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Abstract Push-pull chromophores attached to carbazole
based 7-conjugating spacers bearing N-alkylamino donors,
cyanovinyl and carbethoxy acceptors have been studied by
the means of UV-Visible measurements. The intramolecular
charge transfer (ICT) of these 7-conjugated systems has also
been tested by investigating the ability of the solute molecules
to undergo shifts in their fluorescence emission maxima with
increasing solvent polarity. Density Functional Theory
[B3LYP/6-31G(d)] and Time Dependent Density Functional
Theory [TD-B3LYP/6-31G(d)] computations have been used
to have more understanding of the structural, molecular, elec-
tronic and photophysical parameters of push-pull dyes. The
largest wavelength difference between the experimental and
computed electronic absorption maxima was 45 nm. For
emission, a largest difference of 61 nm was observed. The
ground state and excited state dipole moments in different
solvents were determined using experimental solvatochromic
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data and computed Onsager radii. The dipole moments of the
molecules in the excited state were observed to be higher than
in the ground state.
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Introduction

In recent years, electroluminescent [1, 2], photoluminescent
[3] and nonlinear optical materials [4—6] have attracted great
attention due to their possible utilization in electro-optical
display devices. There is an increasing demand for such type
of high-performance materials particularly multi-functional
opto-electronic materials. Such kinds of materials have in-
variably fluorescent properties. Among several fluorescent
materials, organic fluorophores have the advantages of tun-
ability and high intensity of absorption and emission com-
bined with high thermal stability [7]. Electroluminescence
(EL) efficiency of OLEDs can be improved by using good
emitters with bipolar charge transport properties [8]. The
fluorophores possessing donor—acceptor (D-A) framework
have been widely applied, but the large dipole moment of
these molecules usually leads to fluorescence quenching
[9-11].

The organic fluorophores usually contain electron
donor—acceptor (D-A) groups separated by extensive 7I-
conjugation in a heteroaromatic system. Carbazole happens to
be one of the interesting heterocyclic units occurring in fluo-
rescent colorants [12]. They have been studied widely because
of'their large 7t-electron conjugation and strong intramolecular
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electron transfer characteristics. Carbazole derivatives are also
important as hole-transporting materials between the emitting
layer and the anode to balance the charge injection [13]. The
molecular functional properties of carbazole can be
favourably manipulated by functionalizing at 3-, 6- and/or 9-
positions [14].

For the last decade, research interests have been directed
to synthesize push-pull chromophoric system with large
higher-order nonlinear optical properties containing carba-
zole units [15-20]. Recently Panthi et al. reported that
fluorescent organic nanoparticles made from carbazole com-
pounds have large Stokes shift leading to emission in the
NIR region [21]. Push-pull chromophore consists of a polar
D-7t-A system with a planar 7t-system attached to a strong
electron donor and a strong electron acceptor on opposite
side. Carbazole derivatives with D-7t-A structures have, in
general, a large electron delocalization length and the ability
of experiencing intramolecular charge transfer (ICT) from
the electron donating groups to electron accepting groups
[22].

Theoretical computations have been used to have an in-
depth understanding of functional properties like lumines-
cence and hyperpolarizability at molecular level [23-25].
Density functional theory (DFT) [26, 27] based computa-
tional methods have advantages due to their well-defined
electron correlation energies and low computational cost.
Time dependant density functional theory (TDDFT) has
become one of the important tools to understand the excited
state configuration and electronic spectra of medium-sized
and large molecules. Push-pull chromophoric systems have
been studied using DFT methods in the recent years
[28-30].

In continuation of our earlier work on the synthesis of
carbazole containing D-7t-A and A-1t-D-7t-A type of organic

Fig. 1 Structures of the dyes 5a,
5b, 6a and 6b
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extended styryl dyes [31] and the synthesis of novel fluorescent
molecules [32, 33], we hereby report further experimental
investigation on solvatochromism, solvatofluorism, and quan-
tum yields of dyes 5a, 5b, 6a and 6b (Fig. 1) in various
solvents. Lippert-Mataga and related models [34—43] were used
to derive the ground and excited states dipole moments.
TDDFT based approach has been used to have more under-
standing of the geometry in the ground and excited states,
photo-physical and non-linear properties of these four dyes.

Experimental Section
Materials and Equipments

All the commercial reagents and solvents were purchased
from Sd Fine Chemicals Pvt. Ltd. and they were used
without purification and all the solvents were of spectro-
scopic grade. The absorption spectra of the dyes were
recorded on a Spectronic Genesys 2 UV-Visible spectropho-
tometer, and emission spectra were recorded on Varian Cary
Eclipse fluorescence spectrophotometer using freshly pre-
pared solutions in solvents of different polarities at the
concentration of 1x107% mol L. Dyes 5a, 5b, 6a and 6b
were synthesized and purified as we reported previously
[31]. Quantum yields were determined in different solvents
by using Rhodamine B (©=0.97 in ethanol) [44] as a refer-
ence standard using the comparative method.

The photophysical properties were investigated using
solvatochromic and solvatofluoric behaviours of the dyes.
Solvatochromic data was used to determine the ground and
excited state dipole moments of the dyes Sa, 5b, 6a and 6b
by using Lippert-Mataga, Bakhshiev and Kawski-Chamma-
Viallet correlations.
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Computational Details

All computations were performed using the Gaussian 09
program package [45]. The ground state (So) geometry of
the reported dyes was optimized in the gas phase using DFT
[46]. The functional used was B3LYP. The B3LYP method
combines Becke’s three parameter exchange functional (B3)
[26] with the nonlocal correlation functional by Lee, Yang
and Parr (LYP) [47]. The basis set used for all atoms was 6-
31G(d). The vibrational frequencies at the optimized struc-
tures were computed using the same method to verify that
the optimized structures correspond to local minima on the
energy surface. The vertical excitation energies and oscilla-
tor strengths were obtained for the lowest 10 singlet-singlet
transitions at the optimized ground state equilibrium geom-
etries by using the Time Dependent Density Functional
Theory (TDDFT) at the same hybrid functional and basis
set [48-50].

The low-lying first singlet excited states (S;) of the dyes
were relaxed using the TDDFT to obtain their minimum
energy geometries. The difference between the energies of
the optimized geometries at the first singlet excited state and
the ground state was used in calculating the emission [51].
Frequency computations were also carried out on Frank-
Condon excited 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) [52, 53]. The electronic absorption
spectra, including wavelengths, oscillators strengths, and
main configuration assignment, were systematically investi-
gated using TDDFT with PCM model on the basis of the
optimized ground structures.

Results and Discussion
Optimized Geometries of Dyes

The ground state geometries of the dyes are having almost
planar arrangement of the carbazole unit, 7t-bridge and
acceptor group. While, phenyl ring on 7t -bridge unit is
twisted. The resulting optimized geometry of dye S5a is such
that it has a small twist dihedral angle C;o-Co-C53-N35 as
12.3° (Fig. 2) but bis-styryl dye 6a showed little lower twist
of 12.0° (Figure S2). Dye 6a has a vertical plane of sym-
metry. The bond length of mirror bonds like C,5-C59 and
C44-Cy4s are same in both ground state as well as in excited
state (Figure S2).

The optimized geometry of dye 5b is such that it has also
a small twist dihedral angle of 16.1° along C;¢-Co-C33-O35
angle between the carbazole ring and carbethoxy units
(Figure S1). But the dye 6b showed highest torsional angle
among the four dyes of 29.1° (Figure S3). Also, the two

carbonyl groups are facing away from the carbazole ring
whereas in dye 5b, the carbonyl groups are facing towards the
carbazole ring. The pending phenyl ring on C3, atom was
twisted with dihedral angles 64.0° and 63.3° in case of dyes 5b
and 6b which are higher than those of dyes 5a and 6a.

In the excited state geometry, the major bond lengthening
was observed between the bonds C,g-Cyg, C30-Cs1, C32-N3y,
C33-035 and C33-O44 by 0.020, 0.043, 0.005, 0.009 and
0.016 A and bond length shortened for the bonds C,o-Cs,
C3;-C3o, C31-C33 by 0.012, 0.011, 0.023 A for dye Sb
(Figure S1). Similarly for dye 6a, the bonds C,g-Csg, Cso-
C31,C35-N34 and Cj33-N35 were found to be lengthened by
0.016, 0.022, 0.003 and 0.003 A, and bonds shortened at
Cp9-C30, C3,-C3z, C3;-C33 by 0.013, 0.007, 0.007 A
(Figure S2). Similar behaviour was observed for dyes 5a
and 6b (Figs. 2 and S3). Such lengthening and shortening of
the bonds i.e. the bond length alteration were due to the
effect of donor and acceptor groups present in the
molecules.

The Mulliken charge distribution in ground and excited
states on selected atoms of the dyes 5a, 5b, 6a and 6b arc
shown in Table 1 and Figures S3—S7. The increase in the
positive charge on atom Cj( in the excited state is due to
phenyl ring which decreases the electron density at this
carbon atom. This atom is also engaged in bond lengthening
in the excited state along the bond C3(-Cs;. The charge on
nitrogen atom present in terminal cyano group increases
which is a characteristic electron pulling effect of the cyano
group. This increases the positive charge on atom Cs, and
decreases on carbon C;; suggesting extensive charge
delocalization in the entire molecule. Structural diagrams
of these dyes were visualized using CYLview software
[54].

Solvatochromism and Solvatofluorism

Absorption and emission data for the dyes 5a, Sb, 6a and 6b
measured in different solvents are shown in Tables 2 and 3
and Figs. 3, S8-S10. The red shifted absorption band
(Table 2) of dye 5a (Fig. 3) indicates that dicyanovinyl
moiety has a stronger electron pulling effect than the
cyanocarbethoxy vinyl unit (dye Sb) which is responsible
for the increase in the charge transfer between donors and
acceptors in the case of dicyanovinylene dyes. In the case of
dye 5b, the absorption maxima remain fairly insensitive to
solvent polarity whereas for the other three dyes 5a, 6a and
6b slight variations in absorption maxima were observed
indicating that emitting the excited state is more polar in
character than the ground state. Emission maxima of these
dyes were largely red shifted as the solvent polarity in-
creases. It is to be noted that the solvent polarity has a
strong influence on emission as well as quantum efficiency
of a molecule. Dye 6b showed higher quantum yield than
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Fig. 2 Optimized geometry of 5a in DMF solvent in the ground state and excited state (bond lengths are in A, dihedral angles are in °)

other three dyes 5a, Sb and 6a. Dye Sa showed lower
unusual lower quantum yield in toluene compared to the
other solvents. Dyes 5b, 6a and 6b showed low quantum
yields in the solvents acetone (0.0016), methanol (0.0150)

? 1.172 Excited state
1.166 Ground state

and acetone (0.0094) respectively. Quantum yields of dyes
5a, 5b, 6a and 6b were found to be comparatively higher in
acetonitrile (0.0074), DCM (0.0094), toluene (0.0406) and
toluene (0.0937) respectively. Push-pull charge transfer in

Table 1 Mulliken charge (e)

distribution for dyes 5a, 5b, 6a Atom number  5a 5b 6a 6b

and 6b in DMF in ground and

excited state optimized geometry GS* ES® GS ES GS ES GS ES
Nis -0.619 -0.619 -0.619 -0.619 -0.612 —0.623 —0.623 —0.623
Co 0.148 0.138 0.149 0.139 0.148 0.142 0.150 0.144
Cog -0.167 -0.162 -0.171 -0.170 —0.165 —0.165 -0.171 -0.172
Cyo -0.209 —0.220 —0.203 —0.205 -0.205 —0.213 —0.188 —0.194
Cso 0.165 0.179 0.104 0.127 0.166 0.172 0.101 0.111
Csy 0.023 —0.000 —0.043 —0.069 0.028 0.020 —0.038 —0.050
Css 0.287 0.287 0.261 0.260 0.290 0.287 0.290 0.269
Cs3 0.301 0.296 0.664 0.654 0.304 0.300 0.644 0.641
Ny —0.540 —0.549 —0.558 -0.567 -0.537 -0.542 —0.553 —0.558
N35/035 —0.544 —0.551 —0.533 —0.546 -0.541 —0.546 —0.531 —0.539

. Hs¢ 0.174 0.178 0.168 0.173 0.177 0.179 0.171 0.174

GS Ground state Hs, 0.168  0.166 0188 0182 0170  0.169  0.182  0.182

YES Excited state

@ Springer



J Fluoresc (2013) 23:1121-1138

1125

Table 2 Photo-physical proper-

ties of the dyes 5a and 5b in Dye  Solvents Gt (m) AL (mm) AL (mm)  Stokes shift (nm) @ ¢
different solvents
5a Toluene 453 530 451 77 0.0006
1,4-Dioxane 444 534 446 90 0.0024
Ethyl acetate 447 548 449 101 0.0020
DCM*® 456 552 451 96 0.0046
Acetone 450 558 450 108 0.0048
Methanol 453 572 450 119 0.0082
Acetonitrile 450 570 450 120 0.0084
DMF! 457 574 452 117 0.0074
5b Toluene 429 522 436 93 0.0039
1,4-Dioxane 426 528 435 102 0.0056
“Absorption wavelength maxima Ethyl acetate 426 534 447 108 0.0031
PFluorescence emission maxima DCM 429 547 438 118 0.0094
‘Fluorescence excitation Acetone 429 548 435 119 0.0016
maxima
4Flyorescence quantum yield Methan.ol. 429 560 440 131 0.0065
] Acetonitrile 429 560 432 131 0.0044
“DCM Dichloromethane DMF 430 560 436 130 0.0075

‘DMF N,N-Dimethylformamide

D-m-A and A-m-D-m-A type chromophore is shown in
Fig. 4.

Our observation suggests that substantial solvent and/or
intramolecular solute relaxation takes place in the more
polar solvent in the excited state, stabilizing the geometry
with higher charge transfer character in the excited state.
This leads to the dipolar structure of the donor-acceptor
based dyes Fig. 4. The rapid non-radiative relaxation of
the solvent environment results in the formation of the
emissive state. However, it can be noted that the predomi-
nant pathway for decay of intramolecular charge transfer in
these dyes is via non-radiative decay which is indicated by
the low fluorescence quantum yields (Tables 2 and 3).

Electronic Vertical Excitation Spectra

The computed vertical excitation spectra associated with
their oscillator strengths, composition, and assignments of
the chromophores as well as the corresponding experimental
absorption wavelengths of the dyes 5a, 5b, 6a and 6b are
shown in Tables 4, 5, 6 and 7. As mentioned earlier in
“Solvatochromism and Solvatofluorism”, for dye Sb the
absorption maxima remained fairly constant in all solvents
while their fluorescence maxima increased progressively
with the increase in the solvent polarity resulting in the
increased Stokes shift with the increase in the solvent po-
larity. In case of dyes 5a, 6a and 6b, both the absorption

Table 3 Photo-physical proper-

ties of the dyes 6a and 6b in Dye Solvents abs (M) Aéms (nm) Adve (nm) Stokes shift (nm) @
different solvents
6a Toluene 474 526 478 52 0.0406
1,4-Dioxane 465 536 473 71 0.0382
Ethyl acetate 468 550 477 82 0.0320
DCM 477 553 484 76 0.0375
Acetone 474 568 479 94 0.0382
Methanol 474 578 481 104 0.0150
Acetonitrile 471 578 479 107 0.0299
DMF*® 484 584 486 100 0.0366
6b Toluene 450 524 453 74 0.0937
1,4-Dioxane 447 530 450 83 0.0881
Ethyl acetate 448 546 454 98 0.0154
DCM 457 554 460 97 0.0145
Acetone 451 552 455 101 0.0094
Methanol 457 570 460 113 0.0522
Acetonitrile 450 572 457 122 0.0500
DMF 457 574 461 115 0.0840
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Fig. 3 Absorption spectra of 0.8

dye 5a in different solvents

Note: a.u. = arbitrary unit 0.7
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300

maxima and Stokes shift increased with the increase in the
solvent polarity. This observation is in agreement with the
photo-induced charge transfer or charge-separated emissive
state, for which a steadily higher stabilization in increasingly
polar solvents should be anticipated and leading to an in-
crease in the Stokes shift. All the four dyes showed absorp-
tion band with one shoulder peak at the shorter wavelength.
The shorter absorption band is due to the 7t — 7t* transitions
occuring at the higher energy and the longer absorption
band with higher oscillator strength at lower energy is due
to intramolecular charge transfer characteristic of donor-7t-
acceptor push-pull dyes (Tables 4, 5, 6 and 7).

The charge transfer band for all four dyes are mainly due
to the electronic transition from highest occupied molecular
orbital (HOMO) to lowest unoccupied molecular orbital
(LUMO) whereas the other shorter electronic excitation is
due to the HOMO-2 — LUMO transition for the dyes 5a
and 5b; and HOMO — LUMO-+1 for the dye 6a whereas
HOMO-1 — LUMO++I1 for dye 6b. Tables 4, 5, 6 and 7
showed a correlation between the experimentally obtained
absorption wavelength maxima and TD-B3LYP/6-31G(d)
computed vertical excitation for these dyes.

Dye 5a showed the lowest experimental absorption
wavelength band in 1,4-dioxane (444 nm) and highest in
DMF (457 nm) solvent whereas the computed vertical ex-
citation is found lowest in 1,4-dioxane (456 nm) and highest
in DMF (473 nm). Similarly, solvatochromism results were

Fig. 4 Dipolar structures of the
dyes Sb and 6a

@ Springer
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460 450
Wavelength (nm)

obtained for the other three dyes Sb, 6a and 6b. The largest
wavelength difference between the experimental absorption
maxima and computed vertical excitation is 20 nm
(acetonitrile) for dye Sa. On moving from 1,4-dioxane to
DMF, 13 nm shift in the absorption band was observed for
dye S5a and 16 nm shift was observed in the computed
vertical excitation spectra. The largest wavelength differ-
ence between the experimental absorption maxima and
computed vertical excitation was 32 (DMF), 36 and 45 nm
(acetonitrile) for dyes 5b, 6a and 6b.

The experimentally obtained fluorescence emission spec-
tral data and emission computed from TD-B3LYP/6-31G(d)
computations are shown in Table 8. All the four dyes
showed an increase in the emission wavelength as the sol-
vent polarity increases. The experimental emission wave-
length and emission computed by TD-B3LYP/6-31G(d)
showed a largest difference of 54 nm (1,4-dioxane), 61 nm
(methanol) for dyes 5a and 5b; and 35 nm (DMF) and
37 nm (1,4-dioxane) were obtained for dyes 6a and 6b. A
good correlation has been obtained between experimentally
recorded emissions against the emissions computed from
TD-B3LYP/6-31G(d) for the synthesized dyes in the differ-
ent solvents (Figs. 5, SI1-S13). These dyes showed a small
Stokes shift in 1,4-dioxane whereas large Stokes shift was
observed in DMF solvent. Such changes in the Stokes shift
are due to the lowering of HOMO and LUMO orbital band

gap.
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Table 4 Observed UV-visible

TD-

B3LYP/6-31G(d)°

Vertical excitation (nm)

Oscillator strength f* Major contribution®

absorption and computed Solvent Exp.*
vertical excitation spectra of
dye 5a in different solvents s (m)
1,4-Dioxane 444
339
Toluene 453
339
Ethyl acetate 447
339
DCM 456
339
a . . Acetone 450
Experimental absorption
wavelength, Ay 342
*TD-B3LYP/6-31G(d) Methanol 453
computations 339
“Electronic transition (CI Acetonitrile 450
expansion coefficient for 339
flven excitation) DMF 457
H HOMO 340
°L LUMO

456
340
459
341
465
343
469
344
470
344
469
344
470
344
473
345

1.0642 H? — L° (0.6988)
0.2643 H-2 — L (0.6245)
1.0894 H — L (0.6999)
0.2670 H-2 — L (0.6281)
1.0302 H — L (0.6977)
0.2865 H-2 — L (0.6300)
1.0497 H — L (0.6987)
0.2923 H-2 — L (0.6352)
1.0188 H — L (0.6972)
0.2993 H-2 — L (0.6361)
1.0038 H — L (0.6964)
0.3014 H-2 — L (0.6359)
1.0111 H — L (0.6968)
0.3018 H-2 — L (0.6369)
1.0491 H — L (0.6987)
0.3018 H-2 — L (0.6409)

Frontier Molecular Orbitals (FMOs)

The effect of the donor-acceptor properties of two differ-
ent groups with carbazole ring was studied by examining
the different HOMO and LUMO levels of the synthesized
dyes. The relative ordering of the occupied and virtual
orbitals provides a reasonable qualitative indication of the
excitation properties and the ability of hole or electron

injection. The first dipole-allowed electronic transitions,
and the strongest electron transitions with largest oscillator
strength, usually correspond almost exclusively to the
promotion of an electron from HOMO — LUMO.
Figure 6 displayed the energies of the different molecular
orbitals involved in the electronic transitions of the repre-
sentative two classes of dyes (Sb and 6a) in different
solvents. It is observed that the electron transition in each

Table 5 Observed UV-visible

TD

-B3LYP/6-31G(d)

Vertical excitation (nm)

Oscillator strength 1 Major contribution

absorption and computed Solvent Exp.
vertical excitation spectra of dye
5b in different solvents abs (nm)
1,4-Dioxane 426
333
Toluene 429
336
Ethyl acetate 426
333
DCM 429
336
Acetone 429
327
Methanol 429
336
Acetonitrile 429
333
DMF 430
336

446 1.1578 H — L (0.7015)
339 0.1694 H-2 — L (0.5605)
449 1.1802 H — L (0.7022)
341 0.2670 H-2 — L (0.6546)
454 1.1195 H — L (0.7009)
343 0.1930 H-2 — L (0.5613)
458 1.1352 H — L (0.7015)
341 0.2025 H-2 — L (0.5687)
459 1.1049 H — L (0.7006)
341 0.2106 H-2 — L (0.5691)
459 1.0904 H — L (0.7001)
341 0.2129 H-2 — L (0.5686)
459 1.0907 H — L (0.7004)
341 0.2142 H-2 — L (0.5704)
462 11312 H — L (0.7015)
341 0.2177 H-2 — L (0.5777)
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Table 6 Observed UV-visible

TD-

B3LYP/6-31G(d)

Vertical excitation (nm)

Oscillator strength f Major contribution

absorption and computed Solvent Exp.
vertical excitation spectra of dye
6a in different solvents abs (nm)
1,4-Dioxane 465
414
Toluene 474
411
Ethyl acetate 468
414
DCM 477
423
Acetone 474
420
Methanol 474
417
Acetonitrile 471
417
DMF 484
423

488
437
491
438
499
445
504
447
506
450
506
450
507
451
509
451

1.4753 H — L (0.7030)
0.0472 H — L+1 (0.6091)
1.5091 H — L (0.7029)
0.0527 H — L+1 (0.6152)
1.4535 H — L (0.7034)
0.0433 H — L+1 (0.6006)
1.4805 H — L (0.7034)
0.0468 H — L+1 (0.6040)
1.4501 H — L (0.7036)
0.0416 H — L+1 (0.5963)
1.4347 H — L (0.7037)
0.0394 H — L+1 (0.5929)
1.4432 H — L (0.7036)
0.0405 H — L+1 (0.5943)
1.4864 H — L (0.7036)
0.0467 H — L+1 (0.6021)

case included a HOMO — LUMO transition (Figs. 6 and
7 and Tables 4, 5, 6 and 7).

In the case of mono-styryl D-7i-A dye 5b, the energies of
the HOMO and LUMO orbitals were lowered as the solvent
polarity was increased. But the extent of decrease in energy
level was found to be more in the case of the LUMO
(0.148 eV) as compare to HOMO (0.048 eV). This suggests

that the LUMO orbital is more relaxed in the polar solvent
(Fig. 6 and Tables S1-S2). Another electronic transition in
dye Sb appeared as a small band due to HOMO-2 — LUMO
transition (Table 5 and Fig. 7).

But, in case of the bis-styryl A-m-D-m-A dye 6a, the
energy of the LUMO orbitals (0.037 eV) were lowered less
than the HOMO (0.136 e¢V) which is due to the stabilization

Table 7 Observed UV-visible

TD-B3LYP/6-31G(d)

absorption and computed verti- Solvent Exp.
cal excitation spectra of dye 6b
in different solvents abs (nm)
1,4-Dioxane 447
399
Toluene 450
402
Ethyl acetate 448
402
DCM 457
402
Acetone 451
402
Methanol 457
402
Acetonitrile 450
402
DMF 459
402

Vertical excitation (nm) Oscillator strength 1 Major contribution
474 1.5292 H — L (0.7029)

384 0.5505 H-1 — L+1 (0.6878)
477 1.5602 H — L (0.7028)

385 0.5231 H-1 — L+1 (0.6883)
486 1.4982 H — L (0.7034)

392 0.5202 H-1 — L+1 (0.6895)
491 1.5230 H — L (0.7034)

394 0.5114 H-1 — L+1 (0.6902)
494 1.4945 H — L (0.7037)

396 0.5099 H-1 — L+1 (0.6906)
494 1.4804 H — L (0.7038)

397 0.5107 H-1 — L+1 (0.6907)
495 1.4886 H — L (0.7038)

397 0.5095 H-1 — L+1 (0.6908)
497 1.5300 H — L (0.7036)

398 0.5041 H-1 — L+1 (0.6911)

@ Springer
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Table 8 Experimental UV-visible emission and computed emission from TD-B3LYP/6-31G(d) computations for dyes 5a and 5b in different

solvents
Solvents 5a 5b 6a 6b
Exp.? TD-B3LYP/ Exp. TD-B3LYP/ Exp. TD-B3LYP/ Exp. TD-B3LYP/
Ao 6-31G(d) Aoms 6-31G(d) Aoms. 6-31G(d) Ao 6-31G(d)
(nm) emission (nm)b (nm) emission (nm) (nm) emission (nm) (nm) emission (nm)
1,4-Dioxane 534 480 522 465 526 504 530 493
Toluene 530 482 528 467 536 507 524 495
Ethyl acetate 548 503 534 492 550 531 546 519
Methanol 572 521 560 499 578 549 570 538
Acetone 558 518 548 508 568 546 552 535
Acetonitrile 570 522 560 511 578 549 572 538
DCM 552 510 547 511 553 538 554 526
DMF 574 522 560 511 584 549 574 539

# Experimentally recorded emission maxima
® Emission computed using TD-B3LYP/6-31G(d) level

of the HOMO orbital in dye 6a in more polar solvents. Also,
the energy of LUMO+1 orbital in dye 5b is largely separated
from LUMO whereas in dye 6a the energy of LUMO+1
orbital is closely situated near to LUMO orbital. Due to the
lowering of energy of LUMO+1, the dye 6a showed another
absorption band at the higher wavelength as a shoulder peak
(Table 6 and Figure S15) arising from HOMO — LUMO+1
transition which was observed in mono-styryl dye Sb
(Table 5 and Figure S14). Such transitions were also ob-
served for the other two dyes 5a and 6b.

To understand the above electronic transitions in the
perspective of the orbital picture, the molecular HOMOs
and LUMOs were generated by using GaussView 5.0
software [55]. The HOMO and LUMO plots are given
in the Figs. 8 and 9 for dyes Sa, S5b, 6a and 6b. As
expected, HOMO and LUMO are 7-orbitals. It has been
observed that the HOMO and LUMO of the dyes are fully

delocalized on the donor carbazole ring, phenyl ring and
acceptor cyano or carbethoxy group through the 7t-bond
conjugation.

Moreover, the electron densities in the HOMOs of dyes
5b and 6a are largely located on the N-ethyl carbazole on the
donor and the electron densities in the LUMO of dyes 5b
and 6a are heavily located toward the acceptor through
m-bridge. These excitations mostly consist of the charge
transfer from the N-ethyl carbazole on the donor to the
acceptor end. The energy gap of HOMO — LUMO explains
the charge transfer interactions within the dye, which also
influences the first hyperpolarizability of the dyes. Dye 5a
showed longer wavelength absorption is due to the transition
from HOMO — LUMO and the shorter absorption band is
due to the HOMO-2 — LUMO transition (Figure S14). But,
in case of dyes 6a and 6b (Figures S15-S16) it is clear that
they have a longer wavelength absorption is due to HOMO —

Fig. 5 Plot of experimental 530 -
emission maxima versus Methanol
emi§sion calcula?eq frqm T 520 Acetone ¢
excited state optimization £ Y Acetonitrile,
for dye 5a © DCM DMF
c 510
O Ethyl acetate
£ .
o 500
o
i
o 490 -
g Toluene
<
480 - * y = 0.9925x - 43.355
1,4-Dioxane R2=0.9217
470 r r r r T 3
520 530 540 550 560 570 580

AemsTD-DFT (nm)
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Fig. 6 FMO energy level Dve 5b
diagram of dyes 5b and 6a ye 0 Dye 6a
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LUMO transition and the shoulder peak is due to transition
occurring from HOMO — LUMO++1 (dye 6a) and HOMO-1
— LUMO+I (dye 6b).

Dipole Moment Determination

It is well known that the dipole moment of D-7-A-like
molecules is determined by the donor-acceptor strength.
The ground and excited state geometries of an organic
compound decide its electronic spectral behaviour. When
such a molecule is placed in a solvent environment, the
spectral behaviour is influenced by the properties of the
solvent like dielectric constant, polarity and viscosity. This
affects the absorption and emission spectra of the mole-
cule. In other words, the effect of solvent on the absorp-
tion and emission spectra clearly indicates the change in
the dipolar characteristics of the molecule in the excited

Fig. 7 Electronic transitions
for dye 5b
Note: a.u. = arbitrary unit

0.9 4
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0.7 1
0.6 1

0.5 1
0.4 1
0.3 1

Absorbance (a.u.)
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0.1 1
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state. Solvatochromism and solvatofluorism are effective
tools to understand the change in the dipole moment of
the molecule experiencing at the first singlet excited state.
The solvent dependence of absorption and fluorescence
maxima were used to estimate the excited state dipole
moment [56—68]. This technique is based on a linear
relation between the absorption, emission maxima and
polarity functions of a solvent [69] which is dependent
on both the relative permittivity (¢) and refractive index
(n) of the solvent medium. Among the techniques avail-
able for the determination of the excited state dipole mo-
ments, the most popular is that based on Lippert-Mataga
equation [34-39].

In this paper, we report the ground and excited state dipole
moments of dyes 5a, Sb, 6a and 6b by solvatochromic method
using Bakhshiev [40] and Kawski-Chamma-Viallet correla-
tions [41-43]. It must be noted here that the Lippert-Mataga
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B AL
Py

»2,
.“’ HOMO

300
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Fig. 8 Frontier molecular
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correlation does not account for the hydrogen bonding effects
and formation of molecular complexes.

Theory and Calculations
Equations 1-11 were used to determine the ground and
excited singlet state dipole moments by the solvatochromic

method.

Lipperts Formula

v,—v; = mf (e, n) + Constant (1)

here, v, and v, are the wavelengths of the absorption and
emission maxima in wave number (cm ') respectively. £ (e, 1)
is Lippert’s polarity function and m is the slope of the graph
obtained by plotting f (e, 1) versus Stokes shift (v,—V).

Bakhshiev’s Formula

Vo=V =myf(g,n) + Constant (2)

fi (g, n) is Bakhshiev’s polarity function and m, is the
slope of the graph obtained by plotting f; (¢, 1) versus
Stokes shift (v,—Vr) as shown in Fig. 10.

fi (e, n) and m, are defined as follows:

Silem) = 27722—:21 [55112 - 1722—_%12] (3)
2
o2 "

3
heay

here, 4 is Planck’s constant, ¢ is the velocity of light in
vacuum, /i, is the dipole moment in the ground state, fi, is
the dipole moment in the excited singlet state, a, is the
Onsager cavity radius, ¢ is the solvent dielectric constant
and 7 is the solvent refractive index.

Kawski—-Chamma—Viallet’s Formula

Va + Vr
2

= —myf,(e,n) + Constant (5)

Here the meaning of the symbols is the same as in Eqgs.
(1) and (2), except for f; (¢, n) and m, which are defined as
follows:

!

(P +2)7

f2(5777) =

2% + 1 {5—1_772—1]+% ©)

2P +2) le+2 p*+2
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The values for refractive index and dielectric constant
were substituted in the Egs. (3) and (6) and the solvent
polarity functions f; (¢, ) and f; (¢, n) were calculated and
tabulated in the Table 9. The parameters m; and m, can be
obtained from the absorption and emission band shifts Egs.
(2) and (5) (Figs. 10 and 11). Basically m; and m, are the
slopes which can be calculated using Eqs. (2) and (5)
respectively.

@ Springer

Assuming the ground and excited state dipole moments
to be parallel, the following expressions are obtained on the
basis of Egs. (4) and (7) [42, 43];

_|my 4 my| hcag 172 (8)
e 2 2m
1/2
lmy=my| (head)
= 9
He =2 \om ®)

The value of the Onsager cavity radius (ag) is usually
calculated from molecular volume according to Suppan’s
equation [70] as shown in Eq. (10).

IM 1/3
a = <m> (10)

Where § is the density of solute molecule, M the molec-
ular weight of the solute and N is the Avogadro’s number.
The value of (a() can also be conveniently computed from
the optimized ground state geometry of molecule [66,
71-75].

In this paper, we used the Onsager radii obtained from the
optimized ground state in different solvents at B3LYP/6-
31G(d) level of theory using PCM model. Usually an as-
sumption is made that the Onsager radii does not deviate
much at the excited state from the ground state. Therefore, a
ratio of excited state dipole moment to the ground state
dipole moment can be obtained by dividing Eq. (8) by Eq.
(9). With the assumption that (ag) is same in ground and
excited state, the ratio y./ji, is given by Eq. (11).

Be _lmtmal s ) (1)
Hg [my—m|

However, when the optimized excited state geometry was
used to compute Onsager radii at the same level of theory, it
was found that they are not same. The Onsager radii values
obtained from B3LYP/6-31G(d) and TD-B3LYP/6-31G(d)
for the ground and excited states in different solvents are
summarized in Table S3. Therefore, the ground and excited
state dipole moments were individually obtained from Egs. (8)
and (9) using (a) for ground and excited state respectively
and the experimental solvatochromic and solvatofluoric data
and summarized in Table 10. The dipole moments obtained
from solvatochromic method showed that the excited state of
dyes 5a, 5b, 6a and 6b are having higher dipole moment
values than in ground state which in fact accounts for the
prominent charge transfer processes occurring in the excited
state.
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Static Second-Order Nonlinear Optical (NLO) Properties

Organic nonlinear optical (NLO) materials are presently
attracting significant attention because of their advantages
over the inorganic materials. The donor-7t-acceptor molecules
have been successfully used in the development of the second-
order organic NLO materials. The first hyperpolarizability
(3,) value can be enhanced by design of planar D-7t-A mol-
ecule, the bond length alternation theory, and their relative
orientations lead to substantial increases in (3, values. The
large first hyperpolarizability responses have been observed
by using polyene as m-conjugated bridges to the donor-
acceptor groups attached to a heterocyclic ring [76, 77].
Thus, push-pull heterocyclic chromophores have attracted
considerable interest due to their good linear and nonlinear
optical properties. It is well-known that the charge transfer
from a donor to an acceptor across a 7t-electron bridge would
interrupt the aromaticity of the 7t-conjugation bridge and this
leads to substantial decrease of the aromatic delocalization
energy by the means of introduction of a heterocyclic ring.
This would facilitate the charge-transfer state to dominate the
exited state and enhance the second-order NLO responses.
Here, second-order NLO properties of the carbazole-
cored D-7t-A and A-7t-D-71-A chromophores were calculat-
ed by using density functional theory (DFT). The static first
hyperpolarizability (3,) and its related properties for dyes
5a, 5b, 6a and 6b calculated using B3LYP/6-31G(d) on the
basis of the finite field approach. In the presence of an
applied field, the energy of the system is a function of the
electric field, and the first hyperpolarizability is a third rank
tensor that can be described by a 3x3x3 matrix. The 27
components of the 3D matrix can be reduced to 10 compo-
nents because of the Kleinman symmetry [78]. The matrix
can be given in the lower tetrahedral format. It is obvious

that the lower part of the 3 x3 x3 matrix is a tetrahedral. The
components of 3 are defined as the co-efficient in the Taylor
series expansion of the energy in the external electric field.
When the external electric field is weak and homogeneous,
this expansion becomes.

E = Eo—uaFa—l/Z(JO,pFO,Fﬁ—I/6ﬁaﬂ},FO,FﬂF7 + - (12)

Where E° is the energy of the unperturbed molecules, F,
is the field at the origin, p, .z and 3,3, are the compo-
nents of dipole moment, polarizability and the first
hyperpolarizabilities, respectively.

The total static dipole moment (i, the mean polarizability
ay, the anisotropy of the polarizability Ac and the mean first
hyperpolarizability [, using the x-, y- and z-components
are defined as

= (2 +g+e)"

Qax + Qyy + Oz

o) = 3 (14)

1/2

(15)

Aa =271/2 [(am + ayy)z + (az + ozxx)2 + 60620;

1/2

B, = (B +8 +1) (16)
The value of second order-optical susceptibility x‘* in a
given NLO system depends on the molecular
hyperpolarizability, (,, the number of chromophores and
the degree of non-centrosymmetry. The computed first
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Table 9 Solvatochromism data and solvent polarity parameters of dyes 5a, Sb, 6a and 6b with the calculated values of f;(¢,m) and f>(c,n)

Solvent Dye % (em™) v (em™) A (em ™) Gu7,) el n° EY Siem)® fEn)"
P

Toluene 5a 22075 18868 3207 20471 2.38 1.497 0.099 0.0290 0.3499
5b 23310 19157 4153 21234
6a 21097 19011 2086 20054
6b 22222 19084 3138 20653

1,4-Dioxane S5a 22523 18727 3796 20625 2.21 1.420 0.164 0.0430 0.3066
5b 23474 18939 4535 21207
6a 21505 18657 2849 20081
6b 22371 18868 3503 20620

Ethyl acetate 5a 22371 18248 4123 20310 6.02 1.372 0.228 0.4891 0.4979
5b 23474 18727 4748 21100
6a 21368 18182 3186 19775
6b 22321 18315 4006 20318

Methanol S5a 22075 17483 4593 19779 32.70 1.326 0.775 0.8554 0.6498
5b 23310 17857 5453 20584
6a 21097 17301 3796 19199
6b 21882 17544 4338 19713

Acetone 5a 22222 17921 4301 20072 20.70 1.364 0.335 0.7887 0.6421
5b 23310 18248 5062 20779
6a 21097 17606 3491 19351
6b 22173 18116 4057 20144

Acetonitrile 5a 22222 17544 4678 19883 35.94 1.342 0.460 0.8599 0.6629
5b 23310 17857 5453 20584
6a 21231 17301 3930 19266
6b 22222 17483 4740 19852

DCM S5a 21930 18116 3814 20023 8.93 1.445 0.309 0.5816 0.5924
5b 23310 18282 5028 20796
6a 20964 18083 2881 19524
6b 21882 18051 3831 19966

DMF 5a 21882 17422 4460 19652 36.71 1.427 0.386 0.8367 0.7081
5b 23256 17857 5399 20556
6a 20661 17123 3538 18892
6b 21786 17422 4365 19604

# Absorption maxima in wavenumber

® Fluorescence maxima in wavenumber
¢ Stokes shift

9 Dielectric constant

¢ Refractive index

FENT values were taken from ref. [70]

g and B pojarity functions

hyperpolarizability, (3,, of dyes was found to be ranging
from 124.44x1073° (dye 5a), 120.52x107°° (dye 5b),
119.21x107%° (dye 6a) and 96.54x107°° (dye 6b) e.s.u.
(Table S4). These values are greater than urea (0.38x107°
e.s.u.) by 327, 390, 313 and 253 times. As expected, these
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dyes have shown a large hyperpolarizability suggesting
considerable charge transfer characteristics of the first ex-
cited state which is further supported by the large difference
in the dipole moments between the ground and excited
states from the solvatochromism studies. These dyes can
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be used as a promising candidate in the field of non-linear
optics.

Conclusions

In this paper, we have studied properties and electronic
spectral behaviour of four dyes in solvents of varying po-
larities. The solvatochromism data shows these dyes have a
larger Stokes shift which increases with the solvent polarity.
Solvatochromism studies showed that there is a large in-
crease in the dipole moment of the first excited state
suggesting a pronounced change delocalization in the first
excited state. The optimized geometries obtained from
B3LYP/6-31G(d) and TD-B3LYP/6-31G(d) were examined
by comparing ground and excited state geometries and

charge distribution. Vertical excitations and emissions were
computed and compared with the experimental values.
These dyes have shown a prominent absorption at the longer
wavelength due to HOMO — LUMO transition with high
oscillator strength and a small oscillator strength absorption
band due to HOMO-2 — LUMO for dyes 5a and 5b
whereas HOMO — LUMO+1 and HOMO-1 — LUMO+I
correspond to dyes 6a and 6b respectively. The computed
absorption and emission wavelengths are in good agreement
with the experimental results. The first hyperpolarizability
was calculated using finite field approach and found that
these dyes possess a large second-order nonlinear property
and this is mainly due to the strong donor-7t-acceptor con-
jugation which is attributed to the excited state intramolec-
ular charge transfer. In summary this paper describes the
importance of DFT (B3LYP) in understanding the

Table 10 Calculated dipole

moments (in Debye) of dyes 5a, Solvent € Sa 5b 6a 6b

5b, 6a and 6b in ground and

excited state in different solvents Hg He Mg He He He Hg He

using solvatochromism method
1,4-Dioxane 2.21 0.99 5.97 1.08 6.39 2.40 9.46 2.60 11.02
Toluene 2.38 1.06 6.25 1.03 6.05 2.59 10.71 2.61 10.09
DCM 8.93 1.03 6.60 1.08 6.46 2.44 9.60 2.81 10.53
Ethyl acetate 6.02 0.98 6.31 1.04 6.20 2.58 10.09 2.60 10.12
Acetone 20.70 0.96 6.00 1.13 6.08 2.37 9.22 2.69 10.55
Methanol 32.70 1.03 5.89 0.97 6.27 2.34 10.30 2.71 10.62
Acetonitrile 35.94 1.06 5.83 1.06 6.68 2.52 8.93 2.64 10.67
DMF 36.71 1.10 6.23 1.04 6.63 242 9.26 2.71 10.07
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photophysical behaviour at molecular level of donor-7t-
acceptor push-pull chromophores in the light of experimen-
tal findings on solvatochromism and solvatofluorism.
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