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ium derivative crystals of 4-[2-(4-
dimethyl amino-phenyl)-vinyl]-1-methyl-
pyridinium+ bromide− (DMSB) single crystal:
exploration of the growth, molecular structure,
linear optical, and third order nonlinear properties†

Raji Vinayagamoorthy,a Muthurakku Usha Rani, *a Sivaperuman Kalainathan b

and Sekar Ananda

A novel third-order stilbazolium derivative single crystal, 4-[2-(4-dimethyl amino-phenyl)-vinyl]-1-methyl-

pyridinium bromide (DMSB), was fruitfully harvested using methanol as a medium, through a slow

evaporation technique. The solubility of the prepared DMSB powder was experimentally tested at

different temperatures (30 °C to 50 °C) with a methanol solvent. Single crystal X-ray diffraction analysis

(SCXRD) implied that the DMSB crystal crystallized in a centrosymmetric fashion (space group P21/c) with

the monoclinic crystal system. The molecular weight of the element present in DMSB was confirmed by

CHN elemental analysis. Nuclear magnetic resonance (NMR) spectroscopic study confirmed the

molecular structure of the DMSB crystal. All the functional group vibrations raised from the title

compound were studied using Fourier transform infrared spectroscopy (FTIR). From the UV-visible

spectrum, the absorbance nature and band gap of the grown DMSB crystal were determined. The

photoluminescence study of the grown crystal exhibited an emission peak at 660 nm, which is attributed

to the red light emission in the EM spectrum. The morphological characteristics of the crystal were

characterized using atomic force microscopy (AFM). Hirshfeld surface analysis was employed to

quantitatively explore the non-covalent interactions that are accountable for the crystal packing. The

third-order nonlinear susceptibility was determined experimentally and it was found to be 1.6 × 10−8

esu. These favourable Z-scan analysis results indicate that the DMSB crystal is a good candidate for

different applications, such as photonics devices, optical computing, optical switches, and optical limiting.
1 Introduction

Recently, nonlinear optical (NLO) materials that are capable of
converting frequency are of great interest to a lot of researchers
across the globe owing to their applications, such as optical
memories, optical switches, optical modulation, laser sensing,
image processing, photonic devices, telecommunication, and
frequency conversion.1–4 Therefore, new nonlinear optical
materials are required to satisfy the day-to-day technical
requirements.5 Numerous efforts have been made in the past to
create a novel organic material having signicant nonlinear
properties. The selection criteria for a novel material completely
depends on the physical properties exhibited by the material.6
Sciences, Vellore Institute of Technology,
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Many organic compounds with delocalised p conjugation
systems have been identied as a potential replacement for
already existing inorganic compounds.7 Organic materials have
strong physical and chemical properties owing to the delocal-
ization of the p electrons within the structure, and they also
exhibit large birefringence.8 In addition, the presence of weak
van der Waals contacts and hydrogen bonds also helps to boost
the nonlinearity of the materials.9 Also, organic materials
possess various special features, such as tunability of the
structure, ultra-fast optical response, and substantial electro-
optical coefficient.10 Among the various nonlinear optical
crystal derivatives explored in the past, stilbazolium derivative
materials have a very special place in NLO crystals owing to their
higher NLO efficiency. DAST is one of the stilbazolium deriva-
tive crystals, which is an effectual material for high-speed
electro-optic applications.11 Also, the DAST crystal is capable
of generating and detecting THz waves. The SHG efficacy of the
DAST crystal is 1000 times higher than that of the standard urea
crystal.12 Recently reported research proves that many stilba-
zolium derivative crystals were possible by altering the
RSC Adv., 2023, 13, 24867–24877 | 24867
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Fig. 1 Synthesis of DMSB.
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structure. This can be achieved by incorporating different
anions with the stilbazolium cation; consequently, new crystals
with high non-linear properties can be achieved.13 Among the
stilbazolium derivatives, a few of the notable crystals are: 4-N,N-
dimethylamino-4-N-methyl stilbazolium p-amino benzene
sulfonate (DSAS) and 4-N,N-dimethyl amino-4-N-methyl stilba-
zolium p-dimethyl amino benzene sulfonate (DSMAS).14,15 By
incorporating p-methoxy benzene sulfonate as a counter anion,
a new crystal (DSMOS) was reported and its SHG efficacy was
almost equal to that of DAST.13 The above report indicated that
the nonlinear behaviour of the material can be altered by the
inclusion of a new counter anion. As such, researchers have
carefully incorporated different sizes of counter anions with
stilbazolium compounds to study the impact of counter
anions.16 It has been established that altering the counter-ion
results in the enhancement of crystal packing and aligns the
dipole as parallel as feasible, which is a successful molecular
engineering technique for creating new ionic organic crystals
with high NLO efficiency.17,18 This higher nonlinearity in this
derivative is primarily due to the charge transfer mechanism in
the cation. The active stilbazolium chromophore in the cation
leads to this mechanism through the electron donor and
acceptor group (D–p–A).19 In the crystal structure, the role of the
cation is to induce nonlinearity in the structure, whereas the
role of the counter-anion is to regulate the packing of the crystal
through coulombic interactions.20 This research work mainly
focuses on the growth of a novel stilbazolium derivative 4-[2-(4-
diethylamino-phenyl)-vinyl]-1-methyl-pyridinium bromide
(DMSB) single crystals, which was reported for the very rst time
in this work. The crystal structure of the novel DMSB crystal was
solved and submitted to the CCDC database. In addition to this,
various properties of the title crystal were studied through
different characterizations techniques such as single crystal X-
ray diffraction studies (SCXRD), CHN analysis, nuclear
magnetic resonance spectroscopy (NMR), Fourier transform
infrared spectroscopy (FTIR), ultraviolet-visible near infrared
spectroscopy (UV-VIS-near IR), photoluminescence, atomic
force microscopy analysis (AFM) and Hirshfeld surface analysis.
The third-order nonlinear optical susceptibility of the grown
crystal was thoroughly examined with the Z-scan method and
the results are discussed in the nal section of the discussion
part. All the outcomes suggest that the new DMSB crystal is
a possible candidate for various optical and nonlinear optical
(NLO) applications.

2 Experimental methods
2.1 Material and synthesis

All the required high-purity components were obtained from
the Tokyo Chemical Industry. They were used as received
without any further purication. The general synthesis process
and reactions involved in the synthesis are shown in Fig. 1.

2.1.1. 1,4-Dimethylpyridinium bromide (1). 1,4-
Dimethylpyridinium-bromide (1) was synthesized by mixing an
equal amount of 4-methyl pyridine (purity 98%, 20 mmol–2 ml)
and methyl bromide (purity 98%, 20 mmol–1.3 ml) in acetone
(30ml). Themixture solution was reuxed for 2 h and allowed to
24868 | RSC Adv., 2023, 13, 24867–24877
cool at room temperature. Then, the mixture was ltered and
the settled precipitates were dried in an oven. As a result, 1,4-
dimethylpyridinium bromide (1) was obtained.

2.1.2. 4-[2-(4-Dimethylamino-phenyl)-vinyl]-1-methyl-
pyridinium bromide (2). 1,4-Dimethylpyridinium bromide 1 (10
mmol–2.35 g) and 4-dimethylamino benzaldehyde (10 mmol–
1.49 g) were taken in a hot methanol (30 ml) medium and a few
drops of piperidine catalyst (10 mmol–0.98 ml) was added. The
mixture was transferred into a 250 ml round-bottom ask and
reuxed for 12 h. The resulting purple precipitate was ltered
using Whatman lter paper and the resultant powder was
washed thrice with diethyl ether to eradicate the unreacted
initial materials. Then, the obtained purple precipitate was
dried in an oven. The last rened product of 4-[2-(4-
dimethylamino-phenyl)-vinyl]-1-methyl-pyridinium bromide (2)
was obtained. Fig. 1 represents the chemical reaction scheme of
the DSMB crystal.
2.2 Solubility and crystal growth

In order to grow a single crystal with good optical quality,
details on the solubility of the material are a must.21 To evaluate
it, solubility studies were carried out. The solubility of the
synthesized DMSB powder was measured at different tempera-
tures (30–50 °C). Initially, ve different solvents were used for
the analysis, among them in methanol solvent, DMSB powder
showed high solubility. As such, with methanol as a solvent,
a solubility study was performed for ve various temperatures,
starting from 30–50 °C at 5 °C intervals. With the aid of ultra-
cryostat (±0.01 °C), the temperature (30 °C) was maintained
constantly and the solution was stirred continuously using
a magnetic stirrer. The puried DMSB salt was added to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Solubility curve of DMSB crystal.

Fig. 3 Image of the grown DMSB crystals.

Table 1 Refined structural data of 4-[2-(4-dimethyl amino-phenyl)-
vinyl]-1-methyl-pyridinium bromide crystal

Empirical formula C16H19N2Br
CCDC 2184029
Formula weight 319.24 g mol−1

Temperature 301(2) K
Radiation type MoKa
Wavelength 0.71073 Å
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a = 6.3288(5) Å, a = 90°,

b = 7.7010(6) Å, b = 90.396(2)°,
c = 32.103(3) Å, g = 90°

Volume 1564.6(2) Å3

Z and density 4 and 1.355 g cm−3

Absorption coefficient 2.617 mm−1

F (0 0 0) 656
Crystal size 0.080 × 0.200 × 0.250 mm
Theta range for data collection 28.31°
Completeness to theta 99.8%
Max. and min. transmission f 0.5610 and 0.8180
Renement method Full-matrix least-squares on F2

Goodness-of-t on F2 1.066
Final R indices [I > 2sigma(I)] R1 = 0.0674, wR2 = 0.2068
R indices (all data) R1 = 0.0837, wR2 = 0.2231
Largest diff. peak and hole 0.875 e− Å−3 and −0.627 e− Å−3
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100 ml methanol solution, step by step until the supersatura-
tion condition was achieved. The gravimetric estimation
method was used to determine the equilibrium concentration
of the solute's supernatant liquid. In this study, an analytical
balance was used to weigh the solute and solvent masses
(accuracy± 0.0001 g). For the remaining four temperatures (35–
50 °C), the same process was repeated. The solubility curve of
the DMSB powder with respect to different temperatures is
portrayed in Fig. 2. It is obvious from the graph that the solu-
bility of DMSB increases dramatically with the rise in temper-
ature.22 A slow evaporation method was used for the growth of
DMSB crystals in amethanol solvent. Aer 25 days of the growth
period, good quality single crystal of dimension 2.3 × 0.2 × 0.1
cm3 was grown. The images of the grown DMSB crystal are
shown in Fig. 3.

3 Results and discussion
3.1 Structural studies

3.1.1 Single crystal XRD. The structure of the novel DMSB
crystal was conrmed through single-crystal XRD analysis.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The acquired raw crystal data of the DMSB crystal was resolved
with the aid of Apex 4 soware. The SHELXL function was
used to position the atoms other than the hydrogen atom in
the structure through the full-matrix least-squares renement
method.23 The calculated lattice parameter values of the grown
DMSB crystal are a= 6.3288(5) Å, b= 7.7010(6) Å, c= 32.103(3)
Å, a= 90°, b= 90.396(2)°, g= 90°, V= 1564.6(2) Å3. The grown
DMSB single crystal belongs to the centrosymmetry space
group P21/c and is crystalized in a monoclinic crystal system.
The rened crystallographic data for 4-[2-(4-dimethyl amino-
phenyl)-vinyl]-1-methyl-pyridinium bromide (DMSB) crystal
is tabulated in Table 1. Selected bond lengths and bond angles
are given in Tables 2 and 3, respectively. The ORTEP diagram
and packing image of the DMSB crystal are illustrated in Fig. 4
and 5, respectively. The CIF le for the same structure was
generated and deposited at the Cambridge Crystallographic
Data Centre (CCDC 2184029). The Cambridge Crystallo-
graphic Data system offers free copies of the deposited data,
which can be accessed on the following website (https://
www.ccdc.cam.ac.uk/data).

3.1.2 Crystal morphology. Information on the growth
planes of the novel DMSB crystal was analysed via
morphology analysis. In order to generate the morphology of
the sample, the obtained CIF le of the DMSB crystal was
loaded into the WinXmorph soware.24 Fig. 6 displays the
growth morphology of the DMSB crystal. The different growth
faces involved in the DMSB crystal are (10−1), (100), (00−1),
(001), (−100), (101), (010), (0−11), (011), (0−10), (0−11),
(011), (110), (−1−10), (1−10), and (110). From the result, it
was clear that the rate of growth of the DMSB crystal is
predominant along the crystallographic ‘a’ axis compared to
the ‘b’ and ‘c’ axis.
RSC Adv., 2023, 13, 24867–24877 | 24869
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Table 3 Bond angles [°] of DMSB

Bond angles [°]

C3–N1–C4 118.2(6)
C4–N1–C14 121.3(6)
C11–N2–C16 120.4(6)
C2–C1–C5 116.4(7)
C5–C1–C6 120.2(6)
N1–C3–C2 122.1(7)
C4–C5–C1 121.2(7)
C6–C7–C8 126.7(6)
C9–C8–C7 123.1(6)
C10–C9–C8 122.2(6)
C10–C11–N2 121.0(6)
N2–C11–C12 121.1(6)
C12–C13–C8 121.3(6)
C3–N1–C14 120.4(6)
C15–N2–C16 118.4(6)
C2–C1–C6 123.5(7)
C5–C4–N1 121.9(7)
C7–C6–C1 125.2(7)
C9–C8–C13 116.8(6)
C13–C8–C7 120.1(6)
C11–C10–C9 120.7(6)
C10–C11–C12 117.9(6)
C13–C12–C11 121.1(6)

Table 2 Bond lengths [Å]

Bond lengths [Å]

N1–C3 1.356(9)
N1–C14 1.479(9)
N2–C15 1.433(9)
C1–C2 1.389(10)
C1–C6 1.459(10)
C4–C5 1.348(11)
C7–C8 1.454(9)
C8–C13 1.399(9)
C10–C11 1.382(9)
C12–C13 1.386(9)
N1–C4 1.356(9)
N2–C11 1.387(8)
N2–C16 1.436(9)
C1–C5 1.409(10)
C2–C3 1.374(10)
C6–C7 1.308(10)
C8–C9 1.395(9)
C9–C10 1.389(10)
C11–C12 1.403(8)

Fig. 4 An ORTEP diagram of DMSB crystal with thermal ellipsoids is
shown at a 50% probability level.

Fig. 5 Molecular packing of the DMSB crystal.

Fig. 6 Morphology of the DMSB crystal.
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3.2 CHN elemental analysis

CHN analysis was used to verify the empirical formula of the
grown crystal by the mass of the constituent atoms present in
the compound.25 The powder sample of DMSB was subjected to
this analysis using a PerkinElmer 2400 series II instrument.26,27

The theoretically calculated CHN values of DMSB are
(C16H19N2Br): C-60.20%; H-6.00%; and N-8.78%. The experi-
mental CHN values of DMSB powder were found to be C-
60.13%, H-5.93, and N-8.63%. Thus, the experimental value is
approximately equal to the theoretical value. Hence, the
24870 | RSC Adv., 2023, 13, 24867–24877
elemental composition of DMSB was conrmed by the mass of
the elements (CHN) present in the compound.
3.3 NMR spectral studies

3.3.1. 1H NMR spectral studies. Nuclear magnetic reso-
nance (NMR) examination was employed to detect the existence
of specic nuclei in the material.28 It can also identify molecules
and investigate their electronic structures. This technique
exactly points out all the hydrogen atoms present in the mole-
cule. In order to carry out the analysis, nely ground DMSB
powder was dissolved in DMSO-d6 solvent. The 1H NMR spec-
trum of the DMSB crystal was obtained using BRUKER 400 MHz
FT-NMR analyser. The obtained 1H NMR spectrum is depicted
in Fig. 7. In the DMSB crystal, a total of 19 hydrogen atoms were
present. The singlet peak that emerged at 2.507 ppm is due to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 1H NMR spectrum of DMSB.
Fig. 8 13C NMR spectrum of DMSB.

Table 5 Chemical shift values for 13C NMR

Position of carbon Chemical shi (ppm)

CH3 (methyl group) 15.08, 46.48, 56.26
C–H (pyridine ring) 115.18, 124.19, 146.29, 149.58, 153.27
CH]CH (vinyl group) 143.90, 144.41
C–H (aromatic ring) 64.34, 111.18, 112.92, 124.89, 128.08, 151.19
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the solvent (DMSO-d6), and the corresponding water peak
raised due to the solvent is attributed at 3.332 ppm.29 The
singlet peak observed at 3.026 ppm belongs to six protons of the
two methyl groups (A) attached to the amino group. The three
protons of the methyl group (B) connected with the pyridinium
ring show its characteristics peak at 4.179 ppm. The doublet
peaks (C) observed at 6.782 and 6.803 ppm indicate the pres-
ence of hydrogen atoms in the 2nd and 6th position in the
aromatic ring attached to the nitrogen atom of the amino
group. The two doublet peaks (D) at (7.152 and 7.192) and (7.888
and 7.928) are due to the 3rd and 5th position protons in the
same aromatic ring. Doublet peaks (E) raised at 7.590 and
7.611 ppm are attributed to the vinyl group hydrogen atoms
(CH]CH), which proves the formation of the DMSB
compound. Peak F (doublet 8.039–8.055 ppm) and peak G
(doublet 8.675–8.691 ppm) represent the 2nd and 6th, and 3rd

and 5th position protons of the pyridinium ring.30 All the
observed peaks affirm the formation of the title ionic DMSB
crystal (Table 4).

3.3.2. 13C NMR spectral studies. The recorded 13C NMR
spectrum of DMSB is shown in Fig. 8. The peaks at 15.08 ppm,
46.48 ppm, and 56.26 ppm are attributed to the carbon atoms of
the methyl group. The carbon atoms present in the pyridinium
ring exhibit their characteristic peaks at 115.18 ppm,
124.19 ppm, 146.29 ppm, 149.58 ppm, and 153.27 ppm. The
peaks appearing at 143.90 ppm and 144.41 ppm are due to the
vinyl group carbons. The peaks at 64.34 ppm, 111.18 ppm,
Table 4 Chemical shift values for 1H NMR

Proton position Chemical shi (ppm)

DMSO-d6 (solvent) 2.507
Water in DMSO-d6 3.332
N–CH3 (methyl group) 3.026
Methyl group of
the pyridinium ring

4.179

C–H (pyridine ring) 8.039, 8.675, 8.691 & 8.055
CH]CH (vinyl group) 7.590 & 7.6111
C–H (aromatic ring) 6.782, 7.152, 7.192, 7.888, 7.928 & 6.803

© 2023 The Author(s). Published by the Royal Society of Chemistry
112.92 ppm, 124.89 ppm, 128.08 ppm, and 151.19 ppm corre-
spond to the aromatic ring carbon atoms. The total number of
carbon atoms (16) observed in the C NMR is in good agreement
with the DMSB crystal structure (Table 5). The results from 1H
NMR and 13C NMR imply the formation of the title DMSB
crystal.
3.4 FTIR analysis

Functional groups and their associated vibrations can be used
to structurally validate the title ionic crystal using an FTIR
study. The sample was mixed with KBr to form a pellet to
acquire the raised vibrations in the region of 3250 cm−1 to
400 cm−1 by using a SHIMADZU IR Affinity-1 spectrophotom-
eter. The vibration spectrum raised due to the DMSB crystal is
shown in Fig. 9. The DMSB crystal comprises stilbazolium
cation and bromide anion. Assignments of the various func-
tional groups were made from standard references.

A peak observed at 3080 cm−1, corresponds to the aromatic
and alkene group C–H vibrations.31 In the DMSB crystal struc-
ture, the hydrogen atoms are attached diagonally across each
other in the vinyl group (C]C). This implies the trans cong-
uration in the crystal structure.32 The vibrational peak that
emerged at 2932 cm−1 is because of the alkyl C–H stretching in
the DMSB material. The peak at 1629 cm−1 represents the vinyl
C]C stretching of the ethylenic bridge in the DMSB
compound.33 The peak emerged due to the presence of an
aromatic ring was detected at 1580 cm−1. The absorption peak
at 1450 cm−1 is ascribed to the asymmetrical bending vibrations
of the CH3 group. The peak at 1369 cm−1 species the
symmetrical bending vibration of the CH3 group. The sharp
RSC Adv., 2023, 13, 24867–24877 | 24871
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Fig. 9 FTIR spectrum of the grown DMSB crystal.

Table 6 Assignments of IR band frequencies of DMSB material

Wavenumber
(cm−1) Assignments

3080 Aromatic and alkene group C–H vibrations
2932 Alkyl C–H stretching
1629 Vinyl C]C stretching
1580 Aromatic ring vibrations
1531 C]C stretching vibrations
1450 Asymmetrical bending vibrations of the methyl group
1369 Symmetrical bending vibrations of the methyl group
1158 C]C vibrations
1053 CH3 rocking mode
802 Para substituted aromatic ring
573 C–Br stretching
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peak at 1158 cm−1 stands for the ring C]C vibrations. In the
DMSB crystal, the peak located at 1053 cm−1 represents the CH3

rocking mode.34 The peak centred at 802 cm−1 corresponds to
the para-substituted aromatic ring. The characteristic peak of
the C–Br stretching is observed at 573 cm−1, which is deter-
mined to be the bromide anion in the DMSB crystal.35 Identi-
cation of all the observed functional groups concluded that the
DMSB compound was formed. The summary of the FTIR peaks
and their assignments are tabulated in Table 6.
Fig. 10 Absorbance spectrum of the grown DMSB crystal.
3.5 Linear optical studies

3.5.1 UV-Vis-NIR spectroscopy analysis. The absorbance
behaviour of the DMSB crystal was analysed through UV-Vis-
NIR spectroscopy and it also revealed the orbital transitions
involved in the sample.36 The optical absorbance spectrum of
the DMSB crystal was measured using Analytik Jena Specord
Plus UV-Vis-NIR spectroscopy in the wavelength range of 200–
1100 nm. The absorbance spectrum of the DMSB crystal is
shown in Fig. 10. The drop in the absorbance observed at
478 nm corresponded to the cut-off wavelength (lmax), which is
attributed to the presence of an extended conjugated system
(donor-dimethylamino to acceptor-pyridinium) in the structure.
The absorbance peak that emerged in the visible regime (478
nm) conrmed the p–p* transition.37,38 The absence of any
other absorbance peak over a wide range (478–1100 nm) sug-
gested that DMSB crystal is an ideal candidate for optoelec-
tronics applications.

3.5.2 Tauc's plot. The material's optical behaviour is very
essential from the device fabrication point of view, to evaluate
it, the optical constants of the DMSB crystal were determined.
The recorded absorbance data was used to calculate the optical
absorption coefficient using the following relation,

a ¼
2:3026� log

�
1

T

�

t
(1)

where t is the thickness of the crystal and T is the
transmittance.
24872 | RSC Adv., 2023, 13, 24867–24877
With the coefficient of absorption value, the DMSB crystals
optical band gap was calculated from Tauc's equation,

ahy = A(hy − Eg)
m (2)

in this equation, hy is the photon energy, a is the absorption
coefficient, A is a constant, Eg stands for the optical band gap of
DMSB crystal and m represents the index that gives the details
about the electronic transition involved in the absorption
process.39,40 Theoretically, m is 1/2 for directly allowed transi-
tion,m is 2 for indirectly allowed transition, if them value is 3, it
means that it represents direct forbidden transition and if it is
3/2 means it implies indirect forbidden transition. To estimate
the material band gap from Tauc plot, a graph between (ahy)2

and is plotted (Fig. 11). Extrapolating the linear part of the Tauc'
plot graph to (ahy)2 = 0 provided information on the optical
band gap of the DMSB crystal and it was found to be 1.93 eV.
The well-established relation between the bandgap and refrac-
tive index was used to determine the refractive index of the
grown crystal41 by using the following equation,

n2 � 1

n2 þ 1
¼ 1�

�
Eg

20

�1
2

(3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Tauc plot of the grown DMSB crystal.
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3.6 Photoluminescence studies

The structural characteristics of the title crystal and its lumi-
nescence behaviour were comprehensively studied using pho-
toluminescence emission spectroscopy. Fig. 12 illustrates the
PL spectrum of the DMSB crystal, which was measured using an
F-7000 FL spectrophotometer with methanol as the solvent. The
DMSB sample was activated at 478 nm, and a spectrum of the
matching emission was recorded between 620 and 700 nm. The
excitation and emission wavelengths were attained by altering
the excitation wavelength while maintaining the emission
wavelength constant, and vice versa. The obtained peak was
closely examined and it was found to have an emission
maximum at =660 nm, which indicated the prominent red
emission (visible range). The emission of photons in the red
colour spectrum is due to the presence of the stilbazolium
chromophore and electron donor and acceptor groups in the
cation part. Also, the electronic transitions in the cation's
aromatic ring and the presence of van der Waals force also
Fig. 12 Photoluminescence spectrum of the grown DMSB crystal.

© 2023 The Author(s). Published by the Royal Society of Chemistry
contribute to the red emission.42 The wide red peak raised in the
PL spectrum raties that the synthesized DMSB crystal is
a strong performer for a variety of applications, namely, band-
pass lters, optical switches that can be used in the near IR
range, and solid-state lasers.9,43
3.7 Surface analysis

3.7.1 Atomic force microscopy analysis (AFM). To under-
stand the surface of the developed ionic material, a quantitative
analysis of the surface topography is necessary. Therefore, the
novel DMSB crystal's surface is evaluated with the help of AFM
analysis. The height parameter is one of the most important
parameters, it provides vital information about the material's
surface topography.44 The grown DMSB crystal 3D surface and
2D surface images are shown in Fig. 13a and b. The measured
average roughness (Sa) and root mean surface roughness (Sq)
values were 32.982 nm and 26.848 nm, respectively. The sepa-
ration between the average of ve maximum peaks and the
average of ve minimum peaks is known as the ten-point height
(Sz), it was found to be 140.100 nm. The dominance of valleys or
peaks in the sample surface can be analysed through the surface
skewness (Ssk) moment. The positive value raties (0.0022) that
the peaks are more predominant in the subjected surfaces than
valleys. The surface kurtosis (Sku) parameter suggests that the
examined surface was at. The condition for a surface to be at
is that Sku should be lesser than 3.32 In this instance, the value of
Sku was 2.423, which indicated the atness of the DMSB crystal.
Through the AFM technique, it was concluded that the grown
DMSB crystal possesses a atter surface. The calculated values
are summarized in Table 7.
Fig. 13 AFM image of the grown DMSB crystal (a) 3D image (b) 2D
image.

Table 7 Roughness parameters

Roughness parameters Values

Root mean surface roughness (Sq) 32.982 nm
Average roughness (Sa) 26.848 nm
Ten-point height (Sz) 140.100 nm
Surface skewness (Ssk) 0.0022
Surface kurtosis (Sku) 2.423

RSC Adv., 2023, 13, 24867–24877 | 24873
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Fig. 15 (a) All interaction (b) H–H intermolecular interaction (IMI), (c)
C–H IMI, (d) Br–H IMI, (e) H–C IMI and (f) H–Br IMI.
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3.7.2 Hirshfeld surface analysis. Hirshfeld surface analysis
is one of the effective ways to assess the various intermolecular
interactions occurring in the crystal structure. The description
normalized contact distance (dnorm) is a ratio between di and de.
Where di and de are the distances in atomic units of van der
Waals, between any location on the Hirshfeld surface and most
nearby atoms that are either within or outside of the surface.
The Hirshfeld surface for the DMSB crystal structure was
generated with the help of the Crystal Explorer 3.1 tool
(Fig. 14).45,46 The normalized contact distance (dnorm) for the
generated Hirshfeld surfaces was mapped and calculated using
the following equation.

dnorm ¼ di � rvdwi

rvdwi

þ de � rvdwe

rvdwe

(4)

On the Hirshfeld surface, the colours white, red, and blue
correspondingly represents the intermolecular interactions at
distances that are equal to, less than, and higher than the van
der Waals radius added together. The generated two-
dimensional ngerprint plots (FP) were used to the obtain
percentage of various intermolecular interactions occurring
within the crystal structure. According to de and di distances,
the FP plots for the DMSB crystal structure were anticipated,
which are shown in Fig. 15. The FP plot revealed that the
majority percentage of the contribution (50.4%) towards inter-
atomic interactions were raised from H/H interactions, which
played a crucial role in maintaining the stability of the crystal
structure. Furthermore, the stability of the crystal structure was
also aided by the inter-molecular interactions between the
molecules; Br/H, Br/C, Br/N, H/Br, C/H, N/C, N/H, and N/N. The
inter-molecular interactions percentage between the molecules
are C–H (15.7%), Br–H (12.6%), H–C (11.5%), and H–Br (6.5%).
This analysis implied that apart from the coloumbic interac-
tions, the anion bromide also plays a crucial impact in the
crystal packing.47
3.8 Nonlinear optical studies

3.8.1 Z-scan technique. The Z-scan method is a precise
method for analysing the material's optical nonlinearities.
Fig. 14 View of the three-dimensional Hirshfeld surface.

24874 | RSC Adv., 2023, 13, 24867–24877
There are four basic parameters that can be directly deduced
from the Z-scan experiment, namely; third-order nonlinear
susceptibility (c(3)), second-order hyperpolarizability (g),
nonlinear refractive index (n2) and nonlinear absorption coef-
cient (b).48 In this method, a computerized translation setup
was used to move the sample from −Z to +Z along the focussed
Gaussian beam's propagation axis (Z-axis). The transmitted
output intensity for each and every Z position was recorded with
the help of a digital power meter. The sample performed as
a thin lens with an adjustable focal length. The results from
SCXRD studies conrmed that the grown DMSB belonged to the
centrosymmetric space group P21/c. The centrosymmetric
pattern in the crystal species the presence of inversion
symmetry in the structure, which implied the presence of the
(c(3)) effect and the absence of the (c(2)) effect. The sign and
magnitude of the nonlinear refractive index (n2) of the title
compound were ascertained by using the closed aperture (CA)
mode. Fig. 16 displays the CA prole of the DMSB crystal.

The transmittance curve's peak-to-valley conguration indi-
cated the negative nonlinear refractive index (n2) and also
demonstrated that the DMSB crystal had a self-defocusing
effect. The following eqn (5) can be used to determine the
difference between pre-focus and post-valley (DTP-V) as a func-
tion of an axis phase shi jDFoj

DTP-V = 0.406(1 − S)0.25jDFoj (5)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Closed aperture trace of DMSB crystal.

Table 8 Non-linear parameters obtained from the Z-scan method

Laser beam wavelength (l) 632.8 nm
Lens focal length (f) 30 mm
Beam radius of the aperture (wa) 9 mm
Aperture radius (ra) 2 mm
Sample thickness (L) 0.4 mm
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with the help of axis phase shi, n2 of the DMSB crystal was
calculated using the following expression.

n2 ¼ DFo

KIoLeff

(6)

K in the above relation implies the wave number (K = 9.924 ×

106 m−1), where Io is the incident laser beam light intensity at
the focus (Io = 15.61 MW m−2), and Leff represents the effective
thickness of the subjected sample, it can be estimated from the
following equation,

Leff ¼ ½1� expð�aLÞ�
a

(7)

where L is the thickness of the crystal used.
Fig. 17 displays the nonlinear absorption characteristic of

the title crystal. The OA graph conrmed the reverse saturation
absorption (RSA) behavior of the DMSB crystal.49 Here, it is
necessary to remember that the excited state of the molecule
has greater absorption than its ground state, which has
important applications in various technological and biological
elds. To determine the nonlinear absorption coefficient (b),
the below-mentioned formula was used,
Fig. 17 Open aperture trace of DMSB crystal.

© 2023 The Author(s). Published by the Royal Society of Chemistry
b ¼ 2
ffiffiffiffiffiffiffiffiffiffi
2DT

p

IoLeff

(8)

where DT is the drop in transmittance value (valley) at focus as
indicated in the OA curve. According to these calculations, the
DMSB crystal has a nonlinear absorption coefficient (b) and
nonlinear refractive index (n2) of 4.7566 × 10−5 mW−1 and
3.432 × 10−11 m2 W−1, respectively.

The resulting nonlinear refractive index (n2) and effective
nonlinear absorption coefficient (b) were used to compute the
real and imaginary components of third-order nonlinear
susceptibility. Using the real and imaginary values, the absolute
value of third-order nonlinear optical susceptibility (c(3)) can be
calculated by using the following expressions,

Re cð3Þ ðesuÞ ¼ 10�4
�
3oC

2no
2n2

�
p

cm2 W�1 (9)

Im cð3Þ ðesuÞ ¼ 10�2
�
3oC

2nolb
�

4p2
cm2 W�1 (10)

��cð3Þ�� ¼ h�
Recð3Þ�2 þ �

Imcð3Þ�2i2 (11)

Table 8 displays the experimental data and the calculated
results of the Z-scan method for DMSB.

The absolute third-order nonlinear susceptibility (c(3)) value
of the DMSB crystal is compared with a few of the other NLO
crystals and the comparison is depicted in Table 9.

The overall characterization results implied that the
synthesized DMSB material showed superior NLO response and
Effective thickness of the sample (Leff) 0.3261 × 10−3 m
Nonlinear refractive index (n2) 3.432 × 10−11 m2 W−1

Nonlinear absorption coefficient (b) 4.7566 × 10−5 m W−1

Real part of the third-order
susceptibility [Re(c(3))]

2.285 × 10−9 esu

Imaginary part of the third-order
susceptibility [Im(c(3))]

1.5955 × 10−8 esu

Third-order nonlinear optical
susceptibility (c(3))

1.6 × 10−8 esu

Table 9 Comparison of DMSB c(3) value with other NLO crystals

Crystal name c(3) value (esu)

DMSB (present work) 1.6 × 10−8

KDP50 2.04 × 10−14

VMST51 9.696 × 10−12

4MBS52,53 11.04 × 10−8

DSMOS13 5.05 × 10−8

RSC Adv., 2023, 13, 24867–24877 | 24875
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it can be utilized for all-optical switching and optical limiting
applications.
4 Conclusion

A slow evaporation technique was used to grow a good quality
third-order nonlinear optical single crystal of DSMB by incor-
porating a new anion into the existing stilbazolium derivatives.
The SCXRD analysis conrmed that DMSB crystallised in
a monoclinic crystal system with centrosymmetric space group
P21/c (CCDC – 2184029). The formation of the DMSB compound
was affirmed through an NMR spectroscopy study. The cut-off
edge and band gap of the DMSB crystal was evaluated
through UV-Vis-NIR spectroscopy and it was found to be 478 nm
and 1.93 eV, respectively. The red light emission (660 nm) of the
DMSB crystal was conrmed from the PL spectrum. The
experimentally determined third-order nonlinear susceptibility
from the Z-scan method was 1.6× 10−8 esu. The self-defocusing
effect (negative n2 value) and the reverse saturation absorption
(RSA) property of the grown DMSB crystal specied that the
newly developed crystal can be used for a variety of applications;
namely photonic devices, optical limiting, and optical switch-
ing. All the characterization results indicate that the DMSB
crystal is an ideal material for diverse NLO applications.
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