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Abstract:

A novel strategy for the synthesis of triphenylaenimased and methoxy supported deep red
emitting push-pull chromophores is developed. Thhoxy groups though not in conjugation
with the acceptor exhibited a red shifted absorpéind emissions (670 nm) as compared to the
unsubstituted analogues due to the improved dapatiility of triphenylamine. The dyes show
high molar extinction coefficients (1, 65,800'\m™) and as the number of withdrawing groups
increases the molar extinction coefficient and emis intensity increase. Positive
solvatochromism (96 nm) was observed which is gelported by linear and multi-linear
regressionThe mono styryl dyeshowed enhancement of fluorescence while the dirastyryl
dyes show quenching of fluorescence in polar sa$vemvhich is correlated with the
intramolecular charge transfer and twisted intraoolar charge transfer. Viscosity induced
emission enhancement has also been observed. Tgexiregntal findings were correlated

theoretically by using Density Functional theorynputations.



Keywords: Triphenylamine, Push-pull chromophores, Solvatoctism, ICT, TICT, Viscosity

sensitivity, Multi-linear regression analysis, ddénsity Function theory.

1. Introduction:

Triphenylamine, a unique and widelyegated donating group for its very good electron
donating ability and charge transfer characterisis been applied in a number molecules
designed for opto-electronic devices. It has be&tely used as a framework for the design of
two photon absorption (TPA) chromophores[1-7]. Tingh co-planarity between the central
nitrogen atom and the three adjacent carbon atoatesnit possible to maintain uninterrupted
conjugation between the lone pair of nitrogen deddendrimer arms [8—13]. Metal-free organic
dyes based on triphenylamine has attracted gresitiain as the best hole transporting material
due to their inexpensive synthesis, high molarnetibn coefficient and tunable absorption
spectral response [14-19]. Different starburstyttéamine derivatives have been used for their
applications in blue to red emitting Organic LigEmitting Diodes (OLEDs) [20-27].
Intramolecular charge transfer (ICT) capability iphenylamine is also well studied by
attaching it with different strong electron accegtigroup [28-34]. After the debut of the
aggregation induced emission (AIE) concept in 20@ially though the hexaphenyl silol (HPS),
tetra-phenyl ethylene (TPE) or plain hydrocarbosdoasystems were studied for their AIE
properties, and recently triphenylamine based dawoeptor systems are also widely

investigated for their very good AIE properties33].

The donating ability of triphenylme is further increased by attaching

supporting/additional donor group at the para pmsitof the two phenyl rings of the



triphenylamine to get improved photophysical préipsras well as better efficiency in Dye-
sensitized solar cell [44-47]. However after theaduction of the sterically bulky moieties,
such as carbazole, diphenylamine, alkoxy substityieenyl groups and heterocyclic ring as
additional donor has increased steric hindrance famther decreased the amount of dye
adsorbed on Ti@®surface in Dye-sensitized solar cell. Thereforemimimize this drawback

recently few researchers synthesized and used swoetoxy supported triphenylamine
derivatives and found very good results where mathacts as additional electron donor with

triphenylamine as main donor [48]

Though there are number of reports of mordirsubstituted triphenylamine based donor-
n-acceptor systems the tri-substituted starburgesysremain as the main attraction recently in
the field of Dye-sensitized solar cell due to theatter thermal stability, lower aggregation
tendency and high molar extinction coefficients{88]. The synthesis of such type of starburst
derivatives requires very drastic conditions anstlgocatalysts[1,2,4,5]. We developed a novel
synthetic strategy where due to methoxy supportrtfermylation is easily completed by using

only up-to 5 equivalent of POEI

Recently fluorescent molecular rotors [FMRs], augr@f fluorescent molecules that consists of
an electron donor group ie-conjugation with an electron acceptor group andclwhorms
twisted intramolecular charge transfer (TICT) stai@on photo excitation have attracted much
attention [53-55]. It exhibit two competing de-gation pathways: fluorescence emission via
locally excited state (LE) or via an internal nauiative process which involves molecular
rotation between the donor and the acceptor (TI®en this rotation is hindered in highly
viscous media, the population of the LE state wilrease, correspondingly the fluorescence

emission intensity will be enhanced [56-58]. Thotigh 9-dicyanovinyl)-julolidine (DCVJ) and



its different derivatives were extensively studfedtheir viscosity sensitivity, recently different
triphenylamine derivatives also shown to have vgopd FMR properties due to the freely
rotating phenyl rings around C-N bond which getsdered in viscous environment causing
fluorescence enhancement [59]. In general the Td@les are dark states causing quenching of
fluorescence in polar solvents, which further beesmmissive in a highly viscous environment.
Among the four dyes we studied i.e. mono-methoxynoaostyryl dye(TMS), tri-methoxy
mono-styryl dye TTM S), di-methoxy di-styryl dyeTDS) and tri-methoxy tri-styryl dyeT(TS),
we found quenching of fluorescence TddS andTTS, due to the TICT state while enhancement
of fluorescence fofrM S andTTM S in polar solvents may be due to the simply ICTests/hen
we studied these dyes for their viscosity effest,eapected we found better enhancement of
fluorescence fof DS andTTS dye as compared iItMS andTTM S dyes.

<< Pleaseinsert Fig. 1. Structures of the synthesized dy@d S, TTM S, TDSandTTS>>
The methoxy supported dyes showed red shifted ptignras well as emission as compared to
the known triphenylamine styryl dyes from our grd6p] as well as isophorone based extended
styryl dyes [61]. All these dyes are fluorescent dolution as well as in solid state.
Solvatochromism study of all these dyes were chwigt in non-polar to polar solvents. Density
functional theory computations [B3LYP/6-31G (d)] meused to study the geometrical and

electronic properties of the synthesized molecules.

2. Experimental section

2.1 Materials and equipments



All the reagents and solvents requiredtfe synthesis were purchased from S d Fine
Chemical Limited, Mumbai, India and used withouttlfier purification. The reactions were
monitored by TLC using on 0.25 mm E-Merck silicd §@ F254 precoated plates, which were
visualized with UV light.'H (500 MHz) and*C (125 MHz) NMR spectra were recorded on a
Varian Cary Eclipse Australia. The chemical shdlues are expressed inppm using CDGI
and DMSO-d6 as solvents and TMS (Tetramethylsilasegn internal standard. High resolution
liquid chromatography mass spectra were recordegbd0 iFunnel QTOF LC/MS spectrometer
from Agilent Technologies. Melting points were maasl on standard melting point apparatus
from Sunder Industrial Product Mumbai and are urezted. The absorption spectra of the
compounds were recorded on a PerkinElmer UV- \asibpectrophotometer Lambda 25.
Fluorescence emission spectra were recorded onaWacary Eclipse fluorescence
spectrophotometer using freshly prepared solutianshe concentration of 1xfomol L™
Fluorescence quantum yields were determined iermifft solvents by using Rhodamined® <

0.97 in ethanol) as a reference standard usingahmparative method.

2.2 Computational M ethods

Density Functional Theory (DFT) [62] was used miimize ground state gsgeometry of all
compounds by using the Gaussian 09 package angotindar hybrid functional B3LYP. The
B3LYP combines Becke’s three parameter exchangetitural (B3)[63] with the nonlocal
correlation functional by Lee, Yang, and Parr (LY®}]. The basis set used for all atoms was 6-
31G (d) in both DFT and time-dependent density fional theory (TD-DFT) method. The low-
lying first singlet excited states (S1) of the dyesre relaxed to obtain their minimum energy

geometries using the TD-DFT in their gas phase.Bing TD-DFT at the same hybrid



functional and basis set, the vertical excitatinargies and oscillator strengths were obtained for
the lowest 20 singlet-singlet transitions at théirojzed ground state equilibrium geometries
[65]. Frequency computations were also carriedoouthe optimized geometry of the low-lying
vibronically relaxed first excited state of confara. Optimized ground state structures were
utilized to obtain the electronic absorption speciincluding maximum absorption and oscillator

strengths.

2.3 Synthetic strategy

To check out the effect of extra number of addél methoxy groups as well as
withdrawing isophorone ester groups on main trigtemine donor moiety four different B-A
styryl derivatives were successfully synthesizedn@dvel and easy synthetic route has been
developed to get the mono, di and tri-formylataghtenylamine intermediates (6, 7, and 8).
Mono-methoxy substituted intermediate 3 was sucekgsynthesized by Buchwald coupling
reaction starting from 3-methoxy aniline and iodatene using 1, 10 phenanthroline and Cul as
catalyst. For the synthesis of intermediate 4 gnaébutilized 3-bromo anisole as reagent instead
of iodobenzene for additional methoxy groups, udging same Buchwald coupling reaction
condition and refluxing the reaction mixture fortaxtime (48 h). The Buchwald coupling
reaction of 3-bromo anisole with 3-methoxy anilimas giving better yield as compared to that
of aniline as a starting compound.

The formylated intermediate 6 and 9 eveynthesized by using regular Vilsmeiere-
Haack formylation at room temperature, and a Il#esh reaction condition was required for the

synthesis of intermediate 7 and 8. Initially afjenerating the Vilsmeiere-Haack adduct at room



temperature, the methoxy intermediate were disdgolael, 2 dichloroethane and added drop
wise to the reaction mixture and then refluxed X8rh to get the desired formylated product
(Figure S15). Little excess PQGInd extra time was given for the synthesis ofrmegliate 8.
Both the derivatives were purified on column chréegaaphy (100-200 mesh size silica). Final
styryl derivatives TMS, TDS and TTMS) were obtained by using regular Knoevenagel
condensation reaction condition (i.e. Piperidirtedabl) to get the pure products after filtration,
while styryl derivativeTTS was synthesized by refluxing the reaction mixttoe 12 h in
acetonitrile and piperidine as catalyst, crude pobcbtained after filtration was purified by

column chromatography.(100-200 mesh size silica).

<< Pleaseinsert Scheme 1. Synthesis oTMS, TDS, TTSandTTMS (a) lodobenzene,
potassium-t-butoxide,1,10 Phenanthroline / Culeank (b)3-bromo anisole, potassium-t-
butoxide,1,10 Phen / Cul, toluene (c) DMF/PO@) DMF/POCE4, 1,2 dichloroethane

(e)11,piperidine,ethanol (f) ethyl cyanoacetate ,8HKc, acetic acid, toluene>

2.4 Synthesis and char acterization
2.4.1 Synthesis of 3-methoxy-N, N-diphenylanilir) (

To a stirred solution of m-anisidine (20 g, 162./Aaoh), iodobenzene (39.8 ml, 357.28 mmol),
and 1,10 phenanthroline (1.17 g, 6.49 mmol) indoki (350 ml) were added potassium t-
butoxide (54 g, 112.21 mmol) and copper(l) iodide28 g, 6.49 mmol). The reaction mixture
was heated under reflux for 24 h at 126. On completion of the reaction, the mixture was

cooled to room temperature, and filtered to remoweper metal. The filtrate was extracted by



adding more ethyl acetate. The combined organisgshaere concentrated under vacuum and
purified by column chromatography using 5 % EtOAchexane as the eluent to get the pure
product (colorless oil) (29.5 g, 66.08 %J NMR (500 MHz, CDC},): 6 7.24 (t, J = 7.9 Hz,
4H), 7.14 (t, J = 8.5 Hz, 1H), 7.09 (d, J = 7.9 Hit{), 7.01 (d, J = 7.3 Hz, 2H) , 6.65 (d, J = 8.5
Hz, 1H) ,6.62 (s, 1H) , 6.56 (d, J = 8.5 Hz, 1H)13(s, 3H);**C NMR (125 MHz, CDCJ): 5

160.4, 149.1, 147.7, 129.8, 129.2, 124.4,1228,41, 109.7, 107.9, 55.2 ppm.

2.4.2 Synthesis of 3-methoxy-N-(3-methoxyphenylpNenyl aniline (4)

To a stirred solution of aniline (30 g,322.13 mm@&hbromo anisole (93 ml, 740.89 mmol), and
1,10 phenanthroline (2.32 g, 12.88 mmol) in tolu3®@ ml) were added potassium-t-butoxide
(108.4 g, 966.39 mmol) and copper(l)iodide (2.4518.88 mmol). The mixture was heated
under reflux for 48 hrs at 130 C under nitrogen atmosphere. The starting matexal
intermediate (3-methoxy-N-phenylaniline) formed idgr reaction were not getting fully
converted into the product even after adding exqegassium-t-butoxide (18.07 g, 161.065
mmol) and 3-bromo anisole (20.21 ml, 161.065 mmie reaction mixture was cooled to room
temperature, filtered to remove copper metal. Tihete was extracted by adding more ethyl
acetate (200 ml x 3). The combined organic phasese woncentrated under vacuum and
purified by column chromatography using 5 % EtOAchexane as the eluent to get the pure
product (colorless oil). (24.5 g, 24.90 %) NMR (500 MHz, CDC},): 6 6.99-7.22 (m, 7H),
6.61-6.65 (m, 4H), 6.53-6.55 (d, J = 8 Hz, 2H),93(6, 6H);**C NMR (125 MHz, CDGJ): §

160.32, 148.87, 147.49, 129.65, 129.08, 124.53,882416.61, 109.93, 108.07, 55.14 ppm.

2.4.3 Synthesis of tris (3-methoxyphenyl) amine (5)



To a stirred solution of m-anisidine (30 g, 243rGfol), 3-bromo anisole (91.73 ml, 730.81
mmol), and 1,10 phenanthroline (1.75 g, 9.74 mnmotpluene (300 ml) were added potassium-
t-butoxide (82 g, 730.81 mmol) and copper(l)iodide85 g, 9.74 mmol). The mixture was
heated under reflux for 48 h at 13GC under nitrogen atmosphere. The starting matenal
intermediate (bis(3-methoxyphenyl)amine) formed imyr reaction was not getting fully
converted into the product even after the additibexcess potassium-t-butoxide (13.66 g, 121.8
mmol) and 3-bromo anisole (15.28 ml, 161.065 mmie reaction mixture was cooled to room
temperature, filtered to remove copper metal. Tiheate was extracted by adding more ethyl
acetate (200 ml x 3). The combined organic phasese woncentrated under vacuum and
purified by column chromatography using 2 % EtOAchexane as the eluent to get the pure
product (colorless oil). (31 g, 37.94 %) 1H NMR @58IHz, CDC4,): 6 7.14-7.17 (t, J = 8 Hz,
3H), 6.66-6.70 (M, 6H), 6.57-6.59 (dd, J = 8 arli2z, 3H), 3.73 (s, 9H)}’C NMR (125 MHz,

CDCl): 6 160.38, 148.80, 129.75, 116.92, 110.21, 108.32456pm.

2.4.4 Synthesis of 4-(diphenylamino)-2-methoxybddehyde (6)

POCE (2.54 ml, 27.23 mmol) was added drop-wise inedooled N,N-dimethyl formamide (7
ml, 90.79 mmol) at @ C under nitrogen atmosphere and the mixture wasedtat room
temperature for an hour. The Vilsmeier adduct fatrwas again cooled to°@, compound 3 (5
g, 18.15 mmol) dissolved in DMF was added drop-veise the mixture was stirred at 5C for

1 hr. On cooling water was added to the reactioxture, the yellow colored solid precipitated
out was filtered and dried well as pure product6 (4, 83.48 %, melting point=128 C)
H NMR (500 MHz, CDCY) § 3.69 (s, 3H), 6.45 (d, J=1.5, 1H), 6.52-6.54 (#B.5 and 2, 1H),

7.16-7.19 (m, 6H) 7.33-7.36 (t, 4H), 7.65-7.67 (dd9 and 0.5, 1H), 10.23 (s, 1HJC NMR



(125 MHz, CDC4) 55.39, 101.74, 112.22, 118.21, 125.15, 126.44.62 129.88, 146.13,

154.84, 163.09, 187.79.
2.4.5 Synthesis of 4,4'-(phenylazanediyl)bis(2-nmethbenzaldehyde)(7)

POCE ( 7.65 ml, 81.86 mmol) was added drop-wise in®dooled N,N-dimethyl formamide
(12.71 ml, 163.73 mmol) at OC under nitrogen atmosphere and the mixture wasdiat room
temperature for an hour. The Vilsmeier adduct fearwas again cooled up-to 1@, compound

4 (5 g, 16.373 mmol) dissolved in 1, 2 dichloroethg50 ml) was added drop-wise and the
mixture was stirred at 80C for 5-6 hrs. On cooling to room temperature watas added in the
reaction mixture and extracted with DCM (100 x 3).nflhe combined organic phases were
concentrated under vacuum and purified by colunmoraatography using 1 % MeOH in DCM
as the eluent to get the pure product. (4.3 g,57%7melting point=148 C).

'H NMR (500 MHz, CDCJ) § 3.74 (s, 6H), 6.62-6.63 (d, J = 2, 2H), 6.67-d@, J = 8.5 and 2,
2H) 7.17 -7.19 (m, 2H), 7.24-7.27 (m, 1H), 7.3%07(m, 2H), 7.72- 7.74 (d, J = 8.5, 2H), 10.30
(s, 2H).*C NMR (125 MHz, CDCJ): 6 55.57, 105.54, 115.46, 120.27, 126.25, 127.05,8829

129.97, 145.33, 153.36, 162.88, 188.06.

2.4.6 Synthesis of 4, 4’, 4”-nitrilotris (2-methgbenzaldehyde) (8)

POCE ( 13.93 ml, 149.07 mmol) was added drop-wise io#gacooled N,N dimethyl-formamide
(23.18 ml, 298.15 mmol) at®C under nitrogen atmosphere and the mixture viasdat room
temperature for an hour. To this adduct compound® g, 29.8 mmol) dissolved in 1.2
dichloroethane (100 ml) was added drop-wise anchtixéure was stirred at 90C for 12 hrs.

On cooling to room temperature water was addechénréaction mixture and extracted with



DCM (150 x 3 ml). The combined organic phases wereentrated under vacuum and purified
by column chromatography using 2 % MeOH in DCMlas ¢luent to get the pure product. (7.6
g, 60.8 %, melting point=231C).

H NMR (500 MHz, CDC}) & 3.79 (s, 9H), 6.68-6.69 (d, J = 2, 3H), 6.74-6dé, J = 8.5 and
1.5, 3H), 7.78-7.80 (d, J = 8.5, 3H), 10.35 (s, .3HC NMR (125 MHz, CDGJ): § 55.70,

107.28, 116.97, 121.19, 129.81, 152.37, 162.78,1P38
2.4.7 Synthesis of 4-(bis (3-methoxyphenyl) ami@sjnethoxybenzaldehyde (9)

POd (0.72 ml, 7.75 mmol) was added drop-wise intodoeled N,N dimethyl formamide
( 2.31 ml, 29.83 mmol) at OC under nitrogen atmosphere and the mixture wagdtat room
temperature for an hour. The Vilsmeier adduct tfursned was again cooled to VC,
compound 5 (2 g, 5.96 mmol) dissolved in DMF (10 m&s added drop-wise and the mixture
was stirred at room temperature for 1 hr. On cagplim 10° C, ice-water was added in the
reaction mixture; the solid precipitated out wdtefed and dried well as pure product. (1.8 g,

83.33 %, melting point =14%C)

'H NMR (500 MHz, CDC4) § 3.72 (s, 3H), 3.76 (s, 6H), 6.49 (d, J = 1.5, 16454-6.56 (dd, J =
8.5 and 2, 1H), 6.71-6.73 (m, 4H), 6.76-6.78 (m),2H23-7.26 (m, 2H), 7.65-7.67 (d, J=8.5,
1H), 10.23 (s, 1H)¥C NMR (125 MHz, CDG): § 55.34, 55.46, 102.23, 110.66, 112.19,

112.68, 118.37, 118.71, 129.79, 130.21, 147.14,605460.64, 163.02, 187.87.

2.4.8 Synthesis of (Z)-ethyl 2-cyano-2-(3-((E)-4gdenylamino)-2-methoxystyryl)-5, 5-

dimethylcyclohex-2-en-1-ylidene) acetate (TMS)

Compound 6 (0.3 g, 0.98 mmol) and compoundQ34(g, 1.48 mmol) were dissolved in

absolute ethanol, 1-2 drops of piperidine was aduaetithe mixture was refluxed for 2 hrs. After



cooling to room temperature the dark red colordal sparated out was filtered, washed with
small quantity of absolute ethanol and dried wellget the pure product. (0.4 g, 78.43 %,
melting point = 222 ° C)

'H NMR (500 MHz, CDCJ) § 1.03 (s, 6H), 1.33-1.36 (t, 3H), 1.59 (s, 2H),72(8, 2H), 3.69 (s,
3H) 4.23-4.28 (q, 2H), 6.55 (d, J = 2, 1H), 6.58%(d, J = 2.5, 1H), 6.60-6.61 (s, J = 2.5, 1H),
6.86 (s, 1H), 6.95 (s, 1H), 6.98 (s, 1H), 7.06-7(th4 5H), 7.25-7.30 (m, 4H). 7.37-7.39 (d, J =
8.5, 1H).1C NMR (126 MHz, CDGJ): § 14.18, 28.36, 30.89, 31.41, 38.80, 41.01, 55.4%%
98.16, 104.77, 114.86, 116.94, 118.68, 123.88,3129.27.95, 128.07, 129.37, 129.82, 146.93,
150.17, 153.75, 158.41, 163.44, 167.01, 206.87. BRESI): m/z calculated for (M + H)

C34H34N203, 5192569, found 519.2592.

2.4.9 Synthesis of (2Z,2'2)-diethyl 2,2'-(((1E,1'Ejphenylazanediyl)bis(2-methoxy-4,1-
phenylene))bis(ethene-2,1-diyl))bis(5,5-dimethyllojex-2-en-3-yl-1-ylidene))bis(2-

cyanoacetate)(TDS)

Compound 7 (0.4 g, 1.10 mmol), compound 11 (0.73.82 mmol) and 1-2 drop piperidine
were refluxed in anhydrous acetonitrile for 6 hdennitrogen atmosphere. On cooling to room
temperature the dark red colored solid separatesl fitered and dried well to get the pure

product ( 0.44 g, 50.57 %, melting point=188-232)

'H NMR (500 MHz, CDC}) § 0.96 (s, 6H), 0.99 (s, 6H), 1.23-1.26 (t, 6H),2(4, 2H), 2.43 (s,
2H), 2.57 (s, 2H), 2.91 (s, 2H), 3.67 (s, 6H) 44182 (q, 4H), 6.52-6.55 (dd, J = 8.5 and 2, 2H),
6.65-6.66 (d, J = 2, 2H), 6.79 (s, 1H), 7.06-7.09)= 16, 1H), 7.14-7.20 (m, 4H), 7.26-7.30 (m,
2H), 7.37-7.40 (t, J = 8, 2H) 7.67-7.68 (d, J 4M), 7.70-7.72 (d, J = 9, 1H), 7.78 (s, 1

NMR (126 MHz, CDC}) s 14.49, 28.07, 28.28, 31.51, 31.96, 38.34, 38.0R3} 44.59, 56.03,



61.53, 97.25, 97.94, 106.20, 116.07, 116.79, 117138.81, 123.24, 125.03, 125.50, 126.38,
146.14, 149.20, 153.99, 154.61, 158.45, 162.53,9162165.40, 167.07. HRMS (ESI): m/z

calculated for (M + HJ CsoHs3N30s 792.3934; found 815.3971(+Na).

2.4.10 Synthesis of (22,2'2,2"E)-triethyl 2,2, 2(((1E,1'E,1"E)-(nitrilotris(2-
methoxybenzene-4,1-diyl))tris(ethene-2,1-diyl)){(Eb-dimethylcyclohex-2-en-3-yl-1-

ylidene))tris(2-cyanoacetate)(TTS)

Compound 8 (0.3 g, 0.71 mmol), compound 11 (0.83.57 mmol) and 1-2 drop piperidine
were refluxed in anhydrous acetonitrile for 12 ldemnitrogen atmosphere. On cooling to room
temperature the dark red colored solid separatesl fitared, dried and purified by column
chromatography ( 10 % EtOAc in hexane) to get theeproduct (0.22 g, 28.94%, melting
point= 158-162 C ) 'H NMR
(500 MHz, CDC}) & 0.96 (s, 9H), 0.99 (s, 9H), 1.22-1.26 (t, 9H),2(d, 3H), 2.43 (s, 3H), 2.57
(s, 3H), 2.91 (s, 3H), 3.70 (s, 9H) 4.16-4.22 (H),66.62-6.64 (d, J = 8.5, 3H), 6.73 (d, J = 1,
3H), 6.80 (s, 1H), 7.09-7.12 (d, J = 16.5, 2H),077232 (m, 4H), 7.70-7.80 (m, 5HYC NMR
(126 MHz, CDCY¥): 6 14.49, 28.06, 28.27, 31.12, 31.51, 31.93, 388376, 40.93, 44.57,56.16,
61.55, 97.47, 98.13, 107.34, 116.65, 117.16, 117128.72, 123.76, 125.27, 128.85, 129.41,

129.82. HRMS (ESI): m/z calculated for (M + HEgsH72N4Og, 1065.5299; found 1065.5283.

2.4.11 Synthesis of (2)-ethyl 2-(3-((E)-4-(bis (thoxyphenyl) amino)-2-methoxystyryl)-5, 5-

dimethylcyclohex-2-en-1-ylidene)-2-cyanoacetate W13)

Compound 9 (0.3 g, 0.82 mmol), compound 11 (0.2B23 mmol) and 1-2 drop piperidine

were refluxed in absolute ethanol for 12 h, 1 harmdtrogen atmosphere. On cooling to room



temperature the solid separated was filtered aied énd purified by column chromatography

(15 % EtOAc in hexane) to get the pure productg@®]133.54 %, melting point = 12)

'H NMR (500 MHz, DMSO-d6)s 0.97 (s, 3H), 1.00 (s, 3H), 1.22-1.26 (t, 3H), 2244 (d,
2H), 2.57 (s, 1H), 2.92 (s, 1H), 3.68 (s, 9H), 44182 (q, 2H), 6.46-6.47 (d, 1H), 6.56-6.76 (m,
9H), 7.24-7.31 (m, 3H), 7.62-7.68 (dd, 1HJC NMR (126 MHz, dmso+) § 14.51, 28.08,
28.29, 31.52, 31.93, 55.60, 55.93, 61.51, 97.05(7101.27, 104.86, 110.14, 111.29, 111.73,
112.71, 114.84, 116.85, 117.86, 118.77, 119.20,002324.76, 128.34, 128.63, 128.75, 129.99,
130.28, 130.82, 131.12, 146.85, 147.85, 149.82,785458.47, 160.64, 160.80, 162.58, 163.02,
165.45, 167.13, 186.88. HRMS (ESI): m/z calculdtedM + H)* CaHaaN20s 579.2781; found

579.2802.

2.4.12 Synthesis of (2)-ethyl 2-cyano-2-(3, 5, brtethylcyclohex-2-en-1-ylidene) acetate (11)
Synthesized by using the reported literature proe{t6]

Isophorone (10 g, 72.35 mmol) and ethyl cyanoaedtet.5 ml, 108.53 mmol) were dissolved in
anhydrous toluene (100 ml). Sodium acetate (4 @) aretic acid (8 ml) were added. The
reaction mixture was refluxed at 13C for 48 hrs. Second lot of sodium acetate (2ng)) @cetic
acid (4 ml) were added after 12 hrs. Water genératehe reaction mixture was removed by
using dean stark apparatus. On cooling water wdsdath the reaction mixture and extracted
with ethyl acetate (100 ml x 3). The combined orggrhases were concentrated under vacuum
and purified by column chromatography using 5 %At@ hexane as the eluent to get the pure

product (8.9 g, 52.72 %)H NMR (500 MHz, CDC4,):  6.65 (m, 1H), 4.24-4.26 (g, 2H), 2.88



(s, 2H), 2.53 (s, 2H), 1.96 (s, 3H), 1.32-1.353@), 0.98 (s, 3H), 0.96 (s, 3HYC NMR (125
MHz, CDCh): & 165.96, 162.50, 156.58, 120.48, 116.27, 98.153%145.69, 45.28, 31.72,

27.92, 25.45, 14.13, ppm.
3. Results and discussion
3.1 Photophysical properties

Absorption and emission properties of all the fetyryl derivativesTMS, TTMS, TDS and
TTS were studied in solvents of different polaritiesable 1 shows absorption and emission
amax, Stokes shift in cthand molar extinction coefficient in mm™ of all the four dyes in
different solvents. Fig. 2 represents combined gdtem and emission spectra for all the four
dyes. The first absorption shoulder peak aroundr8@ds due to the-7* transition of the dye
and the second peak near 500 nm is due to thamategular charge transfer transition (ICT)
between donor group and acceptor moiety. Slightstgfted absorption spectra are observed
when the number of withdrawing isophorone carbeghgsoups increased on triphenylamine
moiety. Also with the increasing number of withdmagy groups on triphenylamine group,
remarkable change in the molar extinction coeffitis observed (Fig. 2). The styryl derivative
with three supporting methoxy donating groups ahckd strong withdrawing isophorone
carbethoxy groupsI(TS) shows highest molar extinction coefficient, white styryl derivative
with three supporting methoxy donating group anky one withdrawing isophorone carbethoxy
group TTMYS) show the lowest molar extinction coefficient.

The absorption maximam.x as well as molar extinction coefficient increageshe order of
TTMS <TMS < TDS < TTS suggesting that as the number of isophorone daskgtgroups

increases fronT TM S to TTS better intramolecular charge transfer (ICT) ocadifr®m donor



triphenylamine to withdrawing isophorone carbethaypups. In the absorption spectra a
shoulder peak around 375 nm for the isophorone tmaiereases as the number of isophorone
carbethoxy groups increases framM Sto TTS. In the emission spectra same trend is observed
i.e. emission intensity increases frdMM Sto TTS, but very slight red shift in emissiofaxis
observed even after increasing the number of wathidrg isophorone carbethoxy groups.
Similarly due to the additional methoxy groupsTinM S derivative as compared to the only one
methoxy group inTM S derivative shows slightly red shifted absorptionl @missiotmax So it
can be predicted that there is a better intramtdeactharge transfer (ICT) after varying the
number of withdrawing groups instead the donatiraygs on triphenylamine.

Different photophysical parameters calculated fribim available absorption and emission data
are represented in Table 1 for all four dyes iroasform solvent. Table 2 and S1-S3 represents
the photophysical parameters calculated in sebofpolar to polar solvents for dy&@§ M S and
TMS to TTS respectively. It is observed that all four dyedhibited slightly red shifted
absorption spectra and highly red shifted emissjggctra from non-polar to polar solvents. All
four dyes show very high value of full width hallasimum (FWHM) and hence they can be
treated as very good energy absorbing dyes for tip¢oelectronic applications, further its value
increases from non-polar to polar solvents. Theievalf oscillator strengthf)(and transition
dipole moment (i) were calculated from integrated absorption speasig well-known
expressions [67]. It is observed that as we go freomo to tri-styryl derivatives both the values
increases and the highest value of oscillator gthe(B8.27) and transition dipole moment (18.80
Debye) were reported for the tri-styryl derivatives DCM solvent. Similarly the values of
radiative rate constant (Kr) in all solvents weadcalated using Strickler Berg equation

Kr=2.88 x 107°n%92, [ez dv (1)



Where v, is the average wave number corresponding to tBdar@nsition and the integral part
is evaluated from the area under the curve of gtisorand emissions in all solvents. Again the
highest Kr values were obtained foiTS dye. We also calculated the values of emission
transition dipole moment,(Ems) in all solvents by utilizing the value of End integrated
emission spectra [68] and it is found that thedeesare slightly lower than the transition dipole
moment calculated from absorption spectra. No nuasfation in g (Ems) is observed when

we go from non-polar to polar solvents.

<< Pleaseinsert Fig. 2. Combined Absorption and normalized emission speaaftidyesTTM S,
TMS, TDSandTTSin chloroform solvent>

<< Pleaseinsert Fig. 3. Absorption spectra of dyeTMSin all solvents>

<< Pleaseinsert Table 1. Photophysical parametersOM S, TTMS, TDSandTTSin
chloroform solvent>

<< Pleaseinsert Table 2. Photophysical properties of df@ M Sin all solvents>>

3.2 Solvatochromism, Lippert-M ataga correlation and Quantum yield of the dyes

The dyes were checked for their solvatochromighavior in solvents of different polarity
and red shifted emissions were observed after asarg the solvent polarity suggesting that the
charge separation increases in the excited staighwasults in a larger dipole moment in the
excited state as compared to the ground stateaf$@rption and emission spectra of dyieM S
in different polarity of solvents is shown in FigaBd Fig.4 respectively. A very good red shifted
emission, 96 nm was observed for this dye from polia+ to polar solvent (Fig. 5). Similarly,
remaining three dyeEM S, TDS andTTS also show red shifted emission of 95 nm, 88 nm and
93 nm respectively from non-polar to polar solvefigy.S2-S9). In polar solvents, emission

intensity increases for dyeTMS andTM S, and decreases for df@S andTTS. Also for all



four dyes Stokes shift increases with the increasthe solvent polarity suggesting that these
dyes have polar excited state and it is more stahbllin the polar solvent.

All the dyes emit in the red to deep-redion from 568 to 670 nm and also show red
solid state fluorescence. The dye3S andT TS show the highest quantum yields in dioxane and
the lowest one in acetonitrile solvent. The dyd S show highest quantum yield in chloroform
and lowest one in hexane solvent, while the @yeVS shows the highest quantum yield in
DMSO and the lowest one in hexane. In general y)egs DS andTTS showed higher quantum
efficiencies in non-polar solvents and lower quamtefficiencies in polar solvents, while the
trend is opposite fof TMS andTM S dyes. This can be correlated with the observed chieg
of fluorescence in polar solvents f6DS andTTS dyes and in non-polar solvents f6BTM S
and TMS dyes. As we predicted that dyg§MS and TMS showed intramolecular charge
transfer (ICT) while dye3 DS andTTS showed twisted intramolecular charge transfer 0)|C
which was further supported by their viscosity sty study. The twisted charge transfer state
of dyesTDS andTTS is more stabilized by polar solvents as compaveiti¢ non-polar solvents
to deliver red shifted emissions and quenchinduafréscence.

<< Pleaseinsert Fig 4. Emission spectra of dyETM Sin all solvent->

<< Pleaseinsert Fig 5. Normalized emission spectra of dy&@M Sin all solvents>>
Solvatochromism observed in these compounds andugraincrease in Stokes shift with
increase in the solvent polarity can be correla@edsing Lippert-Mataga equation [69]. Lippert-
Mataga equation is showing direct correlation oygital parameters of solvent i.e. dielectric
constant, refractive index and change in dipole emnof the compound upon excitation with
Stokes shift. It is a very general equation for dfieect of solvent on emission properties and

does not account for specific solvent—fluorophom¢eractions, for e.g. through hydrogen



bonding, etc. The plot of stokes shift Vs Lipperatisiga function for all the four dyes exhibited
linear relationship suggesting that solvent paransesuch as dielectric constant and refractive
index are collectively responsible for the red shifemissions (Fig.6). The individual plot of
stokes shift Vs orientation polarizability i.e. pgrt-Mataga functionAf) for all four dyes in
different solvents is also represented in Fig. S18- As Mac Rae is the improved version of
Lippert-Mataga where in addition to the solventapizability, solute polarizability is also taken
into account [70]. We found linear relationshipveeén the plots of Mac Rae functioff(r) Vs
Stokes shift for all four derivatives in differesdlvent as shown in Fig. S14. This suggests that
the polarity originated from the dipole created e solute particles i.e. styryl dyes also
contributed for the solvatochromic shift observegbolar solvents.

<< Pleaseinsert Fig. 6. Lipper-Mataga solvent polarity graphs for all falyes>>

3.3 Multilinear regression analysis of absorption and emission shift using Kamlet-Taft and
Catalan parameters

It is found that the single parameter scale suchiggert-Mataga, Mac-Rae, andE(30) are
inappropriate to explain exactly which solvent mdp or solute-solvent interaction is
responsible for the observed solvent dependentigttysmical changes. Hence a multi-
parameter approach proposed by Kamlet-Taft and&ais preferred and has been successfully
applied to various physiochemical processes for, &ly-Visible absorption spectra, emission
maxima in fluorescence spectra, Stokes shifts, tgoaryield, radiative and non-radiative rate

constants, fluorescence life time, etc.
In general the multi-linear expression is given as

y=Yo+aA+bB+cC+dD (2)



Where y is the solvent affected physiochemical ertyp yo is the studied physiochemical
property in the gas phase. When all other solvardrpeters are absent, thena yy a, b, c andd
are adjustable coefficients which reflect the delesice of y to the various {A, B, C, Xolvent
parameters. We studied three different physiochanpioperties (y) namely absorption maxima
(Vabg, €mission maximavgm) and Stokes shiftAv). Among various solvent scales available in
the literature, those provided by Kamlet and Tafi,72] is most frequently used and is

expressed as...

Y=Yo+a.0 + P + Cpr * (Kamlet-Taft) (3)

Wherea represents effect of acidity (hydrogen-bond dapability) of solventf represents
effect of basicity (hydrogen-bond accepting abjlity solvent andt* represents the collective
effect of solvent polarity (also known as dipolgriand polarizability. But if acidity or basicity
of solvents is not affecting on the value of y,rtteenong polarity and polarizability it is difficult
to sort out which factor is exactly influencing teudied physiochemical property y, hence

Catalan[73—75] proposed another expression...

Y = Yo +asaSA +bspSB +CspSP +dsge SAP  (Catalan)  (4)

Here total four solvent parameters namely SA (stleeidity), SB (solvent basicity) SP (solvent
polarizability) and SdP (solvent dipolarity) werdgroduced and the newly introduced parameter
solvent dipolarity (SdP) can make difference betwahe exact contribution of solvent
polarizability (SP) and solvent dipolarity (SdP)Isé the individual solvatochromic parameters
explained by Catalan are based on well-definedreate processes as opposed to the Kamlet-

Taft parameters which are based on the averagevefa solvent-dependent processes.



To study our highly red shifted emission spectrd @ery high Stokes shift observed for all four
styryl derivatives in polar solvents we used batie, well-established Kamlet-Taft as well as its
improved version by Catalan simultaneously to usiderd exactly which factor i.e. solvent
acidity, basicity, polarizability or dipolarity isnainly affecting the altered photophysical

properties of these styryl derivatives in solvesftdifferent polarities.

Multi-linear analysis offMSis carried out in nine different solvents using@iption, emission
and Stokes shift data. For the absorption datéhisf dye comparatively poor fit by both the
methods is observed but Catalan parameter showey loetrelation coefficient (r = 0.65) than
Kamlet-Taft parameters (r = 0.29). Estimated cogdfits forTMS dye by Kamlet-Taft and
Catalan method are represented in Table 3. Laegelatd errors observed on both Kamlet-Taft
and Catalan parameters for solvent acidity andcligsfactors suggest that mainly solvent
dipolarity or polarizability are responsible fortklightly red shifted absorption spectra. Also as
a very high standard error is observed on solvemtlarity (dsp factor, solvent polarizability
(csap) factor obtained by Catalan method can be consitas mainly responsible for the slightly
red shifted absorption spectra. In the case of ansspectra again Catalan parameters show
better correlation coefficient (r = 0.98) than Katdlaft parameters (0.83). The negative value
observed for all four solvent parameters (acidigsicity, dipolarity and polarizability) both by
Kamlet-Taft and Catalan analysis supports the haitiesl emissions observed in polar solvents.
Very small correlation coefficient observed for\amit acidity and basicity factors as well as
very high standard error observed for the collecpparameters of solvent polarizability as well
as dipolarity, Kamlet-Taft method hasn’t provideyaconclusive result. Also for Catalan
parameters very small correlation coefficient iseted for solvent acidity as well as basicity

parameters when individually plotted with emissspectra, hence they cannot be considered for



the further analysis of emission spectra. Amongesdl polarizability and dipolarity, though by
first observation comparatively high standard ersoobserved for solvent dipolarity factor, it is
also showing very high correlation coefficient @.9vhen individually plotted with the emission
spectra. Hence solvent dipolaritys¢ can be considered as the main factor responfaibline
highly red shifted emission spectra DM S dye. The graph plot of estimated emission values
against experimental emission values shows exdelieear relation by Catalan parameters

(slope = 0.99) (Fig. 7).

<< Please insert Table 3. Estimated coefficients ¢y a, b, ¢, d), their standard errors and
correlation coefficients (r) for the multi-lineanaysis of {and, (Vem) and Av) of TMS as a
function of Kamlet-Taft (2) and Catalan (3) solventles. Wheray or SA for solvent acidity}

or SB for solvent basicityg* for collective parameter of solvent dipolarity capolarizability
according to Kamlet-Taft equation, SdP and SP folvent dipolarity and polarizability
respectively according to Catalan equat®n

As like TM'S dye multilinear regression analysis using Kamlatt and Catalan parameters is
carried out for other three dyes T®S, TTS andTTMS and it is observed that farDS and
TTS dyes again Catalan parameters show better coorelaoefficient than Kamlet-Taft
parameters, but in the case BTMS dye both the parameters are not showing very high
correlation coefficient. Estimated coefficients filyesTDS, TTS and TTMS by Kamlet-Taft
and Catalan method are represented in Table S4seBing the sign of the each estimated
coefficient as well as the extent of standard earat correlation coefficient obtained by both the
methods, solvent dipolarity is emerged out as th@nniactor responsible for the shift in
absorption as well as emission spectra, which wahdr supported by plotting absorption or

emission data with each individual factor. Hencesexat dipolarity can be considered as the



main factor responsible for the slightly red shdftabsorption as well as highly red shifted
emission spectra ofDS and TTS dye. For red shifted emission spectrald@fM S dye again
solvent dipolarity is the main factor responsilidat no any conclusive results were obtained to
explain the slightly red shifted absorption speatfathis dye. The graph plot of estimated
emission values against experimental emission gsafoe dyesTDS, TTS and TTMS are
represented by Fig. 7 which shows excellent limetation with slope of 0.9776, 0.9765 and
0.7614 respectively.

<< Pleaseinsert Fig. 7. Correlation between experimental and predictedsiom wave number

forTMS(a), TDS (b), TTS(c) andTTM S (d) by Catalan method>

3.4 Intramolecular and twisted intramolecular chargetransfer (ICT and TICT)

We studied the optical properties of all four dyesTMS, TDS, TTS andTTMS in different
solvents. In general in the case of donor-accemanpounds the polarity of solvents strongly
affects the excited state of the molecule by stabg it through dipole-dipole, hydrogen
bonding, and solvation interactions. In the excistdte, such type of compounds instead of
emitting from locally excited (LE) or Franck-Condstate they emit through newly generated
intramolecular charge transfer (ICT) state or tedsintramolecular charge transfer state (TICT)
state which is well-stabilized by polar solvents.dur case, emission spectra of all four dyes
show very good positive solvatochromism from notepto polar solvents and all the emission
peaks are very broad suggesting that they aremittirg through locally excited (LE) state but
through ICT or TICT state. There are number of regpm the literature explaining the ICT and
TICT emission. After seeing emission spectra ofa@llr dyes, interestingly we found thBM S
andTTM S dyes show enhancement of fluorescence in polaestdwvhileTDS andTTS dyes

show quenching of fluorescence in polar solventg. (8). As all four dyes consisting of same



donor i.e. triphenylamine and same acceptor i@pherone unit, the only difference is the
number of donating or withdrawing groups. Receittly proved that the free rotations of phenyl
rings around single bond non-radiatively deactisdtee excited state to a large extent through
the formation of TICT state and as the number afhsfreely rotating group increases the
chances of formation of TICT state is also incregg®]. In the case of styryl dyes as the
number of double bond increases, though theredsshift in emission but at the same time
lowering of fluorescence quantum yield observed wuéhe increased flexible units. It is also
proved that in the case of styryl dyes, the main-raaliative decay channel is not the rotation
around C-C bond, but the rotations around the dioygyl C=C bond in the excited state [59].
In our caseTMS and TTMS dyes having only one withdrawing unit, hence pagsemitting
through the ICT state where no any fluorescencachieg in polar solvents is observed. In the
case off DS andTTS dyes, two and three withdrawing isophorone unispaiesent respectively
and hence more number of double bonds are predealh wmay forcing the dye to emit through
the TICT state after excitation. It is observedt tte compounds emitting through TICT state,
get twisted in the excited state where donor ameé@ior moieties are mutually perpendicular to
each other and total charge separation betweethott@r and acceptor is observed, which further
elevates the HOMO level to narrow the band gaps THCT state is stabilized by polar solvents
to give bathochromically shifted emission, butle same time it is susceptible for the various
non-radiative quenching processes and shows guendfifluorescence in polar solvents. The
TICT emissions can be blocked chemically by resigcthe rotations around single bond by
designing structure of compounds having bulkieugsoin vicinity.

Now-a-days instead of taking lot of synthetic effoto make such type of rigid structures

researchers tried to enhance the fluorescence abf SICT fluorophores through AIE effect,



viscosity study or by studying the fluorescencdoamter temperature. To support our above
observations we also studied the viscosity effecthe fluorescence properties of all four styryl
dyes and found better fluorescence enhancemertdyBsTDS and TTS as compared to dyes
TMSandTTMS.

<< Pleaseinsert Fig. 8. Emission spectra of compouiidlS, TTMS, TDSandTTSin all
solvents. Designed line represents non-polar stdwehile plane line represents polar solvents

>>

3.5 Viscosity sensitivity and twisted intramolecular chargetransfer (TICT)

To correlate our above experimental findings i.eerching or enhancement of fluorescence
from non-polar to polar solvents we studied thecassty sensitivity of these styryl dyes in
ethanol: PEG 400 mixture of solvents. Due to itgsa@phenyl rings rotating around single bond
the triphenylamine based styryl dyes already repbtb show enhanced fluorescence after
hindering the rotation in viscous media [59]. le ttase of styryl dyeEDS andTTS, quenching

of fluorescence is observed as polarity of solwetteases and we proposed that these emissions
are due to the TICT state formed in polar solveHisnce instead of using polar solvent like
glycerol for viscosity study we used polyethylergcgl 400, which is comparatively non-polar
and less toxic commercially used viscous solvemts I[uM solutions of these dyes in ethanol
percentage of PEG increased from 10 to 100 % wkatencement of fluorescence was
observed with the increased percentage of PEG.9Rigpresents viscosity induced emission of
all four styryl dyes with increasing percentageP&G 400 in ethanol. We found 2.24 and 2.64
times enhancement of fluorescence TS and TTMS dye respectively, which is almost
doubled forTDS andTTS dye and they show 4.03 and 5.02 times fluorescenb@ncement

respectively. As we proposed earlier that the \egh fluorescence enhancement observed for



TDS andTTSdye is due to the formation of TICT state in tikeited state which get blocked in
viscous media and show increased fluorescence skightly blue shifted emission spectra. In
betweenTDS andTTS comparatively better enhancement in fluoresceaaghserved fol TS
dye which possessing highest number of withdrawgmogips in all four dyes. Due to their good
sensitivity to viscous media styryl dyeBDS and TTS can be considered as fluorescent
molecular rotors (FMRs) as they show very higherssimn wavelengths (637 and 641nm for
TDS and TTS respectively) as compared to well-known traditiolr@dMR 1 (2-(4-
(dimethylamino)benzylidene)malononitrile, at 460)ni8imilarly they show very high Stokes
shift (128 and 131 nm foFDS and TTS dyes respectively) as compared to 40 nm for FMR 1.
Due to its biological importance viscosity sengiyivabove 600 nm is highly essential and there
are very few reports till date for the viscositynsiivity in this region. As all our styryl dyes
emits above 600 nm due to their methoxy they candmsidered as a very good FMRs in the

deep red region.

<< Pleaseinsert Fig. 9. Emission spectra of compouid/1 (1), TDS(I1), TTS(II1) and

TTM (V) in mixture of ethanol and PEG 400>

3.6 Electrochemical Properties

To study their redox behavior we performed cyclicltametry study of these dyes in
dichloromethane using tetrabutylammonium hexaflpbosphate (NBi#PFs) as electrolyte at a
scan rate of 100 mV/s, where ferrocene is usedfasance standard. The cyclic voltammograms
are displayed in Fig. 10. The observed main oxutlatieak for these styryl derivatives are
mainly due to the removal of electron from cenhiftlogen atom of triphenylamine and the extra

oxidation peaks observed for dy€81S, TDS andTTMS are may be due to the removal of



electron from extra methoxy groups present on émytamine donor though they are not in
direct conjugation with the withdrawing isophoromeit. First oxidation peak observed for all
four dyes is at around 0.84 to 0.92 mV/s in whighsTM SandTTM S shows lowest oxidation
potential at 0.8410 mV/s and dy& S shows highest oxidation potential at 0.9178 m¥sept
dyeTTS, remaining three dyes show second oxidation peakoaind 1.50 mV/s confirming the
supporting donating ability of extra methoxy groygsesent on main triphenylamine donor. Due
to the two more extra methoxy groups presenT®M S dye, it shows one more oxidation peak
at 1.1333 mV/s. Also due to its highly symmetricusture and unavailability of electron for
removal due to the more number of withdrawing ismphe unit present ol TS dye it shows

only one oxidation peak at 0.9178 mV/s.

<< Fig.10 Cyclic voltammograms of dyEM S, TDS, TTSandTTMSin DCM at room

temperature>

3.7 Compar ative photophysical properties of plain and methoxy supported triphenylamine-

isophorone styryls:

Recently donor capability of triphenylamine is fet improved by decorating the extra phenyl
rings of triphenylamine with additional donatingogps such as carbazole [19], phenothiazine
[46], etc and such starburst triphenylamine basex$ ére utilized for Dye-sensitized solar cell
applications, but due to the steric hindrance taeynot reported to show very high efficiency
for dye sensitized solar cell, hence small donagr@gups such as methoxy are preferred over
bulkier groups [48]. We have synthesized differémphenylamine styryl dyes with extra
methoxy groups as supporting donor. Though thegbarg groups are not in direct conjugation

with the withdrawing groups, they improved totahdting ability of triphenylamine and show



red shifted absorptions as well as emissions tharptane triphenylamine styryl dyes reported
recently [61]. We developed a novel synthetic stygtto get these methoxy triphenylamine
intermediates 3, 4 and 5. Due to the presence tfiaxg at ortho position, substitution at para
position of the triphenylamine nitrogen was fourasier and we synthesized the tri-formylated
derivative of triphenylamine in a very good yiele compared the photophysical properties
such as absorption, emission and Stokes shift esetmewly synthesized dyes with recently
reported dyes by Zhou et al, where they used sawmeréicceptor combination but on plane
triphenylamine [61]. The comparative photophysmalperties of mono-substitute@g¢mpound

1), di-substituted Compound 3) and tri-substituted Gompound 5) dyes with our methoxy
supported dye§MS, TTMS, TDS and TTS are shown in Table 4. We found red shifted
absorption and emission values for the methoxy sdeg dyes. In the case ©ff M S dye which

is having two more methoxy groups thBN S dye also shows red shifted absorptions as well as
emissions thasompound 1(reported dye) as well &MV S dye which possessing only one extra
methoxy group. But after putting extra methoxy gr&uno much more variation in Stokes shift
is observed. Fig. 11 represents the effect of smhdit methoxy groups on absorption and

emissionumax of these styryl dyes.

<< Pleaseinsert Fig.11: Comparative photophysical propertieCadmp 1(reported dye)TM S

andTTM S dye>>

<< Pleaseinsert Table 4. Comparative photo-physical properties of the pteaphenylamine
isophorone styryl (blue color) and methoxy suppbttgohenylamine based styryl (red color)

dyes in different solvents>

3.8 Optimized geometries of the styryl dyes



We optimized the molecular structure of these dyeshe gas phase using time-dependent
density functional theory (TD-DFT) calculations wihe Gaussian 09 program using the B3LYP
functional [63,64,77]. Optimized molecular strugsitogether with the frontier molecular orbital
profiles displaying electronic distributions in thelOMO and LUMO in gas phase are displayed
in Fig. 09. Minimum overlap of electron densityween HOMO and LUMO is observed in the
case of dye§MS and TTMS as compared to the dy@PDS and TTS suggesting that more
effective charge transfer is possible in the cdsmano-styryls as compared to the di and tri-
styryls. At HOMO level maximum electron densitylixated on the donating triphenylamine
phenyl rings while at LUMO level it is shifted tovds the withdrawing isophorone unit. In the
case of TTS dye, though the whole electron density is locatedthe methoxy supported
triphenylamine donor part at HOMO level, it is $bd towards only two withdrawing styryl unit
at LUMO level and one of the withdrawing isophoramet remained totally vacant, hence it is
not at all taking part in the charge transfer me@dra. Table S5 to S8 represents the respective
Cartesian coordinates for all four dyes. The engayy between HOMO and LUMO for all four
dyes were calculated at gas phase and are remdsentig. 12, whereas expect&éd S dye
shows lowest difference between HOMO-LUMO energy5Z2eV) due to the extended
conjugation and highest number of withdrawing ismphe unit among all four derivatives and
TMS dye shows highest difference between HOMO-LUMO gn€R.67 eV) due to the single

withdrawing unit.

<< Pleaseinsert Fig. 12. HOMO-LUMO FMO diagrams of dyg M S, TTMS, TDSandTTSin

gas phase at ground state

<< Please insert Fig. 13. HOMO-LUMO energy gaps of dyeBM S, TDS, TTSandTTMS in

gas phase>



The computationally derived lowest energy transgioi.e. vertical excitations, oscillator
strengths and dipole moments in gas phase wergarech with the experimentally observed
absorptions, oscillator strength and dipole mondgrived from absorptioamax in hexane

solvent[Table 5]. In general computationally observed verticatiwation values are well in

agreement with the experimental one with percentigeation from 6.22 to 11.78 %. Major
contribution of electronic transitions for all fodlyes is from HOMO to LUMO (97-99 %).

Almost similar trend for the experimentally derivadd computationally observed oscillator
strength is found and only exception is BTS dye which shows almost double value of
experimental oscillator strength than that obsem@uputationally. Though the experimentally
calculated dipole moment increases when we go framo to tri-styryl dyes opposite trend is

observed for the computationally derived one.

<< Please insert Table 5. Comparative experimental and computational photsichl
parameters ofTMS, TDS, TTS and TTMS in gas phase (computational method) and hexane

solvent (experimental method)

4. Conclusion

Novel synthetic strategy has been developed toigcagquethoxy supported mono, bis and tris
methoxy supported triphenylamine aldehyde as wellrespective styryl dyes. Due to the
supporting methoxy groups donating ability of teplylamine was increased and all the newly
synthesized styryl derivatives showed red-shiftesogptions as well as emissions as compared
to the known styryl derivatives on plane triphemylae. Additionally as the number of
withdrawing isophorone unit increases on triphemytee both molar extinction coefficient as

well as emission intensity increases from monoritsubstituted triphenylamine. Kamlet-Taft



and Catalan multilinear analysis of absorption @amiission spectra has shown that mainly
solvent dipolarity factor is responsible for theglstly red shifted absorption spectra as well as
highly red shifted emission spectra. Three oxigdepeaks observed fGrTM S dye confirms the
involvement of extra methoxy groups in the donaregtor skeleton. We segregated all four
styryl derivatives into two groups as ICTNIS, TTMS) and TICT DS, TTS) dyes depending

on their moderate and very high viscosity sensitikespectively.
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Tables

Table 1.Photophysical parameters of TMS, TTMS, TDS and TTS in chloroform solvent

Solvent  Aaps  Emax* 100 fwhm  Aens  Stokes shift — @¢ f Heg(ADS) peg(Ems)  Krx (10°)
(mMm) Mtem®  (hm)  (nm)  (nm)  (cmi) (debye)  (debye) ©)
TMS 480 493 103 630 150 4960 0.025 104  10.33 9.18 3.05
TTMS 478 3.96 109 643 165 5368 0029 081  9.07 7.50 2.02
TDS 509 8.04 127 637 128 3948 0034 186 142 11.53 4.56
TTS 510 14.05 110 641 131 4007 0.043 273  17.22 14.14 6.63
Table 2.Photophysical propertiesof TTMS in all solvents
Solvent  Aaps  Emax X 100 fwhm  Aens  Stokes shift @ f  MHeg(ADS) peg(Ems) Krx (10°)
(nm) M*cm®)  (m) (hm) (hm) (cm?) (debye)  (debye) ®
Hexane 467 5.00 90 572 105 3931 0.006 0.93 959 8.12 2.63
Toluene 475 4.29 97 594 119 4218 0011 084 923 7.47 2.62
Dioxane 482 3.75 107 633 151 4949 0.028 0.84  9.27 7.38 2.09
Chloroform 478 3.96 109 643 165 5368 0.029 0.81  9.07 7.50 2.02
DCM 469 357 108 646 177 5842 0.017 077 875 7.33 1.75
Acetone 470 3.84 102 607 137 4802 0012 079  8.87 7.82 1.7
EtOH 480 4.09 112 655 175 5566 0.021 0.9 9.61 8.17 1.81
Acetonitrile 468 3.66 111 659 191 6193 0.015 0.8 8.94 7.67 1.49
DMSO 483 3.45 116 667 184 5711 0.03 078  8.94 7.29 1.73

Table 3 Estimated coefficients (yo, & b, ¢, d), their standard errors and correlation coefficients (r) for the multi-linear analyis of
(Dabs), (Demi) and (Av) of TMS as a function of Kamlet-Taft (2) and Catalan (3) solvent scales. Where, o or SA for solvent

acidity, B or SB for solvent basicity, n* for collective parameter of solvent dipolarity and polarizability according to Kamlet-Taft

equation, SAP and SP for solvent dipolarity and polarizability respectively according to Catalan equation

Kamlet-Taft Yo x10° EW bg Cp» r
Uaps 21.51+0.23 -0.58+0.43 0.55+0.50 -0.98+0.43 0.29
Uemi 17.66 £ 0.30 -1.27 £ 0.56 -0.15+0.65 -2.42 £ 0.56 0.83



Ao 3.84+0.43 0.69 +0.80 0.69+0.93 1.44 +0.80 0.51
Catalan Yo x10° asa bsg Csap dsp r
Uabs 23.39 +0.65 -1.60 £ 0.68 0.49 +£0.40 -0.38+0.24 -3.06 £0.92 0.65
Uemi 18.01+0.40 -1.18 £ 0.42 0.06 £0.25 -2.28 £0.15 -0.79£0.56 0.98
AD 5.38+0.84 -0.42+£0.87 0.42+£0.51 1.89+0.30 -2.26£1.17 0.89

Table 4.Comparative photo-physical properties of the plain triphenylamine isophorone styryl (blue color) and

methoxy supported triphenylamine based styryl (red color) dyes in different solvents.

Solvents Comp 1/ TMS/TTMS Comp 3/TDS Comp5/TTS
Aabs hems Stokes shift habs kems Stokes shift  rabs kems Stokes shift
(nm) (nm) (cm™ (nm) (nm) (cm®) (nm) (nm) (cm®)
Hexane 439/466/467 525/568/572 3731/3853/3931 482/489 538/574 2181/3028  482/492  547/584 2486/3202
Dioxane 438/469/482 570/603/633 5313/4738/4949 484/492  591/605 3740/3796  484/499  596/609 3882/3620
Chloroform  443/480/478 590/630/643 5649/4960/5368 498/509 615/637 3840/3948  496/510 618/641 4000/4007
EtOH 438/480/480 612/654/655 6517/5543/5566 493/507 614/644 4017/4196  482/507  611/655 4380/4457
Acetonitrile  429/469/468 617/657/659 7102/6101/6193 478/496  625/655 4942/4894  484/500 626/668 4686/5030

Table 5. Comparative experimental and computational photophysical parameters of TMS, TTMS, TDS and TTS in

gas phase (computational method) and hexane solvent (experimental method)

Compound Aabs 2ab? iems fe Heg' Heg! % D" Major' Total
energy

(nm) (nm)  (nm) (debye) (debye) Contribution (ev)
TMS 466 495 568 112 1.2559 10.52 10.64 6.22 H —L 97.76 -44931.2
TTMS 467 496 572 0.93 1.2489 9.59 14.83 6.21 H —L 97.57 -69464.1
TDS 489 539 574 189 1.3936 14.03 12.10 10.22 H —L 97.49 -93997.1
TTS 492 550 531 244 11435 16.00 7.90 11.78 H —L 99.22 -51164

3Experimental absorption Amax, "Computational vertical excitation, ‘Experimental emission Amax, 9Experimentally cal culated

oscillator strength, *Computational oscillator strength, ‘Experimentally calculated transition dipole moment, *Computational

dipole moment, "Percent deviation from experimental absorption Amax, 'Major electronic transition.



Figures

Fig. 1. Structures of the synthesized dyesTMS, TTM S, TDSand TTS
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Scheme 1. Synthesisof TM S, TDS, TTSand TTM S (a) lodobenzene, potassi um-t-butoxide, 1,10 Phenanthroline /
Cul, toluene (b)3-bromo anisole, potassium-t-butoxide,1,10 Phen / Cul, toluene (¢) DMF/POCI; (d) DMF/POCI;,
1,2 dichloroethane (€)11,piperidine,ethanol (f) ethyl cyanoacetate, NH4,OAC, acetic acid, toluene.



Fig. 2. Combined Absorption and normalized emission spectra of dyes TTMS, TMS, TDS and TTS in chloroform

solvent
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Fig. 3. Absorption spectra of dye TTMSin all solvents
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Fig 4. Emission spectraof dye TTM Sin al solvent
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Fig 5. Normalized emission spectraof dye TTM Sin all solvents
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Fig. 6. Lipper-mataga solvent polarity graphs for al four dyes
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Fig. 7. Correlation between experimental and predicted emission wave number for TM S (a), TDS (b), TTS(c) and
TTM S (d) by Catalan method.
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Fig. 8. Emission spectraof compound TMS, TTM S, TDSand TTSin all

polar solvents while plane line represents polar solvents
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Fig. 9. Emission spectraof compound TMS (1), TDS(I1), TTS(I11) and TTM S (1V) in mixture of ethanol and

PEG 400

0

solvents. Designed line represents non-
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Fig.10 Cyclic voltammograms of dye TM S, TDS, TTSand TTM Sin DCM at room temperature
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Fig.11: Comparative photophysical properties of Comp 1(reported dye), TMSand TTM Sdye
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Fig. 12. HOMO-LUMO FMO diagrams of dye TMS, TTM S, TDS and TTSin gas phase at ground state



Fig. 13. HOMO-LUMO energy gaps of dyesTM S, TDS, TTSand TTM Sin gas phase
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Highlights
» Novel strategy is used for the synthesis of triphenylamine-isophorone styryl dyes.

» Tri-formylation of triphenylamine easily occurred due to the methoxy support.
» Thedyes are categorized into ICT and TICT dyes as per their viscosity sensitivity.

> Red shifted absorptions-emissions are observed due to the auxiliary methoxy donors.



