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Abstract
An organic nonlinear optical material 2-Amino-4-methylpyridinium 2-chloro
4-nitro benzoate (AMPCNB) was synthesized and large size single crystals
were grown by slow evaporation solution growth method. Single crystal X-ray
diffraction study showed that the title compound belongs to monoclinic
crystal system with P21/n space group. A powder XRD study was performed
to ascertain its phase. The UV–VIS-NIR study was performed to investigate
the transparency window and lower cutoff wavelength of the compound, no
absorption has been observed between 318 and 1100 nm. The third harmonic
efficiency of the title compound has been studied using the Z-scan technique
using continuous-wave Nd:YAG laser to confirm its saturable absorption and
self-defocusing effect. The photo conducting and charge transport properties
are analyzed using photoconductivity and dielectric measurements. Theoretical calculation of molecular polarizability, which is helpful in device fabrication, was carried out from Penn gap, Clausius-Mosotti equations and the obtained results were compared. Mechanical properties of the grown crystal
were investigated by Vicker’s microhardness study.
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Dielectric Measurements, Mechanical Studies

1. Introduction
Due to their potential applications in communication, electro-optical modulation,
photo refractivity, optical storage, harmonic generation, terahertz wave generation
and detection, optical switching, signal processing, and laser remote sensing, organic charge transfer, Nonlinear Optical (NLO) materials have played a significant role in the development of photonics in recent years [1] [2] [3]. Organic molecules provide increased nonlinear optical characteristics in cost-effective way due
to their molecular flexibility [4]. In general, NLO activity was high in an electron
conjugated moiety substituted by an electron donor group on one end and an
electron acceptor group on the other end of the conjugated structure [5].
The π-electron moiety supplies the desired route over the entire length of conjugation under the influence of an applied electric field. In addition, the donor
and acceptor groups supported a unique approach to proton transfer between
acidic and basic organic linkages in a variety of cation-anion mixes, resulting in
ground state charge asymmetry in the product molecules, which is critical for its
function [6] [7].
In general, carboxylic acids possess the ability to form expected supramolecular
structures with hydrogen bonding arrangements among themselves, they grabbed
considerable attention as attractive substrates for organic synthesis [8] [9]. Pyridine molecule has been generally used in the formation of molecular building
blocks in NLO materials as pyridine acts as cationic bonding site and nitrogen
proceeds as a proton acceptor, thus suitable as an organic base [10]. The addition
of a pyridine ring to NLO materials increased the number of -electrons, which resulted in a significant improvement in NLO behaviour [11].
Recent investigations on pyridine and their derivatives such as 2,6-diaminopy-ridinium 4-nitrophenolate-4-nitro phenol (DAPNP), 2-amino-4-picolinium 4-aminobenzoate, 4-dimethylamino-N-methyl-4-stilbazolium tosylate (DAST), 2-amino4-methylpyridinium-4-methoxy benzoate, 2-amino 5-chloropyridinium 4-carboxybutanoate, 2-amino-5-chloropyridinium-L-Tartrate and 2-amino 5-bromopyridinium-L-Tartrate have been reported to exhibit excellent nonlinear optical properties shows their significant role especially in the field of optical communications and frequency conversion applications [12] [13] [14].
By taking a proton (H+) from 2-chloro 4-nitro benzoic acid, the pyridine-based
cation 2-amino-4-methyl pyridine (AMP) created a π-donor-acceptor molecular
complex. The formed 2-amino-4-methylpyridinium 2-chloro 4-nitro benzoate (AMPCNB) compound consists of benzoate anion and protonated 2-amino-4-methylpyridine cation. From the information collected, in this present study, we have
investigated the single-crystal X-ray diffraction, powder X-ray diffraction, Optical transmittance, Z-scan, Optical limiting, photoconductivity, dielectric and meDOI: 10.4236/jmmce.2021.95028
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chanical properties of the title compound [15] [16] [17].

2. Experimental Details
2.1. Material Synthesis and Microanalysis
The salt of the title compound 2-Amino-4-methylpyridinium 2-chloro 4-nitro
benzoate (C13H12ClN3O4) was obtained by adding commercially purchased
(Merck, AR grade > 99%) 2-amino 4-methyl pyridine of one mole and one mole
of 2-chloro 4-nitro benzoic acid in ethanol solvent. The two solutions were mixed
together and stirred for about 4 hours to get a homogeneous solution, which then
turned in to a form of white colored precipitate settled at the bottom of container
was separated from solution and dried at 40˚C [18] [19]. Also, the synthesized
material purity was enhanced by repeated recrystallization processes using ethanol
as a solvent [20].
The reaction mechanism of 2-amino-4-methylpyridinium 2-chloro 4-nitro benzoate (AMPCNB) is shown in Figure 1(a). The proportion of Carbon-HydrogenNitrogen (CHN) elemental composition of AMPCNB crystals was evaluated using Vario EL III Elemental analyzer (Germany) using helium as a carrier gas. Table 1 shows the findings of the analysis. The results obtained were in close accord with the theoretical values, confirming the presence of the chemical, as shown
in the table. The schematic diagram of AMPCNB single crystal is as shown in Figure
1(b).

2.2. Nucleation and Crystal Growth
The solubility study of AMPCNB was obtained using ethanol solvent for various
saturation values of temperature employing conventional isothermal method by
maintaining the cooling rate of 2˚C per hour. A saturated solution of the title
chemical was made at 30˚C and placed in a bath with a programmable temperature controller to monitor and control the temperature. To eliminate the existence
of spurious nuclei throughout the development process, the solution was preheated to 5˚C above its saturation temperature for roughly 24 hours before the
cooling process began. After that, the temperature of the equilibrium-saturated
solution was gradually decreased to 30˚C at a rate of 3˚C/h until a first produced
small crystal (called a nucleation site) was detected. The temperature of equilibrium-saturated solution was then slowly reduced to 30˚C with a cooling rate of
3˚C/h until a first formed tiny crystal (considered as a nucleation site) was observed [21].
Table 1. CHN Analysis of AMPCNB.

DOI: 10.4236/jmmce.2021.95028

Nitrogen (%)

Carbon (%)

Hydrogen (%)

Experimental

13.6132

50.5131

3.9781

Theoretical

13.5691

50.4230

3.9110
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(a)

(b)

Figure 1. (a) Reaction mechanism of AMPCNB single crystal; (b) Schematic diagram of AMPCNB single crystal.

2.3. Characterization
In order to establish that the grown crystal was essentially AMPCNB, a tiny single crystal obtained from spontaneous nucleation process was then subjected to
single crystal X-Ray Diffraction method using Enraf-Nonius CAD-4 diffractometer
employed with Cu-Kα radiation (λ = 0.71073 Å) in the 2θ range 10˚ - 79.96˚ at a
scan rate of 0.05˚/sec, at ambient temperature. The unit cell parameter determination of AMPCNB crystal was carried out by least-squares technique employing many reflections. The structural refinement of the compound was characterized using full-matrix least-squares method via SHELXL97. The UV–VIS-NIR
transmission spectrum of AMPCNB crystal was recorded using the JASCO V-630
model spectrophotometer (wavelength accuracy ±0.2 nm) [22]. The Jobin Yvon
DOI: 10.4236/jmmce.2021.95028
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Fluorometer FL3-11 was used to record emission and absorption spectra of the
material at atmosphere temperature. The instrument Metricon model 2010/M at
wavelength of 632 nm was used to measure the refractive index of title compound [23]. Z-scan experiments were carried out on bulk materials utilizing a
continuous wave Nd:YAG laser beam (=1064 nm) as an excitation source, which
was focused using a lens with a focal length of roughly 3.5 cm. The crystal sample was transferred along the axial direction of a focused laser beam through the
focal region (+z to −z) in this investigation [24]. To get data regarding nonlinear
absorption, open aperture Z-scan was used to get intensity dependent absorption without installing an aperture at the detector. To acquire a nonlinear refractive index, a closed aperture approach measures transmitted energy when an
aperture is placed at a far field point. With the help of a digital power meter, a
photo-detector through aperture gathered concentrated laser beam sent through
the sample and measured its intensity [25] [26].
Using an HHVc cryostat (model-CMT-25) and a Keithley source meter, the
photoconductivity behaviour of an AMPCNB single crystal was investigated (model-6487 Picometer). A well-polished (10 - 1) plane of suitably cut and polished
single crystal was used for the photoconductivity experiment. The photocurrent
measurement with the KEITHLEY 6487 Picoammeter uses the tungsten filament
of the Halogen lamp as a source. With electric field values ranging from 0 to 100
V, dark current values for the sample were recorded. When the sample was exposed to the irradiation of a 50 W halogen lamp with iodine vapour, however,
photocurrent values were observed. Using a Hioki LCR 3532-50 LCR meter, dielectric studies (εr and tanδ) of AMPCNB were carried out in the frequency
range 50 Hz - 5 MHz at various temperatures. In order to provide good ohmic
contact, a crystalline sample of typical size of about 6 × 6 × 4 mm3 was selected
and a pair of polished flat surface of (10-1) & (-101) crystal planes were coated
with silver paste. To act as a parallel plate capacitor, sample (dielectric medium)
is inserted between two copper electrodes [27].
The hardness of the produced crystals was investigated utilizing an LEITZ
WETZLAR instrument connected to an incident light microscope and equipped
with a Vicker’s hardness pyramidal indenter. Crack and inclusion free single
crystals of typical size of 11 × 10 × 7 mm3 were chosen for the hardness assessment of AMPCNB. The volume of crystal and surface area are 0.723 cm3 and
5.131 cm2, respectively. The formed crystal was suitable attached on the microscope’s base, and indentations on the surface were created by increasing the applied load from 25 g to 100 g. The average diagonal lengths of the indented imprints were measured using an optical microscope after five indentations were
performed for each weight.

3. Results and Discussion
3.1. X-Ray Diffraction Studies
The single crystal X-ray diffraction data of the title compound were collected at
DOI: 10.4236/jmmce.2021.95028
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293 K with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å), and
used Enraf-Nonius CAD-4 diffractometer with the ω-2θ scan mode. A suitable
sample of size 0.31 mm × 0.24 mm × 0.15 mm was chosen and mounted on
the goniometer. The Lattice parameters were collected from least-squares fit of
many reflections. Cell refinement and data reduction were carried out using CAD-4
EXPRESS. The structures were solved using the SHELXS97 programme and refined using full-matrix least-squares on F2 using the SHELXL-97 programme.
The experimental density (ρe) of the title compound was compared with the
theoretical density (ρt), and the density of AMPCNB was calculated from the
expression:

ρe =

MZ
NV

where M is the molar mass, V is the volume of the unit cell and Z is the number of molecules in a single unit cell of the compound [28]. The comparatively
good agreement between experimental and theoretical density data values (ρe =
1.484 Mg/m3; ρt = 1.468 Mg/m3) showed purified nature of the grown crystal.
The title compound crystallized in monoclinic space group P21/n. The unit cell
parameters for the crystal of AMPCNB are, a = 15.00134 (1) Å, b = 6.4361 (4) Å,
c = 15.23156 (10) Å and α = 90˚, β = 116.157, γ = 90 with unit cell volume equal
to 1320.88 Å3 and the number of molecules in unit cell was 4 [29]. The ORTEP
(Oak Ridge Thermal-Ellipsoid Plot Program) diagram with atom numbering scheme of the AMPCNB crystal structure was shown in Figure 2. Table 2 shows the
crystal data and structure refinement of AMPCNB compound.
The planes of various reflections in powder X-ray diffraction data were indexed using mercury software. The indexed powder X-ray diffraction pattern using Mercury software and the experimentally obtained single crystal XRD data
are shown in Figure 3(a) and Figure 3(b). The obtained experimental XRD pattern was compared and agreed well with the simulated XRD pattern [30].

3.2. Solubility Studies
The crucial parameters for the effective development, optimization, and scale-up
of a crystallization process are solubility curves. The solubility measurement of a

Figure 2. ORTEP diagram with atom numbering scheme of the AMPCNB crystal structure.
DOI: 10.4236/jmmce.2021.95028
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Figure 3. (a) Single crystal XRD, simulated; (b) Powder XRD plot of AMPCNB, experimental.
Table 2. Crystal data and structure refinement of AMPCNB.
Empirical Formula

C13H12ClN3O4

Formula weight

309.71

Temperature

294 K

Wavelength

0.71073 Å

Crystal system, space group

MONOCLINICP21/n

Unit cell dimensions

α = 90.000˚

b = 6.4361(4) Å

β = 116.157(1)˚

c = 15.23156(10) Å

ν = 90.000˚

Volume

1320.00 A

Z, Calculated density

4, 1.558 Mg/m3

Absorption coefficient

0.310 mm−1

3

F(000)

640

Crystal size

0.31 × 0.24 × 0.15 mm3

Theta range

2.5 to 28.313 deg.
−10 ≤ h ≤ 9, -12 ≤ k ≤ 12,

Limiting indices

DOI: 10.4236/jmmce.2021.95028

a = 15.00134(1) Å

−10 ≤ l ≤ 10

Reflections collected

5459/2361 [R(int) = 0.035]

Completeness to θ = 28.5˚

99%

Refinement method

Full-matrix least-squares on F2

Data/restraints/parameters

2451/0/168

Goodness-of-fit on F^2

1.048

Final R indices

R1 = 0.0561, wR2 = 0.1677

R indices (all data)

R1 = 0.0561, wR2 = 0.1677

Largest diff. peak and hole

0.204 and −262e∙A−3
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material in any solvent gives indication about the nucleation and availability of
the solute material for crystal growth and to decide the cooling rate during the
crystal growth. Super saturation is the driving force for the crystallization and it
also affects the crystal quality. For growing good quality crystals the solubility of
the material should be moderate. From solubility studies, it could be observed
that, solubility of the compound in ethanol solvent increases linearly with increase in temperature. Also, positive solubility response of the title compound indicated the possibility of growing large size single crystals via slow cooling and
slow evaporation solution growth method [31].
The variation in solubility at various temperatures is shown in Figure 4(a).
Using above solubility data, bright, transparent and colorless single crystals with
average dimension of about 10 × 5 × 6 mm3 of AMPCNB (C13H12ClN3O4) were
obtained. Figure 4(b) and Figure 4(c) shows the grown crystal and morphology
of the mentioned compound.

3.3. UV-Vis Spectroscopic Studies
As transmission range and transparency cutoff are most important parameters
for NLO crystals, the UV-VIS-NIR spectra were recorded for the crystals in the
wavelength region from 200 to 1100 nm using the JASCO V-630 model spectrophotometer. The UV-VIS-NIR transmittance spectrum of title compound is

(a)

(b)

(c)

Figure 4. (a) Solubility plot of AMPCNB compound; (b) As grown crystal; (c) Morphology of AMPCNB.
DOI: 10.4236/jmmce.2021.95028
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shown in Figure 5(a). The lower cutoff wavelength of AMPCNB was observed at
318 nm, due to electron excitation transition from non-binding “n” orbital to
antibonding “π” orbital represented as π* (n → π*). From the plot, no absorption
has been observed between 318 and 1100 nm. In addition, maximum transparency of about 71%, which indicated AMPCNB crystal, could be useful for NLO
applications [32].
The optical absorption coefficient (α) was calculated by using the transmittance (T) and thickness (d) values of the crystal using the following relation:

α=

2.303
1
log  
d
T 

Owing to the direct band gap of the AMPCNB crystal, absorption coefficient
(α) obeying the relation for high photon energies (hυ) is given by:

(α hν )

n

= A ( Eg − hν )

where Eg is optical band gap of the crystal and A is a constant. The plot of variation of (αhν)1/2 vs (hν) is shown in Figure 5(b) (as inset). By extrapolating the
linear portion of the curve near the start of absorption edge, the optical band gap
energy of the crystal was found to be 3.61 eV. As a consequence of this wide band
gap, the grown AMPCNB crystal is expected to have high damage threshold and
large transmittance in the visible region [33] [34].

3.4. Z-Scan Studies
The analysis of NLO property in bulk materials, the Z-scan experiment were
executed using continuous wave Nd:YAG laser beam (λ = 1064 nm) as an excitation source and it was focused using a lens with focal length of about 3.5 cm.
A photo-detector through aperture collected focused laser beam transmitted through the sample and measured its intensity with the help of a digital power meter
[35].
The plot of closed aperture setup and open aperture set up of AMPCNB as
shown in Figure 6(a) and Figure 6(b). The measurable quantity ∆Tp − v , is the
difference between the peak transmittance and valley transmittance values, Tp − Tv
and is a function of ∆φ is given by:

Figure 5. (a) UV-Vis-NIR transmittance spectrum; (b) Band gap plot (Inset) of AMPCNB.
DOI: 10.4236/jmmce.2021.95028
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(a)

(b)

Figure 6. (a) Closed aperture Z-scanplot of AMPCNB; (b) Open aperture Z-scan plot of
AMPCNB.

0.406 (1 − S )
∆Tp −=
v

0.25

∆φ

where ∆φ is the on-axis phase shift and S is the linear aperture transmittance
and it is given by:

 −2r 2 
S = 1 − exp  2a 
 ωa 
where ra is the radius of aperture and ωa is the beam radius at the aperture.
The on axis phase shift ( ∆φ ) is related to the third order nonlinear refractive
index (n2):
n2 =

∆φ
kI 0 Leff

where k = 2π/λ, λ is the wavelength of laser beam used:

α is the linear absorption coefficient;
L is the thickness of the specimen;
I0 is the on-axis irradiance at focus (4.38 KW/cm2).
Leff = [1 – exp(−αL)]/α, is the effective thickness of the specimen:
DOI: 10.4236/jmmce.2021.95028
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Leff =

1 − e −α L

α

Figure 6(b), shows the Z-scan data related to open aperture arrangement (S =
1) of the crystalline sample. The higher transmittance value at focus exhibited
the saturated behavior of absorption at higher values of intensity [36]. In closed
aperture Z-scan arrangement, due to the saturation behavior of the sample, the
peak increased and the valley decreased, as a result symmetry nature of Z-scan
curve got changed around Z = 0 [37].
From Open aperture Z-scan set up, the nonlinear absorption coefficient can
be determined as:

β=

2 2∆T
cm W
I 0 Leff

Herein ΔT is one valley value at the open aperture Z-scan plot. The real and
imaginary parts of the third order nonlinear optical susceptibility could be determined from the experimental calculation of n2 and β according to the following relations:
Re χ (
Im χ (

3)

3)

( esu ) = 10−4

ε o C 2 no2 n 2  cm 

( esu ) = 10−2

ε o C 2 no2 λβ  cm 



W

π



W

4π2

The absolute value of χ ( 3) was calculated from the following relation.

(

 Re χ ( 3)
=
χ

( 3)

) + ( Imχ )
2

( 3)

1

2

2


The calculated nonlinear refractive index (n2), nonlinear absorption coefficient (β) and third order susceptibility ( χ ( 3) ) values of AMPCNB single crystal
are 5.610 × 10−8 cm2/W and 0.033 × 10−4 cm/W and 2.942 × 10−6 esu respectively
[38]. The value of the nonlinear refractive index indicates the self-defocusing
nature of the compound which clearly shows the title compound exhibit negative nonlinear optical properties [39] [40]. The nonlinear absorption exhibited
by the specimen could be attributed to its saturation absorption process and this
could make the title compound useful for optical limiting applications [41] [42].
The third order nonlinear properties of AMPCNB crystal are provided in Table
3.

3.5. Photoconductivity Studies
The photoconductivity behavior of AMPCNB single crystal was examined using
HHVc cryostat of model-CMT-25 with Keithley source meter of model-6487
Picometer. The applied electric field was increased from 10 to 100 V/cm. All the
measurements were taken at room temperature. The sample was protected from
all the illuminations and the corresponding dark current was recorded. The electric field dependent photoconductivity study could be an effective method, in which
DOI: 10.4236/jmmce.2021.95028
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Table 3. Third order nonlinear properties of AMPCNB crystal.
Laser beam wavelength (λ) = 532 nm
Laser power output (P) = 34.3 mw
Lens focal length (f) = 3.5 cm
Optical path distance (Z) = 70 cm
Beam waist (ωo) = 15.35 µm
Radius of the laser beam (ωL) = 0.16 mm
Spot size diameter in front of the aperture (ωa) = 15 mm
Aperture radius (ra) = 2 mm
Effective thickness (Leff) = 1.13 mm
Diffraction length (Zo) = 1.48 mm
Incident intensity at the focus (Z = 0) = 4.38 KW/cm2
Nonlinear refractive index (n2) = 5.610 × 10−8 cm2/W
Nonlinear absorption coefficient (β) = 0.033 × 10−4 cm/W
Third-order nonlinear susceptibility (χ(3)) = 2.942 × 10−6 esu

conversion of laser pulses (picosecond) of low energy in to electric pulses of comparatively higher order were produced. From Figure 7, the linear response of photoconductivity plot (both photocurrent and dark current) against applied field of
AMPCNB at 300 K was observed. Also, recorded higher photo current response
than dark current values of the sample under investigation showed direct excitation
of charge carriers to appear in higher energy levels (intrinsic center formation)
and lack of traps [43] [44].
The positive conductivity nature established generation of mobile charge carriers when photons were absorbed by the sample. The increase in photocurrent
and dark current values could be attributed to the generation of large number of
charge carriers (electron-hole pairs) when the sample is exposed to stream of
photons of energy E > Eg (Eg is band gap energy) [45] [46]. Further, crystals possessed large band gap for photon absorption could be useful in the field of soliton
wave communication, where optical pulses pass through longer distances in photonic band gap without any distortion [47].

3.6. Dielectric Studies
The dielectric characteristics of materials are crucial for understanding charge
transport events and crystal lattice dynamics. The dielectric behaviour of AMPCNB
single crystals was investigated using the HIOKI 3532-50 LCR Hi-TESTER at temperatures ranging from 303 K to 343 K in the frequency range of 50 Hz - 5 MHz.
The growing AMPCNB was sliced into rectangular dimensions and dielectric experiments were performed on it. The opposing faces of the crystals were covered
with electronic grade silver paint to form electrical contacts, and the electrical
contacts were obtained [48].
DOI: 10.4236/jmmce.2021.95028
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Figure 7. Photo current and dark current response of AMPCNB.

The dielectric constant was calculated using the formula:

εr =

Ct
Aε o

The variation of log frequency against dielectric constant at various temperatures is shown in Figure 8(a). From figure it could be seen that there is exponential decrease in εr with increase in frequency and linear increase in εr at lower
frequency region, revealed contribution of various polarization mechanisms in a
solid material [49]. The highest value of dielectric constant (εr = 11.4) at temperature, T = 343 K was observed at lower frequencies, (f = 500 Hz) could be due to
the contribution from all the four types of polarization mechanisms (electronic,
ionic, orientation and space charge polarization) [50]. Since, AMPCNB possessed
domains of various sizes and differing relaxation times, dielectric constant and
loss values decreased gradually with increase in frequency values. The stable low
value of dielectric constant, εr = 0.79 at temperature, T = 343 K was observed at f
= 5 MHz frequency showed the major contribution of electronic polarization.
In addition, the lower values of dielectric constant of AMPCNB at higher frequencies indicated the material could possibly exhibit relatively low power dissipation behavior as like other organic NLO crystals, such as NSP, B2AM, 4APM,
L-arginine acetate, 4-methyl benzophenone and 2-amino-5-chloro pyridine [51].
Comparision of εr values of different pyridine derivative crystals at T = 343 K is
shown in Table 4. The same trend was observed in the measurement of dielectric loss values as a function of frequency and temperature (Figure 8(b)). At
lower frequency region, material exhibited higher values of dielectric loss due to
space charge polarization [52]. The increase in applied electric field frequency
decrease polarization and, as a result dielectric loss values are decreased. The
larger value of dielectric loss (tanδ = 2.38) for the title compound is observed for
a frequency of 500 Hz at temperature, T = 343 K. However smaller value of loss
DOI: 10.4236/jmmce.2021.95028
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Figure 8. (a) Variation of Dielectric constant (εr) as a function of Log frequency at different temperatures; (b) Variation of Dielectric loss (tanδ) as a function of Log frequency
at different Temperatures; (c) Variation of Ac conductivity as a function of Log Frequency at various temperatures; (d) Activation Energy of AMPCNB crystal.
DOI: 10.4236/jmmce.2021.95028
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Table 4. Comparision of dielectric constant values of different pyridine derivatives.
Pyridine derivative

Dielectricconstant
(εr) at 343 K

Reference

2-amino-4-methylpyridinium 2-chloro 4-nitro benzoate

11.5

Present work

2-amino-5-chloropyridinium-4-carboxybutanoate

9.4

[40]

2-aminomethylpyridinium picrate

38

[40]

4-aminopyridinium p-amino benzoate

420

[40]

Dimethyl amino pyridinium 4-nitro phenolate

1180

[40]

(tanδ = 0.18) is observed for 5 MHz frequency at 343 K, showed AMPCNB crystal could be a suitable candidate for photonic, optoelectronic and NLO applications [53]. The variation in dielectric loss and dielectric constant with the change
in frequency confirmed the title compound under investigation possessed dipoles with continuously varying relaxation times which are not responded to higher
frequencies [54]. Further, lower values of dielectric constant at higher frequencies ascertained the presence of lesser number of electrically active defects in the
crystal, which facilitated its use in NLO applications [55]. Arrhenius plot drawn
between lnσacT and 1000/T for grown AMPCNB crystal is shown in Figure 8(c).
From the figure, it could be observed that, ac conductivity noticeably increases
with temperature.
The line of best fit for the plot of lnσacT and 1000/T obeys Arrhenius relationship:
 − Eac 

 kT 

σ ac = σ o exp 

where σo is pre-exponent factor, Eac is the activation energy for the ionic conduction process, k is Boltzmann constant and T is the temperature. Hence, crystal
under investigation shows Arrhenius type of conductivity behavior in the above
said range of temperature. The calculated activation energy of title compound
from Figure 8(d) due to thermally activated charge transfer process was found
to be 1.81 eV, which indicated smaller defect numbers in the title compound
[56].
Theoretical Evaluation of Plasma Energy, Penn Gap and Fermi Energy
and Polarizability
In general, NLO efficiency of a nonlinear optical single crystal is strongly influenced by its electronic properties, thus it is essential to investigate them in detailed manner [57]. Theoretical evaluations indicate that εr at high frequency explicitly depends on valence electron plasma energy, Fermi energy and an average
energy gap indicate to as Penn gap energy. From the fitting of dielectric constant
with Plasmon energy, Penn gap is evaluated for the title crystal.
The valence electron Plasma energy (ħωp) of AMPCNB is given by:
12

 Zρ 
ω p = 28.8 × 

M 
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where Z=

( (13Z ) + (12Z ) + ( 3Z ) + (1Z ) + ( 4Z ) )=
C

H

N

cl

O

160 is number of total

valence electrons, M is molecular weight and ρ is density of the crystal.
The Penn gap and Fermi energy are given by:
 ω p 
EP = 

 ε∞ −1 

12

EF = 0.2948 ( ω p )

43

Molecular Polarizability (α) is calculated using the relation:

 ( ω ) 2 S

p
o
× M
=
α 
 ω 2 S + 3E 2   ρ
P 
( p ) o


−24
−1
 × 0.396 × 10 cm


 E  1 E 
1−  F  +  F 
So =
 4 EF  3  4 EF 

2

The calculated value of α from penn gap closely agree with that of the ClausiusMosotti relation:

α=

3M  ε ∞ –1 


4πN a ρ  ε ∞ + 2 

All the calculated values of AMPCNB are compared with KDP and 2A5BPTA
crystals and listed in Table 5. It is found that the polarizability value of the title
compound is comparable with KDP and 2A5BPTA [58].

3.7. Micro Hardness Studies
In a crystalline material all the mechanical behavior is highly influenced by its
chemical composition and structure. Since, mechanical properties of a material
played major role in device fabrication, properties of materials like fracture behavior, brittleness index, yield strength and temperature of cracking can be determined by micro hardness testing method [59]. In general, hardness is a measure
of resistance offered by the material to local deformation.
Among different types of hardness test methods available, Vicker’s hardness
technique is the most suitable method employed for testing hardness property of
electroplated thin layers and brittle materials having tendency for fracture, proportional to volume of loaded material. Hardness is one of the mechanical properties to determine the plastic nature, fracture behavior, molecular bindings and
Table 5. Theoretical parameters of AMPCNB.
Values for AMPCNB Values for 2A5BPTA Values for KDP
(Present work)
[43]
[43]

Parameters
Plasma energy (eV)

18.42

21.24

17.28

Penn gap energy (eV)

5.559

6.132

2.37

Fermi energy (eV)

13.92

Polarizability by Penn analysis
By Clausius-Mosotti relation
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5.431 × 10

17.344
−23

5.433 × 10−23

5.419 × 10

12.02
−23

2.14 × 10−23

5.415 × 10−23

2.10 × 10−23
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yield strength of the material [60]. The hardness of AMPCNB was measured by
LEITZ WETZLAR instrument attached with Vicker’s hardness pyramidal indenter to an incident light microscope.
The Vickers hardness number (Hv) of grown crystal was calculated using the
following relation:

 P
H v = 1.8554  2  kg mm 2
d 

(

)

where Hv is the Vickers hardness number in Kg/mm2, P is the applied load in
Kg, and d is the average diagonal length of the indented impression in mm.
The calculated values of Hv as a function of different loads are plotted in Figure 9(a). Maximum value of load applied to the grown crystal was 100 g, further
increase in load above 100 g micro cracks were observed around the region of
impression due to the release of internal stress generated locally by a deformation. For this reason readings were not taken for maximum loads. It is also obvious from the figure that hardness value increases with increase in load and the
crystal exhibited reverse Indentation Size Effect (ISE). Reverse ISE of grown
crystals shows increase in hardness values with increase in the value of applied
load compared with the normal ISE [61]. The plot of LogP against Logd indicated linear response.
The relationship between load (P) and diagonal length (d) (Figure 9(b)) from
Meyer’s law:
P = ad n

where, “n” is Meyer’s Index or work hardening coefficient. The value of “n”
could be calculated from the slope of a straight line using least-square fitting
method. The obtained value of n = 2.77 is also compared with other pyridine derivatives, such as NSP, 4APM, B2APM, which exhibit Meyer’s index (n) values,
3.449, 3.1 and 3.56 respectively [62].

Figure 9. (a) Hardness profile of AMPCNB single crystal against Vickers indentation; (b)
Log P versus Log d (inset).
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Onitsch pointed out that, materials having n < 2 are considered as hard materials and with n > 2 are considered as soft materials. In practice, Hv increases
with increasing load for soft materials and decreases with increasing load for
hard materials, so it is apparent (Figure 10(a)) that the title compound crystal
belongs to the soft material category. Further, the elastic stiffness constant of
single crystal was determined from Wooster’s formula [63].
The law related Elastic stiffness coefficient and Vicker’s Hardness number as:

C11 = ( H v )

74

Measurement of elastic coefficient of the single crystal sample revealed tightness of bonding between adjacent atoms and also featured the rate of variation of
the forces of attraction and repulsion between the atoms in the sample. Figure
10 indicates the variation of elastic stiffness coefficient with applied load in Kg
and, Table 6 shows tightness of binding forces between atoms in the material are
fairly strong.
Yield strength (σy) of the title compound was also calculated by using the values of work hardening coefficient and Vicker’s hardness number [64] [65]. It is
defined as the stress at which the material starts to deform plastically. Generally
Yield strength depends on Meyer’s index number n. For n > 2, σy can be computed using the following relation:
( n − 2)

3 − n (12.5 [ n − 2])
σy =
n−2
2.9
( 3 − n )( )

Hv

For n < 2, the yield strength can be calculated using the relation:

σy =

Hv
3

Figure 11 reveals the increase in yield strength with increasing load. Table 6
displays the increase in stiffness constant and yield strength with increasing load
values in AMPCNB single crystal [66].

Figure 10. Stiffness constant vs Load P of AMPCNB.
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Figure 11. Yield strength vs Load P of AMPCNB.
Table 6. Stiffness constant and yield strength values of AMPCNB with load/g.
Load/g

σy

C11/1012 Pa

25

6.3621

56.4548

50

10.7569

76.21398

75

16.5190

97.38453

100

20.4722

110.0868

3.8. Conclusions
The slow evaporation approach was used to successfully generate single crystals
of AMPCNB. The crystal structure of the title compound was determined using
the single crystal XRD method, and it was determined that the crystal belonged
to the molecules crystal system with the P21/n centrosymmetric space group. The
unit cell parameters for the crystal of AMPCNB are, a = 14.9230 (9) Å, b =
6.5971 (4) Å, c = 15.7552 (10) Å and α = 90˚, β = 116.237˚, γ = 90˚ with unit cell
volume equal to 1385.94 Å3. The powdered material of the title compound was
subjected to microanalysis, powder XRD to further establish the composition,
crystalline phase respectively. The UV-VIS-NIR lower cut-off wavelength was found
to be 318 nm and energy gap is 3.16 eV. The crystal’s transmittance percentage is
71, indicating that it has good optical transparency. Z-Scan studies were carried
out to calculate the third order NLO coefficient of grown crystal AMPCNB, confirmed that it exhibited self-defocusing nature. The calculated nonlinear refractive index (n2), nonlinear absorption coefficient (β) and third order susceptibility

( χ ( 3) ) values of AMPCNB single crystal are 5.610 × 10−8 cm2/W and 0.033 × 10−4

cm/W and 2.942 × 10−6 esu respectively. The photoconductivity study of title compound revealed positive photoconductivity response could be employed in soliton
wave communication. The low value of dielectric dispersion and dielectric loss at
high frequencies propose that the sample acquries improved optical eminence
with lesser defects, which facilitated its use in NLO applications. The Vicker’s
hardness study showed the grown crystalline material belongs to soft material
category and also confirmed the reverse indentation size effect for applied loads.
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The increase in stiffness constant and yield strength with increasing load values
in AMPCNB single crystal. Thus, the above mentioned studies establish that AMPCNB could act as an efficient material for NLO and opto-electronic applications.
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