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ABSTRACT

A semi-organic single crystal named tris(cyclohexylammonium) tris(o-
chlorobenzoate) dihydrate (TCTCDH) had been successfully grown applying
slow evaporation procedure. The developed crystal was involved for various
characterization techniques. The structural property of the sample had been
analyzed employing powder XRD study. The FT-IR spectral study was applied
to confirm the existence of functional groups in the title compound. The optical
property of the grown material has been explored using UV-visible NIR spectral
study. The dielectric constant and dielectric loss were calculated to analyze the
electrical property of the titular crystal. The third-order nonlinear susceptibility
of the grown material was studied employing Z-scan technique using semi-
conductor laser at 532 nm. The thermal behavior of TCTCDH compound was
ascertained using thermo-gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) analysis. The Vicker’s hardness study was employed to
determine the mechanical stability of TCTCDH compound.
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telecommunication systems and optical sensors [1].
Organic nonlinear optical materials are needed for

1 Introduction

Crystals with nonlinear optical properties play a
major role in photonic technology for numerous
promising utilizations such as optical signal pro-
cessing, frequency mixing, ultrafast optical switches,
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optoelectronic applications owing to their high non-
linear activity, structurally more diverse and superior
flexibilities but such materials suffer from disadvan-
tages like poor mechanical and thermal strength [2].
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The inorganic materials afford advantages such as
high mechanical strength and good physiochemical
stability. However, inorganic NLO crystals possess
disadvantages, like modest optical nonlinearity and
structural inflexibility [3]. In order to combine the
advantages of organic and inorganic materials, a new
class of materials has been proposed namely, the
semi organics [4-7].

A new strategy of synthesizing organic-inorganic
hybrid compounds has recently been very successful.
Consequently, current research work focus on semi-
organic materials because of their effective nonlinear
coefficient, large resistance to laser-induced damage,
wide phase match angle and high mechanical
strength. Delocalized electrons of the organic ligands
help to increase nonlinear and electro-optical activi-
ties in the semi-organic materials.

Supramolecular networks are of great interest since
their intermolecular noncovalent interactions are
used to plan and produce functional materials [8-10].
Carboxylic acids are generally used as hydrogen-
bonding  building  blocks  for  generating
stable supramolecular structures. The cyclohexy-
lamine, a powerful base can simply react with each
acid to produce salts. Cyclohexylammonium cations
act as polydendate hydrogen bond donors, binding
neighboring atoms by means of N-H-O bonding
developing supramolecular networks and hence, a
large number of cyclohexylamine derivatives have
been studied for NLO applications [11-16]. In the
present work, cyclohexylamine reacts with
o-chlorobenzoic acid to form a novel NLO crystal
named tris(cyclohexylammonium) tris(o-chloroben-
zoate) dihydrate (TCTCDH) [8]. In this research
work, spectral, optical, mechanical and third-order
nonlinear properties of the grown material is dis-
cussed in detail. The work is also extended to report
the photonic emission of the TCTCDH crystal based
on photoluminescence study which is still under
investigation.

2 Synthesis and crystal growth

Tris(cyclohexylammonium)  tris(o-chlorobenzoate)
dihydrate (TCTCDH) material was synthesized from
dissolving high purity grade cyclohexylamine and
o-chlorobenzoic acid in methanol solution in an
equimolar ratio. Acidic solution provides a proton to
cyclohexylamine which is base and the salt of the
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relevant acid is formed. The reaction scheme of the
title compound is shown in Fig. 1. After 7 h of con-
tinuous stirring the prepared solution to reach
homogenous temperature and concentration all over
it at room temperature, it was filtered using What-
mann filter paper to get rid of non-miscible impuri-
ties and kept for the process of formation of crystal
through slow evaporation technique. By repeating
recrystallization process many times, the purity of the
grown material was improved. Figure 2 shows
transparent and colorless crystal of dimension
8 x 3 x 2 mm° yielded in a period of 18 days.

3 Results and discussion
3.1 XRD analysis

The title compound was exposed to single crystal
XRD study. Its crystal system is identified as triclinic
with space group P-1. To demonstrate crystallinity
and to index the various planes available in the
grown material, the powder XRD study was accom-
plished employing ISO EBYEFLEX2000 diffractome-
ter using CuKo radiation (A = 1.5418 A). The well
ground powder sample was evaluated in steps over
20 range from 10° to 80° at a scan speed of 0.02°/min
and is shown in Fig. 3. The XRD pattern shows that
the majority of Bragg’s peaks in the material are well-
defined and sharp indicating that it is highly crys-
talline in nature. The obtained cell parameters are,
a=10151 A, b=13.160 A and c=17172 A with
o="72159°, P =79546° and 7y =78285°. The
obtained values are consistent with the reported
values which are tabulated in Table 1.

3.2 FT-IR analysis

FT-IR is a quantitative measurement technique used
for revealing the existence of the functional groups in
the crystals. It is the best way to analyze purity and
the structure of a material. Figure 4 shows the FT-IR
spectrum of TCTCDH recorded from 400 cm™' to
4000 cm ™' applying KBr pressed pellet technique.
The presence of electron-donor-acceptor complex
between cyclohexylamine and o-chlorobenzoic acid is
evident by the occurrence of the characteristic spec-
tral bands of the donor and acceptor entities in the
crystal. The peak at 3444 cm™' is attributed to the
stretching  vibration of NH;" bond of
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Fig. 1 Reaction scheme of
TCTCDH crystal

NH,

Cyclohexylamine

Fig. 2 As grown single crystal of TCTCDH

cyclohexaylammonium cation. The vibrational
modes at 2923 and 2854 cm ™! indicate C-H stretching
[17]. The wavenumber at 2146 cm ™! was assigned to
C-C symmetrical stretching. The less intense peak at
1612 cm™! confirms the presence of H,O molecule
[18] and C-O stretching at 1369 cm™' reveals the
existence of carboxylate anion in the crystal. The
absorption at 757 cm ™' was assigned to COO- scis-
soring. COOH rocking was ascribed to the peak
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Fig. 3 XRD pattern of TCTCDH crystal

observed at 652 cm ™. The absorptions at 1585 cm ™~}

1032 cm ™" and 839 cm ™! indicate NH;" symmetrical
bending [19], C-N symmetric stretching and C-ClI
stretching, respectively. The observed vibrational
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Table 1 XRD data of TCTCDH crystal

Table 2 Vibrational frequency assignment of TCTCDH

Parameters of cell ~ Obtained value Reported value [8]

SXRD PXRD
Crystal system Triclinic  Triclinic  Triclinic
a () 10.151 10.151 10.151
b (A) 13.160 13.160 13.160
c(A) 17.172 17.172 17.172
a (%) 72.159 72.159 72.159
B (°) 79.54 79.54 79.54
v (°) 78.285 78.285 78.285
100
80
9
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Fig. 4 FT-IR spectrum of TCTCDH

frequencies and their peak assignments are listed in
Table 2.

3.3 Evaluation of optical parameters

Transmission spectrum is one of the essential aspects
to figure out the potential of a NLO material. The
UV-visible-NIR  spectrum of finely polished
TCTCDH crystal with 1 mm thickness was recorded
between 200 and 1100 nm using VARIN CARY 5E
UV-visible-NIR spectrophotometer. The resultant
transmittance spectrum of TCTCDH is given in Fig. 5.
The grown crystal exhibits 100% transmittance
depicting its excellent transparency over the whole
visible region. The electronic transition existing in
C=0 group of o-chlorobenzoic acid is revealed with
the cut-off wavelength of the TCTCDH seen at
238 nm. Hence, these good transparency and cut-off
wavelength proposes the grown material to be
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Absorption (cm™") Functional group

3444 —NH; ™ stretching

2923, 2854 C—H stretching

2146 C—C symmetric stretching
1612 Presence of water molecule
1585 NH;* symmetrical bending
1369 COO- vibrations

1032 C-N symmetric stretching
839 C-CI stretching

757 COO" scissoring

652 COOH rocking

566 C-C=0 wagging

compatible with optoelectronic utilizations. The
comparison of acquired cut-off wavelength of
TCTCDH with so far existing cyclohexylammonium
materials is tabulated in Table 5. Using the Tauc’s
plot [20], the bandgap energy of the TCTCDH crystal
was determined and its corresponding graph is
shown in Fig. 6. The bandgap energy value of
TCTCDH was found to be 5.2 eV.

3.4 Dielectric study

The electrical properties such as dielectric constant,
dielectric loss, ac conductivity and ac resistivity of
TCTCDH single crystal was analyzed using dielectric
study. The title crystal was subjected to various range
of frequency from 100 Hz to 6 MHz. This analysis
was done by employing a well-polished TCTCDH
crystal. It was coated with silver paint on both sides
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Fig. 5 UV-visible-NIR transmittance spectrum of TCTCDH
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and made it to dry followed by keeping it in between
copper electrodes to act as a parallel plate capacitor.
The spectrum of dielectric constant of TCTCDH
crystal is shown in Fig. 7. From the spectrum, we
could observe that the dielectric constant () is low at
higher frequency whereas it shows higher value at
low frequency. This is a general behavior of dielectric
material due to the presence of four kinds of polar-
izations, namely, ionic, electronic, orientation and
space charge. At lower frequency, the participation of
the above mentioned polarizations will be dynamic.
As the frequency decreases, the contribution of these
polarizations also decreases [21, 22]. The dielectric
constant of TCTCDH single crystal was calculated
using the area of the TCTCDH crystal (A), thickness
of the TCTCDH crystal (t) and the capacitance in
parallel (C,), this can be expressed using relation (1),

&= Cpt/e,A (1)

Another important electrical property is dielectric
loss. The dielectric loss of TCTCDH crystal was
found by recording for different frequencies and its
resultant graph is shown in Fig. 8. From the figure, it
was noted that the dielectric loss decreases with
increase in the frequency. This shows that grown
TCTCDH crystal possesses lesser defects and
imperfection [23, 24]. The AC conductivity (c,.) of
TCTCDH crystal was calculated using the relation
2,

O = 2nfegptand (2)

where tand is dielectric loss, ¢ is dielectric constant.
The AC resistivity of TCTCDH crystal was found by
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Fig. 6 Tauc’s plot of TCTCDH
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Fig. 7 Dielectric constant vs log f of TCTCDH crystal

taking the reciprocal of ac conductivity. The spec-
trum of ac conductivity and ac resistivity of TCTCDH
crystal are shown in Figs. 9 and 10, respectively.

3.5 Nonlinear optical study

Z-scan technique is a powerful tool to analyze
intensity dependent third order nonlinear optical
properties of materials. This method aids to estimate
the nonlinear refractive index (n,), absorption coeffi-
cient (B) and third-order nonlinear optical suscepti-
bility (3°) of the samples.

In this technique, CW semiconductor laser beam
having wavelength 532 nm uses a convex lens with a
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focal length of 10.3 cm. Experimental parameters of
the Z-Scan technique is presented in Table 3. The
sample was rendered through Gaussian laser beam.
While moving the sample, the incident intensity
falling on the sample varies. The sample to be tested
was permitted to translate through positive and
negative directions with Z = 0 at the focus of the lens.
The related output transmittance of light intensity
was noted. The sample was examined in closed and
open aperture arrangement where Z-scan traces are
gained with and without aperture to calculate non-
linear refractive index (n,) and absorption coefficient
(B) respectively. In addition, all computations were
made from the standard equations [25-31].

The nonlinear refractive index (n,) of the TCTCDH
single crystal in closed aperture was calculated using
the formula given below in Eq. (3).

A®
= (3)
KloLy

ny

where A® is the phase shift, K is wave vector
(K =2n/}N), Iy is intensity of laser beam at the focus
Z =0 and L. is the effective thickness of the
TCTCDH crystal.

The absorption coefficient (B) in open aperture was
calculated using the following formula

B= 2(2AT)"?/IgLeg (4)
where ‘AT’ is peak value at open aperture curve.

The real and imaginary part of the third-order
nonlinear susceptibility % were calculated by,
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Fig. 9 AC conductivity of TCTCDH crystal
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Fig. 10 AC resistivity of TCTCDH crystal

Table 3 Experimental parameters used for Z-scan technique

Laser wavelength and power — 532 nm and 50 mW
(Semiconductor — continuous wave laser)

Optical path length — 675 mm

Beam radius at the aperture — 3.5 mm

Radius of aperture — 1.5 mm

Beam radius falling on the lens — 3 mm

Sample thickness — 1 mm

Rayleigh length — 2.16 mm

Laser power I, — 3.47 kW/cm?

Focal length of lens — 103 mm

1074 272

R. (X(3)) esu = Wszw_1 (5)
10~2g9c®n3h _

I (X(3)) esu = %cn@w ! (6)

Here ¢, is vacuum permittivity, c¢ is the velocity of
light and ny is the linear refractive index of the
crystal.
The % was calculated from the following relation
1/2

(= |:<Re x“))z + (I x(3))2] (7)

In closed aperture z-scan experiment, the peak fol-
lowed by valley behavior is the feature of a material
with a negative nonlinear refractive index. Figure 11a
shows the closed aperture spectrum of TCTCDH
crystal. It is found that the peak-valley configuration
evaluated from closed aperture scan denotes negative
nonlinearity (np) of TCTCDH material. This infers the
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self-defocussing effect which occurs due to the larger
beam divergence and reduced transmittance.

In open aperture z-scan experiment, the method in
which the calculated transmittance forms a valley at
the focus is known as reverse saturable absorption
and peak at the focus is known as saturable absorp-
tion. The saturable absorption and reverse saturable
absorption are well known as negative and positive
type of absorption nonlinearity, respectively. The
recorded open aperture spectrum of TCTCDH single
crystal is shown in Fig. 11b. The absorption coeffi-
cient () which has positive sign estimated from open
aperture scan confirms reverse saturable absorption
of the title compound [25, 32].
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Fig. 11 (a) Closed aperture curve of TCTCDH crystal (b) open
aperture curve of TCTCDH crystal

Experimental estimation of nonlinear refractive
index, nonlinear absorption coefficient and optical
susceptibility of other cyclohexylammonium based
compounds are tabulated in Table 4. It is noted from
the observation that the grown material can exhibit
NLO properties and it can be utilized for nonlinear
optical applications.

3.6 Thermal analysis

The TCTCDH crystal was subjected to thermal anal-
ysis to disclose their thermal properties by TGA /DSC
analysis. The TCTCDH material of 4.350 mg was
heated with STA 409 PL thermal analyzer over the
range 25-400 °C in nitrogen atmosphere. The TGA/
DSC thermogram is shown in Fig. 12. The TG spec-
trum reveals that the loss of weight has occurred in
three steps. The elimination of two water molecules
present in the TCTCDH is in agreement with the loss
of weight at 125 °C with a mass change of 4.49%. The
water molecule consists mass of 32.08 g/mol (ex-
periment 4.49%, calculated 4.48%). This loss of
weight is connected with a sharp endothermic peak
in DSC trace at 120 °C. Further, the endothermic peak
observed at 60 °C in DSC is assigned to the melting
point of the compound and it indicates that the
TCTCDH material is stable up to 60 °C. The second
disintegration has occurred among 125 °C and 265 °C
with a loss of weight of about 38.49% (calculated:
39.41%). This is due to the liberation of bis(cyclo-
hexylammonium) bis(o-chlorobenzoate). This weight
loss connected with a sharp endothermic peak in
DSC trace at 222 °C is recognized to the endothermic
energy to break the bonds during the breakdown of
the compound. Further, in the temperature range
between 265 °C and 300 °C, the compound suffers
weight loss as indicated in TGA. It might have
associated to the loss of volatile substances such as
CO,, NH; and CO in the compound one by one.

Table 4 Comparison of nonlinear optical parameters with some
of the reported Cyclohexylammonium materials

Compound n, B x 10* @

(cm*/W) (cm/W) (esu)
CYHAC [12] —4.920 x 1078 0.080 2394 x 107°
CYHAD [13] —5.124 x 107%  0.024 2443 x 107°
BCSSA [15] —4.718 x 107% 0.0 61 2274 x 107°
Present work  — 7.26 x 107°  3.88 7.06 x 107°
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Fig. 12 TGA-DSC curve of TCTCDH

Sharpness of the endothermic peaks shows the
good degree of crystallization of TCTCDH sample.
The DSC curve reveals associated changes as shown
in TGA curve. From these studies, it is concluded that
this TCTCDH material could be exploited for any
applications under 60 °C which is comparable with
other NLO materials and is given in Table 5.

3.7 Vicker’s hardness study

The hardness characterization of the substances plays
a key factor in the device manufacturing process
[33, 34]. A well-polished surface of TCTCDH single
crystal was examined for various loads from 25 to
200 g. The Vicker’s hardness number of the grown
crystal was calculated using the expression (8),

H, = 1.855 (P/d?) (8)

in which, H, is the Vickers hardness number in kg
mm ™2, d is the diagonal length of the indented
impression in mm and P is the indenter load in kg.
The graph was plotted between the variation in
hardness number and the applied load and is shown

A
wn A ) X P
7] [(—) 191 [(—) i
1 1 1 1 N 1 N

Hardness number (kg/mm
2
1

\-

T
20 40 60 80 100 120 140 160 180 200 220
Load (g)

=
n
Ll

-
=

Fig. 13 Hardness number vs load of TCTCDH single crystal

in Fig. 13. The graph shows that the hardness value
decreases as the load increases which is inferred as
indentation size effect (ISE). The indentation size and
load is related by Meyer’s law as follows

P =K;d"
or )
Log P =1log K; +n log d

In which K; and ‘n’” represent the material constant
and work hardening coefficient (Mayer’s index)
respectively. The value of ‘n’ can be evaluated
through the value of slope obtained from the graph.
Figure 14 shows the plot of log P against log d and
the slope value ‘n’ of TCTCDH crystal was to be 0.146
by Mayer’s law. Onitsch has stated that the value of
‘n’ should lie between 1 and 1.6 for harder materials
and above 1.6 for softer materials [35]. When n < 2, it
is the regular ISE behavior and RISE behavior if n > 2
[34, 36]. From this, we could reveal that the grown
TCTCDH crystal exhibits indentation size behavior.

Table 5 Comparison of

optical and thermal properties Name of the compound

Cut-off wavelength (nm) Thermal strength (°C)

of TCTCDH with other

cyclohexylammonium CYHACT12]
materials CYHAD [13]
CYHPH [14]
BHADO [16]

TCTCDH (present work)

254 161
252 168
307 146
320 75
238 60

@ Springer
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Fig. 14 Meyer’s plot of TCTCDH crystal
4 Conclusion

Optically good quality nonlinear optical crystals of
tris(cyclohexylammonium) tris(o-chlorobenzoate)
dihydrate (TCTCDH) had been grown adopting slow
evaporation method. The unit cell parameters were
confirmed using powder XRD study. Fourier trans-
form IR spectral analysis confirms the functional
groups present in the titular compound. The lower
cut-off wavelength (238 nm) and the energy bandgap
(5.2 eV) were calculated using UV-visible-NIR spec-
tral analysis. The low dielectric constant and low
dielectric loss values were observed at higher applied
frequencies. From the Z-scan technique, a negative
nonlinear refractive index value was observed. The
third-order nonlinear susceptibility value of
TCTCDH crystal was determined as 7.06 x 10~ esu.
The thermal analyses reveal that the grown crystal is
stable upto 60 °C. The Vicker’s hardness study
showed that the TCTCDH crystal exhibits indenta-
tion size effect and it belongs to hard material cate-
gory. The above results show that the grown
TCTCDH crystal could be a potential candidate for
the nonlinear optical applications.
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