
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

8:
07

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Analysis of the g
aSchool of Advanced Sciences, Vellore Institu

E-mail: usharani.m@vit.ac.in
bCentre for Nanotechnology Research, Vello

014, India

† Electronic supplementary information (
and crystallographic data in CIF
https://doi.org/10.1039/d2ra05302k

Cite this: RSC Adv., 2022, 12, 29022

Received 24th August 2022
Accepted 16th September 2022

DOI: 10.1039/d2ra05302k

rsc.li/rsc-advances

29022 | RSC Adv., 2022, 12, 29022–
rowth and physicochemical
properties of the newly developed stilbazolium
derivative 4-N,N-dimethylamino-4-N-methyl
stilbazolium 2-formyl benzene sulfonate (DSFS)
single crystal: an effective material for nonlinear
optical applications†

Sekar Anand,a Muthurakku Usha Rani, *a Sivaperuman Kalainathan b

and Ravi Shanker Babua

A novel ionic stilbazolium derivative single crystal of 4-N,N-dimethylamino-4-N-methyl stilbazolium 2-

formyl benzene sulfonate (DSFS) was successfully cultivated with methanol as the solvent by using the

slow evaporation technique. Structural confirmation was done using single-crystal X-ray diffraction

(SCXRD), and the obtained results reveal that the DSFS crystal crystallized in a centrosymmetric pattern

with P�1 space group. The presence of different vibrational modes in the DSFS crystal is affirmed via

Fourier transform infrared (FTIR) spectroscopy. Linear optical constants such as cut-off wavelength,

bandgap, extinction coefficient, Urbach energy, electrical conductivity and optical conductivity of the

titular crystal were found from ultraviolet–visible–near infra-red spectroscopy (UV-Vis-NIR). The

emission wavelength of the title crystal lies in the red region (620 nm), which was confirmed from the

photoluminescence spectroscopy (PL). The surface nature of the grown ionic crystal was examined

through the etching and atomic force microscopy (AFM) technique. With a He–Ne laser as the source, Z

scan analysis was carried out to study the third-order nonlinear properties of the DSFS crystal.
1 Introduction

In this technology-driven modern world, Nonlinear Optical
(NLO) materials nd their place due to their signicant appli-
cations across various elds. The study of organic NLO crystals
is a scholastic area of interest due to their ample applications in
different domains, such as signal processing, electro-optic
modulators, telecommunication, optical switches, deep UV
light, high-density data storage and display technologies.1–8 The
presence of delocalized p-electrons, donor and acceptor moie-
ties, hydrogen bonds and weak Van der Waals forces induce
high non-linearity in the organic crystals compared to its
counterpart, inorganic materials.9 Also, tunability of the struc-
ture, high laser damage threshold, ultra-fast response and the
signicant electro-optic coefficient are the added advantages of
the organic materials.10 Usually, organic crystals that possess
te of Technology, Vellore – 632 014, India.
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stable packing and high chromophore density tend to exhibit
high non-linearity, high mechanical and photo-chemical
stability and thermal properties.11 Among the reported NLO
crystals, 4-N,N-dimethylamino-4-N-methyl-stilbazolium tosylate
(DAST) has been one of the yardstick crystals which has second
harmonic generation (SHG) efficiency that is roughly 1000 times
that of urea.12,13 One of the fundamental reasons behind this
high nonlinearity among the DAST derivative crystals is the
presence of the stilbazolium chromophore in the cation
component. The presence of an ethylenic bridge (C]C) in the
stilbazolium cation is one of the primary reasons behind the
high NLO response of this derivative’s materials, as this double
bond acts as an interconnecting bridge between the donor and
acceptor moiety. To form this carbon–carbon ethylenic bridge,
many reaction strategies have been reported in the past, namely
the Suzuki–Miyaura reaction, Horner–Wadsworth–Emmons
(HWE) condensations and the Knoevenagel condensation.
Among these methods, Knoevenagel condensation is used
widely due to its simplicity.14–16 In the present study, the strategy
of combining the stilbazolium (chromophore) cation with a new
anion is adopted to develop a novel ionic organic single crystal.
This approach of incorporating new counter-anions with an
already existing stilbazolium cation has already been reported.17
© 2022 The Author(s). Published by the Royal Society of Chemistry
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This approach assists in creating a new NLO crystal with the
desired physical and chemical properties.18 Previously reported
results show that even a small change in the anion can induce
a huge change in the non-linearity of the material by affecting
the crystal stacking.19 The nature of the hydrogen bonds which
connect the anion and cation decides the optoelectronic prop-
erties of the synthesized material.20 The low toxicity level of the
styryl pyridinium compound in the cation part makes it an
appropriate material for applications like antibacterial drugs
and disinfectants in hospital and food industries.21,22 The anion
compound 2-formyl benzene sulfonate sodium salt is used to
test the ability of fungal strains to change phenolic and non-
phenolic precursors into stable and non-toxic dyes.23 The nd-
ings from the extensive literature survey suggests that, so far, no
crystal has been reported with 2-formyl benzene sulfonate as
the anion with a stilbazolium derivative. So, in this article, we
report the growth of DSFS crystal for the rst time by employing
the slow evaporation method. In addition, the synthesis and
various physical and chemical properties such as structural,
linear optical, surface analysis and nonlinear optical (NLO)
properties of the grown crystal were inspected. The results are
scrupulously discussed in the following sections. All the
outcomes indicate that the grown DSFS crystal is a favourable
candidate for NLO applications.
2 Materials and synthesis

All the required reagents were bought from Tokyo Chemical
Limited (TCL). All the reagents were used without further
purication. The overall synthesis process consists of three
steps. Reactions involved in the synthesis process are explained
in Fig. 1. Step 1: 1,4-dimethyl pyridinium iodide (1). Both the
starting materials 4-picoline (2 ml) and methyl iodide (1.3 ml)
were taken in an equimolar (20 mmol) ratio in an Erlenmeyer
Fig. 1 Reaction scheme for the DSFS material.

© 2022 The Author(s). Published by the Royal Society of Chemistry
bulb with acetone as the medium. The above mixture solution is
placed in a reux setup at about 60 �C for 2 hours. Aer 2 hours,
the solution is le to cool down to the surrounding temperature
and the resultant precipitate is ltered and dried in an oven.
The nal dried powder is 1,4-dimethyl pyridinium iodide (1).
Step 2: 4-[2-(4-dimethylamino-phenyl)-vinyl]-1-methyl-
pyridinium iodide (2). The nal product of step 2 (2) is ob-
tained via the Knoevenagel condensation reaction. Compound
(1) (2.35 g) and 4-(dimethylamino)benzaldehyde (1.5 g) were
dissolved in methanol solvent in an RB. Generally, weak bases
like piperidine or ethylenediamine are used in the Knoevenagel
condensation.24 In the present study, piperidine is added to the
solution mixture. Piperidine speeds up the reaction by
providing its lone pair of electrons to complete the reaction. As
a consequence of this condensation process, a carbon–carbon
double bond is formed with water as a by-product.24 Then, the
prepared solution is reuxed for 12 hours at 60 �C using
a modied Dean–Stark apparatus equipped with a heating
mantle. At the end of the reaction, the Erlenmeyer bulb is
allowed to cool down to room temperature. The unreacted
initial reactants were removed from the nal purple precipitate
by washing it with diethyl ether solution. Then, the nal powder
product (2) is dried in an oven at 100 �C for 1 h. Methanol
solvent is used for the recrystallization process to enhance the
purity of the nal powder. Step 3: 4-N,N-dimethylamino-4-N-
methyl stilbazolium 2-formyl benzene sulfonate (3). The nal
metallization reaction occurs between compound (2) and 2-
sodium formyl benzene sulfonate. Both the materials were
dissolved separately in a hot aqueous solution and kept on the
stirrer for 1 hour at 70 �C. Then both the solutions were mixed,
and the mixture was le undisturbed for a whole day so that the
residues could settle down. Finally, the obtained reddish-brown
precipitate is kept in an oven at about 100 �C for 2 h to get rid of
the water content. The nal obtained powder is N,N-dimethy-
lamino-4′-N′-methylstilbazolium 2-formyl benzene sulfonate
(DSFS). Fig. 1 portrays the reaction scheme involved in the
formation of the DSFS material.
2.1 Solubility and crystal growth

The gravimetric method was chosen to nd the solubility of the
pure DSFS powder in methanol solvent using an ultra-cryostat
(�0.01 �C accuracy). The experiment was carried out for
various temperatures, ranging from 25–45 �C with an interval of
5 �C (25, 30, 35, 40 and 45 �C). Saturated solutions were
prepared at the aforementioned temperatures to study the
solubility of the synthesized powder. Fig. 2 shows the solubility
curve of the DSFS powder in methanol solvent. From the graph,
it is clear that with an increase in temperature the solubility of
the DSFS material also increases. This increase in solubility
with respect to the rise in temperature is due to the rise in the
average kinetic energy of the solution and solute molecules.
This increase in kinetic energy allows the solvent molecules to
break more solute molecules. Also, the rise in the solute mole-
cule's kinetic energy destabilizes the solid state of the material,
so more solute molecules dissolve readily at higher
temperature.25
RSC Adv., 2022, 12, 29022–29033 | 29023
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Fig. 2 Solubility curve and grown crystal image of DSFS.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

8:
07

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The solubility study conrms that methanol is a suitable
solvent for the crystal growth process. So, with methanol as the
solvent, the crystal growth process is carried out by the slow
evaporation method. Within the span of 20–25 days, a DSFS
crystal with the dimensions of 30 � 1 � 1 mm3 was obtained
and the image of the grown title crystal is portrayed in the inset
of Fig. 2.
3 Results and discussion
3.1 Structural studies

3.1.1 Single-crystal X-ray diffraction (SCXRD). To explore
the structure of the title DSFS crystal, a single crystal of size
0.080 � 0.140 � 0.210 mm3 was exposed to single crystal XRD.
The molecular structure, interatomic interactions, packing and
other structural properties of the grown crystal were interpreted
through this study. Under the room temperature conditions,
analysis was carried out using a D8 QUEST BRUKER. With the
help of Apex 4 soware, the obtained raw crystallographic data
was solved and rened. Non-hydrogen atoms in the structure
were positioned using the full-matrix least-squares renement
process by utilizing the SHELXL function.26 Obtained crystal-
lographic data shows that the DSFS crystallized in a centro-
symmetric pattern with (P�1) space group with triclinic crystal
system. Collected lattice constant values of the grown DSFS
crystal are a ¼ 8.3812 Å, b ¼ 9.8732 Å, c ¼ 13.0649 Å and
interfacial angle values are a ¼ 82.404�, b ¼ 88.395�, g ¼
86.109�. Rened structural and crystallographic data of the title
ion pair crystal are displayed in Table 1. Other important
structural parameters, bond length and bond angle of selected
bonds are depicted in Tables 1 and 2 in the ESI le.†

The title ion-pair crystal's (C23H24N2O4S) asymmetric unit
comprises a positively charged stilbazolium cation and nega-
tively charged sulfonate anion. The ORTEP diagram of the novel
DSFS crystal is portrayed in Fig. 3. A partly viewed packing
image of the novel DSFS crystal along the ‘a’ axis is depicted in
Fig. 4. The cation's carbon–carbon (C]C) double bond indi-
cates that it exhibits a trans or E conguration, with a torsional
29024 | RSC Adv., 2022, 12, 29022–29033
angle of C1–C6]C7–C8 of 179.59�.27 The torsional angle of the
dimethyl group C12–C11–N2–C15 (5.83�) attached with the amino
group C10–C11–N2–C16 (−9.70�) shows that the dimethyl moiety
is slightly distorted from coplanarity with the benzene ring. The
presence of the stilbazolium chromophore in the cation is the
key to higher non-linearity. The main reason behind this effi-
ciency is the deviation in the bond length among the ionic
atoms and the presence of the D–p–A bridge, which in turn
stimulates NLO susceptibility in the material.24 NLO response of
a chromophore also depends on the bond length alternation
(BLA) degree. The BLA degree of the title cation for the bonds
N1–C14 (1.48 Å) and N2–C11 (1.37 Å) is 0.11 Å. The difference in
the bond lengths of the dimethyl moiety N2–C15 (1.433 Å) and
N2–C16 (1.453 Å) is 0.02 Å. Similarly, the bond length difference
between the bonds of N1–C3 (1.336 Å) and N1–C4 (1.346 Å) of the
4-picoline compound is 0.010 Å. The ideal BLA value to exhibit
higher non-linearity is approximately �0.05 Å, whereas, in the
case of the title cation, it is 0.11 Å, which is slightly higher.28

This BLA value indicates that the title stilbazolium cation
compound also exhibits molecular nonlinearity. The geomet-
rical description of the SO3

− anion shows that the S− unit
adopts regular trihedral coordination with the three oxygen
atoms through S–O bonds. The bond lengths and angles of the
S–O and O–S–O interactions reside in the range of 1.4415–
1.4416 Å and 113.09–114.12�. The three-dimensional network of
the title ionic compound is made up of alternating perpendic-
ular anions between the parallel cationic units. The CIF le of
the grown crystal is deposited in the CCDC (CCDC no. 2152094).

3.1.2 Morphology. Themorphology of the fully-grown DSFS
crystal was predicted with the aid of the obtained single-crystal
XRD data (CIF le) by using Winx Morph soware.29 The pre-
dicted morphology of the title compound with different crystal
faces is illustrated in Fig. 5. From the morphology diagram, it is
apparent that the growth rate is dominant along the ‘a’ axis.

3.1.3 Density measurement. Theoretical and experimental
approaches were used to calculate the density of the novel DSFS
crystal. Theoretically, the density of the new ionic crystal can be
calculated using the single crystal XRD data with the help of the
following equation:

r ¼ MZ

NAV
(1)

where all the values M (molecular weight – 424.50 g mol−1), Z
(number of molecules per unit cell – 2), and V (volume of the
unit cell – 1068.96) can be directly obtained from the SCXRD
results. NA is Avogadro's number. The theoretically predicted
density value for the DSFS crystal is 1.319 g cm−3. Experimen-
tally the density was measured using the oating technique.30

With CCl4 as the solvent, this measurement was carried out.
Experimentally, the density value is derived from eqn (2)

r ¼ m0rsolvent

ðm0 �m0Þ (2)

where m0 and m′ are the mass of the grown DSFS crystal in air
and solvent (CCl4) medium, rsolvent is the density of the CCl4
solvent. The calculated density values of the theoretical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement for DSFS

Identication code DSFS
Empirical formula C23H24N2O4S
Formula weight 424.50
Temperature 300(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P�1
Unit cell dimensions a ¼ 8.3812(2) Å a ¼ 82.404(3)�

b ¼ 9.8732(6) Å b ¼ 88.395(3)�

c ¼ 13.0649(11) Å g ¼ 86.109(3)�

Volume 1068.96(15) Å3

Z 2
Density (calculated) 1.319 g cm−3

Absorption coefficient 0.183 mm−1

F(000) 448
Crystal size 0.080 � 0.140 � 0.210 mm3

Theta range for data collection 1.57 to 28.38�

Index ranges −11 # h # 11, −13 # k # 13, −17 # l # 17
Reections collected 39 474
Independent reections 5323 [R(int) ¼ 0.0516]
Completeness to theta ¼ 28.38� 100.0%
Absorption correction Multi-scan
Max. and min. transmission 0.9850 and 0.9620
Renement method Full-matrix least-squares on F2

Data/restraints/parameters 5323/0/274
Goodness-of-t on F2 1.080
Final R indices [I > 2sigma(I)] R1 ¼ 0.0487, wR2 ¼ 0.1256
R indices (all data) R1 ¼ 0.0798, wR2 ¼ 0.1556
Largest diff. peak and hole 0.264 and −0.307e Å−3
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(1.319 g cm−3) and experimental (1.317 g cm−3) approaches
agree with each other.
3.2 Fourier transform infra-red (FTIR) analysis

Structural conrmation of the title ionic crystal can be done
with the help of functional groups and their corresponding
vibrations by adopting FT-IR analysis. The KBr pellet technique
is utilized to obtain the FTIR spectrum within the range of 3100
to 400 cm −1, using a SHIMADZU instrument. The observed
vibration spectrum of the synthesized material is displayed in
Fig. 6. The title DSFS crystal consists of stilbazolium cation and
formyl benzene sulfonate anion. The vibrational spectrum of
the cation is attributed to the vinyl group, methyl group, pyri-
dine group and phenyl ring. Similarly, in the case of the anion,
the aldehyde and sulfonate groups’ vibrations were analyzed.
Fig. 3 ORTEP image of the DSFS crystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2.1 Cation group absorption. The characteristic peak for
this vinyl (C]C) stretching lies in the range of 1650 to
1600 cm−1.31 The band at 1643 cm−1 in the spectrum indicates
the presence of vinyl stretching. Apart from the (C]C)
stretching, stilbazolium derivatives show aliphatic C–H
stretching in the vicinity of 3050 cm−1. The peak centered at
3035 cm−1 indicates the aliphatic C–H stretching. Generally, the
methyl group's asymmetrical bending vibration and symmet-
rical bending vibration bands were positioned in and around
1450 and 1375 cm−1, respectively. In Fig. 6, the peaks at 1473
and 1429 cm−1 represent the asymmetrical bending vibrations.
The peak observed at 1375 cm−1 characterizes the symmetrical
bending vibration of the methyl group. In the region between
1070–1010 cm−1, methyl group rocking modes were observed.32

In the DSFS crystal, the peaks positioned at 1078 and 1014 cm−1
Fig. 4 Packing image of the DSFS crystal.

RSC Adv., 2022, 12, 29022–29033 | 29025
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Fig. 5 Morphology of the DSFS crystal.
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are attributed to the CH3 rocking mode. The peak emitted at
1568 cm−1 is ascribed to aromatic C–C stretching. The peak
positioned at 1527 cm−1 indicates ring (C]C) vibrations.
Characteristic peaks for the aromatic C–H in-plane bending are
observed at 1211 and 1078 cm−1. Similarly, peaks observed at
781 and 721 cm−1 are assigned to the C–H out-of-plane bending
vibrations.31 The peak centered at 887 cm−1 represents the 1,4-
disubstituted aromatic C–H ring. Three peaks centered at 611,
565 and 528 cm−1 in the spectrum indicate the phenyl ring
mode (C–C–C) deformation vibration.

3.2.2 Anion group absorption. The anionic group of the
DSFS crystal consists of SO2 asymmetric and symmetric
stretching, C–S stretching, SO3 scissoring and SO3 deformation
vibrations. Peaks found at 1317 and 1014 cm−1 denote asym-
metric and symmetric SO2 stretching vibrations, respectively.
The characteristic peak of the sulfonate group (S]O) stretching
appeared at 1375 cm−1. The sharp peak positioned at 565 cm−1

implies C–S stretching. SO3 scissoring and SO3 deformation
vibrations were observed at 528 and 493 cm−1, respectively.
Finally, C]O vibrations of the aldehyde group in the anion
group give the characteristic peak at 1687 cm−1.
3.3 Linear optical studies

3.3.1 Ultraviolet–visible–near infra-red spectroscopy (UV-
Vis-NIR). The response of the grown crystal in the Ultraviolet
Fig. 6 FTIR spectrum of the grown DSFS crystal.

29026 | RSC Adv., 2022, 12, 29022–29033
(200–400 nm), visible (400–800 nm) and near-infrared (800–
1000) regions gives detail about the absorption edge and the
orbital transitions.33 To investigate the optical characteristics of
the DSFS crystal in the range of 200–1000 nm, a 2 mm thick
crystal is placed in an Analytik Jena Specord 210 Plus instru-
ment. The absorbance spectrum of the ionic DSFS crystal is
depicted in Fig. 7. From the plot, it is apparent that the DSFS
material is opaque in the UV region (200–400 nm). The
absorption edge of the DSFS crystal is 570 nm. DAST and DSFS
are both crystals belonging to the same stilbazolium family. So,
both the materials exhibit a similar kind of absorbance spec-
trum. When compared with DAST crystal (lmax ¼ 550 nm), DSFS
crystal exhibits a slightly higher absorption edge of about 20 nm
(redshi). It is because of the stilbazolium chromophore; in
general the stilbazolium chromophore exhibits a redshi when
it has higher molecular nonlinearity.34 The bandgap of the
grown crystal is obtained with the help of a standard Tauc plot
relationship,35 and the calculated Eg value is 2.25 eV. The graph
between (ahn)2 and hn is shown in Fig. 8.

In order to fabricate a potential optoelectronic device,
knowledge about optical constants such as the coefficient of
absorption (a), extinction coefficient (K), optical conductivity
(sopt), and electrical conductivity (selc) values are vital.

Fig. 9 represents the coefficient of the absorption spectrum
of the DSFS crystal. Beyond 570 nm (cut-off wavelength), the
absorption coefficient starts to decrease gradually. The extinc-
tion coefficient is the measure of light loss within a medium
while propagating due to absorption and scattering
phenomena.36 From the absorption coefficient (a), the K value
can be deduced by using the following relation:37

K ¼ al

4p
(3)

Fig. 10 elucidates the variation of the extinction coefficient
with respect to the photon energy. There is a steady decrease in
the extinction coefficient value until 1.65 eV. Then it gradually
increases and attains the maximum K value at 2.15 eV, which
raties the bandgap region (Eg ¼ 2.25 eV) of the title ionic
Fig. 7 Absorbance spectrum of the DSFS crystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05302k


Fig. 8 Tauc plot of the DSFS crystal.

Fig. 9 Absorption coefficient vs. wavelength plot of DSFS crystal.
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crystal. Along with that, the low K value signies that the grown
ionic crystal can be used for the construction of devices, which
are ideal for information processing and computing
technology.38

3.3.2 Optical conductivity. Optical conductivity (sopt) is the
measure of the response of the material to the incident light
frequency and it can be derived from eqn (4):39

s ¼ anc

4p
(4)
Fig. 10 Extinction coefficient vs. photon energy plot of DSFS crystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
where a, c and n indicate the coefficient of absorption, light
speed in air medium and refractive index, respectively. Fig. 11
indicates the disparity between the optical conductivity and its
corresponding photon energy (hn). From the graph, it is obvious
that with a rise in hn value, there is a decrease in optical
conductivity up to 1.6 eV. Aer that, there is a steep increase in
the sopt in the bandgap region (1.61 to 2.21 eV). This increase in
the optical conductivity in the band gap region is due to the rise
in the optical absorption coefficient in this region.40 The
maximum (sopt) value is found to be 5 � 1010 S−1. This high
value of optical conductivity (sopt) suggests that the synthesized
crystal has a high photo response.41 Beyond 3.6 eV, the value of
optical conductivity decreases due to a drop in a value.

With the help of sopt, the title crystal's electrical conductivity
is calculated by using the following equation:

selc ¼ 2lsopt

a
(5)

Fig. 11 portrays the disparity of electrical conductivity (selc)
with respect to photon energy. Fig. 11 shows that selc decreases
with an increase in hn. This drop in the electrical conductivity at
higher photon energy indicates the semiconducting nature of
the material.42

The electrical susceptibility (cc) of the DSFS crystal is
calculated at l ¼ 570 nm, with the help of the already obtained
optical constant value, from the following formula:43

cc ¼
m2 � k2 � 30

4p
(6)

where m, 30 and k are the refractive index, vacuum permittivity
and extinction coefficient, respectively. The cc value is found to
be 0.4375 at 570 nm. By incorporating the calculated values of
the coefficient of extinction and refractive index, real (3r) and
imaginary (3i) dielectric constant values were elucidated from
the below equation:

3r ¼ n2 − K2 and 3i ¼ 2nk
Fig. 11 Optical conductivity and electrical conductivity vs. photon
energy plot.
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Table 2 Calculated optical parameters of the DSFS crystal

Optical constants Calculated values

Cut-off wavelength (l) 570 nm
Band gap (Eg) 2.25 eV
Extinction coefficient (K) @2.25 eV 3.755 � 10−4

Optical conductivity (sopt) @2.25 eV 4.839 � 109

Electrical conductivity (selc) @2.25 eV 6.176 � 1010

Urbach energy (Eu) 0.271 eV
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Information about the grown material's electrical energy
storage capacity and ohmic resistance can be obtained from the
real and imaginary dielectric constants.42 With respect to the
cut-off wavelength (l ¼ 570 nm), the calculated 3r and 3i values
are 5.495 and 1.817 � 10 −3, respectively.

3.3.3 Urbach energy. Interaction of phonons in the
bandgap region oen ends up with the development of band
tailing in the crystalline material because of the presence of
disorders. From the following equation, it is possible to calcu-
late the disorder in the system as a function of a, which corre-
sponds to the transition between the localized states and the
extended state of the conduction and valence bands, through
a parameter known as the Urbach energy (Eu).41,44

aðhnÞ ¼ a0 exp

�
hn

Eu

�
(7)

where h, n, a0, and Eu represent Planck's constant, the incident
frequency radiation, a constant and Urbach energy, respectively.
The width of the elongated tail of the localized states in the
forbidden electronic band gap (Urbach energy or band tail
energy) was obtained by plotting a graph between the ln of the
absorption coefficient a vs. hn. The obtained slope value of the
linear portion of the graph is 3.686. The Urbach energy can be
calculated by taking the reciprocal of the obtained slope value
and it is found to be 0.2712 eV. This low Eu value conrms that
the novel DSFS ionic crystal possesses high crystallinity with
minimal structural disorders. Fig. 12 depicts the Urbach energy
graph.

From Table 2, we can conclude that the grown crystal
possesses a wide transparency window in the Vis-NIR region,
low extinction coefficient, high electrical and optical conduc-
tivity and few disorders (Urbach energy). These results indicate
the grown crystal's appropriateness for optoelectronic, NLO and
photonic applications.
3.4 Photoluminescence studies

Physical properties of the grown material, such as electronic
transition, shallow and deep level defects and band gap, can be
Fig. 12 Urbach energy plot of the DSFS crystal.

29028 | RSC Adv., 2022, 12, 29022–29033
analyzed using photoluminescence studies.33,45 In general,
compounds with aromatic rings and extended conjugated
double bonds with a high degree of resonance stability exhibit
a luminescence nature.12 Upon irradiance of light, an electron–
hole pair is generated. Due to very low relaxation time (s),
recombination of these excited electron–hole pairs takes place
with the emission of photons.46 Fig. 13 shows the output PL
spectrum of the grown DSFS crystal obtained in the liquid state
with methanol solvent using an F-7000 FL spectrophotometer,
operated at room temperature. With 476 nm as the excitation
wavelength, scanning was done between 500–800 nm. Only one
broad peak centred at 620 nm (2.01 eV) conrms the absence of
impurities. The stilbazolium chromophore is responsible for
the emission of photons in the red colour region. Along with
that, the existence of the electron donor and acceptor groups
contributes to the red emission. The low quantum yield
observed in the PL spectrum suggests that there is no direct
electronic transition between the conduction and valence
bands. Most probably, the electronic transition associated with
the radiative recombination is between the trapped holes and
electrons that occur between the localized energy states that
existed within the bandgap region.33 Various electronic transi-
tions occurring within the bandgap region between different
energy levels is responsible for the broadening of the spectrum.
These transitions conrm that the shallow holes contribute
more than deep holes toward the charge transfer process and
also conrms the trapping of electrons.33 The broad red emis-
sion peak indicates that the grown DSFS crystal is a promising
Fig. 13 PL spectrum of the DSFS crystal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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aspirant for various applications such as bandpass lters,
optical switches in the near IR region and solid-state lasers.
Also, stilbazolium salts can be used as uorescence probe
monitors in the biomedical research eld.47
3.5 Surface analysis

3.5.1 Etching studies. Quality and crystalline perfection are
the essential factors when it comes to device fabrication. To
assess the surface quality of the DSFS crystal, it is subjected to
etching analysis. With the help of the developed etch pits, the
growth mechanism involved in the crystal growth process and
the defects can be analysed. A at and optically good quality
crystal is used for the chemical etching analysis with meth-
anol + acetonitrile as the etchant. In the present study, etching
was carried out at room temperature for two different etching
times, 10 and 20 seconds. Initially, the DSFS crystal's grown
surface is subjected to an optical microscope, and the output
image is captured (Fig. 14a). The grown crystal is immersed in
the etching solvent (10 s). Aerwards; the surface of the etched
crystal is cleaned gently with a tissue to exclude the etchant
from the surface. The exact process is repeated for 20 s, and the
captured pictures of the surface are presented in (Fig. 14b and
c). Rectangular-shaped etch pits were observed on the surface
aer 10 s (Fig. 14b). With the increased etching time (20 s), the
etch pits are more precise and more visible in the dislocation
site (Fig. 14c). It also raties that the mechanism involved in the
crystal growth process is a 2D nucleation mechanism, and the
synthesized crystal has few dislocations.48

3.5.2 Atomic force microscopy analysis (AFM). A quantita-
tive description of the surface topography is needed to
comprehend the surface morphology of the grown ionic mate-
rial. So, to study the surfacemorphology, the grown DSFS crystal
is subjected to AFM analysis. In general, surface roughness
parameters can be evaluated on the basis of ve parameters,
namely height or amplitude parameter, spatial parameter,
hybrid parameter, functional parameter and feature parameter.
Among these, the height parameter is the critical parameter
which gives the necessary details about the surface topography
Fig. 14 Etch patterns of DSFS. (a) As grown surface; (b) 10 s and (c)
20 s.

© 2022 The Author(s). Published by the Royal Society of Chemistry
of the material.49 Fig. 15a and b show the 3D and 2D AFM
images of the grown DSFS crystal. The root mean surface
roughness value (Sq) and average roughness (Sa) value are found
to be 32.975 nm and 26.824 nm. The difference between the
average ve maximum peaks and ve minimum peaks is
measured as the ten-point height (Sz), and the value of Sz is
140.297 nm. Based on the sign of the surface skewness (Ssk)
moment, it can be concluded whether peaks or valleys are
dominant on the surface. In the case of DSFS crystal, the Ssk
value is negative (−0.0044), which clearly indicates that valleys
are predominant and the surface is more planar.50 The atness
of the crystal can be assessed through the surface kurtosis (Sku)
value. If the Sku value is lower than 3, the surface is perfectly at.
If the value is higher than 3, then the surface possesses more
peaks than valleys.50 For the DSFS crystal, the Sku value is
2.4297, which signies the grown crystal surface is at. It is
obvious from the Ssk and Sku values that the grown crystal is
perfectly at. All the measured surface roughness parameters
are summarized in Table 3.
3.6 Nonlinear optical studies

3.6.1 Z scan measurement. The arrangement of chromo-
phores in the crystal determines whether the material exhibits
c2 or c3 effects. SCXRD studies affirmed that the title ionic
crystal arranged in a centrosymmetric fashion with P�1 space
group. In centrosymmetric crystals, due to the presence of an
inversion centre, the resultant polarization has odd order
susceptibility only, which means that even order susceptibility
has null values. Due to the presence of odd order susceptibility
the grown DSFS crystal exhibits third-order nonlinearity.51

Among the various technologies available to measure third-
order nonlinearity, the Z scan technique is preferred over
other methods due to its simplicity and reduced complexity.52

The basic principle behind the Z scan technique is that the
sample under investigation is studied as a function of Z-
position under the inuence of a Gaussian beam to study the
interaction between the sample and laser light. The four crucial
parameters which help to determine the nonlinearity of the
material can be accurately measured using the Z-scan tech-
nique: nonlinear refractive index (n2), nonlinear absorption
coefficient (b), third-order nonlinear optical susceptibility (c3)
and second-order hyperpolarizability.52 In order to calculate the
b and n2, two modes were adopted, namely open and closed
Fig. 15 AFM image of the grown DSFS crystal. (a) 3D image; (b) 2D
image.
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Table 3 Roughness parameters of DSFS crystal from AFM

Roughness parameters Values

Root mean surface roughness (Sq) 32.975 nm
Average roughness (Sa) 26.824 nm
Ten-point height (Sz) 140.297 nm
Surface skewness (Ssk) −0.0044
Surface kurtosis (Sku) 2.4297

Fig. 16 Closed aperture trace of DSFS crystal.
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aperture modes. During the translation of the sample, under
the Gaussian beam with respect to variation of transmittance,
the intensity-dependent absorption of the material is studied
via an open aperture and the nonlinear refractive index is
measured with reference to the change in light intensity via the
closed aperture method with a nite slit or aperture in front of
the output detector.53 With a helium–neon laser (632.8 nm) as
the source, the Z-scan technique was carried out. With the aid of
a Gaussian lter, the laser beam is converted to a Gaussian
beam and the transformed beam is permitted to go through
a convex lens with a focal distance of 30 mm to produce
a focused beam with a beam waist diameter (W0) of 12.05 mm. In
order to check whether the subjected sample satises the thin
sample approximation, the Rayleigh length value (ZR) is calcu-
lated. For the Gaussian beam, the Rayleigh length (ZR¼ pW0

2/l)
is found to be 0.72mm. The thickness (L) of the title crystal used
for the analysis is 0.49 mm, which is less than the Rayleigh
length; this clearly indicates that the sample used for
measurement fullled the thin sample approximation (ZR [

L).54 The crystal is translated through the Z-direction (Z¼ +15 to
−15) with reference to the focus (Z ¼ 0). The corresponding
output reading is measured in the output power meter with
regard to the position of the crystal.

Closed aperture. In order to evaluate the magnitude and sign
of the nonlinear refractive index (n2), a 2 mm aperture is placed
in front of the photodetector. In the optical crystal, the illumi-
nation of high intense laser light tends to produce nonlinear
thermal effects. The difference in the temperature of the crystal
at the internally illuminated portion and outer region alters the
material's refractive index. Thermal effects and the crystal's core
structure are attributed to the material's self-focusing or defo-
cusing nature.55 The obtained closed aperture Z-scan graph is
depicted in Fig. 16. The self-focusing behaviour (+n2) of the
grown ionic crystal is conrmed by the pre-focus valley followed
by the post-focus peak in the closed aperture curve. From the
graph, DTP–V is calculated to gure out the nonlinear refractive
index (n2), with respect to the phase shi axis (DF0). The
difference in the normalized transmittance between the valley
and peak can be derived from the following expression.

DF0 ¼ DTðP�VÞ
0:406ð1� SÞ0:25 (8)

‘S’ in eqn (8) denotes the linear transmittance through the
aperture. By using the following expression, ‘S’ can be
calculated:56
29030 | RSC Adv., 2022, 12, 29022–29033
S ¼ 1� exp

��2r2a
w2

a

�
(9)

where ra and wa indicate the radius of the aperture and beam,
respectively. The formula to calculate n2 from the closed aper-
ture graph is given as:57

n2 ¼ DF0

ΚΙ0Leff

(10)

In the above eqn (10), K represents wavenumber (K ¼ 2p/l), Leff
indicates the effective thickness of the sample, and it is given
by:

Leff ¼ [1 − exp(aL)]/a (11)

I0 is the intensity of the incident beam at the focus. Where L and
a represent the thickness and coefficient of absorption of the
DSFS crystal.

Open aperture. The nonlinear coefficient of absorption of the
title ionic crystal is evaluated through the open aperture
method (Fig. 17). The valley formation at the focus (Z ¼ 0)
demonstrates reverse saturation absorption (RSA). This strong
RSA effect is because of the higher absorption of molecules in
the higher energy level state when compared with the ground
state.58 b is directly derived from the standard equation:59

b ¼ 2
ffiffiffi
2

p
DT

I0Leff

(12)

DT represents the valley at the focus in the open aperture
curve.

The real and imaginary parts of c(3) can be directly derived
from the nonlinear refractive index and nonlinear coefficient of
absorption with the following equations:59

Recð3ÞðesuÞ ¼ 10�4
�
30c

2n20n2
�

p
cm2 W�1 (13)

Imcð3ÞðesuÞ ¼ 10�2
�
30c

2n20lb
�

4p
cm W�1 (14)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Open aperture trace of DSFS crystal.

Table 4 Comparison of the c(3) value of the DSFS crystal with a few
stilbazolium and organic crystals

Crystal name c(3) value (esu)

DSFS (present work) 1.573 � 10−7

VMST33 9.696 � 10−12

DSMOS63 5.05 � 10−8

KDP64 2.04 � 10−14

4MBS65 11.04 � 10−7
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Coupling factor (r) is calculated for the obtained experimental
results by adopting twomethods: one directly by taking the ratio
between the imaginary and real parts by using eqn (15):60

r ¼ Im
�
cð3Þ�

Reðcð3ÞÞ ¼
b

2kn2
(15)

The other method is by taking the ratio between DT and DF0 of
the open and closed aperture Z scan curves, respectively:

r ¼ DT

DF0

(16)

The calculated values from eqn (15) and (16) are 0.23 and 0.17,
respectively. Both the values lie well within the critical value of

the coupling factor
�
rc ¼

ffiffiffi
3

p

3
z 0:577

�
, which clearly indicates

the validation of the obtained experimental data.61 The ob-
tained value is less than 1/3 the value, which emphasises that
the electronic polarization is responsible for the nonlinearity in
the material.62 Both the n2 and b are insensitive to the incident
wavelength until it reaches a particular wavelength called the
critical wavelength (lc). From the following formula, the lc of
the DSFS crystal is calculated.

lc ¼ 4pn2ffiffiffi
3

p
b

(17)

The lc value of the DSFS crystal is 1530 nm. If the laser's
operating wavelength is beyond 1530 nm, the transmittance
© 2022 The Author(s). Published by the Royal Society of Chemistry
curve in the closed aperture method will disappear.60 The
calculated values of the nonlinear refractive index NLRI (n2),
nonlinear absorption coefficient NLAC (b) and third-order
susceptibility (c(3)) are found to be 4.6494 � 10−11 m2 W−1,
2.203 � 10−4 m W−1 and 1.573 � 10−7 esu, respectively. The
third-order susceptibility value of the title ionic crystal is
compared with a few other stilbazolium derivatives and organic
centrosymmetric crystals, and the comparison is tabulated in
Table 4. These comparison results indicate that the title DSFS
crystal possesses a comparatively large c(3) value.

The structure of the DSFS crystal is the main reason behind
this high NLO response. As already discussed in the structural
analysis, the presence of the BLA degree (0.11 Å) in the stilba-
zolium cation induces nonlinearity in the system. Along with
that, the presence of a strong electron-donating group (dimethyl
amino) and electron-withdrawing group (pyridinium) in the
stilbazolium cation gives rise to the development of a conju-
gated structure where the delocalization of p electrons takes
place through the styryl pyridinium (C]C) delocalization
channel. Among various reported delocalized conjugated
structures, styryl-pyridinium is considered to be one of the most
efficient conjugated structures; it is due to the nitrogen and
carbon atoms in the pyridine ring, which are in an sp2 hybrid
orbitals conguration and also a conjugated system is formed
within the ring with one p orbital without a lone pair of elec-
trons in the nitrogen atom.66 This entire D–p–A setup tends to
give larger electron density transfer within the cation structure,
leading to the surge in the scale of the dipole moment, which in
turn makes the molecules highly polarized and increases the
non-linearity of the DSFS crystal.63,67 Apart from this, the inter-
action between the stilbazolium cation and the SO3 ligand in
the anion also induces non-linearity in the title crystal.33 All the
results attained from the Z scan analysis suggests that the ionic
DSFS crystal can be used in optical limiting and switching
applications.27

4 Conclusion

The stilbazolium derivative single crystal DSFS with a new anion
is fruitfully synthesized using the slow evaporationmethod. The
structure of the grown ionic crystal is solved using SCXRD, and
the CIF le is deposited in the CCDC database. The formation of
the ethylenic bridge (C]C) is also conrmed via FTIR analysis.
Results from the linear optical studies show that the bandgap
and cut-offwavelength of the grown DSFS crystal are found to be
570 nm and 2.25 eV, respectively. The low value of the extinction
coefficient (10−4) and high value of the optical and electrical
conductivity (1010) indicates that the DSFS crystal is well suited
for various optical applications. The Sku value from AFM and
etching analysis reveals the atness and good optical quality of
the title ionic crystal. Through the Z scan technique, the third-
order susceptibility c(3) value of the DSFS crystal is determined
to be c(3) ¼ 1.573� 10−7 esu. The self-focusing effect along with
the reverse saturation absorption nature of the title crystal
suggests that the stilbazolium derivative crystal can be used for
various applications such as remote sensing, photonic appli-
cations, optical limiting and optical switching. All the
RSC Adv., 2022, 12, 29022–29033 | 29031
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characterization outcomes show that the DSFS crystal is suit-
able for various NLO applications.
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