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Recently, laser-oriented devices have emerged as an essential component of modern technology. These
high-intensity devices also adversely affect the human eyes and skin. To avoid such scenarios, the
development of materials capable of cutting off high-intensity laser light is an active area of research.
The current work aims to develop novel optical limiting single crystals capable of restricting the intensity
of laser light. In order to achieve this, a novel third-order-active single crystal of 4-[2-(4-dimethylamino-
phenyl)-vinyl]-1-methyl-pyridinium 4-aminoazobenzene-4'-sulfonate (DMMA) was efficaciously grown
through a slow evaporation technique. The structure of this new ionic crystal was confirmed via single-
crystal X-ray analysis (SCXRD). The characteristic peaks of each of the functional groups in the DMMA
crystal were explored via Fourier transform infrared (FTIR) spectroscopy. The linear optical characteristics
of the DMMA crystal were evaluated through ultraviolet-visible-infrared (UV-VIS-NIR) spectroscopy and

Received 10th November 2023, photoluminescence analysis. The calculated optical constants and emission wavelength (610 nm)

Accepted 30th January 2024 indicate that the grown crystal can be employed in optoelectronic applications. Computational analysis
DOI: 10.1039/d3ma00988b was carried out to probe the inter- and intra-molecular interactions occurring within the crystal. The

third-order susceptibility (°) value of the novel ionic crystal shows the suitability of the title compound
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Introduction

The inevitable rise in laser-driven technology has led to a
demand for materials capable of protecting both human opera-
tors and sensitive instruments from the damage caused by
these high energy beams. In particular, in the defence sector,
laser light pointed towards a tank or fighter aircraft can lead to
flash blindness in the operator, which may result in a huge
catastrophe.' In order to avoid such scenarios, devices capable
of converting or restricting these high-intensity light beams
into low-intensity beams before they reach the eyes of the
operator or optical sensors are needed.>* Optical limiters are
devices that can potentially suppress undesired radiation above
the threshold fluence without altering the input energy of the
laser light irradiance. A pressing priority has been assigned
to constructing optical limiting devices that could be used in
daily life.* In order to use a material in an optical limiting
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application, it should possess a high nonlinear absorption
property. An extensive survey of the literature indicates that
various materials, such as fullerene and its derivatives, carbon
nanotubes, carbon black suspensions, organic dyes, organome-
tallics, semiconductors, chalcogenides, etc., have been used as
optical limiters.> Despite the development of these many
different materials, the quest for an ideal optical limiter is still
ongoing. This is mainly due to the limitations associated with
each of the above-mentioned materials. In the case of semi-
conductors, chalcogenides, fullerene and organic dyes, the
operating wavelength range is only in the IR regime; this
narrow operating wavelength restricts its usage in real-life
applications.> The breakage of carbon particles during long-
term use limits the practical usage of carbon black suspen-
sions. Carbon nanotubes exhibit high optical limiting
properties, but they are effective only when the source is a
nano-pulsed laser. These constraints have led the research
community to look beyond the existing materials. In general,
nonlinear materials have substantial applications across multi-
ple domains, such as deep UV lasers, optical data storage,
optical switches, photodynamic therapy, and optical limiting
devices, among many others.>® Their inbuilt higher nonlinear-
ity and the ease of tuning their structure based on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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requirements have made organic NLO materials the frontrun-
ners over their inorganic counterparts.’ These versatile features
of the organic NLO materials have inspired many researchers to
concentrate on organic materials, and as a consequence, many
novel organic NLO materials have been reported in the recent
past.*”

According to the existing reports, organic stilbazolium deri-
vative NLO materials have exhibited high nonlinearities. Many
research works based on varying the constituent parts (cation
and anion) of already reported derivatives are currently in
progress."' ™ The present work aims to develop a new optical
limiting material based on a stilbazolium derivative by adapt-
ing the strategy of integrating a novel anion into the prevailing
stilbazolium derivative structure. The inclusion of this new
anion will have a direct impact on the crystal stacking and
the nonlinear response of the material. A vast survey of the
literature was carried out to choose a new ideal anion, which
helps in aligning the crystal in a centrosymmetric fashion to
exhibit third-order NLO properties. As a result of this quest, a
new optimal anion material, namely, 4-aminoazobenzene-4’-
sulfonate, was identified and utilized in the present work.
Azobenzene and its related compounds have attracted huge
attention owing to their wide range of applications across
diverse sectors such as photonics, imaging, storage, liquid
crystals and NLO applications."* Their ability to switching
between trans (E) and cis (Z) isomers and the existence of
particular electronic structures within the molecules are the
rationale behind the wide usage of the azo group and its
derivatives. This switching between the cis and trans configura-
tions can prompt various molecular movements within the
material, which leads to large and stable optical anisotropy.'”
The N=N double bond affixed to the two phenyl rings will also
serve as a pathway for the motion of n-electrons within the azo
compound from the donor to the acceptor moiety. Due to this
charge transfer process (D-n-A), the nonlinearity exhibited by
these derivative materials is comparatively high. Additionally,
the non-covalent interactions between the organic stilbazolium
cation and the azobenzene sulfonate anion may also boost the
nonlinearity of the title crystal.'® Crystals of the newly devel-
oped 4-[2-(4-dimethylamino-phenyl)-vinyl]-1-methyl-pyridinium
4-aminoazobenzene-4'-sulfonate (DMMA) were cultivated via a
slow evaporation solution growth technique. The main aspira-
tion of this work is to inspect the structural, linear, nonlinear
optical and optical limiting characteristics of the newly devel-
oped stilbazolium cation and azo anion mixture, which is
reported for the very first time in this work. All the parameters
derived from various characterization techniques indicate that
the DMMA crystals are a potential contender for optoelectronic
and optical limiting applications.

Single-crystal XRD

Single-crystal X-ray diffraction (SCXRD) was chosen as a suita-
ble analysis technique to confirm the formation of the samples.
In addition, it provides crystallographic details that give insight
into the crystal system, space group, the different bonds and
their corresponding angles and the intermolecular interactions

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

Table 1 Crystal data and structure refinement for DMMA

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

DMMA
C28H39N5035

515.62

299(2) K

0.71073 A

Monoclinic

P21/c

a =12.3295(9) A
b=7.5517(5) A

¢ =27.4700(19) A

o =90°

B =100.665(2)°

v =90°

2513.5(3) A®

4

1.363 Mg m*®

0.170 mm '

1088

0.270 x 0.250 x 0.080 mm?®
2.040 to 26.377°

Index ranges -15<h <15
-9<k<9
-34 <1< 34
Reflections collected 62873
Independent reflections 5127 [R(int) = 0.0539]
Completeness to theta = 25.242° 99.6%

Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 2sigma(J)] R; = 0.0491, WR, = 0.1118
R indices (all data) R; = 0.0750, WR, = 0.1326
Extinction coefficient n/a

Largest diff. peak and hole 0.568 and —0.424 e A™*

Semi-empirical from equivalents
0.7454 and 0.7026

Full-matrix least-squares on F,
5127/23/373

1.056

responsible for the stabilization of the material. A crystal with
dimensions of 0.270 x 0.250 x 0.080 mm?® was placed in a D8
QUEST BRUKER instrument for the analysis. The ShelX
package in the Apex 4 software was utilized to simulate the
non-hydrogen bonds in the compound.’” All the calculated
crystallographic data derived from the SCXRD technique are
presented in Table 1, and the CIF file for the DMMA crystal is
deposited in the CCDC data repository (2233751%). The centro-
symmetric arrangement was confirmed by the P21/c space
group, and the lattice parameter values indicate that the titular
crystal crystallized in the monoclinic crystal system (a =
12.3295(9) A, b = 7.5517(5) A, ¢ = 27.4700(19) A and o = 90°,
p = 100.665(2)°, y = 90°). The crystal structure and packing
image of the DMMA crystal, along with the important inter-
molecular interactions, are depicted in Fig. 1. The various bond
lengths and angles involved in the crystal structure are

Fig. 1 Crystal structure of DMMA.
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tabulated in Tables S1 and S2 in the ESL{ The overall crystal
structure is divided into two halves, namely, the positive cation
(stilbazolium) and negative anion (amino-azo). The olefinic
bond (C—C) present in the stilbazolium cation is arranged
in the trans configuration, and its torsional angle (Ci¢-
C16=C10~C,1) is 179.89°."® The coplanarity of the two methyl
groups (dimethyl) attached to the nitrogen atom of the amino
group in the cation section was measured with respect to the
aromatic ring through the torsional angles, which were found
to be Cy5-Cy4-N4—Csg (—16.7°) and C,3-C4~Ny4—~C,5 (9.8°). The
differences observed in the torsional angles clearly show that
there is a deviation in the coplanarity. The novel amino azo
counter anion comprises SO; and NH, moieties. The sulfonate
(S) atom in the anion section is attached to three oxygen atoms
via single bonds (S-O); the lengths and angles of these bonds
range from 1.355 to 1.588 A and 107 to 121°. In the case of NH,,
the bonds that link the nitrogen and hydrogen atoms have
lengths in the range of 0.806 and 0.869 A with a bond angle of
125°. The bond length of the characteristic bond of the azo
(N=N) moiety is 1.232 A. The torsional angle of the (N=N) is
178.3(2)°. The 3-D crystal network of the DMMA crystal is
constructed by the continuous perpendicular arrangement of
the stilbazolium cation with respect to the azo anion.

Morphology

The physiochemical properties of the crystal differ along each
growth plane due to the anisotropic behaviour exhibited by the
crystal structure. In order to obtain a clear picture of these
planes, the morphology of the crystal is very pivotal. The
winXMorph software was used to generate the various crystal-
lographic planes involved in the formation of crystal structure,
and the simulated morphology diagram is shown in Fig. 2."° In
this particular work, the Bravais-Friedel-Donnay-Harker
(BFDH) law was employed to predict the morphologically
important growth faces.*®

These are the faces that have a larger interplanar spacing
with the nearby faces and possess maximum density.>" In the
DMMA crystal, overall, twelve crystal faces ((001), (001), (100),
(100), (101), (101), (010), (010), (011), (011)) were observed. The
calculated growth rates and morphologically important planes

Fig. 2 Morphology diagram of the grown DMMA crystal.
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are depicted in Table S3 in the ESL.{ As per the BFDH law, the
growth rate is predominant in the short axis; the same is
observed in the case of the DMMA crystal. From the table, it
is obvious that the (011) and (011) faces, which belong to the
short axis (), have the highest growth rate (3.709).>*

Fourier transform infrared spectroscopy

The characteristic vibrations arising due to the existence of
various functional groups in the DMMA crystal were analysed
with the aid of FTIR spectroscopy. These vibrations were used
to affirm the formation of the novel material. In order to carry
out the investigation, the KBr pellet of the title sample was
placed in a SHIMADZU FTIR instrument, and the resultant
spectrum was obtained in the range between 4000-400 cm ™'
(Fig. 3). The titular crystal possesses two sections, namely, the
stilbazolium cation and the newly incorporated aminoazo
benzene sulfonate anion.

The presence of the C—C bond in the styryl pyridinium
bridge gives rise to a distinctive peak at 1643 cm™*.>* Typical
vibrations corresponding to the CH; functional group were
observed due to the existence of a methyl group at both the
ends of the stilbazolium cation. The peaks at 1469, 1367 and
1028 cm ™' correspond to the asymmetrical, symmetrical and
rocking mode vibrations of the methyl group, respectively.>*
The presence of a phenyl ring in the cation was confirmed by
the characteristic peaks of the in plane and out-of-plane bend-
ing C-H vibrations. The peaks visible at 1301 and 1226 cm ™"
are attributed to the in-plane C-H bending; similarly, the peaks
raised at 939 and 707 cm ' are the peaks of the out-of-plane
C-H bending.* In the case of the anion, the main vibrations
were detected from the three oxygen atoms surrounding the
sulphur atom. The symmetric and asymmetric vibrations of the
SO, functional group are present at 1163 and 1028 cm ™. The
peak at 530 cm ' implies the existence of SO; scissoring
vibrations.>® The other part of the counter anion consists of
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Fig. 3 FTIR spectrum of DMMA.
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the azo and amino groups. The NH, vibrations are responsible
for the peaks at 3352 and 3192 cm™". The wagging of the amino
(NH,) group is confirmed by the peak at 707 cm™'. The
characteristic peak of the azo (N—N) functional group is
observed at 1523 cm™".*' All the observed vibrations confirm
the formation of the titular DMMA crystal.

Ultraviolet visible near-infrared analysis

The analysis of the interaction of light with the grown material
is of great importance, as it provides an vital information
regarding where and how the synthesized material can be used
in the context of photonics and optoelectronic applications.?
To effectually understand these interactions, UV-Vis-NIR
spectroscopy was carried out using the Analytik Jena Specord
210 Plus instrument at room temperature over the UV (200 nm)
to NIR (1500 nm) regions. The energy associated with the
electronic transitions absorbance behaviour with respect to
the wavelength and transparent regime can be obtained from
this analysis.*® Other optical constants, such as the extinction
coefficient, electrical and optical conductivity and the Urbach
energy were determined to obtain insight into the optical
characteristics of the DMMA crystal. The variation in the
transmittance of the DMMA material with respect to wave-
length is shown in Fig. 4. In the transmittance graph, the
increase in transmittance (cut-off edge) is observed at
430 nm, which confirms the transitions of electrons from
bonding () to nonbonding (n*) orbitals. The structural factor
accountable for this n-to-n* transition in the novel title crystal is
the presence of unsaturated compounds in both the stilbazo-
lium cation (C=C) and azo (N=N) anion, as well as the
occurrence of aromatic rings.

The most suitable materials for practical applications are
those which possess a broad light transmission band. For the
title ionic crystal, the transmittance window lies in the regime
between the visible (430 nm) and NIR (1500 nm). This feature of
the DMMA crystal suggests that the grown material can be used
not only for NLO applications, but also for optoelectronic
applications. The bandgap energy of the title compound was

90—-
80—-
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60:
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Transmittance (%)
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Wavelength (nm)

Fig. 4 Transmittance behaviour of the DMMA crystal.
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derived using the well-established Tauc equation.** The plot of
the photon energy vs. (¢#v)* is shown in Fig. 5(a). The direct
bandgap of DMMA can be calculated directly by extrapolating
the linear part of the curve, and it was ascertained to be 1.96 eV.
The value of the bandgap indicates that the grown crystal falls
into the semiconductor category.®® The obtained cut-off edge
and bandgap value of the grown DMMA crystal were compared
with those of several other stilbazolium derivative crystals and
are tabulated in Table 2.

The loss arising from the scattering and absorption of
electromagnetic waves within a material can be determined
using the extinction coefficient (K). The calculated coefficient of
absorption was used in eqn (1) below to determine the K value
of the DMMA material.

ol
K=- (1)

The plot of the extinction coefficient vs. photon energy is
presented in Fig. 5(b). The inference from the graph indicates
minimal loss (K = 10*) in the crystal. In general, materials with
a low K value are preferred for various computer processing
applications.>® The optical conductivity value (gop) provides
details about the response of a material to incident photon
energy. The following expression is used to estimate the optical
conductivity.

anc
e )

Here, c represents the speed of light in a vacuum, « is the linear
coefficient of absorption and # is the linear index of refraction.
The variation in the optical conductivity with respect to photon
energy is illustrated in Fig. 6. In the graph, decreasing op;
values are observed up to 1.6 €V, at which a sharp increase is
seen in the bandgap region (2 eV); beyond that, it attains a
maximum value of 1.8 x 10'® Q m~". Similarly, the electrical
conductivity of the material was also calculated using the below
formula (eqn (3)), and the corresponding graph is presented in
Fig. 6.
226 opt

= — 3
Ocle C( ( )

The electrical conductivity of the title ionic crystal reaches
the saturation region (1 x 10'° Q m™") at higher photon energy.
The semiconducting behaviour of the material was indicated by
the high o value at low photon energy and low value of o, at
higher energy.*”

Urbach energy

In the bandgap regime, disorientation of the lattice planes or
the inclusion of foreign particles might result in the for-
mation of a weak absorption band. Details regarding impu-
rities in the crystal can be obtained by determining the width
of the absorption band.?® The width of the tail is the Urbach
energy (E,), which gives a clear picture of the level of defects
in the crystal structure. The calculated linear absorption
coefficient (o) is used to derive the Urbach energy value

Mater. Adv.,, 2024, 5, 2582-2596 | 2585
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Fig. 5 (a) Bandgap and (b) extinction coefficient vs. photon energy.

Table 2 Comparison of cut-off wavelength and bandgap of the DMMA
crystal and other stilbazolium derivative crystals

S. Crystal Lower cut-off wavelength Band gap
non name (nm) (eV) Ref.
1 DMMA 430 1.96 Present
work
2 DOST 416 2.43 26
3 VMST 508 2.20 27
4 VSNS 390 3.25 28
5 BMST 419 2.96 29
T | T T T T
2.0x10" - - 1.6x10"
1.8x10" F 1.4x10"
1.6x10" - r s
— F1.2x10"
E . , L =
1.4x10" - (]
% g \\ F1.0x10" >
3 1.2x10" 4 r 2
ki ls.ox10® S
3 1.0x10" - | 2
s Feoxto® S
2 8.0x10° <
] 4]
= . Faox10® 5
Q 6.0x10 L g
b w
4.0x10" F2.0x10
2.0x10° o0
T T T T T T
0 1 2 3 4 5 6 7
Photon energy (eV)
Fig. 6 Optical and electrical conductivity of the DMMA crystal.
through the following equation.>®
hv
a(hv) = agexp | — (4)
Ey

A graph of In () vs. photon energy (Fig. S3 in the ESIt) was
plotted to calculate the Urbach energy by taking the slope of the
linear part of the curve. The reciprocal value of the slope is the
value of the Urbach energy, which was estimated to be 0.29 eV.
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This low value suggests that the DMMA crystal has very few
lattice plane disorientations or defects and high crystalline
perfection.*’

Refractive index dispersion

In order to explore the dissipation of the refractive index below
the energy band gap, the Wemple and DiDomenico single
oscillator model is employed. This model gives information
about the inter-band electronic transition as a single
oscillator.*! Information about the dependence of the refractive
index on photon energy (below the bandgap) is highly crucial
for nonlinear applications.*” Fig. 7 presents a plot of the
dispersion of the refractive index vs. photon energy in the
below-band-gap regime. All the essential parameters, such as
the dispersion energy (Eq), single oscillator energy (E,) and the
moment of the oscillator model (M_; and M_;) were calculated
by linear fitting of the obtained experimental data. The E, and

0.25 4

0.20 +

0.15

-1’

0.10

0.05

0.00 ) T y T . T ) T

2.0 2.5 3.0 35 4.0
(hv)’ (ev)’
Fig. 7 Refractive index dispersion plot of the DMMA crystal using the
Wemple-DiDomenico model.
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Eq4 values were deduced by incorporating the intercept and
slope values of the straight line in the below expressions:**

1
Eg= | 5
d Intercept x slope ()

E, = Eq x Intercept (6)

The E, value represents the distance between the centres of
gravity of the conduction and valence band, whereas E4 stands
for the average inter-band optical transition strength. Along
with these parameters, the moments of the single oscillator
were also derived with the aid of following equations:

E E
Mo =2 M73:E—d3 7)
[

o
Other dispersive parameters, such as oscillator strength (f)
and static refractive index (n,), were calculated using the

following formulae.
/1 Eo
=4/1+= 8
no + Eq (8)

S=E.Eq 9)

All the calculated dispersion parameters are tabulated in
Table S4 in the ESL.t The single oscillator strength (E,) value
gives insight into the average bond strength of the sample.
In general, the lower the E, value, the higher the nonlinear
response of the material.” In the case of DMMA, it is 1.9875 eV;
this comparatively low E, indicates that the grown crystal
exhibits high nonlinearity.*®

The grown DMMA crystal crystallized in the monoclinic
crystal system, so its refractive index has three different com-
ponents and can be evaluated using the below expressions:

1

2 _

=1+ 0.852497 — 0.008758842 (10)

n? =1+ 1 (11)
r 0.972682 — 0.0087757)2

n?=1+ ! (12)
: 1.008157 — 0.0094050.2

The calculated n,, n, and n, values are 1.474118, 1.424109
and 1.4113, respectively. The decreasing values of the refractive
index from n, to n, indicate that the DMMA crystal belongs to
the positive biaxial crystal class.*®

In order to obtain information about the portion of electro-
magnetic radiation penetrating inside a material, the skin depth
(0) of the material is calculated with respect to the photon energy.
Numerically, it is defined as é = 1/o, where « is the absorption
coefficient. The plot of skin depth vs. photon energy is depicted in
Fig. 8. It is obvious from the graph that the skin depth decreases
at higher photon energy. Initially, increasing skin depth is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of skin depth with respect to photon energy.

observed until the photon energy reaches the bandgap (2 eV);
beyond that point, the skin depth reaches saturation. The increase
in the skin depth before the bandgap region is attributed by the
absorption behaviour of the material, which implies that the skin
depth is dependent on the transmittance (7).*

Sellmeier dispersion relation

The refractive index dispersion in the longer wavelength region
can be deduced with the aid of the Sellmeier dispersion
relation, whose governing equation is:

n* —1 1 R
n2—1" A2

where n denotes the linear refractive index, n, indicates the
static refractive index, 4, represents the average inter-band
oscillator wavelength and /1 stands for the wavelength. After
rearrangement, the aforementioned equation can be written as

S(,)vo2
72
Ao

( - 72)

The term S, represents the average oscillator strength, which
is given by S, = (n,> — 1)/4,°. The parameters n, and /,, which
are crucial to derive the S, value, were obtained by calculating
the slope and intercept values of the plot of (n> — 1)~ " versus 27>
(Fig. S4 in the ESIt). The comparatively low S, value implies
that the bond energies drop until all the available valences are
occupied.”® Overall, the linear optical properties analysis
demonstrates the suitability of the grown DMMA crystal for
various nonlinear optical and optoelectronic applications.

(13)

w—1=

(14)

Photoluminescence analysis

The use of the DMMA crystals in optoelectronics stream
applications requires fundamental information regarding the
behaviour of the material under the influence of visible light. In
order to explore this, a non-destructive analysis, namely, the
photoluminescence technique, was carried out. Since there is a
direct relation between the emission and the temperature, the
charge transfer mechanism and the level of defects, knowledge
of these parameters is significant.**>°
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This analysis provides insight into whether the transitions
occurring in the bandgap regime are due to the existence of
discrete energy levels or the occurrence of impurities. A liquid
sample of DMMA (solvent:methanol) was analysed using an
F7000 FL spectrophotometer at room temperature to acquire its
PL spectrum over the range of 500-700 nm. Under 430-nm
excitation, only one peak emerged, which indicates that there is
no foreign particle inclusion in the DMMA sample. The max-
imum of the single peak lies at 610 nm (Fig. 9(b)), which
confirms the red-light radiative transition of the title com-
pound. This visible emission is attributed to the existence of
the chromophores in the cation. In addition, the transfer of
charges within and among the cation and anion also contri-
butes to the red shift.’>*! The difference in wavelength between
the absorption maximum (Fig. 9(a)) and emission maximum in
the same electronic transition gives rise to either a Stokes shift
or anti-Stokes shift. If the emitted photon energy is less than
the absorbed photon energy, then it is attributes to a Stokes
shift.>? Similarly, the inverse phenomenon gives rise to an anti-
Stokes shift. In the case of the DMMA crystal, the emitted
photon energy is 2.0325 eV and absorbed photon energy is
2.883 eV, which clearly indicates that the DMMA crystal dis-
plays a Stokes shift (0.8505 eV). In general, vibrational energy
relaxation is the phenomenon responsible for the Stokes shift
in a material. Under the influence of electromagnetic radiation,
the relaxation of the molecules usually occurs due to inter-
action with the surrounding lattice. The energy of the vibra-
tional relaxer is annihilated by the continuous intermolecular
motion of the lattice, which results in excitation of the lattice
motion at higher-level energy states.”

Colour analysis

The Commission International de I'Eclairage (CIE) chromati-
city plot for the luminous DMMA material was simulated and
the output CIE plot is depicted in Fig. 10.
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Fig. 10 Chromaticity plot of the DMMA crystal.

This is a conventional method adopted around the world to
recognize the emission colour. The X and Y coordinates of the
DMMA sample are 0.612 and 0.383, which indicate red-light
emission. These colour coordinates (X and Y) were used to
detect the colour temperature (CCT) and colour purity of the
material. The following equation was used to deduce the CCT:

(15)

The term ‘n’ is the ratio between the inverse of the slope of
the line and the chromaticity epicentre obtained from McCa-
ny’s relation

CCT = —449n° + 35251 - 68231 + 5520.33

X — Xe

n=
Yy =DJe

(16)

where the values of X. and Y. are 0.3320 and 0.1858,
respectively.*®
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Eqn (17) was used to estimate the colour purity (CP):

\/(x - xee)2+(y - yee)z

CP =
\/(X —xa)’+(y = ya)’

x 100%

(17)

where X and Y are the CIE coordinates, X,. and Y., are the
standard colour coordinates for standard white light (0.33) and
Xq and Yy are the CIE coordinates for the dominant wavelength.
The calculated CCT and the CP of the DMMA material are
1782.47 K and 83.57%, respectively. The outcomes of this
experiment clearly indicate that DMMA is an apt material for
red-colored solid-state laser and display applications.>® The
obtained CCT (1782.47 K) value of the DMMA crystal falls in
the red region of the ideal Plankanian spectrum.

Frontier molecular orbital analysis

Exploration of the molecular orbital behaviour of the grown
material is pivotal, as it provides valuable insights into the
different electronic transitions involved, as well as the chemical
reactivity and stability.>* The Gaussian 16 software package was
used to assess the molecular orbital parameters. The theoreti-
cally predicted HOMO and LUMO energy levels of the DMMA
crystal, along with the calculated excitation energy, are depicted
in Fig. 11. In the HOMO region, all the electrons are delocalized
around the stilbazolium cation; for the LUMO, the delocaliza-
tion of electrons occurs in the counter anion. This charge
distribution in the cation (HOMO) and anion (LUMO) indicates
the transfer of electron density between them.>> The HOMO-
LUMO examination provides conclusive evidence that intra-
molecular charge transfer (ICT) occurs between the end-
capping electron-donating (dimethyl moiety) to the competent
electron-accepting moiety (pyridinium). The small energy dif-
ference between the HOMO and LUMO (2 eV) suggests the high
polarizability of the material.’>® This ICT and high-polarizability
imply the strong nonlinear activity of the title ionic crystal.>”
The calculated energy gap between the HOMO and LUMO
paves the way for the estimation of quantum descriptors. These
parameters give us a comprehensive idea of the hardness and
readiness of the synthesized material to react with the sur-
rounding molecules (chemical reactivity). The lower the differ-
ence, the softer the material and higher its reactivity with its

9
Q.J 9 “J (-2.773678388eV)
a JJ‘ J. ?
R
Jd‘ J.J
s 9
2 8J 2.008488eV
2 9 ﬁ"g“
33392

HOMO energy
(-4.78216658 eV)

Fig. 11 HOMO-LUMO energy diagram.
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surroundings, and vice versa.”® The small energy difference
(2 eV) affirms that the DMMA crystal falls into the soft material
category and also possesses high reactivity. The calculated
quantum descriptors of chemical hardness (1 = 1.004245 eV)
and chemical softness (¢ = 0.995773 eV~ ') also reaffirm the
high responsiveness and softness of the crystal. The calculated
electronegativity (y) and chemical potential values (u) are
3.777 eV and —3.777 eV, respectively. The high biological
activity of the crystal structure is indicated by its high electro-
philic index (w = 7.1666 eV) and low nucleophilic index
(N = 0.1395 eV ') values.>® In the grown crystal, the value of
ionization potential (I = 4.782 eV) is higher than the value of
electron affinity (A = 2. 77 eV).

This emphasizes that the electron-donating nature is more
predominant in the title ionic crystal than its electron-
accepting capability. All the derived quantum receptors suggest
that the title crystal possesses high chemical reactivity, biolo-
gical activity and electron-donating ability.

Molecular electrostatic potential analysis

The molecular electrostatic potential (MEP) map is a
3-dimensional pictorial representation that demonstrates the
first-order interaction between the positive unit charge and the
distributed charge density arising from the nuclei and elec-
trons. It is also a vital tool for assessing the various types of
geometric interactions responsible for the initiation of nuclea-
tion during crystal growth.®® This can be studied by determin-
ing the reactive sites in the molecule and the particular regions
in the molecule where the probability of electrophilic and
nucleophilic attacks is more likely. To locate these sites, the
3D MEP was simulated with the aid of Gaussian 16 software.
The resultant MEP image is depicted in Fig. 12. As per the
colour grading index, the spots most vulnerable to electrophilic
attack are indicated in red.

Likewise, the preferred sites for nucleophilic attack are
shaded blue.®" The isosurface value of the created MEP surface
ranges from —0.175 (dark red) to 0.175 (dark blue). This surface
provides valuable information regarding the charge density and
the active sites in the molecules, where the nucleation and
crystal growth process begin.

In the azo anion, the region over the SO; atoms is entirely
red (electrophilic), implying the high tendency of these atoms
to accept hydrogen bonds. The nucleophilic reactive site (blue)

@58

Fig. 12 Simulated MEP plot of the DMMA crystal.
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can be seen in the stilbazolium cation, which indicates the
hydrogen-donating nature of the cation (pyridine group).®*

Mulliken charge analysis

An investigation of the quantum mechanical calculations
requires information about the charges of the various atoms
in the molecule. These charges were estimated using the
electron population of the individual atoms, which can be
computed using the Mulliken atomic charges. Atomic charges
directly impact the molecular structure, polarization, dipole
moment and electronic structure.®® The distribution of atomic
charges indexed by the Mulliken population is depicted in Fig.
S5 in the ESIL{ The positive and negative charges are distrib-
uted throughout the molecule (cation and anion). The follow-
ing are the atoms that possess a positive charge: all hydrogen
atoms, carbon atoms (C;, Cs, C11, C34, C3g, C41, C47 and Cs,) and
sulphur atoms (S). Among these positive charges, the sulphur
atom has the largest positive charge (1.2583), followed by the
carbon atom (Cs,) attached to the dimethyl group in the cation
and the C4 atom in the anion connected to the aniline group.
The nitrogen, oxygen, and remaining carbon atoms have a
negative charge. The nitrogen (N,;) atom in the anion section
has the largest negative charge (0.8122). The three oxygen
atoms (O,s, O,6 and O,,) surrounding the positive sulphur
atoms have the next highest negative charges. This charge
distribution suggests hydrogen bonding interactions within
and among the cation and anion through the nitrogen/oxygen
(negative) and hydrogen/sulphur/carbon (positive) atoms.**

Natural bond orbital (NBO) analysis

The interactions between all the donor (filled) Lewis-type
natural bond orbitals and acceptor (empty) non-Lewis type
natural bond orbitals were explored via natural bond orbital
(NBO) analysis using the inbuilt NBO program in Gaussian 16
package.®® The electronic charge transfer between the filled and
vacant orbitals gives valuable information about the strength of
the intramolecular interactions occurring within the system.®®
The greater the electron delocalization, the higher the stabili-
zation energy. The stabilization energy related to each donor (i)
and acceptor (j) orbital associated with delocalization from i to
Jj can be derived explicitly with the equation.®”

F(i,j)’

E2 :AEi':i
(2 ij qufEi

(18)

Here, E(2) represents the hyper-conjugative interaction energy
responsible for stabilization, g; is the occupancy of the donat-
ing orbital; E; and E; are the diagonal elements of the donating
and occupying orbital, and E; indicates the off-diagonal Fock
matrix element. The stabilization energy in the anion part
arises from to m-to-n* transition; the value for n (C;-C) to n*
(C,-C,) is 23.68 (kcal mol %), that for nt (C;~-C,) to m* (C4-C-) is
18.12 (kcal mol ') and that for © (C;-Cs) to m* (Np;-Nyy) is
19.15 keal mol ™. In the cation section, the observed transitions
of electrons from bonding (r) to antibonding (n*) orbitals are &
(C45-Cy) to m* (C30-Cy3) with 18.38 keal mol ™, 1t (C45-Cy-) to
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(C45~Cso) with 20.70 keal mol™" and 7 (C45-Cy5) to m*(C30-Cas)
with 18.66 kcal mol . The stabilization energy of the overlap of
the lone pair oxygen (O,s) and the antibonding o (C46-S,7) and
6* (0,4-S,) are 10.10 and 11.61 kcal mol .

The presence of an intermolecular hydrogen bond
(Ce1-Hea" - “Oy4) in the grown DMMA crystal is affirmed by the
electron transition between the lone pair oxygen (O,,) and n*
(Ce1—Hg4). The maximum contribution towards the stabilization
of the compound is from the n* (Czg-Hy3) to n* (Cu5-Hyy)
transition, with a value of 140.21 kcal mol~'. All the other
major contributions are depicted in Table S5 in the ESI.{ All the
results from the NBO analysis imply the existence of hydrogen
interactions and inter- and intramolecular charge transfer
processes across the conjugated pathway, which contribute to
the NLO behaviour of the title crystal.®®

Hirshfeld analysis

The Hirshfeld surface is a theoretical surface created over the
molecular structure. It is computed by the summation of the
density of the electrons in the system and is used to evaluate
the various interactions happening inside the structure.®®”®
Crystal Explorer 17 was employed to generate the surface over
the DMMA molecule.”" The mapping of dporm Was calculated as
a function of d; and d., which are the distances from the
interior and exterior of the Hirshfeld surface to the nearest
atom. Red regions are observed over the d,om surface
(Fig. 13(a)), which indicate donor-acceptor sites.”> The bright
red spot at the centre over the oxygen atom of the anion
represents the hydrogen bond interaction (C-H:--O) between
the sulfonate anion and stilbazolium cation in the DMMA
structure. The impact of the n-n stacking interaction on the
molecular structure was assessed by calculating the curvature
measures, such as shape index and curvedness. The dominance
of the flat green colour with minimal blue edges in the curved-
ness plot (Fig. 13(c)) and the occurrence of vicinal red and blue
speckles in the shape index curve (Fig. 13(b)) confirm the
existence of m-n stacking interactions. A fingerprint 2D plot

Fig. 13 Hirshfeld surface of DMMA crystal: (a) dnorm. (D) shape index,
(c) curvedness index and (d) 2D fingerprint plot.
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was generated for the DMMA crystal to delineate the various
interatomic contacts that are responsible for the packing of the
crystal. The percentage contributions of the different intermo-
lecular interactions are depicted in Fig. 13(d). The major
contribution (37.80%) towards crystal stability arises from the
H---H interactions as a result of the occurrence of hydrogen
atoms in the organic compound. The next major contributor
towards the stability is attributed to the C---H/H-: - -C intermo-
lecular interactions, with contribution of 19.50 and 16%,
respectively. The O---H/H:--O interactions, which are due to
the C-H:--O hydrogen bonding interactions, have 9.20 and
8.60% contributions.”> The Hirshfeld surface analysis thus
provides a complete overview of the intermolecular interactions
occurring in the DMMA crystal.

Nonlinear optical studies - Z scan

The outcome of the SCXRD analysis indicated the existence of
inversion symmetry in the DMMA crystal structure. Neuman’s
principle states that the minimum nonlinearity exhibited by a
centrosymmetric material is the y° effect, which means the
second-order susceptibility > value is zero.”* In order to probe
the third-order nonlinear behaviour of the DMMA crystal, Z
scan experimental analysis was executed. The main advantage
of this technique over the other methods is that the values of
the nonlinear refraction (n,) and nonlinear coefficient of
absorption () can be collected directly through closed-
aperture (CA) and open-aperture (OA) modes. To estimate the
nonlinear refractive index (NLRI), a small aperture (closed-
aperture mode) is placed in front of the detector. The nonlinear
material behaves like a variable lens with respect to the
incident intensity in this mode. In order to measure the non-
linear absorption coefficient, open-aperture mode is used; in
this case all the transmitted light beam falls on the detector
without aperture. A diode-pumped solid state laser (continuous
wave) with green light (532 nm) emission is employed as the
fundamental source for the Z-scan analysis. The sample is
glided along the Z direction under a tightly focused Gaussian
beam. The nonlinear response of the material is examined as a
function of the output transmittance at a given position (Z). The
sample is translated from the far field (—25 Z) to the focus (Z =
0) and then to the other end (+25 Z). Based on the disparity in
the transmitted output, the nonlinear property of the sample
was measured.

Closed-aperture

In closed-aperture mode, the transmitted light from the sample
is permitted to fall on the detector after passing through an
aperture. This transmitted light provides information about the
variation of the nonlinear refractive index with respect to
the input intensity. The intensity at the far field (away from
the focus) is not sufficient to stimulate high nonlinear refrac-
tion (negligible amount), so only nominal changes are noticed
at the verge. As the sample approaches the focus (Z = 0), the
nonlinearity in the material starts to dominate, causing
the sample to behave as a lens with a variable focal length,
and the nonlinear refraction is the origin for this lens-like

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Closed aperture plot of DMMA.

behaviour of the material. In the case of the DMMA crystal, an
increase in transmitted light is observed before the focus
(peak), which is followed by a decrease in the light transmit-
tance (valley) beyond the focus. This peak-to-valley formation
indicates the negative lens (self-defocusing) feature of the
DMMA crystal. The use of the continuous wave laser as the
source creates thermal effects on the surface of the crystal. The
intensity-dependent refractive index is observed due to the local
temperature difference between the laser irradiance spot and
the fringe of the crystal sample.>® The closed aperture trace is
used to estimate the phase shift, and from the calculated value,
the nonlinear refraction of the DMMA was derived using the
following equation.””

A9,
KloLegr

n (19)

Theoretically, the closed aperture trace can be plotted with
the help of the below formula; both the experimental and
theoretical curves are depicted in Fig. 14.”

4XAp,

"=y

(20)

Open-aperture

In open-aperture mode, all the transmitted light is allowed to
fall on the detector without passing through an aperture; this
transmitted light provides information about the nonlinear
absorption ability of the material. The nonlinear absorption
coefficient (f) is a pivotal parameter that can help to determine
the suitability of the grown material for optical limiting appli-
cations. One of the prerequisites for an active optical limiting
(OL) material is that it should exhibit reverse saturation absorp-
tion, so that the output intensity of the source can be attenu-
ated without altering the input. The open-aperture curve
reveals that the DMMA ionic crystal also exhibits reverse
saturation absorption (RSA). The f§ value of the novel DMMA
crystal was evaluated with the aid of the standard equation,
where del T is the difference between the maximum of
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normalized transmittance and the minimum transmittance at
the focus (Z = 0).

_ 2V2AT

g — 21
IoLegr (21)

The thermal effects arising from the continuous wave laser
and the excited state absorption (ESA) make the greatest con-
tributions to the RSA.”” The formula below was used to calcu-
late the theoretical open aperture plot. The experimentally
obtained open-aperture curve and theoretically simulated
open-aperture graph are shown in Fig. 15.

BloLest

T(Z):1M2<I+ZZ:2>

(22)

The derived n, and f values were substituted into the
subsequent eqn (23) and (24) to assess the real and imaginary
values of the third-order nonlinear susceptibility. The calcu-
lated Im (x*) and Re (1°) values of the third-order susceptibility
were substituted into eqn (25) to determine the third-order
nonlinear susceptibility value of the DMMA crystal. The
obtained y* value (3.73 x 10~ '° esu) of the novel ionic crystal
was compared with those of several standard NLO crystals, and
the comparison results are presented in Table 3.

10-* (aocznoznz)

T

Rey® (esu) = em? W! (23)

102 (aocznozﬂv[)’)

= cm W!

Imy® (esu) = (24)

Table 3 Comparison of DMMA with stilbazolium derivative NLO crystals
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7] = [(Re (£%))* + (Im ()" (25)

This comparative analysis clearly indicates that the newly
grown DMMA crystal displays higher nonlinearity. This is
attributed to various factors, such as the bond length alteration
(BLA) degree and delocalization of m-electrons from the donor
and acceptor moieties in the cation and anion groups via the
styryl pyridine and azo bridge, respectively. Additionally, the
existence of hydrogen bonds between the anion and cation
groups also boosts the nonlinearity in the grown material. It
has been experimentally demonstrated that deviations in the
bond length alternation (BLA) can lead to a change in the
magnitude of the nonlinearity exhibited by a material.®° In the
title compound, the BLA between the nitrogen atoms (pyridine
and dimethyl amino) and the surrounding carbon atoms was
estimated. The BLA value between the two nitrogen atoms
attached to both ends of the cation and the adjacent carbon
atoms (N5-Cy; = 1.475 A and N,~C,, = 1.368 A) was found to be
0.107 A. The BLA degree between the methyl group nitrogen
(N,) and the nearest carbon atom was 0.007 A.

The BLA degree for the pyridine nitrogen (Ns) and the
neighbouring carbon atom is 0.003 A. The optimum BLA value
for maximum nonlinearity is + = 0.05 A, whereas in the DMMA
crystal it is 0.10 A. The observed BLA value in the crystal
structure implies that the structure factor also contributes to
the nonlinearity of the material.

The crucial factor responsible for the substantial nonlinear-
ity observed in the DMMA crystal is the charge transfer (CT)
mechanism. A huge increase in the NLO effect is noticed if the
delocalization of n-electrons takes place through the channel,
which has low resonance energy (very small energy difference
between the excited and ground states). This small energy
difference increases the second-order molecular hyperpolariz-
ability of the material to a great extent.’’ The increase in
hyperpolarizability will result in increased nonlinearity. In
order to achieve an greater nonlinearity in this work, a styryl-
pyridine bridge was selected, which meets the above-described
condition. Among the well-established delocalization channels,
styryl-pyridine is the most distinguished conjugated structure.
Furthermore, the existence of an additional delocalization
passage (N—N) in the anion is an added advantage. The motion
of m-electrons from the dimethyl (donor) moiety to the pyridi-
nium (acceptor) group through the styryl-pyridinium
(C13H1;N") channel instigates the dipole moments in the
material. As a consequence, an increase in polarization is
observed, which subsequently enhances the NLO property of

S. no. Crystal name 7(3) value (esu) Ref.

1 DMMA 3.73 x 107 Present work
2 DSMOS 5.052 x 10~° 78

3 VMST 9.696 x 10 *? 27

4 4-[N,N-bis(2-(2-methoxyethoxy)ethyl)amino]styryl-N-methylpyridinium tetraphenylborate 8.04 x 107" 79
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Fig. 16 Optical limiting behaviour of DMMA crystal.

the title ionic crystal. The formation of hydrogen bonds
between the stilbazolium cation and azo anion through the
sulfonate group oxygen and pyridinium group carbon
(C-H---O) atom also contributes to the nonlinearity shown by
the DMMA crystal. Computational analysis also asserts the
presence of intermolecular charge transfer (ICT) and hydrogen
bond interactions in the newly grown DMMA crystal. These
aspects are the most crucial factors responsible for the NLO
property exhibited by the ionic crystal. The conclusions obtained
from the Z-scan analysis suggest that the DMMA crystal is a good
material for various kinds of NLO applications, namely optical
switching, optical limiting and night-vision glasses.

Optical limiting

The optical limiting property of the DMMA crystal was extracted
from the OA trace, and using the obtained data, the optical
limiting threshold value was calculated. The plot between the
normalized transmittance and the input influence is displayed
in Fig. 16. This demonstrates the optical limiting characteris-
tics of the DMMA material. The position at which a drop in the
normalized transmittance is observed (onset) with respect to
the input intensity is the point at which nonlinearity starts.®*
The onset point (limiting threshold) value of the title ionic
crystal is 1.3 kJ em 2. This low limiting threshold affirms that
the grown DMMA material can be used to block high-intensity
green light (beyond 1.3 k] cm™?).** One of the major problems
reported in the literature is the narrow operating range (IR
region) of the existing optical limiting materials. This hurdle
can be overcome by using the grown DMMA crystal, which has a
wide operating window range (visible to IR region).

Conclusion

Grafting of the azobenzene anion with the stilbazolium cation
results in the development of a new third-order-active NLO
single crystal, DMMA. SCXRD analysis was carried out to
affirm the structural formation and third-order nonlinear activ-
ity of the DMMA crystal. All the crystallographic information
associated with this novel ionic crystal is deposited in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CCDC data repository. The vibrations arising from the existence
of various functional groups in the crystal structure were
interpreted via FTIR spectroscopy. Evaluation of the linear
optical properties was carried out with the aid of UV-Vis-NIR
analysis. The conclusions from the linear optical analysis
validate that the titular crystal possesses all the required
criteria, such as a wide transmittance window (430 to
1500 nm), very low extinction coefficient value, high optical
and electrical response and low level of defects (Urbach energy),
which suggests the aptness of the DMMA crystal for optoelec-
tronic and nonlinear optical field related applications. The
photoluminescence characterization results indicate that the
material is capable of emitting a red colour (610 nm). The high
colour purity percentage (83.57%) from the CIE plot implies
that the DMMA material is a suitable candidate for LED device
fabrication. The software Gaussian was employed to study the
theoretical aspects of the DMMA structure, such as the charge
transfer mechanism, quantum descriptors, atomic charges and
electronic transitions. The Hirsfeld surface was generated for
the DMMA crystal structure to gain insight into the various
intermolecular interactions that contribute to structural stabi-
lity, namely, n-m stacking interactions and hydrogen bond
interactions. The self-defocusing effect (closed-aperture mode)
accompanied by the reverse saturation absorption phenomena
(open-aperture mode) suggests that the DMMA crystal can be
used as an active or passive optical limiter. The onset value
observed in the optical limiting curve indicates that the DMMA
material is capable of blocking high-intensity green light
beyond 1.3 kJ cm 2. The conclusion that can be drawn from
all the above characterization results is that the newly reported
DMMA crystal is a potential material for optical limiting and
optoelectronic (LED) applications.

Experimental
Material preparation

All the starting materials used for the preparation of DMMA
material were obtained from Tokyo Chemical Limited
(TCL). The synthesis procedure encompasses three steps,
which are shown in Fig. S1 in the ESL{ In the first step, 1,4-
dimethyl pyridinium iodide is prepared by the chemical
reaction between 4-picoline (purity: >98.0%) (2 ml) and iodo-
methane (purity: 98.0%) (1.3 ml). In the second step, 4-[2-(4-
dimethylamino-phenyl)-vinyl]-1-methyl-pyridinium iodide (DMSI)
powder is prepared by mixing equimolar amounts of 1,4-dimethyl
pyridinium iodide (2.35 g) and 4-dimethyl amino benzaldehyde
(purity: >98.0%) (1.5 ). A brief description of the ratio, solvent
and methods used for the first two steps of the synthesis is
provided in the previous work.” The first two steps involved in
the formation of DMMA powder were as same as described in the
previous article.” In the last step, the desired product 4-[2-(4-
dimethylamino-phenyl)-vinyl]-1-methyl-pyridinium 4-aminoazo-
benzene-4’-sulfonate (DMMA) was obtained by combining an
equimolar (1:1) ratio of DMSI and sodium 4-aminoazobenzene-
4'-sulfonate (purity: >98.0%) (0.599 g) in two different beakers
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with hot water (70 °C) as the solvent. Both the mixtures
were maintained at 70 °C for 1 h. Then, the solution was allowed
to cool to the surrounding temperature, and the final 4-[2-(4-
dimethylamino-phenyl)-vinyl]-1-methyl-pyridinium 4-aminoazo-
benzene-4'-sulfonate (DMMA) powder settled as sediment in the
solution. These residues were separated through a gravity filtra-
tion process, and the filtrate was dried in the oven for an hour.

Solubility and crystal growth

The final product (DMMA powder) obtained from the synthesis
process was subjected to solubility inspection to determine the
most suitable solvent to grow good quality DMMA crystals. In
order to test its solubility, five solvents, namely, acetone,
methanol, DMSO and mixed solvents (methanol + acetone
and methanol + DMSO) were utilized. The synthesised DMMA
powder exhibited the highest solubility in methanol. Thus, the
solubility test was carried out using methanol. For this experi-
ment, an ultra-cryostat with £0.01 °C precision was used. The
analysis was carried out at five different temperatures (25 to
45 °C) with a temperature increments of 5 °C. At 25 °C, a
saturated solution of DMMA was prepared, and the amount of
the solute dissolved in the solution was determined by the
gravimetric method, through which the solubility of the DMMA
powder in the given methanol solvent was calculated. The
solubility trace of DMMA is depicted in Fig. S2 in the ESLft
The slow evaporation growth method was followed to grow a
DMMA single crystal with good optical quality. Based on the
solubility data, a saturated solution was prepared at room
temperature, and the solution was covered with an aluminium
foil with small pores in the surface. The beaker was placed in a
vibration-free environment for the slow evaporation of solvents
via the small pores. After 20 to 25 days, a good quality DMMA
single crystal with dimensions of 10 x 3 x 1 mm? is obtained.
The image of the novel DMMA crystal is presented in the inset
of Fig. S2 in the ESL7
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