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Abstract. Semi-organic crystal of potassium 4-methyl benzene sulphonate (KOPT) was grown by slow evaporation
solution growth technique. Structural parameters of the grown crystal were obtained by single-crystal X-ray diffraction
analysis. It reveals that the crystal belongs to monoclinic system and crystallized in noncentrosymmetric space group P21.
The vibrational frequencies of corresponding functional groups in the compound were analysed by Fourier-transform
infrared and FT-Raman spectroscopy. 1H and 13C NMR spectral analyses have been carried out to confirm the molecular
structure of the grown crystal. The thermal properties of KOPT were evaluated by thermogravimetric analysis/differential
scanning calorimetry measurements. Ultraviolet–Visible spectral studies revealed the cut-off wavelength, transparency
and corresponding bandgap (4.5 eV) of KOPT crystal. The dielectric and mechanical characteristics were studied to test
the KOPT crystal for nonlinear optical applications.
Keywords.
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Introduction

In the past few decades, researchers concentrated their
research in finding new organic, inorganic and semi-organic
compounds for various applications, such as signal processing in integrates optics, optical switching, optical
communication, sensors, light emitting diodes, optical
limiting device, photo-switch, military technology, as well
as terahertz (THz) generation [1]. In the innovative time,
photons in the fastest mode are used to transmit the information in optical communication with speed of light, which
encourages the researcher to investigate the new nonlinear
optical (NLO) materials [2].
The NLO materials are being discovered with high nonlinear susceptibility in organic compounds, and advantages of
organic compounds are easy to synthesize, possibility of
multifunctional substitutions. However, they have inadequate
transparency, moderate optical quality, low value of laser
damage threshold, and inability to grow large size. Inorganic
crystals of lattice ions give low contribution in second harmonic generation (SHG), the reason is that it has lack of
delocalized p-electrons. Even though inorganic materials have
good mechanical stability with non-toxicity, they have high
melting point compared with organic materials.
In semi-organic compounds, organic ligands are ionically
bonded with inorganic host, so that it enhances the nonlinearity [3]. The semi-organic compounds acquired properties

of both organic and inorganic compounds such as high nonlinearity, chemical flexibility, high melting point and
mechanical strength [4,5]. In general, potassium hydroxide
(KOH) is an inorganic compound that serves as a source of
OH- and highly nucleophilic anion, which attacks polar
bonds in both inorganic and organic materials. p-Toluene
sulphonic acid or tosylic acid is a strong organic acid and it
possess a methyl group (as an electron donor) and a sulphonate group (as an electron acceptor) to produce charge
transfer complexes with organic and inorganic bases that may
help to induce high NLO behaviour [6]. Potassium-based
complexes, such as potassium phthalate, potassium sodium
hydroxide hydrate (KSB), potassium niobate, potassium
succinate, potassium pentaborate, potassium dihydrogen
phosphate and potassium titanyl phosphate, were reported
with good second and third harmonic generation efficiencies
[7–13]. In the present report, potassium 4-methyl benzene
sulphonate single crystal was grown and its structural, optical, electrical and mechanical properties have been studied.

2.
2.1

Experimental
Material preparation

Commercially available potassium hydroxide (Sigma
Aldrich, with 98% purity; 11.22 g) and p-toluene sulphonic
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acid (Sigma Aldrich, with 98% purity; 38.042 g) were taken
in equimolar ratio and thoroughly dissolved in 50 ml of deionized water. Using magnetic stirrer, the solution was
stirred for 6 h to get homogeneous solution. The reaction
solution was filtered and tightly covered using foil with tiny
holes. Then it was placed in constant temperature bath
(35C) for slow evaporation with chemically stable, nonhygroscopic, atmospheric environment. After 37 days, a

Figure 1.
Table 1.

Photograph of as grown KOPT crystal.
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good-quality transparent potassium 4-methyl benzene sulphonate (KOPT) single crystal was harvested from the
mother solution as shown in figure 1.

3.
3.1

Results and discussion
Single-crystal X-ray diffraction analysis

Single-crystal X-ray diffraction data were recorded using
Bruker kappa APEX-II diffractometer with Moka
(k = 0.7170 Å) radiation to reveal the crystal structure and
unit cell dimension of the grown crystal. It indicates that,
a = 12.068 Å, b = 23.016 Å, c = 13.953 Å, and a =
90,b = 90.08, c = 90, and volume of the cell is 3875 Å3.
Hence, the crystal belongs to monoclinic structure with
noncentrosymmetric space group of P21. In the crystal
structure, K? cation has distorted octa-hedral co-ordination,
chelated by O atoms of p-toluene sulphonate ligands. In the
crystal structure, intra as well as intermolecular hydrogen
bonds could be observed. In the asymmetric unit, O–H…O
hydrogen bonds link the anion and cation. A two-dimensional infinite network along (0 1 0) plane is observed due
to inter-ionic O–H…O hydrogen bonds. The crystallographic data and structure refinement parameters of KOPT

Crystal data and structure refinement for KOPT crystal.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.999
Absorption correction
Max. and min. transmissions
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2
Final R indices [I [ 2r(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

KOPT
C56H72K8O32S8
1826.41
296(2) K
0.71073 Å
Monoclinic
P21
a = 12.068(9) Å, b = 23.016(16) Å, c = 13.953(8) Å
a = 90, b = 90.082(18), c = 90
3875(4) Å3
2
1.565 mg m-3
0.742 mm-1
1888
0.150 9 0.150 9 0.100 mm3
1.459 to 24.999
-14 B h B 14, -27 B k B 27, -16 B l B 14
48197
13600 [R(int) = 0.1423]
99.80%
Semi-empirical from equivalents
0.7457 and 0.6087
Full-matrix least-squares on F2
13600/24/985
0.911
R1 = 0.0515, wR2 = 0.0895
R1 = 0.1827, wR2 = 0.1360
0.03(8)
Not applicable
0.368 and -0.358 e Å-3
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Hydrogen bonds for KOPT [Å and ].

D–H…A

d(D–H)

d(H…A)

d(D…A)

\ (DHA)

O(25)–H(25A)…O(4)#3
O(25)–H(25A)…S(2)#3
O(25)–H(25B)…O(20)#3
O(25)–H(25B)…S(7)#3
O(26)–H(26A)…O(4)
O(26)–H(26B)…O(20)
O(27)–H(27B)…O(15)
O(27)–H(27B)…S(5)
O(30)–H(30A)…O(22)
O(30)–H(30A)…S(8)
O(32)–H(32A)…O(17)#4
O(32)–H(32A)…S(6)#4
O(32)–H(32B)…O(9)#4

0.85(2)
0.85(2)
0.86(2)
0.86(2)
0.85(2)
0.85(2)
0.85(2)
0.85(2)
0.86(2)
0.86(2)
0.85(2)
0.85(2)
0.85(2)

2.05(4)
3.00(4)
1.93(3)
2.96(4)
2.01(4)
2.03(3)
1.97(3)
2.98(3)
2.03(4)
3.00(3)
2.03(3)
2.96(4)
1.97(3)

2.812(13)
3.764(9)
2.796(13)
3.766(10)
2.831(13)
2.868(13)
2.805(13)
3.800(9)
2.858(13)
3.830(10)
2.841(13)
3.760(9)
2.791(13)

149(5)
149(4)
177(7)
157(6)
162(5)
165(4)
169(6)
164(5)
161(7)
163(4)
160(6)
159(5)
163(5)

Symmetry transformations used to generate equivalent atoms:
#1: x–1, y, z–1 #2: x, y, z–1 #3: x–1, y, z #4: x?1, y, z; #5: x?1, y, z?1 #6: x, y, z?1.

Figure 2.

The packing of KOPT molecules in the unit cell.
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Figure 3.
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ORTEP level of the molecule of KOPT along with the atom numbering scheme.

are listed in table 1. The hydrogen bond geometry of KOPT
is shown in table 2. Figure 2 shows the packing density of
KOPT. Figure 3 exhibits ORTEP level of the molecule of
KOPT crystal along with the atom numbering scheme. The
crystal data of KOPT crystal were deposited at the Cambridge Crystallographic Data Centre (CCDC-1923391).

3.2

in FTIR and Raman spectra, respectively. The C–S
stretchings found at 802 and 810 cm-1 are due to FTIR and
Raman spectra, respectively. The frequency of vibration
depends on the length of the bonds. The observed vibrational frequencies and their corresponding assignments are
listed table 3. Thus, the characteristics functional groups
confirmed the formation of the title compound.

Functional group analysis

Fourier-transform infrared (FTIR) and FT-Raman spectra
were recorded to identify the protanated functional groups,
molecular structure co-ordination, chemical bonding and
vibrational modes of the synthesized compound. The
resulting spectra of FTIR and FT-Raman recorded in the
range (4000–400 cm-1) are shown in figures 4 and 5. The
sharp peaks observed at 3391 cm-1 is associated with
stretching of C–H group for FTIR and similar frequency
observed at 3066 cm-1 in FT-Raman. The intense peak
noted at 1600 cm-1 is due to symmetric stretching vibration
of C=C for FTIR and 1620 cm-1 for FT-Raman [14]. The
sulphur groups (S=O stretching) confirmed at 1386 cm-1 in
FTIR, while at 1392 cm-1 in FT-Raman. The peak
observed at 1172 cm-1 is due to C–C stretching vibration in
IR spectrum. Similarly the peak observed at 1186 cm-1 is
assigned to C–C stretching vibration in Raman. The peaks
observed at 1014 and 1003 cm-1 are due to C–S stretching

3.3 1H and
studies
1

13

C nuclear magnetic resonance spectral

H and 13C spectral studies were performed by using
BRUKER advanced 400 FT-NMR instrument. These
spectra were used to confirm the hydrogen and carbon
atoms present in the sample in various chemical environments and also identified the functional groups of the
compound. 1H spectrum showed (figure 6) a sharp resonance signal at d = 4.2 ppm due to D2O solvent [15]. The
signals between d = 7.25 and 7.62 ppm are due to aromatic
proton of the compound and signal at d = 2.27 ppm is due
to C–H group of the sample. Figure 7 demonstrates 13C
spectrum of KOPT sample, the resonance signals observed
between d = 90 and 135 ppm are due to C–C and C–H
groups of the sample, and the sharp signals observed
between d = 135 and 165 ppm are due to the aromatic
carbon of sulphonic group of KOPT crystal [16].
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Figure 4. FTIR spectrum of KOPT crystal.
Table 3.

FTIR and FT-Raman spectra of KOPT crystal.

Frequency (cm-1)

Figure 5.

3.4

FT-Raman spectrum of KOPT crystal.

Thermal analysis

Thermal analysis gives detailed information about decomposition, melting point, enthalpy and mass change of the
compound. These parameters are important for optical
device fabrication [17]. In this investigation, 4.7 mg of
KOPT sample was analysed using a Perkin-Elmer Diamond

FTIR

FT-Raman

Bond assignments

3391
1620
1392

3066
1600
1386

1178
1003
802

1182
1014
810

C–H stretching vibration
C=C stretching vibration
S=O Asymmetric stretching
vibration
C–C stretching vibration
S–O stretching vibration
C–S stretching vibration

TG–DTA instrument in the temperature range 50–800C.
The recorded spectrum is shown in figure 8. The sample
was thermally stable up to 123C and the decomposition of
the compound occurred in three stages, the first stage began
at 124C and ended up at 306C with associate endothermic
peak in differential thermal analysis curve observed at
306C. During this stage, about 0.3% of the sample was
decomposed into its gaseous products. The second stage of
decomposition was observed in the temperature range
307–436C, which shows the weight loss of 5%. The major
weight loss, about 22%, was observed at third stage in the
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Figure 6.

1

Figure 7.

13

H NMR of KOPT crystal.

C NMR of KOPT crystal.
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related to the atomic and electronic band structure of the
materials. The band gap of KOPT crystal was calculated by
using the Tauc’s relation [21], it was found to be 4.5 eV as
shown in figure 10. The wide optical bandgap can be used for
designing the opto-electronic applications [22].

3.6

Figure 8.

TG/DTA analysis of KOPT crystal.

Dielectric studies

The dielectric studies are used to investigate the electric
behaviour of the materials, which is related to the nature of
atoms and polarization method. The variation of dielectric
constant and dielectric loss may be caused by the four types
of polarizations (electronic, ionic, orientation and space
charge) [23]. These polarizations act in different stages, its
response depends on the temperature, frequency and applied
alternating field. The dielectric constant (er) and dielectric
loss (tan d) were estimated by using the following relations
[24]:
er ¼ Ct=e0 A;

Figure 9.

UV–Visible transmittance spectrum of KOPT crystal.

temperature range 437–543C with corresponding sharp
peak noted in differential thermal analysis curve at 448C.
It is identified that the KOPT crystal is suitable for optical
application up to its melting point [18].

3.5

UV–Vis–NIR analysis

UV spectral studies provide effective information about
various properties, like localized states, types of optical
transitions, when the light interacted with a molecule, defects,
transmittance and lower cut-off wavelength of the materials.
For the optoelectronic and NLO applications, the lower cutoff wavelength and transmittance range are more considerable parameters [19]. UV–Visible spectrum was recorded in
the range 190–900 nm using T90? Spectrometer as shown in
figure 9. The UV cutoff wavelength of the grown crystal was
observed at 270 nm and found that the material is transparent
up to 70%, these characteristics enable the material for NLO
applications [20]. The energy gap of the material is also
important for linear and nonlinear applications and it is

tan d ¼ er D;

where er is the dielectric constant of the sample, C the
capacitance of the crystal sample, t the thickness of the
sample, e0 is the permittivity of free space, D the dissipation
factor, A the area of the sample. The dielectric measurement
was performed on the KOPT crystal using Wayne Kerr
Precision Component Analyzer (6440B) instrument at room
temperature (30C) in the frequency range from 100 Hz to
3 MHz, as shown in figure 11. The dielectric constant
decreases with increase in frequency. At lower frequency
region, the dipoles easily responded and oriented themselves in the applied electric field, but in the higher frequency region, the dipoles did not respond fast and could
not change the field. Hence, the dielectric constant becomes
lower value and gets saturated at the high frequency region.
The dielectric constant is high at low frequency region
due to the effect of space-charge polarization or conducting
ionic motion. According to Miller’s rule, low value of
dielectric constant at higher frequency region enhances the
SHG efficiency [25–27]. This material obeys the Miller’s
rule. Figure 12 shows dielectric loss (tan d) against log
frequency, which indicates that the dielectric loss is less at
higher frequency region, thus the grown KOPT crystal has
good purity with less optical defects. The crystal contains
low value of dielectric constant and loss; it may be used for
electro-optic, photonic and NLO active devices [28].

3.7

Mechanical studies

Mechanical properties of optical materials are more essential factors for device fabrication, which is connected with
their physical, chemical and structural behaviour of the
materials. In this report, hardness was measured by using
Vicker’s microhardness test. The grown crystal with flat,
smooth faces and free from any noticeable defects was
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Figure 10.
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Tauc’s plot of KOPT crystal.

Figure 11. Variation of dielectric constant with log frequency at
(30C) room temperature.

chosen for the static indentation test. The load P (10–200 g)
was applied by the indenter on the surface of the crystal and
the corresponding average diagonal length was measured,
the microcracks were initiated on the crystal above 200 g.
The indentation size is larger for soft material and small for
hard material. The Vicker’s microhardness number was
calculated by using the given relation [29]:
Hv ¼ 1:8544P=d 2 ðkg mm2 Þ;

Figure 12. Variation of dielectric loss with log frequency at
(30C) room temperature.

where P is the applied load in g and d the diagonal length of
the indented impression.
Figure 13 shows the variation of hardness number (Hv)
with applied load (P). The maximum value of Hv was
measured to be 27 kg mm-2 at the load 150 g. The Meyer’s
index number was calculated from the Meyer’s law, which
relates the load and indentation size [30].
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P ¼ k1 dn ;
where k1 is the standard hardness constant and n the workhardening coefficient. According to Onitsch and Hanneman
theory, the value of work-hardening coefficient ‘n’ should
lie between 1 and 1.6 for comparatively hard materials. In
order to find the ‘n’ values, a plot was drawn between log
P and log d, as shown in figure 14 and good agreement with
Meyer’s law. From the slope of the graph, the value of ‘n’
was found to be 2.15. Thus, the grown material was classified under the soft category.

3.8

Figure 13.
load.

Variation of Vicker’s hardness number with applied

The nonlinear conversion efficiency of the KOPT compound was measured by using Nd:YAG laser, operating
with 1064 nm radiation. The input beam energy of 0.70
Joule was made to fall on the powder sample. The green
emission from the sample with output (532 nm) signal was
detected, which indicates the SHG conversion behaviour of
the material, which depends on molecular structure of the
compound. The SHG conversion efficiency of KOPT crystal
was observed, and found that it could be 1.4 times that of
KDP crystal. The SHG efficiency of KOPT was compared
with some well-known NLO crystals and presented in
table 4 [31–36].

4.

Figure 14.

Meyer’s plot of KOPT crystal.

Table 4. Comparison of SHG efficiency of KOPT crystal with
some well-known NLO crystals as KDP crystal as reference.
Name of the crystals
L-alanine potassium nitrate
Glycine potassium nitrate
Potassium thiourea chloride
4-Dimethylaminopyridine
potassium chloride
Potassium pentaborate
Potassium L-asparaginate
L-alanine
p-toluenesulfonate
Present work

SHG efficiency
compared with KDP

References

1.25
0.6
1.5
0.9

[31]
[32]
[33]
[34]

0.9
1.3
2.1

[35]
[36]
[37]

1.4

—

NLO measurement

Conclusion

Semi-organic KOPT crystal was successfully grown by
conventional method. The molecular structure of the sample
was established by using single-crystal XRD analysis. The
crystal data revealed the monoclinic system, noncentrosymmetric space group P21. Functional groups of KOPT
were identified and confirmed by FTIR and FT-Raman
spectral studies. The molecular structure of the grown
crystal was confirmed by 1H and 13C spectral studies.
Thermal properties of the material were analysed by TG/
DTA. From the UV–Visible spectrum analysis, the grown
crystal showed transparency over the entire visible region
and the cut-off wavelength found to be 270 nm. The
dielectric constant and dielectric loss of the title material
were almost constant in the high frequency region. The
mechanical properties study confirms that the crystal
belongs to soft materials category.
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