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Abstract Novel extended fluorescent styryl derivatives
were synthesized from (E)-3-(2-cyclopropyl-4-(4-
fluorophenyl)quinolin-3-yl)acrylaldehyde containing
quinoline ring with 4-fluorophenyl ring at the 4-position as
an electron donor and different active methylene compounds
as electron acceptors by conventional Knoevenagel conden-
sation reaction. The UV-Visible absorption and fluorescence
emission spectra of the dyes were studied in solvents of
differing polarity and the compounds showed polarity sensi-
tive emission properties. The dyes were characterized by the
spectral analysis. Thermogravimetric analysis showed these
dyes are thermally stable up to 250 °C. Density Functional
Theory computations have been used to derive more
understanding of structural, molecular, electronic and
photophysical parameters of the push-pull dyes. The
computed absorption wavelength values are found to
be in good agreement with the experimental results. The
second order hyperpolarizability ((3,) values were computed
by Density Functional Theory and found to be in the range of
116.61x10" to 898.48x107>" e.s.u.
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Introduction

Organic fluorescent heterocyclic chromophores have a wide
range of applications in molecular probes[1], fluorescent
markers[2], organic light-emitting diodes (OLED)[3], photo-
voltaic cells [4] and in traditional textile and polymer fields
[5]. Electron donors like triphenylamine [6], diphenylamine
[7] and carbazoles [8] with high electron mobility, thermal and
photochemical stability are commonly used as hole-
transporting materials or light-emitting materials for balanced
charge injection find their importance in the above mentioned
applications.

Quinoline unit occur in many fluorescent colorants with
high quantum yield and have attracted much attention owing
to their potential high technology applications [9, 10] includ-
ing fluorescent probes in chemosensors [11], probes for DNA
[12], zinc detection [13], and Hg*" ion (water) detection [14].
Quinoline systems are well known substances with great
therapeutic importance with respect to infectious diseases,
particularly in the treatment of bacterial [15] and viral [16]
infections. Also the cyclopropane ring is a main structural part
in many synthetic and natural compounds that exhibits a wide
range of biological activities from enzyme inhibition to anti-
biotic, herbicidal, antitumor, and HIV antiviral activities as
non-nucleoside reverse transcriptase inhibitors [17-24].

A typical push— pull chromophore consists of a polar D-7t-
A system with a planar 7t-system end-capped by a strong
electron donor (D) and a strong electron acceptor (A). The
m-conjugated system ensuring intramolecular charge transfer
(ICT) between the donor and the acceptor (A=—CN, —COOEt
group etc.) is the most common of the conjugated double or
triple bonds in aromatic and heteroaromatic rings as well as
their combinations [25, 26]. There has always been an effort to
design and synthesize novel, well-defined organic push-pull
system with prospective applications as chromophores for
nonlinear optics (NLO), electronic and photonic devices,
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organic light-emitting diodes (OLED) and functional
polymers 27].

In this paper, we have designed and synthesized a novel
extended fluorescent styryl derivatives containing quinoline
ring with 4-fluorophenyl ring at the 4-position as an electron
releasing moiety and cyano or ester as an electron acceptor
group. Generally the quinoline moiety acts as a mild electron
withdrawing unit. But in the case of dyes synthesized here, the
quinoline moiety acts as a mild donor due to presence of
strong electron withdrawing cyano and carbethoxy groups in
the extended styryl residue [28].

The ground and excited state geometries were optimized
using density functional theory (DFT) with B3LYP functional
combined with a 6-31G(d) basis set. Earlier studies have
proposed that the twisting ICT model is able to explain the
low frequency, strongly solvent-dependent energy band pres-
ent in the fluorescence spectra as compared to, wagging, and
planar intramolecular charge transfer (ICT) [29]. According to
this model, the 8¢ molecule is calculated to be non-dual
fluorescent in agreement with the experimental spectra. The
single band observed in the fluorescence spectra of the dyes
8a—8f is due to a large stabilization of the charge-transfer
excited state along the twisting coordinate. Also, the static
first hyperpolarizability (0,) and its related properties were
calculated on the basis of the finite field approach [30]. The
structures of the dyes synthesized are confirmed by using FT-
IR, 'H NMR and Mass spectral analysis. Also, their thermal
stability and UV—vis absorption and fluorescence emission
characteristics were studied.

Experimental
Materials and Equipment’s

All the commercial reagents and solvents were procured from
Sigma aldrich and were used without further purification. The
reactions were monitored by TLC using on 0.25 mm E-Merck
silica gel 60 F,s,4 precoated plates, which were visualized with
UV light. Melting points were measured on standard melting
point apparatus from Sunder industrial product Mumbai, and
are uncorrected. The FT-IR spectra were recorded on Perkin
Elmer 257 spectrometer using KBr discs. "H-NMR spectra
were recorded on VARIAN 400-MHz instrument (USA)
using TMS as an internal standard. Mass spectra were record-
ed on Finnigan mass spectrometer. The visible absorption
spectra of the compounds were recorded on a Spectronic
Genesys 2 UV-Visible spectrometer, fluorescence emission
spectra were recorded on Varian Cary Eclipse fluorescence
spectrophotometer using freshly prepared solutions at the
concentration 1x10® mol L™" solution. Simultaneous DSC-
TGA measurements were performed out on SDT Q 600 v8.2
Build 100 model of TA instruments Waters (India) Pvt. Ltd.
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Fluorescence quantum yields were determined in different
solvents by using quinine sulfate (0.54 in ethanol) [31] as a
reference standard using the comparative method.

Computational Methods

All the computations were performed using the Gaussian 09
package [32]. The ground state (SO) geometry of the synthe-
sized styryl dyes in their C1 symmetry was optimized in the
gas phase using Density Functional Theory (DFT) [33]. The
functional used was B3LYP. The B3LYP method combines
Becke’s three parameter exchange functional (B3) [34] with
the nonlocal correlation functional by Lee, Yang and
Parr (LYP) [35]. The basis set used for all the atoms was
6-31G(d). The same method was used for the vibrational
analysis to verify that the optimized structures correspond to
the local minima on the energy surface. The vibrational fre-
quencies of the optimized structures were computed using the
same method to verify that the optimized structures corre-
spond to the local minima on the energy surface.

The vertical excitation energy and oscillator strengths at the
ground state equilibrium geometries were calculated by using
TD-DFT at the same hybrid functional and the basis set [36,
37]. The low-lying first singlet excited states (S1) of the dyes
was relaxed using TD-DFT to obtain its minimum energy
geometry. The difference between the energies of the opti-
mized geometries at the first singlet excited state and the
ground state was used to calculate the emission [38, 39]. The
frequency computations were also carried out on the optimized
geometry of the first excited singlet state of the dyes. All the
computations in solvents of different polarities were carried
out using the Self-Consistent Reaction Field (SCRF) under the
Polarizable Continuum Model (PCM) [40]. The vertical elec-
tronic excitation spectra, including wavelengths, oscillators
strengths, and main configuration assignment, were systemat-
ically investigated using TD-DFT with PCM model on the
basis of the optimized ground state structures.

Synthetic Strategy

Six novel fluorescent quinoline based push-pull D-7-A ex-
tended styryl dyes have been synthesized. The styryl dyes
contain 4-fluorophenyl along with the quinoline ring as an
electron donor and cyano or carbethoxy group as electron
acceptors conjugated through a 7-bridge. They were
synthesized by the classical Knoevenagel condensation
of 3-substituted aldehyde 7 with the active methylene com-
pounds a-f as shown in Scheme 1. In the first step, the methyl
2-cyclopropyl-4-(4-fluorophenyl)quinoline-3-carboxylate 3
was synthesized from 2-amino-4-fluorobenzophenone 1 and
methyl cyclopropanecarbonylacetate 2. The compound 3 on
reduction using DIBAL-H to give 4, which on mild oxidation
using PCC offered the intermediate 5. The intermediate 5 was
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R=R'=CN;

R=CN, R'=COOEt;
R=Ph, R'=CN;
R-CO-NH-CO-NH-CO-R";
R=R'=CN;

R=CN, R'=COOEt.

a:
b:
c:
d:
e:
f:

Scheme 1 Synthesis of styryl quinoline derivatives 8a—8f Reaction Condition: (i) H,SO,4, AcOH, Reflux; (i) DIBAL-H, Toluene, 25 °C; (iii) PCC, AcONa,
CH,CL,,25 °C; (iv) (EtO),POCH,CN, NaOH(aq), (n-CgH;7);MeNCl, toluene, 25 °C; (v) DIBAL-H, toluene, 10 °C; (vi) Pipiridine, Ethanol, 25 °C

condensed with diethyl (cyanomethyl) phosphonate in the
presence of trioctylmethylammonium chloride in alkaline me-
dium to give the intermediate 6. The aldehyde 7 was obtained
by selective reduction of the nitrile 6 using DIBAL-H in
toluene at low temperature. Finally the aldehyde 7 and suitable
active methylene compounds a—f were stirred in absolute
ethanol containing a catalytic amount of piperidine to yield
the desired styryl quinoline 8a-8f. The structures of the styryl
compounds and all the intermediates were confirmed by FT-
IR, "H NMR and Mass spectral analysis.

The absorption and emission spectra were measured to
examine their photophysical properties. The solvatochromism
and solvatofluorism behaviors of the molecules were studied
by measuring the electronic absorption and emission spectra
in different solvents.

Synthesis and Characterization

The synthetic scheme for the preparation of the dyes 8a-8f is
shown in Scheme 1. (E)-3-[2-Cyclopropyl-4-(4-fluorophenyl)-
3-quinolinyl]-2-propenal (7) was prepared by the reported
procedure [41, 42] from 2-amino-4-fluorobenzophenone (1)
and methyl 3-cyclopropyl-3-oxopropanoate (2).

General Procedure of Synthesis of Styryl 8a-8f

A mixture of (E)-3-[2-cyclopropyl-4-(4-fluorophenyl)-3-
quinolinyl]-2-propenal 7 (0.25 g, 0.7 mmol) active methylene
(a—f) (0.7 mmol) and 1 drop of piperidine in 10 ml ethanol was
stirred at room temperature for 8 h. The reaction was moni-
tored by thin layer chromatography, after completion of the
reaction, the product precipitated. The precipitated product
was filtered and recrystalized from a small amount of ethanol
to offer the pure 8a—8f.

(E)-2-(3-(2-Cyclopropyl-4-(4-fluorophenyl)-3-
quinolinyl)-allylidene) malononitrile (8a):

Yield: 85 %. Colored: Yellow. Melting Point: 234—
236 °C. IR (cm ' KBr): 2215, 1690, 1584, 969.

"HNMR (400 MHz, CDCly): 1.17 (m, 2H), 1.46
(m, 2H), 2.44 (m, 1H), 7.03 (d, 1H, J=14.8 Hz), 7.27
(m, 3H), 7.37 (m, 4H), 7.59 (m, 1H), 7.64 (m, 1H), 7.99
(d, 1H, J=8 Hz). FAB-MS m/z: 366.1 [M+H]".
(2E,4E)-Ethyl-2-cyano-5-(2-cyclopropyl-4-(4-
fluorophenyl)quinolin-3-yl)penta-2,4-dienoate (8b):

Yield: 82 %. Colored: Yellow. Melting Point: 174—
176 °C. IR (cm ' KBr): 2207, 1709, 1692, 1585, 1230,
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971. "THNMR (400 MHz, CDCl3): 1.15 (m, 2H), 1.37
(t, 3H), 1.46 (m, 2H), 2.37 (m, 1H),4.32 (q, 2H), 7.06
(dd, 1H, J=11.6 and 16 Hz), 7.26 (m, 4H), 7.36 (d, 1H,
J=16 Hz), 7.37 (m, 2H), 7.66 (m, 1H), 7.82 (d, 1H,
J=11.6Hz), 7.99 (d, 1H, J=7.6 Hz). FAB-MS m/z:
413.3 [M+H]".
(2E,4E)-5-(2-cyclopropyl-4-(4-fluorophenyl)quinolin-3-
yl)-2-phenylpenta-2,4-dienenitrile (8c):

Yield: 70 %. Colored: Faint Yellow. Melting Point:
166-168 °C. IR (cm ' KBr): 2195, 1692, 1587,
969. 'HNMR (400 MHz, CDCls): 1.15 (m, 2H),
1.46(m, 2H), 2.4 (m, 1H), 7.03 (d, 1H, J=14.8 Hz),
7.26 (m, 5H), 7.37 (m, SH), 7.59 (m, 2H), 7.64 (m, 1H),
7.91 (d, 1H, J =8.4Hz). FAB-MS m/z: 417.2 [M+H]".
(E)-5-(3-(2-Cyclopropyl-4-(4-fluorophenyl)quinolin-3-
vl)allylidene)pyrimidine-2,4,6(1H,3H,5H) trione (8d):

Yield: 90 %. Colored: Yellow. Melting Point:
280 °C decomposed. IR (cm ' KBr): 3614, 1712,
1649, 1587, 970. "HNMR (400 MHz, CDCl3): 1.17
(m, 2H), 1.48 (m, 2H), 2.43 (m, 1H), 7.24 (m, 4H),
7.39 (d, 4H, J=7.6Hz), 7.57 (d, 1H, J=16Hz), 7.68
(m, 1H), 7.97 (dd, 2H, J=8.4Hz and 12Hz), 8.17
(s, 1H), 8.29 (s, 1H), 8.44 (m, 1H). FAB-MS m/z:
428.3 [M+H]".
2-((2E,4E)-5-(2-Cyclopropyl-4-(4-fluorophenyl)quinolin-
3-yl)-1-phenylpenta-2,4-dien-1-ylidene)malononitrile
(8e):

Yield: 75 %. Colored: Yellow. Melting Point: 220—
221 °C. IR (cm ™' KBr): 2218, 1691, 1580, 970. 'HNMR
(400 MHz, CDCl;): 1.08 (m, 2H), 1.41 (m, 2H), 2.32
(m, 1H), 6.5 (dd, 1H, J=10.8 and 14.4 Hz), 6.68
(dd, 1H, J=10.8 and 15.6 Hz), 6.88 (d, 1H, J=15.6),
6.96 (d, 1H, J=14.4 Hz), 7.32 (m, 4H), 7.41 (m, 4H),
7.55 (m, 3H), 7.65 (m, 1H), 7.96 (d, 1H, J=8.4 Hz).
FAB-MS m/z: 467.1 [M]".

(2E,4E,6E)-Ethyl 2-cyano-7-(2-cyclopropyl-4-(4-
fluorophenyl)quinolin-3-yl)-3-phenylhepta-2,4,6-
trienoate (8f):

Yield: 68 %. Colored: Yellow. Melting Point: 192—
194 °C. IR (cm ' KBr): 2220, 1708, 1683, 1583, 1235,
970. "HNMR (400 MHz, CDCls): 1.08 (m, 2H),
1.35 (t, 3H), 1.41 (m, 2H), 2.40 (m, 1H), 4.29 (q,
2H), 6.38 (d, 2H, J=15.2), 6.63 (m, 4H), 6.77 (d, 2H,
J=15.6 Hz), 7.21 (m, 3H), 7.33 (m, 3H), 7.62 (m, 2H),
7.96 (d, 1H, J=8.4 Hz). FAB-MS m/z: 533.3 [M+H,0]".

Results and Discussion
Photo-physical Properties

To evaluate the effect of the solvent polarities on the
photophysical properties of the extended styryl derivatives
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(8a—8f), absorption and emission studies were carried out in
eight different solvents of differing polarity, dielectric con-
stant, refractive indices and the results obtained are summa-
rized in Tables 4, 5, 6, 7, 8 amd 9, Figures S1-S5. The
absorption maxima of the styryl dyes were found to be nearly
same in all the solvents studied. From this it was clear that, the
absorption properties of these dyes are independent of the
solvent polarity.

The red shifted absorption maxima indicates that the
dicyanovinyl moiety present in 8¢ (409 nm) has a stronger
electron withdrawing effect than the cyano carbethoxy vinyl unit
present in 8f (385 nm). This increases the charge transfer be-
tween the donors and acceptors. In the case of dyes 8a (352 nm)
and 8b (373 nm) such a relation was not pronounced. The
presence of extra double bond results in to the red shift in dyes
8e and 8f compared to 8a and 8d. As a result of this red shift, the
band gap energy of the molecule gets decreased (Fig. 1).

During the emission study, it was found that the emissions
of the compounds 8a—8f are affected by a change in the
polarity and hydrogen bonding capacity of the solvents.
These compounds with D-7t-A structure consist of an
electron-donating 4-fluorophenyl ring along with the quino-
line moiety and an electron withdrawing cyano or carbethoxy
group. The results showed that these compounds have pro-
nounced solvatofluorism properties. The introduction of the
electron accepting groups causes intramolecular charge trans-
fer and mesomeric dipole moment. Depending on the electron
affinity of the acceptor groups the CT band was blue or red
shifted with a large Stokes shift. The dyes 8a, 8b, 8¢ and 8f
showed a blue shift in the non-polar solvent (DCM) and a red
shift in the polar solvent (DMF), while the dyes 8c and 8d
showed a blue shift in the polar solvent (acetonitrile) and a red
shift in the non-polar solvents (THF, acetone). The red shift
observed in the polar solvent is indicative of the increased
charge separation in the excited state, which results in a larger
dipole moment than in the ground state [30]. The effect of
solvent polarity on the absorption and emission behavior of
the dye 8e is shown in Fig. 2.

Relative Quantum Yield

The fluorescence quantum yields of the synthesized styryl
dyes were determined in different solvents and tabulated in
Tables 4, 5, 6, 7, 8 and 9. The fluorescence quantum yields of
the dyes mostly depend on both the nature of the substituent
and the solvent polarity. Here, it has been observed that a
decrease in the solvent polarity strongly enhances the fluores-
cence quantum yields of the styryl dyes 8a—8 f. The dyes
showed higher quantum efficiencies in the non-polar solvents
while lower quantum yields in the polar solvents. The highest
quantum yield was observed in THF and the values in the
increasing order are: 8¢ (0.02)<8c (0.06)<8b (0.07)<8d
(0.11)=8f(0.11)<8a (0.12).
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Fig. 1 a Absorption and b fluorescence spectra of dyes 8a—8f in ethanol

Optimized Geometries of Dyes 8a—8f

The ground state geometries of the dyes were optimized at
B3LYP/6-31G(d) level for the dyes 8a—8f. The optimized
structures were having orthogonal arrangement of 4-
fluorophenyl ring, cyclopropyl ring and twisting 7-bridge
acceptor cyano or carbethoxy group with quinoline moiety.
As a representative example, the structural view of the
styryl dye 8f in the ground and the excited state is presented
in Table 1, Fig. 3. In the dye 8f the major bond lengthening
was observed between the bonds C;-Cs, C5-N3g, C4-Cs, Coy-
Ca6, C27-Cos, Ca0-Cat, Ca2-Nus, Cs5-Os6, Cs5-Os7 by 0.020,
0.007, 0.035, 0.044, 0.040, 0.044, 0.004, 0.007, 0.012 A and
the bond length shortening for the bonds C3-Cy4, C4-Cy4, Cs-
Ca4, Co6-Ca7, Co5-Cao, Cag-Caa, C41-Cap, C41-Css by 0.013,
0.008, 0.045, 0.035, 0.031, 0.007, 0.013, 0.021 A. Such a
lengthening and shortening of the bonds were due to the effect
of donor and acceptor groups present in the molecules. The
excited state twist dihedral angle of the 4-fluorophenyl ring

>
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==}

20

15
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Emission intensity (a.u.)

T

480 530 580
Wavelength (nm)

430 630

and the 7t -bridge contained acceptor cyano or carbethoxy at
the terminal end with quinoline was reduced to maintain
planarity. . Similar observations were observed in optimized
geometry at ground and excited state of the remaining styryl
dyes 8a—8e (Figures S6-S10).

Twisted Intramolecular Charge Transfer

In the instances of strong internal charge transfers in the
ethylene chain of the donor-acceptor-substituted stilbenes
and styryl dyes occuring upon excitation, there exist several
possible routes of non radiative decay of the excitation energy
[43]. These include the rotation around the central C=C bond,
resulting in geometric isomerization, or rotation around one or
two single bonds in the C-C=C-C fragment, leading to non
emissive or weakly emissive a twisted intramolecular charge-
transfer (TICT) excited state, which returns to the ground state
without geometric isomerization [44].

=

Emission Intensity (a.u.)

575 625

525
Wavelength (nm)

425

Fig. 2 a Absorption and b fluorescence spectra of dye 8e in different solvent. Where, a = Tetrahydrofuran, b = Ethyl acetate, ¢ = Acetone, d =
Dichloromethane, e = Ethanol f = Methanol, g = Acetonitrile, h= N,N-Dimethylformamide
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Table 1 Computed interatomic distances of dyes 8a—8f in the ground state (GS) and excited state (ES) optimized geometry in DCM (A)

Atom No 8a 8b 8c 8d 8e 8f
GS ES GS ES GS ES GS ES GS ES GS ES

C1-C5 1.449 1.459 1.448 1.461 1.447 1.466 1.449 1.459 1.448 1.466 1.448 1.468
C4-Cl14 1.495 1.467 1.495 1.466 1.495 1.472 1.494 1.468 1.495 1.475 1.494 1.486
C4-C5 1.400 1.447 1.397 1.450 1.397 1.450 1.398 1.446 1.397 1.441 1.400 1.435
C5-C24 1.464 1.416 1.468 1.412 1.472 1.408 1.466 1.417 1.469 1.418 1.467 1.422
C21-F39 1.350 1.339 1.351 1.340 1.351 1.348 1.351 1.340 1.351 1.344 1.351 1.348
C24-C26 1.360 1.410 1.357 1.412 1.355 1.416 1.460 1.409 1.357 1.404 1.358 1.402
C26-C27 1.478 1.398 1.433 1.400 1.438 1.391 1.431 1.402 1.436 1.401 1.437 1.402
C27-C40 1.373 1.410 1.367 1.408 1.367 1.418 1.370 1.404 - - - -
C27-C65 - - - - - - - 1.364 1.400 1.364 1.404
C40-C41 1.429 1417 - - - 1.475 1.459 1.390 1.425 1.387 1431
C65-C40 - - - - - - - 1.439 1412 1.444 1413

~ Label bond atom is absent

The ground state optimized geometry of the dyes 8a—8f in
DCM has a dihedral angle of 68—70° between the orthogonal 4-
fluorophenyl and the quinoline segment Cs-Cy-C14-Cy6. The
cyclopropyl ring is perpendicular and bends toward the quino-
line nitrogen. In the dyes 8a, 8b, 8c there is also a small dihedral
angle of 31.78°, 34.64°, 38.10° along C4-C5-C49-N37 and in the
dyes 8e-8f the angles 23.27-72.01° along C4-Cs-C41-Nys (the
angle between the quinoline and the terminal cyano units re-
spectively). The dihedral angle increases in the order: cyano <
carbethoxy < phenyl group introduced at the terminal end. The
pending phenyl ring on Cy4 atom of the 7t-bridge is twisted with

a dihedral angle 57.01° and bends towards the quinoline moiety
for dye 8e, while for the dye 8f 60.40° and nearly parallel to the
4-fluorophenyl ring present on the quinoline moiety.

In the excited state of the dyes 8a-8f, the orthogonal 4-
fluorophenyl unit was twisted to a reduced dihedral angle
between Cs-C4-C14-Ci6 up to 47°—62°. Similarly the terminal
cyano, ester and the phenyl moiety are also twisted to a
reduced dihedral angle amounting to reaching a planarity in
the excited state (Table 2).

The Mulliken charge distribution in the ground and the
excited state (DCM solvent) of the dyes 8a—8f are summarized

Fig. 3 Optimized geometry
parameters of dye 8e in DCM
solvent in the ground state and
excited state (bond lengths are in
A, dihedral angles are in degree °)

- Excited state
- Ground state
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Table 2 Twist dihedral angle of

dyes 8a-8f in the ground state Styryl  Cs5-C4-C14-Ci6 Cy-C5-C49-Cs37 /C4-C5-Cy1-Cs3 Co5-Ca0-Casa-Cas
(GS) and excited state (ES) opti- dyes
mized geometry in DCM Ground state  Excited state ~ Ground state Excited state Ground state  Excited state
8a 70.91 47.98 31.78 29.07 - -
8b 70.66 4723 34.64 26.93 - -
8c 70.29 49.14 38.10 26.93 - -
8d 69.29 48.51 35.87 29.05 - -
8e 69.69 52.38 24.78 05.41 57.01 54.26
8f 68.48 62.71 72.00 82.50 60.43 52.77

"~ Dihedral angle is absent

in Table 3, Figures S11-S16. In the excited state of the dye 8e,
the net positive charge on the atom C,; and C, increases from
0.377 to 0.383 and 0.002 to 0.015. While the net negative
charge on N atom increases from —0.529 to —0.541 (in au)
(Fig. 4), which is suggestive of the charge delocalization in the
molecule from the donor 4-fluorophenyl ring along with the
quinoline unit to the dicyanovinyl acceptor moiety. The atom
Cy4o (in dyes 8a, 8b, 8c and 8d) and in Cy4; (in dyes 8e and 8f)
to which the cyano and carbonyl groups are attached possess a
decreased net positive charge.

Electronic Vertical Excitations (TD-DFT)

The electronic vertical excitations were calculated using TD-
B3LYP/6-31G(d) method. The experimental absorption

wavelengths and the computed vertical excitation spectra as-
sociated with their oscillator strengths, composition, and their
corresponding assignments of the dyes 8a—8f are summarized
in Tables 4, 5, 6, 7, 8 and 9. The absorption band occurring at
the lower energy with a higher oscillator strength is due to the
intramolecular charge transfer (ICT) and it is the characteristic
of the donor-7-acceptor push-pull dyes. These ICT bands for
the dyes 8a, 8b, 8d and 8¢, 8¢, 8d were mainly due to the
electronic transition from the highest occupied molecular or-
bital (HOMO-1) and HOMO to the lowest unoccupied molec-
ular orbital (LUMO) respectively. The experimental absorp-
tion and the computed vertical excitation of the dyes 8a—8f are
independent of the solvent polarity. The emission values were
computed in three different solvents DCM, methanol and
DMF. The computational fluorescence emission results

Table 3 Mulliken charge (e) distribution of dyes 8a—8f in the ground state (GS) and excited state (ES) optimized geometry in DCM

Atom No 8a 8b 8c 8d 8e 8f

GS ES GS ES GS ES GS ES GS ES GS ES
C4 0.008 0.029 0.005 0.025 -0.004  0.006 0.007 0.028 0.002 0.015 —-0.002 0.002
C5 0.063 0.049 0.060 0.048 0.062 0.050 0.061 0.049 0.061 0.055 0.061 0.083
Cl4 0.004 0.013 0.012 0.017 0.019 0.026 0.015 0.019 0.017 0.014 0.012 0.016
C21 0.380 0.385 0.379 0.385 0.378 0.382 0.379 0.383 0.377 0.383 0.379 0.381
C24 -0.210  -0.190  -0.213 -0.193 -0230 -0.218 -0212  —0.188 -0226  -0210 -0.219 -0.229
C26 —-0.103 -0.125 —-0.101 —-0.125 —-0.097 -0.109  -0.097  -0.124  —0.098 —-0.111 —-0.115 -0.129
C27 —0.078 -0.078  —-0.109  —0.103 —0.148 -0.142  -0.168  —0.158 -0.096  —0.093 -0.100  —0.098
C36 0.308 0.290 0.288 0.280 0.265 0.253 - - - - - -
N37 -0.519 -0.533 -0.536 -0.549 -0.547 -0.563 - - - - - -
F39 -0.301 -0.290 -0.302 -0.291 -0.304 -0.298 -0.303 -0.292 -0.304 -0.294 -0.302 -0.299
C40 0.086 0.068 0.004 -0.012 0.065 0.055 -0.035 -0.043 0.156 0.159 0.092 0.110
N43 - - - - - - - - -0.526 -0.538 -0.541 -0.552
C44 - - - - -0.195 -0.201 - - 0.020 0.032 0.015 0.036
C45 - - - - -0.188 -0.191 - - -0.162 -0.167 -0.158 -0.152
048 - - - - - - -0.528 -0.545 - - - -
C55 - - - - - - - - -0.305 -0.295 -0.149 -0.169
C65 - - - - - - - - -0.208 -0.226 -0.187 -0.196

— Label atom is absent
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Fig. 4 Graph of Mulliken charge distribution on the dye 8e in the ground
and excited state optimized geometry in DMF

obtained by using TD-B3LYP/6-31G(d) were not able to re-
produce the solvatofluorism behavior and the computations
have shown almost nearly same value of the emission energy.

The dye 8a shows experimental absorption maxima in
DCM (352 nm) and its computed vertical excitation transition
energy difference between HOMO-1 to LUMO is 3.505 eV
(353.63 nm) in DCM. There is a significant difference
(~1.74 nm) and % deviation between the experimental absorp-
tion and the vertical excitation is in between 0.24 and 0.49 %
in the studied solvents. Intense fluorescence emission peaks
are observed in the non-polar solvents THF, and DCM

compared to methanol, ethanol, DMF, DMSO. The difference
between the experimental emission and the computed emis-
sion wavelengths in DCM (48 nm) and DMF (8 nm) are
summarized in Table 4.

The dye 8b is fluorescent in solution and the computed
vertical excitation value obtained from TD-DFT is in good
agreement with the experimental absorption; the difference
between the theoretical and the experimental values is less
than 42 nm in all the solvents studied. The % deviation
between the experimental absorption and the computed verti-
cal excitation is between 9 and 11 % in the solvents studied.
The difference between HOMO-1 to LUMO (82 %) transition
is responsible for the vertical excitation located at 337.73 nm
(3.671 eV) with an oscillator strength (/) 0.476. An intense
fluorescence emission peak is observed in acetone and ethanol
compared to the other solvents. The largest difference between
the experimental emission and the computed emission wave-
lengths in DMF (8 nm) are summarized in Table 5.

In the case of dye 8c an intense emission peak was ob-
served in THF, acetone and DMF. The experimental absorp-
tion maxima in DCM (361 nm) and the difference between the
transition energy of HOMO to LUMO (95 %) is responsible
for the vertical excitation located at 360.42 nm (3.44 e¢V) with
an oscillator strength ( /) 1.041. Theoretical vertical excitation
values obtained from the TD-DFT computations is in good
agreement with the experimental absorption. It was found that,
the difference between the theoretical and the experimental
values is less than 18 nm. The % deviation between the
experimental absorption and the computed vertical excitation

Table 4 Observed UV-Visible absorption-emission and its computed vertical excitation spectra of absorption-emission of dye 8a in different solvents

Solvents  Experimental Computed (TD-DFT) P
Ama MM () Apax’ DM Stokes shift  Vertical® V& Orbital %D°  TD-DET %D’
Intensity(au) excitation (nm) contribution emission (nm)

THF 352 (30,259) 476 (38.82) 124 353.74 0.532  H-1-L(77%) 049 - - 0.12
EtOAc 352 (19,710) 469 (10.97) 115 353.74 0.524 H-1-L (77%) 049 - - 0.05
DCM 352 (19,564) 436 (28.11) 84 353.74 0.537 H-1-L (77%) 049 484 11.01  0.08
Acetone 352 (18,214) 488 (13.31) 136 353.63 0526 H-1-L (77%) 046 - - 0.04
EtOH 352 (21,389) 473 (06.32) 121 353.74 0.527 H-1-L (77%) 049 - - 0.01
MeOH 352 (27,193) 470 (09.27) 55 352.83 0.520 H-1-L (77%) 024 490 321 0.02
ACN 352 (22,813) 479 (05.19) 127 353.63 0.524 H-1-L (77%) 046 - - 0.01
DMF 352 (28,105) 483 (07.50) 131 353.63 0.542 H-1-L (77%) 046 491 023 0.01

* Experimental absorption wavelength
® Experimental emission wavelength
¢ Computed absorption wavelength

4 Oscillator strength

% Deviation between experimental absorption and vertical excitation computed by DFT

fo4 Deviation between experimental emission and computed (TD-DFT) emission

® Quantum yield at various solvents

—Not calculated

@ Springer



J Fluoresc (2014) 24:1811-1825

1819

Table 5 Observed UV-Visible absorption-emission and its computed vertical excitation spectra of absorption-emission of dye 8b in different solvents

Solvents  Experimental Computed (TD-DFT) d
Amac MM () Apax DM Stokes shift  Vertical® V& Orbital %D¢  TD-DFT %D’
intensity (au) excitation (nm) contribution emission (nm)

THF 373 (19,034) 473 (08.29) 100 337.09 0475 H-1-L (82%) 9.63 - - 0.07
EtOAc 379 31,312) 465 (03.73) 92 337.37 0474 H-1-L (82%) 109 - - 0.07
DCM 376 (19,199) 479 (05.53) 103 337.73 0476  H-1-L (82%) 10.1 472 143 0.06
Acetone 373 (19,199) 480 (14.75) 107 338.19 0477 H-1-L (82%) 933 - - 0.07
EtOH 373 (16,810) 487 (20.46) 114 338.19 0477 H-1-L (82%) 933 - - 0.08
MeOH 373 (21,218) 484 (12.06) 111 338.29 0477 H-1-L (82%) 931 478 124 0.05
ACN 373 (26,080) 481 (11.33) 108 338.29 0477 H-1-L (82%) 931 - - 0.04
DMF 373 (21,506) 487 (11.57) 114 338.29 0478 H-1-L (85%) 931 479 1.64  0.03

# Experimental absorption wavelength

® Experimental emission wavelength

¢ Computed absorption wavelength

4 Oscillator strength

¢ % Deviation between experimental absorption and vertical excitation computed by DFT

94 Deviation between experimental emission and computed (TD-DFT) emission

® Quantum yield at various solvents

— Not calculated

is between 0.1 and 2.4 % in the solvents studied. The

difference between experimental and the computed emission
wavelengths in DCM (46 nm) and methanol (14 nm) are
summarized in Table 6.

Similarly to the dye 8a, the dye 8d the experimental ab-

sorption maxima in DCM (352 nm) and the transition between
HOMO-1 to LUMO is responsible for the vertical excitation

located at 353.84 nm (3.504 eV) with an oscillator strength

Table 6 Observed UV-Visible absorption-emission and its computed vertical excitation spectra of absorption-emission of dye 8c in different solvents

Solvents  Experimental Computed (TD-DFT) P
Amac M () Apax DM Stokes shift  Vertical® V& Orbital %D®  TD-DFT %D’
Intensity (au) excitation (nm) contribution emission (nm)

THF 361 (30,189) 475 (11.70) 114 360.05 1.035 H—-L(95%) 026 - - 0.06
EtOAc 361 (31,555) 445 (01.97) 84 360.21 1.024 H-L95%) 022 - - 0.01
DCM 361 (25,876) 447 (02.86) 86 360.42 1.041 H-L©95%) 0.16 493 1029  0.02
Acetone 361 (28,054) 482 (05.63) 121 360.63 1.018 H—-L©95%) 010 - - 0.02
EtOH 367 (27,115) 477 (02.22) 110 360.63 1.019 H-L©95%) 174 - - 0.01
MeOH 358 (32,580) 484 (04.57) 126 360.73 1.006 H—-L(95%) 0.76 498 2.89 0.01
ACN 352 (40,693) 430 (02.81) 78 360.73 1.012 H-L95%) 248 - - 0.08
DMF 364 (38,003) 454 (18.88) 90 360.73 1.042 H-L©95%) 090 502 10.57  0.05

* Experimental absorption wavelength

® Experimental emission wavelength

¢ Computed absorption wavelength

4 Oscillator strength

% Deviation between experimental absorption and vertical excitation computed by DFT

fo4 Deviation between experimental emission and computed (TD-DFT) emission

>

—Not calculated

Quantum yield at various solvents
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Table 7 Observed UV-Visible absorption-emission and its computed vertical excitation spectra of absorption-emission of dye 8d in different solvents

Solvents  Experimental Computed (TD-DFT) d
Amaxc 1M () A’ DM Stokes shift  Vertical® & Orbital %D®  TD-DFT %D"
intensity (au) excitation (nm) contribution emission (nm)

THF 352 (11,751) 467 (16.47) 115 353.67 0487 H-1-L (87%) 0.66 — - 0.11
EtOAc 352 (18,846) 468 (15.83) 116 353.74 0491 H-1-L (87%) 0.69 - - 0.09
DCM 352 (14,139) 458 (08.62) 106 353.84 0493  H-1-L (90%) 0.73 492 7.42 0.05
Acetone 352 (10,072) 463 (07.80) 111 353.63 0487 H-1-L (87%) 0.65 — - 0.05
EtOH 352 (13,204) 463 (11.41) 111 353.74 0487 H-1-L (87%) 0.69 — - 0.08
MeOH 352 (11,283) 434 (11.74) 82 353.63 0491 H-1-L (87%) 0.65 499 1494  0.08
ACN 349 (11,491) 441 (05.20) 92 353.63 0486 H-1-L (87%) 184 — - 0.03
DMF 352 (11,041) 472 (08.73) 120 353.63 0.485 H-1-L (90%) 0.65 499 5.72 0.05

# Experimental absorption wavelength

® Experimental emission wavelength

¢ Computed absorption wavelength

4 Oscillator strength

¢ % Deviation between experimental absorption and vertical excitation computed by DFT
94 Deviation between experimental emission and computed (TD-DFT) emission

® Quantum yield at various solvents

—Not calculated

(f) 0.491. There is a significant difference (~4 nm) and %  ethyl acetate. The % deviation between the experimental and

deviation between the experimental absorption and the com-  the computed emission wavelengths in DCM (7.42) and DMF
puted vertical excitation values which is between 0.65 and  (4.45) are summarized in Table 7.
1.84 % in the solvents studied. An intense fluorescence emis- The dyes 8e and 8f experimental absorption maxima are

sion peak is observed in the non-polar solvent like THF and 403 nm and 388 nm, while their computed vertical excitation

Table 8 Observed UV-Visible absorption-emission and its computed vertical excitation spectra of absorption-emission of dye 8e in different solvents

Solvents  Experimental Computed (TD-DFT) P
Ama MM () Apax DM Stokes shift  Vertical® V& Orbital %D®  TD-DFT %D’
intensity (au) excitation (nm) contribution emission (nm)

THF 403 (45,252) 492 (06.31) 89 410.65 0901  H—L (90%) 190 - - 0.02
EtOAc 400 (45,673) 486 (03.78) 86 410.95 0.881 H—L (90%) 274 - - 0.014
DCM 403 (49,642) 487 (03.84) 84 411.50 0912 H—-L (92%) 2.11 532 924  0.012
Acetone 403 (69,443) 488 (04.02) 85 412.32 0.881 H—-L (90%) 231 - - 0.01
EtOH 409 (45,206) 509 (03.39) 100 412.32 0.882 H—L (90%) 0.81 - - 0.009
MeOH 403 (42,917) 502 (03.22) 99 412.46 0.864 H—L (90%) 235 543 8.17  0.006
ACN 400 (45,579) 491 (03.50) 91 412.46 0.873  H—-L (90%) 3.11 - - 0.006
DMF 409 (45,252) 501 (05.05) 92 412.46 0921 H—-L(90%) 0.84 531 598  0.008

* Experimental absorption wavelength

® Experimental emission wavelength

¢ Computed absorption wavelength

4 Oscillator strength

% Deviation between experimental absorption and vertical excitation computed by DFT
fo4 Deviation between experimental emission and computed (TD-DFT) emission

® Quantum yield at various solvents
— Not calculated
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Table 9 Observed UV-Visible absorption-emission and its computed vertical excitation spectra of absorption-emission of dye 8f in different solvents

Solvents  Experimental Computed (TD-DFT) d
Ama I () Ama M Stokes shift ~ Vertical® V& Orbital %D®  TD-DFT %D"
intensity (au) excitation (nm) contribution emission (nm)

THF 388 (36,443) 476 (22.71) 88 400.35 1.366  H—L (90%) 318 - - 0.11
EtOAc 385 (34,232) 533 (23.16) 148 400.98 1355 H->L(O0%) 415 - - 0.10
DCM 388 (29,504) 501 (05.51) 113 401.89 1.372  H—-L (90%) 3.58 505 0.80  0.03
Acetone 388 (38,756) 483 (14.38) 95 403.07 1341 H-L(90%) 388 - - 0.07
EtOH 394 (45,746) 488 (10.05) 94 403.33 1.341  H—-L (90%) 237 - - 0.06
MeOH 382 (28,270) 480 (09.74) 98 403.46 1.326  H—L (90%) 562 517 7.71  0.05
ACN 382 (42,765) 486 (08.34) 104 403.46 1.333  H—L (90%) 562 - - 0.05
DMF 385(47,237) 489 (06.72) 104 403.59 1370  H—-L (90%) 4.83 518 593  0.04

# Experimental absorption wavelength
® Experimental emission wavelength
¢ Computed absorption wavelength

4 Oscillator strength

¢ % Deviation between experimental absorption and vertical excitation computed by DFT

94 Deviation between experimental emission and computed (TD-DFT) emission

® Quantum yield at various solvents

—Not calculated

transition energy difference between HOMO and LUMO is
3.013 eV (411 nm), 3.085 eV (401 nm) in DCM respectively.
There is a significant difference (~8 nm), (~12 nm) between
the experimental absorption and the computed vertical exci-
tation, and the % deviation is between 0.81-3.11 % and 2.37—
5.62 % in the solvents studied respectively. The intense fluo-
rescence emission peaks are observed in THF and DCM
compared to methanol, ethanol, DMF, DMSO. The largest
difference between the experimental emission and the com-
puted emission wavelength are 45 nm in DCM and 37 nm in
methanol respectively (Tables 8 and 9).

Fig. 5 Energy gap between
HOMO — LUMO of the dye 8e 43000 —
in Different solvents. Where, a = 'y
Tetrahydrofuran, b = Ethyl
acetate, ¢ = Acetone, d = -3.500 -
Dichloromethane, e = Ethanol =
Methanol, g = Acetonitrile, h = -4.000
N,N-Dimethylformamide Z
-4.500 - L
<
e
-5.000
-5.500
-6.000 - -l
-6.500 a

Frontier Molecular Orbitals

The different frontier molecular orbitals were studied to un-
derstand the electronic transition and charge delocalization
within these styryl push-pull chromophores. The comparative
increase and decrease in the energy of the highest occupied
molecular orbital (HOMO’s) and lowest unoccupied molecu-
lar orbitals (LUMO?s) gives a qualitative idea of the excitation
properties. The first allowed and the strongest transitions of
electron with principal oscillator strength usually correspond
almost exclusively to the transfer of an electron from HOMO-

- LUMO

|
g

3.006 eV

HOMO

@ Springer



1822

J Fluoresc (2014) 24:1811-1825

3" % %

= R o3

B 7 2.
7. b2

S

A 2 ¥
oo .CW
" ot : ‘”‘:‘ 46’
> "y e

H

-2 LUMO-2.92e¢V LUMO-272¢V LUMO-237¢V  LUMO-280¢V  LUMO-2.97eV LUMO-2.81eV
_ _ \ 4 _ - _
’ % f ? *
-4
- ?" - - s
s 5 5 e
e 9 < 0 &
S5 2 @ 7 S @
B o -
-6 - = - 4

HOMO-1-6.43 eV

8a 8b 8c

Fig. 6 Frontier molecular orbitals of dyes 8a—8f in the ground state in DCM

1 — LUMO for the dyes 8a, 8b, 8d and HOMO — LUMO for
the dyes 8c, 8¢, 8 f. Tables S1-S6 show the energies of the
different molecular orbitals in different solvents involved in
the electronic transitions of these push-pull styryl dyes. In the
case of all the synthesized styryl dyes the energy gap of
HOMO-1 — LUMO and HOMO — LUMO orbitals
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remained irrespective of the solvent polarity, either increased
or decreased (Fig. 5, Tables S1-S6). The LUMO energy level
of the compounds 8a and 8e are —2.94, —2.98 eV, similarly for
the dyes 8b and 8fare —2.72, —2.80 eV, and in DCM the value
remained same. It may be due to the very similar reduction
potential (Fig. 6). This is understandable because of the
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Fig. 7 Frontier molecular orbitals of dye 8e in the ground and excited state in DCM
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Table 10 Static first hyperpolarizability and its 5 -components of dyes 8a-8f (all values in e.s.u.)

[-tensors 8a 8b 8c 8d 8e 8f

B -3.40%10%° —4.4x10%° -122x107%° —4.8x10%° 9.37x107% —-6.77%107%°
Brxy 126x10%° -2x1073! -1.33%1073° 1.11x10% 4.82x1073° 1.33x10°%
Brgy —4.5%x1073° 1.41x1073° 1.6x1073° -2.2x1073° -3.88x107%° -2.25%1073°
Byyy —4.4%107" -1.3x107° —1.75%107° -1.7x107° 2.52x107° —5.7x107°
Bexs 1.11x1073! -1.8x1073° -1.53x1073° 3.15%x10°%° -3.71x107%° —4.88x107!
Byye -1.7x107! 1.98x107" —2.62x107! -8.8x107" 1.44x107° -8.67x107"
Bz -4.9%x107%! —42x1073! —42x1073! —-8.6x1073! -1.13x107%° -1.55x1073°
Bys 1.99x107>* -1.7x107" ~5.85%107" —44x107! —429%107" -3.79% 107
Buv 2.33%x107! 2.86x1073! 2.68x107! 1.47x10 % -1.12x1073! -1.12x107%°
Go 400.09x107%! 425.44x10 7! 116.61x107>! 518.42x107%! 898.48x107! 702.72 10-31

reduction site, the dye 8a, 8¢ and 8b, 8f assuming the dicyano
and cyano, carbethoxy in the same chemical structure of dyes
[45].

The molecular orbital diagram (isodensity plots) for the
dyes 8a, 8¢ and 8b, 8c 8d, 8f are shown in Fig. 6. From the
pictorial diagram of the dyes 8a and 8e it was found that
HOMO-1 — LUMO and HOMO — LUMO orbitals are fully
delocalized on the donor 4-fluorophenyl ring along with the
quinoline moiety and the acceptor cyano group through the 7t-
bond conjugation respectively. The electron densities in the
HOMOs of all the dyes were largely located on the donor
4-(4-fluorophenyl)quinoline moiety, and the electron densities
on the LUMOs were found localized on the acceptor through
the 7t-bridge. The excitation from HOMO to LUMO mostly
consists of the charge transfer from the 4-fluorophenyl) and
the quinoline moiety to the acceptor end. The energy gap of
HOMO-1 or HOMO / LUMO explains the charge transfer
interactions and the non-linear properties of the dyes. Figure 7
contains FMO of the dye 8e in the excited state, which
shows that the electron densities are located on the donor 4-
fluorophenyl and the quinoline moiety in the HOMO and
these electron densities were fully transferred on the acceptor
moiety in the LUMO.

Static Second-order Nonlinear Optical (NLO) Properties

The D-mt-A chromophores are expected to have good non-
linear properties and their first hyperpolarizability (3,) values
can be enhanced due to their relative orientation. Thus, their
good linear and nonlinear optical properties of the asymmet-
rical push-pull chromophores have been studied. Density
functional theory (DFT) was used to calculate the second-
order NLO properties of the quinoline styryl D-7-A chromo-
phores. The static first hyperpolarizability (3,) and its related
properties for the dyes 8a-8f were calculated using B3LYP/6-
31G(d) on the basis of the finite field approach [46]. The
computed first hyperpolarizability (3,) values were found to

be ranging from 400.09, 425.44, 116.61, 518.42, 898.48,
702.72x1073! e.s.u. for the dyes 8a, 8b, 8c, 8d, 8¢ and 8f
respectively. The computed [-tensors are summarized in
Table 10. These values are greater than the values for urea
(3.8x107°" es.u.) by 105, 112, 30, 136, 235 and 184 times
respectively. These dyes have shown a large
hyperpolarizability, significantly considerable charge transfer
characteristics of the ground state to the first excited state. This
is further supported by the large variation in the dipole mo-
ments between the ground and the excited states from the
solvatochromism studies. From these observations it was clear
that, these dyes could be used as promising candidates in the
field of non-linear optics.

Thermal Stability

The dye molecules should form compact aggregates due to the
strong intermolecular interactions so that they can acquire
high thermal stability [47]. In order to assess the thermal
properties of the dyes, thermal stability studies have been
carried out using thermal gravimetric techniques (TGA) in
the temperature range 40600 °C under nitrogen gas at a
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Fig. 8 Thermogravimetric analysis overlay graph of dyes 8a—8f
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heating rate of 10 °C min '. The TGA results indicated that
the synthesized styryl dyes are stable up to 250 °C. TGA
revealed the onset decomposition temperature (Td) of dyes
8a, 8b, 8c, 8d, 8e and 8f are 254 °C (95 %), 262 °C (96 %),
273 °C (96 %), 275 °C (97 %), 287 °C (96 %), and 267 °C
(95 %) respectively. In general the backbones of these styryl
dyes are stable up to 250 °C and above 250 °C the thermo-
gravimetric curve of these dyes showed a major loss in weight.
The comparisons of the Td (decomposition temperature) show
that the thermal stability of the styryl dyes decreases in the
order 8a > 8b > 8f > 8c > 8d > 8e. The TGA results showed
that the styryl dyes have good thermal stability. The dyes 8b,
8c and 8f showed a sharp decomposition after a temperature of
262 °C and 273 °C and 267 °C respectively and they
completely decomposed beyond 500 °C. However, the dyes
8a, 8d and 8e showed sluggish decomposition nature and
completely decomposed beyond 600 °C. The observations
are summarized in Fig. 8.

Conclusion

In summary, we have designed and synthesized the novel
D-7t-A type chromophores containing the 4-fluorophenyl unit
along with the quinoline ring as an electron donor and cyano/
carbethoxy moieties as the electron acceptors. The structures
of the synthesized styryl dyes were confirmed by FT-IR, 'H
NMR and Mass spectral analysis. The resultant photophysical
data revealed that these dyes have a high Stokes shift ranging
from 3,817 t0 7,917 cm ™. Also, their large dipole moments in
the first excited state than in the ground state suggest a distinct
charge delocalization in the first excited state. The significant
emissive property implies that the electronic coupling between
the donor and the acceptor was sufficient to allow a charge
transfer within the molecule and they are sensitive towards the
solvent polarity. The quantum yield was observed to be com-
paratively higher in non-polar solvent than polar solvent. The
synthesized styryl dyes have good thermal stability.

The geometry of the styryl dyes were optimized at B3LYP/
6-31G(d) level. The vertical excitations and emissions were
computed and are in good agreement with the experimental
results. The dyes 8a, 8b, 8d and 8c, 8e &f have shown a
prominent absorption at the longer wavelength due to
HOMO—LUMO and HOMO-1—LUMO transition with a
high oscillator strength respectively. The isodensity orbital
plots have displayed that majority of the electron density is
located on the chromophores 4-(4-fluorophenyl)quinoline.
The first hyperpolarizability was calculated by using the finite
field approach at B3LYP/6-31G(d) level and it was found that
these dyes possess a large second-order nonlinear property.
This is attributed to the excited state intramolecular charge
transfer mainly due to the strong donor-m-acceptor
conjugation.

@ Springer

Thus here we describe the synthesis, characterization,
photo-physical and thermal properties along with DFT study
of these twisted donor-rt-acceptor quinoxaline styryl dyes.
These styryl dyes could be used as promising candidates for
various applications in nonlinear optics (NLO), electronic-
photonic devices and organic light emitting diodes.
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