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Abstract

The spectral (both absorption and fluorescence) and photoelectrochemical studies of some anionic xanthene dyes namely erythrosin B,
rose bengal and eosin have been carried out in micellar solution of cationic cetyl trimethyl ammonium bromide (CTAB), anionic sodium
dodecyl sulphate (SDS) and neutral triton X-100 (TX-100). The results show that all these dyes form 1:1 electron-donor-acceptor (EDA) or
charge-transfer (CT) complexes with TX-100, which acts as an electron donor. There is no interaction of these dyes with SDS, whereas the
interaction with CTAB is mainly electrostatic in nature. In presence of TX-100, these dyes show enhancement of fluorescence intensity with
a red shift and develop photovoltage in a photoelectrochemical cell. A good correlation has been found among the photovoltage generation in
the systems consisting of these dyes and TX-100, spectral shift due to complex formation and thermodynamic properties of these complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction anionic and neutral surfactants indicating interaction of
dye with surfactant have been reporfd@®,13] Recently,
The studies of photoinduced electron transfer or redox the interaction of safranin-O, a cationic dye, with various
reactions in surfactant solution are very interesting and surfactants viz., anionic, neutral, cationic and zwitterionic
relevant to the understanding of photobiology, specially have been studied spectrophotometricdlly]. For their
the model systems mimicking biomembranes. They are outstanding photophysical properties, the anionic xanthene
also important for efficient photochemical conversion and dyes are very efficient laser dygs5-17] and fluorescent
storage of solar energy, since surfactant solutions helpprobeg18,19] While we are interested to study the spectral
to achieve the separation of photoproducts by means ofand photoelectrochemical characteristics of some anionic
hydrophilic-hydrophobic interaction between the photo- dyesinthe presence of surfactant, the automatic choice lies in
products and the interfacg$—5]. On the other hand, the the selection of anionic xanthene dyes. For this purpose, the
electron-donor-acceptor (EDA) or charge transfer (CT) spectra of some anionic xanthene dyes namely erythrosin B,
interaction of nonionic surfactants with different cationic rose bengal and eosin have been studied in micellar solution
phenazine and thiazine dyes have been repgéetil] and of TX-100 (neutral), SDS (anionic) and CTAB (cationic)
the interaction leads to the photovoltage generation when theand the spectral studies have been complimented with the
system consisting of agueous solution of dye and surfactantphotoelectrochemical studies of these dyes in aqueous
is studied in a photoelectrochemical cell. The spectral and solution of these surfactants and the results are reported here.
photophysical studies of some new rhodamine derivatives

and ketocyanine dyes in micellar medium of cationic,
2. Experimental

* Corresponding author. Fax: +91 33 2414 6411. All the xanthene dyes namely erythrosin B, rose Bengal
E-mail addressbhowmikbbju@yahoo.co.in (B.B. Bhowmik). and eosin were supplied by Sigma Chemicals. These were re-
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crystallized twice from ethanol-water and the purity of these ' ' ' T '
dyes was checked by absorption and fluorescence spectre 0.3 Y
The cetyl trimethyl ammonium bromide (CTAB), sodium
dodecyl sulphate (SDS) artert-octyl-phenoxy-poly-oxy
ethanol (Triton TX-100 or TX-100) were supplied by BDH
and Sigma Chemicals and these were used without further
purification. Aqueous solutions were prepared in doubly dis-
tilled water.

The absorption and fluorescence spectra of the solutions
were recorded on a Shimadzu 160 A UV-vis spectropho-
tometer and Shimadzu RF-540 spectrofluorophotometer,3 0.1
Japanrespectively using silica cells of 1 cm optical pathlength 2
placed in a thermostated cell holder at different temperatures.
The photogalvanic effect of these dyes in surfactant solution
was studied in a photoelectrochemical (PEC) cell, which con-
sisted of an H-shaped cell with a 300 W tungsten lamp of
30 mW cn1 2 intensity; the experimental details of photovolt-
age measurements have been described eftOgrAll the
measurements were done with freshly prepared solutions. 0

w
O
Z
<
m
14

0
+0.1

3. Results and discussion 450 560 5'20 540 5|60

WAVE LENGTH, nm
The visible absorption spectra of solutions with a fixed
concentration erythrosin B (% 10> mol dm*3) in water as Fig. 1. (a) The visible absorption spectra of erythrosin B in water (1), in
well as in aqueous solution of cationic surfactant CTAB, an- adueous solution of anionic surfactant SDS (2), cationic surfactant CTAB
ionic surfactant SDS and neutral surfactant TX-100 at 298 K (&) and neutral surfactant TX-100 (4) at 298K, (b) The difference spec-
. L . . tra of erythrosin B in water (1), in aqueous solution of SDS (2), CTAB
are shown irFig. 1 This figure also includes the difference (3) and TX-100 (4) balanced against the same concentraton of erythrosin
spectra of mixed solution with a fixed concentration of ery- B in water at 298 K. Concentration of erythrosin B:x110-5 mol dni3;
throsin B (1x 10->mol dm3) and surfactant in water bal- ~ SDS: 5x 10-2moldn13, CTAB: 1 x 10-2moldm3 and TX-100: 1x
anced against erythrosin B in water at 298 K. The absorption 10-2mol dr2.

spectra of erythrosin B are perturbed in presence of differ- i ,
entsurfactants, indicating molecular interaction of erythrosin &/l these surfactants using Rose and Drago’s absolute method

B with the surfactants in aqueous medium. The visible ab- [21]- In this method various values of«-¢o) are selected

sorption band of erythrosin B in water appears at 527 nm. In &t random for a givenjet of experimental data and the cor-
presence of CTAB and TX-100, the difference spectra show responding values df -~ are calculated using the following

the shifted absorption bands at 542 and 546 nm, respectively €auation:

In presence of SDS, the spectra are not perturbed at all, in- (5c — €0)[DI[S]¢

dicating no interaction between erythrosin B and SDS. In K¢~ = [ —do) 5] (1)
“dy) —

Fig. 2 the visible absorption spectra of erythrosin B along

with the different spectra of mixed solutions with a fixed con- whered, andd are the absorbances of the solution contain-
centration of erythrosin B ( 10~°mol dm3) and varying ing dye at the absorption maximum of the complex without
concentration of TX-100ranging from 0.5 103 to 5 x and with surfactants; andeg are the respective molar ex-
10-3 moldm2 in aqueous medium at 298K are shown. A tinction coefficients of the complex and dye at the absorption
sharp isosbestic point at 533 nmindicates 1:1 molecular com-maximum of the complex, is the optical pathlength of the
plex formation. The absorption spectra of other anionic xan- solution, [D] and [S] are the initial concentration of the dye
thene dyes namely rose bengal and eosin are also perturbed iand surfactant respectively. The valueskf 1 are plotted

the presence of TX-100and CTAB with concentration above against §c — ¢,) and a straight line is constructed. Now,
the cmc of the surfactants. The absorption bands of rose benfrom several sets of experimental data all the straight lines
gal and eosin appearing at 549 and 521 nmin water are shiftedalmost intersect at a point (actually in relatively small area).
to 571 and 542 nm, respectively, in presence of TX-100and From the point of intersectioc and s are determined.
566 and 537 nm, respectively, in presence of CTAB. The spec-Such plots are shown iRig. 3. at three different tempera-
tral data with a fixed concentration of the xanthene dye and tures (288, 298 and 310 K) for erythrosin B-TX-100 system
varying concentration of surfactant (CTAB and TX-100) have only. The other xanthene dyes namely rose bengal and eosin
been utilized to calculate the equilibrium constafig) and with TX-100 and all the three dyes with CTAB follow Rose
molar extinction coefficientst) of the dye complexes with  and Drago’s absolute methods similarly. All the thermody-
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Fig. 3. Spectral determination of equilibrium constant and molar extinc-
tion coefficient of erythrosin B-TX-100 complex at 288, 298 and 310K
respectively by Rose—-Drago’s method. The numbers 1-7 indicate sets of
experimental data used.

Fig. 2. (a) The visible absorption spectra of erythrosin B in aqueous solution
of TX-100 of different concentrations at 298 K. (b) The difference spectra
of erythrosin B and TX-100 balanced against the same concentration of ery-

throsin Binwater 298 K. Concentration of erythrosin B: 10-° mol dn3; o . . .
and concentration of TX-100 (18 mol dm3), (1) 0.0; (2) 0.5: (3) 1.0; (4) shift indicating molecular interaction of the dyes with these

1.5; (5) 2.0; (6) 3.0; (7) 4.0 and (8) 5.0. surfactants in the excited state. The fluorescence spectra of
mixed solutions with a fixed concentration of erythrosin B (1
namic and spectrophotometric properties calculated from this x 10~° mol dm~3) in aqueous solution of TX-100 of varying
method are summarized Trable 1 concentrations at 298 K are showrFig. 4. The fluorescence
The fluorescence spectra of the anionic xanthene dyes,spectra of rose bengal and eosin in aqueous solution of TX-
namely erythrosin B, rose bengal and eosin are also perturbedl00 and the fluorescence spectra of all the three xanthene dyes
in presence of neutral surfactant TX-100 and cationic sur- in aqueous solution of CTAB behave in a similar manner. In
factant CTAB. There is no change of fluorescence spectramany cases, exciplex formation takes place by enhancement
of xanthene dyes in presence of anionic surfactant SDS. Inof fluorescence and in some cases, a spectral shift along with
presence of TX-100 and CTAB, the fluorescence intensities of enhancement has been obsef3]. In these cases, it should
these xanthene dyes has been found to be enhanced with a reloe the excited state charge transfer (CT) or excited state elec-

Table 1
Thermodynamics and spectral characteristics of dye—surfactant interaction at 298 K from absorption spectra
Dye Thermodynamic characteristics Spectral characteristics Shift
—1
In water In surfactant em™)
Ke —AG® —AH° —AS Amax (NM) Emax Amax (Nm) Emax
dm*mol 1) (kjmol™1)  (kjmol™1)  (Imolldeg?) (m?mol~1) (m?mol~1)
(a) Xanthene dyes—Triton X-100
Erythrosin B 714x 1(? 16.26 36.03 66.34 527 2.3610° 546 2.56x 10° 660
Rose bengal  9.59 107 17.01 49.00 107.35 549 9.3010° 571 9.50x 10° 701
Eosin 12.72¢ 167 17.71 65.00 158.69 521 5.9310° 542 5.77x 10° 743
(b) Xanthene dyes—CTAB
Erythrosin B 5.70x 107 15.72 29.00 44.56 527 2.3610° 542 2.68x 10° 525
Rose Bengal 6.4% 107 16.04 32.50 55.23 549 9.3010° 566 10.92x 10° 547
Eosin 9.20x 107 16.91 46.50 99.29 521 5.9310° 537 7.08x 10° 572

Concentration of dye used in each case is 10° mol dn® and concentrations of surfactants used are in the range 0 to 5 x 10° moldm2 in all cases.
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in presence of surfactant is due to the excited state complex
formation, then we can write frofaq. (5)

. xanthene - - - .S
" [xanthene - - - -S]”[xanthene - - - S]S

*
c

(7)

and

F — F
0 _ er[xantheng ... S]
Fo

(8)

whereFg andF are the fluorescence intensities of xanthene
dye in absence and presence of surfactantsand the pro-
portional constant and is equivalent to the fluorescent coeffi-
cient of the complex in the excited state. Putting the values
of

F— Fy

ABSORBANCE

= for[xantheng - -S]

in Eq. (7) we have

F — Fo [*xanthene S] = [S] N 1

9
Fo Kier ©)

1 1 1 SF
520 540 560

WAVE LENGTH, nm

480 500
The concentration dixanthene is related to the initial con-
centration of xantheneby [xanthene] = B [xanthene]
wherep = e 2E/RT ' AE is the energy difference between
the first excited (singlet) state and ground state of xanthene
dye,Ris the gas constant afids the temperature in Kelvin.

Using the value ofxanthene] in terms of [xanthene] in
trostatic interaction since the dyes interact with TX-100 and Eq. (9) the final equation is

CTAB in the ground state and the nature of interaction is dif-
ferent. A possible mechanism of fluorescence enhancement_ o

of these anionic xanthene (xanthepeyes by surfactant [S] F—-Fp
in miceller solution may be represented as follows:

Fig. 4. The fluorescence spectra of erythrosin B in aqueous solution of TX-
100 at 298 K. Concentration erythrosin Bx110~° mol dm3; and concen-
tration of TX-100 (103 mol dm3), (1) 0.0; (2) 0.3; (3) 0.4; (4) 0.5; (5) 0.6;

(6) 0.80 and (7) 1.0.

[xanthene][S] = [S] 1
Ber BKEer

By usingEg. (6) we can deduce the sank®. (10)where

(10)

xanthen& + hv — xanthene 2 [S] should be replaced by {3, the concentration of cationic

1 _ _ surfactant.

xanthené — xanthene + hvy 3) This empirical relatiorj11,23] can be used to determine
the statbility constantK?¥) of the interaction between the

Ixanthene — xanthenet heat (4) y Ke)

singlet excited dye and surfactant to form excited state com-
plex (CT or electrostatic) before coming to the ground state
with fluorescence emission. The plots of [xantheh{S]
Fo/F—Fg against [S], the initial concentration of surfactant

1xanthene +S — (xanthene - -S < xanthene?*—S**)
excited state CT interaction

— xanthene! + S (5) should yield a straight line for excited state complex forma-
tion between singlet excited dye and surfactant. From the
Iyanthene + S — (*xanthene—St) slope and intercept of t.his pIoK;,_ the stqbility constant of
excited state electrostatic interaction the dye—surfactant excited state interaction can be estimated.
_s xanthene + S* (6) The plots are shown ifrig. 5 at 298K for the interaction

of excited state xanthene dyes with TX-100. Similar plots
TheEg. (5)shows the excited state CT interaction of TX-100 are also obtained in the case of excited state interaction be-
(S), as electron donor with single excited xanthedge, as tween xanthene dyes and CTAB. These results are presented
electron acceptor and this interaction enhances the fluores4in Table 2along with the fluorescence characteristics of xan-
cence intensity of the dye in micellar medium with increasing thene dyes in water as well as in micellar solution of TX-100

concentration of TX-100. ThEq. (6)shows the excited state
electrostatic interaction of cationic CTAB t$with singlet
excited xantherie dye. The stability constan&{) of this

and CTAB. According to Mulliken’s CT theorj4], the CT
interaction in the excited state is prominent compared to the
interaction in the ground state. The stability constants, both

excited state interaction can be calculated by assuming that; andK{ of xanthene dye interaction with TX-100 support
the relative increase of fluorescence intensity of xanthene dyethis (Tables 1 and 2 On the other hand, the stability con-
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at least 5-6 cycles establishing the reversibility of the pho-
toinduced effect. The photovoltage attained by the anionic
. xanthene dyes erythrosin B, rose bengal and eosin are 53, 43
and 33 mV, respectively. In these systems, the deoxygenation
is not essential. It indicates that the excited state interaction
between singlet xanthene dye and TX-100 is mainly respon-
sible for the generation of photovoltage. The possible mech-
anism of photoinduced electron transfer from TX-100 (S) to
singlet excited anionic xanthene dye (xanthenleading to

° the generation of photovoltage in a photoelectrochemical cell
N is as follows,
K i
L xanthene + hv — xanthene (11)
L
2) Ixanthene + S
&)
= 4 — (*xantheng - - - -S < xantheng?*—S**)
— xantheng?® 4+ S** (12)
xanthene?® — xanthene + e~ (anode reaction) (13)
0 | | |
0 2 4 6 At the cathode compartment:
[S] x 10° 1/2Hg,Cl; + € * — Hg+ CI™ 14)

Fig. 5. Plots of [D] [S]Fo/(F—Fo) against the concentration of TX-100 at At the junction, i.e., platinum foil separator between anode

298 K. Here, D and S represent xathene dye and TX-100 and the numbers 12Nd cathode compartments:
2, 3 refer to erythrosin B, rose bengal and eosin respectively. Concentration gte _
of xanthene dye: X 10~°> moldm2 in all cases and concentration of TX- +CI” — S+ 1/2Ch, (15)

100 (moldnT3): 1 x 10 3t0 7.0x 1073, . . . . .
The platinum foil separator plays an important role since it

stants of xanthene dyes with CTAB are almost same in both Prevents recombination of dye radical ant*$y behaving
excited and ground state. as adouble electrod®25,26], with oxidation in the dark com-

A photovoltage generation has been observed on illumina- partment and red.uction in the illuminated compart.ment. The
tion of one compartment of the cell consisting of surfactant, overall forward (light) and backward (dark) reaction in the

TX-100 (1 x 10-2 mol dni-3) and anionic xanthene dye (1 cell under continuous illumination in represented by

x 10~°moldm3) using platinum electrode in the illumi- light )
nated compartment and counter saturated calomel electrodgantheng + Sd:’kxanthené *+S (16)
ar

in the dark compartment. The illuminated electrode acts as an
anode. The photovoltage attains a maximum value within a Thus, the photoelectrochemical cell containing xanthene
few minutes. The systems consisting of the anionic xanthenedye and TX-100 absorbs photon energy and this energy is
dyes in agueous solution of the cationic surfactant CTAB and partly converted into electrical energy by the electrode reac-
anionic surfactant SDS do not generate significant photovolt- tions through the formation of an excited state CT complex,

age. The growth and decay of photovoltage can be reproducec(lxanthene ----- S« xanthene?*.... St*)where S (TX-100)

Table 2

Excited state stability constankf), fluorescence characteristics and open-circuit photovoltage of the systems consisting of xanthene dyes and surfactant in

aqueous solution at 298 K

Dye Excited state stability Fluorescence characteristics Shife (cm™1) Photovoltage (mV)
constantk ¢ (dm®mol~?) In waterimax (NM) In surfactant max (NM)

(a) Xanthene dyes—Triton X-100

Erythrosin B 2.54x 10° 545 558 428 53

Rosebengal 1.8 10° 569 582 393 43

Eosin 0.87x 10° 540 551 370 33

(b) Xanthene dyes—CTAB

Erythrosin B 7.35x 107 545 556 363

Rosebengal 6.55 107 569 580 334

Eosin 5.73x 10? 540 549 304

Concentration of dye used in each case is 10° mol dni~2 and concentrations of surfactants used are in the range 08 to 1 x 10~3 mol dn? in all cases.
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acts as an electron donor and xanthene dye as an electrotion with anionic surfactant SDS. Surfactants in water form

acceptor. The formation of an anion radical of xanthene ordered aggregate structure (micelles) above a given concen-

dye (xanthen€*) has been confirmed by flash photolysis tration. Results indicate that the surface formation in micelle

spectra of erythrosif®, which shows the absorption around of surfactant is a necessary criterion for complex formation

400-420 nm region and this absorption increases with de-between dye and surfactant. The interface (micelle/water)

oxygenation of the dye solution. In the case of CTAB with catalyses the complex formation due to adsorption of dye

xanthene dyes the interaction is ionic in nature i.e., no elec- from solution. From the results we can conclude that a good

tron transfer occurs when the system consisting of CTAB correlation has been found among the photovoltage genera-

and xanthene dye is illuminated and there is no photovoltagetion of the systems, spectral shifts (both absorption and flu-

generation. orescence) due to complex formation and thermodynamic
From the thermodynamic and spectrophotometric results properties of these complexes.

in the ground state, it can be concluded that the electron ac-

cepting abilities of xanthene dyes towards neutral surfactant

TX-100 are in the order: eosin > rose bengal > erythrosin Acknowledgements

B. However, photoelectrochemical and fluorescence results

in the excited state show the electron accepting abilities of We wish to express our sincere thanks to Professor S.C
the xanthene dyes are in the reverse order: erythrosin B >Bhattacharya, co-ordinator of Centre of Surface Science, De-
rose bengal > eosin. The resonating structures of erythrOSinpartment of Chemistry, Jadavpur University for providing
B and eosin may be represented as follows in the ground andighoratory facilities during the course of this study.
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