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Abstract

The photophysics of a new class of styryl dyes, 2-styryl thiazolo quinoxaline (STQ) based structures was investigated in organi
solvents and organized molecular assemblies. The absorption, steady state and time-resolved fluorescence characteristics of the STQ
in low-viscosity organic solvents are consistent with a single species in the ground and excited state. The one electron electrochemic
oxidation and reduction potentials of the dyes are withihV vs. NHE. The spectral shifts of the dyes in organic solvents are linearly
correlated with the variation of solvent polarity parameters. The dipole moments in the ground and excited state of the dyes were calculat
without assuming a value for the cavity radius. The temperature dependence of the nonradiative rate of STQ dye in DMSO indicated &
activation barrief AE = 10.7 kJ/mol) which is comparable to the activation eneigy = 13.7 kJ/mol) of viscous friction in DMSO.

In dichloromethane, the activation barrier is 34.0 kd/mol which is very high compatgg +06.64 kJ/mol. Formation of a dye—solvent
complex is suggested in dichloromethane.

The fluorescence decay of STQ dye is multiexponential in a viscous solvent (2-octanol) or when bound to a protein (Lysozyme), micell
or lipid membrane. In 2-octanol, the decay parameters are wavelength dependent and the results are consistent with the mechanisn
excited state kinetics of solvent relaxation. In other systems, the multiexponential decay is due to multiple sites of solubilization of the dy:
in the organized molecular assembly. © 2000 Elsevier Science B.V. All rights reserved.

Keywords:Styryl dyes; Thiazolo quinoxaline dyes; Fluorescence; Organized molecular assemblies

1. Introduction STQ dyes in organic solvents and organized molecular
assemblies.

Conjugated organic dye molecules are recognized to be
important materials having novel electronic and photonic
properties suitable for many technological applications
[1-3]. Synthesis of new organic molecules and characteri-
zation of the photophysical molecular properties in different . o o
environments (pure solvents and molecular assemblies) are The synthesis, purification and characterization of the
necessary prerequisites for further research in technologicaS"y! thiazolo quinoxaline dyes have been described else-
applications. The styryl dye with electron donor—acceptor Where [12]. Fig. 1 shows the structure of the three dyes,
moieties on either side of the styryl bond is particularly S1Q-1, STQ-2 and STQ-3 used in this study. Rhodamine
attractive for their spectral sensitivity towards local host 101 (Exciton, USA) was used as the fluorescence quantum
environment and optical and electronic properties. A num- yield standard. All the solvents. used in this study were either
ber of styryl dyes (styrene-like dyes with different aromatic Analar or Spectrograde. Sodium dodecyl sulphate (SDS),
groups on either side of the styryl double bond) have beenYS0Zyme and egg phosphotidyl choline (eggPC) were pur-
synthesized and investigated [4-10]. A few styryl dyes were chased from Sigma Chemicals, USA. _
found to be useful in biological applications [11]. In this  1he samples in organized molecular assemblies were pre-
paper, we report the photophysical properties of a new classPared as follows. SDS micelles were prepared by stirring the

of fluorescent thiazolo quinoxaline based styryl dyes called Surfactant (20 mg/ml) in warm deionized water for 1 h. The
sonicated, unilamellar eggPC liposomes (0.14 mg/ml) were

* Corresponding author. Fax:91-22-215-2110£91-22-215-2181. prepared in buffer pH 7.4 by the procedure described in Ref.
E-mail addressperi@tifr.res.in (N. Periasamy). [13]. Lysozyme (1 mg/ml) solution was prepared in buffer

2. Experimental
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STRUCTURE OF THE DYE MOLECULES
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Fig. 1. Molecular structures of STQ-1, STQ-2 and STQ-3 dyes.

(pH 7.4). Aliquots of the dye solution in ethanol (1 mM) corrected fluorescence spectrum was obtained for a dilute
were added to the protein/micelle/membrane solution andrhodamine 101 in ethanol by excitation at its absorption
stirred for 15 min to give a final concentration of the dye of peak of 420 nm. The quantum yield of the dygif) was
~10pM in the sample. calculated using the equation

The absorption and steady-state fluorescence experi-
ments were done using Shimadzu UV2100, Spex Fluorolog ¢dye = ¢ret
1681 and Shimadzu RF540 spectrometers, respectively.
The time-resolved fluorescence decay measurements wereyes is the fluorescence quantum yield of reference (rho-
made using a high repetition rate picosecond laser coupleddamine 101) sample in ethanol which is 1.0 [14§ye and
to a time-correlated single photon counting spectrometer At are the absorbances of the dye and reference samples
described elsewhere [14], currently using a microchannel at their excitation wavelengthsgye and ler are the areas
plate photomultiplier (Hamamatsu 2809) and a personal of the corrected fluorescence spectra (plotted in frequency
computer for data acquisition and analysis. The sample wasscale) for the dyes and reference samples.
excited in the blue absorption band of the dye (380-400nm  The electrochemical measurements were carried out using
region) by vertically polarized picosecond laser pulses (fre- a potentiostat/galvanostat (EG and G PAR, Model 273A).
quency doubled Ti-sapphire laser) and the emission wasA glassy carbon microelectrode (area: 0.06kmas used
collected (at the peak in 580-630 nm region) through an as the working electrode. A silver wire and Pt gauze were
emission polarizer oriented at the magic angle of 54ith used as the quasi-reference and the counter electrode, respec-
respect to the excitation polarization. The full width at half tively. Cyclic voltamograms of the STQ dyes were recorded
maximum of the instrument response function was approx- in dichloromethane containing 0.1 M tetrabutyl ammonium
imately 200 ps. Typical photon count rate for fluorescence perchlorate (TBAP). The solution was degassed by bubbling
decay measurements was 4000-50006~0.5% of the argon gas (99.992% purity, IOLAR grade from Indian Oxy-
excitation rate) and the typical peak count was 10000. The gen) through the solution. The potential was swept from 0
fluorescence decays were fitted to single or multiexponen-to —1.5 to+ 1.5V and back to 0V with the sweep rate of
tial functions by a standard procedure [14]. 100 mV/s to record the current—voltage curve. After each ex-

The fluorescence quantum yields for the dyes in ethanol periment, the glassy carbon electrode was first washed with
were determined as follows. The fluorescence spectrumwater, then cleaned by polishing it using 0% alumina
of a dilute <25pnM) dye solution was recorded by exci- powder. It was sonicated for about 5min and then used for
tation at the absorption peak. The fluorescence spectrumfurther experiments. Ferroce#®(Ox) = 0.71+£0.03V vs.
was corrected for the variation of the quantum efficiency NHE [16]) was used as the standard to determine the refer-
of the photomultiplier (Hamamatsu R928). Similarly, a ence potential of Ag wire vs. NHE.

1 dyeA ref
Iret Adye ’

@)
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Fig. 2. (a) Plot of (va — vr) against the polarity parameter

F1={(e—1)/(2s+1)— (n®—1)/(2n®+ 1)} (see Eq. (2)) for@) STQ-1,

(M) STQ-2 and A) STQ-3. (b) Plot of(va + vf) against the polarity
parameterfz (= (e — 1)/(2e + 1) + (n? — 1)/(2n% + 1)} (see Eq. (3)) for
(@) STQ-1, @) STQ-2 and A) STQ-3.

Semiempirical quantum chemical calculations were per-
formed using MOPAC software version 6.0 on a Pentium
PC. The results of heat of formation for the hydrogen bond-
ing/van der Waals complexes of NH,0, H,O/CHsOH
and HCOOH/NH reported in literature [17] were repro-
duced using AM1 Hamiltonian for geometry optimization.

3. Results

117

anda the Onsager cavity radius for the dye molecidds

a constant. The model of dipole in a dielectric medium [18]
that is used to derive Eq. (2) also gives Eq. (3) for the sum
of vg andvs:

e—1 n?2-1

2(ng — 1) .
264+1 2n%2+1

hcad

whereK’ is a constant. The positive sign in the term for the
solvent polarity parameter in Eq. (3) may be noted— vf)

and (v4 + vf) were plotted against the respective solvent
polarity parametef; = {(¢ —1)/(2e +1) — (n®— 1)/ (2n°+

1)} of Eq. (2) andFz = {(e—1)/(2e+1)+(n°—1)/(2n°+1)}

of Eq. (3) in Fig. 2a and b for all three dyes, respectively.
The plots showed satisfactory linear correlation as predicted
by the above equations. The slopes of the two plots were
used to calculate the ratio of the dipole momegts/jig).

The ground state dipole moments of the dye molecules
STQ-1, STQ-2 and STQ-3 were calculated using quantum
chemical calculations using the molecular orbital package
MOPAC (version 6). The calculations were done for at least
10-20 randomly chosen initial geometry of the standard
molecular structure and the values for the low-energy sta-
ble structure were taken. The dipole moments of the excited
state were calculated for STQ-1, STQ-2 and STQ-3 using

(va+vf) = —

)+K’, (3)

The absorption and fluorescence emissiqn spectra ofcglculated value ofig and the value of ue/j1g). It may be
STQ-1, STQ-2, and STQ-3 were measured in several or-noted that no assumption was made on the cavity raalius

ganic solvents (methanol, dichloromethane (DCM), chloro-
form, dimethylsulphoxide (DMSO), ethylacetate, toluene,

to obtain the ground and excited state dipole moments. The
values of(ue/pg), 1tg and e are given in Table 1 together

and 2-octanol). The spectra showed considerable spectralyith other molecular properties.

shifts in these organic solvents. The spectral shift is corre-  The electrochemical reduction and oxidation potentials
lated with the polarity parameters (dieleCtriC constant and for the dyes were determined by Cyc"c V0|tammetry using
refractive index) of the solvent. Fig. 2a shows the plots of glassy carbon electrode in dichloromethane. The one elec-
(va — vp) versus the solvent polarity parameter [18] for the tron oxidation of STQ-1, STQ-2 and STQ-3 occurs in the
three dyes in seven solvents. The plots showed linear cor-range of 0.93—-1.00V vs. NHE. The one electron reduction
relation that is in good agreement with the Lippert—-Mataga of STQ-1, STQ-2 and STQ-3 occurs in the range-@90
equation [18]: to —1.03V vs. NHE. The electrochemical oxidation and
2 — Mg)z e_1 221 .re'duction peaks were quasi-reversible indicqting that the ox-
2 <2 1 2741 idized and reduced dye molecules are kinetically unstable._
he £ The fluorescence decays of all the dyes were measured in
vg andv; are the peak absorption and emission (steady-stateseveral organic solvents. The fluorescence decay of STQ-1,
fluorescence) frequencies per centimefug, and ug the STQ-2 or STQ-3 is one exponential in several solvents and
dipole moment of the dye in excited and ground statnd the fluorescence lifetimes are given in Table 2. The fluores-
n the dielectric constant and refractive index of the solvent, cence decays of STQ-1, STQ-2 and STQ-3 in 2-octanol and
respectively,h the Planck’s constant; the speed of light  organized molecular assemblies were either two or three

(va—vf) =

)+K, )

Table 1

Molecular and photophysical properties of STQ dyes

Dye Molecular  Melting log () Aabs Xem Quantum  welpg  fig Ue E° (Ox) EC (Red)
weight PointC M~ Tem D@ (nmP  (nmP  yield® (Debye) (Debye) (V)¢ (V)d

STQ-1 3604 230 4.94 490 630 0.36 2.26 3.28 7.43 0.998 —0.907

STQ-2 390.5 156 4.80 485 625 0.32 2.23 4.51 10.51 0.993 -0.927

STQ-3 3845 205 4.87 530 623 0.75 1.96 2.67 5.22 0.933 -1.027

aSolvent: chloroform.

b Solvent: methanol.

¢Solvent: ethanol.

dVv vs. NHE solvent: dichloromethane; glassy carbon electrode.



A.S.R. Koti et al./Journal of Photochemistry and Photobiology A: Chemistry 137 (2000) 115-123

118
Table 2 10000 5
Fluorescence lifetime(s) and amplitude(s) of STQ dyes in organic fhedia
Solvent/medium STQ-1 (ns) STQ-2 (ns) STQ-3 (ns) Lq:
=£
Methanol 0.05 0.04 0.18 ¥ z
Chioroform 131 0.97 1.08 e @
DCM 1.62 1.29 0.99 !
DMSO 0.42 0.41 1.04 il 3
Toluene 0.27 0.27 0.11 ] .
Ethyl acetate 1.36 0.96 0.92 " 100 b
2-Octanol 0.41 (0.62) 0.41 (0.55) 0.51 (0.61) ] 3
1.94 (0.38) 1.67 (0.45) 1.88 (0.39) & ]
SDS micelle 0.32 (0.98) 0.18 (0.74) 0.62 (0.93) ; _
0.65 (0.02) 0.50 (0.26) 1.62 (0.07) s : X
Lysozyme 0.85 (0.85) 1.01 (0.76) 1.14 (0.64) 104 = . .
2.69 (0.15) 3.05 (0.24) 2.81 (0.36)
EggPC 0.35 (0.22) ¥
0.85 (0.46) el
1.62 (0.32) s
aExcitation at 380—400 nm. Emission measured at the peak of the 0 4 8 12
emission spectrum in the range 580-630 nm. Reduced chi-square values .
time (ns)

for all decays is in the range®< x? < 1.1.
Fig. 4. Temperature dependence of the fluorescence decay of STQ-1 in
exponentials and the lifetimes and amplitudes are also givendichloromethane at 5, 15, 25, 35 and*@5 Solid line through the decay
in Table 2. The amplitudes of the lifetimes were wavelength is the fit for one exponential decay function. Inset in the figure shows
dependent in 2-octanol, SDS micelle and in eggPC mem- the Plot of Inkxr/s™) vs. 1000T (K™ (see text).
brane but wavelength independent in protein (lysozyme).
'(;’he resultsdof a %etgule(l anaIyS|s| of the multiexponential decay equation (solid lines in the figures). The fluorescence
e??)éstg:s eer:\flzlreedesuerfggﬁsgté the single ex onentiallifetime decreased from 2.10ns"() to 1.124ns (4%C) in
fluorescencpe decay of pSTQ-l was examine% in D%M and DCM and in DMSO the decrease was from 9'562 el
DMSO. The fluorescence decays in DMSO and DCM at 5 t0 0.35ns (45.C)' The pe'rcentage decrea;e n steady-state
15 25‘ 35 and 4% are shown in Figs. 3 and 4 respec-' fluoresgence intensity with temperature in this range was
tivély 'i'he decays were fitted well to thé single e>2ponential a_\pproxmately the_same as the_ pe_rcenta_\ge (_Jlecrease in life-
' time. The change in the refractive index in this temperature
range is too small to significantly reduce the radiative rate
10000 m [19]. The temperature dependence of lifetime is therefore
attributed to the temperature dependence of the nonradiative
rate k) for the dye in the excited state. The activation en-
ergy (AE) for the nonradiative process was obtained based
on the equationkn, = kn® exp(—AE/RT), from the best
linear fit of In(knr) vs. 1T (°K), wherekn, = 1t~ — k. The
insets in Figs. 3 and 4 show the best linear fits for the data in
DCM and DMSO for the values df, = 0.39ns (DCM)
andk; = 0.40ns ! (DMSO).

1000 -

100 -

Intensi

3.1. Multiexponential fluorescence in octanol and complex
media

The STQ dyes readily bind to the protein (lysozyme) and
the organized molecular assembly of micelle (SDS) or bi-
71 TP . . , layer membrane (eggPC). The absorption and fluorescence
0 1. ) 3 4 5 spectra of the dyes in these organic media are qualitatively

. similar to those observed in the polar solvent methanol.
time (ns) The results of detailed analysis of double exponential flu-
_ _orescence decays in 2-octanol and organized molecular
Fig. 3. Temperature dependence of the fluorescence decay of STQ-1 in . .
DMSO, at 5, 15, 25, 35 and 46. Solid line through the decay is the fit assemblies are described below. . .
The fluorescence decay of STQ-1 in 2-octanol at different

for one exponential decay function. Inset in the figure shows the plot of > e
In(knr/s™1) vs. 10007 (K1) (see text). wavelengths in the emission spectrum was double exponen-

e%® ° oo
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tial and the lifetimes were reasonably constant in the entire 14 3
spectrumisport = 0.40+ 0.15 andriong = 1.94+ 0.08 ns. : a 2
The variation of the amplitudesx§ and «) of the short 1 4
and long lifetimes with the wavelength for the two life- TR
times are shown in Fig. 5b. The amplitude for the short o
lifetime, s was positive forh < 630 nm and was negative

for » > 630 nm. The wavelength dependent amplitudes and 2

—
[\
(=}

ampitude

H
(=]

intensity (a.u.)
S

e 500 550 600 650 700 500 550 600 65¢ 700
steady-state emission spectrum were used to construct the
R . . Wavelength (nm) Wavelength (nm)
spectra of the two species (see Section 4 for equations) as-
sociated with the short and long lifetimes. The spectra are 60 !
shown in Fig. 5a. 371°€ L 08 d
The fluorescence decays of STQ-1 in protein and micelle i 45 2 0.6 4
were also double exponential at different wavelengths in the ‘g 30 ';‘:(M i
emission spectrum. The fluorescence lifetimes were reason-_*f;’ 15 021 :
ably constant in the entire spectrumhort = 0.85+ 0.15 :
andti ong = 2.69+0.05 ns (protein)zshort = 0.3240.1 and "500 o g 8 2700 0_00 o oo et
. .. d 350 - thl
TLong = 1.654 0.15 ns (micelle). In the case of lipid mem- Wavelength (nm) . Wavelength (nm)

brane, two exponentials were not adequate and it was nec-
essary to consider three exponential functions which gave
lifetimes that were constant at all emission wavelengths: 150
Tshort = 0.354 0.12, tivigdle = 0.85+ 0.15 andriong = I
1.62+ 0.12 ns. The variations of the amplitudes for the two £'%°
(protein and micelle) and three (membrane) lifetimes with 2 59
the wavelength are shown in Fig. 5d, f and h. The wave- ~
length dependent amplitudes and steady-state emission spec 0
trum are used to construct the spectra of the two or three 500 550 600 650 700 300 550 600 650 700
species (see Section 4 and Appendix A) associated with the Wavelength (nm) Wavelength (nm)

lifetimes that are also shown in Fig. 5c, e and g.
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Thiazolo quinoxaline based styryl dyes studied here have 0 0
several characteristics that are similar to other styryl dyes 500 550 600 , 650 500 550 600 650
reported in literature [4-10]. (Some styryl dyes are also Wavelength (nm) Wavelength (nm)

called hemicyanine and amino styryl pyridinium dyes.)
Most of the styryl dyes are charged molecules but the STQ Fig. 5. Spectra of the multiple spepies in the emission spectrum of STQ-1
dyes used in this study are neutral molecules. These styrylm orgamzed molecular assembll_es_and wavelength dependence of the
amplitudes of the two or three lifetimes; (a, b) 2-octanol: steady-state

dyes have a common structural feature, namely an electronspectrum (solid line) and the spectra of thA)(unrelaxed and M)
donor and electron acceptor moiety on either side of a relaxed species of STQ-1, and variation of the amplitudes of &g (
styryl double bond. The trans isomer of the styryl dye is the short(zs = 0.41+0.15n9 and @) long (7. = 1.94+0.08ng lifetimes
stable one in the ground state. The intramolecular electronith wavelength; (c, d) SDS micelle: steady-state spectrum (solid line)
donor—acceptor moieties in the styryl dye make it more sen- and the spectra of the wo species associated with of .‘")3 short

. . (ts = 0.324+0.1n9 and (@) long (z. = 0.6540.15 ng lifetimes in micelle
sitive to solvent and host environment. The structures of the o sTQ-1 and variation of the corresponding amplitudes with wavelength:
three styryl thiazolo quinoxaline (STQ) dyes (Fig. 1) have (e, f) lysozyme: steady-state spectrum (solid line) and the spectra of the
a common electron acceptor group (thiazolo quinoxaline) two species in different sites with&() short (zs = 0.85+ 0.15n9 and
but differ in the aromatic amine moiety. The STQ dyes are (W) ong (= 2.69:£0.05n9 lifetimes in the protein of STQ-1, and

. ) variation of the corresponding amplitudes with wavelength; (g, h) eggPC
Strongly coloured and hlghly fluorescent molecules. The flu bilayer membrane: steady-state spectrum (solid line) and the spectra of

orescence quantum yield of STQ-3 was the highest amongine “three species in different sites in the membrane wih) &hort
the three dyes (Table 1). The solubility in organic solvents (rs = 0.35+0.12n3, (@) middle (ry = 0.85+ 0.15n9 and @) long
and a high binding affinity to membranes and proteins are (. = 1.62+0.12n9 of STQ-1, and variation of the corresponding
useful properties of the dyes for biological applications and amplitudes with wavelength.

electronic/photonic molecular thin film devices. The rela-

tively low redox potentials£1V vs. NHE) is favourable

for electron and hole transfer from electrode to the film.
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The STQ dyes absorb strongly in the visible region with a ground and excited state (in braces). Large changes (>0.12)
molar extinction coefficient greater than@l0* M~1cm~1. in the absolute value of net charge were observed for the
The absorption and emission spectra of the STQ dyes areatoms that are shown in bold in Fig. 6. It is reasonable
sensitive to the solvent or host environment which is at- therefore to expect that this part of the molecule plays a
tributable to the difference in the dipole moment in the dominant role in the solvation dynamics because of the
ground and excited state (Table 1). As described in Sectionlarge changes in atomic charges. Interestingly, the length
3, the values ofue and ug were determined using spec- of this part of the molecule (Fig. 6) is found to be 4.3A,
tral shift and the theoretical value fgry. The difference which is close to the calculated value of ‘cavity’ diameter.
in the dipole moment . is 2.5-6 Debye for the different It is worth investigating if such a correlation exists for other
STQ dyes. A value for cavity radiusin Eq. (2) is some-  styryl dye molecules.
times assumed for calculatingu for other styryl dyes [8].

On the other hand, it is possible to calculate the cavity ra- 4.1. Dye-solvent complex in DCM
dius usingpue, 11g and the slopes of the plot in Fig. 2a or

b. The calculated values of cavity radius for STQ-1, STQ-2  |n solvents of low viscosity the fluorescence decay of STQ
and STQ-3 are in the range of 2-3 A and thus the cavity di- dyes is single exponential (Table 2). The temperature depen-
ameter is in the range of 4-6 A. This value is rather small dence of the lifetime in DCM and DMSO was ascribed to
compared to the molecular length of the STQ dyes which the temperature dependence of the nonradiative rate. The ac-
is about 15-17 A, and comparable to the length of the short tivation energies in DCM and DMSO were determined to be
axis. Itis interesting to comment on the significance, if any, 34.0 and 10.7 kJ/mol, respectively. The activation energy for
of the cavity diameter obtained as above using experimentalthe nonradiative process of styryl dyes, including stilbenes,
results and Egs. (2) and (3). in viscous solvents is understood in terms of intramolec-
The model used to derive Egs. (2) and (3) is based on aular dynamics (e.g., rotation about a bond). According to
point dipole in a spherical cavity. Most organic fluorescent Kramer's theory [20], in the limit of viscosity-controlled
molecules for which these equations are applied are neithersmoluchowski limit
point dipoles nor spherical in shape. On the other hand, 1 £0
non-uniform distribution of charge in the ground and excited g, (_> exp(_—> i (4)
state gives rise to dipole and higher order moments and n“ RT
energy minimization occurs in the electrostatic force field of
dipolar solvent molecules. A realistic model of the solvent
structure around the molecular dipole is very complex and
the simple model such as that used to obtain Egs. (2) and
(3) are only approximations. Alternative realistic models are Ea
necessar = 1o exp<—) ’ ®)
Y. RT
We have examined the possible meaning for the small
cavity radius for STQ dyes by correlating with the
charge/electron density distribution in the ground and ex-
cited state of STQ-1 dye. It was observed from theoretical
calculations that major changes in net atomic charges occur B oEq+ EO°
only in a few atoms of the dye in the vicinity of the styryl nr o (10)™® eXp(—T)
bond. Fig. 6 shows the charge distribution in the atoms for

whereE? is the activation barrier for the intramolecular dy-
namics andr < 1. The temperature dependence of viscosity
itself is given by the equation [21]

whererng is a constant ané, the activation energy for the
mobility of a solvent molecule in the solvent. Combining
Egs. (4) and (5), we get

(6)

As described in Section 3\E = («Ea + E°) was de-
termined from the experimental data of temperature depen-

(:8:?;) dence of fluorescence lifetime of STQ-1 in DCME =
c— 34.0kJ/mol) and DMSO(AE = 10.7 kJ/mol). Using the
-0.09 -0.01 / viscosity data [22] in the temperature range 5:Gdor
(-0.05) (-0»_21) 146A° 7 14 DCM and DMSO one obtain€,; = 6.6 kJ/mol for DCM
_~N C 120,10 Q.OZ) andE; = 13.7 kJ/mol for DMSO. Comparison of the values
016 ’ _ of AE andE, in DMSO indicates thaE® becomes negligi-
(-0.32)C . i C i ble for @ ~ 0.8 which implies that the nonradiative process
145A° 018 1(179.9% 0.06 : _ ( | _
~ / (-0.02) (-0.11) in DMSO is a barrierless one and the rate is determined by
S viscosity alone. On the other hand, a comparison of the val-
045 ues of AE andE, in DCM suggests thaE? is in the range
(-049) 27.4-16.6kJ/mol for I> o > 0. The significantly higher

0 . .
Fig. 6. Net charges on the atoms near the styryl group of STQ-1, bond Valu_e fOI’E in DCM may be mterpreted to squeSt that a
distances and angles in the ground state. The values of net charge on thdarrier exists for the intramolecular dynamics of the dye.
atoms in the excited state are given in brackets. A barrier could presumably arise due to complex formation
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involving the dye and the solvent. The possibility of such a . k .

dye—solvent complex and its geometry were investigated by M, ———> M,

theoretical calculations that are described below.

The theoretical calculations of energy minimization and Vi
geometry optimization of the dye STQ-1, solvent DCM and Va vi| 1/,
dye—solvent complexes of different geometries were carried 1/t

out using MOPAC. The calculations showed that the charge
of the H-atom in DCM is positive40.129) and that of the
Cl-atom is negative-{0.077). The calculations for STQ-1
Showeq that the net atom,ic charges were significantly dif- Fig. 7. Solvent relaxation modeMs, My Ms* and Mg* are the solvated
ferent in ground and excited atoms for a few atoms near gye molecule in the ground state (relaxed), ground state (unrelaxed),
the styryl bond. Maximum negative charge(@.31 in the excited state (unrelaxed) and excited state (relaxed), respectivend
ground state and-0.27 in the excited state) was observed v are the absorption and emission frequencies; I8 the sum of
at the N-atom of theN,N-diethyI amino group. Complex radiati\(e gnd nonradiative ratgs ofs*, 1/ro is the sum of radiative arld
formation between the dye and DCM is therefore likely by nonradiative rates af/,* andk is the rate constant of solvent relaxation.
H-bonding interaction between DCM and the dye. Geom-
etry optimization and energy calculations showed a stable
complex formation (heat of formation is0.71 kJ/mol) in- such a case, the fluorescence decay is double exponential
volving H-bonding with N-atom of thé\,N-diethyl amino with the lifetime of (117 + k)~ (due toMs*) andt, (due
group of the STQ-1 dye. Interestingly, the heat of forma- to Mg*). Further, the solvent relaxation model implies that
tion for a complex formed between Cl-atom of DCM and the emission spectrum afiy* is red shifted with respect to
H-atom of ethyl group was much higher-a2.05 kJ/mol. It Ms* and hence the amplitudes of the two lifetimes vary with
is possible therefore that more than one solvent molecule isemission wavelength. A negative amplitude for the lifetime
involved in the dye—solvent complex. A similar calculation associated withMs* at longer emission wavelengths is a
for the interaction between C£hnd the STQ-1 dye gave confirmatory evidence for the solvent relaxation model.
a heat of formation of only-0.11 kJ/mol. Thus, the theo- Double exponential fluorescence decays were observed
retical calculations are in favour of a dye-DCM complex for STQ dyes in 2-octanol and in organized molecular as-
involving the H and Cl atoms of the DCM. The large activa- semblies of micelle and protein (Table 2). The results of a de-
tion energy observed in this solvent ban be rationalized by tailed analysis of the fluorescence decays of STQ-1 in these
the formation such dye—solvent complexes. organic media at different emission wavelengths are shown
in Fig. 5a—h. Examination of the wavelength dependence of
amplitudes in Fig. 5b, d, f and h suggests that the trend in
octanol (negative amplitudes at long emission wavelengths)
The dipole moments of the STQ dyes in the excited state is different from other media. In the case of octanol, the
were calculated to be 5.2-10.5 Debye which is larger than amplitudes for the short lifetime decreased with the emis-
that in the ground state (Table 1). The fluorescence spectrumsion wavelength and became negative at extreme red end of
of the dye in a polar solvent undergoes a red shift because ofthe emission spectrum. This trend is in complete agreement
the dipolar interaction of the excited state with the solvent, with the solvent relaxation model for the excited state of the
which is generally termed as solvation dynamics. The inter- dye described above. The spectra of the two speklg’s
action involves reorientation of the solvent molecules around andMg™* can be calculated for this model of excited state ki-
the dye and the relaxation time depends upon the viscositynetics using steady-state emission spectrum (see Appendix
of the solvent. The excitation, relaxation of the excited state A; Egs. (A.6) and (A.7)). The computed spectra associated
by solvent interaction and emission from unrelaxed and re- with the two speciesMs* and M¢* are shown in Fig. 5a.
laxed states are described by a well-known model of excited The spectrum of the relaxed specidg™* is red shifted.
state solvation dynamics [18] which is shown in Fig. 7. In In the organized molecular assembly of micelle the dou-
Fig. 7, Ms* is the initial excited state of the dye where the ble exponential decay parameters were different from those
solvent molecules are in the same orientational distribution observed in 2-octanol. The fluorescence lifetimes were un-

M,«<—— M,

4.2. Multiexponential decay in complex organic media

as in the ground state andy* is the relaxed state where
the orientational distribution of solvent molecules is dif-
ferent.k is the rate of solvent relaxation which is viscosity
dependent. In solvents of low viscosity the relaxation kate

changed but the amplitudes varied with emission wavelength
as shown in Fig. 5d. The lifetimes of both the species (0.32
and 0.60 ns) are substantially less in SDS micelle compared
to protein or membrane. There was no negative amplitude

is very fast and the fluorescence emission is observed onlyat any wavelength and hence the two species are not ki-
from the relaxed state. The fluorescence decay in a low netically coupled in the fluorescence time scale. Two dif-

viscosity, polar solvent is therefore single exponential. In
polar solvents of high viscosity the relaxation r&tis slow
and emissions from botlMs* and Mg* are observed. In

ferent sites of solubilization for the dye in the micelle are
therefore indicated. The emission spectra for the two species
are calculated using Egs. (A.12) and (A.13) (Appendix A).
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The spectrum of the long lifetime component is red shifted I, (t) = ay[Ms*]; + by[Ms™];, (A1)
Fig. 5c¢).
( '?he f|)uorescence decay analysis of STQ-1 bound to thewherea, andb, are the intensity contributions of the two
protein gave similar results as in SDS micelle but differed SPpecies ak, and
guantitatively. The lifetimes were larger (0.85 and 2.69 ns) 1
and the amplitudes of the two lifetimes were unchanged with [M¢*], = Cg exp{—t (k + _> } , (A.2)
the emission wavelength (Fig. 5f). Absence of negative am- n
plitude at any wavelength indicated that the two species are
not kinetically coupled in the fluorescence time scale. The k
ratio of the two amplitudes at different emission wavelengths [Ms*]t = Co [—k }
. . . . +1/11 —1/12

varied little suggesting that the spectra of the two species
are similar (Fig. 5f). The results indicate two different sites —t 1
of solubilization with identical environment for the dye in x [exp(r—2> B exp{—t (k i T_l) ” B
the protein and the dye is probably quenched in one site.

The fluorescence decay of STQ-1 in lipid membrane at Co is the concentration oMs* at: = 0. Replacing(k +
all emission wavelengths was best fitted to three exponentiall/1) = 1/7s(shory @andt2 = 7 (long, ONe gets
functions: tshort = 0.35% 0.12 tmiggle = 0.85+ 0.15 and
TLong = 1.6240.12 ns. The amplitudes of the three lifetimes 7 ;) — 4, exp<__t) + [exp(__t) - exp<__t)] ,
varied as shown in Fig. 5h. The amplitude of the 0.35ns 7S T1 L
component decreased with increasing wavelength. The am- (A.4)
plitude of 0.85 and 1.62ns components increased steadily
with wavelength (Fig. 5h). There was no negative amplitude ©F
at long wavelengths for the short component. The results are ¢ _t
consistent with a model involving three solubilization sites 1,.(f) = o exp(—) + B exp(—) , (A.5)

. . . TS TL

for the dye molecule, which are not kinetically coupled. The
spectra for the three species are different (Fig. 5g). wherex, = a; + B;, andy; = B,. It is recognized thai,

The results and discussion of fluorescence spectra andcan be negative at long emission wavelengths when x;.
fluorescence decay of STQ dyes in different organic media According to Eq. (A.4), the contribution to the steady-state
indicates that the photophysics of the dye is sensitive to theintensity (59 at A will be in the ratio ofx; ts:y; (1. — ts) for
host environment. Organized molecular assemblies providethe two specied/s* (associated with's) and Mg* (associ-
multiple environments for the dye and thus the fluorescenceated witht| ), respectively. The individual spectrum of the

is more complex than in homogeneous organic media. two speciesMs* and Mg* are computed using Egs. (A.6)
and (A.7).
X)\TS
5. Conclusions Iygy = I® (A.6)

x.7s+ ya(tL — t9)

The photophysics of a new class of styryl dyes has been L JSS w.(TL — 1)
studied in organic media. The ground and excited state My® = "a X ts+ Y (1L — 18)
dipole moments have been determined. The dye forms
a dye-solvent complex in dichloromethane. The multi- A 2. Multiple site model
exponential fluorescence decay of the dye in octanol is
due to solvation dynamics in excited state. However, the  The model of two (or more) solubilization sites for the
multiexponential decay in organized molecular assemblies dye in the organized molecular assembly predicts that the
(micelle, membrane and protein) is attributed to multiple fjorescence decay at any emission wavelength is propor-
solubilization sites for the dye. tional to the sum of the population decaysiaf* and M.*,

(A7)

L.(t) = ax[M1™]; + bp[M2*];, (A.8)

Appendix A . . I
pp wherea, andb; are the intensity contributions of the two

. species ak, and
A.1. Solvent relaxation model P

—t
A two-state solvent relaxation model as shown in Fig. 7 [M1]: = C1 exp(t—l) , (A.9)
predicts that the fluorescence decay at any emission wave-

length is proportional to the sum of the population decays _— —t
of Ms* and Mg*. [M2*]; = C2exp =) (A.10)
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C; is the concentration afZ/1* andC, the concentration of
My* atr =0,

L(t) = o exp(Z—I) s expC—i) .

Itis recognized that, andg, are positive at all emission
wavelengths. According to Eqg. (A.11), the contribution to
the steady-state intensity®) at A will be in the ratio of
a;11:.8,12 for the two specieg/1* and M»*, respectively.
The individual spectrum of the two specigéf™ and M>*
are computed using Egs. (A.12) and (A.13):

(A.11)

o) T1

Inpor = 15— 21 A.12
M b oyt + B2 ( )
B.t2
Iy = I55—222 (A.13)
2T M gt e
References

[1] A.P. Alivastos, P.F. Barbara, A.W. Castleman, J. Chang, D.A. Dixon,
M.L. Klein, G.L. McLendon, J.S. Miller, M.A. Ratner, P.J. Rossky,
S.I. Stupp, M.E. Thompson, Adv. Mater. 10 (1998) 1297.

[2] S. Miyata, H.S. Nalwa (Eds.), Organic Electroluminescent Materials
and Devices, Gordon and Breach, Amsterdam, 1997.

[3] Special Issue on Organic Materials, Acc. Chem. Res. 32 (1999) 191.

[4] L.M. Loew, L.L. Simpson, Biophys. J. 34 (1981) 353.

[5] N. Ikeda, N. Mataga, U. Steiner, M.H. Abdel-Kader, Chem. Phys.
Lett. 95 (1983) 66.

123

[6] H. Ephardt, P. Fromherz, J. Phys. Chem. 93 (1989) 7717.

[7]1 N.V. Visser, A. von Hoek, AJW.G. Visser, R.J. Clarke, J.F.
Holzwarth, Chem. Phys. Lett. 231 (1994) 551.

[8] U. Narang, C.F. Zhao, J.D. Bhawalkar, F.V. Bright, P.N. Prasad, J.
Phys. Chem. 100 (1996) 4521.

[9] B. Strehmel, H. Seifert, W. Rettig, J. Phys. Chem. 101 (1997)
2232.

[10] A. Mishra, R.K. Behera, B.K. Mishra, G.B. Behera, J. Photochem.
Photobiol. A 116 (1998) 79.

[11] R.P. Haughland, Handbook of Fluorescent Probes and Research
Chemicals, 6th Edition, Molecular Probes, PO Box 22010, Eugene,
OR, USA (Chapter 14).

[12] D.W. Rangnekar, N.D. Sonawane, R.W. Sabnis, J. Heterocyclic
Chem. 35 (1998) 1353-1356.

[13] M.M.G. Krishna, N. Periasamy, J. Fluoresc. 8 (1998) 81.

[14] N. Periasamy, S. Doraiswamy, G.B. Maiya, B. Venkataraman, J.
Chem. Phys. 88 (1988) 1638.

[15] T. Karstens, K. Kobs, J. Phys. Chem. 84 (1980) 1871.

[16] W.C. Barrette, H.W. Johnson, D.T. Sawyer, Anal. Chem. 56 (1984)
1890.

[17] M.J.S. Dewar, E.G. Zoebisch, E.F. Healey, J.J.P. Stewart, J. Am.
Chem. Soc. 107 (1985) 3902.

[18] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Plenum
Press, New York, 1983, p. 190

[19] J.B. Birks, Photophysics of Aromatic Molecules, Academic Press,
New York, 1970.

[20] G.R. Fleming, Chemical Applications of Ultrafast Spectroscopy,
Oxford University Press, New York, 1986 (Chapter 6).

[21] P.W. Atkins, Physical Chemistry, 5th Edition, ELBS with Oxford
University Press, Singapore, 1994, p. 833.

[22] Landoldt-Bornstein, Transport Phenomena |, Springer, Berlin, 1969,
pp. 195, 245.



