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Abstract: New organic stilbazolium family of 4-[2-(3 methoxy-phenyl)-vinyl]-1-methyl-pyridinium™*
iodide™ (MMPI) was successfully synthesized using the condensation reaction method. The recrys-
tallization process was carried out to improve the purity of the synthesized material, and MMPI and
grown into a single crystal by the solvent evaporation method. The solubility of the (MMPI) material
was taken at different temperatures with a mixture of solvent Methanol: Acetonitrile (1:1). The grown
MMPI crystal structure and cell parameters were solved via single crystal X-ray diffraction analysis.
The structural formation of the title material was also confirmed by Nuclear Magnetic Resonance
spectroscopic (NMR) studies. The experimental vibrational bands in the synthesized material have
been assigned by Fourier Transform Infrared (FI-IR) spectrum analysis. From the optical analysis, the
grown crystal’s lower cut-off wavelength, transmittance range, and optical band gap were calculated.
Chemical etching analysis was carried out on the grown crystal surface (MMPI) to study the surface
property of the grown MMPI crystal. Along with etching, atomic force microscope (AFM) and
scanning electron microscope (SEM) were also used to analyses the grown MMPI crystal surface.
Hirshfeld surface analysis was used to analyses the intermolecular interactions. HOMO and LUMO
energies were calculated theoretically using the Gaussian View 6 programmer. The chemical activity
was evaluated via the molecular electrostatic potential using the density functional theory (DFT)
method. The third-order nonlinear optical parameters of the title crystal were evaluated at He-Ne
laser (632.8 nm) source with the single beam Z-scan technique. In addition, it shows significant
reverse saturable absorption and self-defocusing.

Keywords: single crystal; stilbazolium derivative; optical property; SEM; AFM; HOMO-LUMO

1. Introduction

In the last few years, organic molecular crystals which exhibit high nonlinearity
have attracted huge interest in science and technology because of their potential uses,
such as ultrafast optical communication, high-speed information processing, data storage,
optoelectronics, optical limiting, logic devices, optical switching, chemical sensing and
photonics [1-3]. While organic nonlinear materials have delocalized m-conjugated sys-
tems, they have stronger nonlinear responses than their inorganic counterparts [4]. The
main advantage of organic materials over inorganic counterparts is that organic molecules
have strong intramolecular charge transfer and the structure can be changed based on
demand via chemical synthesis [5]. The major cause of nonlinear is the stilbazolium cation
which is the most attractive chromophore. Due to their highly aligned and stable ori-
entation of the NLO chromophore in the crystal system, organic stilbazolium crystals
have a strong polarization effect, which in turn enhances the nonlinearity of the crys-
tal. Since they contain a conjugated D-m-A structure, the presence of hydrogen bonds
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produces a high delocalization of electronic charge transition. One of the primary charac-
teristics of stilbazolium derivatives is their strong intermolecular charge transfer transition,
which makes them a strong candidate for organic NLO materials and gives strong optical
nonlinearities. Due to these important features, stilbazolium derivatives are used in vari-
ous domains, notably frequency conversion, electro-optical modulation, Terahertz (THz),
and photonics technologies [6]. Ionic organic materials have attracted much attention
over the past few years due to their photonics applications, high photochemical stability
and thermal stability [7]. The most popular and widely studied ionic crystal is DAST
(4-N,N-dimethylamino-4'-N’-methyl-stilbazolium tosylate) and its family crystals [8]. The
nonlinear optical susceptibility and crystal structure of stilbazolium salts may be modi-
fied by varying the substituents on the counter anion. Strong Coulombic interactions are
required to form highly polar ionic organic stilbazolium crystals [9]. The stilbazolium
cation contains an ethylenic bridge (C=C); this is one of the major factors of the high NLO
response of the DAST derivative. This double bond connects the electron-donating and
accepting groups. To create a carbon-carbon bond in an olefine bridge, many reactions
have been reported, namely Knoevenagel condensation, Wittig reaction or Wittig-Horner—
Emmons condensations and Suzuki coupling reaction [10,11].

So far, no report available on the stilbazolium derivative single crystal with iodide
(I7) anion has been found in the literature survey. This present article discusses in detail
the synthesis, growth and examination of the various physical and chemical properties of
the MMPI crystal for the first time. The structure of this new stilbazolium family MMPI
crystal was solved and deposited in the CCDC database (2131739). The single crystal
structure investigation confirms the centrosymmetric crystal of MMPIL. It is significant
to note that these characteristics are related to the centrosymmetric nature (i.e) third-
harmonic generation (THG). Various physicochemical behaviours such as FTIR, UV-Vis-
NIR spectroscopy, Photoluminescence, Atomic force microscopy, Chemical etching study;,
Scanning electron microscopy, Hirshfeld surface, HOMO-LUMO, Molecular electrostatic
potential were carried out to identify the potential application of the grown crystal in
various fields such as optoelectronic, nonlinear optics and photonics.

2. Materials and Methods
Material Synthesis, Solubility and Crystal Growth

The process of the title material synthesis involves two steps; Step I involved preparing
1,4-dimethylpyridinium* iodide™ from purified materials 4 methylpyridine (purity 99%,
1.3 mL, 10 mmol) and iodomethane (purity 99%, 1.98 mL, 10 mmol) in acetone solvent
(purity 99.9%, 30 mL). The mixture solution was placed in a 500 mL RBF (round bottom
flask) connected with a condenser and refluxed for two hours at 45 °C; as a result, a pale-
yellow precipitate was formed. The obtained 1,4 dimethylpyridium* iodide™ material was
dried with the help of a hot air oven.

In step II, the ionic title material is 4-[2-(3 methoxy-phenyl)-vinyl]-1-methyl-pyridinium*
iodide™ was synthesized from the equimolar ratio of 1,4 dimethyl pyridinium®* iodide™
(10 mmol, 2.35 g) and 3 methoxy benzaldehyde (purity 98%, 10 mmol, 1.36 g) taken in hot
methanol (purity 99.9%, 30 mL) with piperidine catalysis is added (purity 99%, 0.98 mL,
10 mmol) to the mixture solution and the mixture solution is refluxed at 80 °C for 20 h.
As an end product red precipitate is formed. The filtered precipitate was washed off with
diethyl ether solvent to eliminate the unreacted starting materials. The final material has
been successfully recrystallized multiple times using Methanol and Acetonitrile (1:1) solvent.
The reaction scheme for MMPI synthesis is shown in Scheme 1.
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Scheme 1. Synthesis of MMPI compound.

To grow a good quality optical single crystal, details about the solubility are essential.
To find the appropriate solvent for MMPI crystal, solubility analysis was carried out with
different pure and mixed solvents, namely water, acetone, methanol, Acetonitrile, Dimethyl
sulfoxide, Methanol-Acetonitrile, Methanol-Dimethyl sulfoxide. Among all the above-
mentioned solvents, the title compound is highly soluble in Methanol-Acetonitrile (1:1).
With this solvent mixture, the solubility investigation was done for the pure MMPI salt
for five various temperatures (30 °C to 50 °C) with a 5 °C interval. The MMPI material
was initially added to 100 mL of a combination of methanol and acetonitrile (1:1). Then
the solution was kept inside in the ultra-cryostat bath, which has a control precision of
(£0.01 °C) and stirred continuously with the help of motorized magnetic stirrer for 1 h at
30 °C. Supersaturation condition is achieved through this continuous stirrer. Then 3 mL
solution was taken out and dried; from the dried powder, the solubility of the pure MMPI
material was calculated through gravimetrical analysis. The exact manner was followed
for other temperatures (30 °C, 35 °C, 40 °C, 45 °C and 50 °C). Figure 1 shows the solubility
curve of MMPI powder. It exhibits a positive solubility temperature gradient [12-14]. Based
on the solubility information, a saturation solution was prepared for the crystal growth
process at 30 °C. After a continuous stirrer for 3 h, the mixture was filtered and transferred
to the petri dish. After that, the petri dish was covered with aluminium foil, and a few holes
were made in it to allow the solvent to evaporate. The MMPI single crystal was obtained
in 30 days after the evaporation of the solvent. Good quality MMPI crystal was obtained,
which is depicted in Figure 2.
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Figure 1. Solubility curve of MMPL

- e S rE s

Figure 2. The grown MMPI crystal.

3. Results & Discussion
3.1. Single Crystal X-ray Diffraction Analysis

The structure of MMPI crystal was investigated via single crystal X-ray diffraction analysis
by the BRUKER D8 QUEST. The title crystal of dimension (0.300 mm X 0.320 mm x 0.350 mm)
was used for X-ray crystallographic study. Then the obtained MMPI crystallographic data were
deposited in the Cambridge crystallographic data centre (CCDC), and the CCDC reference No
is 2131739. The chromophores in the MMPI crystal structure appeared in a centrosymmetric
fashion through the (P151,/c1) space group, the calculated lattice constant values a = 6.8601(6)
A, b=19.7111(16) A, ¢ = 10.8400(8) A, x and y = 90°, B = 91.207(3)°. The crystal volume of
the title crystal is 1465.5(2) A3 with Z = 4. Crystal structural data and refinement details are
shown in Table 1. The ORTEP image of the MMPI crystal is revealed in Figure 3. The title
ionic crystal consists of the cation part of 4-[2-(3 methoxy-phenyl)-vinyl]-1-methyl-pyridinium]
[C15H16NO™] and the anion part of iodide [I7]. In the crystal structure, the cation exists in the
Trans E configuration of double bond C7=C6, (C=C) with a length 1.295(9) A of the central
vinyl group, which is confirmed by torsion angle C8, C7, C6, C1=179.9(5). The methoxy
groups C15 and O1 on the benzene ring are essentially coplanar with torsion angle C15-O1-
C10-C11 = 178.4(6) and C15-01-C10-C9 = —1.9(9). The selected bond lengths and angles are
shown in Table 2, and the torsion angle is shown in Table 3. Figure 4 displays the packing
diagram of the MMPI crystal. The cation is connected to the iodide(I) anion via stabilised
C-H ... Linteractions.
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Table 1. Data collection and structure refinement for MMPI crystal.

CCDC No 2131739
Chemical formula Ci5H14INO
Formula weight 353.19 g/mol
Temperature 301(2) K
Wavelength 0.71073 A
Crystal size 0.300 x 0.320 x 0.350 mm
Crystal habit gold block
Crystal system Monoclinic
Space group P121/c1
a=6.8601(6) A ) o =90°
Unit cell dimensions b= 19.7111(16)0A p =91.207(3)°
¢ =10.8400(8) A v =90°
Volume 1465.5(2) A3
Z 4
Density (calculated) 1.601 g/ cm?
Absorption coefficient 2.174 mm~!
F(000) 696
Theta range for data collection 2.07 to 28.30°
Index ranges —9<h<9 -26<k<26-14<1<14
Reflections collected 39,250
Independent reflections 3617 [R(int) = 0.0412]
Coverage of ir.1dependent 99.4%
reflections
Absorption correction Multi-Scan
Max. and min. transmission 0.5620 and 0.5170
Structure solution technique direct methods
Structure solution program SHELXT 2018/2 [15]
Function minimized Yw(Fy2 — F.2)?
Data/restraints/parameters 3617/0/166
Goodness-of-fit on F2 1.123
A/ Omax 0.001
Final R indices 2505 data; I > 20(I) R1 =0.0589, wR2 = 0.1546
all data R1=0.0853, wR2 =0.1715
Weighting scheme w= 1/‘[:}2121::212 J:r 220%6?21252; /3;50861)]
Extinction coefficient 0.0250(30)
Largest diff. peak and hole 0.774 and —0.567 eA—3
R.M.S. deviation from mean 0.144 eA—3
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Figure 3. ORTEP Diagram for MMPI.

Table 2. Selected the Bond lengths (A) and Bond angles (°) for MMPI crystal.

Bond Lengths (A) Bond Angles (°)

Atoms Length Atoms Angle
01-C10 1.359(7) C10-01-C15 118.1(5)
N1-C3 1.331(7) C3-N1-C14 120.5(5)
N1-C14 1.479(7) C5-C1-C2 117.2(5)
C1-C2 1.378(9) C2-C1-C6 125.3(6)
C2-C3 1.377(9) N1-C3-C2 119.3(5)
C6-C7 1.295(9) C4-C5-C1 119.9(5)
C8-C13 1.361(8) C6-C7-C8 125.0(6)
C9-C10 1.380(8) C13-C8-C7 115.8(6)
C11-C12 1.362(9) C10-C9-C8 119.5(5)
01-C15 1.437(9) 01-C10-C11 114.8(5)
N1-C4 1.345(7) C12-C11-C10 120.0(6)
C1-C5 1.378(9) C8-C13-C12 120.6(6)
C1-C6 1.487(8) C3-N1-C4 120.3(5)
C4-C5 1.358(8) C4-N1-C14 119.2(5)
C7-C8 1.471(9) C5-C1-C6 117.5(5)
C8-C9 1.421(8) C3-C2-C1 121.6(6)
C10-C11 1.394(8) N1-C4-C5 121.7(6)
C12-C13 1.383(9) C7-C6-Cl 123.3(6)
- - C13-C8-C9 119.4(5)

- - C9-C8-C7 124.8(5)

- - 01-C10-C9 125.4(5)

- - C9-C10-C11 119.8(5)

- - C11-C12-C13 120.8(6)
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Table 3. Selected torsion angle for MMPI crystal.
Number Atom1 Atom?2 Atom3 Atom4 Torsion
1 C15 o1 C10 9 —-1.92
2 C15 01 C10 C11 178.44
3 C10 01 C15 HI15A —169.67
4 C10 01 C15 H15B 70.33
5 C10 o1 C15 H15C —49.67
6 C4 N1 C3 C2 —0.62
7 C4 N1 C3 H3 179.38
8 Cl14 N1 C3 C2 178.93
9 C14 N1 C3 H3 —-1.07
10 C3 N1 C4 H4 —178.82

Carbon
Hydrogen
Oxygen
iodide

ERECN

Nitrogen

Figure 4. Packing diagram for MMPIL
3.2. Morphology Studies

The grown MMPI crystal’s Morphology is shown in Figure 5. The morphology diagram
of the MMPI is generated and indexed by using WinXmorph software [16,17]. The input file
is the CIF file collected from the single crystal XRD analysis. There are twenty crystal faces:
(001),(00~-1),(0-10),(010),(110),(1-10),(11-1),1-1-1),(-101),(10-1),
(-111),(-1-11),(100),(-100),(10-1),(011),(0-11),(0—-1-1),(-10—1)and
(—1 —10). The crystallographic a-axis exhibits a higher growth rate for MMPI crystal compared

to b, ¢ direction.

Figure 5. Morphology of MMPI crystal.
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3.3. 1TH NMR and 13C NMR Studies

The NMR spectrum investigation is one of the fundamental analytical techniques for
investigating and evaluating organic compounds. Both the 'H and '*C NMR was carried out
through a BRUKER instrument operating with a frequency of 400 MHz. The obtained proton
NMR spectra of MMPI crystal are portrayed in Figure 6. The single peak observed around
2.5 represents the DMSO-dg solvent, and the singlet emerged at 3.380 ppm, indicating the
water in DMSO-dg. The chemical signal of the methoxy group (O-CH3) in the aromatic ring
exhibits a singlet at 3.833(1), and the pyridine ring methyl group shows its characteristic peak
at 4.264 (N-CHj3) (2). The chemical shifts at 7.031 and 7.052(9) indicate the one hydrogen
atom in the aromatic ring. In the olefin structure (HC=CH) [18], the two hydrogen atoms are
represented by the doublet chemical shift that was observed at 7.322 and 7.339(4). The triplet
chemical signal observed at 7.396, 7.416 and 7.435(3) ppm are due to the one hydrogen atom
of the methoxy group. Doublet chemical shifts are found to be 7.539, and 7.580(5) represents
the one hydrogen atom in the aromatic ring. The single proton of the methoxy group is
represented by the doublet chemical shift seen at 7.969 and 8.010(6). Doublet peaks found at
8.217, 8.233, 8.862 and 8.878(7) signifies to the four hydrogen atoms presented in the pyridine
ring (CsHyN). The proton NMR spectral analysis ascertains that the MMPI crystal is formed.

g8
33

8.233)
8217,
8.010]
7.969)
7580/
7.539)
7435)
7.416)
7.396)
7.339)
7322
7.052]
7.031

—4.264,
—3.833]
—3.380|
—2.509|

C,sH,,INO
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2
7 6 8
Y J
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1.5 11.0 105 10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 ppmy

= MR = ElE

Figure 6. 'H Nuclear magnetic resonance for MMPI crystal.

The carbon NMR spectrum was recorded from 0 to 220 ppm (shown in Figure 7). The
peaks at 31.16 and 47.44 ppm represent the methyl group carbon atoms [19]. The peaks
at 124.06, 145.63 and 152.88 ppm were assigned to the pyridine ring carbon atoms. The
nine peaks observed at 55.78, 113.26, 116.78, 121.32, 130.66, 137.02, 140.97, 160.18, and
206.95 ppm stands for the vinyl group and aromatic ring carbon atoms. All the proton and
carbon chemical shifts are listed in Table 4. All the observed chemical shifts confirmed the
formation of the title crystal.
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Figure 7. 13C NMR for MMPI crystal.
Table 4. Proton and carbon NMR chemical shift of MMPI crystal.
Chemical Shift (ppm) Assignment
A —25ppm DMSO-dg solvent
5 — 3.380 ppm water in DMSO-dg
5 — 3.833 ppm methoxy group (O-CH3) in the aromatic ring
5 — 4.264 ppm N-CHj
5 —7.031 and 7.052 ppm aromatic ring in the methoxy group
5 —7.322 and 7 339 ppm CH=CH
5 —7.396,7.416 and 7.435 ppm one hydrogen atom of the methoxy group
5 —7.539, and 7.580 ppm aromatic ring in the hydrogen atom
5 —7.969 and 8.010 ppm Methoxy group—hydrogen atom
5 —8.217, 8.233, 8.862 and 8.878 ppm (CsH4N)
5 — 31.16 and 47.44 ppm Methoxy group—carbon atoms
5 — 24.06,145.63 and 152.88 pyridine ring carbon atoms

5 —55.78,113.26, 116.78, 121.32, 130.66, 137.02,

140.97,160.18, and 206.95 ppm vinyl group and aromatic ring carbon atoms

3.4. Fourier Transform Infrared Spectroscopy Study

The FTIR spectra of MMPI crystal were recorded in the wavenumber region of 4000 to
400 cm~!, which is depicted in Figure 8. The peak at 3010.88 cm " is attributed to the aromatic
C-H stretching [20]. The alkyl C-H stretching shows its characteristic peak at 2835.36 cm .
The signal that appeared at 1624.06 cm~! shows the CH=CH stretch in the MMPI com-
pound [21]. The stilbazolium chromophore (C-C=C—C) in-plane stretching vibration exhibits
peaks at 1581.63 and 1517.98 cm~!. The observed bands at 1432 cm ! represent the CHj
bending [22]. The absorption peak at 1336.67 cm ™! corresponds to the C-N stretching mode.
The O—CHj stretching vibrations raised by the methoxy group emit their characteristic peak
at 1028.06 cm~!. The peak at 960.55 cm~! is assigned to the C—H stretching vibrations of
the pyridinium ring. The vibration of the 1, 4 distributed aromatic ring C-H is recorded at
829.39 cm~!. The pyridine ring and aromatic ring of the out-of-plane bending vibration was
typically shown in the IR spectra between 1000 and 675 cm ™! [23]. The peaks observed at
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785.03 cm ! and 715.59 cm ! are assigned to the C-H out-of-plane bending vibrations. The
phenyl ring of the C-C—C mode corresponds to the peaks at 597.93, 557.43, and 507.28 cm ™.
The FT-IR assignments are provided in Table 5. The multiple vibrational bands present
in the MMPI were analyzed, and the interpretation confirms that the crystal structure has
been formed.

Transmittance(%)

50 T T T
4000 3000 2000 1000

Wavenumber em!

Figure 8. Fourier transform infrared spectroscopy spectrum of MMPL

Table 5. FT-IR assignments of MMPI crystal.

Wavenumber (cm~1) Assignment
3010.88 cm ! and 2835.36 cm ™! Aromatic C-H zgzgigg and alkyl C-H
1624.06 cm ™! CH=CH stretching
1581.63 and 1517.98 cm ™! Vinyl group of C-C=C—C stretching
1432 cm ™! CHj bending
1336.67cm ! C-N stretching mode
1028.06 cm ! O-CHj3 stretching vibration
960.55 cm 1 C-H stretching Vlbr?i’icg)n of the pyridinium
829.39 cm ™! 1, 4 disubstitution in the aromatic ring
785.03 cm~! and 715.59 cm ! C-H out-plane bending vibration
597.93, 557.43, and 507.28 cm ™! phenyl ring of the C-C—C mode

3.5. Linear Absorption Analysis

The optical absorption or transmittance window and cutoff wavelength are crucial
factors that influence optoelectronic transitions. A significant structure usually produced
by the UV-Vis study is that the transition of the electrons from the n(bonding) and n*
(antibonding) orbitals between the ground state to excited energy states is induced by
the absorption of UV and visible light [24,25]. The absorbance and transmittance nature
were studied through the UV-Vis-NIR spectroscopy technique. The obtained UV-Vis-NIR
spectra are depicted in Figure 9a. In the absorption spectrum, two peaks were observed.
The n-7t* electronic transition allows an absorption peak to appear at 317 nm; another
absorption peak observed at 415 nm is due to 7-m* electronic transition, which arises from
the stilbazolium chromophore in the molecule [26]. From Figure 9a, the grown MMPI
crystal exhibits the maximum transmittance throughout the Vis and NIR regions, with
around 70% transmittance rate. The transparency windows are One of the greatest strength
characteristics of the materials indicated for the NLO applications [24].
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Figure 9. (a). UV-Vis-NIR transmittance and absorbance spectrum, (b) Tauc’s plot of MMPL

This demonstrates that the MMPI crystal’s optical transition is provided with a direct
band gap naturally. Tauc’s plot relation estimates an Eg value of 2.43 eV to allow for
direct transition. Extrapolation of the plot ((ochv)? vs. photon energy(hv)) is represented in
Figure 9b.

3.6. Photoluminescence Studies

The photoluminescence spectrum can be used to analyse the physical characteristics
of the grown materials, namely the deep-level defects and electronic transition. Chemical
sensors, photochemistry, and light-emitting diodes are potential applications for lumines-
cence materials [27]. The emission spectrum of the MMPI crystal was recorded in the
wavelength range of 200 to 800 nm, with an excitation wavelength of 413 nm selected in the
UV-Vis-NIR studies. The multiple electronic transitions that take place in the energy levels
within the energy gap are indicated to provide the broad PL signal have been observed.
From Figure 10a, the strong, broad emission peak at 508 nm represents the 7-mt* transition
to the donor and acceptor groups [CH=CH] in the stilbazolium chromophore. Due to their
luminescence nature, the MMPI crystal’s observed emission intensity could be used as
a green light emitter in the visible spectrum. Moreover, the strong single emission peak
is linked to the well-defined arrangement of stilbazolium cation and defect-free MMPI
crystal [28]. Therefore, the grown crystal optical quality indicates that it's appropriately
used in an optoelectronic device [29]. The Band gap of the MMPI crystal was estimated
using this basic formula,

Eg =hc/Ae

where c and h is a constant, A, -wavelength of the light. It is revealed that the energy band
gap value is 2.43 eV (at 508 nm) from the spectrum in Figure 10b. MMPI crystal can be
used for optoelectronic device applications. The analysis performed by the Commission
Internationale de I’Eclairage (CIE) further reveals that the emission colour’s tunability (CIE
chromaticity coordinates) and coloured associated temperature (CCT) have been established
for photometric applications [30]. It is generated from the PL spectrum of MMPI crystal.
The organic salt’s colour is coordinated, shown in Figure 10c CIE chromaticity diagram.
The CIE colour coordinate emission colour detected in the green colour region was (0.22093,
0.45885), and the associated CCT was (8933 K).
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Figure 10. (a) PL spectrum of MMPI crystal (b) band gap of MMPI and (c) CIE chromaticity plot
of MMPL

3.7. Atomic Force Microscopy Study

The surface topography can be obtained from the atomic force and microscopy analysis,
which can be used to determine the morphology of the grown surface. Figure 11a,b displays
the AFM 2D and 3D images. Each line (2D) or overall profile should be analyzed with
the topography data to extend the analyses to the surface (3D). The four crucial variables
that can be analyzed through AFM are spacing, amplitude, functional, and hybrid. The
fundamental parameters for describing surface topography are amplitude parameters. The
grown MMPI crystal surface area is measured to be 38.62 pmz. Root mean square (Sq)
and average roughness (S,) are the two important amplitude parameters. Since there are
many peaks and valleys in the image, it is preferred to determine the median peak-to-valley
difference because this has a major impact on the Sq and S, values. The Sq and S, values were
found to be 56.289 and 43.842 nm, respectively. Peak-peak height (Sy) of MMPI is observed
to be 422.51 nm. It is found that the ten-point height (S,) observed is 115.910 nm. The crystal
flatness was measured using surface parameters, namely (Sq) surface skewness and (Sy,)
surface kurtosis. It is found that the MMPI's surface skewness (Sqi) value is negative (—0.158).
This negative skewness value represents that the surface is planar and valleys are more
prominent. Surfaces are assumed to be absolutely flat if their surface kurtosis Sy, < 3 and
have more peaks than valleys when the surface kurtosis Sy,; > 3 [31]. Surface kurtosis (Sy,)
for the MMPI crystal is determined to be 6.0115, which clearly states that the subjected crystal
surface has more peaks than valleys. It is shown that the grown crystal surface is fairly flat.
The Sy and Sy, values of the MMPI crystal are moderately good. The roughness parameters
that have been determined are all listed in Table S1.

Topography - Scan forward Line fit & Topography - Scan forward Lneft =l

(@)

Line ft 333nm

Line ft 333nm

E3 sA%m.

Figure 11. The X* midpoint on the X-axis was represented by 3.095 pm, while the Y* midpoint on
the Y-axis was represented by the value 3.095 pm. (a) shows the AFM 3D and (b) AFM 2D images
of MMPL

3.8. Chemical Etching Studies

A Chemical Etching study is one of the most valuable methods to investigate the
morphology of the grown crystal surface. The crystal growth mechanism and related
microstructural defects are revealed by subjecting the crystal to the appropriate etchant
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solvent treatment [32]. In the present work, chemical etching analysis for the MMPI-grown
crystal was carried out using Dimethyl sulfoxide solvent for etching times 15 s and 30 s. The
etched sample was wiped using tissue papers; their microstructure analysis was performed
under an optical microscope (Magnification 20x). Figure 12a indicates the as-grown crystal
surface (without etching). For a 15-s etching time, rectangular etch pits were visible on the
crystal surface [33] (Figure 12b). When the etching time is raised to 30 sec, the rectangular
etch pits are elongated with the size of etch pits increased Figure 12¢, but the etch pits are
the same. The calculated etch pit density from the etching analysis is 2.53 x 10° cm 2.
The grown crystal exhibits rectangular etch pits and confirms that the MMPI single-crystal
follows a two-dimensional (2D) nucleation growth mechanism [34].

Figure 12. (a) MMPI crystal surface, (b,c) Etched for 15 s and 30 s.

3.9. SEM Analysis and EDAX Analysis

The SEM micrographs of the MMPI crystal were recorded with resolutions of 20 pm
and 200 pm are shown in Figure 13a,b. Figure 13a shows the presence of narrow line
defects (NLDs) in MMPI crystal, which is commonly found in organic DAST derivative
crystals [35,36].

2004m ENTZ1000KV  SgrlA=SEl  Dae27Ju202 g
WO =150mm Mags 70X Tme:6mst S

20pm EHT =1000kV. Signal A= SE1 Date 27 Jul 2022 Th V
i e bl =0 4 4 ¥

Figure 13. (a,b) 20 pm and 200 pm SEM micrograph of grown MMPI crystal.

Figure 13b reveals the presence of microcrystal growth on the surface, confirming the
development and growth of multi-nucleation over the crystal surface of the MMPI crystal
and also minor surface defects.

The energy dispersive X-ray analysis was used to determine the elemental composition
analysis of the grown MMPI crystal (EDAX) [37]. Figure S1 displays the EDAX spectrum
of the MMPI crystal along with the data of the compositional elements presented in the
crystal. The presence of all the elements in the title compound, such as iodide, carbon,
oxygen, and nitrogen, confirms the formation of the material. All the obtained elemental
compositions are given in Table S2.
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3.10. Hirshfeld Surface Analysis

The 3D intermolecular interactions were analysed using hirshfeld surfaces, were
obtained to the corresponding molecular structure visualization and related 2D fingerprint
plots was carried out using Crystal Explorer 21.5 software [38]. A single crystal CIF file
was provided as the input data for this investigation. Figure 14 displays the intermolecular
interaction in the MMPI crystal was mapped with various parameters, namely dnorm,
shape index, curvedness, and fragment patch, reveals that the high standard surface
resolution for HS.

(b) Shape index

(¢) curvedness (d) Fragment patch

Figure 14. HS analysis of MMPI crystal mapped with (a) dnorm, (b) shape index, (c) curvedness,
(d) fragment patch.

The normalized contact distance is the sum of di (distance of internal atom) and de
(distance of external atom). The dnorm mapped the region from —0.1391(red) to 1.5153
(blue). The intermolecular interaction within the molecule is represented by red, blue and
white colours. The hydrogen bond interaction is indicated by the red (negative) coloured
dots, and the white colour indicates an intermolecular distance near the van der Waals
separation dnorm becomes zero [39,40]. The shape index is mapped all over the range
from —1.0000 to 1.0000. The red and blue triangles in the shape index indicate shows the
mi-7t interaction and C-H ... 7 interaction. A flat green surface surrounded by blue edges
is visible in the curvedness map, which was taken for —4.0000 to 0.4000. The curvedness
indicates the presence of 7 ... m stacking interaction [41-43]. A method of identifying
the neighbour coordination environment based on the patch’s colour is provided by the
fragment patch plot, which has a range from 0.0000 to 21.0000.

The 2D fingerprints represent all the intermolecular interactions between different atoms
present in the MMPI crystal. The spikes and wings feature on the fingerprint plot analyzed
from the range of di and de. Figure S2a shows all the molecule interaction percentages (100%),
and Figure S2b represents the percentage of H . .. H (42.9%) interaction, which is due to the
effect of a higher quantity of hydrogen atoms. (Figure S2¢,d) indicates I-H (16.0%) & H-I
(6.3%) interaction covered with right and left side wings (22.3%), Figure S2e f,g indicates the
C-C (8.3%), C-H (7.3) and O-H (2.6) interaction. It can be concluded from the 2D fingerprint
plot that strong crystallization results from H-H interactions, followed by I-H interactions.

3.11. HOMO and LUMO Studies

The chemical activity of intermolecular charge transfer is indicated by the energies
between the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) [44]. The HOMO molecular orbital functions act as an electron donor,
While the electrons in the LUMO molecular orbital primarily serve as electron acceptors,
which the transition of electron density between these molecular orbitals can describe. The
charge transfer activities that occur within the molecule are governed by the energy gap
that was found. Quantum chemical quantities for ionization potential, chemical potential,
electron affinity, global electrophilicity index and global softness can be evaluated using
the HOMO and LUMO energy values [45]. The optimized molecular structure was used to
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calculate the band gap energy between the HOMO and LUMO using the Gaussian View
6 program and density functional theory method (DFT) set the B3LYP/6-31G++(d,p) basic
set level (input data checkpoint file). Figure 15a,b displays the Molecular orbitals plots
(HOMO and LUMO). The green (negative) iodine and the red (positive) pyridinium rings
in carbon atoms spread all over the HOMO orbital. The LUMO orbital spread all over
the molecular structure apart from the CHjz and methoxy group of carbon atoms. The
HOMO-LUMO energies result in —0.24079 eV and 2.74824 eV, respectively. An energy
band gap of 2.50745 eV was found for the MMPI molecule.

(b) 2.74824
Lowest unoccupied molecular orbital
. Band gap
) Posm\_/e 2.50745
® Negative
2 (a) -0.24079

FowL

Iighest occupied molecular orbital

Figure 15. (a,b) Molecular orbital HOMO and LUMO diagram of MMPL
3.12. MEP Analysis

The molecular electrostatic potential (MEP) surface is a useful factor for analyzing
charge distribution, biological recognition, reactive sites, and hydrogen bonding interac-
tions in molecules [46]. Figure S3 shows the 3D plots of the MMPI molecular electrostatic
potential (MEP). The molecular electrostatic potential map of MMPI material was generated
using gaussian view 6 software in the region of —9.269 e 2 to 9.269 e 2. Various colours
represent the surface of the title chemical. Red < yellow < green < blue is the order of poten-
tial. Nucleophilic reactivity was linked to the negative (red) electrostatic potential region.
The region of the electrophilic reactivity is positive (blue) [47]. The colour green depicts the
regions where the electrostatic potentials are nearly zero. An electro-rich, partially positive
zone is indicated by yellow. The MMPI compound reveals that the region with a negative
potential is over the iodine atom. Hydrogen atoms are covered with positive potential.
The yellow region represents the oxygen (positive) atom, near to the iodide atom. A green
colour region covers the remaining molecular structure with zero potential. The molecular
electrostatic diagram details the electrophilic and nucleophilic reactions [48].

3.13. Nonlinear Optical Properties by Z-Scan Technique

The chromophores arrangement in the crystal determines that the material possesses
characteristics of second-order nonlinear susceptibility (x?) or third-order nonlinear suscepti-
bility (x3) effects. A centrosymmetric distribution of the MMPI crystal with the P151,1 space
group was determined by the SCXRD experiment. This confirms the inversion centre in the
crystal structure; consequently, the polarisation that rises in the system is completely due to
the odd order susceptibility, which also implies that even order susceptibility is zero. Due
to odd-order susceptibility, third-order nonlinear studies were carried out for the grown
MMPI crystal [49,50]. The monochromatic continuous wave laser light 632.8 nm from the
helium-neon laser was utilized as the light source in this technique, and the sample with a
1 mm thickness was used. The light source was focused with a lens of 10.3 cm (f) focal length.
Along the negative (—Z) to the positive (+Z) axis, the sample was moved perpendicular to
the laser beam. The translation of the sample along the z axis is controlled by the computer
program. The output data was measured using a digital power meter with regard to the
crystal position and transmittance.
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Open aperture: To determine the nonlinear absorption coefficient ([3) of the MMPI
crystal, an open aperture mode Z scan is carried out. The experimental data and fitting
trace of the open aperture Z-Scan curve are depicted in Figure 16. It is evident that there is
a drop in the transmittance value close to the focus (Z = 0); beyond the focus, there is an
increase in optical intensity. This nature of the MMPI crystal reveals that it exhibits reverse
saturation absorption (RSA). For RSA, the sample’s normalized transmittance decreases as
optical intensity increases. The relationship to estimating nonlinear absorption coefficient
(B) through the open aperture method is:
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Figure 16. Open aperture Z-scan trace of MMPL

Closed aperture: In the closed aperture, the received intensity depends on the aperture
radius (2 mm), and this radius is kept constant during the experimental process. The ob-
tained experimental and fitting trace of the closed aperture (CA) Z scan curve is depicted in
Figure 17. The pre-focal (maximum-peak) followed by the post-focal (minimum-valley) in
normalized transmittance curve behaviour is observed from the closed aperture. Addition-
ally, the sample causes a focus or defocus depending on whether the nonlinear refractive is
positive (ny > 0) or negative (ny < 0) defocus [51,52]. From the graph, it can be observed
that the signature of n; is the negative and self-defocusing effect of the grown title ionic
crystal. The nonlinear refractive index (n;) can be generated by using the transmittance
quantity Tp.y from the curve. The normalized transmittance difference between the peak
(Tp) and the valley (Ty) can be calculated using the relationship expression:

ATp-y = 0406(1 - 8)°%| Ago| @
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Figure 17. Closed aperture Z-scan trace of MMPL

S=1 — exp(—2r,2/w,?) is the linear aperture transmittance, and phase axis shift is |A@g|,
Radius aperture r, is (0.15 cm), spot size diameter in front of the aperture w, value is (0.35 cm).
The third-order nonlinear refractive index (np) was determined by the following relation:

, = [Ago|
KIpLegt

®)

where K =27t/A, K—wavenumber, A is the wavelength of the laser and L = [1 — exp(—aL)]/
effective thickness of the sample. The sample of the thickness (L) is 1 mm used for the analysis,
Iy is the on-axis irradiance at focus, « is the linear absorption coefficient.

This experiment gives details about the nonlinear refractive index (ny) from (CA) and
the absorption coefficient (3) from (OA). The real and imaginary portions of the third-order
nonlinear optical susceptibility (x*) were determined based on the relationship shown below.

2.2

Re(x%) (esu) = 107* Mnz (em?/W) 4)
2.2

Im(x®) (esu) = 1072 %7\6 (em/W) (5)

The absolute value of x> is determined from ‘x3|:\/ [(Re(x®)?) + (Im(x®)%)]. The
nonlinear absorption coefficient (NLAC) (), and nonlinear refractive index (np) calculated
results are observed to be 7.25069 x 10> and 3.03311 x 107, respectively. The resultant
third-order susceptibility (x3) was observed to be x3 = 7.87636 x 10~° esu. Table 6 compares
the title ionic crystal third-order susceptibility values with a few stilbazolium derivatives
and organic centrosymmetric crystals. These comparison results indicate that the title
MMPI crystal gets a comparably high (x?) value. This can be described by means of the
(D-m-A) in the molecular structure. In this MMPI molecular structure, the electron donor
(hydroxy group) and electron acceptor (pyridinium moiety) interact via the polarized 7
conjugate (charge transfer from donor to acceptor) stilbazolium chromophore, increasing
the magnitude of the dipole moment and resulting in a large nonlinear behaviour [53]. The
materials have a negative n; sign, therefore indicating a self-defocused nature. All the
Z-scan outcome results for the title crystal indicates that the grown MMPI crystal is benefit
for the applications like optical limiting and frequency conversion [54].
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Table 6. Comparing of (x3) of the MMPI crystal values in few stilbazolium derivative in organic crystal.

Crystal Name x> Values (esu)
MMPI (present work) 7.87636 x 107 esu
VMST [55] 9.6963 x 10712 esu

DSMOS [56] 5.05 x 1078 esu

NSPI [57] 9.09 x 1077 esu

4. Conclusions

The growth of a new organic single crystal of MMPI was successfully carried out by
solvent evaporation method after a time of 60 days. The 'H and '*C NMR spectrum studies
confirm the molecular structure of the MMPI-grown crystal. Single crystal XRD analysis
reveals the monoclinic crystal structure with P121/C1 space group. The various functional
groups present in the MMPI crystal were confirmed using FI-IR spectral studies. Optical
spectral studies shows that the good transmittance in the Vis-NIR region with cut-off
wavelength (317 and 415 nm) and optical band gap of 2.43 eV of the grown MMPI crystal.
The photoluminescence spectrum exhibits a strong peak at 508 nm (2.43 eV), indicating
green emission. The chemical etching study reveals the presence of a rectangular etch
pit pattern in the crystal surface, and the calculated etch pit density value is found to be
2.53 x 103 cm~2. The surface features of the grown MMPI crystal are analyzed through
the AFM technique; surface kurtosis (Sy,) and surface skewness (Sq) values suggest that
the surface is nearly flat. The presence of NLDs and microcrystals in the title crystal was
observed from SEM analysis. The various elements presented in the grown material were
analyzed by EDAX analysis. A hirshfeld surface study was performed to investigate the
intermolecular interactions of 3D and 2D fingerprint plots, such as H-H, I-H, and O-H
interactions are strong in the MMPI compound. The title chemical of the HOMO-LUMO
energy gap is 2.50745 eV. In the MMPI molecule, the ESP map revealed that the negative
regions are located around the iodide atom, and the positive regions are spread throughout
the hydrogen atoms of the pyridinium ring and methoxy group. The grown MMPI crystal
reveals that the material appears centrosymmetric in nature. Open aperture Z-scan analyses
the reverse saturation absorption, while closed aperture Z-scan investigates the negative
nonlinearity that is self-defocusing in the title crystal. So, all the nonlinear parameter values
were calculated. Its suitability for non-linear optical devices like optical limiting and optical
switching is confirmed by the third-order nonlinear properties.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst13010138/s1, Table S1: Roughness parameters of the MMPI crystal
surface; Figure S1: EDAX spectra of MMPI crystal; Table S2: EDAX in elemental composition of MMPL;
Figure S2: 2D fingerprint plot for various contributions for MMPI; Figure S3: MEP surface analysis of
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