a constant.
The value of n is a variable that takes Y2 for direct allowed
transition and 2 for indirect permitted transitions. In this
case, the crystal belongs to direct transition classes; the
graph is plotted with photon energy along the x-axis versus
(ohv)? along the y-axis. The extrapolation of the plot at
x=0 gives the optical band gap of the title crystal as shown
in Figure 6. In the theoretical aspect, the cut-off
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wavelength (Aqorr) 311 nm is utilized to obtain the optical
band gap by using Planck’s equation (E = hv). The
experimental band gap of 4.12 eV determined from the
graph is nearly coinciding with the theoretical value 3.99
eV. Overall, a desired low -cut-off wavelength and
transparent nature in the visible region make this material
highly suitable for UV-light-driven applications.
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Figure 6. Tauc Plot of 2A5C4HB crystal.

Thermal analysis

Thermal analysis is a popular method for investigating the
thermo physical and Kinetic properties of materials [19-
20]. The TG-DTA spectrum of the title crystal is depicted
in Figure 7. The TG graph demonstrates that the title
crystal was stable till 126 °C and then, the decomposition
occurs in a single stage weight loss. The breakdown
occurred between 126 °C and 247 °C, indicates that 99.7
percent of the substance being eliminated as gaseous
products. The DTA curve of the grown crystal reveals a
sharp peak at 211 °C due to endothermic reactions which
predicts the melting point of the crystal. Also, the sharp
peak replicates the crystal's purity. Thus, the 2A5C4HB
crystal has shown promising signs for device applications
which works under 126 °C. The thermal stability of the
title crystal is compared with other prominent nonlinear
optical crystals and listed in Table 3.
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Figure 7. TG/DTA curves of 2A5C4HB crystal.
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Table 3. Thermal stability of present crystal in comparison with

other nonlinear crystals.

Compounds Thermal Reference
stability
(&9)
Guanidiniummaganesesulphat | 73 [21]
e hydrate
2-Amino 4,6-dimethyl 120 [22]
pyrimidine-4- nitrophenol
L-alanine-2-furoic acid 122 [23]
LAT 118 [24]
2-Amino-5-chloropyridinium- | 122 [25]
2,4-dinitrophenolate
2-Amino-5-chloropyridine 109.85 [26]
2-Amino-5- 126 Present
chloropyridinium-4- work
hydroxybenzoate

Dielectric studies

The dielectric analysis gives vital information about the
nature of atoms, ion, and their bonding nature of materials
[27-28]. In the present case, the dielectric measurement is
carried out on the crystal with dimensions of 11x6x1.73
mm® over 50 Hz to 5 MHz frequency at variable
temperatures. The dielectric constant and dielectric loss of
the 2A5C4HB crystal can be estimated by the following
expressions.

L
€= @)
" =& tand 4)

Where ‘Cy’ is the parallel capacitance, ‘e’ is the absolute
permittivity at free space  (8.854x10™ Fm™),‘d’ is the
crystal’s thickness and tan 6 is the dissipation factor. The
obtained &' and &” are plotted against frequency as depicted
in Figure 8 and Figure 9 respectively. Both the values have
shown high values in the low-frequency range and lower
values in the higher frequency region. The former may be
attributed to the existence of all four polarizations and the
latter implies the good optical quality of the crystal with
fewer imperfections. Overall, the grown crystal shows
promising signs for nonlinear optical applications.
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Figure 8. The plot of log f vs dielectric constant of 2A5C4HB
crystal.
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Figure 9. The plot of log f vs dielectric loss of 2A5C4HB
crystal.

Microhardness measurements

The microhardness testing of a single crystal is essential to
understand the various material characteristics and its
subsequent impressions made in the surface [29].
The indentations were made with various loads at the time
interval of 10s during the experiment. The hardness
number is given by the expression,

Hy = 1.8544(2) (5)

Where, P is the applied load (kgs) and d is the diagonal
length of the indentation in millimeters. The variation of
microhardness with the function of load is plotted as
shown in Figure 10.

26
24 ]
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8
6

Hardness number (Hv)
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Load (P)
Figure 10. Plot of Hardness number vs variable load.

The analysis revealed the increasing hardness value for
increasing load and attributed it to the surface layer’s work
hardening. When the applied load goes beyond 25 g, the
fracture in the surface is enhanced around the indentation
mark implying the liberation of interior stresses [30].
Figure 11 depicts the graph plotted for Log (p) vs. Log (d)
and the slope of the curve defines the work hardening
coefficient ‘n.” According to Onitsch, the materials are
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categorized into hard material and soft materials with the
values of n < 1.6 and n > 1.6 respectively [31].The n value
of the 2A5C4HB crystal is 2.38 identifies the soft material
nature of the crystal.

Estimation of solid-state parameters

The electronic polarizability (o) was calculated using a
dielectric constant at higher frequencies. To understand the
material property further, few other solid state parameters
have to be determined for the crystal. At first, the density
of the 2A5C4HB crystal is calculated by using the relation

Mz

p=-= (6)
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1.24
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log P
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Figure 11. Log (p) versus Log (d) of 2A5C4HB.

Where M — Molecular weight (266.68 g/mol), Z- Number
of molecules in the unit cell (Z=4 in our case), N, —
Avogadro’s number (6.203 x 10% mol™) and V- Volume of
the unit cell. The estimated density of 1.42 Mg/m’agrees
with the one estimated with the single crystal XRD
measurements [16]. Further, the valence electron plasma
energy (hw,) is 14.46 eV estimated as by the relation
reported elsewhere [32].

hw, = 28.8 }]fl—fv )

The obtained value is utilized to determine the Penn gap
(Ep) and Fermi gap (Er) of the title crystal in terms of
plasma energy by using the relations [33-34]

Ep = 0 ®)
(e, -1)2
4
Ep = 0.2948(hw), )3 (9)

Where &= 24.7 is the maximum value of the dielectric
constant of the material. The estimated values of E, and E;
are found to be 2.97 and 10.38, respectively. Finally, the
most desired value the electronic polarizability (o) of the
2A5C4HB crystal was calculated by using the relation,

_0.396M[ (hwp)2S,
T p  Yhwp)2S.+3Ep?

] X 10™%*¢m3 (10)

© 2021, IJSRPAS All Rights Reserved

Vol.9, Issue.6, Dec 2021

Where, S, is the constant and which is obtained by

—1_r1Ery1rEry2
Se=1-[1+30;] (11)
The calculated value of the constant Sy= 0.9302 and the
determined value of (o) is 6.5230x10%® cmPrespectively.
For further validation, Clausius-Mossotti relation is used
and the following equation estimates the value of 6.5884 x
102 ecm?,
a = —2 [E X em? (12)

- 4ATTNgp “&r+2

Table 4 represents the various estimated values of the title
crystal is displayed for reference in table 4. Apart from the
Penn gap perspective, in terms of optical band gap
relations, the following expression may also used to
estimates the electronic polarizability

@ = 0.396[1 — L9 M 5 1024 (13)
4.06" p
Table 4.Calculated solid-state parameters of the grown
2A5C4HB crystal
Parameters Values
Crystal density (p) 1.4259Mg/m? (Theoretical)
1.425Mg/m*(Experimental
)
Plasma energy (hwy) 14.4658 (eV)
Penn gap energy (E,) 2.9714 (eV)
Fermi energy (Ez) 10.3815 (eV)
Specific material constant | 0.9302

(So)

Penn analysis (o) 6.5230X 10%(cm?)

Clausius-Mossotti (o) 6.5884 X 10*(cmd)

optical band gap value (a,) | 3.7061 X 10%(cm3)

Photoluminescence analysis
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Figure 12. Photoluminescence spectrum of 2A5C4HB
crystal.
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The emission behavior is examined by exciting the title
crystal at 270 nm and documented at room temperature
across the 250-500 nm region of the EM spectrum. The PL
emission spectrum as shown in Figure 12 has displayed a
strong emission peak with maxima centered at 373 nm
confirming an ultraviolet emission. Thus, the title crystal
extends its application in ultraviolet light-based LED and
other optical device applications [35].

Third Harmonic generation studies
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Figure 13. Closed aperture curves of 2A5C4HB crystal.
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Figure 14. Open aperture curve of 2A5C4HB crystal.

Normalized transmittance

The Z-Scan method is a popular experimental tool to
evaluate the nonlinear characteristics of semiconductors
[36-37], dielectrics [38-41], organic or carbon-based
molecules [42] and liquid crystals [43] respectively. It
enables the calculation of the essential parameters of
photonic applications such as non-linear refractive index
and non-linear absorption coefficient by using closed and
open methods [44-46]. The closed and open aperture Z-
scan plots of the 2A5C4HB crystal is shown in Figure 13
and 14 respectively. The crystal's self-defocusing effect is
a crucial property related to the local deviation of the
refractive index with temperature is used in the field of
optical sensor applications [47-48]. The influence of

© 2021, IJSRPAS All Rights Reserved
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negative nonlinearity, i.e., a high self-defocusing refractive
index effect, is seen by the sharp peak followed by a
valley-normalized transmittance peak obtained from closed
aperture Z-scan data [49-50].

The open aperture transmittance data is utilized to
determine various parameters. The following relation gives
the aperture linear transmittance (S)

142
§=1-exp(-2,%) (14)
The obtained S value is substituted in the following
relation to estimate the deviation in peak-valley
transmittance (ATp_y ) by
A Tp_y = 0.406(1 — $)%25|A ¢| (15)

Where, r, and w, is the aperture and beam radius
respectively. Then, the linear absorption (o) and the
thickness of the crystal (L) in the following equations give
the effective length of the crystal (L

[A-exp(-al)]
a

Leff = (16)
The substitution of these known values in the following
expression gives the nonlinear refractive index of the
2A5C4HB crystal

__A¢
N2 = KlLefs (17)

Where, ly is the laser beams intensity at origin and K= 2

/A (A = 532 nm). The following expression is used to
determine the nonlinear absorption coefficient

B = 2v2AT (18)

Lolery

Where, AT denotes the value of one valley obtained from
the open aperture curve. The B value lies in the negative
scale for saturable absorption and changes to positive for
two-photon absorptions. The following expression gives
the real part and imaginary components of the nonlinear
optical susceptibility (y°)

£,C%n,2n?%, ,cm?

Rex®(esu) = 10742y (£ (19)

2, 2
Lnx?(esu) = 1072 (%

cm
) G (20)
Where, ¢, is permittivity in a vacuum, C is the velocity of
light and ny is the linear refractive index respectively. The
absolute value of %is determined by using the relation,

2 = WRAD + Ut )22 (21)

The Z scan experimental details and the obtained results
are summarized in Table 5. The obtained values of the
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2A5C4HB crystal identify them as a suitable candidate in
the fabrication of non-linear optical devices.

Table 5. Experimental and obtained results of the Z-scan
analysis

Focal length of the lens used 103 mm
Optical path length 700 mm
Beam radius of the aperture 3.5mm

()

Aperture radius (ry) 1.25 mm
Sample thickness (I) 1 mm

Beam radius (@) 3.1mm
Nonlinear refractive index(n,) | 1.3726 x 10°cm?/W

Nonlinear absorption | 3.1371 x 10“*cm/W
coefficient (B)

Real part of the third-order 5.2139 x 10esu
susceptibility [Re ( %°)]

Imaginary part of the third 2.0255 x 107esu
order

susceptibility [Im (*)]

Third-order susceptibility ( %°) 5.59x 10”'esu

V. CONCLUSION

2-amino-5-chloropyridinium-4-hydroxybenzoate single
crystal was successfully grown at room temperature with
methanol as a solvent. A monoclinic crystal structure of
the compound with the space group P21/c was validated by
XRD analysis. The FTIR and FT-RAMAN investigation
disclosed all the characteristics of functional groups of the
produced 2A5C4HB crystal. The optical transmittance
spectrum shows the cut-off wavelength of the crystal at
311 nm and 81 percent transparency in the whole visible
domain. The photoluminescence spectrum reveals that the
crystal has a broad ultraviolet emission peak at 373 nm.
According to thermo gravimetric measurements, the crystal
is thermally stable up to 126 °C without any significant
weight loss. The results of dielectric studies on the
2A5C4HB crystal exhibit normal behavior with high
optical quality and confirm its application in the
microelectronic industry. Micro-hardness tests revealed the
soft material nature of the crystal. Z-scan experiments
inferred the saturable absorption and self-defocusing nature
of the 2A5C4HB crystal. All the preceding results indicate
that the grown 2-amino-5-chloropyridinium-4-
hydroxybenzoate crystal can be used to fabricate a variety
of nonlinear optical and photonic devices.
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