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Abstract

We designed and synthesized triphenylamine basgéd@mmarin fused rhodamine hybrid dyes
and characterized usintd, *C NMR and HR-LCMS analysis. Both the newly synthedi
hybrid dyes were found to show red shifted absorptis well as emissions and large Stokes
shift (40-68 nm) as compared to the small Stokés (@5-30 nm) of reported dyes RhodamiBe
and101. Photophysical properties of these dyes were etlith different solvents and according
to the solvents acidity or basicity they prefertedemain in their spirocyclic or open form in
different ratio. We studied the spirocyclic as wadlopen form derivatives of these dyes for their
viscosity sensitivity in three different mixture sblvents i.e. polar-protic [EtOH-PEG 400],
polar-aprotic [toluene-PEG 400] and non-polar-aprftoluene-paraffin]. They are found to
show very high viscosity sensitivity in polar-pimixture of solvents [EtOH-PEG 400] and
hence concluded that both polarity as well as wggdactor worked together for the higher
emission enhancement rather than only viscosityofacAs these dyes showed very high

viscosity sensitivity in their spirocyclic as wels open form, they can be utilized as viscosity



sensors in visible as well as deep red region. We eorrelated our experimental finding

theoretically by using Density Functional theorynputations.

Keywords: Coumarin rhodamine hybrids, solvatochromism, \8#go sensitivity, deep red

emitting dyes, Density functional theory (DFT).

I ntroduction
Fluorescent environment sensitive dyes such asaulalerotors are widely used to measure
viscosity in biological systems in place of convenél methods due to its advantages such as
small sample volume and high speed of the readlbu8]. Hence currently fluorescent
molecular probes are the most suitable tools fal-time measurements of viscosity in both
micro- and macro systems [4,5]. Molecular rotors argroup of fluorescent compounds that
consists of an electron donor grouptieonjugation with an electron acceptor group wticotmn
twisted intramolecular charge transfer (TICT) statfter excitation. In such cases fluorescence
guenching via an internal non-radiative process imzolves molecular rotation between the
donor and the acceptor (TICT) is observed whichimglered in highly viscous environment to
regain the fluorescence emission [6,7]. 9-Dicyanghijulolidine (DCVJ) and its different
derivatives have been extensively studied for thesicosity sensitivity which are weakly
fluorescent initially due to the fast rotation anduthe single bond interconnecting the julolidine
and dicyanovinyl subunits [8-13] . Freely rotatjpizenyl ring at meso position in BODIPY dye
is also utilized for application as viscosity seisdd4—17].

Though some highly fluorescent dyes likedamine, fluorescein, BODIPY and cyanine

derivatives have been widely used as fluoresceabg®{18,19], labels[20-22], logic gates



[23,24], light-emitting materials [25-28], and ligharvesting systems [29-32], they have the
serious disadvantage of very small Stokes shiffsiqally less than 25 nm), which can lead to
serious self-quenching and fluorescence detectraorsebecause of excitation backscattering
effects [33,34]. The large Stokes shift could redwself-absorption as well as obtain high
resolution and low detection limits. Thereforeraimains highly desirable to explore new design
strategies for the development of deep red fluemnsdyes with great photo stability and large
Stokes shift while being used as ratiometric senplatforms.

Similarly deep red emitting or NIR flusment probes are attractive for biological
applications because of minimum photo damage tdical samples, deep tissue penetration,
and minimum interference from the background alitoréscence of biomolecules in the living
systems [35,36]. Rhodamine dyes due to their exaephotophysical properties, such as high
molar extinction coefficients, excellent fluorescemuantum yields, and great photo stability,
are widely used as fluorescent probes and molecudaikers in chemistry and biology [37-39].
However, the absorption and emission wavelengtimsast rhodamine derivatives are below 600
nm and exhibit a very small Stokes shift (rhodan#el9 nm) which is sometimes unsuitable
for biological applications due to self-absorptidvlany efforts have been made to acquire
longer-wavelength rhodamine derivatives, includexgending the conjugation of the xanthene
ring, replacing the central carbon with a nitroggom or introducing a cyano group on the
central carbon atom, as well as replacing the axygé&lge atom by other elements, such as N,
C, S, and Se [40,41]. However, rhodamine analogiee®loped by these strategies are very
difficult to synthesize.

Hence currently trend to hybridize two totally éifént dyes with unique photophysical

properties is being rapidly accepted by researchersbtain the hybrid dye with desired



photophysical properties. For example, ESIPT-BODIR?,43], ESIPT-Coumarin [44,45],
BODIPY-Coumarin [46,47], BODIPY-Rhodamine [48,4%9caCoumarin- Rhodamine [50] dyes
were synthesized successfully and found to shotteehotophysical properties than their
precursors. Recently P. Wang and coworkers syrabaédused coumarin-rhnodamine hybrid dyes
and utilized them for bioimaging study in the Ni&yion. The new hybrid dyes not only retained
the advantages of coumarin and rhodamine individaegalatives in themselves but also found to
show larger Stokes shift and red shifted emissianalengths [50].

In this work, we have successfully sysiked triphenylamine based two novel deep red
emitting coumarin-rhodamine hybrid fluorescent dyeisvironment friendly deep eutectic ionic
liquid i.e. NMP.HSQ is used as the reaction media to obtain the canmfsed rhodamine dyes
in good yield instead of using traditional highlgncentrated acids. As TICT is responsible for
the viscosity sensitivity we designed the dyeshsd triphenylamine can be used as main donor
from coumarin side antl,N diethyl aniline or julolidine as main donors fratmodamine side.
The pure dyes in their spirocyclic form were stdldier their viscosity sensitivity in polar protic
[EtOH-PEG 400], aprotic polar [toluene-PEG 400] amgrotic non-polar [toluene-paraffin]
viscous media in the presence and absence of TFAul#stantial change in the emission
intensities in the visible as well as deep redaegvere observed for both the dyes particularly
in the polar viscous medium [EtOH-PEG 40Big. 1 represents the structure of hybrid dyes
Cou-Rh-1 andCou-Rh-2 in their spirocyclic as well as open form.
<< Please insefig. 1. Structure of the coumarin-rhodamine hybrid dgesi-Rh-1 andCou-

Rh-2>>

2. Experimental section

2.1 Materials and equipments



All the reagents and solvents were pwetldrom S d Fine Chemical Limited, Mumbai,
India and used without further purification. Th@eBons were monitored by TLC using on 0.25
mm E-Merck silica gel 60 F254 precoated platesctvhiere visualized with UV lightH and
3C NMR spectra were recorded on a Varian Cary Eelipsustralia using TMS
(Tetramethylsilane) as an internal standard. Hagolution liquid chromatography mass spectra
were recorded on 6550 iFunnel QTOF LC/MS spectrem&bm Agilent Technologies. The
absorption spectra of the compounds were recorded ao PerkinElmer UV- visible
spectrophotometer Lambda 25. Fluorescence emisgientra were recorded on Varian Cary
Eclipse fluorescence spectrophotometer using fygstdpared solutions at the concentration of
1x10° mol L™ Melting points were measured on standard meltivigt apparatus from Sunder

Industrial Product Mumbai and are uncorrected.

2.2 Computational M ethods

Density Functional Theory (DFT) [51] was utilizéal optimize ground state {Sgeometries of

all the compounds using the Gaussian 09 packagéamabpular hybrid functional B3LYP. The
B3LYP combines Becke’s three parameter exchangetibumal (B3)[52] with the nonlocal
correlation functional by Lee, Yang, and Parr (LY®3]. In both the methods DFT and time-
dependent density functional theory (TD-DFT), sdrasis set i.e. 6-31G (d) was used. 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 10 singlet-singlet transitions at théirojzed ground state equilibrium geometries



[54]. Optimized ground state structures were @dizo obtain the electronic absorption spectra,
including maximum absorption and oscillator strésgt
<< Please inseficheme 1: Synthesis of coumarin-rhodamine hybr@su-Rh-1 andCou-Rh-2

>>

2.3 Synthetic strategy

We synthesized methoxy triphenylamine intermed2as¢arting from aniline utilizing Buchwald
reaction condition, which was further de-methylated acquire intermediate 3 by using
pyridine.HCl as de-methylating reagent. At the sainge intermediate 10 was synthesized
starting from 2, 4, 6 tri-chlorophenol (9) usingooeted procedurgss]. Intermediate 3 was
reacted with intermediate 10 to get triphenylamiased 4-hydroxyl coumarin derivative (4).
We also synthesized keto-acid intermediates 6 afall@ving the reported procedures [56,57]
and treated with coumarin intermediate 4 in iomcid HNMP.HSQ as reaction media to get
the desired coumarin-rhodamine hybridsu-Rh-1 and Cou-Rh-2 in their spirocyclic form.
HNMP.HSQ, act as reaction medium as well as acid catalystthie synthesis of desired
coumarin fused rhodamine derivatives. We furtherveoted the spirocyclic form d@ou-Rh-1
andCou-Rh-2 dyes into their respective open form by treatingmhwith MeOH.HCI solution,
in which they get immediately converted into theispective open form hydrochloride salt form.
This procedure was repeated twice and the solvast evaporated on rotavapour to get shiny

reddish black colored open salt form derivative€ofi-Rh-1 andCou-Rh-2.

2.4 Synthesis and Char acterization

2.4.1 Synthesis of 3-methoxy-N,N-diphenylaniline (2)



Same procedure as reported from our group[58] olémsred.

2.4.2 Synthesis of 3-(diphenylamino)phenol (3)

3-MethoxyN,N-diphenylaniline2 (16 g, 58.2 mmol) was dissolved in 80 g of pyreifCl and
heated to 200C for 10 hrs. After cooling to room temperaturetavavas added in the reaction
mass and solid precipitated out was filtered, duedl and collected as crude product, which
was further purified on column chromatography usifgbo ethyl acetate in hexane as the eluent
to get the pure product.

Yield: 12 g, (79 %); Melting point = 98 — 16C

'H NMR (500 MHz, CDC}) § 4.60 (s, 1H), 6.46 (dd = 8 and 2 Hz, 1H), 6.52 (,= 2 Hz, 1H),
6.65 (dd,J = 8 and 2 Hz, 1H), 7.01-7.07 (m, 2H), 7.09-7.11, &H), 7.23-7.27 (m, 4H):*C
NMR (126 MHz, CDC4) 6 109.4, 110.4, 116.1, 123.1, 124.7, 129.3, 137,68, 149.3, 156.2.
Elemental analysis calcd (%); Mol. formula;g8:sNO (C: 82.73, H: 5.79, N: 5.36, O: 6.12;

found: C: 82.68, H: 5.81, N: 5.32, O: 6.08).

2.4.3 Synthesis of 7-(diphenylamino)-4-hydroxy-2H-chromen-2-one (4)

3-(Diphenylamino) phenad (5 g, 19.1 mmol) and diphenylmalon&€9.7 g, 21 mmol) were
added into anhydrous toluene (20 mL). The mixtuas Wweated to reflux for overnight, and after
completion the reaction mass was cooled to roonpéeature. The soligrecipitated outvas
filtered as pure product.

Yield: 3.6 g (57 %) Melting point = 258 — 26

H NMR (500 MHz, DMSO-g) § 5.39 (s, 1H), 6.51-6.52 (d, J = 2.0, 1H), 6.7256dd, J = 8.5,
2.5, 1H), 7.15-7.20 (m, 6H), 7.36-7.39 (m, 4H),9561 (d, J = 8.5, 1H), 12.20 (s, 1¥5C

NMR (126 MHz, DMSO-¢) 6 88.6, 105.5, 108.9, 115.7, 124.6, 125.6, 126.6,.4,3146.1,



151.8, 155.3, 162.5, 166.3, 168.8. Elemental ammabacd (%); Mol. formula: &H1sNOs (C:

76.58, H: 4.59, N: 4.25, O: 14.57; found: C: 76834.62, N: 4.19, O: 14.59).

24.4 General procedure for the synthesis of coumarin-rhodamine hybrids Cou-Rh-1 and

Cou-Rh-2

4-Hydroxy coumarin intermediate 4 was reacted vkigto-acid intermediate 6 and 8 in H-
NMP.HSQ, (10 mL) at 90°C for 14 - 16 hours. After completion the reactimixture was
cooled to room temperature and was poured intodDGce-cold water and stirred for 15 min.
The product was extracted with chloroform (100 mB)xthe organic layer was separated, dried
over anhydrous N&O, and evaporated over rotary evaporator. The crudeugt was purified
by silica gel (100-200 mesh size) column chromatplgy using 1-5 % methanol in chloroform
to give the respective dy€ou-Rh-1 and Cou-Rh-2.

Dye Cou-Rh-1:

Yield = 28 %, Melting point: 258C

H NMR (500 MHz, CDC}) 6 1.17 (t,J = 7.5 Hz, 6H), 3.34 (q] = 7 Hz, 4H), 6.42 (dd) = 9
and 2.5 Hz, 1H), 6.49 (d, = 2.5 Hz, 1H), 6.57 (d) = 9 Hz, 1H), 6.76 (dJ = 2 Hz, 1H), 6.95
(dd,J =9 and 2.5 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 77169 (m, 5H), 7.33-7.36 (m, 4H), 7.50-
7.5 (m, 2H), 7.89 (dJ = 8.5 Hz, 1H), 7.98 (dJ = 8 Hz, 1H)"*C NMR (126 MHz, CDG)) &
12.5, 44.4, 80.2, 96.6, 97.4, 106.2, 110.2, 11822,3, 124.0, 124.7, 125.3, 126.2, 128.0, 128.9,
129.0, 129.7,134.0, 145.8, 149.3, 150.5, 152.5,918954.7, 158.2, 159.3, 170.0. HRMS (ESI):

m/z calculated for (M + H) CzgH30N-05607.2155; found 607.2176.

Dye Cou-Rh-2:



Yield = 23 %, Melting point: >306C.*H NMR (500 MHz, CDC}) § 1.75-1.93 (m, 4H), 2.42-
2.43 (m, 2H), 2.93 () = 7 Hz, 2H), 3.11 (m, 2H), 3.17 (= 7 Hz, 2H), 6.01 (s, 1H), 6.51 (d,

= 2.5 Hz, 1H), 6.88 (dd] = 9 and 2.5 Hz, 1H), 7.20-7.27 (m, 7H), 7.40-7(#3 4H), 7.55-7.65
(m, 2H), 7.85 (dJ = 7.5 Hz, 1H), 7.94 (dJ = 9 Hz, 1H)**C NMR (126 MHz, CDGJ) & 25.5,
26.1, 31.8, 35.8, 53.6, 54.2, 85.5, 99.7, 109.8,4,1110.7, 111.9, 120.9, 124.7, 128.0, 129.1,
129.2, 129.8, 130.9, 131.5, 132.3, 134.4, 135.9,8,3149.3, 149.9, 150.4, 157.5, 157.8, 159.2,
162.6, 163.8, 174.5. HRMS (ESI): m/z calculated (idr+ H) * Cs4H30N20s 631.2155; found

631.2174.

3. Result and discussion

3.1 Photophysical properties

We studied the absorption and emission propertieshese coumarin-rhodamine hybrid
derivatives in their spirocyclic as well as opemian different solvents. The spirocyclic form of
these dyes was converted into their open form udfie@oH.HCI solution. The solvent was
evaporated on rotavapour and the same procedureepesated twice to get the fully open form
derivatives. During photophysical studies afteutiiin in organic solvents these dyes again
preferred to remain in their spirocyclic form, henee added required amount of TFA till the
disappearance of the spirocyclic absorption peakctjuire their complete open form. As there
are two main chromophores i.e. coumarin and rhodeyience two distinct absorption and
emission peaks for both the moieties are expetigiddue to their fused hybrid structures they
behave as coumarin dye in their spirocyclic formshow absorption peak around 371 nm and
emission peak around 430 nm. In their open forny thehave as rhodamine dye and show

absorption peak at around 610 nm and emission peatound 670 nm. In DMSO solvent



specifically they preferred to remain in their siyclic form even after adding excess TFA.
They are colorless solid in their spirocyclic foamd are reddish black shiny compounds in their
open form. In their spirocyclic as well as openriano much difference in the absorption and
emission\nax is observed between ti@ou-Rh-1 and Cou-Rh-2 dyes Fig. 2 and S1). In their
open form botlfCou-Rh-1 andCou-Rh-2 dyes exhibited comparatively higher Stokes sl

68 nm) as compared to the small Stokes shift 08@%m of reportedRH- B andRH-101 dyes
(Table 1). Due to their extended length of conjiggatand fused structures they also showed
highly red shifted absorption and emission peaks tthe reportedRH-B andRH-101 dyes in

their open formFig. S2).

<< Please insert Fi@: Normalized absorption and emission spectra of @gel-Rh-1 andCou-

Rh-2 in their open form >>

As N,N diethyl amine donating group @ou-Rh-1 dye is replaced by rigid julolidine donor in
Cou-Rh-2 dye, we expect red shift in their absorption amdssioninax but not much shift in
both spirocyclic and open form is observed as iik&H-B and RH-101 reported dyes where
when we go fronN,N diethyl aniline to julolidine donor, red shift 80 and 22 nm is observed in
their absorption as well as emission spectra reésgede (Fig. 3). As the role of donating group is
not clearly differentiated in the case of thesencatn-rhodamine dyes, the coumarin side
triphenylamine donor may have taken part in theospclic ring opening mechanism of
rhodamine dye to disturb the main donor-acceptarosyclic ring opening mechanism of
rhodamine. From the available absorption data e$¢hdyes in their spirocyclic as well as open

form we calculated their oscillator strengfhds well as transition dipole momentdjby using



reported expressions [59]. In general it is obsgméat both the dyes showed higher values of
oscillator strength and transition dipole momenthieir open form as compared to the respective

spirocyclic form (Table 1).

<< Please insert Fi@: Normalized absorption and emission spectr&HdfB, RH-101, Cou-

Rh-1 andCou-Rh-2 in their open form in chloroform solvent >>

<< Please insert Tabl&: photophysical properties ofou-Rh-1 and Cou-Rh-2 in their

spirocyclic and open form >>

To check out the effect of solvents in their spypadic and open form we studied the
photophysical properties @ou-Rh-1 and Cou-Rh-2 dyes in both spirocyclic and open form
and it is observed that in both the cases quencbinjuorescence from non-polar to polar
solvents is observedrig. 4) . But the red shifted emissions observed iiir thgirocyclic form
suggest that these dyes behave as typical coumhgemin their spirocyclic form and as typical
rhodamine dyes in their open form. Also it can bedprted that the excited state is highly polar
in their spirocyclic form as compared to the grostate and vice versa in the case of their open
form derivatives. In their spirocyclic form for hoCou-Rh-1 and Cou-Rh-2 dyes in acetone
solvent typically red shifted emissidmaxVvalues (497 and 504 nm) and consequently very high
Stokes shift of 125 and 133 nm were observed réspbc The molar extinction coefficient
values are almost double for both the dyes whegavieom spirocyclic to open form suggesting
that the energy gain process actually switchedrdy after the ring opening of the rhodamine

dye.



<< Please inserFig. 4. Absorption (a) and emission (b) spectraGuu-Rh-1 in different

solvents in their spirocyclic form. >>

<< Please inseffable 2: Photophysical properties 6bu-Rh-1 dye in its spirocyclic form in all

solvents >>

Dye Cou-Rh-1 showed higher Stokes shift of 10-15 nm tl@ou-Rh-2 dye in all the tested
solvents in their open form, but opposite trendbserved in their spirocyclic form where dye
Cou-Rh-2 showed comparatively higher Stokes shift than @ga-Rh-1 in all solvents Table
2-3 andTable S1-S2). In their open form, both these dgsi-Rh-1 and Cou-Rh-2 showed
highest Stokes shift of 68 and 54 nm in chlorof@atvent respectively. In their spirocyclic form
comparatively red shifted emissions were obsereedlye Cou-Rh-2 (435-500 nm) thai©ou-
Rh-1 dye (430- 476 nm), while the trend is oppositeéheir open form where dy€ou-Rh-1
(641-678 nm) exhibited red shifted emissions thge @ou-Rh-2 (639-668 nm). From above
observations it is clear that d@®mu-Rh-2 showed better results in its spirocyclic form whilye
Cou-Rh-1 showed better results its open form. As very higlenching of fluorescence is
observed for dy€ou-Rh-1 in its spirocyclic form than dy€ou-Rh-2 (Fig. 4 and S3)the freely
rotating N,N diethyl aniline donating group may have get twisie its excited state than the
rigid donor ofCou-Rh-2 dye. Also in their open form comparatively broadesorption peaks

were observed for dy€ou-Rh-2 than dyeCou-Rh-1 (Fig. 5 and S4).



<< Please inseffig. 5. Absorption (a) and emission (b) spectraColu-Rh-1 in all solvents

(open form) >>

<< Please inserTable 3: Photophysical properties @fou-Rh-1 dye in its open form in all

solvents >>

3.2 Solvatochromism

In their spirocyclic form botifCou-Rh-1 and Cou-Rh-2 dyes shows red shift in their emission
Amax Values from non-polar to polar solvents suggedtivag the excited state is highly polar and
is stabilized by the polar solvents very well asnpared to the non-polar solvents. This
observation further supported by the fact that \wenall variation in the absorptidn..x values is
observed from non-polar to polar solvent suggedtivag the ground state is comparatively less
polar than the excited state of these dyg. 6 represents normalized emission spectra of dye
Cou-Rh-1 in all solvents with red shift of 67 nm from noofar to polar solvents. We correlated
the solvatochromism observed in these dyes by ukipgert-Mataga equation. It is a very
general equation for the effect of solvent progsrtsuch as dielectric constant and refractive
index on emissiofimax Values and does not account for specific solvartrdéphore interactions,
e.g. hydrogen bonding. The linear relationship leetwStokes shift and Lippert-Mataga function
for both dyes in their spirocyclic fornkrig. 7) suggests that solvent parameters such as tlielec
constant and refractive index are collectively oesible for the red shifted emissions in polar
solvents. As like other common rhodamine dyes norad shift in their emission spectra for the
open form of these dyes was observed suggestirigritibeir open form as like excited state

ground state of these dyes is also stabilized éytiar solvents.



<< Please inserFig. 6. Normalized emission spectra 6bu-Rh-1 dye in all solvents (open

form) >>

<< Please inserfig. 7. Lippert-Mataga plots of dye€ou-Rh-1 and Cou-Rh-2 in their

spirocyclic form >>

3.3 Effect of solvent acidity and basicity on the ring opening mechanism of coumarin-
rhodamine hybrid dye Cou-Rh-1

When we recorded the absorption spectra of thesenaon-rhodamine hybrid dyes in their
spirocyclic as well as open form in different saltee we found large variation in their molar
extinction coefficient both in spirocyclic as wek open formFig. 8 represents the absorption
spectra ofCou-Rh-1 dye in its open form in different solvent withaddition of any acid. It can
be seen that it preferred to remain in its opermfon MeOH, acetonitrile, acetone and
chloroform while in its spirocyclic form in DMF aras mixture of spirocyclic and open form in
toluene and hexane. As per their observed absagbaaiaes (if absorbance 1 is considered as
100 % conversion) in MeOH the dye preferred to tiema its open form with 75.15 %
conversion and in spirocyclic form with 16.42 % wkhiis the minimum value than any other
solvent in its spirocyclic form. Similarly in DMR preferred to remain in its spirocyclic form
with 47.96 % conversion which is the highest vadisecompared to any other solvent and with
10.56 % it remains in its open form which is the/ést value for the dye in its open form. It is
well-known that the rhodamine derivatives are gabltheir spirocyclic form in neutral or basic

conditions and in their open form in acidic coratits. We correlated these experimental finding



with the solvent acidity and basicity parametereppsed by Catalaf60] as well as their
dielectric constants as represented able 4. As expected in methanol, a solvent with highest
acidity (0.605) the dy€ou-Rh-1 preferred to remain mostly in its open form (75%%pand in
DMF, a solvent with highest basicity (0.613) it fereed to remain mostly in spirocyclic form
(47.96 %). Similar correlation is observed in trese of other solvents such as chloroform,
toluene and hexane. In acetone and acetonitriégdstingly the dye preferred to remain in open
form though these solvents are very negligible iac{d.000, 0.044) and highly basic (0.475,

0.286) in nature, may be due to their very highedigic constants (20.7 and 37.5 respectively).

<< Fig. 8. Absorption spectra d@ou-Rh-1 in different solvents in its open form in absente

TFA. >>

<< Please inserfTable 4. Variation of absorbance/percentage of @@u-Rh-1 with the

variation of acidity and basicity of different selus. >>

3.4 Interconversion of spirocyclic to open form of Cou-Rh-1 and Cou-Rh-2 dyes with the

addition of TFA

Due to their unique structural properties rhodamohges are interconvertible into their
spirocyclic and open form in the presence of acidase. Hence we studied the interconversion
mechanism of these coumarin rhodamine hybrid dges their spirocyclic to open form with
the addition of trifluoroacetic acid in toluenéid. 9 and S5). We used 10 uM solutionsGmiu-
Rh-1 andCou-Rh-2 dyes in their spirocyclic form in toluene solvamid tested their absorption

and emission spectra with the increased perceB@&A in toluene. For both these dyes we



observed decreased absorbance of their spirocyolim at 382 nm and 375 nm with
simultaneous increased absorbance of their opem &1605 nm and 609 nm f@ou-Rh-1 and
Cou-Rh-2 dyes respectively. Similarly with the increasedcpatage of TFA in toluene, we
observed decreased emission intensity of theirospitic form at 450 and 466 nm with
simultaneous increased emission intensity of thpen form at 653 and 648 nm when excited at
605 and 609 nm respectively. The respective absorgind emission spectra Gbu-Rh-1 and
Cou-Rh-2 dyes with the increased percentage of TFA in todugre represented ig. 9 and S5
respectively. For botou-Rh-1 andCou-Rh-2 dyes in their spirocyclic form with the increased

percentage of TFA slightly red shift in their a®ton Anax (10 and 4 nm) as well as emission

Amax (35 and 23 nm) is observed respectively.

<< Please inserfFig. 9. Absorption and emission spectra ©@pu-Rh-1 with the increased

percentage of TFA in toluene. >>

3.5 Effect of viscosity on absor ption and emission of hybrid dyes Cou-Rh-1 and Cou-Rh-2

We studied the effect of viscosity and polaritysoivents on absorption as well as emission
spectra of rhodamine dy&pu-Rh-1 and Cou-Rh-2 in their spirocyclic form both in absence
and presence of TFA, so that their viscosity se#igitcan be tested in both visible as well as
deep red region. For this purpose we choose thfeszesht mixture of solvents i.e. polar protic

[EtOH-PEG 400], polar aprotic [toluene-PEG 400] aod-polar aprotic [toluene-paraffin].

(1) Mixture of polar-protic solvents [EtOH-PEG 400]

For Cou-Rh-1 dye very high enhancement in emission intensity wlaserved as the percentage

of PEG was increased in ethanol from 0 to 98 %h otpresence as well as absence of TFA



(10.14 and 6.41 fold respectiveli@. 10). At the same time very small variation in absmce

is observed with the increased percentage of PEhianol both in presence as well as absence
of TFA (Fig. S6). In the presence of TFA, new absorption pead0atnm for its open form is
observed and in the absence of TFA, absorbanceleaeased after the addition PEG in ethanol
(Fig. S6). Interestingly in the presence of TFA, thotigh open form absorbance decreased after
the addition of PEG in ethanol, the spirocyclicnioabsorbance is increased. Also the emission
enhancement in the presence of TFA is higher apawed to that in the absence of TFA and no
any enhancement of emission intensity of the omem femission peak is observed in the
presence of TFA. As the spirocyclic form absorptaomd emissior\ax mostly deals with the
coumarin part, the carbonyl oxygen atom of coumanay have protonated to initiate more

effective donor-acceptor charge transfer in thasgmee of TFA.

<< Please inseiftig. 10. Emission spectra @fou-Rh-1 in EtOH: PEG mixture in presence (left)

and absence (right) of TFA. >>

In the case ofCou-Rh-2 dye also we studied the change in absorption dkaseemission
intensity with the increased percentage of PEGharel in the presence or absence of TFA. If
we see the absorption spectra of this dye in thegurce and absence of TFA with the increased
percentage of PEG in ethanol, same scenario @ourRh-1 dye is observedHg. S7). In the
emission spectra, the enhancement in emission sityewas observed with the increased
percentage of PEG in ethanol both in presence bsehae of TFA, but opposite to the dyeu-
Rh-1, it shows enhancement of emission intensity ofdphen form emission peak in the deep
red region in the presence as well as absence Af Tkndicates that this dye is comparatively

more stable in its open form and the spirocyclierfaets easily converted into the open form



even in the presence of protic solvents such amethBoth in the presence and absence of TFA
almost same amount of enhancement in emissionsityewas observed (4.02 and 3.98 fold
respectively) Fig. 11). As this dye shows good enhancement of emigsi@nsity in its open

form at above 600 nm, it can be utilized as viggasensor in the deep red region.

<< Please insefffig. 11. Emission spectra @ou-Rh-2 in EtOH: PEG mixture in presence (left)

and absence (right) of TFA. >>

(2) Mixture of polar-aprotic solvents [toluene-PEG 400]

In toluene-PEG mixture also as like ethanol-PEGtuone the absorption spectra Gbu-Rh-1
andCou-Rh-2 dyes shows decrease in absorbance of its opendodnmcrease in absorbance of
spirocyclic form in the presence of TFA and deceemsabsorbance of spirocyclic form in the
absence of TFAHKig. S8 and S10). In their emission specCau-Rh-1 dye again found more
stable in its spirocyclic form as compared to @mi-Rh-2 dye and shows emission peak only
for its spirocyclic form. In the absence of TFA fboth Cou-Rh-1 and Cou-Rh-2 dyes
guenching of emission intensity of its spirocy@imission peak with the increased percentage of
PEG in toluene was observeldig. S9 and S11). In the presence of TFA, bGthu-Rh-1 and
Cou-Rh-2 dyes shows sudden increase in emission intenfééy the addition of 30 % PEG in
ethanol, but after that no much enhancement insomsntensity is observed with the increased
percentage of PEG in toluene. Overall no any gongson enhancement was observed in this

mixture of solvents as compared to the ethanol-RiGure.

(3) Mixture of non-polar-aprotic solvents [toluene-par affin]



We also studied the absorption and emission spe€i@ou-Rh-1 andCou-Rh-2 dyes in non-
polar aprotic mixture of solvents i.e. toluene-fifamain the presence of TFA. A very good
enhancement in emission intensity as like EtOH-R&i®ture is observed for both the dyes,
where dyeCou-Rh-1 again showed emission enhancement in its spiriacfaim only and dye
Cou-Rh-2 showed emission enhancement in both spirocyclwedsas open formKig. 12 and
S12). For their spirocyclic form emission peak, panatively higher emission enhancement of
dye Cou-Rh-1 (4.21 fold) is observed than dy&ou-Rh-2 (2.18 fold). DyeCou-Rh-2 showed
emission enhancement in both spirocyclic as well open form. It showed emission
enhancement of 3.56 fold for its open form at 65® and hence can be utilized as deep red
emitting viscosity sensor. For this dye, when up@d% of paraffin in toluene was added highest
emission intensity for the open form emission pesasbserved, but after that i.e. up to 98 % of
paraffin in toluene, spirocyclic form showed highesission enhancement. In contrast to the
above two solvent mixtures studied, in the tolupagffin mixture, absorbance of both
spirocyclic and open form of bot@ou-Rh-1 and Cou-Rh-2 dyes was decreased with the

increasing percentage of paraffin in ethanol.

<< Please insefig. 12. Absorption (left) and emission (right) speafaou-Rh-1 in toluene:

paraffin mixture in presence of TFA >>

In short, highest emission enhancement in EtOH-RiEGure than toluene-paraffin mixture was
observed. Hence it can be predicted that in the oa&tOH-PEG mixture both polarity as well
as viscosity factors are responsible while in thsecof toluene-paraffin mixture only viscosity
factor is responsible for the emission enhancenasnt the toluene-PEG mixture is totally

rejected as very low emission enhancement was \odx$en this mixture of solvents. Overall,



comparatively higher emission enhancement @wu-Rh-1 dye thanCou-Rh-2 dye was
observed, but th€ou-Rh-1 dye can be used as viscosity sensor only in tiblgiregion, while

Cou-Rh-2 dye can be used as viscosity sensor in both visbleell as deep red region.

3.6  Fluorescence quantum yield (®5) and life time measurements

Absolute quantum yield ofou-Rh-1 and Cou-Rh-2 dyes are calculated in toluene solvent in
the presence and absence of TFA. Absolute quantelch gnd fluorescence lifetime values are
presented iMable 5. As we calculated the absolute quantum vyieltheir spirocyclic form, we
found higher values in the absence of TFA which deereased after the addition of TFA,
because some amount of dye get converted into ¢ipein form also. In their spirocyclic form,
dye Cou-Rh-1 (15.1 %) shows higher quantum yield ti@ou-Rh-2 (5.8 %). At the same time,
the fluorescence lifetime is higher f@ou-Rh-2 dye (4.97 ns) tha€ou-Rh-1 dye (2.07 ns).
Fluorescence Lifetime bi-exponential curves indicéhe existence of two species at the
equilibrium may be due to the mixture of their spirclic and open formFig. 13). We also
studied the lifetime measurement@u-Rh-1 dye in different viscosity mixture of solvents and
it is found that as the ratio of PEG 400 increasesviscosity increases lifetime is also increases
(Table 6). The lifetime measured in toluene solvent w&$ s and it was increased up to 1.93

ns for toluene-PEG (2:98) mixture.

<< Please inseiTable 5. Fluorescence quantum yield and life time measuré&naindyesCou-

Rh-1 andCou-Rh-2 >>

<< Please inserTable 6. Lifetime measurement dfou-Rh-1 dye in different composition of

PEG 400 in toluene >>



<< Please inselfig. 13 Lifetime measurement spectraGdu-Rh-1 (a) andCou-Rh-2 (b) in

THF and toluene respectively. >>

3.7 Photo stability study of Cou-Rh-1 for its spirocyclic and open form

Photo stability study of dy€ou-Rh-1 both for its spirocyclic as well as open form veasried
out at various time intervals under UV light. Fairstpurpose their 5 uM solutions in toluene
solvent were irradiated at 254 nm up to 150 mine &bsorption and emission spectra of this
dye, both in spirocyclic as well as open form wereorded at each 30 min. time intenfg. 14
represents the absorption and emission spect@owiRh-1 dye for its spirocyclic form at each
30 min time interval, whild=ig. S13 represents the absorption and emission spafcthés dye
for its open form at each 30 min. time interval.i&sion spectra o€ou-Rh-1 were recorded by
exciting at 375 nm for its spirocyclic form and%88 nm for its open form. We found this dye
highly photo stable both in its spirocyclic as wasl open form under UV light, as no remarkable
change in its absorbance as well as emission itydos both the forms was observed.

<<Please insefig. 14. Absorption (a) and emission (b) spectra of @ga-Rh-1 (spirocyclic

form) after the irradiation of UV light (254 nm) different time intervals in toluene solvefgy:

375 nm). >>

3.8 Optimized structures of Cou-Rh-1 and Cou-Rh-2 dyes in their spirocyclic and open

form by DFT method

To correlate our experimental finding theoretically optimized the structures 6bu-Rh-1 and
Cou-Rh-2 dyes in their spirocyclic and open form using Dgng&iunctional Theory (DFT)[51]

with Gaussian 09 package and the popular hybridtiomal B3LYP. The basis set used was 6-



31G (d) in both DFT and time-dependent density fional theory (TD-DFT) method. The
computationally derived vertical excitation enesgand oscillator strengths of these dyes were
obtained for the lowest 10 singlet-singlet transiti using TD-DFT method at the same hybrid
functional and basis set [54]ig. 15 represents the frontier molecular orbital peofif Cou-Rh-

1 and Cou-Rh-2 dyes in their spirocyclic and open form displayelgctronic distributions in

their HOMO and LUMO energy levels in toluene antbobform solvent respectively.

<< Please inseffig. 15. HOMO-LUMO FMO diagrams dfou-Rh-1 andCou-Rh-2 dyes in
their spirocyclic and open form in toluene and obform solvent respectively at ground state.

>>

In their spirocyclic form, forCou-Rh-1 dye electronic density at HOMO level is situated o
coumarin side triphenylamine donor while 8ou-Rh-2 dye it is situated on rhodamine side
julolidine donor highlighting different donating ity of N,N diethyl aniline and julolidine
donor. At LUMO level for both the dyes in their ggyclic form most of the electron density is
situated on lactone ring of rhodamine and some ipaspread towards coumarin core. In their
open form at HOMO level for both the dyes the etattdensity is situated at central coumarin
fused xanthene core while at LUMO level it is mgsltuated on carboxyl group substituted
phenyl ring of rhodamine and no any overlap of tetecdensities between HOMO and LUMO
energy level is observed. As complete charge tearisfobserved for these dyes in their open
form as compared to the partial charge transferemiesl in their spirocyclic form, good

interaction between the donor and acceptor is égden the open form of these dyes.

We also calculated the energy difference betwe®&MB and LUMO energy levels for both

Cou-Rh-1 andCou-Rh-2 dyes in their both spirocyclic as well as opemfoin general lower



energy difference is observed in their open forn8{2and 2.14 eV) as compared to their
respective spirocyclic form (3.67 and 3.58 eV).Als betweerCou-Rh-1 andCou-Rh-2, the
dye with better donating group i.€ou-Rh-2 shows comparatively lower energy difference
between HOMO and LUMO thafou-Rh-1. When we go from spirocyclic to open form,
energies of HOMO level are increased rather thamedsing the energies of LUMO level. The
HOMO-LUMO energy diagrams @@ou-Rh-1 andCou-Rh-2 in their spirocyclic and open form
is represented irFig. 16. We compared the experimental absorpfigg values with the
computationally derived vertical excitations ananaimum deviation between them in their
spirocyclic as well as open form is observé@alfle 7). We also compared the experimentally
calculated and computationally derived oscillatbersgth ) values and the computationally
derived values are lower than the respective exyrial one in both spirocyclic as well as open

form.

<< Please inseftig. 16. HOMO-LUMO energy diagrams @fou-Rh-1 andCou-Rh-2 dyes in

their spirocyclic and open form chloroform solver.

<< Please insertTable 7. Comparative experimental and computational phHotsical
parameters ofCou-Rh-1 and Cou-Rh-2 dyes in their spirocyclic (toluene) and open form

(chloroform). >>

4 Conclusion

By using H-NMP.HSQ@ as novel reaction media for the synthesis of rhoda core we
synthesized two novel triphenylamine based courdwalamine hybrid derivatives. A detalil
photophysical study of these dyes in their spirbcyand open form is presented in a

comparative approach. We found red shifted abswrpaind emission peaks for these dyes in



their open form than the report&®H-B and RH-101 dyes with comparatively higher Stokes
shift also. We calculated the presence of spiréacysid open form o€ou-Rh-1 dye in different
solvents and are correlated with the acidity oridigsas well as dielectric constant of the
respective solvent. The ring opening mechanismotti khe dyes from spirocyclic to open form
is also presented with the addition of TFA in teleeViscosity sensitivity of these dyes was
studied in different mixture of solvents and bdik tlyes are found to show very good emission
enhancement in protic-polar mixture of solventsQEPEG) after increasing the ratio of
polyethylene glycol (PEG) in ethanol. Similar enbament in emission intensity in aprotic-non-
polar mixture of solvent (toluene-paraffin) wascatdbserved but the former was showing better
results. Hence it can be concluded that when pglarid viscosity works together better results
were obtained than when only viscosity works indejeatly. As viscosity sensitivity of these
dyes was studied in both spirocyclic and open furay can be used as viscosity sensors in the
visible as well as deep red region. We also fougtteb support to our experimental observations

with the computationally obtained results.
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Tables

Table 1. Photophysical properties of Cou-Rh-1and Cou-Rh-2in their spirocyclic and open form

habs Emax X 10¢ fwhm hems Stokes shift Heg
Solvent f
(nm) (Mt em?) (nm) (hm) (nm) (cm™) (debye)
Cou-Rh-1 cyclic 371 3.81 46 430 59 3698 0.63 7.04
Cou-Rh-2 cyclic 371 2.99 51 435 64 3966 0.59 6.81
Cou-Rh-1 open 610 8.91 73 678 68 1644 0.90 10.84
Cou-Rh-2 open 614 5.09 85 668 54 1316 0.62 9.00
Table 2. Photophysical properties of Cou-Rh-1dye inits spirocyclic form in al solvents
)Vabs )\fems .
Emax X 10 fwhm Stokes  shift Heg
Solvent
(nm) (Mt em?) (nm) (nm) (nm) (cm™) (debye)
Hexane 371 381 46 430 59 3698 0.63 7.04
Toluene 376 3.47 47 454 78 4569 0.59 6.89
Chloroform 378 3.87 44 462 84 4810 0.68 7.42
Acetone 372 3.82 50 497 125 6761 0.61 6.97
MeOH 377 4,02 48 460 83 4786 0.73 7.64
Acetonitrile 372 4.38 51 421 49 3133 0.81 8.00
DMSO 375 4.04 48 476 101 5661 0.75 7.74
Table 3. Photophysical properties of Cou-Rh-1dyeinitsopen formin all solvents
)\fabs )\tems .
Emax X 10" fwhm Stokes shift Heg
Solvent f
(nm) (Mt em?) (nm) (nm) (nm) (cm™) (debye)
Hexane 601 8.07 73 664 63 1577 0.83 10.31
Toluene 607 7.57 74 669 62 1523 0.77 9.99




Chloroform 610 8.91 73
Acetone 592 7.88 76
MeOH 589 8.14 74
Acetonitrile 592 7.43 77
DMSO 596 0.44 85
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Table 4. Variation of absorbance/percentage of dye Cou-Rh-1 with the variation of acidity and

basicity of different solvents.

Solvent Dielectric Solvent Solvent Cyclic form Open form
constant acidity basicity percentage percentage

Hexane 1.89 0.000 0.056 31.61 25.19
Toluene 2.38 0.000 0.128 38.43 33.09
Chloroform 481 0.047 0.071 27.49 49.61
Acetone 20.7 0.000 0.475 2351 56.43
MeOH 32.7 0.605 0.545 16.42 75.15
Acetonitrile 375 0.044 0.286 18.91 67.82
DMF 36.7 0.031 0.61: 47.9¢ 10.56

Table 5. Fuorescence quantum yield and life time measurements of dyes Cou-Rh-1 and Cou-

Rh-2.
Excitation Standard-
Avg. QY o a Life Time
Molecules (Solvents) wavelength deviation
(nm) (%) c Ting [NS]

Cou-Rh-1 (Toluene) 377 151 01 1.268 2.078
Cou-Rh-1 (Toluene+TFA) 377 1.9 0.13 - -

Cou-Rh-2 (Toluene) 375 5.8 0.2 1.181 4.973
Cou-Rh-2 (Toluene+TFA) 375 5.2 0.05 - -

Table 6. Lifetime measurement of Cou-Rh-1 dye in different composition of PEG 400 in

toluene



Toluene: PEG B; T B; T B; T Tling x?
mixture [ns] [ns] [ns] [ns]
(%)
Toluene (100) 0.0070 0.019 0.0119 0710 0.0002 2.961 0.857 1.112
Toluene:PEG (70:30) 0.0081 0.012 0.0111 0.825 0.0002 3.297 0.991 1.136
Toluene:PEG (50:50) -0.0050  0.323 0.0132 0902 0.0006 2.382 1.061 1.007
Toluene:PEG (20:80) -0.0028  0.281 0.010300 1.435  0.0003 3.868 1.612 1.053
Toluene:PEG (10:90) -0.0332  0.015 0.0090 1.689 0.0003 4.101 1.870 1.054
Toluene:PEG (2:98) -0.0016  0.268 0.0075 1651 0.002 2617 1.938 0.981

Table 7. Comparative experimental and computationa photophysical parameters of Cou-Rh-1

and Cou-Rh-2 dyesin their spirocyclic (toluene) and open form (chloroform).

Experimental/Computational (cyclic form)

Experimental/Computational (open form)

Dye rabg  rabg  f° ¢ Major © rabs  rabg " f Major
(nm)  (nm) Contribution ~ (nm) (nm) Contribution
Cou-Rh-1 371 38 034 0.7946 H—L (98%) 607 608 0.20 0.0137 H —L+1(98%)
Cou-Rh-2 371 400 0.29 0.1694 H —L (98%) 614 688 0.22 0.0155 H —L+1(98%)

3Experimental absorption Amg Of close form, PComputational vertical excitation, “Experimentally calculated oscillator strength,
“Theoretical oscillator strength, *Major electronic transition from ground to excited state, Experimental absorption A o_f open
form, 9Computational absorption Ama, "Oscillator strength of vertical excitation, 'Theoretical oscillator strength, 'Major

eectronic transition from excited state to ground state.



Fiqures
Fig. 1 Structure of the coumarin-rhodamine hybrid dyes Cou-Rh-1 and Cou-Rh-2

Cou-Rh-1-open t Cou-Rh-2-open

Scheme 1: Synthesis of coumarin-rhodamine hybrids Cou-Rh-1 and Cou-Rh-2
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(a) lodobenzene, p-t-butoxide, 1, 10-phenanthroline/Cul, toluene, N, atmosphere (b) pyridine. HCI, 200 ° C, overnight
(c) Intermediate 10, toluene, reflux, overnight, N, atmosphere (d) Phthalic anhydride, toluene, reflux, overnight, N,
atmosphere, (e) Intermediate 4, NMP.HSQy,, 90 ° C, overnight, (f) MeOH.HCI, R.T. 1 hr. (g) malonic acid, POClIs, reflux, overnight.



Fig. 2: Normalized absorption and emission spectra of dyes Cou-Rh-1 and Cou-Rh-2 in their
open form
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Fig. 3: Normalized absorption and emission spectra of RH-B, RH-101, Cou-Rh-1 and Cou-Rh-
2 in their open form in chloroform solvent
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Fig. 4: Absorption (a) and emission (b) spectra of Cou-Rh-1 in different solvents in their

spirocyclic form.
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Fig. 5. Absorption (a) and emission (b) spectra of Cou-Rh-1 in all solvents (open form)
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Fig. 6. Normalized emission spectraof Cou-Rh-1 dyein al solvents (open form)
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Fig. 7. Lippert-Mataga plots of dyes Cou-Rh-1 and Cou-Rh-2 in their spirocyclic form
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Fig. 8. Absorption spectra of Cou-Rh-1 in different solventsin its open form in absence of TFA.
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Fig. 9. Absorption and emission spectra of Cou-Rh-1 with the increased percentage of TFA in

toluene.
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Fig. 10 Emission spectra of Cou-Rh-1 in EtOH: PEG mixture in presence (left) and absence
(right) of TFA.
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Fig. 11 Emission spectra of Cou-Rh-2 in EtOH: PEG mixture in presence (left) and absence
(right) of TFA.
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Fig. 12 Absorption (left) and emission (right) spectra of Cou-Rh-1 in toluene: paraffin mixture
in presence of TFA
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Fig. 13 Lifetime measurement spectra of Cou-Rh-1 (a) and Cou-Rh-2 (b) in THF and toluene

respectively.
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Fig. 14 Absorption (a) and emission (b) spectra of dye Cou-Rh-1 (spirocyclic form) after the
irradiation of UV light (254 nm) at different time intervalsin toluene solvent (Aex : 375 nm).
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Fig. 15 HOMO-LUMO FMO diagrams of Cou-Rh-1 and Cou-Rh-2 dyesin their spirocyclic

and open form in toluene and chloroform solvent respectively at ground state.

LUMO




ACCEPTED MANUSCRIPT

Cou-Rh-1- Cou-Rh-2-
spirocyclic spirocyclic

Cou-Rh-1-open Cou-Rh-2-open

Fig. 16 HOMO-LUMO energy diagrams of Cou-Rh-1 and Cou-Rh-2 dyesin their spirocyclic
and open form chloroform solvent.
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Highlights

» Synthesis of triphenylamine based novel coumarin-rhodamine hybrid dyes.

» In their open form they show absorption and emission peaks in the deep red region.
» Larger Stokes shift than reported rhodamine dyes RH-B and RH-101 are found.

» They exhibit viscosity sensitivity in visible as well as deep red region.

» Solvent polarity and viscosity works together for the observed emission enhancement.



