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H/F & CF/H mediated
supramolecular arrangements into fluorinated
terphenyls and theoretical prediction of their third-
order nonlinear optical response†

Muhammad Adeel,‡*a Muhammad Khalid, ‡*b Malik Aman Ullah,a

Shabbir Muhammad, cd Muhammad Usman Khan, ef Muhammad Nawaz Tahir,g

Ilham Khan,a Muhammad Asgharh and Khawar Shahzad Mughalb

In the present study, three novel fluorinated terphenyl compounds i.e., 20,4,400,50-tetrafluoro-1,1':40,100-
terphenyl (1), 20,50-difluoro-1,1':40,100-terphenyl (2) and 20,50-difluro-4,400-diphenoxy-1,1:40,100-terphenyl (3)
have been synthesized by Suzuki Miyaura method. Single crystal XRD study reveals +-+ stacking

stabilization in molecular packing along with F/H and F/C interactions. This computational quantum

chemical exploration was also done by using density functional theory (DFT) methods. The comparison

of experimental (SC-XRD) and theoretical (DFT) investigations on structural parameters have been

reported which shows reasonable agreements. Hirshfeld surface analysis explores the strength of

intermolecular interactions present in the synthesized compounds. A substantial computational analysis

of synthesized compounds is done for their optoelectronic and third-order nonlinear optical properties.

The third-order NLO study was performed at M06/6-311G* level of theory. A comparative analysis of

third-order polarizability of studied compounds is done with that of para-nitroaniline (p-NA) molecule

which is often considered as a prototype NLO molecule. The third-order NLO analysis results suggest

that all investigated compounds 1, 2 and 3 have significant potential as efficient third-order NLO

molecules as compared to p-NA. The studied compounds 1, 2 and 3 possess about 13.7 times, 5.2 times

and 5.17 times larger third-order polarizability amplitudes than that of p-NA (25.45 � 10�36 esu) as

calculated at same M06/6-311G* levels of theory. Time-dependent density functional theory (TD-DFT)

calculations are performed for electronic excitation energies and their oscillator strengths. The studies of

frontier molecular orbitals (FMO) analysis, total and partial density of states (DOS) were performed to

investigate the intramolecular charge transfer (ICT) process in the entitled compounds.
University, Dera Ismail Khan, Khyber

.edu.pk

University of Engineering & Information

Pakistan. E-mail: khalid@iq.usp.br;

King Khalid University, P.O. Box 9004,

nce (RCAMS), King Khalid University, P.O.

ra, Okara-56300, Pakistan

ent College University, Faisalabad-38000,

ha, Sargodha, Punjab, Pakistan

niversity of Engineering & Information

an

ESI) available. CCDC 2025097–2025099.
F or other electronic format see DOI:

s work.
Introduction

In recent years, the demand and production of innovative
nonlinear optical materials (NLO) has increased signicantly
due to their wide spread application in optoelectronic and
photonics.1–4 The wide range applicability of NLO material is
attributed to their fascinating photo-physical behavior upon
exposure to intense laser light.5–7 Among all the materials
explored for NLO properties, the synthetic organic compounds
got enormous contemporary attention due to their speedy
response time, greater laser damage threshold, higher photo-
electric coefficients, lower dielectric constants, versatility of
design and low-cost development.8–11

The NLO related properties of organic compounds arise due
to strong intramolecular charge transfer (ICT) which originates
from a delocalized p-electron framework or a p-conjugated
linker between electron donor and acceptor group, generating
a push–pull system.12 This push–pull system containing p-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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conjugated organic compounds have emerged as an attractive
class of third-order NLOmaterials due to their potentially broad
third-order susceptibilities associated with short turnaround
time.13–15 The third-order NLO response plays a chief role in
recent time automated applications. Generally, third-order NLO
polarizability is regarded as sign of two photon absorption
(TPA).16 Kamath et al. synthesized a range of new chalcones
containing terphenyl which demonstrated third order NLO and
optical power limiting activity due to two-photon absorption.17

Terphenyls are aromatic non-planar structures residing of
three phenyl rings chain connected by single bonds. Due to p-
conjugated system, terphenyl derivatives and uorinated terphe-
nyle demonstrate distinctive electronic, optical and bioactive
properties.18–30 The synthesis of terphenyl and uorinated ter-
phenyls derivatives have been a blooming topic of research due to
their wide range of application in drug discovery and material
sciences.31 Several methods and strategies have been established
in this regard, but themost general and productivemethod among
them is palladium-catalyzed Suzuki Miyaura coupling method.

Due to limited literature available regarding to the third-
order NLO properties of terphenyls, herein this research work,
the synthesis of three novel centrosymmetric uorinated ter-
phenyl compounds i.e. 20,4,400,50-tetrauoro-1,1':40,100-terphenyl
(1), 20,50-diuoro-1,1':40,100-terphenyl (2) and 20,50-diuro-4,400-
diphenoxy-1,1:40,100-terphenyl (3) has been reported through
Suzuki Miyaura coupling approach having potential for third-
order NLO response. The centrosymmetric crystal groups of
all the synthesized compounds prevent any use in second-order
NLO applications because compounds with centrosymmetric
crystal groups do not show NLO response at bulk-levels.
Scheme 1 General scheme for the synthesis of terphenyl compounds.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Experimental and instrumentation
General scheme of synthesis and instrumentation

Analytical grade chemicals (Merck®, Acros®, and Aldrich®) and
commercial grade solvent were purchased, which were distilled
prior to use. The starting material, 1,4-dibromo-2,5-
diuorobenzene was treated with three different aryl boronic
acids under Suzuki Miyaura condition in the presence of Pd(PPh3)4
catalyst, K3PO4 base and methanol suspension on a magnetic hot
plate for about 8 hours at 90–100 �C (Scheme 1). The general
catalytic mechanism completed in three steps i.e., oxidative addi-
tion, transmetallation and reductive elemination (Scheme S1†). The
product formation was monitored by thin layer chromatography
(TLC) followed by purication process through column chroma-
tography. Ethyl acetate/hexane mixture was used as a solvent front
and eluting system in both cases. The compounds were further
characterized by spectroscopic techniques. For melting point
quantication, Stuart, SMP10 (England) device was used. Bruker
Kappa APEX-2 Diffractometer was used with CCD-Kamera (MoKa
and graphite monochromator, ¼ 0.71073 Å) for SC-XRD (Fig. 1–7).
For NMR spectra, Bruker-Advance 300 MHz spectrometer was used
with operating frequency 300 MHz for proton and 75.47 MHz for
carbon. IR spectra were determined by Prestige-21 SHIMADZU
Japan FTIR spectrophotometer. UV spectra were recorded on Shi-
madzu UV 1601 UV/Vis double beam spectrophotometer.

Synthesis of 20,4,400,50-tetrauoro-1,1':40,100-terphenyl (1)

Starting with 4-uorolphenyl boronic acid (0.113 g, 0.8092
mmol), 1,4-dibromo-2,5-diuorobenzene (0.100 g, 0.3678
mmol), K3PO4 (0.234 g, 0.233 mmol), Pd (PPh3)4 (3 mol%, 0.013
RSC Adv., 2021, 11, 7766–7778 | 7767
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Fig. 1 ORTEP diagram of compound 1, 2 and 3 showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability
level. Symmetry code: (a) 1 � x, 1 � y, �z.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
5 

6:
51

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
mg), in a 5 ml suspension of methanol, crystalline solid
compound 1 (94 g) was synthesized and isolated with m.p 184–
186 �C and yield 85%; UV lmax (CHCl3)/nm 339 (0.051A)
(Fig. S7†). 1H NMR (300 MHz, CDCl3):d ¼ 7.70–7.65 (m, 4H,
ArH), 7.59–7.57 (m, 2H, ArH), 7.27–7.23 (m, 4H, ArH), (Fig. S1†);
13C NMR (75MHz, DMSO-d6): d¼ 161.80, 151.03, 132.16, 131.81
(C), 131.20,118.41, 116.01 (Ar-CH) (Fig. S2†); IR (KBr): n ¼ 1610
(w), 1525 (s), 1479 (m), 1392 (m), 1234 (br), 1163 (m), 1018 (w),
883 (m), 829 (m), 779 (s), 623 (w) cm�1.
Synthesis of 20,50-diuoro-1,1':40,100-terphenyl (2)

Starting with phenyl boronic acid (0.098 mg, 0.809 mmol), 1, 4-
dibromo-2, 5-diuorobenzene (0.100 g, 0.3678mmol), K3PO4 (0.234 g,
Fig. 2 pi–pi stacking stabilizing the molecules is shown in packing diag

7768 | RSC Adv., 2021, 11, 7766–7778
0.233mmol), Pd (PPh3)4 (3 mol%, 0.013mg), in a 5ml suspension of
methanol, the compound 2was synthesized as a light brown solid (94
mg) with m.p 158–160 �C and yield 85%; UV lmax (CHCl3)/nm 326
(0.508A) (Fig. S8†). 1H NMR (300 MHz, CDCl3): d¼ 7.58–7.56 (m, 2H,
ArH), 7.36–7.23 (m, 10H, ArH) (Fig. S3†); 13C NMR (75 MHz, DMSO-
d6): d¼ 154.80, 136.61, 131.82, (C), 129.21, 127.80, 127.61, 118.44, (Ar-
CH) (Fig. S4†); IR (KBr): n ¼ 2918 (w), 1916 (w), 1615 (w), 1571 (w),
1545 (w), 1485 (w), 1391 (w), 1120 (M), 1137 (m), 1045 (m), 1005 (w),
947 (w), 892 (w), 845 (w), 810 (w), 735 (w), 557 (m).
Synthesis of 20, 50-diuro-4,400-diphenoxy-1,1:40,100-terphenyl (3)

Starting with 4-phenoxyphenyl boronic acid (0.173 g, 0.809
mmol), 1,4-dibromo-2,5-diuorobenzene (0.100 g, 0.3678
ram compound 1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CH/F and CF/H interaction in compound 1.
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mmol), K3PO4 (0.234 g, 0.233 mmol), Pd (PPh3)4 (3 mol%, 0.013
mg), in a 5 ml suspension of methanol, the crystalline solid
compound 3 (99 mg) was synthesized with m.p 188 to 180 �C
and yield 60%; UV lmax (CHCl3)/nm 343(1.70A) (Fig. S9†). 1H
NMR (300 MHz, CDCl3): d ¼ 7.68–7.66 (m, 6H,Ar-H), 7.60–7.58
(m, 4H,Ar-H), 7.50–7.48 (m, 4H, Ar-H), 7.40–7.37 (t, 2H, Ar-H, J¼
6.00 Hz), 7.27–7.23 (m, 4H, Ar-H) (Fig. S5†); 13C-NMR (75 MHz,
DMSO-d6): d ¼ 157.00, 155.90, 154.81, 131.11, 129.21, (C)
128.42, 121.82, 118.91, 118.40, 118.01(Ar-CH) (Fig. S6†); IR
(KBr): n ¼ 1587 (m), 1479 (s), 1394 (w), 1230 (s), 1165 (s), 1118
(w), 889 (w), 806 (w), 785 (s), 752 (m), 690 (m), cm�1.

Computational procedure

All the quantum chemical calculations in the present investi-
gation were performed using Gaussian 16 suit of programs.32

The geometry optimizations were performed using B3LYP with
6-311G* basis set.33,34 The B3LYP functional is the most
commonly used functional to optimize the molecular geome-
tries for the purpose of their comparison with relevant experi-
mental results or in combined experimental and computational
studies.35 The optimized geometries are compared with their
respective experimental single crystal geometries, which showed
a reasonable agreement among each other. For the calculation of
Fig. 4 pi–pi stacking along a-axis stabilizing the molecules is shown in

© 2021 The Author(s). Published by the Royal Society of Chemistry
linear polarizability and third-order nonlinear optical (NLO) polar-
izability, we used M06 functional with same 6-311G* basis set
because B3LYP has been reported to overestimate the hyper-
polarizabilities.36,37 The M06 is more recently developed functional
from Minnesota group of functionals as designed by Zhao and
Truhlar et al.38 The M06 has used to calculate NLO properties of
several organic compounds. For the calculation of linear and NLO
polarizabilities, we used nite eld (FF) method which was origi-
nally developed by Kurtz et al.39 In FFmethod, a static electriceld is
applied and NLO response properties compounds were calculated
by differentiating total energy or dipole moment with respect to
applied eld. The details of FF methods can be found in our
previous full computational studies.40,41 For linear isotropic polariz-
ability, the following equation was used:

aiso ¼ 1

3

�
axx þ ayy þ azz

�
(1)

For anisotropy of linear polarizability (Da), the following
equation is used:

aaniso ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��
axx � ayy

�2 þ �
ayy � azz

�2 þ ðazz � axxÞ2 þ 6axz
2
�q

(2)
packing diagram compound 2.

RSC Adv., 2021, 11, 7766–7778 | 7769
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Similarly, for average g third-order polarizability:

g ¼ 1

15

X
ij¼x;y;z

�
giijj þ gijij þ gijji

�
(3)

Under the Kleinmann symmetry, the above tensors are
reduced to six components at least for static second
hyperpolarizability.

g ¼ 1

5

�
gxxxx þ gyyyy þ gzzzz þ 2

�
gxxyy þ gxxzz þ gyyzz

��
(4)

All the individual components of polarizability and NLO
optical hyperpolarizability were obtained from Gaussian 16 suit
of programs.
Results and discussion

A light brown needle like crystal of the synthesized compound
20,4,400,50-tetrauoro-1,1':40,100-terphenyl (1) C18H10F4 was
selected to get the single crystal XRD data. The approximate
dimensions of crystal having triclinic system were found as
0.340� 0.150� 0.120 mm3. The volume of crystal was 334.63(9)
Å3. The two 4-uoro benzene rings coupled to middle diuoro
benzene ring are a bit twisted and not planar as torsion angle
value of 44.1(4) � is observed for bonds C2–C1–C7–C8. The bond
Table 1 X-ray crystallographic data of 1, 2 and 3a

Crystal parameters 1

CCDC # 2025097
Chemical formula C18H10F4
Mr 302.26
Crystalsystem, space group Triclinic, P�1
Temperature (K) 296
a, b, c (Å) 3.8023(6), 6.1680(10), 14.583(2)
á, â, ã (�) á ¼ 98.324(10)

â ¼ 95.514(9)
ã ¼ 95.661(9)

V (Å3) 334.63(9)
Z 1
Radiation type Mo Ka
m (mm�1) 0.125
Crystal size (mm) 0.340 � 0.150 � 0.120
Data collection
Diffractometer Bruker Kappa APEXII CCD
Absorption correction Multi-scan (SADABS; Bruker, 2005)
Tmin, Tmax 0.973, 0.982
No. of measured, independent and
observed [I > 2s(I)] reections

1300, 1300, 793

Rint 0.000
(sin q/l)max (Å

�1) 0.617
Renement
R[F2 > 2s(F2)], wR(F2), S 0.052, 0.131, 1.09
No. of reections 2367
No. of parameters 148
H-atom treatment H-atom parameters constrained
Drmax, Drmin (e Å�3) 0.23, �0.20

a Computer programs: APEX2 (Bruker, 2007), SAINT (Bruker, 2007), SHE
Windows (Farrugia, 1997) and PLATON (Spek, 2009), WinGX (Farrugia, 19

7770 | RSC Adv., 2021, 11, 7766–7778
length 1.492(4) Å for newly coupled C7–C1 is observed. The
bond lengths 1.367(4) Å and 1.369(3) Å for bonds F1–C4 and F2–
C8 were measured respectively. For C2–C1–C7 an angle of
122.0(3)�, for F2–C8–C7 an angle of 119.0(3) � and for F1–C4–C3
an angle 118.2(3)� is observed. There is CH/F and CF/H
interactions found in 1 as shown in Fig. 3. For bonds C9H9/F2;
the bond length for C9–H9 is 0.930 Å and 2.659 Å for weak
interaction of H9/F2 and bond angle for C9H9/F2 is 159.26�.
For bonds C8F2/H9; the bond length for C8–F2 is 1.369 Å and
2.659 Å for weak interaction of H9/F2 and bond angle for
C8F2/H9 is 138.14�. For bonds C4F1/H5; the bond angle is
140.68� and the bond lengths for C4–F1 and F1/H5 are 1.366 Å
and 2.635 Å respectively. Different crystal parameters, rene-
ment, bond angles and data collection are described in Table 1.

For synthesized compound 20,50-diuoro-1,1':40,100-terphenyl
(2) having molecular formula C18H12F2 and F. W ¼ 266.28,
a suitable crystal having light brown color was selected. The
estimated size of selected crystal was 0.320 � 0.220 � 0.200
mm3 and measured volume was 652.69(9) Å3. The monoclinic
crystal system with P21/c was observed for compound 2 with cell
dimensions as [a ¼ 13.517(12) Å, b ¼ 7.21(5) Å, c ¼ 6.7331(6) Å],
[a ¼ 90�, b ¼ 96.41(4)� and g ¼ 90�]. For Z ¼ 2 and, 1.355 mg
m�3 is the calculated density. 5080 total measured reections
and 1287 unique reections [R(int) ¼ 0.0346] were utilized to
calculate XRD data. m ¼ 0.097 cm �1 is the linear absorption
coefficient. The maximum and minimum peaks and holes are
2 3

2025098 2025099
C18H12F2 C30H20F2O2

266.28 450.46
Monoclinic, P21/c Monoclinic, P21/n
296 296
13.5172 (12), 7.2166 (5), 6.7331 (6) 13.5116(9), 5.8650(4), 14.3546(10)
á ¼ 90 á ¼ 90
â ¼ 96.411 (4) â ¼ 100.463(4)
ã ¼ 90) ã ¼ 90
652.69 (9) 1118.62(13)
4 2
Mo Ka Mo Ka
0.10 0.09
0.32 � 0.22 � 0.20 0.42 � 0.28 � 0.22

Bruker Kappa APEXII CCD Bruker Kappa APEXII CCD
Multi-scan (SADABS; Bruker, 2005) Multi-scan (SADABS; Bruker, 2005)
0.966, 0.974 0.965, 0.978
5080, 1287, 913 6647, 2186, 1556

0.035 0.051
0.617 0.617

0.075, 0.227, 1.06 0.065, 0.191, 1.38
1287 2186
91 155
H-atom parameters constrained H-atom parameters constrained
0.66, �0.21 0.21, �0.23

LXS97 (Sheldrick, 2008), SHELXL2014/6 (Sheldrick, 2015), ORTEP-3 for
99) and PLATON (Spek, 2009).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CH/F and CF.H interaction in compound 2.

Fig. 6 The packing diagram shows that molecules are stacked with
pi–pi interaction along the a-axis of compound 3.
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0.66 and �0.21 e Å�3, respectively. For bonds C2–C1–C7–C8
torsion angle value of 39.7(3)� predicts that the two aryl rings
attached to middle diuoro benzene ring are a bit twisted. For
C1–C7 the bond length is 1.489(3) Å. For F1–C8 and C8–C9 the
bond lengths are 1.357(2) Å and 1.370(3) Å respectively. Angles
of 122.43(19)�, 124.0(2)� and 120.9(2)� were observed for bonds
C2–C1–C7, C8–C7–C1 and F1–C9–C7–C1 respectively. There is
Fig. 7 CF.H interactions in compound 3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
CH/F and CF.H interactions found in compound 2 as shown
in Fig. 5. For bonds C8F1/H9; the bond angle is 124.80� and
the bond lengths for C8–F1 and F1/H9 are 1.356 Å and 2.590 Å
respectively. Different crystal parameters, renement, bond
angles and data collection are described in Table 1.

The molecules of 20,50-diuro-4,400-diphenoxy-1,1:40,100-ter-
phenyl (3) are symmetric. The symmetry in 3molecules is due to
a mirror plane passing through C15 and C15a atoms in the
middle diuro benzene. The compound 3 molecule can be
divided into three parts i.e. (i) A¼ the phenoxy group (PhO) (C1–
C6/O1), (ii) B ¼ phenyl group (Ph) (C7–C12) and (iii) C ¼
diuoro benzene ring (C13–C15/C13a–C15a/F1/F1a) are not
planar as they are a bit twisted. The dihedral angle between A
and B is 89.93(5)�, A and C is 63.50(8)�, and B and C is 50.45(6)�.
No classical H-bonds were observed in 3 molecules. The
stability of compound 3 is due to F–C–F/p and p/p interac-
tions. There is CF.C interactions found in compound 3 as
shown in Fig. 7. For bonds C14–F1/C15; the bond angle is
112.10� and the bond lengths for C14–F1 and F1/C15 are 1.360
Å and 3.149 Å respectively. The packing diagram is shown in
Fig. 6.
Hirshfeld analysis

Each point of the Hirshfeld surface contained two kinds of
critical distances viz de and di, these were the distances from
that point to the adjacent nucleus, outward and inward to the
surface of molecule respectively.42,43 Hirshfeld surface analysis
for 1, 2 and 3 was done to estimate the strength of intermo-
lecular interactions. The Hirshfeld surface structure for
compounds 1, 2 and 3 are arranged in Fig. 8(A–C) respectively.
According to Hirshfeldnorm displayed a surface plot, red, white
and blue colours indicated strongest, intermediate and weakest
intermolecular interactions respectively.44,45

2-Dimensional ngerprint plots were helpful to evaluate
intermolecular interactions in regard to measuring individual
participation of each intermolecular interaction present in the
structure.46 The individual intermolecular interactions of
compounds are plotted in Fig. 9. Percentage intermolecular
contributions of different inter-atomic associations of
compounds 1, 2 and 3 surfaces are also shown in Fig. 9.
RSC Adv., 2021, 11, 7766–7778 | 7771
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Fig. 8 (A–C) shows Hirshfeld surfaces plotted over dnorm in the range from�0.0596 to 1.1370,�0.0820 to 1.1006 and�0.0170 to 1.4638 a.u for
compounds 1, 2 and 3 respectively. As in electron density 1 a.u. ¼ 6.748 e Å�3.
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Moreover, in the gures percentage contributions in the
Hirshfeld surface concerning the outsider atoms claries and
explain its role in crystal packing.
Fig. 9 Individual intermolecular interactions of compounds 1, 2 and 3.

7772 | RSC Adv., 2021, 11, 7766–7778
Geometric parameters

The optimized geometrical parameters are compared with their
single crystal counterparts for compounds 1, 2 and 3. To make
© 2021 The Author(s). Published by the Royal Society of Chemistry
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geometry comparison more comprehensive, we have done the
comparative analysis of important bond lengths in graphical
illustration as shown in Fig. 10. The Fig. 10 shows that there is
reasonably good agreement between calculated and experi-
mental bond lengths. The bond lengths of all compounds are
drawn graphical for one half only because their geometries are
symmetrically arranged. The study of torsion angles shows that
for compound 1 its central core diuoro-benzene ring is found
somewhat non-planer to the terminal benzene rings with their
calculated and experimental torsion angles (C11–C12–C13–C14)
of 40.15� and 37.69�, respectively. Similar, non-planarity were
also found between central core diuoro-benzene ring and their
terminal groups for compounds 2 (C30–C29–C19–C30) and 3
(C44–C45–C51–C52) with their calculated (experimental)
torsion angles of 40.84�(40.53�) and 41.30�(50.12�), respectively.
The variations in the calculated and experimental torsion
angles of compound 3 are probably due to the gas phase and
solid-state geometries where larger systems cause more
torsional compressions in under high pressure solid-state.
Average linear polarizability

The polarizability shows the capacity of a molecule to retort
to an electric eld and to attain an electric dipole moment.47

It is noteworthy that linear polarizability also plays an
Fig. 10 The optimized geometries of compounds 1, 2 and 3 where H-ato
experimental geometrical parameters for compounds 1, 2 and 3 (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
important role in turning the optical activity of a compound.
Therefore, average linear polarizability of compounds 1, 2
and 3 are calculated at M06/6-311G* level of theory and
collected in Table 2. We have calculated two types of average
linear polarizabilities including isotropic (aiso) and aniso-
tropic (aaniso) linear polarizabilities along with their indi-
vidual components.

Results mentioned in Table 2 reveal that individual polariz-
ability component along z direction (azz) contribute maximally to
the average polarizability in contrast to other component
along x and y directions owing to the direction of ICT along z-
axis. The compound 3 has the highest value of total isotropic
linear polarizability 68.25 � 10�24 esu among all studied
compounds. The average isotropic polarizability value is
found almost similar as 39.24 � 10�24 esu and 39.01 � 10�24

esu in compounds 1 and 2 respectively. The similar behavior
is noticed in case of average anisotropic polarizability values
of investigated compounds 1, 2 and 3 where the differences
among isotropic and anisotropic linear polarizabilities are
found to be 1.17 � 10�24 esu, 1.24 � 10�24 esu and 7.67 �
10�24 esu, respectively for compounds 1, 2 and 3 which
indicates that direction of applied electric eld does not
inuence the polarization process in our studied
compounds.
ms are omitted for purpose of clarity (a) comparison of calculated and

RSC Adv., 2021, 11, 7766–7778 | 7773
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Table 2 The average isotropic and anisotropic polarizabilities (�10�24

esu) along with their individual components for compounds 1, 2, 3 and
p-NA at M06/6-311G* levels of theory

a components 1 2 3

áxx 32.20 18.37 49.70
áxy 8.846 7.197 59.49
áyy 22.05 38.62 95.57
áxz �0.312 �5.412 �8.453
áyz �0.154 �4.959 23.82
ázz 63.47 60.05 95.57
áiso 39.24 39.01 68.25
áaniso 40.41 40.25 60.58
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Third-order NLO polarizability

The third-order NLO polarizability plays an important role in
modern days hi-tech applications. All optical switching and
computing possess a fundamental process of optically-induced
change in refractive index caused by third-order NLO
phenomena.48 Usually, third-order NLO polarizability is also
considered as signature of two photon absorption (TPA).49 The
third-order nonlinear polarizabilities of compounds 1, 2, and 3
at M06 level of theory in conjunction with 6-311G* basis set. The
calculated third-order nonlinear polarizability values along with
individual tensors of investigated compounds 1, 2 and 3 are
given in Table 3.

It is evident from results collected in Table 3 that compound
3 has the largest average third-order NLO polarizability ampli-
tude of 348.7 � 10�36 esu, while the lowest hgi amplitude is
calculated for compound 1 which is 131.6 � 10�36 esu among
all studied molecules. A comparison analysis of investigated
molecules indicates that the hgi amplitude of compound 3 is
2.65 times larger than compound 1 and 2.59 times larger than
compound 2. We also compared the g results of compounds 1,
2 and 3 with para-nitroaniline (p-NA) at same level of theory.
The comparison of third-order polarizability value with
standard prototype NLO molecule p-NA is indicated by h

(which is a ration between hgi amplitude of studied
compound to that the hgi amplitude of p-NA) in Table 3. A
careful analysis of Table 3 shows that studied compounds 1, 2
and 3 have 13.7 times, 5.2 times and 5.17 times larger third-
order polarizability value than p-NA value 25.45 � 10�36 esu
as calculated at same M06/6-311G* levels of theory. The
Table 3 The calculated values of third-order polarizability g(�10�36

esu) along with its individual components as for compounds 1, 2, 3 and
p-NA at M06/6-311G* levels of theorya

g 1 2 3 p-NA

gxxxx 8.883 1.947 16.01 0.13
gyyyy 4.091 14.13 189.6 6.87
gzzzz 642.0 511.6 724.0 128.4
gxxyy 2.684 14.49 9.046 0.38
gxxzz �2.395 54.21 22.13 1.81
gyyzz �1.370 38.07 375.6 �6.29
hgi 131.6 134.6 348.7 25.45
ha 5.17 5.20 13.70 1

a The h is ratio of hgi amplitudes of each compound with hgi of p-NA.

7774 | RSC Adv., 2021, 11, 7766–7778
decreasing order of hgi amplitudes for all studied compounds
is found as: 3 > 1 > 2. The p-NA molecule comparative analysis
and third-order polarizability results suggest that all investi-
gated compounds are good candidates for NLO response
properties and associated applications. The NLO analysis
conrmed that all studied compounds have signicant NLO
properties as compared to prototype standard compound
which revealed their potential for technology related NLO
applications.
Original of third order NLO

The origin of third order NLO is usually unveil independently by
using a rough approximation which directly express the value of
longitudinal gL. In order to trace the origin of higher-order NLO
polarizability, we have executed TD-DFT computations to get
a better understanding about the structure-NLO property rela-
tionship. By considering the renowned three-level approxima-
tions,50 the spectroscopic parameters are applied to understand
the origin of higher-order NLO responses of the symmetric and
asymmetric compounds.

gf
meg

4

Eeg
3
þ me

0
g
2meg

2

Eeg
2Ee

0
g

þ meg
2
�
mee � mgg

�
Eeg

3
(5)

where mkk and mij are the permanent and transition dipole
moments, and Eij is the transition energy. The transition dipole
moment is directly related with oscillator strength of vertical
excitation. This so-called three-level formula is widely used
experimentally and theoretically to elaborate the variations in
higher-order NLO polarizabilities.51,52 It can be perceived
from the aforementioned eqn (5) that the optimal NLO
response can be obtained by higher mij and lower Eij values.
For the present study, TD-DFT studies have been performed
using TD-M06 functional and 6-311G* basis set. Above all
equations are duly noted as a rough estimation to guess the
role of spectroscopic parameters in enhancing the g ampli-
tude. But still these approximations got noble advantage as
these are used experimentally and theoretically for esti-
mating the change in hyperpolarizability (g) in donor and
acceptor type compounds. The TD-DFT results including
excitation energy (E), oscillator strength (fo) and concern
molecular orbital contributions for compounds 1–3 is tabu-
lated in Table 4.

The computed TD-DFT results of compound 1 exhibited
transition energy of 4.23 eV with oscillating strength of 0.97.
Similarly, the transition energy and f of compounds 2 and 3 are
found to be 4.21, 3.95 eV and oscillator strengths are found to
be 0.97 and 1.49, respectively. It is seen that compound 3 has
larger oscillator strength and lower transition energy that
Table 4 The calculated transition energy (DE), oscillator strength (fo)
calculated using TDDFT/M06/6-311G* levels of theory

Comp. DE (eV) fo MO contributions

1 4.23 0.97 HOMO / LUMO (96%)
2 4.21 0.97 HOMO / LUMO (96%)
3 3.95 1.49 HOMO / LUMO (96%)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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results in larger amplitude of g in compound 3 as compared
with compounds 1 and 2. Thus, the parameters of three-level
approximation including transition energy and oscillator
strengths were also found in line with trend ofg amplitudes as
calculated by FF method.
The g density analysis for third-order NLO polarizability

Nakano et al.,50,51 have suggested and used derivative of electron
density for analyzing the spatial contributions of electrons to
the third-order NLO polarizability. This 3-D depiction of the
electron density derivatives is useful for illustrative spatial roles
of electrons and also for revealing the electron correlation
properties of higher-order polarizabilities. The g density,
denes the spatial electronic contributions to giiivalue. The
numerical calculation of this g density is achieved as the third-
order derivative of electron density with respect to applied
electric eld as given in following equation:

riii
ð3ÞðrÞ ¼ v3rðrÞ

vFivFivFi

j
F¼0

(6)

Using this density, giiiis obtained by

giii ¼
1

3!

ð
ririii

ð3ÞðrÞdr; (7)

where ri signies the i component of the position vector. A pair
of positive and negative g densities provide a description of
local contributions of electrons as shown in Fig. 11. Similarly,
the primary positive and negative g densities in compounds 1, 2
and 3 show clear distributions with larger amplitudes towards
the le and right edges. Furthermore, the g density distribution
plots show that p-electrons specify the major contributions to
the g values especially in compound 3 with larger amplitudes
positive and negative g densities (see Fig. 11).
Fig. 11 The g density riii
(3)(r) distributions for compounds 1, 2 and 3 w

densities with iso-surfaces of �10.00 a. u., respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Frontier molecular orbital (FMO) analysis

Frontier molecular orbitals (FMOs) analysis offers useful
insights like chemical stability, interactions between the atoms,
electronic behavior and charge transfer ability of investigated
compounds 1, 2 and 3.53,54 The TD-DFT calculations show that
HOMO and LUMO are crucial orbitals during intramolecular
electronic transition process. The electronic density distribu-
tions for HOMO and LUMO orbitals are plotted as 3-D counters
and shown in Fig. 12. A careful analysis of HOMO and LUMO
orbital distributions in Fig. 12 illustrates that there are
middling charge redistributions upon electronic transitions
among compounds 1 and 2. While on the other hands,
compound 3 indicates a clear intramolecular charge transfer
process (from terminal phenyl groups to central core) as seen by
the delocalized distributions of its HOMO and LUMO orbitals.
The eletronic transition energy of a molecular system signi-
cantly depends upon the distribution of its FMOs and their
relative energies.55 Moreover, HOMO–LUMO energy gap (EHL ¼
ELUMO � EHOMO) is also used to calculate various global reac-
tivity parameters. Compounds with narrow HOMO–LUMO
energy gap is considered highly reactive, so in nature with
least stability.56 Contrarily, a compound enclosing large
HOMO–LUMO energy gap is marked hard in nature and less
reactive with higher stability.57 The M06/6-311G* level of theory
is utilized to gain frontier molecular orbitals of investigated
compounds 1–3. The computed results of HOMO and LUMO
energies along with energy gaps are collected in Table 5.

The energy gap values of investigated compounds 1, 2 are 3
are found close to each other with only a little difference of
0.039 eV. However, the smallest energy gap value among all
investigated compounds 1–3 is found in the case of 3 with DEHL

value of 4.799 eV. Overall, increasing order ofDEHL is noticed as:
3 (4.799 eV) < 2 (5.075 eV) < 1 (5.114 eV). The 3-D pictorial
here the golden and blue meshes represent positive and negative g

RSC Adv., 2021, 11, 7766–7778 | 7775
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Fig. 12 Frontier molecular orbitals of 1–3.

Table 5 Frontier molecular orbitals (HOMO and LUMO) energies and
energy gap values of investigated compounds 1–3

Compounds EHOMO (eV) ELUMO (eV) DEHL (eV)

1 �6.572 �1.458 5.114
2 �6.681 �1.606 5.075
3 �6.187 �1.388 4.799
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representation of HOMO and LUMO of investigated molecules
is shown in Fig. 12.

Density of states (DOS)

For the determination of contributions of electronic states of
each fragment to overall molecular system, we have calculated
the partial density of state (PDOS) projected to individual frag-
ments and their total density of state (TDOS) for compounds 1,
2 and 3 as given in Fig. 13. We have divided DOS of the
Fig. 13 The computed spectra of partial density of state (PDOS) and tot
respectively.

7776 | RSC Adv., 2021, 11, 7766–7778
compounds 1, 2 and 3 into two fragments i.e. central group and
terminal group as shown in Fig. 13. There are more number of
states per electron volt in compound 3 as compared to
compound 1 and 2 owing to the more number of atoms in
compound 3. A careful analysis of Fig. 13 shows that the central
core (blue encircled fragment) is same in all the three
compounds but its contributions are different in compound 3
as compared to compounds 1 and 2. There is signicant
contribution of electronic states from the central core in the
HOMO and LUMO orbital energy levels in compounds 1 and 2
while on the other hands, for compound 3 its PDOS shows less
electronic states in HOMO and more in LUMO orbital energy
levels. The trend of PDOS in compound 3 is different because
there is clear push–pull conguration in compound 3 where
central core is acting as electron pulling moiety while terminal
fragments (methoxy-phenyl) are performing as electron pushing
moieties. Thus, an intramolecular charge transfer process is
envisioned from DOS studies of above entitled compounds.
al density of state (TDOS) for the systems 1, 2 and 3 from left to right,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

Three novel uorinated terphenyl compounds i.e., 20,4,400,50-
tetrauoro-1,1':40,100-terphenyl (1), 20,50-diuoro-1,1':40,100-ter-
phenyl (2) and 20,50-diuro-4,400-diphenoxy-1,1:40,100-terphenyl
(3) have been synthesized by Suzuki Miyaura approach followed
by spectroscopic characterization and single crystal XRD anal-
ysis. Additionally, we applied density functional theory (DFT)
methods for the calculations of third-order NLO response
properties which are crucial indicators for third-harmonic
generation and also oen perceived as signature of two-
photon absorption process. The validity of theoretical compu-
tational results has also tested by comparing experimental and
computed data for synthesized compounds. The geometrical
parameter of experimental SC-XRD results were closely related
to optimized geometry DFT result. SC-XRD study revealed the
stabilization due to pi–pi stacking in molecular packing along
with F/H and F/C interaction. Hirshfeld Surface analysis
explores the strength of intermolecular interactions present in
compounds. Time-dependent density functional theory (TD-
DFT) calculations were also performed to calculate transition
energies of studied compound and the results of transition
energies were used to trace the origin of third-order NLO
response properties through three-level approximation. The
molecular level insights were obtained by analyzing the frontier
molecular orbitals (FMO) and DOS plots, which clearly pro-
jected intramolecular charge transfer process in the entitled
compounds. The entitled compounds especially compound 3
showed a smaller HOMO–LUMO energy gap that suggests
enhanced nonlinear optical (NLO) characteristics. To enhance
the scope of our ndings a semi-quantitative analysis was made
by comparing of all investigated compounds with that of p-NA
(oen considered a prototype NLO molecule) at same method-
ology level. The compounds 1, 2 and 3 have shown signicant
NLO properties which are about 13.7 times, 5.2 times and 5.17
times larger than that of p-NA (25.45 � 10�36 esu). Thus, the
present investigation highlights not only synthesis compounds
1, 2 and 3 but also highlight their computational exploration as
advanced functional materials.
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