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Abstract: 2-Fluoro-N,N-diphenylbenzamide (2FNNDPBA),
a natural nonlinear optical (NLO) single crystal, was incor-
porated from diphenylamine utilizing 2-fluoro benzoyl
chloride as a side chain. The single crystals were success-
fully developed by a slothful evaporation arrangement
approach utilizing ethyl acetate as a dissolvable solvent
at room temperature. The synthesized compound frag-
mented ion peak (m/z = 291) was affirmed by gas-chroma-
tographic mass spectrometry investigation. The unit cell
dimensions were assessed using single-crystal X-ray dif-
fraction analysis, which reveals that the crystals possess
the orthorhombic system with space group Pbca. The exis-
tence of proton and carbon in a compound was affirmed by
'H and C nuclear magnetic resonance. The functional
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groups therein of 2FNNDPBA have been identified from
FT-IR and FT-Raman studies and amide carbonyl stretching
frequency peak appeared at 1,662 cm™. The lower cut-off
wavelength of 2FNNDPBA is found to be 240 nm and the
experimental and theoretical optical band gap was calcu-
lated as 3.21 and 3.1083eV. The UV-Visible spectrum of
2FNNDPBA shows two high-flying peaks at 240 and 273 nm.
Major weight losses were observed between 160°C and
275°C for the designated compound. The thermal property
for 2FNNDPBA was estimated by thermogravimetric ana-
lysis/differential thermal analysis investigation, which shows
immense thermal strength up to 171°C. Density functional
theory method with Gaussian 09 software for theoretical
investigations of 2FNNDPBA for Mulliken charge analysis,
highest occupied molecular orbital-lowest-lying unoccupied
molecular orbital, and molecular electrostatic potential prop-
erties has been analyzed. The SHG productivity was proved by
Kurtz-Perry powder strategy and has an efficiency 2.22 times
that of standard potassium dihydrogen phosphate. The laser
damage threshold of 2FNNDPBA crystals was discovered to
be 1.18 GW-cm™. The hyperpolarizability simulations further
show that the current material has an excellent NLO activity
tendency. The melting point of the developed crystal is 158°C.

Keywords: X-ray diffraction, optical spectrum, DFT, ben-
zamide, crystal growth

1 Introduction

Fluorine substituted new molecules assume a critical
part in crystals designing for investigating its plausible
towards mechanical applications [1]. In the hunt for inno-
vative significant materials, specialists are drawn to and
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deal with organic molecules because of the existence of
delocalized m-electronic constructions. The m-conjugated
framework in organic molecules existing electron bene-
factor and acceptor bunches makes the material show a
high second harmonic proficiency response [2,3]. In addi-
tion, the nonlinear reaction of the organic n-conjugated
framework relies upon the crystallinity of the molecule
[4]. The point is to discover and foster nonlinear optical
(NLO) materials [5-7] outfitting huge nonlinearities and
simultaneously satisfying every one of the innovative
requirements for applications, for example, wide straight-
forwardness range, quick reaction, and interfacing with
different materials [8]. Density functional theory (DFT)
approaches have become accepted in recent years due to
their high precision in reproducing investigational values
of molecular geometry, vibrational frequencies, dipole
moment, and atomic charges, among other things [9-16].

In this point of view, the present work is designed to
synthesis 2-fluoro-N,N-diphenylbenzamide (2FNNDPBA)
and to develop as single crystals. 2FNNDPBA is an intri-
guing compound, aryl tertiary amide, whose synthetic con-
struction is profoundly delocalized m-electron framework
in which fluorine is substituted in the benzene ring. The
developed single crystals will be described for their NLO
applications. Their trademark studies, for example, primary,
otherworldly, optical, and thermal are to be completed and
the outcomes are accounted for [17]. Experiments and theo-
retical investigations will be conducted to afford a complete
depiction of the molecular structure, first-order hyperpolar-
izability, Mulliken atomic charges, highest occupied mole-
cular orbital (HOMO)—-lowest-lying unoccupied molecular
orbital (LUMO) analysis, and molecular electrostatic poten-
tial (MEP), among other things.

2 Experimental and computational
details

2.1 Materials
N,N-Diphenylamine (99%; Sigma-Aldrich), 2-fluorobenzoyl-
chloride (99%; Sigma-Aldrich), dry acetonitrile (99.8%;

Merck), and triethylamine (Extra pure, SRL) were procured
from commercial sources and used as such.

2.2 Synthesis of 2FNNDPBA compound

The combination of 2FNNDPBA was effectively done
by the synthetic response between cheaply accessible
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N,N-diphenylamine and 2-fluorobenzoylchloride bought
from Sigma-Aldrich. An improved method was utilized
for the benzoylation of amine. Diphenylamine (1 mmol,
0.5g) liquefies in dry acetonitrile (10 vol%) with the
growth of triethylamine (1.2 mmol, 0.36 g) used as a base.
The reaction mixture was cooled to 0-5°C and to this
arrangement 2-fluorobenzylchloride (1.05 mmol, 0.49 g) was
added drop by drop pending the adding up was finished. The
reaction mixture was agitated for 60 min at 60°C mode. The
reaction progress was observed in thin layer chromato-
graphy (TLC), once reaction was completed, the core mass
was cooled to room temperature and filled with ice water
under Verger’s agitation. The appeared crude solid filtered
through Whatman filter paper was washed with de-ionized
water and then dried at room temperature. Dried crude mate-
rial dissolved in ethyl acetate for crystallization (yield: 88%).
The molecular ion peak at 291 was affirmed by gas chromato-
graphic mass spectrometry (GC-MS) (Figure 1). The prepara-
tion of 2FNNDPBA is represented in Scheme 1.

2.3 Crystal growth

The soaked arrangement of 2FNNDPBA with ethyl acetate
as a dissolvable solvent was blended ceaselessly for
30 min to make it homogeneous at room temperature.
The dissolvability was assessed at room temperature in
ethyl acetate, ethanol, methanol, acetone, and DMSO.
Among the four solvents utilized, DMSO was discovered
to be the best dissolvable for the bulk growth of 2FNNDPBA;
however, the crystal growth did not seem to be steady.
Consequently, the soaked collection was arranged by uti-
lizing ethyl acetate and separated by means of Whatman
filter paper (grade No. 1). The measuring utensil containing
the arrangement was then ideally shut and reserved at room
temperature for moderate dissipation. After 2 days, optically
transparent single crystals were reaped with the compo-
nents of 6mm x 3mm x 2mm. The seemed crystals are
more stable, colorless, transparent, and non-hygroscopic
at room temperature as shown in Figure 2. The melting
point of the developed crystals was exposed to be 158°C.

2.4 Computational details

The molecular structure of 2FNNDPBA in the ground state
(in vacuo) was optimized using the density functional
theory DFT/B3LYP technique with the 6-311++G(d,p) [18]
basis. For 2FNNDPBA, the entire computation was done
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Figure 1: GC-MS molecular ion peak diagram of 2FNNDPBA.

without defining and symmetry, utilizing Gauss view
molecular visualization application [19] and Gaussian 09
program package [20] for modeling the compound’s first
guess and was first acquired from the X-ray measure-
ments. The harmonic vibrational frequencies were esti-
mated at the B3LYP/6-311++G(d,p) level of hypothesis for

Rio F

N-phenyl aniline

1) 2

2-Fluorobenzoyl Chloride

the optimized structure. Based on the finite-field technique
[21], the first-order hyperpolarizability (8) of 2FNNDPBA
was computed using the B3LYP/6-311++G(d,p) foundation
set. Furthermore, the same degree of theory was applied to
HOMO-LUMO, Mulliken charges, MEP, and van der Waals
interaction features.
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Scheme 1: Synthesis of 2FNNDPBA: (1) N-phenylaniline, (2) 2-fluorobenzoyl chloride, and (3) 2FNNDPBA.
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Figure 2: Grown single crystal image of 2FNNDPBA.

3 Results and discussion

3.1 Single crystal X-ray diffraction (XRD)
analysis

Unit cell measurements and the crystal structure were
resolved from a single crystal XRD record acquired with
Bruker AXS Kappa APEX-II diffractometer outfitted with a
graphite monochromatic MoKa (A = 0.7103 A) radiation
and CCD locator at a temperature of 25°C. The single
crystal with a size of 0.250 mm x 0.200 mm x 0.200 mm
was used for the XRD analysis. The SHELX software was
utilized for data collection and as well for indexing the
reflections. A total of 28,302 reflections was collected with
26 range of 2.280-24.998° of which 2,619 reflections are
measured as independent reflections with I > 2¢(I). The
structure was resolved by direct method utilizing the
SHELXS97 [21] program and refined with SHELXL97 [22]
by the full-lattice least-squares manner. The supreme
fine-tuning was performed by full-matrix least-squares
technique with anisotropic thermal boundaries for non-
H-atoms on F°. The final refinement indices, R-values
of R; = 0.0538 and WR, = 0.1143 and R indices (all data)
R; = 0.1492 and wWR, = 0.1681. Single crystal XRD investi-
gation reveals that 2FNNDPBA belongs to orthorhombic
crystal system with space group Phca. The estimated lattice
parameters are as follows: area = 17.381(6) A°, b =9.559(3) A,
c = 17.866(6) A, B = 90°, and volume = 2968.6(17) A>. The
2FNNDPBAcrystal data, investigational conditions, and
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structural sophistication parameters are illustrated in
Table 1. The crystallography software similar to PLATON
[23], ORTEP [24], and MERCURY [25] was dilapidated for the
geometric study and presentation of the consequences.
The ORTEP diagram with 40% probability level with its
atom labeling method of 2FNNDPBA is given in Figure 3.
The bond length and bond angle are listed in Table 2. The
packing arrangement and hydrogen bonding of 2FNNDPBA
molecules viewed along the “a” axis is shown in Figure 4.
The packing arrangement shows that the C-H---O hydrogen
bond produces more strengthening link between the two
dimmers to form the stable crystal structure. The intermo-
lecular and intra-molecular hydrogen bonding typically
grip a hydrogen atom that is usually a hurdle to an electro-
negative atom such as oxygen and interacts using electro-
static forces with a different electronegative fluorine atom.

Table 1: Crystallographic data of 2FNNDPBA

Crystal data and structure 2FNNDPBA
refinement

Identification code 2FNNDPBA
Empirical formula Cy9H14FNO
Formula weight 291.31
Temperature 296(2) K
Wavelength 0.71073A
Crystal system Orthorhombic
Space group Pbca

a =17.381(6) A, a = 90°
b=9.5593)A, B =90°
c=17.866(6) A, y = 90°

Unit cell dimensions

Volume 2968.6(17) A

z 8

Density (calculated) 1.304 mg-m~>

Absorption coefficient 0.089 mm™*

F(000) 1216

Crystal size 0.250 mm x 0.200 mm x
0.200 mm

from 2.280° to 24.998°
-20<h<20,-11<k<11,-21

Theta range for data collection
Index ranges

<l<20
Reflections collected 28,302
Independent reflections 2,619 [R(int) = 0.1348]
Completeness to theta = 100%

24.998°
Absorption correction Semi-empirical from
equivalents

0.7452 and 0.5631
Full-matrix least-squares on F?
2,619/0/200

1.000

Ry = 0.0538, wR, = 0.1143
Ry = 0.1492, wR, = 0.1681
0.0037(7)

0.178 and -0.179 A~

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

Final R indices [/ > 2 sigma(/)]
R indices (all data)

Extinction coefficient

Largess diff. peak and hole
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Figure 3: (a) ORTEP view of the molecule with displacement ellipsoids drawn at 40%. (b) The theoretical optimized geometric structure of

2FNNDPBA B3LYP/6-311++G(d,p) level.

The bond length and bond angles of hydrogen atoms of

2FNNDPBA are specified in Table 3.

The 2FNNDPBA single crystal deposited as CCDC
no. 2082550 contains the accompanying crystallographic

data for this article.

3.2 Optimized structure

The mathematical boundaries of 2FNNDPBA were deter-
mined at the B3LYP/6-311++G(d,p) level by the DFT strategy
and recorded in Table 2, together with relating test esteems.

In Table 2, the greater part of the streamlined bond

lengths are somewhat not the same as the exploratory
outcomes, since the molecular states are diverse during
the trial and hypothetical cycles. A few packing molecules
are treated in the consolidated stage during exploratory
(XRD) estimations, while one disengaged molecule is con-
sidered in the gas stage during the hypothetical (DFT)
computation. There are 19 C-C bonds, 14 C-H bonds,
1 C-0 bond, 3 C-N bonds, and 1 C-F bond in this mole-
cule. The aromatic benzene rings of the 2FNNDPBA are
rather uneven and the extent of bond distance for C-C
is 1.218-1.508 A (DFT) and 1.221-1.487 A (XRD), that for

Table 2: Preferred structural parameters by XRD and DFT calculations of 2FNNDPBA

Parameters bond length (A) Experimental

B3LYP/6-311+

Parameters bond angle (°) Experimental B3LYP/6-311+

+G(d,p) +G(d,p)
F(1)-C(13) 1.359(4) 1.356 C(2)-C(1)-C(6) 120.0(3) 119.74
C(1)-C(2) 1.373(5) 1.397 C(2)-C(1)-N(1) 118.8(3) 120.64
C(1)-C(6) 1.376(4) 1.397 C(6)-C(1)-N(1) 121.2(3) 119.60
C(1)-N(1) 1.442(4) 1.437 0(1)-C(7)-N(1) 122.1(3) 122.64
C(7)-0(1) 1.221(4) 1.218 0(1)-C(7)-C(8) 120.2(3) 119.42
C(7)-N@1) 1.371(4) 1.389 N(1)-C(7)-C(8) 117.6(3) 117.94
C(7)-C(8) 1.487(5) 1.508 C(13)-C(8)-C(9) 116.7(3) 117.34
C(14)-N(1) 1.429(4) 1.439 F(1)-C(13)-C(12) 118.2(4) 117.91
F(1)-C(13)-C(8) 117.5(3) 119.38
C(12)-C(13)-C(8) 124.3(4) 122.70
C(15)-C(14)-C(19) 119.6(3) 119.79
C(15)-C(14)-N(1) 120.6(3) 119.77
C(19)-C(14)-N(2) 119.8(3) 120.39
C(7)-N(1)-C(14) 120.4(3) 119.31
C(7)-N(1)-C(1) 121.6(3) 122.74
C(14)-N(1)-C(1) 117.3(3) 117.56
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Figure 4: Packing arrangement and hydrogen bonding of 2FNNDPBA

“an

viewed along “a” axis.

carbonyl phenyl (C7-C8) ring is 1.508 A (DFT) and 1.487 A
(XRD), for benzamide (O=C-NH-) (N1-C7) is 1.389 A (DFT)
and 1.371 A (XRD), for fluorophenyl (F1-C13) ring is 1.356 A
(DFT) and 1.359 A (XRD), respectively. The abovementioned
bond lengths are very close to the experimental values.

3.3 UV-Vis-NIR spectral analysis

UV-Vis spectral technique is a primary technique to con-
clude the optical properties and transparency of a synthe-
sized single crystal. The UV-Vis spectrum of 2FNNDPBA
crystal was measured by means of Perkin-Elmer Lambda
35 spectrometer in the assortment of 200-800 nm. The
measured UV-Vis absorption spectra of 2FNNDPBA crystal
are displayed in Figure 5a. The spectrum of 2FNNDPBA
shows two high-flying peaks at 240 and 273 nm. The basic
necessity and advantage for a material having NLO proper-
ties are the nonexistence of absorption in the constituency
350-1,100 nm. The appeared two peaks correspond to
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n-n" and n-n transition of the compound. The UV-Vis
transmission spectrum (Figure 5b) is superior in visible
and near infrared regions.

The optical (E,) band gap of 2FNNDPBA single crystal
was anticipated by using Tauc’s plots (ahv)? with energy
(eV) and it is found to be 3.21eV as shown in Figure 5c.
Wide transparency of the sample can be used in opto-
electronic applications.

3.4 FT-IR and Raman spectral study

The obtained FT-Raman and FT-IR spectra are shown in
Figures 6 and 7, respectively. The observed spectrum
reveals the of all the functional groups in the single
crystal 2FNNDPBA. Shimadzu IRAffinity spectrometer
was used to record the vibrational frequencies using
KBr pellet technique in the wave number series from
400 to 4,000cm™. The strong aromatic C-H stretching
vibration appeared in IR at 3,060 cm™ and in Raman at
3,064 cm . The tertiary amide carbonyl stretching vibra-
tions were confirmed in IR at 1,662cm™ and in Raman at
1,661 cm™. The region 1,650-1,430 cm™'corresponds to ring
C-C stretching vibration in benzene derivatives and is
usually selected to C=C stretching modes [26,27]. The
FT-IR bands for C=C stretching vibrations occurred at
1,590 and 1,488 cm™ and occurred at 1,594 and 1492cm™ in
FT-Raman. The region at 1,626-1,294 cm! is fixed for C-N
stretching modes as per Chandran et al. [28,29]. The C-N
stretching vibrations were observed at 1,346 cm™ in FT-IR and
1,347cm™ in Raman. The aromatic fluoro compound (C-F)
shows a strong vibrational frequency at 1,100-1,000 cm L
Fluorine substitution (C-F) in the title compound was also con-
firmed at 1,010 and 1,000 cm™ in FT-IR and Raman spectral
data, respectively. Therefore, the FT-IR analysis was incor-
rigible on the whole molecular structure of the titled
crystal. The recorded vibrational assignments for 2FNNDPBA
single crystal are given in Table 4.

Table 3: Bond lengths and bond angles of hydrogen atoms of 2FNNDPBA (A and °)

D-H.. A d(D-H) d(H... A) d(D... A) <(DHA)
C(15)-H(15).... 0(1) # (0) 0.930(0.004) 2.878(0.005) 2.587(0.003) 98.69(0.25)
C(4)-H(4) ... ..F) # (1) 0.930(0.004) 3.354(0.005) 2.547(0.002) 145.34(0.24)
C(5)=H(5).... 0(1) # (2) 0.930(0.004) 3.552(0.005) 2.980(0.003) 121.19(0.23)
C(4)-H(4).... 0(1) # (2) 0.930(0.004) 3.441(0.005) 2.760(0.003) 130.87 0.23)
C(9)-H(9)... ....0(1) # (3) 0.930(0.004) 3.297(0.005) 2.411(0.003) 159.10(0.25)
C(18)—-H(18).... F(1) # (4) 0.930(0.004) 3.429(0.005) 2.612(0.002) 146.79(0.26)

Equivalent positions and symmetry transformations of the atoms: # (0) x, y, z; # (1) —x, +y — 1/2, -z + 1/2; # (2) x = 1/2, +y, -z + 1/2;

#(3) x+1/2, +y - 1/2, +z; # (4) —x+1/2, -y + 1, +z - 1/2.
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Figure 5: (a) UV-Vis—NIR absorption spectrum, (b) transmission spectrum, and (c) band gap spectra of 2FNNDPBA.

3.5 Nuclear magnetic resonance (NMR)

spectral studies IOO-W
NMR spectroscopy is an excellent and broadly used tech- _ 95 3060
nique to explicate the structure of all organic compounds. §
In addition, the information concerning inter and intra- .E 904 1500 #] N
molecular hydrogen bonding can be obtained using NMR %
spectroscopy. In this work, 'H and C NMR spectra of £ 1
2FNNDPBA single crystal were recorded using Burker E 851 1346
AMX 400 FT-NMR spectrometer with the help of DMSO-dg F 1488
as a solvent and tetramethylsilane (TMS) as a reference 80 - 1662 / 690
material. The recorded 'H and ®C NMR spectra of 2FNNDPBA 752
crystal are depicted in Figure 8. The 'H NMR spectrum reveals 75 . . . . . . .
that the title compound has seven types of aromatic protons. 4000 3500 3000 2500 2000 1500 1000 500

Magnetically equivalent two benzene ring protons appeared as
a multiplet at § = 7.3 ppm. Fluorine substituted benzene ring
proton resonance occurred at § = 7.05, 7.12, and 7.52ppm. Figure 6: FT-Raman spectra of 2FNNDPBA.

Waenumber (cm™)
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Figure 7: FT-IR spectra of 2FNNDPBA.

Table 4: FT-IR and Raman spectral data of 2FNNDPBA

FT-IR (cm™) FT-Raman (cm™?) Mode of assignments

3,060 3,064 v(C—H) asymmetric vibration (aromatic)
1,662 1,661 v(C=0) stretching vibration (tertiary amide)
1,590, 1,488 1,594, 1,492 v(C=C() stretching vibration

1,346 1,347 v(C-N) asymmetric and symmetric vibrations
1,010 1,000 v(C—F) stretching vibrations

752 713 v(C=C) bending stretching vibrations

In ®C NMR spectrum, the signal for the carbonyl carbon in
the benzamide functional group, present in 2FNNDPBA
moiety, appears at § = 167 ppm. The signal at § = 159 ppm
was assigned to highly deshielded fluorine substituted
aromatic carbon atom in the 2FNNDPBA compound. The
remaining aromatic carbons’ resonance appeared at 6 = 157,
143, 131, 130, 128, 127, and 116 ppm, respectively.

3.6 Thermal analysis

Thermogram is used in order to get information about
decomposition patterns of synthesized material and weight
loss. The thermal permanence of 2FNNDPBA crystal was

deliberate by thermogravimetric analysis (TGA) and differen-
tial thermal analysis (DTA) using SDT Q600 V20.9 Build 2.0
device among the temperatures 40-400°C at a heating rate of
20°C:min~" under nitrogen gas atmosphere in 100 mL-min™"
purge. The resultant thermogram is shown in Figure 9. The
mass of the powdered material was estimated to be 2.078 mg,
with a final mass of 4.95% left over after the conduct experi-
ment, indicating that there is no weight defeat which indicates
up to 160°C. Hence, there is no evidence for any physically
absorbed water in the crystal lattice or on the crystal surface.
Major weight losses were observed in between 160°C and
275°C for the designated compound. The DTA curve proves
that two sharp endothermic peaks at 171°C and 282°C.
Thus, the crystal should have good degree of crystallinity
and wholesomeness of the grown crystal.
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Figure 8: >C and "H NMR spectral data of 2FNNDPBA.

3.7 Second harmonic generation efficiency

Potassium dihydrogen phosphate (KDP) crystal was used
as situation material for investigating the second har-
monic generation efficiency of the grown crystal 2FNNDPBA
and it was assessed by the Kurtz-Perry powder technique. The
powdered crystal sample is firmly packed in a microcapillary
tube mounted in the course of the Q-switched Nd:YAG laser
was used as a light source. The fundamental laser beam of
1,064 nm wavelength was used and input energy of 1.2 m]J per
pulse was prepared to fall usually on the sample cell. The
detector acts as a photomultiplier tube and the green light
emitted by the sample is recorded in oscilloscope assembly.
The SHG signal wavelength of 532 nm and the output energy
of 122mV were obtained for the crystal sample 2FNNDPBA,
respectively. The reference material KDP displays 55mV of
similar frequency section. The second harmonic efficiency
of the crystal is established to be 2.22 times of the standard
KDP crystal. Better laser damage threshold of 1.18 GW.cm ™2
was observed from the sample 2FNNDPBA, when compared
with standard KDP, which was 0.20 GW-cm 2 [30,31] and the
experimental values are shown in Table 5.

3.8 First-order hyperpolarizability
techniques

The interaction of electromagnetic beams in a range of
mediums to generate new fields modified in phase,

TGA Curve ™
100 4 94.87 % 0.5 g
O
\0-4
80 - F0.4 o
~ =
= 60 0.3 E
&0 DTA Curve (=)
@ [
2 40- L0.2 5
-
282.15°C g8
20 Endo Lo &
Endo g
171.31°C =

0 T T T T T T T T 0.0
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Temperature (°C)

Figure 9: TGA-DTA curves of 2FNNDPBA.
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amplitude, frequency, or other balanced features from the
incident fields is known as NLOs [32]. The importance of
frequency shifting, optical intonation, optical switching,
optical logic, and optical recollection for the latest tech-
nologies in areas such as telecommunications, signal dis-
pensation, and optical interconnections has propelled NLO
to the forefront of current research [33-36].

The total dipole moment p, of the synthesized mole-
cule in an electric field Ej(w) can be acquired by Taylor
expansion as follows:

Mot = Ho + QiEj + By il + ... €)

where «a is the linear polarizability, ug is the permanent
dipole moment, and f;; are the first hyper polarizability
tensor elements. The mean (anisotropic) linear polariz-
ability is characterized as follows [37]:

G + Oy + Ay
Qiot = f @)

Total polarizability is as follows:

Aa = 2_1/2(axx - ayy)z + (ayy - azz)z + (azz - axx)z

+ (62

©)

A third rank tensor of first-order hyperpolarizability is
described by 3 x 3 x 3 matrix. The 3D matrix of 27 ele-
ments can be reduced to 10 elements owing to Kleinman
symmetry. (B, = B, = B,yx = By, = By, = B, - likewise
other permutations also take same value). The output from
Gaussian 09W provides ten elements of this matrix
as Bxxx’ ﬁ ’ Bx ’ ﬁ ’ B ’ Bxxz’ ﬁxyz’ szz’ ﬁyzz’ Bzzz’ respec-
tively. The elements of the first-order hyperpolarizability
can be evaluated by the following equation [35]:

1
i = Piii T Ez(ﬂijk + By + Bai) (4)
i#j

Using the x, y, and z elements of 8, the magnitude of
the first hyper polarizability tensor can be estimated as
follows:

ﬁtot = (ﬁxz + ﬁyz + ﬁZZ)l/Z (5)
where

ﬂx = (Bxxx + ﬁxyy + szz) (6)

Table 5: NLO property and laser damage threshold data of 2FNNDPBA
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B, = B,y + By + Buy) @)
Bz = (Bzzz + XXz + Byyz) (8)

The output from Gaussian 09W, the whole equation for
scheming the extent of B, , is given as follows:

Biot = [(Bu + :Bxyy + szz)2 + (:Byyy T Pyzz inxy)2

211/2
T Wy + Pz + ﬁyyz) ]

&)

The computations from the Gaussian 09W output of total
molecular dipole moment (u), linear polarizability (@), and
first-order hyperpolarizability (8) have been presented in detail
previously [38], and DFT has been widely employed as a
competent tool to analyze organic NLO materials [39-43].

Table 6 shows the calculated hyperpolarizability values
of 2FNNDPBA. The dipole moment and mean polariz-
ability po¢ in 2FNNDPBA were found to be 3.7435D and
3.9320 x 10>3 esu, in that order, with the greatest value
of dipole moment in the direction p, equal to 1.672D. Total
computed value for first-order hyperpolarizability is found
to be 11.243 x 10> esu (Table 6). The theoretically esti-
mated (DFT) values were transformed into electrostatic units
because the values of initial hyper polarizability tensors of
Gaussian 09W output are presented in atomic units (a.u.) (for
a:1a.u.=0.1482 x 10" esu; for B: 1a.u. = 8.6393 x 10> esu).
KDP is an excellent chemical for studying a molecule’s NLO
characteristics. KDP is widely employed as a threshold value
for relative purposes because it is one of the prototype mole-
cules used in the research of the NLO molecular system attri-
butes. The first-order hyperpolarizability of KDP was found
to be (KDP = 6.85 x 10" esu). Therefore, the first-order
hyperpolarizability of the designated compound originating
at virtually 1.64 times and observed to be experimentally
2.2 times that of the KDP. It can be seen that 2FNNDPBA is a
polar molecule with non-zero dipole moment and polariz-
ability values, which give the microscopic origin of this
organic material’s NLO activity.

3.9 Mulliken atomic charges

The Mulliken atomic charges are derived using the basis
function [44] to determine the electron occupants of each

Sample code Output energy (mV)

Input energy (m)-pulse™?)

Laser damage threshold (GW-cm™2%)

KDP 55 1.2
2FNNDPBA 122 1.2

0.2
1.18
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Table 6: The electric dipole moment (u), polarizability (Aa), and first-order hyperpolarizability (8) of 2FNNDPBA by B3LYP/6-311++G(d,p)

method

Parameters Value Parameters Value Parameters Value
Bxxx -0.1934 Olyx 381.447 Ux -3.34
Bxxy -0.4523 Oyy 6.162 Hy 1.672
Bxyy 0.4727 ayy 282.457 7% 0.2509
Byyy -0.3384 Oy 11.477 u (Debye) 3.7435
Bzxx -0.3242 ay, -2.709

Bxyz 0.3057 0y, 132.042

Bzyy 0.3553 [ ) 265.3153

Bxzz 0.6223 a 3.9320 x 1073

Byzz -0.1257 Aa (a.u.) 695.5708

Bzzz -0.2336 Aa (esu) 1.0308 x 10~

Brot (esu) = 11.243 x 1073

atom. Table 7 shows the Mulliken atomic charges of
2FNNDPBA molecule determined by B3LYP using the
basis set 6-311++G(d,p). In the application of quantum
chemical calculations of the molecular system, Mulliken
atomic charge calculation is crucial. The presence of
substantially electronegative oxygen and fluorine atoms
(01 = -0.176271e and F36 = —0.118615€) in the neighboring
position causes the maximum positive charge (1.0875e) for
carbonyl group bonded phenyl C6 atom than other atoms in
2FNNDPBA. In 2FNNDPBA, the carbon atoms coupled with
hydrogen atoms have a negative charge, whereas the other
carbon atoms have a positive charge. All hydrogen atoms
have +ve charges, whereas the nitrogen atom has a +ve
charge and the oxygen atom has a —ve charge. The carbon
atoms C6, C9, and C12 acquire more +ve charges, because of
the flat structure, this is the case of the crystalline sub-
stance and electron-withdrawing groups bonded in the
benzene ring. The continuation of a large —ve charge on
C4, C5, C11, and C18 and net +ve charge on H33, H26, and
H24 atoms may authorize the production of F36....H33,
C5-01....H26 and C9-H24...01 intramolecular interaction
in crystalline solid.

3.10 HOMO-LUMO analysis

The HOMO and LUMO molecular orbitals are the frontier
molecular orbitals. A HOMO with electron density loca-
lized on the donor unit and a LUMO with electron density
concentrated on the receiver unit are typically revealed
by DFT simulations. These orbitals play a crucial function
in the electrical and optical properties of the molecule,
in addition the way it interacts with other species [45].
The ionization potential is represented by the HOMO
energy, while the electron affinity is represented by the

LUMO energy. The energy break between HOMO and
LUMO has been used to explain the stability of structures,
and this gap has been used to characterize certain impor-
tant concerns such as kinetic permanence and chemical
reactivity of the molecule [46]. Low Kkinetic permanence
and high chemical reactivity are more likely in compounds
with a small border orbital space [36]. One of the important
characteristics of the energy break between HOMO and
LUMO dictated the molecule electrical transport capabilities
[47-49]. The HOMO energy, LUMO energy, and energy
break of 2FNNDPBA are computed using the B3LYP level
with the 6-311++G(d,p) basis set, as shown in Figure 10.
The molecular orbitals and energies for the HOMO-LUMO,

Table 7: Mulliken atomic charges of 2FNNDPBA by B3LYP/6-311++G(d,p)
method

Atoms Atomic charges Atoms Atomic charges
01 -0.176271 C19 -0.127990
N2 0.731787 C20 -0.340725
c3 —-0.159669 c21 -0.264798
C4 -0.596782 H22 0.172945
5 -0.617772 H23 0.158468
Cé6 1.087527 H24 0.194863
c7 0.123645 H25 0.179170
c8 0.052030 H26 0.211057
c9 0.179796 H27 0.182610
Cc10 0.059200 H28 0.189900
1 —-0.914547 H29 0.186528
C12 0.252776 H30 0.187211
C13 -0.219777 H31 0.152835
C14 -0.309487 H32 0.158836
C15 -0.151749 H33 0.203187
C16 -0.275461 H34 0.180608
C17 -0.387338 H35 0.174390
C18 -0.358388 F36 -0.118615
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Figure 10: The molecular orbitals and energy levels for the
HOMO-LUMO of 2FNNDPBA.

+ve phase, and —ve phase of the orbitals are depicted in red
and green color, respectively. The rings have the highest
occupied molecular orbitals and the lowest vacant mole-
cular orbitals, indicating that the HOMO-LUMO is primarily
ni-antibonding. 2FNNDPBA molecule has more occupied
molecular orbitals, according to the findings. The HOMO
levels are predominantly diffused across N,N-diphenyla-
mine, and somewhat extended on the carbonyl group
present in the phenyl ring, as seen in Figure 10. LUMO
levels are primarily found in 2-fluorophenyl and carbonyl
groups, with the (O=C-NH-) amide moiety being partially
stretched. The energy gap implies an electron density
transfer from the N, N-diphenylamine benzene ring to
the 2-fluorophenyl ring, as well as the ultimate charge
transfer inside the molecule. The energy of LUMO is

()
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-2.3162 eV, while the energy of HOMO is -5.4245eV. The
frontier orbital energy gap of 2FNNDPBA is 3.1083 eV,
according to DFT calculations. Using Tauc’s plots (ahv)?
with energy (eV), the experimental optical band gap (E;) of
the 2FNNDPBA crystal was calculated and found to be
3.21eV. As a result, the energy gap of the designated com-
pound 2FNNDPBA is rather small. The ultimate charge
transfer that occurs inside the molecule, which determines
its high polarizability and chemical activity, is explained
by the HOMO-LUMO energy gap being smaller.

3.11 MEP

The electronic density and valuable description in accepting
sites for nucleophilic reaction and electrophilic assault,
in addition to hydrogen bonding interactions, are both
addressed by MEP [50]. MEP is also visually aware of the
molecule’s relative polarity. An electron density isosurface
mapped with electropotential surface represents the mole-
cule’s shape, size, charge density, and reactive sites. Using
Eq. 10 [51], the molecule electrostatic potential V(r) values
were computed as follows:

Vo) = Y2/ R -1l - oGO0 - r@r qa0)
A

where Z, is the charge of nucleus A at Ry, p(r') is the
electronic density function, and r! is the model integra-
tion variable. The electrostatic potential has different
values at the surface and is represented by different
colors: most —ve electrostatic potential regions are repre-
sented by red, most +ve electrostatic potential regions are

(b)

Figure 11: (a) Molecular electrostatic potential map calculated at B3LYP/6-311++G(d,p) level. (b) Van der Waals radii calculated at

B3LYP/6-311++G(d,p) level.
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represented by blue, and close to zero potential regions
are represented by green. The electrostatic potential increases
in the order of red < orange < yellow < green < blue [52].
The electrostatic surface potential at the B3LYP/6-
311++G(d,p) optimized geometry is used to compute reac-
tive sites for nucleophilic and electrophilic processes for
the considered molecule. As seen in Figure 11, the dis-
covered molecule has a variety of possible electrophilic
and nucleophilic attack sites. The electrostatic potential
variations are from —0.0076 to +0.0076 a.u., with deep
blue density indicating extremely electron deficient areas
(V(r) > 0.0076 a.u.) and mild red indicating extremely
electron abundant areas (V(r) < —0.0076 a.u.). According
to Figure 11a, the maximum —ve area on the oxygen atom
of the O1 in carbonyl amide group is —-0.0076 a.u. and
—0.0076 a.u., respectively, while the maximum +ve area
localized on the C3-N2 and C13-N2 bond is +0.0076 a.u.
and +0.0076 a.u., respectively, representing a possible
site for electrophilic attack and nucleophilic reaction.
The resulting MEP map shows +ve potential sites sur-
rounding hydrogen atoms and —ve potential sites on elec-
tronegative oxygen atoms, based on the estimated values.
The information of inter- and intra-molecular connections
and van der Waals radii is provided by Figure 11a and b.

4 Conclusion

Optically worth single crystals of 2FNNDPBA were grown
by the slow evaporation solution growth technique.
The XRD study of the single-crystal reveals that the
2FNNDPBA grown single crystals belong to the orthor-
hombic system with centrosymmetric space group Phca.
The vibrational stretching frequencies and NMR studies
identify the functional groups in the grown crystal. The
crystal has a reduced cut-off wavelength of 240 nm,
indicating that 2FNNDPBA could be used to make a
near-ultraviolet NLO crystal. The electronic bandgap
and electric receptiveness were found to be experimen-
tally 3.21eV and theoretically 3.1083 eV, respectively.
The DTA curve proves the presence of two sharp endothermic
peaks at 171°C and 282°C. TG-DTA thermal studies confirm
that the grown single crystals are thermally secure up to
171°C. The NLO test accentuates that 2FNNDPBA makes
obvious SHG efficiency of 2.22 times that of KDP and the
calculated first-order hyperpolarizability was found to be
1.64 times greater than that of standard NLO material. The
obtained Mulliken atomic charges of the 2FNNDPBA sug-
gest that the oxygen atom is negative and all hydrogen
atoms are positive, hence, charge transfer takes place

DE GRUYTER

from oxygen to hydrogen. The little HOMO-LUMO energy
gap value has a widespread influence on the intramole-
cular charge transfer of the molecules. As a result of all
these criteria, the 2FNNDPBA crystals might be a potential
and a competitive contestant for future photonic devices.
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