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Metathesis ionic exchange reaction process was used to synthesize a novel nonlinear optical material:
4-N,N-dimethylamino-4′-N′-methylstilbazolium 2,4-dimethylbenzenesulfonate (DSDMS). The growth of DSDMS single crys-
tals was carried out by adopting the solution growth technique. The crystal perfection and lattice parameters were elucidated
from single XRD and powder XRD, respectively and its morphology was interpreted by WinXMorph program. FT-IR and Ra-
man spectral analyses confirmed the existence of functional groups and their corresponding vibrational modes. UV-Vis spectral
studies revealed the optical transmission region. Mechanical stability of the crystal was determined from Vickers microhard-
ness number Hv, Meyer’s index n and elastic stiffness constant C11. Dielectric and thermal behavior of the grown crystal were
elucidated by using impedance analyser and thermogravimetric analysis.
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1. Introduction
The organic crystals are being recently a

source of interest as terahertz (THz) emitters
as they have been reported to generate stronger
THz signals than commonly used semiconduc-
tors or inorganic emitters [1–4]. Much effort
has been made to develop new materials with
high second-order nonlinearities which are ex-
pected to support applications in the areas such
as electro-optic switching for telecommunica-
tions [5], optical information processing [6],
optical data storage [7, 8] and the generation
of terahertz radiation [9]. Among the various
classes of materials investigated worldwide, ionic
organic NLO crystal 4-N,N-dimethylamino-
4′-N′-methylstilbazolium tosylate (DAST)
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derivatives are of special interest due to their
advantageous mechanical, chemical and thermal
properties [10]. In addition, the growth of highly
nonlinear optical quality bulk crystals or thin films
of DAST still remains a big challenge [11–13],
therefore, novel materials with high nonlinear
properties similar to those of DAST, but with
superior growth possibilities are greatly desired.
Minor modification of the counter-anion in the
DAST structure, can produce novel stilbazolium
derivatives with favourable non-centrosymmetric
packing. Its characteristics may be superior
to the parent ones due to the substitution of
p-conjugated groups. 4-N,N-dimethylamino-4′-N′-
methylstilbazolium 2,4-dimethylbenzenesulfonate
(DSDMS) draw attention as one of the most useful
nonlinear optical materials which has a large non-
linear coefficient. The second harmonic generation
(SHG) efficiency of DSDMS is about 0.7 times
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of DAST [14]. The very highly nonlinear is the
key parameter of DSDMS for electro-optical and
THz generation measurements. DSDMS render
itself as a good competitor crystal when compared
with other existing nonlinear crystals. Its physical
and chemical properties, including structural,
morphological, optical, hardness, electrical and
thermal ones have been studied in detail and
reported for NLO applications.

2. Experimental

2.1. Synthesis, solubility and crystal
growth

4-N,N-dimethylamino-4′-N′-methylstilbazoli-
um 2,4 dimethylbenzenesulfonate (DSDMS)
salt was synthesised in a two-step process
(Fig. 1). The condensation reaction between
1,4-dimethylpyridinium iodide and N,N-
dimethylaminobenzaldehyde in the presence
of weak amine of piperidine was carried out
to prepare DMSI salt [15, 16]. The equimo-
lar ratio was used for the metathesis reaction
between DMSI (2.73 mmol.%) and sodium 2,4-
dimethylbenzenesulfonate (2.73 mmol.%) which
were dissolved in aqueous solution separately and
heated up to 70 °C. These two hot solutions were
mixed together at the same temperature and stirred
well for about half an hour. This temperature is
preferable for the formation of DSDMS salt by
ionic exchange. Then, the solution was allowed to
cool up to room temperature for a day. Due to the
anion exchange between 4-N,N-dimethylamino-4′-
N′-methylstilbazolium iodide (DMSI) and sodium
2,4-dimethylbenzenesulfonate at 70 °C, DSDMS
precipitate has been obtained. The aqueous sodium
iodide was separated from the DSDMS by gravity
filtration method. The purity of DSDMS salt was
improved by repeated recrystallization process
with methanol solvent and the purified salt was
used for qualitative and quantitative studies.

The solubility of the DSDMS salt was stud-
ied by using different solvents in pure or
mixed forms to understand the growth param-
eters of DSDMS. Initially, various combina-
tions of solvents were taken on a trial and

Fig. 1. Synthesis scheme of DSDMS.

Fig. 2. Solubility and nucleation curves of DSDMS.

error basis, which were methanol, acetonitrile,
methanol-water, acetonitrile-water and methanol-
acetonitrile. However, DSDMS crystal formation
was observed only in the methanol solvent system,
and for other systems, the crystallization had rarely
appeared. The solubility and nucleation curves of
DSDMS are depicted in Fig. 2. The positive solu-
bility coefficient is convenient to grow bulk crystals
by both slow evaporation and cooling methods.

According to the solubility data, a measured
quantity of DSDMS salt was dissolved in methanol
and the saturated solution was prepared. The clear
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Fig. 3. Photograph of as-grown DSDMS single crys-
tal and its prominent planes drawn with WinX-
Morph program.

saturated solution was transferred to the crystal
growth container. The saturated growth solution
was allowed to evaporate slowly by keeping it in
a constant temperature bath at 38 °C. Due to the
solvent evaporation, the solution reached the super-
saturated state and it spontaneously yielded (60 %)
crystals with dimension up to 4 × 2 × 2 mm3 in the
period of 4–5 weeks (Fig. 3). The grown crystals
were kept in safe environment and used for various
characterizations to study its physical and chemical
properties.

3. Results and discussion
3.1. Crystal structure and morphology

The single crystal X-ray diffraction data was
recorded by using Bruker Kappa APEX II sin-
gle crystal X-ray diffractometer. It indicates that
the grown crystal belongs to triclinic crystal sys-
tem with non-centrosymmetric P1 space group.
The estimated cell dimensions are a = 7.627 Å,
b = 8.134 Å, c = 9.82 Å, α= 72.14°, b = 70.46°,
g = 80.23° and V = 545.4 Å3 and it is in a good
agreement with the reported data [14]. The crys-
tal morphology was drawn by using WinXMorph
program (Fig. 3). It indicates that the prominent
growth direction is along c-axis which determines
the length of the grown crystal. From the mor-
phology of DSDMS, it is observed that the planes
(1 0 0), (0 1 0) and (0 0 1) are perpendicular to
each other. The DSDMS crystal was grinded to

uniform fine powder and subjected to powder
X-ray diffraction study to reveal crystalline per-
fection of the compound. The peaks were indexed
using PowderX program (Fig. 4) which shows the
predominant planes of DSDMS crystal.

Fig. 4. Powder XRD pattern of DSDMS.

Fig. 5. Infrared and FT-Raman spectra of DSDMS.

3.2. IR and Raman spectral studies
4-N,N-dimethylamino-4′-N′-methylstilbazoli-

um 2,4-dimethylbenzenesulfonate (DSDMS)
crystal was powdered and FT-IR and FT-Raman
spectra were recorded to identify the presence
of functional groups. Fig. 5 shows the recorded
infrared spectrum (400 cm−1 to 4000 cm−1) and
Raman spectrum (4000 cm−1 to 500 cm−1) by
using BRUKER IFS66VFT-IR and BRUKER
RFS27 spectrometers, respectively.
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IR spectrum shows the prominent bands
of ν(C=C) and ν(C–C) of aromatic ring at
1579 cm−1 and 721 cm−1, respectively. Aromatic
ring chain vibrations observed at 1576 cm−1 are
due to C–C vibration in Raman spectrum. The
vibrational bands of IR spectrum at 1040 cm−1,
1176 cm−1 and 1164 cm−1 are assigned to
ν(C–S), ν(SO3)− (asymmetric stretching) and
ν(SO3)− (symmetric stretching). C=C stretching
mode of unconjugated alkene gives absorption at
1600 cm−1 while the C–H stretching and bending
vibrations of methyl group occur at 2850 cm−1

and 1360 cm−1 in the IR spectrum. In the Raman
spectrum, a strong band observed at 775 cm−1

is due to C–S vibration. Also the vibrations of
ν(S–O) and ν(C–N) stretchings appear at
679 cm−1 and 1508 cm−1 in the IR. Similarly,
in Raman spectra, the weak band observed at
1049 cm−1 is due to S=O stretching vibration,
and C–N stretching vibration is observed at
1210 cm−1. The presence of CH3 functional group
and its vibrational modes was confirmed by the
Raman spectrum. The out-of-plane bending of CH3
functional group is observed at 1180 cm−1. The
weak symmetric stretching vibrational bands of
CH3 functional group are observed at 1345 cm−1

and 1373 cm−1. The asymmetric in-plane stretch-
ing is observed as weak bands of CH3 functional
group at 1427 cm−1and 1440 cm−1. The aromatic
or hetero ring mode is observed at 1544 cm−1.
The band noted at 1320 cm−1 evidences the
C–CH3 stretching vibration. The out-of-plane
bending mode observed at 500 cm−1 is due to
C–CH3 vibration. From the IR and Ra-
man spectra, all the prominent func-
tional groups present in the DSDMS com-
pound have been observed and presented
in Table 1.

3.3. Optical studies

T90+UV-Vis Spectrophotometer was used to
record the absorbance spectrum by dissolving the
powdered sample in methanol (Fig. 6). It provides
valuable information about the band gap, cut-off
wavelength and transmission region of the grown
DSDMS crystal. In addition, the structure of the

Fig. 6. UV-Vis absorption spectrum of DSDMS.

molecule has evolved, because the absorption of ul-
traviolet and visible light involve σ−σ* and π−π*
orbital electronic transitions [17]. The recorded
wavelength range is 190 nm to 900 nm. Any ab-
sorption of energy in the spectra indicates that ul-
traviolet and visible light involves the excitation
of electrons from the ground state to excited en-
ergy states [18]. Fig. 6 illustrates that the DSDMS
is transparent from 572 nm to 900 nm. Below the
wavelength of 572 nm, the crystal is found to be
opaque. It is evident that the DSDMS crystal has
optical cut-off at 572 nm. Band gap energy (Eg) il-
lustrates the conduction behavior and also its use-
fulness in optoelectronic devices. Eg value of the
material is very closely related to the material’s
atomic and electronic band structures and is calcu-
lated using the relation [19]:

Eg = hc/λ (1)

where h is Planck’s constant, c is the velocity of
light and λ is the cut-off wavelength for DSDMS
(572 nm). The forbidden energy band gap (Eg) of
the DSDMS crystal was found to be 2.17 eV. Since
the electronic transition from the valence to con-
duction band span a fairly large range of energies,
semiconductors act as a sort of a long pass filter
(only reflecting light with energy less than the band
gap). Also the band gap estimation (2.17 eV) con-
firms the semi-conducting behavior of DSDMS.
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Table 1. Infrared and Raman band positions and their assignments of DSDMS.

υIR [cm−1] υRaman [cm−1] Assignments

500 C–CH3 out-of-plane bending mode
679 S–O stretching
721 C–C aromatic ring

775 C–S strong band
1040, 1176 C–S asymmetric stretching

1049 S=O weak band
1164 SO3 symmetric stretching

1180 CH3 out-of-plane bending
1210 C–N stretching vibration
1320 C–CH3 stretching vibration

1345, 1373 CH3 weak band (symmetric stretching vibration)
1400, 1650 C–C stretching modes
1427, 1440 CH3 weak band (asymmetric in plane)

1360, 2850 C–H stretching and bending vibration of methyl group
1508 C–N stretching

1544 Aromatic / hetero-strong
1576 C–C aromatic ring chain vibration

1579 C=C aromatic ring
1600 C=C stretching mode unconjugated alkene

To evaluate the second harmonic generation
(SHG) efficiency, the radiation with pulse energy of
1.2 mJ/pulse and wavelength λ= 1064 nm from an
optical parametrical amplifier pumped by Nd:YAG
laser has been used. After grinding, the microcrys-
talline powdered DSDMS sample of almost uni-
form size (∼120 µm) has been filled in a capillary
tube and exposed to laser irradiation. The incident
beam generated the SHG signal from the DSDMS
crystal (182 mV) which was about 1.52 times of
KDP crystal (120 mV) and confirmed its suitability
for the nonlinear optical applications.

3.4. Microhardness study

The structure and nature of bonding in crys-
talline solids have an influence on their mechani-
cal hardness. Hardness of a material is influenced
by various parameters such as lattice energy, De-
bye temperature, interplanar spacing and packing
factor. The smooth and flat surface of (1 0 0) crys-
tal plane was subjected to indentation test using
Leitz-Wetzlar hardness tester fitted with a diamond

indenter and the measurements were made at room
temperature. The load (P) of different magnitudes
25, 50, 75 and 100 g were applied. The Vicker’s
microhardness number (Hv) was calculated using
the relation:

Hv = 1.8544P/d2 kg/mm2 (2)

where P is the applied load in g, d is the diago-
nal length of the indentation impression in mm and
Hv is the hardness number in kg/mm2. The plot
of Vicker’s hardness number (Hv) against various
loads is shown in Fig. 7. The Meyer’s index number
was calculated from the Meyer’s law, which relates
the load and indentation size:

P = k1dn (3)

where k1 is the standard hardness constant and n
is the work-hardening coefficient. A plot of log
P versus log d was drawn (Fig. 7) and the value
of n found from the slope of the graph was 2.45.
According to Onitsch [20] and Hanneman [21], n
should lie between 1 and 1.6 for comparatively
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Fig. 7. Plots of hardness number (Hv) and Meyer index
(d) versus load P of DSDMS.

hard materials, whereas it is above 1.6 for the softer
ones. Thus, the grown DSDMS crystal belongs to
the category of soft materials.

Hays and Kendall’s [22] theory of resistance
pressure was used to find the relationship between
indentation test load (P) and indentation size (d) of
DSDMS:

P−W = k2d2 (4)

where W is the resultant Newtonian pressure that
represents the minimum load (P) which causes an
indentation and k2 is another constant. Using equa-
tion 3 and equation 4, the Newtonian resultant pres-
sure (W) was calculated:

W = k1dn− k2d2 (5)

The elastic-stiffness constant (C11) was calculated
using Wooster’s empirical formula [23]:

C11 = (Hv)
7/4 (6)

This gives information about the bonding stiff-
ness with neighboring atoms in DSDMS crystal.
From the hardness value, the yield strength (σv) of
DSDMS was calculated using the relation [24]:

σv =
Hv

2.9
[1− (n−2)

[
12.5(n−2)
1− (n−2)

]
(7)

The calculated hardness value (Hv), Meyer’s in-
dex (n), elastic stiffness constant (C11) and yield
strength (σv) are given in Table 2.

Table 2. Hardness parameters of DSDMS by using
Vicker’s hardness test.

Load Hv Meyers index C11 σv

[g] [kg·mm−2] [n] [GPa] [GPa]

10 89.29 2.45 1.13 0.209
25 99.36 2.45 2.39 0.313
50 107.15 2.45 4.05 0.395
100 92.50 2.45 1.44 0.309

3.5. Dielectric and thermal analyses
Dielectric response in crystals reveals informa-

tion about the electric field distribution and charge
transport mechanism. The dielectric studies of
DSDMS crystal was carried out using a HIOKI
3532 LCR HITESTER instrument in the frequency
range 50 Hz to 5 MHz. To guarantee the precision
of data, the sample of a thickness about 1 mm was
used. Then, the opposite faces of the sample were
covered by silver paste to make a parallel plate ca-
pacitor, and mounted between two electrodes. The
capacitance of the parallel plate capacitor with the
sample as dielectric medium was measured at 40
and 60 °C. The dielectric constant (ε′) was calcu-
lated using the relation:

ε
′ =Cd/ε0A (8)

where C is the capacitance, d is the thickness of the
crystal, ε0 is the permittivity of free space, and A is
the area of the crystal. The dielectric loss (ε′′) was
calculated using the relation:

ε
′′ = ε

′D (9)

where D is the dissipation factor. Fig. 8a and
Fig. 8b show the variation of the dielectric constant
and dielectric loss for different frequencies keep-
ing temperatures at 40 °C and 60 °C. It is observed
that the dielectric constant and dielectric loss de-
crease with increasing frequency and attain satura-
tion at higher frequencies. The low dielectric con-
stant value of the crystal at high frequency is at-
tributed to space charge polarization [25]. The very
high value of dielectric constant at low frequencies
is due to the presence of ionic, electronic and ori-
entation polarizations.
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(a)

(b)

Fig. 8. Plots of dielectric constant (a) and dielectric loss
(b) vs. log f for DSDMS.

Fig. 9. Plot of thermogravimetric (TG-DTA) analysis
for DSDMS.

Thermogravimetric (TG) and differential ther-
mal analysis (DTA) are quite useful tools since
they provide reliable information on the physico-
chemical parameters. They characterize the process
of transformation of solids or participation of solids
in the process of isothermal or non-isothermal
heating. Thermogravimetric analysis measures the
change in mass of a sample on heating. TG-DTA
plot of DSDMS is shown in Fig. 9. The endother-
mic peak in DTA observed at 330.7 °C illustrates
the crystalline properties and melting point of DS-
DMS. Before melting there is decomposition at
58.52 °C due to the removal of moisture absorbed
from the compound. The TGA curve clearly indi-
cates that the DSDMS is stable upto 307.4 °C. Af-
ter further heating the sample has undergone mas-
sive decomposition about 62 % which was due to
release of pyridine moiety, SO3 and other volatile
gases. Finally, at the temperature of 750 °C, the
residue mass was found about 19 %. It can be seen
from the TG-DTA curve that the physical stabil-
ity of DSDMS is appropriate to apply for device
applications.

4. Conclusion
The organic nonlinear optical 4-N,N-

dimethylamino-4′-N′-methylstilbazolium 2,4-
dimethylbenzenesulfonate (DSDMS) single
crystals were grown by slow evaporation. The
positive solubility coefficient is convenient to grow
DSDMS crystal by slow evaporation. The crys-
talline perfection, cell parameters and morphology
have been identified for the grown crystal. From
the morphology, the growth rate was found to
be maximum along c-axis. Infrared and Raman
spectral peaks confirmed the prominent bands
corresponding to (C=C) and (C–C), SO3, CH3 of
the DSDMS. Optical cut-off wavelength of the
DSDMS was found at 572 nm. Energy band gap
was found to be 2.17 eV in the semi-conducting
zone. Microhardness test confirmed the soft nature
of the synthesised material while elastic stiff-
ness constant (C11) and yield strength (σv) were
calculated for the grown crystal. The variation
of dielectric constant and dielectric loss were
studied as a function of frequency and temperature.
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Thermal stability, decomposition stages and melt-
ing point of the DSDMS compound were studied.
Hence, the present investigation reveals that the
DSDMS crystal can be useful in the domain
of nonlinear optical applications rather than its
existing counterparts.
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