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ARTICLE INFO ABSTRACT

Keywords: The Slow Evaporation Solution Technique (SEST) was used to produce a single crystal of piper-
Single-crystal XRD azinium bis(2-carboxypyridine)monohydrate (PBCPM). The lattice parameters and molecular
DFT

structure of the grown crystal were determined using Single Crystal X-Ray Diffraction. The

glrS:rfelodlarizabilit intramolecular and intermolecular interactions were visualised using Hirshfeld surface analysis.
F%’_I;R P y The B3LYP level of theory with a 6-31++G (d,p) basis set was used to compute the Molecular
FT-Raman optimised geometry. The FT-IR and FT-R spectral studies that have been reported look at the
NLO modes of vibration of various functional groups in the PBCPM crystal. The grown crystal has a

high transmittance in the entire visible field, according to UV-vis transmittance reports. Based on
the finite-field approach, the polarizability and hyperpolarizability of PBCPM is determined using
the DFT-B3LYP method and the 6-311G(d,p) basis set. The Z-scan technique is used to perform
third order NLO studies on the PBCPM crystal. The result discussed confirms that PBCPM crystal

is a potential candidate for future NLO device applications.

1. Introduction

The widespread use of high-power lasers in various applications has drew a lot of attention to nonlinear optical (NLO) materials in
recent years. Researchers have been working hard to develop and synthesised high-quality NLO materials in recent years due to their
use in frequency transfer, optical information processing, optoelectronic switches, photonics, telecommunication, and optical data
storage [1-4]. Organic materials have a wide range of properties. Organic materials have the advantage of allowing consumers to
change the chemical composition with a wide range of physical dimensional diversity and properties for the ideal NLO properties [5,
6]. The fact that the Second-harmonic generation (SHG) property is closely associated with a non-centrosymmetric crystalline

structure has been well-confirmed by theoretical and experimental analysis.

According to the Kleinman approximation, ¥ has no independent irreducible part of tensor in the centrosymmetric crystal due to
symmetry property, thus exhibiting no SHG effect [7]. However, several studies have shown that centrosymmetric crystals have SHG
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Fig. 1. Grown crystal of PBCPM by solvent evaporation method.

properties [8].

The density and anisotropy of SHG are caused by surface electric dipoles and bulk electric quadruple in centrosymmetric crystals,
according to Liipker’s phenomenological theory. The centrosymmetric system’s surface-sensitive SHG changes with surface oxi-
disation, allowing surface contribution to SHG to be identified [9]. Primitive to materials with disappearing y®[10], approximately
75% of all organic molecules crystallise in centrosymmetric space groups. Piperazine and its derivatives have been studied widely in a
variety of areas, including complexant agents, pharmaceutical products, and biologic substances for some metabolic processes [11].
Because of their electrical, mechanical, and magnetism properties, these materials have piqued scientists’ interest and sparked a lot of
research. For vibrational investigations and H-bond interactions, crystals containing piperazine cation were extensively studied
[12-15]. Piperazinium 4-nitrophenolate monohydrate [16], piperazinium mesotartrate [17], and phosphoric acid
pyridine-1-ium-2-carboxylate [18] have all recently been discovered to be possible third-order NLO materials. The existence of H-bond
interactions in these materials has a significant impact on the Non-Linear Optical behaviour. Picolinic acid, by means of its acidic
composition, crystallises with a variety of organic molecules and forms salts by complex electrostatic or H-bonding interactions. NLO
materials include picolinic acid hydrochloride [19] and picolinic acid co-crystallized with dicarboxylic acids [20] crystals. The growth,
single-crystal X-ray diffraction, Hirshfeld surface analysis, Molecular geometry, Z-Scan measurement, FT-IR, FT-Raman, frontier
molecular orbital using the TD-DFT process, and hyperpolarisability measurements of the PBCPM crystal are all discussed in this paper.
The experimental and theoretical findings are consistent, and the measurements reveal information about the vibrational spectra and
molecular properties.

2. Experimental

Piperazine and Picolinic Acid were used as source materials to expand a single crystal of PBCPM using a slow evaporation tech-
nique. As a solvent, double distilled water was used. Piperazine and Picolinic Acid is dissolved in a 1:1 ratio in 10 mL of double distilled
water. The solution was constantly mixed well with a magnetic stirrer at room temperature for around three hours to achieve a ho-
mogeneous mixture. The solution was then purified to eliminate immiscible impurities using Whatman filter paper before being
allowed to evaporate. The purity of the grown crystal is improved by the recrystallization process. Over the course of 45 days, optically
good single crystals were harvested, which is one of the prerequisite for optoelectronic device fabrication. Fig. 1 depicts a photographic
image of a PBCPM grown crystal.

3. Characterization details

A Bruker APEX II single crystal diffractometer with CuKa radiation (A = 0.71073A) was used to collect crystallographic data. The
Perkin-Elmer Spectrometer was used to record the Fourier Transform Infrared (FT-IR) spectrum of KBr pellet in the frequency range of
400-4000 cm™~!. A BRUKER RFS 27: Standalone FT-Raman Spectrometer was used to capture the Fourier Transform Raman (FT-
Raman) spectrum. Perkin Elmer Model: Lambda 35 was used to study the UV-Vis-NIR spectrum of PBCPM crystal in the wavelength
range 190-1100 nm.

4. Computational details

SAINT [21] was used to reduce the amount of data and optimise the cells of the crystal structure. SHELXS-97 [22] was used to solve
the crystal structure directly, and SHELXL-97 [23] was used to refine the data using complete matrix least square fitting. The structure
was examined with PLATON [24,25], and there were no solvent-accessible voids in the crystal lattice. Further Hirshfeld surface
analysis was performed using the program CrystalExplorer [26]. The Becke3-Lee-Yang-Parr (B3LYP) functional was supplemented
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Fig. 2. ORTEP diagram of PBCPM.

Fig. 3. Hydrogen bonding of PBCPM.
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Table 1
Crystal data and structure refinement data of PBCPM.
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Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

Index ranges

Reflections collected
Independent reflections

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

C16H22N405
350.37

296(2) K
0.71073 A
Monoclinic
P21/c

a = 12.4458(3), b = 6.7904(2)
¢ =19.8785(5) A
B = 94.3964(15)
1675.03(8) A3

4

1.389 Mg/m3
0.11 mm-1

-10<=h<=10,-10<=k<=8,-16<=1<=15

12,606

2933[R(int) = 0.023]
2933/ 0/ 250

1.09

R1 = 0.036, wR2 = 0.098

Table 2
Hydrogen bond geometry of PBCPM.

Hydrogen-bond geometry (A, %)

D—H-A D—H H--A D--A D—H-A
05—H10---N1 0.93 (3) 2.13 (3) 3.051 (2) 169 (3)
05—H20---02i 0.93 (3) 1.82 (3) 2.7451 (17) 168 (2)
N4—H4N---O4ii 0.94 (2) 2.31 (2) 3.0853 (18) 138.7 (17)
N4—H4N---03ii 0.94 (2) 1.94 (2) 2.8379 (17) 159.0 (18)
N3—H2N---01i 1.03 (2) 1.68 (2) 2.6825 (17) 165.2 (17)
N4—H3N---03iii 0.96 (2) 1.81 (2) 2.7108 (18) 156.9 (17)
N4—H3N---N2iii 0.96 (2) 2.48 (2) 3.1378 (18) 125.8 (14)
N3—HIN---02 0.858 (18) 1.996 (18) 2.7399 (18) 144.4 (15)
N3—HI1N---N1 0.858 (18) 2.521 (18) 3.2531 (18) 143.8 (14)
C16—H16A--04ii 0.97 2.65 3.369 (2) 132
C15—H15A---05iii 0.97 2.58 3.472 (2) 153
05—H10--N1 0.93 (3) 2.13 (3) 3.051 (2) 169 (3)
05—H20---02i 0.93 (3) 1.82(3) 2.7451 (17) 168 (2)
N4—H4N---O4ii 0.94 (2) 2.31 (2) 3.0853 (18) 138.7 (17)
N4—H4N:---03ii 0.94 (2) 1.94 (2) 2.8379 (17) 159.0 (18)
N3—H2N---01i 1.03 (2) 1.68 (2) 2.6825 (17) 165.2 (17)
N4—H3N---03iii 0.96 (2) 1.81 (2) 2.7108 (18) 156.9 (17)
N4—H3N:---N2iii 0.96 (2) 2.48 (2) 3.1378 (18) 125.8 (14)
N3—HIN--02 0.858 (18) 1.996 (18) 2.7399 (18) 144.4 (15)
N3—HIN---N1 0.858 (18) 2.521 (18) 3.2531 (18) 143.8 (14)
C16—H16A---O4ii 0.97 2.65 3.369 (2) 132
C15—H15A---05iii 0.97 2.58 3.472 (2) 153
C15—H15A---05iii 0.97 2.58 3.472 (2) 153
C16—H16A--04ii 0.97 2.65 3.369 (2) 132
N3—HI1N---N1 0.858 (18) 2.521 (18) 3.2531 (18) 143.8 (14)
N3—HIN---02 0.858 (18) 1.996 (18) 2.7399 (18) 144.4 (15)
N4—H3N---N2iii 0.96 (2) 2.48 (2) 3.1378 (18) 125.8 (14)
N4—H3N---03iii 0.96 (2) 1.81 (2) 2.7108 (18) 156.9 (17)
N3—H2N---01i 1.03 (2) 1.68 (2) 2.6825 (17) 165.2 (17)
N4—H4N---03ii 0.94 (2) 1.94 (2) 2.8379 (17) 159.0 (18)
N4—H4N---O4ii 0.94 (2) 2.31 (2) 3.0853 (18) 138.7 (17)
05—H20---02i 0.93 (3) 1.82 (3) 2.7451 (17) 168 (2)
05—H10--N1 0.93 (3) 2.13 (3) 3.051 (2) 169 (3)

Symmetry codes: () —x + 2,y + 1/2, —z + 1/2; (i) —x + 1,y — 1/2, —z 4+ 1/2; (iii)) x, y — 1, z.
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Table 3

Optimized Geometry of PBCPM.
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Bond Length
C1—02

C1—01

C1—C2

C2—N1

Cc2—C3

C3—C4

C4—C5

C5—C6

C6—N1

C7—04

C7—03

C7—C8

Bond Angle
02—C1—01
02—C1—C2
01—C1—C2
N1—C2—C3
N1—C2—Cl1
C3—C2—Cl1
C4—C3—C2
C5—C4—C3
C6—C5—C4
N1—C6—C5
04—C7—03
04—C7—C8
03—C7—C8
N2—C12—C11
Torsional Angle
02—C1—C2—N1
01—C1—C2—N1
02—C1—C2—C3
01—C1—C2—C3
N1—C2—C3—C4
C1—C2—C3—C4
C2—C3—C4—C5
C3—C4—C5—C6
C4—C5—C6—N1
04—C7—C8—N2
03—C7—C8—N2
04—C7—C8—C9
03—C7—C8—C9
N2—C8—C9—C10
C7—C8—C9—C10

Exp. (;\)
1.244(18)
1.245(18)
1.515(2)
1.342(18)
1.380(2)
1.377(2)
1.376(2)
1.374(2)
1.336(19)
1.234(19)
1.259(18)
1.515(2)
Exp.(°)
125.67(14)
116.94(13)
117.38(13)
122.13(14)
116.65(12)
121.22(13)
119.50(14)
118.83(14)
118.21(14)
124.02(15)
124.09(14)
118.19(14)
117.69(13)
123.96(15)
Exp.()
3.2(2)
—176.52(13)
—176.48(15)
3.8(2)
—0.9(2)
178.76(13)
1.0(2)
—0.4(2)
—-0.3(3)
—163.79(14)
14.3(2)
15.2(2)
—166.79(14)
0.0(2)
—178.85(14)

Theoretical (&)
1.321
1.1855
1.5056
1.3549
1.3791
1.3874
1.3806
1.3902
1.3211
1.2443
1.2329
1.5235
Theoretical(A)
122.74
114.12
123.12
123.8068
115.5901
120.6026
117.4137
119.0478
119.0982
121.7555
126.3101
117.1819
116.5078
123.6158
Theoretical(f\)
-3.4476
176.3014
176.8119
-3.4391
0.1301
179.8485
-0.197
0.1077
0.0636
4.7548
-175.1056
-175.1661
4.9735
-0.3529
179.5645

Bond Length
Cl12—N2

C13—N3

C13—C14

C14—N4

C15—N4

C15—Cl16

C16—N3

C8—N2

C8—C9

C9—C10

C10—C11

C11—C12

Bond Angle
N4—C14—C13
N4—C15—C16
N3—C16—C15
C6—N1—C2
C12—N2—C8
C13—N3—C16
C14—N4—C15
C11—C10—C9
C10—C11—C12
N2—C8—C9
N2—C8—C7
C9—C8—C7
C8—C9—C10
N3—C13—C14
Torsional Angle
C8—C9—C10—C11
C9—C10—C11—C12
C10—C11—C12—N2
N3—C13—C14—N4
N4—C15—C16—N3
C5—C6—N1—C2
C3—C2—N1—-C6
C1—C2—N1—C6
C11—C12—N2—C8
C9—C8—N2—C12
C7—C8—N2—C12
C14—C13—N3—C16
C15—C16—N3—C13
C13—C14—N4—C15
C16—C15—N4—C14

Exp. (;\)
1.335(19)
1.478(2)
1.508(2)
1.474(2)
1.476(2)
1.501(2)
1.484(2)
1.339(19)
1.380(2)
1.381(2)
1.371(2)
1.376(2)
Exp.(°)
110.63(13)
109.95(14)
111.43(13)
117.31(13)
116.92(13)
112.09(12)
110.81(12)
118.71(15)
118.52(15)
122.77(13)
116.58(12)
120.64(13)
119.12(15)
111.44(13)
Exp.(°)
0.6(2)
—-0.3(2)
-0.7(3)
54.76(17)
—56.35(17)
0.5(2)
0.1(2)
—179.51(13)
1.3(2)
—1.0(2)
177.96(14)
— 52.48(17)
53.56(18)
— 58.44(17)
59.16(17)

Theoretical (A)
1.319
1.4491
1.5207
1.4789
1.4822
1.5188
1.4507
1.3239
1.3884
1.3826
1.3827
1.3847
Theoretical(A)
110.0883
109.8885
108.8456
118.8777
118.3741
112.4723
113.0378
118.733
118.0022
122.5379
118.2959
119.1662
118.7361
109.0053
Theoretical(;&)
0.1353
0.093
-0.1362
55.4715
-56.1043
-0.1364
0.0376
-179.6936
-0.0666
0.3155
-179.6025
-61.3884
61.7724
-53.8465
54.2012

Fig. 4. dnorm, shapeindex, curvedness of PBCPM crystal.

with the standard B3LYP/6-31++g(d,p) basis set [27] to find the optimised geometry, Hyperpolarizability, HOMO-LUMO with
Gaussian-09W [28] software using the Becke3-Lee-Yang—Parr (B3LYP) functional supplemented with the standard B3LYP/6-31++g
(d,p). To create visual displays and check the standard mode assignments, the Gauss view 05 software [29] was used.
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Fig. 5. 2D fingerprint plot of PBCPM.

5. Result and discussion
5.1. Single crystal X-ray diffraction studies

The identification of cell parameters and efficiency was confirmed using a single crystal X-ray Diffraction analysis on a grown
crystal of PBCPM [22,23]. Cell parameters are observed to be a = 12.4458(3)108, b= 6.7904(2)10%, c= 19.8785(5)A and efficiency is
94.3964(15)°, with a cell volume of 1675.03(8)A3. The Rint factor, also known as the difference index, of the PBCPM crystal is 0.036,
indicating that the crystallographic model and experimental X-ray diffraction results are in agreement. The grown crystal has the space
group P21/c and is monoclinic. Fig. 2 depicts the ORTEP diagram of the PBCPM compound. PBCPM crystal has a Z value of 4. PBCPM
crystal has a Goodness of Fit (S) rating of 1.09. Fig. 3 depicts the hydrogen bonding of PBCPM. at the 50% probability range, with
displacement ellipsoids plotted The total number of measured reflections is 12,606, with 2933 individual reflections. Table 1 and
Table 2 show the crystal data and structure refinement data of PBCPM, as well as the hydrogen bond geometry of PBCPM [24] Table 3
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Fig. 6. Optimized Structure of PBCPM.

lists the chosen bond length and bond angles for both experimental and theoretical values[25]. The CCDC number of the PBCPM is
2031235.

5.2. Hirshfeld surface analysis

For a greater understanding of the crystallographic force guiding the molecular configuration and packing nature of the molecule in
their crystal structure, Hirshfeld surface analysis is used [30,31]. Fig. 4 shows the dporm, shape index and curvedness of molecular
Hirshfeld surface analysis for synthesised PBCPM crystal, which are mapped over dnorm ranges of — 0.705-1.449 A, shape index
ranges of — 1.0000-1.0000 A, and curvedness ranges of — 4.0000-0.4000 A, respectively. Intermolecular interactions such as H.H, H.
O, C.H, N.H, and C.C are well dominated on the Hirshfeld graphical surfaces, according to the 2D fingerprint plots. Fig. 5 shows the
percentage contribution of chosen interatomic contacts to the Hirshfeld surface region for PBCPM, as well as a 2D fingerprint map of
PBCPM. The contribution of H.H (39.9%), H.O (38.3%), C.H (11.3%), N.H (4.7%), and C.C (4.1%) intermolecular interactions, which
have constituted the complete Hirshfeld surface, is thoroughly examined using the maximum 2D fingerprint plots. The intermolecular
interactions H.H and H.O have covered 39.9% and 38.3% of the molecule’s gross Hirshfeld surface area, respectively. Close-contact
interactions are primarily responsible for the major intermolecular hydrogen bonding interactions, as shown by the deep red spots
on the dporm Hirshfeld surfaces.

5.3. Molecular geometrical analysis

Fig. 6 shows the optimised PBCPM structures obtained at the B3LYP/6-31 + +g(d,p) stage. PBCPM experimental X-Ray diffraction
values are in good agreement with the measured bond angles, bond lengths, and dihedral angles. Table 3 lists the PBCPM’s optimized
structural parameters. The estimation of geometric parameters is successful, according to Foresman and Frisch, if the variance of bond
length between the measured and experimental value is approximately 0.01-0.02 and the deviation of bond angle and torsion angle is
approximately 1-2° [27,32]. The C—C bond has an average bond length of 1.412 A (Experimental) and 1.420 A (calculated). The C—C
bond experiences a divergence of 0.0074. The mean difference between experimental and theoretical C1-02 bond length is 0.0766 A,
while the minimum difference in C3-C3 bond length is 0.0009 A. Bond angles 02-C1-0O1 and C11-C10-C9 have maximal and minimum
deviations of 2.93 and 0.023°, respectively. The majority of the dihedral angle agrees well with the X-ray diffraction values.
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Fig. 7. Experimental and Theoretical FT-IR spectrum of PBCPM.
5.4. Vibrational assignments

The Experimental and Theoretical FT-IR and FT-Raman spectrum clearly predicts the vibrational bands of the grown PBCPM,
shown in Figs. 7 and 8.

5.4.1. O—H vibrations

Due to O—H stretching and bending vibrations, water molecules integrated into the lattice framework of a crystalline compound
create distinctive bands in the range of 3800-3200 cm ! and 1700-1600 cm™!. The O—H vibration is allocated to the bands at
3759 cm ™! in the experimental FT-Raman of PBCPM crystal in this study. Table 4 shows how the B3LYP level at 6-31++G(d, p) gives
the wavenumber value of 3764 cm ™! for O—H vibrations [27].

5.4.2. N—H vibration
The N—H stretching vibrations occur in the range 3500-3300 cm™' in all heterocyclic compounds. The N—H vibrates at
3441 cm ™! in the experimental FT-Raman spectrum and 3441 cm ™! in the theoretical spectrum in this study.

5.4.3. C—H vibrations

Due to aromatic C—H stretching vibrations, aromatic compounds typically exhibit several weak bands in the range of
3100-2900 cm ™. C—H stretching can be assigned to the band seen at 3067, 3005, and 2820 cm ™! in the FT-Raman spectrum and an
extreme band seen at 3067, 3005, and 2824 cm™! in the FT-IR spectrum.
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Fig. 8. Experimental and Theoretical FT-Raman spectrum of PBCPM.

5.4.4. C—N vibrations

C—N stretching bands can be seen in all amines, with aromatic amines showing bands in the 1360-1250 cm ™! range and aliphatic
amines showing bands in the 1220-1020 cm ! range. As a result, the C—N stretching mode of vibrations is applied to the FT-IR bands
observed at 1318 & 1295 cm ™ and the bands observed at 1317 & 1287 cm™! in the FT-Raman spectrum of PBCPM in this study. The
C—N stretching vibrations have band positions of 1316 and 1295 cm ™! in the measured bands at the B3LYP level in the same region
[27].

5.4.5. Root mean square error

Fig. 9 shows the Root Mean Square Error plot, with the Root Mean Square Error value of 4.67cml. By adding the squares of the
differences between the observed and measured frequencies, dividing by the number of deviations, and taking the square root, the
RMSE value can be calculated.

5.5. CHNS/O elemental analysis

The PBCPM crystal was subjected to a CHNS/O elemental analysis using a Perkin-Elmer Series II 2400 CHNS/O Elemental
Analyzer. The elemental analysis revealed that the crystal’s composition (in weight percent) is as follows: N: 16.02, O: 22.88). C: 54.98,
H: 6.04, N: 16.02, O: 22.88). When both are added together, the resulting value is 99.92 wt%. The determined values are in accordance
with the microanalysis of the grown PBCPM crystalline material (C: 55.00, H: 6.06, N: 16.04, O: 22.90) The estimated worth of 100 wt
% as a result indicates the crystalline quality of the prepared PBCPM is without any impurity.



K. Aswaniya et al.

Table 4

Optik 246 (2021) 167836

Theoretical and Experimental vibrational wavenumbers (cm ') of PBCPM crystal calculated by B3LYP/6-31++G(d,p).

S.No FT-Raman FT-IR Theo. Freq. IR Intensity Raman Activity Potential Energy Distribution (%)
1 - - 12.8608 0.4775 1.9921 BNHO(12) + pNHC(14) + TNHCC(16) + TNCOH(13)
2 - - 17.5099 0.9436 1.0364 TNHCC(15) + tCNHC(18) + tCNHC(23)
3 - - 21.6055 2.1993 2.4014 BPNHO(10) + PNHC(14) + THOHN(19)
4 - - 29.1947 1.8553 1.183 oNH(14) + BNHC(32) + TCNHC(10)
5 - - 30.4861 3.4312 2.5784 BNHO(13) + tTNHCC(17)
6 - - 36.9851 0.2582 2.2935 oNH(26) + THOHN(13) + tHOCO(12) + yNCOH(12)
7 - - 40.9685 0.4257 0.5213 oNH(31) + tOCCN(17)
8 - - 51.3623 3.175 6.016 TNHCC(12) + TCNHC(18) + tCCNH(27) + tCNHC(10)
9 - - 55.0475 3.2479 1.1788 TOCCN(28)
10 - - 61.1963 0.6428 0.2971 THOCO(21)
11 68 - 64.834 2.5023 4.0029 BHOC(12) + PNHC(10) + BCNH(21)
12 95 - 95.593 10.9681 0.3808 BHOC(10) + BHOC(21) + BCNH(14)
13 - - 98.1587 4.0241 0.4282 BCNH(20) + THOHN(26) + tOCCC(10)
14 - - 113.9475 2.1922 0.8236 TOCCC(68)
15 122 - 123.1063 20.2337 0.4448 vOH(25) + POCC(19)
16 - - 160.9623 0.2267 2.9274 TCCCN(22) + yOCOC(11) + yCCNC(53)
17 - - 169.9983 1.171 3.5767 TCNHC(17) + tCCCN(16) 4+ TCCNH(17) + yCNCC(17)
18 191 - 200.0229 16.7901 0.9721 vOH(50) + PHOC(12)
19 - - 211.1992 30.0787 0.1123 BHOC(14) + BOCH(21)
20 - - 223.6943 13.6681 0.3323 BOCC(28) + BCCN(56)
21 248 - 259.0292 9.1507 0.2162 TNCCN(37)
22 - - 281.7838 40.0161 0.6454 BHOC(12) + BHOH(12) + BCCC(24)
23 293 - 298.8769 49.9858 2.5716 PHOH(39) + PCCC(15)
24 316 - 329.0293 11.056 0.6965 BCNC(10) + PHOH(11) + BOCH(14) + TCNCC(11)
25 376 - 391.7003 0.6524 3.8885 vCC(41) + pOCO(21)
26 407 - 417.2553 2.235 0.1479 THCCC(11) + tTHCCC(12) + tCCCC(32) + TCCCN(18)
27 - - 423.0492 9.9771 0.6887 BCNC(21)
28 - - 423.8026 2.0221 0.1364 TCNCC(19) + TCCCN(26) + TCCCC(17)
29 419 418 426.5879 24.7226 0.4172 vCC(21)
30 - - 448.5177 0.595 0.5195 THCCC(10) 4 TCNCC(18) + TCCCN(18) + TCCCC(16) + yOCOC(10)
31 - - 454.5868 1.1538 0.2744 TCCCN(19) + yCNCC(28)
32 458 - 473.993 3.8031 2.0944 BNCC(22) + BCCN(16)
33 - 469 484.5344 130.0627 1.8424 vOH(14)
34 505 503 520.6337 75.9161 1.3646 BHOH(18) + THOHN(27) + THOCO(15) + yOCOH(10)
35 - - 528.1647 5.7846 2.7936 BOCC(52) + PCCN(20)
36 526 531 543.9171 43.9106 0.3058 pOCC(44) + BCCC(11)
37 - 583 606.1717 41.618 0.4182 BCNC(18)
38 - - 635.5542 12.2801 4.8403 BCCC(19) + PCCN(35)
39 624 623 637.904 6.9181 5.3678 BCNC(24) + BCCC(22) + PCCC(10)
40 659 - 674.8061 12.8015 2.4105 BOCO(47) + BCCN(11) + PCCC(16)
41 - - 710.2412 29.3147 0.7356 BCCC(18) + yOCOC(17)
42 - - 713.2248 74.2129 0.286 BCCC(11) + TCNCC(13) + TCCCC(12) + yOCOC(24)
43 - 698 720.76 34.4805 0.6079 THCCC(11) + TOCHN(11) + tCCCC(21) + TCCCN(18)
44 - - 764.8481 35.1287 1.355 THCCC(20) + THCCC(13) + THCCC(35)
45 - - 769.3558 86.099 0.5726 THOCC(11) + THCCC(14) + TCNCC(15)
46 - 754 772.5047 80.1123 1.5034 vNC(10) + THNCC(29)
47 - - 800.1705 32.614 9.5736 ©vCC(10) + THOCC(45)
48 - - 807.7648 33.1554 7.4711 vCC(12) + THOCC(36)
49 - - 834.9497 66.9488 6.744 vCC(14) + oNC(11)
50 818 - 842.467 11.3744 19.6 CC(18) + oNC(20)
51 - - 845.4772 22.2652 0.8552 THCCC(13) + tTHCCH(10) + THCNC(15) 4+ yOCOC(29) + yCCNC(17)
52 - - 849.415 2.8528 0.5757 THCCC(14) + TOCHN(11) + TOCCN(13) + yCNCC(29)
53 - - 853.4054 3.8207 1.8783 THCCN(14)
54 - 867 897.0902 1.0602 0.1917 BNCC(14) + PCCN(19) + TCNHC(11)
55 880 883 910.2819 9.818 3.3268 ®NC(13) + vNC(17) + vNC(16) + bNC(10)
56 - - 929.3588 0.6385 0.6884 THCCC(32) + THCCC(20) + THCCC(14) + THCCC(26)
57 - 907 931.5708 131.9479 6.5909 BOHO(51) + yYOCOH(11)
58 - - 942.8116 1.6197 0.27 THCCC(49) + THCCH(13) + tTHCNC(19)
59 955 955 986.9852 0.2843 0.0966 THCCC(13) + tTHCCC(26) + THCCC(44)
60 - 980 1013.7594 9.9235 30.7493 oNC(10) + »CC(11) + PCCC(31) + BCCC(15) + PCCN(14)
61 - - 1020.6311 1.3719 0.255 0vCC(12) + oNC(10) + BCCN(13) + PCCC(13) + THCCC(63)
62 - - 1020.8679 7.6813 23.6563 vCC(13) + BCCC(31) + TCCCC(15) + THCNC(13)
63 - - 1022.5986 0.1162 0.2223 THCCC(23) + THCCC(35) + tCCCC(22)
64 1001 1000 1032.6631 7.4644 4.3854 0vCC(12) 4+ BCNC(10)
65 - - 1046.6492 8.4399 3.055 THCCH(51) + THCNC(14)
66 - - 1057.6529 4.0541 2.1402 T™NCCN(14)
67 - - 1062.2869 7.9646 4.7683 0vCC(13) + BCNC(13) + THCNC(13)
68 - - 1063.5794 13.2666 13.1589 ©vCC(10) + vCC(11) + PCNC(19)
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Table 4 (continued)
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S.No FT-Raman FT-IR Theo. Freq. IR Intensity Raman Activity Potential Energy Distribution (%)
69 - - 1065.7114 11.7456 14.6638 vCC(27) + PHCC(11) + BCCC(12)
70 1047 1044 1072.9341 66.8137 6.5858 vCC(17) + PHCC(11)
71 - 1064 1093.8353 10.939 2.6876 WNC(37) + vNC(28)
72 1072 - 1108.6445 11.0336 4.1363 BHCC(10) + PHCC(12) + PHCC(13)
73 - - 1109.8503 0.6053 1.8969 BHCC(13)
74 - - 1131.0332 48.8147 0.8955 v0C(47) + PCCN(10)
75 1126 1124 1157.9993 23.3243 1.2751 oNC(37) + bNC(33)
76 - - 1166.6278 1.9901 5.6263 0vCC(16) + PHCC(19) + PHCC(26) + PHCC(29)
77 - - 1170.9251 1.7392 7.053 vCC(17) + PHCC(29) + PHCC(13) + PHCC(29)
78 1152 1151 1185.3271 44.0613 6.911 00C(10) 4+ vCC(12) + BCNH(10) + PHCC(11) +
79 - - 1187.9083 11.3628 6.3352 BHNC(12) + TCNCC(12)
80 - 1170 1207.8674 6.3588 8.6307 BHCN(18) + pHCC(12) + PHCN(28)
81 1202 - 1236.1663 2.8998 1.0748 BHCN(13) + PHCC(12) + THCCN(13) + THCNC(18)
82 - - 1244.9605 21.1737 32.1923 0CC(14) 4+ bNC(15) + vOC(10) + vCC(19) + PHOC(10)
83 - 1255 1290.3634 32.8227 4.6862 oNC(41) + vCC(11) + vNC(19)
84 - - 1312.2906 4.4074 6.339 WNC(39)
85 - - 1315.8188 1.6467 7.7225 oNC(14) + pHCC(10) + PHCC(30)
86 - - 1317.834 19.4226 10.1817 BHCN(30) + PHCN(25)
87 1287 1295 1333.7034 8.3337 3.6035 vCC(13) + oNC(14) + PHCN(25)
88 - - 1346.6771 0.6945 10.7363 BHCC(20) + PHCC(16) + THCCN(12) + THCCN(12)
89 1317 1318 1355.064 14.0166 3.4844 THCNC(12) + THCCN(18) + THCNC(13)
90 - - 1363.8892 24.2671 0.9029 THCCN(18)
91 - - 1407.7703 681.8668 63.6222 v0C(19) + vOC(40) + vCC(11)
92 - - 1413.8055 20.7433 0.5461 BHCH(13) + THCCN(12)
93 - 1380 1418.9769 441.7227 5.2974 BHOC(49)
94 - - 1435.1217 1.7253 3.5017 THCNC(22) + THCNC(17)
95 - 1421 1459.8262 2.17 10.8562 BHCC(25) + PHCC(32)
96 1435 - 1477.8653 123.1001 4.955 BHCC(29) + PHOC(10) + PHCC(19)
97 - 1441 1485.0658 6.2384 3.2898 BHNC(42) + PHCH(11) + BHCH(11) + THNCC(10)
98 - - 1490.8379 9.9192 20.7195 BHCH(50) + pHCH(13)
99 - - 1498.5267 10.6636 4.6721 oNC(16) + PHNC(13) + pHCC(12) + PHCH(23)
100 - - 1498.8885 0.9609 5.6504 BHCC(27) + PHCH(11)
101 - - 1503.2497 8.3919 0.9852 oNC(10) + PHCC(11) + BPHCN(28) + PHCH(10)
102 - 1464 1505.4325 29.2151 4.5356 BHCH(21) + PHCH(22) + BHCH(17)
103 - - 1510.8285 3.9242 6.3546 BHCH(17) + PHCH(19) + PHCH(23)
104 - - 1534.8434 23.9643 3.5815 BCNH(17) + TCNHC(17)
105 - - 1600.1086 557.0432 13.1206 00C(27) 4+ vOC(13)
106 - 1562 1612.0593 31.5291 0.8044 BCNH(15) + THNHC(24)
107 - - 1613.4844 11.9311 30.9222 WNC(16) + vCC(15) + vCC(33) + PHCC(11)
108 - - 1621.1966 148.7222 24.9162 00C(10) + vCC(23)
109 1582 1584 1631.8781 130.4448 24.6496 v0C(13) + vCC(12) + vCC(18)
110 - - 1635.1038 40.7945 38.8431 vCC(32) + BCCC(14)
111 1625 1630 1683.2701 97.916 2.4268 THOCO(10) + yYOCOH(37)
112 - - 1738.8253 207.1441 10.4067 BHNC(21) + THOHN(14)
113 - - 1845.6182 336.9096 53.495 00C(83)
114 - - 2122.8685 2953.74 144.6588 WNH(76)
115 2820 2824 2912.9275 63.3359 104.6549 0CH(96)
116 - - 2927.6799 68.7217 141.8091 0CH(96)
117 2970 - 3066.0255 123.5579 176.8728 oNH(19) + vCH(40) + vCH(19)
118 - - 3072.8245 20.9587 107.3046 0CH(41) + vCH(26)
119 - - 3080.0086 105.1773 132.4527 0CH(77)
120 - - 3084.8118 69.5875 110.7114 vCH(84)
121 3005 3005 3094.2853 428.3087 42.6018 WNH(20) + vCH(23) + vCH(21)
122 - - 3127.3782 4.4177 42.7803 ©vCH(32) + vCH(53)
123 - - 3130.3085 15.7402 74.0937 ©vCH(27) + vCH(56)
124 - - 3138.0784 24.4073 86.5736 vCH(95)
125 3067 3067 3164.9825 125.9298 222.8386 oCH(91)
126 - - 3168.8498 13.0604 107.1368 ©0CH(79) + oCH(18)
127 - - 3175.7669 3.7238 105.3818 0CH(82)
128 - - 3189.1779 32.379 242.6975 vCH(18) + vCH(78)
129 - - 3198.1786 9.4653 143.3746 ©vCH(10) + vCH(85)
130 - - 3211.8121 2.5114 133.5741 vCH(93)
131 - - 3218.2148 2.0294 96.8089 vCH(97)
132 - - 3223.183 1502.981 119.1839 0OH(95)
133 - - 3509.882 206.8596 38.0278 vOH(99)
134 3441 - 3543.2857 1.9286 159.0257 oNH(100)
135 3759 - 3876.0272 47.6992 98.26 vOH(99)

v-stretching, B-bending, y-out of plane, t-torsion
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Fig. 10. HOMO LUMO Energy of PBCPM.

5.6. Frontier molecular orbital

The HOMO energies were determined to be 1.68197 eV, while the LUMO energies were calculated to be 6.61551 eV. The energy
difference between the HOMO and LUMO not only determines molecular chemical equilibrium, but it also has an effect on molecular
electrical transport properties. For the PBCPM molecule, the HOMO-LUMO energy gaps were found to be 4.933536 eV. According to
the Koopmans theorem, the change in energy when an electron is removed from the system is referred to as Ionization potential, and it
is equal to the highest occupied molecular orbital (HOMO) energy [33], while the change in energy when an electron is inserted into
the system is referred to as Ionization potential, and it is equal to the lowest unoccupied molecular orbital (LUMO) energy. However,
according to Kohn-Sham principle, the HOMO energy for a “n” electron system = IP and the -LUMO energy = EA when fine-tuning the

12
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Fig. 11. Experimental and Theoretical UV-Vis spectrum of PBCPM.

energy bandgap. Using HOMO and LUMO powers, the terms of absolute hardness () and absolute electronegativity () can be
calculated [35,36]. For various structures, the value of correlates with chemical softness and hardness as measured empirically [37].
Ionization potential and electron affinity values are used to calculate critical quantities including global hardness, chemical potential,
and global electrophilicity index. 2.46677 eV, 4.14874 eV, and 3.48879 eV are the prices. Fig. 10 depicts the HOMO-LUMO energy
gap; this promising result shows the presence of nonlinear property in the synthesized crystal.

5.7. UV-vis spectroscopy

To illuminate the absorption spectroscopic nature of the PBCPM molecule, TD-DFT calculations were performed at the TD-B3LYP/
6-311G range[28]. The PBCPM spectra were used to assess the accuracy of spectra measurement. The maximum absorption wave-
lengths, vertical excitation energies (E), and oscillator strengths (f), as well as the assignment of the electronic transitions in the PBCPM
molecule, are addressed. Fig. 11 shows the experimental and measured UV-Vis absorption spectra of the title molecule. In the
experimental UV-Vis spectrum in gas phase, the maximal excitation wavelengths are observed at 265 nm. The simulated absorption
band for this wavelength is 241 nm (f = 0.5630). The measured values are considered to be in accordance with the experimental
values. This short cut off wavelength value of PBCPM is an additional advantage of the production of third harmonics (NLO).

5.8. Molecular electrostatic potential
Molecular Electrostatic Potential Mapping (MEP) provides a wealth of information about a molecule’s electronic and nuclear
charge distribution, as well as a crucial tool for predicting and comprehending chemical reactivity. The most likely area of nucleophilic

and electrophilic attack is determined by the Molecular Electrostatic Potential. The attractive potential is represented by a red region in

13



K. Aswaniya et al.

Fig. 12. Molecular Electrostatic Potential of PBCPM.

Optik 246 (2021) 167836

Table 5
Calculated Polarisability and Hyperpolarisability values of PBCPM.
Polarisability Hyperpolarisability
OXX 268.569 pxxx 143.673
oxy 9.337 pxxy 92.5568
ayy 222.076 Bxyy 146.171
oxz -7.233x Byyy 29.54
ayz -25.942 pxxz 7.2819
ozz 137.148 pxyz -16.148
Byyz 17.9122
pxzz 31.4648
Byzz 23.584
pzzz -27.824

MEP mapping, while the repulsive potential is represented by a blue region. The green area means that the electrostatic potential is
negative. It qualitatively forecasts charge transfer phenomena based on colour transition. The PBCPM shows a strong red region at
Oxygen, while the strength of the red region fades near the Carbon region of Picolinic acid, suggesting charge migration. The red
component on MEP indicates electron attraction, so the PBCPM shows a strong red region at Oxygen. The extreme limits of the electron
density observed in PBCPM are -6.438 x 1072 (red) and + 6.438 x 1072 (blue); the output obtained depicts that the existence of

nonlinear optical behavior present in the PBCPM[27]. The MEP of PBCPM is shown in Fig. 12.

5.9. Hyperpolarisability

The polarizability and hyperpolarizability of PBCPM were measured using the DFT-B3LYP method and 6-31 G(d,p) basis package,
based on the finite-field approach, to investigate the relationships between photocurrent generation, molecular structures, and Non-
Linear Optical property. Using x,y,z elements, the total static dipole moment (jo), the anisotropy of the polarizability (|og|), mean

polarizability (Aa), and total first hyperpolarizability (§y) are described.

Ho = (sz‘f’“zy‘ﬂlzz) 12

lotgl = 1/3(0txx+0tyy+0tz7)

Ao =2" 1/2[(axx_(xxx)2+((xyy_azz)2+(azz_axx)2] 12

Bo = [(BruxBryy T Brze) +(Byyy+Brxy+Pyze) +(Brzat-Brxzt Byy2)]

Since the x, y, z components of ap and o of Gaussian 09w output are reported in a atomic mass unit (a.u.), the calculated values
have been converted into electrostatic unit (esu) using conversion factor as (for ap: 1 a.u. = 0.1482 x10724 esu; for fo: 1 a.u. =
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Table 6

Experimental Parameters used in Z-Scan Measurement.
Laser wavelength and power 532 nm and 100 mW
(Semiconductor — continuous wave laser)
Optical Path length 733 mm
Beam radius at the aperture 3.5 mm
Radius of aperture 1.25 mm
Beam radius falling on the lens 3.1 mm
Sample Thickness 1 mm
Laser Power o 8.57 kW/cm 2
Focal length of lens 103 mm
Nonlinear refractive index (n?) 3.17037x10~° (m?/W)
Nonlinear absorption coefficient (f) 2.4137x10~* (m/W)
Real part of the third-order susceptibility [Re(x®)] 3.1139x107°
Imaginary part of the third-order susceptibility [Im(y%)] 2.5573x1077
Third-order nonlinear optical susceptibility (x%) 3.1243x107° esu

0.0086393 x 103 esu). The &g and Py value of PBCPM 3.101301856 x 1023 esu & 3.047962318 x 1070 esu [27,28]. The calculated
polarisability and hyperpolarizability value of PBCPM are shown in Table 5. The magnitude of fy is one of the key factors in an NLO
system and the obtained result supports the suitability of PBCPM crystal in NLO applications.

5.10. Z-scan measurement

The Z-scan calculation is used to determine the third order nonlinear refraction index n2 and the nonlinear absorption coefficient of
the PBCPM crystal. As a result, the NLO group quickly adopted the Z-scan approach as a standard technique for calculating nonlinear
variations in optical absorption and changes in refractive index. A continuous wave He-Ne laser with a wavelength of 532 nm was used
in our experiments. The following are the specifics of the estimate. The sign of the non linear phase shift ¢ determines the direction of
the peak and valley in relation to the z-axis. The difference in normalised transmittance between the peak and valley can be used to
calculate the amplitude of the phase change [34-37].

AT, = 0.406(1 — )% | ¢] €D

where S is the aperture linear transmittance and is calculated using the following equation

S = l—exp( — 2ra2/w,,2) 2)

where r, is the radius of the aperture and w, is the beam radius at the aperture, the non-linear refractive index is given by the relation

ny, = Q/KI()LE/:f (3)

where, K = 2rn/)A (where 1 is the laser wavelength).
Iy is the input intensity, (Z = 0, Legr=[1 — exp(~a L)]/a is the effective thickness of the sample and «ais the linear absorption co-
efficient of the PBCPM crystal. The non-linear absorption co-efficient is calculated from the open aperture Z-scan data as

B = 2V24T / [0Leff “

Where,AT is the one valley at the open aperture Z-scan curve.
For saturable absorption, the value of will be negative, but for two photon absorption, it will be positive. Equation y> defines the
true and imaginary components of the third order non-linear optical susceptibility.

Rey’ (esu) = 107*(yC°ny’ny) [ (Cm* /W) o)
Imy* (esu) = 1072 (e9C’ng*AB) /4> (Cm/W) ©

where g is the vacuum permittivity, ng is the sample’s linear refractive index, and C is the light’s velocity in vacuum. Fig. 13a and b
display the open and closed apertures of the PBCPM crystal. Table 6 lists the experimental parameters used in Z-scan measurement. In
our experiment for PBCPM crystal non linear refractive index ny = 3.17 x 10’9(m2/W). The absorption co-efficient 3 calculated from
open aperture normalized transmittance was obtained to f = 2.41 x 10~ *(m/W). According to the equation be (5) & (6), this value of
ny and g can be used to calculate y°. The third-order nonlinear optical susceptibility ¥> = 3.12 x 107° esu. This positive third order
nonlinear optical response of the PBCPM crystal leads the way for further research in the field of fabricating NLO device.

6. Conclusion
Using experimental techniques such as X-ray diffraction, FT-IR, FT-Raman, and UV-Vis absorption spectra, the structural,
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vibrational, mechanical, and NLO properties of PBCPM are recorded. When the solid-state crystal structure was compared to the
optimised structure in the gas phase DFT/B3LYP/6-311G (d,p), no major geometrical deviations (distances and angles) were found.
The Hirshfeld Surface Analysis exemplifies the technique’s ability to map out interactions. The Spectroscopy study reveals that the
principal vibrational frequencies determined from the optimised structure and the experimental spectroscopic results agree very well.
The negative potential sites are as and the electronegative atoms, while the positive potential sites are around the hydrogen atoms,
according to the MEP diagram. The PBCPM’s hyperpolarizability values are calculated, which resembles the molecule’s Non Linear
Optical nature. The nonlinear optical refractive index ny (3.17 x 10_9(m2/W)), nonlinear absorption coefficient p (2.41 x 10~ °(m/
W)) were calculated by Z-scan technique. Thus, PBCPM crystal could be a promising material for fabricating solid state NLO device.
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