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ARTICLE INFO ABSTRACT

Keywords: The novel fluorescent NLOphoric push-pull fluorophores (2a-c) constituted by the different N-substituted donors
Donor linked via mi-bridge as a spacer to 1,1’-dicyanomethylidene group as an acceptor with acenaphthene rotor were
Acceptor synthesized and characterized. These dyes exhibit positive absorption and emission solvatochromism in solvents
DCMN of different polarities. Solvent polarity plots viz. Lippert-Mataga, McRae, and Weller models provide the vali-
I?Ii(T) dation of charge transfer (CT) characteristics whereas, the Rettig model furnishes an alternative relaxation
Viscosity channel due to twisting around the o-bonds between donor and acceptor on photoexcitation leading to the

twisted intramolecular charge transfer (TICT) state in 2a-c. Viscosity induced emission studies show 4.40, 8.78,
and 5.63 fold increase in the emission intensity for dyes 2a, 2b, and 2c respectively which recommends the titled
dyes as a fluorescent molecular rotor (FMR). Density Functional Theory (DFT) calculations [(B3LYP/6-311 +
+G(d,p)] give complete information of structural as well as electronic properties of dyes 2a-c. The large dif-
ference in dipole moment (ca. 7.92-20.0 D) results in a strong non-linear optical (NLO) properties. The NLO
properties were estimated theoretically as well as spectroscopically in solvents of different polarities. The
computed values for these dyes show high first-order hyperpolarizability (B) in the range of 210-577 x 10~ %

esu and second-order hyperpolarizability (y) in the range of 506-2,325 x 107¢ esu.

1. Introduction

In “push-pull” fluorophores, where an electron donor (D) and ac-
ceptor (A) moieties interact with the m-conjugated systems, a partial
intramolecular charge transfer reaction takes place on photoexcitation
[1]. The photophysics of donor-m-acceptor (D-1m-A) compounds ac-
companied by photoinduced intramolecular charge transfer (ICT) is the
focus of interest with respect to experimental as well as theoretical
investigation [2-4]. The optical properties of such dyes are influenced
by the factors such as viscosity, polarity, pH, voltage and the rigidity of
the media [5]. Thus, to study such variations, many environment-sen-
sitive dyes, have been reported [5-7]. These dyes can provide dynamic
information about their surrounding stimuli by altering the fluores-
cence emission properties arises due to solvatochromism. Fluorescent
molecular rotors (FMR) can be used to study such properties by using
appropriate viscous media. Typically, FMRs have the ability to undergo
intramolecular rotation around the o-bonds between donor and ac-
ceptor on photoexcitation. Moreover, FMRs are utilized to measure the
variations such as viscosity sensitivity, change in polarity and the non-
linear optical (NLO) properties in the ground and excited state in dif-
ferent microenvironments.
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A wide range of chemical functionalization or transformations of
such D-n-A derivatives has been reported previously for their optical as
well as non-linear optical (NLO) properties [8-12]. It is well docu-
mented that the optical and NLO properties of D-ni-A derivatives can be
fine-tuned by altering the donor or acceptor groups attached at the
opposite end via the m-conjugated system. Moreover, these properties
can be altered by using auxiliary donors or rotors (R) at the a-position
with respect to 1,1’-dicyanomethylidene (DCMN) group as an acceptor
[13]. A simple D-n-A derivative based on N-substituted donor and
DCMN group as an acceptor have been reported for their excellent
photophysical properties which have application in neuropathological
fluorescence staining [14]. The optical properties of these derivatives
are strongly influenced by varying the donors as well as the rotors at-
tached at the a-position with respect to DCMN. A bathochromic shift in
the absorption, as well as emission maxima, was observed while sub-
stituting the phenyl group at a-position with respect to DCMN [13]. On
the other hand, the optical properties of these dyes further shifts to the
red region while replacing the phenyl group with the strong acceptor
such as cyano group (-CN) at a-position [15]. Consequently, further
modification at the a-position with respect to DCMN group upon such
derivatives makes us curious about the synthesis challenge and the
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associated chemical and photophysical properties. In this context, we
designated acenaphthene group as a rotor at the a-position with respect
to DCMN group to examine the influence of different donors with re-
spect to optical as well as NLO properties. Acenaphthene, a polycyclic
aromatic hydrocarbon (PAH) containing functional derivatives have
been investigated for quite some time, due to its planar structure as well
as better spectral characteristics [16-25]. Despite the various synthetic
strategies of acenaphthene derivatives, there are very few reports
dealing with chemical functionalization or transformations of the
compound accompanied by photophysical properties [26-31]. Ace-
naphthene based architecture is of importance for the functional ap-
plications such as organic electronics [32], fluorescent sensors [33],
high-performance liquid chromatography [34], and various biological
uses [31,35]. Consequently, the synthesis of specifically functionalized
acenaphthene based architecture and their photophysical, as well as
theoretical studies, are of considerable interest.

With these perspective, we have designed and synthesized three
novel fluorescent NLOphoric D--A push-pull fluorophores containing
acenaphthene as a rotor to study the influence of donors on linear as
well as non-linear optical properties in solvents of different polarities.
To get further insight into the electronic as well geometrical parameters
of the dyes 2a-c, DFT, and TD-DFT computations were carried out.

2. Experimental
2.1. Computational method

All the calculations were performed with the Gaussian 09 suite of
the program [36]. The ground state geometry optimization of ace-
naphthene based D- i -A dyes 2a-c were performed using Becke’s three-
parameter exchange Lee-Yang-Parr correlation functionals (B3LYP)
with 6-311+ +G(d,p) basis set [37-41]. All the computations were
performed on HP workstation XW 8600 with Xeon processor, 4 GB
RAM, and Windows Vista as the operating system. TD-DFT computa-
tions were employed for excited state geometry optimization [42,43].
The polarizable continuum model (PCM) [44] as implemented in
Gaussian 09 was used to optimize the ground and excited state geo-
metries in solvents such as toluene (TOL), tetrahydrofuran (THF),
chloroform (CHCl3), ethyl acetate (EtOAc), acetone (ACE), acetonitrile
(ACN), methanol (MeOH), and N,N-dimethylformamide (DMF). The
excitation energies, oscillator strengths and orbital contribution for the
lowest 20 singlet-singlet transitions at the optimized geometry in the
ground state were obtained by TD-DFT calculations using the same
basis set as for the geometry minimization in solvent environments. The
NLO parameters were calculated using three different functionals -
B3YPP, BHHLYP, and CAM-B3LYP - for comparison and the equations
are as follow:

The total static dipole moment u is expressed by the following
equation

TN TR T )

The isotropic polarizability can be calculated from the trace of the
polarization tensor,

_ (o + ayy + azz)
- 3 (@)

The mean first order hyperpolarizability () is expressed by
Bo= (B2 + B2 + B2

Qo

3

Bo = (B + By + Bee)® + B + By + By + B + By + Bz’ 2
@)

Where, f, B,, and f3, are the components of the second-order polariz-
ability tensor along the x, y, and z-axes respectively.
The mean second order hyperpolarizability (y) is expressed by
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2.2. Materials and equipment

All the chemicals are commercially available and were used without
further purification unless otherwise mentioned. All the reagents were
obtained from S. D. Fine Chemicals (India) and Sigma Aldrich. All the
solvents used were of the spectroscopic grade. Melting points were re-
corded by open capillary on Sunder Industrial Product and are un-
corrected. The reaction was monitored by thin layered chromatography
(TLC) using 0.25mm E-Merck silica gel 60 F254 precoated plates,
which were visualized under UV light. '"H NMR and '*C NMR spectra
were recorded on VARIAN 500-MHz instrument (USA) using CDCl; and
DMSO-dg as a solvent. The chemical shifts were reported in parts per
million (ppm) relative to internal standard as tetramethylsilane (TMS).
ESI mass spectrometry was performed with a Q-TOF micromass (YA-
105) spectrometer. Absorption spectra were recorded on Perkin Elmer
Lambda 25 UV-vis spectrophotometer and emission spectra were re-
corded on Varian Inc. Cary Eclipse spectrofluorometer in the range
200-700 nm at room temperature. Cyclic voltammetry was performed
on Metrohm autolab (AUT50995) with a standard three-electrode cell
with a platinum electrode and an SCE reference.

2.3. Synthetic strategy

The energetic proximity of acenaphthene frontier orbital energy
levels to those of N-substituted donor and DCMN as an acceptor based
derivatives have motivated the synthesis of a variety of D-;m-A con-
jugated heterocycles [45-48]. The synthesis of donor-acceptor com-
pounds with the auxiliary effect of N-substituted phenyl ring at the a-
position with respect to DCMN group has been reported previously
[6,49-51]. In this report, we have designed and synthesized three dif-
ferent D-it-A derivatives based on N-substituted donor and DCMN group
as an acceptor with an additional auxiliary effect of acenaphthene at
the a-position to study the influence of different donors (Scheme 1)
with respect to linear and NLO properties. These dyes were synthesized
by Knoevenagel condensation of N, N-dimethyl phenylamine, juloli-
dine, and triphenylamine based aldehydes with acenaphthene based
active methylene compound (1b) to give the formation of three dif-
ferent D-it-A derivatives (Scheme 1).

2.4. Synthesis and characterization

The compounds 2a-c were synthesized by modification of pre-
viously described methods [35,52,53]. Julolidine aldehyde and tri-
phenyl monoaldehyde were synthesized by performing Vilsmeier-
Haack reaction upon julolidine and triphenylamine respectively as de-
scribed in the literature [50,54].

2.4.1. 5-Acetyl acenaphthene (1a)
Compound 1a was synthesized as described in the literature [22].

2.4.2. 2-(1-(1,2-Dihydroacenaphthylen-5-yl)ethylidene)malononitrile (1b)

0.099 g (1.5mmol) of malononitrile was added to the mixture of
0.196 g (1 mmol) of 5-acetylacenaphthene (1a) dissolved in 50 mL of
glacial acetic acid. Ammonium acetate was added in a catalytic amount
and the reaction mixture was stirred for 24 h at 90 °C. The reaction was
monitored with the help of thin layer chromatography (TLC). After
complete consumption of reactants, the reaction mixture was cooled to
room temperature and poured over ice-cold water (50 mL) followed by
extraction with the ethyl acetate. The organic layer was washed with
water (3 x 20 mL) and brine, dried over sodium sulfate and evaporated
under reduced pressure to give the crude product. The crude product
was purified by column chromatography on silica 100-200 mesh using
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Scheme 1. The synthetic route for dyes 2a-c.

(9:1) hexane-ethyl acetate mixture as eluent.

Yield: 67%,

M.P.: 176-178 °C,

H NMR (500 MHz, CDCl;) & 7.58 (dd, J = 8.2, 7.1 Hz, 1 H), 7.42
(dd, J=11.3, 7.7Hz, 3H), 7.35 (d, J=7.2Hz, 1H), 3.45 (d,
J = 2.3Hz, 4H), 2.77 (s, 3H).

13C NMR (125MHz, CDCls) § 177.46, 150.67, 147.13, 139.44,
129.88, 129.58, 127.56, 127.33, 120.64, 119.36, 118.76, 112.42,
112.23, 87.49, 30.44, 30.39, 25.48.

2.4.2.1. General procedure for the preparation of 2a-c. A mixture of
either 0.244 g (1 mmol) of (1b) and substituted aldehydes (1 mmol) or
0.244 g (1 mmol) of (1b) and substituted aldehydes (1.5 mmol) was
dissolved in absolute ethanol (50 mL). Piperidine was added in a
catalytic amount (0.1 mL) and the reaction mixture was refluxed for
3h. After complete consumption of reactants as indicated by TLC
analysis, the excess solvent was removed under reduced pressure. The
crude solid obtained was purified by column chromatography using
silica gel 100-200 mesh and toluene as an eluent (Fig. 1).

2.4.3. (E)-2-(1-(1,2-Dihydroacenaphthylen-5-yl)-3-(4-(dimethylamino)
phenyl) allylidene) malononitrile (2a)

The compound 2a was prepared using the above general procedure
from 1b and p-dimethylaminobenzaldehyde. The greenish colored pure
crystalline solid was obtained after silica gel column chromatography
(100-200 mesh) in 78% yield.

M.P.: 192-194°C,

TH NMR (500 MHz, CDCl3) § 7.54 (d, J = 15.1 Hz, 1 H), 7.49 - 7.44
(m, 1H), 7.39 (d, J =8.2Hz, 2H), 7.37 - 7.33 (m, 4H), 6.70 (d,
J =15.1Hz, 1H), 6.61 (d, J = 9.1 Hz, 2H), 3.48 (s, 4 H), 3.05 (s, 6 H).

13¢ NMR (125MHz, CDCl;) § 171.08, 149.80, 149.14, 146.49,
139.30, 131.31, 129.26, 129.16, 128.96, 126.83, 120.15, 120.01,
119.36, 118.81, 114.37, 114.05, 111.81, 40.07, 30.44, 30.38.

MS (m/2): ((M+H)) 376.1858, Exact Mass: 375.1735.

2.4.4. (E)-2-(1-(1,2-Dihydroacenaphthylen-5-yl)-3-(1,2,3,5,6,7-
hexahydropyrido[3,2,1-ij] quinolin-9-ylallylidene)malononitrile (2b)

The compound 2b was prepared using the above general procedure
from 1b and Julolidine-9-carbaldehyde. The navy blue colored pure
solid was obtained after silica gel column chromatography (100-200
mesh) in 75% yield.

M.P.: 242-244°C,

H NMR (500 MHz, CDCl,) § 7.45 (dd, J = 15.0, 6.7 Hz, 2 H), 7.37
(d, J = 8.8Hz, 2H), 7.33 (dd, J = 6.8, 4.7 Hz, 2H), 6.92 (s, 2H), 6.59
(d, J=15.0Hz, 1H), 3.47 (s, 4H), 3.30 — 3.24 (m, 4H), 2.67 (t,
J = 6.3Hz, 4H), 1.92 (dt, J = 12.1, 6.2 Hz, 4 H).

3C NMR (125MHz, CDCly) § 170.82, 150.25, 148.86, 146.50,
146.38, 139.27, 129.34, 129.12, 129.04, 128.88, 127.20, 121.34,
121.17,120.12, 120.03, 118.79, 118.05, 114.86, 114.60, 50.07, 30.44,
30.36, 27.48, 21.24.

MS (m/2z): ((M+H)) 428.2164, Exact Mass: 427.2048.

2.4.5. (E)-2-(1-(1,2-Dihydroacenaphthylen-5-yl)-3-(4-(diphenylamino)
phenyl) allylidene) malononitrile (2c)

The compound 2c was prepared using the above general procedure
from 1b and 4-(diphenylamino)benzaldehyde. The orange-red colored
pure crystalline solid was obtained after silica gel column chromato-
graphy (100-200 mesh) in 56% yield.

M.P.: 265-267 °C,

'H NMR (500 MHz, CDCl;) & 7.58 (d, J = 15.3Hz, 1 H), 7.48 (dd,
J =8.3,6.9Hz, 1H), 7.42 -7.34 (mm, 4H), 7.34 - 7.26 (m, 7H), 7.16 -
7.08 (m, 5H), 6.91 (d, J = 8.8 Hz, 2 H), 6.69 (d, J = 15.3Hz, 1 H), 3.48
(s, 4H).

3¢ NMR (125MHz, CDCl;) § 170.99, 151.16, 149.51, 148.71,
146.61, 146.18, 139.32, 130.41, 129.62, 129.30, 129.14, 129.04,
126.85, 125.89, 124.81, 121.57, 120.50, 120.29, 119.87, 118.85,
113.87, 113.51, 30.44, 30.41.

MS (m/2z): ((M+H)) 500.2142, Exact Mass: 499.2048.

Fig. 1. The numbering scheme for acenaphthene and structure of synthesized dyes 2a-c.
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Fig. 2. Normalized absorption and emission graphs of 2a-c in chloroform.

3. Results and discussions
3.1. Photophysical properties

In order to study the solvatochromic behavior of the synthesized
dyes (2a-c), absorption and emission spectra were taken in solvents of
different polarity. Fig. 2 demonstrates the normalized absorption and
emission graphs of 2a-c in chloroform whereas Fig. S1 shows the ab-
sorption and emission graphs of 2a-c in the different microenviron-
ment. The photophysical properties such as absorption maxima, emis-
sion maxima, Stokes shift, molar extinction coefficient, full-width half
maxima (FWHM) of the absorption band, oscillator strength and

Table 1

Observed photophysical parameters of dyes 2a-c in solvents of different polarities.”
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fluorescence lifetime are summarized in Table 1. The synthesized dyes
2a-c are of typical D-n-A chromophoric frameworks consisting of an
electron donating N-alkyl/aryl unit and electron withdrawing DCMN
unit. One of the main purposes of evaluating the photophysical prop-
erties of these dyes was to examine the effect of different electron do-
nors along with acenaphthene group as an auxiliary rotor at a-position
with respect to DCMN group as an acceptor. The UV-VIS absorption
and emission spectra of the synthesized dyes 2a-c were recorded at
concentration 5 X 10~ ° mol L™'. From the photophysical data, it is
seen that the absorption spectra of the dyes 2a-c in chloroform show
one intense broad band with onset at around 350-385nm and a max-
imum centred at around 483 nm, 523 nm, and 482 nm respectively.
This major absorption band can be assigned to the consolidated in-
tramolecular charge transfer (ICT) transition, from N-substituted donor
to DCMN acceptor center. In accordance with the characteristic beha-
vior of ICT bands, the increase in electron donating character of styryl
fragment causes a red shift of the absorption maxima (Fig. 2) in the
order 2b > 2c > 2a, whereas the Stokes shift calculated for the dyes
follow the order 2c¢ > 2a > 2b. In donor-acceptor frameworks, pla-
narity as well as steric hindrance play an important roles in enlarging
the Stokes shift [55]. First, this effect causes the substituent to bend out
of the main fluorophore plane in the ground state, which creates a
prerequisite for this substituent to rotate in the excited state during
geometry relaxation. Second, as the substituent rotates in the excited
state, a strong interaction between the substituent and its adjacent
atoms ensures that a large amount of torsional work is done, which is
then translated into the Stokes shift. Among 2a-c, the donors attached
to 2a and 2c are freely rotating substituents which directly influences
the planarity of the donor-acceptor framework. Conversely, in case of
2b the donor-acceptor framework comprises planar structure due to
julolidine group as a rigid donor. Thus, the major absorption band

Dyes Solvents "Nabs ‘FWHM Nem “Av M max f b
(nm) nm(cm 1) (nm) nm(cm ™) (mol 'em™1) (ns)
2a Toluene 487 73(3194) 551 64(2385) 42763 0.74 3.92
THF 488 82(3511) 577 89(3161) 42750 0.76 5.20
CHCl3 483 82(3631) 568 85(3098) 56610 1.14 4.27
EA 497 78(3283) 573 76(2669) 53469 0.97 4.98
ACE 492 86(3640) 593 101(3462) 54828 1.14 3.84
ACN 494 86(3610) 598 104(3521) 54144 1.02 2.25
MeOH 496 86(3580) 593 97(3298) 64058 1.23 2.85
DMF 505 86(3438) 606 101(3300) 43507 0.73 3.31
2b Toluene 526 83(2979) 580 54(1770) 43346 0.67 4.48
THF 527 92(3497) 602 75(2364) 34987 0.71 5.60
EA 538 76(2720) 599 61(1893) 37015 0.59 6.68
CHCl3 523 79(2990) 600 77(2454) 34702 0.56 5.46
ACE 535 83(2979) 619 84(2536) 43346 0.67 2.80
ACN 540 85(3005) 622 82(2441) 43674 0.68 2.62
MeOH 541 87(3066) 613 72(2171) 45555 0.81 1.63
DMF 550 85(2895) 629 79(2284) 43891 0.66 2.67
2c Toluene 493 85(3664) 577 84(2953) 50100 1.09 2.26
THF 485 87(3783) 617 132(4411) 48235 0.96 3.50
EA 502 84(3453) 615 113(3660) 48826 0.91 6.54
CHCl3 482 86(3843) 611 129(4380) 49910 1.01 3.01
ACE 485 88(3835) 644 159(5091) 49603 0.98 1.04
ACN 486 88(3819) 654 168(5286) 50338 0.96 1.22
MeOH 490 90(3843) 552 62(2292) 48834 0.94 2.10
DMF 493 94(3968) 652 159(4947) 50448 1.01 1.02

2 Analysis was carried out at room temperature (25 C).
b Absorption maxima.

¢ Full-width half maxima of the absorption band.

4 Emission maxima.

¢ Stokes Shift (nm) cm ™.

f Molar extinction coefficient maxima (mol ™ ‘em™1).

& Oscillator strength.

" Fluorescence lifetime (ns).
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Table 2
Comparison of reported D-n-A framwork with the current work.
R
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1
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CH,
HiC. N PBS(10 484 647 - [13]
éHa mM, pH
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CH,

. HaC’N" CHCl3 483 568 308 This
SORRS
H CHCl3 458 - 107 [1] [55]

N
. CHCl3 523 600 347 This
work
O
. CHCl3 482 611 616 This
work
02

Q

follows the order 2b > 2¢ > 2a whereas, the increase in emission and
the Stokes shifts as 2¢ > 2a > 2b. This red-shifted absorption in 2b can
be attributed to + I effect of julolidine group, rigid planar framework,
and conjugative delocalization in the ring from the donor (julolidine
group) to the acceptor (DCMN group) end. Conversely, 2a and 2c
showed a hypsochromic shift of lower degree around 483-505nm as
compared to 2b due to free rotating alky and aryl group in 2a and 2c¢
respectively. Dye 2b show red-shifted absorption with an increase in
solvent polarity that is from toluene (A,ps 526 nm) to DMF (Agps
550 nm). Table 1 shows that the dye 2b exhibits narrower absorption
band with moderate e,,,, values contrasted with that of the dyes 2a and
2c. Furthermore, we have compared the optical as well as NLO prop-
erties of some reported D-n-A framework with this work (Table 2). As
can be seen from the Table 2, the optical properties of these dyes can be
tuned by substituting the different donors or acceptors at the opposite
end. Placing benzene ring at a-position with respect to DCMN causes
red shifted absorption and emission property [13]. Moreover, the ab-
sorption band of the dyes further red shifted by replacing benzene ring
with the strong electron acceptor -CN group [56]. Though optical
properties of the dyes 2a-c have not influenced dramatically by sub-
stituting the acenaphthene group at the a-position, their NLO proper-
ties were found to be superior to that of the reported D-5-A frameworks
(Table 2). This must be due to non-centrosymmetry arising from ace-
naphthene group as rotor which enhances the non-linearity in dyes 2a-c
resulting in an improved NLO properties.

Moreover, the fluorescence emission spectra of the dyes 2a-c show
mirror image relationship (Fig. 2) with the broad emission bands re-
lative to the corresponding absorption bands and are centered at
around 551 nm to 664 nm. All the dyes reported in this work exhibited
a slight red shift in emission maxima from non-polar to polar solvents.
This outcome shows that these dyes exhibit positive solvatochromism,
with continuous increment in the Stokes shift by increasing the solvent
polarity. The calculated Stokes shift values, were found to be 3098,
2454, and 4380 cm ™! respectively for 2a-c, which is an indication of
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structural perturbations between the ground and excited state geome-
tries. As can be seen from the Table 1, the Stokes shift of dyes increases
in the order 2c > 2a > 2b. There are substantial differences between
the Stokes shifts of the dyes 2a, 2b and 2c and these differences cannot
be explained by the solvent effects. It is noted that the Stokes shifts of
dye 2b increases by only ~25nm when a nonpolar solvent, such as
toluene, is exchanged for the very polar DMF. In contrast, changes in
the observed Stokes shifts are much larger with an alteration of donor
groups from julolidine (2b) to the triphenylamine group (2c). The
Stokes shift differences between 2b and 2c are as high as ~80 nm, even
when compared in the same solvent (Table 1). Therefore, the Stokes
shift differences among the dyes 2a-c are more closely linked to the
donors attached to the molecular framework. The larger Stokes shift
values and the significant substituent effect on fluorescence revealed
strong intramolecular charge transfer interactions between the N-sub-
stituted donor and DCMN as an acceptor. Such structural reorganization
upon photoexcitation prompted us to screen the dyes under investiga-
tion for the FMR application.

3.2. Solvent polarity plots

The effect of synthesized dyes 2a-c to solvent polarity can be per-
ceived in terms of the difference in the dipole moments in the ground
and excited states which can be assessed with the help of solvent po-
larity plots using Lippert-Mataga [59,60], McRae [61], Weller [62] and
Rettigs [63,64] equation. The Lippert-Mataga and McRae plots depend
on the polarity as well as the polarizability of the molecule and can be
determined on the basis of Stokes shift of the molecules plotted against
the orientation polarizability (Af). On the contrary, the Weller and
Rettig plots corresponds to the graph of emission maxima intensities
(A%m ) in ecm ™! versus the orientation polarizability (Af) of the mole-
cule. The calculated Stokes shift values, articulated in wavenumbers Av
(em™) = (v, — vy, is correlated with the solvent polarity or polariz-
ability parameter (Af) by the Egs. (1) and (2), whereas the A, is
correlated with the Af by the Egs. (3) and (4).

Equation (1)

Av = mAf;,, + constant

_ e-1 n?-1
Ain = %57~ 2@
1) 2k —g)?
m = 4meqy Ifu:ao3
(47eq) (head)m
(:ue - :ug)z Rl Gl > CELS (6)

Where, Af;,, = orientation polarizability, m;= Slope obtained from
Lippert mataga ploth = Planck's constant,c = velocity of light in va-
cuum, a, = Onsager radii,u; = ground state dipole moment,j. = ex-
cited state dipole moment, g, = permittivity of the vacuum,

Equation (2)

Av = myAfy, + constant

Ay = [(5-1) _ (n2—1)]

e+2 % +2)

1
m; = (47150)

(e — 1) = \/(4”20)(26&3)'"2

2 —pg)?
hcag

@)
Equation (3)
of = ZZ;’ZSAfW + constant
af, = (265111 - %;:1227—11) ©))

Equation (4)
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Fig. 3. (A), (B) = the plot of Av versus Af function according to Egs. (S1), (52). (C), (D) = Amax(em),cm-1 versus Af function according to Egs. (S3), (S4). The line

corresponds to the best linear fit to the data.

e 2w
Uf = . —5Afz + constant
e—1 n?—1
Afp = (e+2 - 2n2—4) 9

By using these equations, the plot of Av versus Af function as well as the
plot of Ag. versus Af function is obtained and is given in Fig. 3 and S2-
5 for dyes 2a-c. From the graphs, a linear relationship is observed with
the very good regression coefficient (close to unity) signifying the
substantial charge transfer characteristics in synthesized dyes 2a-c. The
regression coefficient obtained for dyes 2a, 2b, and 2c¢ are 0.81, 0.75,
and 0.84 respectively for Lippert-Mataga plot whereas, for McRae plot,
the regression values were found to be 0.93, 0.77, and 0.79 respec-
tively. Although the regression values are close to unity, it does not
account for the order of charge transfer characteristics for synthesized
dyes. The order of charge transfer characteristics in the synthesized
dyes can be ascertained by the difference in the dipole moment (Ap)
from ground () to excited state (Ue). The A for all the dyes were
calculated using the Egs. (1) and (2), and the subsequent values are
listed in Table S1. From the Table S1, it is seen that the Ap for dyes 2¢
was found to be largest as compared to other dyes. This large difference
in the dipole moment from ground to excited state in dye 2c is due
triphenylamine group attached to the other end of the molecular fra-
mework. In dye 2c, the rotating phenyl substituent is connected to the
nitogen atom via a single bond. Its rotation during the geometry re-
laxation of the excited state can be explained by two competing effects.
One is the effect of steric hindrance, causing it to bend out of the main
fluorophore molecular plane; the other is the resonance effect, ren-
dering a tendency to align with the molecular plane to achieve a better
electron delocalization. Moreover, the charge transfer characteristic in
the dyes 2a-c, directly correlate to the Stokes shift. As can be seen from
the Table 1, the charge transfer characteristics in dyes 2a-c increases as
the Stokes shift increases, 2¢ > 2a > 2b. The synthesized dyes are also
demonstrating the linear correlation as shown in the Rettigs plot
(Fig. 3) which confirms that these dyes also exhibit considerable twisted
intramolecular charge transfer (TICT). This substantial ICT and the
TICT characteristics provoked us to examine the dyes 2a-c for the FMR
application.
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3.3. Effect of solvent polarity on dipole moment of the ground and excited
states

The solvent polarity dependent emission property can be expressed
quantitatively conferring to the concept derived from the dielectric
polarization [65], signifying that the spectral deviations of the fluor-
escence upon increasing the solvent polarity depend on the change in
permanent dipole moments between ground (y,) and excited () states.
The deviations of dipole moment accompanied by ground and excited
states, that is, Au = (i, - |1g) was studied by the Egs. (1) and (2) and are
summarized in Table S1. For dyes 2a-c, Onsager radii (a,) was eval-
uated to be 5.83, 6.13, and 6.33A respectively via B3LYP/6-311 +
+G(d,p) level of theory. From the Table S1 it is observed that, for dyes
2a-c the Ap was found to be in the range of 3-13 Debye. On the other
hand, dye 2c was found to have the larger dipole moment difference as
compared to 2a and 2b. As can be seen from the Table S1, the Ay for
dyes 2a-c follows the order 2c¢ > 2a > 2b. This large difference in di-
pole moment for 2¢ can be attributed to the larger perturbation of the
molecular structure due to its free rotating phenyl as well as ace-
naphthene group attached at the donor and acceptor end, which makes
the molecule vibronically disconcerted [55]. This major difference in
dipole moment from ground to excited state favours the considerable
intramolecular charge transfer within the dyes 2a-c.

Furthermore, the change in dipole moment at excited state and
ground state can be explained by using Bilot-Kawski function [66]
which gives the ratio of ground and excited state dipole moment. The y,
and L, values of a molecule can be determined by the solvent-polarity
dependences of the absorption and fluorescence spectra on the basis of
the simple quantum-mechanical second-order perturbation theory by
Bilot-Kawski et al. by using the following solvent polarity parameters,
fox (&, n) and gy (e, n) as follows,

£ n)_2n2+1 £—1_n2—1

BRA™ n+2le+2 n242 (10)
(e n)—éin‘t_1

Bec (& 22 + 2 an
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Where, ¢ = dielectric constant and n = refractive index

The slope m; is obtained by plotting the graph of f, (¢, n) verses
Stokes shift in cm ™! and slope mj is obtained by plotting graph of
fox (€, n) + 2g(e, n) verses (v 5, + v ¢) cm ™. The obtained parameters
are summarized in Table S2 and the graphs are shown in Fig. $6. From
these slope values m; and m,, the ratio of excited state dipole moment
to the ground state dipole moment was calculated. The final values of
the ratio are summarized in Table S3. Interestingly, the ratio of dipole
moment obtained by following the above mentioned equations display
the same order as the order of Stokes shift as 2¢ > 2a > 2b. We have
also calculated ground state and excited state dipole moment and their
ratio using B3LYP/6-311 + +G(d,p) and the data are listed in Table S4.
The dipole moment ratio obtained for the dyes 2a, 2b and 2c¢ using
computational method are greater than unity which confirms that the
S; state are more polar as compared to So. Moreover, it is perceived that
the dyes possessing large difference in the dipole moment are known to
have significant non-linearity, thus synthesized dyes were further stu-
died for the non-linear optical properties.

3.4. Viscosity sensitivity (FMR study)

As described earlier, the FMRs are the molecules which form TICT
state upon photoexcitation due to intramolecular rotation around the o-
bonds between donor and acceptor core at the opposite end. Thus, to
scrutinize the effect of the viscous environment towards acenaphthene
and N-substituted donors rotating around the o-bonds along with
DCMN as an acceptor, we studied the sensitivity of all the dyes (2a-c)
with the help of suitable viscous media as a function of FMR. Here, we
have used polyethylene glycol (PEG) 400 system for the viscosity study,
which is comparatively non-polar and commercially used viscous media
as compared to a polar system like glycerol [67]. The measurements of
viscosity sensitivity were conducted in binary mixtures of ethanol
(EtOH) and polyethylene glycol (PEG) 400 system with viscosities that
ranged from EtOH (100%): PEG 400(0%) to EtOH (0%): PEG 400
(100%). The dyes 2a-c have less solubility in the mixture of EtOH and
PEG 400 system. Therefore, these dyes have been solubilized in a highly
polar aprotic solvent such as DCM and increased their viscosity using
EtOH: PEG 400 system (Fig. 5). Interestingly, there is no red or blue
shift in the emission maxima was observed as the viscosity increases,
but the dyes 2a-c show enhanced emission intensities by increasing the
viscosity of the medium (Fig. 5). On the other hand, low-emission or
non-radiative solutions are obtained at relatively low viscosities.

The emission intensity of the dyes 2a-c and the viscosity of solvent
was manifested with the help of Forster-Hoffmann Eq. (12).

logI = xlogn + C 12)

where, I is the emission intensity of the dyes 2a-c, 1 is the viscosity of
the solvent, x is the viscosity sensitivity and C is constant. From the
results (Fig. 5) it is seen that the dyes 2a-c exhibit 4.40, 8.78, and 5.63
fold increase in the fluorescence emission intensity respectively. Ac-
cordingly, the double logarithmic plot of maxima emission intensities
versus solvent viscosities was evaluated for the dyes 2a-c. The graphs
obtained were shown to have a good correlation between the emission
intensity (I) of the dyes 2a-c against the viscosity () of the solvent.
Furthermore, the distinct color change was obtained from blue to red
for all the dyes 2a-c with the viscosity sensitivity (x) as, 0.32, 0.50, and
0.36 respectively (Figs. 4 and 5). From the graphs (Fig. 5), it is observed
that the dye 2b is found to have the better FMR activity as compared to
2a and 2c¢ as well as the traditional FMR (DCVJ, x = 0.41) active
compound [68]. This substantial increase in viscosity sensitivity of dye
2b is due to the strong as well as rigid donor group (julolidine) attached
via the m-conjugated system to the strong acceptor DCMN group. Form
the above implications, it is evident that the dye 2b shows the better
FMR property with the distinct color change as compared to other dyes
2a, 2¢ and DCVJ. We believe that such fluorescent dyes can be utilized
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Fig. 4. Day Light and Uv-light photographs of dye 2b in 0% PEG +100%
ethanol (blue color) and 100% PEG + 0% ethanol (red color) (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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for the biological applications as all the dyes emit in the green region.

3.5. Cyclic voltammetry

The potentiodynamic electrochemical measurements of dyes 2a-c
were investigated with the help of cyclic voltammetry (CV). The mea-
surements of CV plots were carried out using anhydrous ACN solutions
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)
as the supporting electrolyte. The reference electrode (Ag/Ag™) was
calibrated through the medium of ferrocene/ferrocenium (Fc/Fc*)
redox couple (4.8 eV below the vacuum level). Electrochemical poten-
tial obtained for dyes 2a-c from the CV plot gives the evidence for
HOMO-LUMO energy levels. The corresponding CV plots for dyes 2a-c
are given in Fig. 6 whereas the data related to HOMO and LUMO energy
band gap is elucidated in Table 3. As shown in Fig. 6, CV plots of the
dyes 2a-c, each of these dye exhibits a reversible oxidation wave with
the B¢, = 0.70V, 0.72V, and 0.73V (vs. Ag/AgCl) respectively and
reduction waves with E¢,, = 0.65V, 0.67 V, and 0.59 V (vs. Ag/AgCl)
respectively. According to respective onset oxidation and reduction
potentials, the HOMO and LUMO energies of dyes 2a-c were evaluated
(Table 3). The LUMO energies of dyes 2a-c are around -2.91eV,
whereas the HOMO energies are slightly shifted towards the vacuum,
ca. -5.10eV (Table 3). This may be originated due to incorporation of
more electron releasing groups as well as the elongation of the mw-bridge
of dyes 2a-c. It is observed that the HOMO energies of these conjugated
D-n-A dyes are lower than -5.3 eV which can improve their air-stabi-
lities [69]. Moreover, the energies of HOMO are close to the work
function of gold and hence can be endorse effective hole injection from
the gold electrodes into the semiconducting layers [70].

3.6. DFT studies

3.6.1. Optimized geometries of dyes 2a-c

The optimized geometries of dyes 2a-c in S, and S; state in
chloroform are given in Fig. S8 and the relative bond length, and di-
hedral angle are shown in Table S5. The bond lengths obtained from the
optimized geometry of dyes 2a-c at S, state are found to be almost
similar as S; state. However, for dyes 2a-c there is a slight decrease in
bond length of C22-C11 from Sy to S;, whereas for 2c¢ there is an in-
crease of 0.1 A for bond C29-C28. Moreover, the consecutive increase
and decrease in the bond length of the dyes 2a-c suggest the charge
transfer characteristics from donor to the acceptor. On the other hand,
the dihedral angle obtained from the optimized geometry shows sig-
nificant twisting from Sy to S; state. For dyes 2a-c the dihedral angle
(C28-C22-C11-C10) was found to be 53.43°, 54.93°, and 52.63° re-
spectively in Sy state, whereas 45.42°, 41.15°, and 43.97° respectively in
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solvent viscosities.

1.2x10°¢
1.0x10°1 —DRMACE 2
— eoxiq”] — PRMACE3
UX 1
E ——DRM ACE 4
— 6.0x107 -
e
= -7
S 2.0x107-
5
S 2.0x107 4
0.0
-2.0x107
03 04 05 06 07 08 09

Potential, (V)

Fig. 6. Cyclic voltammograms of dyes 2a-c in acetonitrile.
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S, state (Table S5). This pronounced twisting in the geometry of dyes
2a-c is due to the intramolecular rotation of acenaphthene group
around the o-bonds attached at the a-position with respect to DCMN
group. This twisting aspect of acenaphthene group in dyes 2a-c can be
attributed to the twisted intramolecular charge transfer (TICT) char-
acteristics. Furthermore, the dihedral angle C31-C30-C29-C28 for dyes
2a-c possesses the torsional change in the order of 2¢ > 2a > 2b from
So to S; state. This outcome suggests that, as the dihedral angle in-
creases, the Stokes shift of the dyes also increases in the order
2c¢ > 2a > 2b.

3.6.2. Electronic transitions (TD-DFT)

Theoretical predictions about the vertical excitation, oscillator
strength, excitation energies and their orbital contributions for dyes 2a-
c are summarised in Table 4. The obtained data show that this transi-
tion in majority arises from an electron promotion from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
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Table 3
Electrochemical data for dyes 2a-c.
Dye “Nonset (M) "Eq g “HOMO (eV) LUMO (eV) °HOMO *LUMO °B.G. (eV)
W) (eV) (eV)
2a 548 2.261 0.70 —-5.071 —2.810 —8.256 —6.686 1.57
2b 600 2.071 0.72 —5.091 —3.020 —8.120 —6.664 1.46
2¢ 565 2.190 0.73 —5.100 —2.910 —8.341 —6.763 1.58
? Aonset Values are from absorption graphs in a CHCl; solvent.
b

¢ Values obtained from oxidation peak in CV plot.

HOMO and LUMO level obtained from CV using reported equation [67].

Optical band gap calculated from absorption onset/edge using reported equation [67].

¢ Theoretically calculated HOMO, LUMO, and band gap values from DFT calculations.

molecular orbital (LUMO). From the Table 4 it is observed that the
estimated absorption and emission values calculated from the range
separated functional (CAM-B3LYP) are in good agreement with the
experimental data. While computing absorption wavelength, the least
deviation of 6 nm for dye 2a and the largest deviation of 13 nm for 2¢
was observed. Similarly, for emission wavelength, the least deviation of
15nm for 2a whereas the largest deviations of 17 nm for 2c was ob-
served.

3.6.3. Frontier molecular orbitals (FMO) and molecular electrostatic
potential surface (MEPS)

The qualitative indication of optical and electrical properties of the
dyes and the association between geometric as well as the electronic
structures can be derived from FMO. The electronic properties of D-ii-A
based conjugated dyes primarily depend on the energies of levels per-
missible for the electrons or holes as well as the energy band gap be-
tween these levels (i.e. HOMO and LUMO levels). The DFT computa-
tions [B3LYP/6-311 + +G(d,p)] were performed for the dyes 2a-c to
evaluate the energy levels of HOMO and LUMO used for the estimation
of energy band gap between those conjugative levels. Fig. 7 illustrates
the HOMO-LUMO energy levels along with the electronic charge dis-
tribution in the selected molecular orbitals for dyes 2a-c. It is perceived
that the first dipole-permissible electronic as well as resilient transition
with the major oscillator strength, usually correspond almost ex-
clusively from the elevation of an electron from HOMO to LUMO.

From the Fig. 7 it is observed that the electron density of the dyes
2a-c in HOMO level largely located over the N-substituted donor part,
whereas in the LUMO level the electron density largely shifted towards
the DCMN part, with a small contribution from the phenyl ring of
auxiliary donor (acenaphthene) part. Thus, N-alkyl/aryl part constitute
donor state, while the DCMN part as an acceptor state. Compared to 2a
and 2c the LUMO is more delocalized than HOMO in case of 2b, sig-
nifying that the electron can easily move from donor to acceptor within
the dyes which will facilitate enhanced charge transfer. This enhanced
charge transfer can be attributed to the resilient electronic transition
from HOMO to LUMO. Moreover, the electronic energy band gap
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Fig. 7. Electronic distribution of the selected molecular orbitals for dyes 2a-c.

between HOMO to LUMO levels was found to be 1.57 eV, 1.46 eV, and
1.58 eV for dyes 2a-c respectively. This energy band gap further pro-
visions the trend of charge transfer characteristics as described earlier
for the dyes 2a-c in the electrochemical data (Table 3). The energy band
gap usually dependent on the substitution pattern of the donor-acceptor
conjugated dyes. For example, if the donor-acceptor strength of the
dyes increases, energy band gap decreases [72]. Thus, the minimization
of energy band gap can be achieved by the proper substitution pattern
of donor and acceptor groups for efficient charge transfer character-
istics within the dyes. Furthermore, the charge transfer characteristics
of the dyes 2a-c were also supported with the help of MEPS contour
plots (Fig. S9). It gives the qualitative indication of electrophilic or
nucleophilic sites in the dyes by virtue of positive or negative

Table 4
Comparison of spectroscopically and computationally obtained absorption and emission parameters of dyes 2a-c in chloroform.
Dye Aabs” Nabs” fEBY (s oc* Aems' Aems® fE® s oce
(nm) (nm) (eV) (%) (nm) (nm) (eV) (%)
2a 483 489 0.95(2.39) H—-L 91.94 568 553 0.96(2.25) L—-H 92.87
2b 523 531 1.09(2.31) H-—-L 95.64 600 583 0.94(2.13) L—-H 98.30
2c 482 495 1.01(2.19) H-—-L 95.43 611 595 0.95(2.19) L—H 95.87

2 Experimental absorption maxima in (nm).
Theoretical absorption maxima in (nm).

Oscillator strength with the excitation energy in (eV).
Transition of the molecular orbitals.

Orbital contribution in (%).

Experimental emission maxima in (nm).

Theoretical emission maxima in (nm).
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electrostatic potential surfaces [73]. From the MEPS plots of dyes 2a-c,
it is observed that the DCMN part constitute negative electrostatic po-
tential (red color), whereas N-substituted donor, as well as the auxiliary
donor (acenaphthene) part, constitute positive electrostatic potential
surface (blue color), as would be expected. From the above implica-
tions, it is seen that the dyes 2a-c possess a strong electronic transfer
from one side to the other, leading to enhanced ICT character within
the dyes.

4. Polarizability and hyperpolarizabilities of 2a-c by spectroscopic
and DFT methods

The D-n-A dyes are known to have very good non-linear optical
(NLO) properties, due to which it has been used in many electronic as
well as optoelectronic devices application [74]. The accurate estimation
of polarizability and hyperpolarizability of the synthesized dyes (2a-c)
are difficult, but in this paper we have made an attempt to comprehend
the NLO responses of these types of D-n-A derivatives through spec-
troscopical as well as DFT methods and the resulting data are compared
with that of urea which is a typical NLO material [75]. The spectro-
scopic NLO parameters such as transition dipole moment (pcr), linear
polarizability (acr), first hyperpolarizability (Bcr) and second hy-
perpolarizability (ysp) were calculated using the reported method [76]
and are presented in Table S6. Moreover, the theoretical NLO para-
meters such as onsager radii (ap), static dipole moment ({1,), mean
polarizability (ay), static first order hyperpolarizability (o) and second
order hyperpolarizability (yo) for the dyes 2a-c were calculated using
three different functionals (B3LYP, BHHLYP, CAM-B3LYP) to compare
the results obtained by the global hybrid (B3LYP, BHHLYP) and range-
separated hybrid (CAM-B3LYP) functionals (Table S7). The complete
theory employed for calculating the theoretical and experimental va-
lues for NLO properties are given in our previous reports [77-80].

4.1. Spectroscopic method

4.1.1. Polarizability and first order hyperpolarizability

The method we have used to determine the first polarizability (acr
or a,,) and second (Bcr or By) order hyperpolarizabilities of the dyes
2a-c, is based on solvatochromism. The first polarizabilities acr or a,,
were calculated experimentally for the present fluorophores as de-
scribed in the following equation [76],

2
M;e Z’Meg/leg
Acr = Oy = 2—— =
Egg he 13)
2 _ 3e’h y f
6 8mimc Uy 14

where x is the direction of charge transfer, h is the Planks constant, c is
the velocity of light in vacuum, A is the wavelength of transition from
the ground state to excited state, 7, is the absorption frequency g, is
the transition dipole moment respectively. Thus, obtained results for
linear polarizability acr, the oscillator strength (f) and the transition
dipole moment () of dyes 2a-c are tabulated in Table S6. The ob-
served values of acy are higher in polar solvent environment (DMF) in
the range of 38.73-49.4355 x 10~ 2 e.s.u.while lower in case of non-
polar solvent environment (toluene) 22.40-31.10 x 10~ 2% e.s.u. for all
dyes.

The two-level microscopic model used to determine solvent de-
pendent hyperpolarizability is based on Oudar and Chemla equation
[58,81] which in modified form can be presented as,

3vgAler

T2 — vE) (W — 4})

Broe = Ber

(15)

where x, h, c, l1og is described above in Eq. (13), veg is the transition
frequency, v, is the frequency of the reference incident radiation, Aucr
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is the difference between dipole moments of the ground state and ex-
cited state which is taken from McRae’s theory. B,y is the dominant
tensor component of the first hyperpolarizability and as the formula
refers to charge transfer transition, the results obtained by this equation
is often indicated as fBcr (charge transfer). When there is no laser ex-
citation (¢z = 0) and we get the results of static hyperpolarizability.
Therefore, Eq. (13) reduces to the following equation:

_ 3'“@?gAluCT
T 2Bl

ﬁ =
cT 16)

The results of the first hyperpolarizability (8¢r) obtained using the
solvatochromic method are tabulated in Table S6. The results of Scr
using two-level model depend on the several assumptions and a rough
approximation of leading tensor of entire first hyperpolarizability along
the way of charge transfer through m-conjugation as well as the space
dipole moments distribution which has a major influence to the results
of Bcr [82]. The values of quadratic hyperpolarizability (ufScr) for the
hybrid dyes are 571.23 x 10~ *® esu (2a), 612.14 x 10 *® esu (2b),
and 862.15 x 10~ “® esu (2¢) in DMF. These values are highly influ-
enced by the solvent polarity and show higher values in a more polar
solvent (DMF) compared to non-polar solvent (toluene).

4.1.2. Second order hyperpolarizability (y)

The second-order hyperpolarizability is also termed as solvato-
chromic descriptor < y > gp which is formulated from the electronic
polarization in the non-resonant region at the molecular level can be
treated by a three-level model [83,84] using the density matrix form-
alism given in the Eq. (15),

1
Prooer & E—ge#; (A — 1) a”

The calculated “solvatochromic descriptor” for the second order
hyperpolarizability values for synthesized dyes in toluene and DMF
solvents are given in Table S6. The values of <y>gp for all the dyes are;
67.84 x 1073 (2a), 66.55 x 10~ ¢ (2b), and 60.13 x 10~ % (2¢) in
DMF respectively.

4.2. Theoretical method

Here, we have elucidated the NLO parameters of spectroscopically
obtained data with the theoretical one for comparison. In this regard,
the NLO properties of the synthesized dyes were estimated with respect
to the global hybrid (GH) as well as the range separated hybrid (RSH)
functionals using the standard triple zeta basis set, 6-311+ + G(d,p).
The results obtained by both the methods GH and RSH were found to be
in good agreement with each other (Table S7). The polarizability and
hyperpolarizability values obtained for dyes 2a-c were found to be
solvent dependent. The NLO responses of the particular dye can be
tailored by changing the transition dipole moment [85,86]. From the
Table S6-S7, it can be seen that the increase in solvent polarity is re-
sponsible for enhanced molecular hyperpolarizability of the dyes 2a-c.
Moreover, the polarizability and hyperpolarizability values vary ac-
cording to the donor and acceptor strength of the dyes. The theoreti-
cally derived values of a, 3 and y for dyes 2a-c were found to be in
range 70-111 x 10~ %*esu, 210-577 x 10°° esu, and 506-2,325 x 10°
36 esu respectively (Table $6-S7). These values were compared with
that of urea (Olyrea = 6.2 X 102* e.s.u., Burea = 0.31 x 102° es.u,,
Yurea = 4.46 X 103 e.s.u.) which was found to be larger than that of
urea, indicating the enhanced NLO properties in dyes 2a-c. Moreover,
the 3 values of these dyes were compared with the reported donor-
acceptor acetylenes [87] as well as polyenes [57] and found to be su-
perier than that of reported dyes. In particular, the NLO properties of
the dyes are mainely rely on the length of w-conjugation as well as the
strength of the donor and acceptor moiety. Such high NLO properties
can be endorsed the targeted dyes for optoelectronic device
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applications.
5. Conclusion

In summary, we have successfully designed and synthesized novel
acenaphthene based D-ii-A derivatives with N-substituted donors and
DCMN as an acceptor. All the dyes showed positive solvatochromism
from non-polar (toluene) to polar (DMF) environment. The polarity
plots drawn on the basis of Lippert-Mataga, McRae and Weller model
confer reasonable sign of charge transfer characteristics whereas, the
Rettig model furnishes TICT state for dyes 2a-c which is been used for
the FMR application. Among all the dyes, 2b was found to have the
higher viscosity sensitivity (x = 0.50) as compared to other dyes as well
as traditional FMR (DCVJ, x = 0.41) dye. The DFT calculations re-
ported here deliver a significantly increased fundamental under-
standing of dyes 2a-c. On the other hand, the polarizability and hy-
perpolarizability values estimated for dyes 2a-c were found be superior
than that of urea which makes the dyes suitable for the non-linear
optical materials.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jphotochem.2018.05.
039.
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