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ABSTRACT: Two Schiff bases, (E)-4-((2-chlorobenzylidene)amino)-1,5-dimethyl-2-phenyl-
1,2-dihydro-3H-pyrazol-3-one (4AAPOCB) and (E)-4-((4-chlorobenzylidene)amino)-1,5-di-
methyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one (4AAPPCB), have been synthesized and grown
as single crystals. Single-crystal X-ray diffraction analysis was employed to determine the crystal
structure of the compounds, and the results suggest that the compounds crystallized into an
orthorhombic crystal system having P2,2,2, and Pbca space groups, respectively. Further, the
crystallinity of the compounds was analyzed by the PXRD technique. The UV—vis—NIR spectra
of the compounds demonstrate excellent transmittance in the entire visible region. The lower
cutoff wavelengths of the compounds were determined to be 338 and 333 nm, respectively;
additionally, optical band gaps of the compounds found were 4.60 and 4.35 eV. FTIR and NMR
("H and "C) spectral techniques were utilized to analyze the molecular structure of the
compounds. The compounds emit photoluminescence with broad emission bands with centers
at 401 and 418 nm. The thermal stability and phase transitions were assessed through
thermogravimetric methods. The phase transition prior to melting was indicated by the
endothermic event at around 190 °C in the DTA curves of both crystals, and the same was observed in the DSC curves. The second
harmonic efficiencies of the powdered compounds I and II were found to be 3.52 and 1.13 times better than that of the standard
reference KDP. The 4AAPOCB and 4AAPPCB compounds showed isotropic polarizability amplitudes of 46.02 X 107>* and 46.52 X
107** esu, respectively. The calculation of linear polarizability and NLO second-order polarizability () along with other optical
parameters was performed for optimized geometries. The nonzero amplitudes of the average f values for compounds 4AAPOCB and
4AAPPCB were found to be 14.74 X 107*° and 8.10 X 107 esu, respectively, which show a decent potential of the synthesized
molecules for NLO applications. The calculated f amplitudes were further explained based on calculated electronic parameters like
molecular electrostatic potentials, frontier molecular orbitals, molecular orbital energies, transition energies, oscillator strengths, and
unit spherical representation of NLO polarizability. The current analysis emphasizes the significance of synthesized compounds as
prospective candidates for optical and NLO applications through the use of experiments and quantum computations.
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1. INTRODUCTION

Nonlinear optical materials are important in the modern era
for a wide range of applications in photonics and
optoelectronics.' Nonlinear optical materials play an important
role in modern photonics and optoelectronics, and their use in
a wide range of applications is likely to continue to grow in the
future.” Organic nonlinear optical (NLO) materials are a class
of materials that have gained significant attention in recent
years due to their potential for use in a wide range of
applications, including optical communications, data storage,
and imaging.” Organic NLO materials are typically based on
organic molecules or polymers, and they exhibit nonlinear
optical properties due to their high optical nonlinearity and
large hyperpolarizability. One of the advantages of organic Accepted:  April 3, 2023 e
NLO materials is their ability to be synthesized and designed Published: April 17, 2023 T
with specific properties, such as high thermal stability, high \:\’\EI £
optical clarity, and tunable nonlinear optical properties.* This —
allows for the development of materials with tailored

properties that can be optimized for specific applications.
Among all the organic NLO materials, Schiff base materials
represent a promising class of organic materials with unique
properties and potential applications in a wide range of fields.”
Their molecular design and synthesis can be tailored to meet
specific application requirements, making them a promising
class of NLO materials.”’

Hugo Schiff first described Schiff bases, which are organic
compounds produced when primary amines are condensed
with aldehydes or ketones.” They are called imines or
azomethines, and they have gained the attention of researchers
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Figure 1. Reaction scheme for 4AAPOCB and 4AAPPCB.
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due to their ease in synthesis and complex forming ability with
almost all metals.” Schiff bases are widely used in various fields
like dyes and plgments, catalysis, "’ optical chemical sensors, "'
cell 1mag1ng, * solar energy apphcanons, corrosion 1nh1b-
ition,"> LED appllcatlons, renewable energy materials,'® and
so on. The basic concept of Schiff base chemistry is profusely
utilized to synthesize modern materials like COFs'® and
MOFs,"” and it provides key aspects to enhance physiochem-
ical properties and also sensing abilities. Schiff bases served as
ligands and formed stable coordination complexes with metals;
they proved to have a multifold increase of properties and
activities leading to applications in various fields. Schiff bases
recently received significant scientific interest in nonlinear
optical (NLO) applications due to their enhanced intra-
molecular charge transfer properties, which usually lead to a
better NLO response.'*~>° Many types of organic compounds
were reported to have different NLO responses in relation to
their structural and NLO property aspects.”' ~>*

Schiff bases possess delocalized 7-electron systems, synthetic
flexibility, and high second-order nonlinear susceptlblhtles
("), making this a fertile area of research.” Designing
supramolecular organic network material with a z-conjugated
backbone structure utilizing a molecular engineering approach
with donor (D)—acceptor (A) functional groups between the
molecules produces push—pull effects, comprising significant
SHG and THG efficiency.”””” Basic requirements for SHG
efficiency are a lack of symmetry centers in molecules and
significant change in dipole moment; the existence of donor—
acceptor groups in conjugated systems enhances the SHG
efficiency of the material. The SHG efficiency of a series of
salicylaldehyde-based Schlff bases was investigated by Bhat
et.al. early in the literature.” Organic NLO materials generally
contain donor (D)—acceptor (A) groups linked through a 7-
electronic bridge enhancing molecular polarizability and
getting good nonlinear response.'* Schiff bases and their
complexes have also gained great attention as nonlinear
materials due to their extensive z-conjugation and synthetic
flexibility.”* "

Among the organic classes, the 4-amino antipyrine (4AAP)
is an excellent heterocyclic molecule capable of forming Schiff-
base-type ligands used to synthesize a variety of chelating metal
complexes. The astounding ability to form metal chelates paves
the way to a great many applications in various fields.”” The
Schiff base derivatives of 4AAP show significant pharmaco-
logical activities,*® and recently, the sulfate salt of 4AAP, a
charge transfer crystal Jwas synthesized, and its biological
activities were analyzed.”* In this paper, we are going to report
the synthesis, crystal structure, spectroscopic analysis, and
nonlinear efficiency of two Schiff-base-type crystals, namely,
4AAPOCB (I) and 4AAPPCB (II). Moreover, quantum

chemical methods are used to get more insight into their
geometry and molecular nonlinearity.

The density functional theory (DFT) is a computational
method used in condensed matter physics, materials science,
and chemistry to study the electronic structure of molecules.”
DFT calculations can provide insights into the electronic
structure of molecules, materials, and surfaces. By calculating
the electron density and other properties of the system, DFT
can help researchers understand the chemical properties of a
material, such as its reactivity, stability, catalytic activity,
electronic properties, and so forth. DFT calculations of NLO
properties have been used to design and optimize materials for
NLO applications, such as frequency conversion and optical
switching. DFT can be used to understand the mechamsms
that give rise to nonlinear optical properties in materials.’® By
calculating the electronic structure of a molecule, it is possible
to determine how the electron distribution changes in response
to an applied electric field, which is key to understanding the
nonlinear optical response.”’ >’

2. EXPERIMENTAL METHODS

2.1. Synthesis and Microanalysis of the Schiff Base
Compounds. Sigma Aldrich provided all of the synthesis
starting materials, which were utilized as received. Schiff base
compound I, (E)-4-((2-chlorobenzylidene)amino)-1,5-dimeth-
yl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one (4AAPOCB), was
synthesized by reacting 4-aminoantipyrine (2.0324 g, 1
mmol) with 2-chlorobenzaldehyde (1.4057 g, 1 mmol). The
starting compounds were dissolved in 20 mL of methanol
separately and stirred by using a magnetic stirrer for 30 min to
get a homogeneous solution. Drop by drop, the aldehyde
solution was added to the amine; as a result, a light yellow
precipitate gradually formed. The mixture was heated over a
magnetic stirrer with constant stirring for 2 h, and then the
precipitate was filtered through a Whatman 41-grade filter
paper. The resulting precipitate was dried at room temper-
ature. Its solubility was analyzed with various solvents, and the
formation of the product was confirmed by thin layer
chromatography. The same procedure was repeated to
synthesize compound II ((E)-4-((4-chlorobenzylidene)-
amino)-1,5-dimethyl-2-phenyl-1,2-dihydro-3H-pyrazol-3-one
(4AAPPCB)). The reaction scheme for the synthesis of Schiff
base compounds is shown in Figure 1.

2.2. Solubility and Crystal Growth. The solubility of the
compound is the key factor to determine the crystal growth.
Neither good solubility nor poor solubility helps crystal
growth; moderate solublhty of the substance in a particular
solvent is required.”” Supersaturation and temperature are the
driving forces in controlling the geometry, quality, and stability
of the crystals. Solubility curves are helpful in choosing a
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growth solvent and a method for crystallization. The
temperature-dependent solubility of Schiff bases was deter-
mined using the polythermal method,”' and the resulting
solubility curves are shown in Figure 2. The compounds that

20

~—&—4AAPPCB
—&—4AAPOCB

p—
n
1

Concentration (g/100 mL)
s

25 30 35 40 45

Temperature (°C)

Figure 2. Solubility curves for 4AAPOCB and 4AAPPCB in
methanol.

were made are very soluble in solvents like acetonitrile,
chloroform, DMSO, and DMF, and they are only moderately
soluble in methanol and ethanol. A sufficient quantity of
compounds I and II was dissolved in the solvent methanol
using a temperature-controlled magnetic stirrer, and the
mixture was thoroughly stirred to produce homogeneous
solutions.

After 2 h of continuous stirring, the homogeneous solutions
were filtered to remove suspended impurities using a Whatman
41-grade filter paper. After 15 days, the rod-shaped, pale yellow
crystals were harvested from the beaker, which was tightly
covered with aluminum foil with a few punched holes and kept
in a dust-free environment for crystal growth.

2.3. Characterization Studies. Single-crystal X-ray
diffraction analysis was used to determine both compounds’
crystal structures. A Bruker Smart Apex CCD diffractometer
equipped with Mo Ka radiation of wavelength 0.71073 A was
used to collect reflection data using y and @ scan methods. The
structure of the crystals was solved by direct methods,” and
structure refinements were carried out by the full-matrix least
squares technique employing SHELXS97* and refined by the
full-matrix least squares procedure on F>. The purity and
crystallinity of the samples were examined by powder X-ray
diffraction using a Shimadzu LabX XRD-6100 X-ray
diffractometer. To verify the quantity of various elements
present in the crystal, elemental analysis was carried out
employing an Elementar Vario EL III analyzer. The existence
of different functional groups was examined by the FTIR
spectrum recorded in the frequency range 4000 to 500 cm™
using a Shimadzu FTIR Sprit spectrometer. In a methanol
medium, the compounds’ electronic spectra were observed and
recorded using a Systronics double beam UV-—visible
spectrophotometer, and the UV—vis—NIR transmittance
spectra of both the compounds were measured by employing
a JASCO V-650 spectrophotometer. A Jobin Yvon Fluorolog

FL3-11 spectrofluorometer was used to analyze the crystals’
emission characteristics at room temperature. The thermal
analysis of the powder sample was performed between 30 and
750 °C by using a Mettler Toledo simultaneous thermal
analyzer system at STIC Kochi. The SHG efficiency of the
powdered sample was examined by using the Kurtz—Perry
technique at the P.K. Das lab, IISC Bangalore.

2.3.1. Computational Methods. The Gaussian 16 software
code was used for all quantum computations.”* The molecules
were optimized to their lowest ground states using DFT
methods. The optimization was performed with the M06-2X
functional and 6-31G* basis sets.”” The optimized geometries
were further explored by quantum chemical methods for their
potential optical and NLO properties. The UV—visible spectra
were computed using the time-dependent (TD) DFT method.
For the calculation of linear polarizability and first hyper-
polarizability, we used the polar keyword as implemented in
Gaussian 16. The linear polarizability and first hyperpolariz-
ability can be obtained through the following relationship given
below, although more details can be found in our previous
work. 7%

The average isotropic polarizability () can be calculated
by the following equation:

1
<aiso> = g(axx + ayy + azz) (1)

For anisotropy of polarizability (Aa) and average static second
hyperpolarizability, these can be calculated by the following
equation:

1
Aa= —
NG
\/[((Xxx - otyy)2 + (ayy —a,) + (a, —a,) + 6a’]
(2)

Meanwhile, first hyperpolarizability can be calculated as
follows:
- 2 2
ﬂ// - [(ﬁxxx + ﬁxyy + ﬁxzz) + (ﬂyyy + ﬁyzz + ﬂyxx)
2 1/2

+ (ﬂzzz + ﬁzxx + ﬁz}’)’) ] (3)

Here, f,, is the projection of the hyperpolarizability vector
over the dipole moment.

3. RESULTS AND DISCUSSION

3.1. Elemental Analysis. The stoichiometric proportion
and purity of the synthesized compounds were analyzed by
CHNSO analysis. The elemental composition of chlorine
atoms was calculated by subtracting the total composition of
other atoms, and it was compared with the theoretical
composition. The results obtained from the microanalysis
showed that compound I (4AAPOCB) contains C: 66.24%
(66.36%), H: 4.92% (4.95%), N: 12.88% (12.90%), O: 5.01%
(4.91%), and Cl: 10.95% (10.88%). Compound II
(4AAPPCB) contains C: 66.33% (66.36%), H: 4.91%
(4.95%), N: 12.84% (12.90%), O: 4.94% (4.91%), and Cl:
10.98% (10.88%). The elemental analysis data reveal that the
experimentally determined values are in good agreement with
theoretical values (within the bracket). The elemental analysis
data are presented in Table 1.

3.2. X-ray Crystal Structural Analysis. In addition to
revealing the structural parameters of the single crystals, the X-
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Table 1. Elemental Analysis Results of 4AAPOCB and
4AAPPCB

experimental (%)

elements calculated (%) 4AAPOCB 4AAPPCB
carbon 66.36 66.24 66.33
hydrogen 4.95 4.92 4.91
nitrogen 12.90 12.88 12.84
oxygen 491 5.01 4.94
chlorine 10.88 10.95 10.98

ray diffraction results also reveal the nature of the space group.
The crystal’s optical properties are heavily influenced by its
symmetry; the crystal must have non-centrosymmetric space
groups to be SHG-active. By recrystallizing compounds I and
I1, high-quality single crystals with dimensions of 0.3 X 0.35 X
0.4 and 0.41 X 0.3 X 0.17 mm were used for X-ray diffraction
analysis to ascertain the crystal structure and lattice parameters.
4AAPPCB’s crystal belongs to the orthorhombic centrosym-
metric Pbca space group, whereas 4AAPOCB’s single crystal X-
ray diffraction result shows that the compound crystallized into
an orthorhombic crystal system with a non-centrosymmetric
P2,2,2, space group. Table 2 contains a list of the crystal data
and structure refinement parameters derived from SCXRD
analysis. The chlorine atom is attached to the para position of
the phenyl ring in compound II, whereas the chlorine atom is
attached to the ortho position of the phenyl ring in compound
L. Because of the different positions of chlorine, isomers have

distinct space group structures. The ORTEP diagram of the
asymmetric units of crystals I and II, which was drawn with an
atom numbering scheme and a probability level of 50%
thermal displacement ellipsoidal, is depicted in Figures 3 and 4.
A single, isolated molecule is contained in each of the
asymmetric units. Various bond lengths of compounds I and II
are listed in Tables 3 and 4, respectively.

Figure 3. ORTEP diagram with the atom numbering scheme and
optimized geometry of 4AAPOCB.

3.3. Powder X-ray Diffraction Analysis. The powder X-
ray diffractograms of the samples were determined for
compounds I and II and are presented in Figure 5. Powder
X-ray patterns of both compounds showing sharp peaks
indicated the crystallinity and purity of the samples.

Table 2. Crystal Data and Structure Refinement Parameters for 4AAPOCB and 4AAPPCB

identification code

empirical formula
formula weight
temperature
wavelength
crystal system
space group

unit cell dimensions

volume

VA

density (calculated)
absorption coefficient

F(000)

crystal size

theta range for data collection
index ranges

reflections collected
independent reflections
completeness to theta = 25.242°, 28.90°
absorption correction
refinement method
data/restraints/parameters
goodness-of-fit on F*

final R indices [I > 26(I)]

R indices (all data)

extinction coefficient

largest diff. peak and hole
CCDC no.

4AAPOCB
C,sH4CIN;0
325.79
296 K
0.71073 A
orthorhombic
P2,2.2,
a=6.8330(3) A
b = 13.6031(8) A
¢ =17.5148(10) A
a=p=y=90°
1628.00(15) A3
8
1.329 g/cm?
0.242 mm™
680
0.300 X 0.350 X 0.400 mm®
2.216 to 28.290°
—-9<h<9 -18<k<18 -23<1<23
28,592
3985 [R(int) = 0.0292]
99%
semi-empirical from equivalents
full-matrix least squares on F*
3985/0/210
1.061
R1 = 0.0432, wR2 = 0.1353
R1 = 0.0485, wR2 = 0.1403
n/a
0.40 and —0.32 e A
2248220

15171

4AAPPCB
C,sH,,CIN,O
325.79
150(2) K
0.71073 A
orthorhombic
Pbca
a=69878(4) A
b =17.2746(1) A
¢ = 26.6878(19) A
a=pf=y=90°
3221.5(4) A3
8
1.343 g/cm®
0.245 mm™
1360
0.410 X 0.300 X 0.170 mm®
2.809 to 27.915°
—-9<h<9 -22<k<22 -35<1<3§
57,971
3822 [R(int) = 0.0469]
98.8%
semi-empirical from equivalents
full-matrix least squares on F*
3822/0/208
1.085
R1 = 0.0411, wR2 = 0.1083
R1 = 0.0459, wR2 = 0.1140
n/a
0.348 and —0.274 e.A™?
2225635
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CL

Figure 4. ORTEP diagram with the atom numbering scheme and

optimized geometry of 4AAPPCB.

Table 3. Bond Lengths [A] for the 4AAPOCB Crystal

atom A—atom B bond lengths (A)

CI(1)—C(15)
0(1)-C(9)
C(8)-N(3)
C(8)-C(9)
C(8)-C(7)
N(3)-C(10)
N(2)-N(1)
N(2)-C(16)
N(2)-C(7)
C(1)-H(1)
C(1)-C(2)
C(1)-c(6)
C(2)-H(2)
C(2)-C(3)
C(30)—H(3)
C(3)-C(4)
C(4)-N(1)
C(4)-C(5)
N(1)-C(9)
C(10)—H(10)
C(10)—C(11)

1.7324(1)
1.2290(2)
1.3860
1.4304
1.3699
1.2789
1.3969(1)
1.4502(1)
1.3504(1)
0.9300(1)
1.3754
1.3646
0.9300(1)
1.3787
0.9300(1)
1.3779
14142
1.3772
1.4000
0.9300(1)
1.4558

atom A—atom B bond lengths (A)

C(11)-C(15)
C(11)-C(12)
C(16)-C(14)
C(15)-H(14)
C(15)-C(13)
C(14)-H(13)
C(14)—-C(10)
C(6)—H(6)
C(6)—C(5)
C(5)-H(s)
C(17)-H(17A)
C(17)—H(17B)
C(17)-H(17C)
C(7)-C(17)
C(13)—H(10)
C(10)—C(12)
C(12)-H(12)
C(18)—H(18A)
C(18)—H(18B)
C(18)—H(18C)

1.3846(1)
1.3956

1.3869(1)
0.9300(1)
1.3513

0.9300(1)
1.3711

0.9300(1)
1.3729

0.9300(1)
0.9600(1)
0.9600(1)
0.9600(1)
1.4727(1)
0.9300(1)
1.3679

0.9300(1)
0.9600(1)
0.9600(1)
0.9600(1)

Table 4. Bond Lengths [A] for the 4AAPPCB Crystal

atom A—atom B bond lengths (A)

CI-C(3)
0-C(9)
N(1)-C(7)
N(1)-C(8)
N(2)-C(9)
N(2)-N(3)
N(2)-C(10)
N(3)-C(10)
N(3)-C(11)
C(1)-C(2)
C(1)-C(6)
C(1)-H(1B)
C(2)-C(3)
C(2)-H(2A)
C(3)-C(4)
C(4)-C(s)
C(4)—H(4A)
C(5)—-C(6)
C(5)—H(5A)
C(6)-C(7)
C(7)—H(7A)

1.7418(14)
1.2338(15)
1.2836(17)
1.3896(17)
1.4097(17)
1.4066(14)
1.4217(18)
1.3589(17)
1.4635(17)
1.386(2)
1.3941(19)
0.9500
1.382(2)
0.9500
1.387(2)
1.384(2)
0.9500
1.399(2)
0.9500
1.4665(19)
0.9500

atom A—atom B bond lengths (A)

C(8)—C(10)
C(8)—C(9)
C(10)-C(12)
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Figure S. PXRD patterns of compounds 4AAPPCB and 4AAPOCB.

3.4. Electronic Spectral Analysis. The optical properties
of organic molecules can be thoroughly examined using UV—
vis—NIR spectroscopy. In Figure 6, three absorption bands are
depicted in the UV—visible spectrum of compounds I and II
recorded in a methanol medium. Evidently, the presence of
methanol is the cause of the first absorption bands at 209 and
211 nm; the lower cutoff for methanol is 210 nm.*” The
second absorption bands for compounds I and II observed at
(Amax) 247 and 254 nm are attributed to symmetry forbidden
m—m* transitions of the aromatic ring; usually, the existence of
reactive functional groups in the aromatic ring causes a red
shift. The second bands for compounds I and II noted at 4.,
338 and 333 nm are due to n—z* transitions of C=N and
C=0 groups.” The n—z* transitions of the carbonyl group
are usually observed at 310—330 nm and these excitations may
be coupled with n—z* transitions of the C=N bond, then it
may shift to a slightly higher wavelength. Besides this, we have
also calculated the UV—visible spectra of 4AAPCOB and
4AAPPCB using quantum computational methods with the
MO06-2X functional and 6-31G* basis set as given in Figure 6.
There is a reasonable agreement among experimental and
calculated UV—visible spectra of 4AAPCOB and 4AAPPCB.
The first absorption peaks in calculated spectra are around 230
to 240 nm, which are closer to their counterpart experimental
peaks at 247 and 254 nm. In contrast, the second absorption
peaks in the computed spectra range from 275 to 325 nm,
which are close to the experimental peaks of 338 and 333 nm.
The frontier molecular orbitals in the proceeding section
indicate their mixed nature like 7—7* and n—z* transitions as
explained in the above experimental section.

3.4.1. Determination of Optical Parameters. We can work
out the optical band gap of the material by involving UV light
retention as a beginning stage for the electron excitation from
the valence band to the conduction band. The following
relation is used to convert absorption wavelength into
excitation energy:
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Figure 6. The experimental (a) and calculated (b) UV—visible absorption spectra of the compounds 4AAPCOB and 4AAPCCB at the TD-M06-

2X/6-31G* method.
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1240

where c is the speed of light, & is Planck’s constant, and 4 is the
sample’s cutoff wavelength. Compounds I and II had calculated
band gaps (E,s) of 3.66 and 3.72 eV, respectively. The crystal’s
absorption coefficient (a) can be calculated using the following
equation:

_2.303log(1/T)
“= ¢ (s)

where T is transmittance and t is the thickness of the crystal
used. The direct optical gap of the grown crystal can be
calculated by exploiting the dependence photon energy (hv)
upon the absorption coefficient () according to the following
equation:

(ahv)* = A(hw — E,) (6)

Figures 7 and 8 depict Tauc’s plot and the UV—vis—NIR
transmittance spectra of compounds I and II. The lower cut
wavelengths of Schiff base compounds I and II are 338 and 333
nm, respectively, indicating that there is no significant
absorption in the entire visible and NIR regions as determined
by the transmittance spectra of the compounds. Extrapolating a
straight line from the absorption edge to the x axis, (ahv)? = 0
(Tauc’s plot) yielded an estimate of the band gap energy. The
crystals were found to have an optical band gap of 4.60 and
4.35 eV. The crystals’ wide band gap and good optical
transparency suggest that they could be used in optical
applications.

3.5. Photoluminescence Studies. The photolumines-
cence emission spectra of the Schiff bases I and II were carried
out in methanol at room temperature. The emission spectra of
the compounds I and II are presented in Figure 9, and broad
emission bands appeared at 418 nm (2.96 eV) and 401 nm
(3.09 eV) indicating the presence of violet emission. The
broad emission band in the violet region is attributed to 7—7z*
intraligand transitions, and the conjugated s-electronic
structure of the Schiff bases causes broad emission bands.

3.6. Fourier Transformed Infrared (FTIR) Spectral
Analysis. The FTIR spectra of compounds 4AAPOCB and
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Figure 7. UV—vis—NIR transmittance spectrum of 4AAPOCB (inset:
Tauc’s plot).
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Figure 8. UV—vis—NIR transmittance spectrum of 4AAPPCB (inset:
Tauc’s plot).
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Figure 9. Photoluminescence spectrum of 4AAPOCB and 4AAPPCB.

4AAPPCB are presented in Figures 10 and 11. Furthermore,
calculated FTIR spectra of the compounds are presented in

Figure SS. Various absorption bands and their assignments are
listed in Table S.
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Figure 10. FTIR spectrum of 4AAPOCB.

3.6.1. Vibrations of the Azomethine Group. The C=N
group exhibits a strong absorption band in the FTIR spectrum
between 1690 and 1590 cm™.>" The stretching vibrations of
the (CH=N) azomethine group, which are shreds of evidence
of the formation of Schiff bases, are the cause of the sharp and
strong bands that appear at 1649 and 1647 cm™ for
compounds I and II, respectively. The calculated values for
C=N stretching appeared at 1640 and 1642 cm/,
respectively. The yellow color of the product and the resulting
—CH=N- bond both clearly indicate the formation of the
Schiff base according to the X-ray diffraction results.

3.6.2. C—H and N—H Vibrations. The broad absorption
band that usually appeared as a result of asymmetric stretching
vibrations of the —NH, group in 4AAP in the range of 3200—
3400 cm™' disappeared because of the formation of
azomethine linkage.”” For compounds I and II, the C—H
stretching vibrations of the aromatic rings were observed at

T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 11. FTIR spectrum of 4AAPPCB.

Table S. FTIR Vibrational Bands and Their Assignments for
4AAPOCB and 4AAPPCB

wave number (cm™!)
4AAPOCB 4AAPPCB

experimental calculated experimental calculated assignments

3055 3056 3065 3050 aromatic asymmetric C—
H stretching vibration

2926 2894 2926 2894 aliphatic asymmetric C—
H stretching vibration

2857 2857 aliphatic symmetric C—H
stretching vibration

1738 1718 1744 1718 C=O0 stretching
vibrations of the
carbonyl group

1649 1640 1647 1680 CH=N stretching
vibrations

1574 1568 C=C aromatic skeletal
vibrations

1489 1466 1489 1466 N-CH,; symmetric
deformation vibrations

1422 1423 asymmetric in-plane
bending vibration of
—CH,

1375 1377 symmetric in-plane
bending vibration of
—CH;

1300 1280 1300 1280 C—N stretching vibration

1126, 970 1106, 1132, 1011, 1106 aromatic C—H in-plane

1120 957 bending vibration

1036 1010 1084 1080 C—ClI stretching
vibrations

872, 835, 746 874, 833, 806, 760  aromatic C—H out-of-

760 760 plane bending vibrations

689 702 aromatic C—C in-plane
bending

579, 511 520, 590 592, 511 out-of-plane aromatic ring
deformations (ring
puckering)

461 447 428 C—Cl deformation
vibrations

3055 and 3065 cm™’, respectively. Sharp peaks in the range of
2800—3000 cm™" in the spectra of both compounds supported
the existence of the methyl group. The methyl group in
compounds I at II shows C—H asymmetric and symmetric
stretching vibrations at 2926 and 2587 cm™!. In addition, its
corresponding in-plane bending vibrations typically occurred
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between 1370 and 1450 cm™.*’ Because of the asymmetric
and symmetric in-plane bending vibrations of methyl groups,
respectively, the spectra of compounds I and II exhibit sharp
peaks at 1422, 1423, 1375, and 1377 cm™ L. Both compounds
displayed symmetric N-CH; deformations at 1489 cm™.
Simulated spectra for both the compounds exhibit absorption
peaks at 3056 and 3050 cm ™" corresponding to aromatic C—H
stretching vibration modes and the aliphatic C—H stretching
vibrations of methyl groups appeared as a sharp peak at 2894
cm™! for both the compounds.

In-plane bending modes of aromatic C—H are observed at
the range of 950—1250 cm™.>> The synthesized Schiff base
compounds contain mono- and di-substituted benzene rings
that give rise to different in-plane bending vibration peaks, and
the peaks observed at 1126 and 970 cm™' and at 1132, 1011,
and 957 cm™" for compounds I and II are due to aromatic in-
plane bending vibrations of C—H bonds. Corresponding
vibrational bands were observed at 1106 cm™ in computed
spectra. The out-of-bending modes of the C—H bond in
phenyl rings appeared at 872, 835, and 760 cm™" and at 874,
833, and 760 cm™' for compounds I and II, respectively.”*
Bending modes of C—H bonds were observed as low-intensity
sharp peaks in the range of 800 to 600 cm™' in the
computational spectrum.

3.6.3. (=0, C=C, and C—N Vibrations. The carbonyl
group’s stretching vibrations account for the medium-intensity
peaks at 1738 and 1744 cm™', whereas the aromatic ring’s
skeletal vibrations account for the sharp peak at 1489 cm™" for
both compounds. Computed spectra also show a very strong
C=O0 stretching peak at 1718 cm™". The C—N stretching
vibrations of the heterocyclic ring account for the sharp peak at
1300 cm™ and the same peak observed at 1280 cm™" for both
the compounds. Vibrations of aromatic ring deformation are
typically observed below 700 ¢cm™.>° The C—C in-plane
bending modes of the phenyl ring are assigned to the
absorption peaks at 689 and 702 cm™', respectively, as are
the corresponding out-of-plane bending ring puckering peaks
at 579 and 511 cm™" and at 592 and 511 cm™" for compounds
I and II.

3.6.4. C—Cl Vibrations. Ar—Cl stretching is usually observed
in the range of 1100—1090 cm™' for para-substituted
derivatives and the same was observed in the range of
1060—1030 cm™ for ortho-substituted compounds.® The fact
that the C—Cl stretching vibration was observed at 1084 cm™
for 4AAPPCB and 1036 cm™" for 4AAPOCB indicates that the
two compounds in question are ortho—para isomers.
Furthermore, computed spectra also exhibit C—ClI stretching
at 1080 and 1060 cm™'. Between 370 and 500 cm™), aromatic
C—Cl and ring deformations for chloro-substituted phenyl
rings appeared. C—Cl deformations of compounds I and II
account for the sharp peaks at 461 and 447 cm™", respectively.

3.7. Thermal Analysis. The thermal stability of organic
crystals is crucial for a variety of practical NLO device
applications. Crystals that can withstand high-intensity laser
light and produce extremely precise results are thermally stable.
The powdered samples of 4AAPOCB and 4AAPPCB were
heated from room temperature to 700 °C at a rate of 20 °C/
min in a nitrogen atmosphere for thermal analysis. The TG
curve of the compounds is shown in Figure 12, which shows
the weight loss of compounds I and II as a function of
temperature. Both thermograms indicate that weight loss
occurs in two stages. The fact that compounds 4AAPOCB and
4AAPPCB do not lose any weight below 200 °C indicates that
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Figure 12. TG curves of 4AAPOCB and 4AAPPCB.

there are no physical impurities or water of crystallization
present. The thermogram demonstrates a two-stage weight loss
as the compound 4AAPPCB begins to decompose at 230 °C.
The stage I weight loss of 62% was observed in the range of
230—400 °C; then, at the range of 400—638 °C, the second
stage weight loss of 26% was observed after 638 °C, and 12%
of the residue remained. The compound 4AAPPCB also starts
to decompose after 230 °C, and there are two-stage weight
losses observed. The stage I weight loss of 67% was observed
in the range of 230—465 °C; then, at the range of 465 to 638
°C, the second-stage weight loss of 29% was observed. A
residual mass of 4% remained at 638 °C.

The small exothermic event in DTA at 191 and 194 °C
observed on both compounds may be due to phase transitions
before the melting of the material. The second sharp
endothermic event at 318 and 314 °C for 4AAPOCB and
4AAPPCB, respectively, affirms the melting followed by
decomposition of the material. The obtained TG-DTA
thermograms of the compounds are shown in Figures S1 and
S2. The second broad endothermic DTA event at 559 °C for
4AAPPCB is due to the decomposition of the material, and at
the end of the experiment, 12% of the residue remains at above
638 °C. In the case of 4AAPOCB, the broad exothermic DTA
event at 583 °C indicates the decomposition.

The obtained DSC curves for 4AAPPCB show one
endothermic event at 195 °C followed by two exothermic
events at 316 and 556 °C. The obtained TG-DSC thermo-
grams of the compounds are shown in Figures S3 and S4. The
first endothermic event at 195 °C may be due to some phase
change or recrystallization before melting, and the other two
exothermic events are due to melting and decomposition of the
sample. The sharp exothermic peak at 316 °C is due to the
melting of the sample and is in good agreement with the DTA
trace. The broad exothermic event near 558 °C appeared as a
result of the complete decomposition of the materials. The
DSC curve of 4AAPPCB also shows an endothermic event at
195.2 °C and successive exothermic events at 322.5 and 583.3
°C due to the melting and decomposition of the material,
respectively. The DTA results coincide with the important
weight loss shown by TG and are also in good agreement with
DSC results. The sharp peak in DTA narrates the purity and
appreciable crystallinity of the grown 4AAPPCB crystals. Thus,
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the TG-DTA analysis concluded that both crystals can be used
for NLO device applications up to a temperature of 190 °C.

3.8. Second-Order Nonlinear Property. The Kurtz—
Perry powder method was used to investigate Schiff base
compounds’ SHG efficiency. The symmetry of the molecule
directly affects the material’s second-order nonlinearity. In
general, a non-centrosymmetric structure is necessary for any
material to become NLO active, and other factors like 7-
conjugation, impurities, crystalline defects, intermolecular
interactions, and charge transfer have a significant impact.
The powdered samples were taken in a capillary tube and
exposed to a Q-switched Nd-Yag laser of a fundamental
wavelength of 1064 nm. The energy of the laser pulse applied
to the sample was 1.2 m] per pulse with 10 ns and a pulse
repetition rate of 10 Hz. The SHG signals of 81 and 26 mV
were observed for compounds 4AAPOCB and 4AAPPCB,
respectively, and the same experimental conditions used for
standard references KDP and urea produced SHF signals of 23
and 70 mV, respectively. The comparative SHG efhiciency of
the compound I is 3.52 times greater than that of KDP and
1.15 times that of urea. Compound II has 1.13 times greater
efficiency than KDP. The experimental and computational
analysis showed the significant potential of compounds
4AAPOCB and 4AAPPCB as good contenders for NLO
applications.

3.9. Computational Studies. 3.9.1. Optimized Molecular
Geometries. The molecular geometries of designed com-
pounds 4AAPOCB and 4AAPPCB are shown in Figure 13.
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Figure 13. (a—d) Experimental and optimized geometric parameters

of 4AAPOCB and 4AAPPCB.

The M06-2X functional and 6-31G* basis set is used to acquire
the lowest energy structures. Figure 13a,b shows the calculated
and experimental comparison of molecular geometries for the
4AAPOCB compound, whereas Figure 13c,d illustrates
compound 4AAPPCB. The calculated bond lengths for
4AAPOCB compound of Cl;-C;g, C5-N,, and C,,-O, are
found to be 1.747, 1.282, and 1.218 A, which are near the
experimental bond lengths of 1.733, 1278, and1.288 A,
respectively. In 4AAPPCB, the calculated bond lengths of
Cl;-Cyq C16-Nj, and C,5-O, are 1.743, 1.281, and 1.219 A,
whereas experimental bond lengths are 1.741, 1.283, and 1.233
A, respectively. The difference between the calculated and
experimental values of both compounds is insignificant. The
difference between the molecular geometries of 4AAPOCB

15176

and 4AAPPCB compounds is that chlorine is present at the
para position in 4AAPOCB, whereas in compound 4AAPPCB,
chlorine is present at the ortho position, as a result of which it
withdraws electrons through an inductive effect and releases
electrons through resonance.

3.9.2. Linear Polarizability (@). The a values of compounds
4AAPOCB and 4AAPPCB were calculated at the M06-2X
functional and 6-31G* basis set and are given in Table 6.

Table 6. Estimated Linear Polarizability Values (107>* esu)
of 4AAPOCB and 4AAPPCB at M06/6-311G* Levels of
Theory

a comp. 4AAPOCB 4AAPPCB
Ay 63.22 22.13
Ay, 5.25 1.86
a,, 21.81 54.31
a,, —6.03 7.97
a,. —6.88 —12.51
a,, 53.03 63.13
Higo 46.02 46.52
a, 41.60 45.47

aniso

Among all the tensors, a,, values are relatively high, which
suggest that polarization mostly occurs along the x axis. The
4AAPOCB and 4AAPPCB compounds showed isotropic
values of 46.02 X 107>* and 46.52 X 107>* esu, respectively.
Similarly, the 4AAPOCB and 4AAPPCB compounds showed
anisotropic values of 41.60 X 107** and 45.47 X 107** esy,
respectively. Compound 4AAPPCB showed relatively en-
hanced isotropic and anisotropic values as a result of the
presence of chlorine atom at the para position.

3.9.3. Molecular Second-Order NLO Polarizability. The
microscopic NLO characteristics of compounds are deter-
mined by calculating their second- and higher-order molecular
nonlinear polarizability.”® It is important to note down that
molecular NLO polarizability and bulk-level NLO suscepti-
bility are different parameters for judging NLO response
properties. Molecular NLO polarizability (also called micro-
scopic NLO polarizability) provides insights at molecular levels
irrespective of bulk-level effects as determined by experiments.
The calculated second-order molecular NLO polarizability S
(x1073° esu) of 4AAPOCB and 4AAPPCB at the M06-2X/6-
31G* method is collected in Table 7. Among all the tensors,
P.xx shows the highest values, which suggest that polarization
occur along the x axis. The average f values of compounds

Table 7. The Estimated Second-Order NLO Polarizability
(B,), 107° esu) of 4AAPOCB and 4AAPPCB at the M06-
2X/6-31G* Levels of Theory

Y 4AAPOCB 4AAPPCB
B 19.53 10.16
Bry -0.13 —0.08
By 428 4.68
By 3.44 8.46

—13.24 1.20
B —1.49 —0.37
B,y 0.94 0.60
B —0.90 -0.23
B,: 0.31 -0.39
- 0.42 -3.76
B 14.74 8.106
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4AAPOCB and 4AAPPCB are found to be 14.74 X 107> and
8.10 X 107 esu, respectively. To postulate a comprehensive
visualization of the relationship between NLO properties and
molecular axis, the second-order NLO polarizability unit
spherical representation (USR)”” of 4AAPOCB and 4AAPPCB
was obtained at the M06-2X functional and 6-31G* levels of
theory as presented in Figure 14.

Figure 14. Unit sphere representation (red and blue arrows) of the
first hyperpolarizability tensors for (a) 4AAPOCB and (b) 4AAPPCB.
The green arrows represent the first hyperpolarizability vectors.
Different scales have been employed in the representations of the
effective dipoles and first hyperpolarizability vectors.

The blue and red arrows show the effective induced dipole
moment, and the green arrow indicates the second-order NLO
polarizability vectors. It is important to note that both USR
representations show a nonsymmetric and one-directional
induced dipole moment from chlorobenzyl toward pyrazole
moieties. The second-order NLO polarizability vector is
relatively larger for compound 4AAPOCB, and it is slightly
tilted away from the x axis because of the ortho position of
chlorine atoms in compound 4AAPOCB (see Figure 13).

3.9.4. TD-DFT Calculations. TD-DFT computations of
4AAPOCB and 4AAPPCB were performed at the TD-M06-2X
functional and 6-31G* basis set to ascertain the source of
second-order NLO polarizability. It is conventional to utilize a
well-known two-level approximation to pinpoint the origin of
amplitudes at least for one dominant longitudinal component
as given by eq 7.

3\ 5, Lo

@ (2)A” AE? ?)
where f; is the longitudinal component, and it is f,,, here. Ay
is the change in dipole moment between the ground and
excited state, AE is the transition energy, and f, is the oscillator
strength from the ground state to the excited state. From eq 7,
it can be observed that B, is directly related to Ay and f, but
inversely related to the cube of AE, which may be considered
as a crucial factor. The transition energies (AE’s), oscillator
strength (f,), and percentage configuration interaction (%
C.L) for electronic excitations of compounds 4AAPOCB and
4AAPPCB are collected in Table 8. In S; — S, electronic
excitation, compound 4AAPPCB showed a lower transition
energy value as compared to compound 4AAPPCB, which
might lead to better amplitude in compound 4AAPOCB.

Table 8. The Oscillator Strength (f,), Transition Energies
(AE’s), and Configuration Interaction (C.I.) of Compounds
4AAPOCB and 4AAPPCB at the M06-2X Functional and 6-
31G* Basis Set

electronic AE %
compounds excitation (ev) fo transitions  C.L.
4AAPOCB So = Sy 4.121 0.983 H->L 67
4AAPPCB So — S1 4.148 1.197 H->L 69

3.9.5. Frontier Molecular Orbitals (FMOs). Frontier
molecular orbitals provide a great idea to understand the
type of intramolecular charge transfer (ICT) process, stability
of compounds, and origin of electronic transition.” The
HOMO and LUMO distribution patterns of compounds
4AAPOCB and 4AAPPCB are computed at the M06-2X
functional and 6-31G* basis set as shown in Figure 15. It can

9 J
9
% %"
+
LUMO+1 » LUMO+1 "
X ‘35;‘ X fbﬁ"
LY
) b4 A
LUMO Ta -0.669fV LUMO —— -0-674eV
AE=6.222¢V IAE=6_211eV
-6.891eV -6.885¢V
9
&
HOMO ,
9
HOMO-1 HOMO-1

(a)

(b)

Figure 15. The highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) for compounds
4AAPOCB (a) and 4AAPPCB (b).The iso-value is +0.001 a. u.

be observed from Figurel$ that both compounds show similar
HOMO and LUMO formation. In HOMO formation of
compounds 4AAPOCB and 4AAPPCB, the delocalization of
wavefunction occurs over the whole molecule, whereas in the
case of LUMO, charge delocalization occurs except for O and
N atoms and the benzene ring that are not involved in the
formation of LUMO. The transition from HOMO to LUMO
mainly demonstrates the redistribution of charge density. The
calculated energy values of HOMO for both compounds
4AAPOCB and 4AAPPCB are —6.885 and — 6.891 eV,
respectively, whereas their LUMO orbitals show energy values
of —0.674 and — 0.669 eV, respectively. The orbital energy gap
(AEq_;) that is calculated for HOMO-LUMO of both
compounds 4AAPOCB and 4AAPPCB is 6.211 and 6.22 eV,
respectively. There is a minor energy gap of 0.01 eV between
compounds 4AAPOCB and 4AAPPCB because of structural
similarity.

3.9.6. Molecular Electrostatic Potentials (MEPs). The
molecular electrostatic potential (MEP) is an interpretative
tool for the determination of intramolecular interactions and
electron density distribution over the molecule. It describes the
location for incoming electrophile and nucleophile attacks by
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measuring the strength of the nearby charges, nuclei, and
electrons at specific positions. Electrostatic potential values are
represented by different color codes, and the order of potential
increment is red < orange < yellow < green < light blue < blue.
The maximum positive electrostatic potential is indicated by
the blue color, and the red color is considered the maximum
negative electrostatic potential®>®' The green color is the
neutral region because it is close to zero potential. The MEP
diagrams of compounds 4AAPOCB and 4AAPPCB obtained at
the M06-2X functional and 6-31G* basis set are shown in
Figure 16. The red color represents the maximum negative

Bt

4AAPOCB

-
s

4AAPPCB

Figure 16. Molecular electrostatic potential surface analysis of
compounds 4AAPOCB and 4AAPPCB at the M06-2X functional
and 6-31G* basis set. The iso-value is +0.001 a. u.

electrostatic potential for the oxygen atom as a terminal group
in both compounds, and it is a highly favorable region for the
electrophilic attack. The indication of blue color in methyl
groups and hydrogen atoms reveals that there is a greater
positive potential that will be the attacking side for the
nucleophile. Moreover, chlorine with a slight yellow color
represents intermediate electrostatic potentials in both
4AAPOCB and 4AAPPCB molecules. It can be seen that
both the compounds have significant charge separation in the
form of highly negative and positive potentials.

4. CONCLUSIONS

The new NLO active Schiff base compounds 4AAPOCB and
4AAPPCB were synthesized through the condensation
reaction of 4-aminoantipyrine with 2-chlorobenzaldehyde and
4-chlorobenzaldehyde, respectively. Single crystals of the
synthesized compounds were grown in methanol at room
temperature by the slow solvent evaporation method. The
SCXRD analysis was used to identify the crystal structure and
lattice parameters; the isomeric compounds crystallized into an
orthorhombic system with space groups P2,2,2, and Pbca,
respectively. Moreover, the sharp peak in PXRD patterns
appears to have good crystallinity. Elemental analysis results
reveal stoichiometry, and there is good agreement with
calculated values. Vibration analysis (FTIR) and electronic
spectral analysis (UV—vis) have been performed, and the
results have been compared to the corresponding computed
spectra and found to be in good agreement. The UV—vis—NIR
transmittance spectrum of the crystals exhibits wide optical
transparency (85%) in visible and near-infrared regions, and
their photoluminescence emission spectrum shows broad
violet emission bands. Because 4AAPOCB has a powder
SHG efficiency that is 3.52 times greater than that of KDP and
1.15 times that of urea, it can be used to fabricate optical
devices. Quantum chemical methods were used to optimize the
molecular geometries of synthesized molecules. The linear
optical and second-order NLO properties at the molecular
level were calculated for compounds 4AAPOCB and

4AAPPCB obtained at the M06-2X functional and 6-31G*
basis set. The 4AAPOCB and 4AAPPCB compounds showed
isotropic values of 46.02 X 107>* and 46.52 X 107** esu,
respectively. Similarly, the 4AAPOCB and 4AAPPCB com-
pounds showed anisotropic values of 41.60 X 107>* and 45.47
X 107%* esu, respectively. The compound 4AAPPCB showed
relatively enhanced isotropic and anisotropic values due to the
presence of chlorine atom at the para position. Besides this, the
average f} values of compounds 4AAPOCB and 4AAPPCB are
found to be 14.74 x 107 and 8.10 X 107* esu, respectively,
which indicated a decent potential of synthesized compounds
for NLO applications.
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