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Abstract

Energy transfer by dipole–dipole interaction between anionic dye Fluorescein and cationic dye Safranine T (3,6 diamino-2,7-dimethyl-5-
phenyl phenazinium chloride) solubilised in aqueous solution and micellar solution of cetyl trimethyl ammonium bromide (CTAB) was studied
where donor–acceptor Förster critical radius (R0) is larger than the micellar diameter (dm). The mechanism of quenching of fluorescence of
Fluorescein by Safranine T in aqueous solution and in normal micellar medium has been related to the non-radiative energy transfer processes.
The value of overlap integral and critical energy transfer distance is higher in CTAB micellar medium compared to that in the aqueous
s lution has
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olution. The variation of quantum yield and efficiency of energy transfer between two dyes in micellar medium and aqueous so
een compared. Effect of viscosity on the fluorescence resonance energy transfer (FRET) between the dye pairs has been dete
uorescence anisotropy study.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Excitation by light may initiate both intramolecular and
ntermolecular transformations of a molecule. The most con-
picuous intermolecular events are electron, proton and en-
rgy transfer[1,2]. Fluorescence resonance energy transfer
FRET) is a photophysical process and occurs via inter-
olecular energy transfer mechanism where energy that is
bsorbed by fluorescencent molecule (donor) is transferred
on-radiatively to a second fluorescent molecule (acceptor).
hus the process is experimentally manifested in simulta-
eous quenching of the donor fluorescence and electronic
xcitation of the acceptor. Förster energy transfer occurs for
he very weak range of dipole–dipole interaction energies
10−1–101 cm−1) and has a rate range of 106–1011 s−1 [3].
ccording to F̈orster’s theory the rate of energy transfer de-
ends mainly upon the following factors[2,4–6]: (1) the
xtent of spectral overlap between the donor emission and
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the acceptor absorption spectra; (2) the quantum yield o
donor (ΦD

f ); (3) the relative orientation of the donor and
ceptor transition dipoles, and (4) the distance betwee
donor and acceptor transition dipoles.

The distance and orientation dependence of FRET m
it extremely useful to detect conformational change, irres
tive of the donor and the nature of the donor–acceptor i
action. The probability of energy transfer will be increa
if the donor–acceptor distance can be decreased or if
donor and acceptor are parts of the same molecule[2,4,7,8].
The single-molecule sensitive FRET have been succes
applied to monitor the conformational dynamics in biopo
mer. Single-pair FRET experiments are ideally suited to s
conformational dynamics occurring on the nanometer s
during protein folding and defolding. One consequence o
ergy transfer is photosensitization (e.g. photosynthesis)[5,6].
Photodynamic action, which is often used in the treatme
cancer, is also a consequence of energy transfer[9].

The kinetics of long range electronic energy transfer
tween molecular probes dispersed in or chemically bou
micro-heterogeneous systems, like micelles, polymer
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.02.006
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in solution, microemulsions, and nano-latex particles is rec-
ognized as an efficient tool to investigate the morphology of
those as well as their interactions with solutes at molecular
level [10–19]. The energy of an electron transfer process in
various systems of restricted geometries such as micelles,
silica gels, clays, polymer latexes and zeolites are known to
be influenced significantly by the topology of these systems
[20–23]. Energy transfer in micellar system is of current in-
terest due to its similarity with biological membrane[24–26].

Measurement of fluorescence anisotropy plays an im-
portant role in biochemical research owing to the fact that
any factor affecting size, shape or segment flexibility of a
molecule will affect the parameter[4]. It directly reflects any
motional restriction imposed on the fluorophore by the envi-
ronment[27]. The steady state anisotropy, however, gives in-
formation about the rotational rate of the solute molecule. The
viscosity of the microenvironments around the fluorophore
has also been determined from the fluorescence anisotropy
value.

Energy transfer reaction between the donor Fluorescein
and the acceptor Rose Bengal adsorbed on the surface of the
micelle has been reported by observing the quenching of flu-
orescence of Fluorescein[28]. Efficiency of energy transfer
has been investigated for the donor (Fluorescein and Acridine
Orange) and the acceptor (Nile Red) in organised media, i.e.
micelles and reverse micelles of Triton X100[29]. Electronic
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tation wavelength was 490 nm and absolute quantum yields
(ΦD

f ) were determined using Rhodamine 6G in ethanol[34]
as a standard for 490 nm excitation.

The steady state fluorescence anisotropy were measured
with a Hitachi spectrofluorimeter (F-4500) at 298 K and
for anisotropy measurements the excitation and emission
bandwidths were 2.5 nm each. The steady-state fluorescence
anisotropies (r) were calculated using the following equation:

r = [IVV (λ) − G(λ)IVH(λ)]

[IVV (λ) + 2G(λ)IVH(λ)]
(1)

whereIVV andIVH are the intensities obtained with the excita-
tion polarizer oriented vertically and the emission polarizer
oriented in vertical and horizontal orientation, respectively
[4]. G(λ) is an instrumental factor representing the polarisa-
tion characteristics of the photometric system and is given
by

G(λ) = IHV(λ)

IHH(λ)
(2)

I terms refer to parameters similar to those mentioned above
for the horizontal position of the excitation polarizer.

For lifetime measurements, the sample solutions were ex-
cited at 380 nm of a picosecond light emitting laser diode
of pulse duration 200 ps in a spectrofluorimeter of Fluo-
rocube model (IBH, U.K.). The fluorescence was detected
a atsu
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nergy transfer efficiency of different donor–acceptor p
as been reported in different alkanols, mixed solution
ifferent viscosity[30,31]. In the present work FRET h
een observed when donor has motional restriction in
ous CTAB microenvironment. Viscosity dependent FR
as been explained from the data obtained in different
ols.

. Experimental

Fluorescein (Fl) was carefully purified by passing its
aline solution through alumina column followed by prec
tation with HCl [32]. The process of dissolution in alk
nd precipitation with HCl was repeated thrice. Safranin
ST) (E. Merck) was recrystallised twice from ethanol–w
ixture. The alkanol (methanol, MeOH; ethanol EtO
ropanol, PrOH andn-butanol,n-BuOH) used were spe

roscopic grade products of E. Merck, Germany. They w
ried following the standard procedure[33] and purified by

ractional distillation. The presence of photoactive impur
as checked by emission measurements and was found
bsent. The surfactant CTAB was of BDH product and u
s received.

Absoption spectra were recorded using a Shim
Japan) UV–vis 1700 spectrophotometer with a matched
f silica cuvettes. Fluorescence spectra were taken in a
spectrofluorimeter (Spex, INC, NJ, USA) with a slit wid

f 1.25 nm. All the measurements were done thrice. Do
istilled water was used for solution preparation. The e
t magic angle polarization. The detector was a Hamam
CP photomultipier (2809U). The time resolution of the
p is≈100 ps. The overlap integrals for the donor–acce
ystems were determined using numerical integration o
ormalized spectroscopic data.

. Results and discussion

The donor (Fl) and acceptor (ST) pair has been ch
o that the extent of overlap between the fluorescence
ra of donor and absorption spectra of acceptor is sat
ith large overlap zone. The donor Fl has highΦD

f and the
alue is 0.91. Regarding the orientation of the donor an
eptor transition dipoles in aqueous solution as well a
TAB micellar medium, a random orientation has been
umed for FRET study. In the energy transfer process, the
cal energy transfer distance (R0) is 8.52 nm which is great
han the micellar diameter of CTAB (4.57 nm). Mainta
ng the concentration of Fl (3.3× 10−6 mol dm−3) and con
entration of ST (3.2× 10−6 mol dm−3) constant, the effe
f CTAB on energy transfer efficiency has been obser

t is observed that energy transfer efficiency increases
arly with increasing concentration of CTAB in the pre
ellar region and it approaches constant after CMC of CT
.e. in micellar solution of CTAB. As the viscosity of t

icroenvironment surrounding Fl increases with increa
TAB concentration, so the CTAB concentration has b
aintained at higher than the CMC in order to mainta
ighly viscous medium. The concentration of CTAB in
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Fig. 1. Fluorescence spectra of aqueous solution of Fluorescein in presence
of Safranine T. [Safranine T]× 107/mol dm−3: (1) 0.17; (2) 0.52; (3) 0.69;
(4) 0.86; (5) 1.03; (6) 1.20; (7) 1.37; (8) 1.54; (9) 1.70; (10) 1.87; (11) 2.04;
(12) 2.20; (13) 2.36; and (14) 2.50. [Fluorescein] = 3.3× 10−6 mol dm−3.

solution was maintained at 0.025 mol dm−3 for the entire
study.

3.1. Steady state fluorescence quenching and
time-resolved studies

In the aqueous solution of Fl having concentra-
tion 3.3× 10−6 mol dm−3, ST was gradually added from
4.5× 10−8 mol dm−3 to 3.2× 10−6 mol dm−3 and the elec-
tronic absorption spectra of Fl in the aqueous solution are not
affected in presence of ST. On gradual addition of ST in the
aqueous solution and micellar solution of Fl, fluorescence
intensity and quantum yield of Fl decreases and hence ST
plays the role of quencher. An isoemmissive point has been
observed at 561 nm (Fig. 1) and at 570 nm (Fig. 2) in aque-
ous solution and micellar solution, respectively. The linearity
of Stern–Volmer plot indicates only one type of quenching
occurs[4]. Förster had shown that the energy transfer can be
regarded as a bimolecular process[35]. The quenching rate
constantKSV and the energy transfer rate constantkET can
be determined from the Stern–Volmer relation[36,37]

F0

F
= 1 + KSV[Q] = 1 + kET τ0[Q] (3)

whereF0 andF represent the fluorescence intensity of the
donor in absence and in the presence of acceptor, respectively;

Fig. 2. Fluorescence spectra of Fluorescein in micellar solution
of CTAB (0.025 mol dm−3) in presence of Safranine T. [Safranine
T] × 107/mol dm−3: (1) 0.17; (2) 0.35; (3) 0.52; (4) 0.68; (5) 0.86; (6) 0.95;
(7) 1.03; (8) 1.20; (9) 1.37; (10) 1.54; (11) 1.70; (12) 1.87; (13) 2.04; (14)
2.20; (15) 2.36; and (16) 2.50. [Fluorescein] = 3.3× 10−6 mol dm−3.

[Q] is the acceptor concentration andτ0 is the fluorescence
lifetime of donor.

Excited-state reactivity of a molecule depends to some
extent on its lifetime. However,kET can be calculated by the
following relation[1,2]. R0 andr represent the critical energy
transfer distance and distance between donor and acceptor,
respectively.

kET = 1

τD

(
R0

r

)6

(4)

the average lifetime of the donor were used to determine the
kET (Table 1) and thekET values obtained from Eqs.(3) and
(4) agree well.

Lifetime (τ) measurements of Fl were performed by ex-
citing the samples at 380 nm to excite the donor (Fl) only.
The lifetime of Fl in aqueous solution and CTAB micellar
medium is 3.76 ns (Fig. 3a) and 4.40 ns (Fig. 3b), respectively.
In CTAB micellar medium the lifetime of Fl is higher than
that in aqueous medium, which is due to restricted movement
of Fl in micellar medium as corroborated from anisotropy
value (Table 1) also [4]. On gradual addition of ST in the
aqueous solution of Fl, lifetime remains unaltered (3.76 ns)
andτ0/τ = 1. In the CTAB micellar medium of Flτ0/τ is also
equal to unity on gradual addition of ST and hence in aqueous

T
P ence o

M −5

ol−1)

A 0.01
C .14

M 2 cp an
able 1
hotophysical and energy transfer parameters of Fluorescein in pres

edium KSV × 10−6

(dm3 mol−1)
ζ (ns) kET × 10−15

(dm3 mol−1 s−1)
K × 10
(dm3 m

queous 6.58 3.76 1.75 5.29
TAB 7.49 4.40 1.7 6.76

icroviscosity in aqueous solution and CTAB micellar solution and 0.
f Safranine T in aqueous and CTAB micellar medium

n J× 1012

(dm3 cm3 mol−1)
R0 (nm) r0 (nm) ΦD

f r

1.29 2.14 8.52 7.57 0.91
1.27 2.96 9.31 6.87 0.98 0

d 23.0 cp, respectively.
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Fig. 3. (a) Fluorescence decay of Fluorescein in aqueous solution,
[Fluorescein] = 3.3× 10−6 mol dm−3. Best-fit line has been considered
(χ2 = 1.01). (b) Fluorescence decay of Fluorescein in CTAB micellar
medium (0.025 mol dm−3), [Fluorescein] = 3.3× 10−6 mol dm−3. Best-fit
line has been considered (χ2 = 1.00).

solution and aqueous CTAB micellar solution the quenching
is static in nature[4].

3.2. Binding of Fluorescein and Safranine T in aqueous
and CTAB micelle

For the quenching interaction, if it is assumed that there is
interaction between two dyes, and one Fl molecule can bind
to n number of ST molecules, the relationship between the
Fluorescence intensity and the quencher concentration can
be deduced from the following formulae:

nQ + B = (Qn + B) (5)

whereB is the donor (Fl),Q is the quenchable molecule (ST),
(Qn + B) is the complex formed between donor and quench-
able molecule whose resultant constant isKa. Here,

Ka = [Qn + B]

[Q]n[B]
(6)

If the overall amount of donor (bound or unbound with the
quenchable molecule) isB0, then [B0] = [Qn + B] + [B], here
[B] is the concentration of unbound molecule, then the re-
lationship between fluorescence intensity and the unbound
molecule is

From this relation one may deduce

log
(F0 − F )

F
= log K + n log[Q] (7)

With Eq. (7), the binding constantK and n can be
found. The fluorescence quenching of Fl with varying
concentration of ST is shown inFigs. 1 and 2. The
best fit to the fluorescence data using Eq.7 was found
by settingn= 1.29,K = 5.29× 105 dm3 mol−1 andn= 1.27,
K = 6.76× 105 dm3 mol−1 (±10%) in aqueous and CTAB
micellar medium, respectively. From the value ofn, one may
say that the complex is almost 1:1 in nature both in aqueous
and CTAB solution. The higher value of Fl–ST binding con-
stant in CTAB micelles compared to aqueous medium implies
that binding is much preferable in CTAB micellar medium.

3.3. Energy transfer between Fluorescein and
Safranine T

The distance between Fl and ST can be evaluated accord-
ing to Förster mechanism of non-radiative energy transfer.
According to F̈orster’s theory[2–4], the energy transfer ef-
fect is related not only to the distance (r0) between acceptor
and donor, but also to the critical energy transfer distance
(R0), that is:

E
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(8)

hereR0 is the critical distance when the transfer efficie
4,5] is 50%

6
0 = 8.8 × 10−25χ2N−4ΦJ (9)

n Eq.(9), χ2 is the spatial orientation factor of the dipoleN
s the index of refraction of the medium,Φ is the fluorescenc
uantum yield of the donor,J is the overlap integral of th
uorescence spectra of the donor and the absorption s
f the acceptor, therefore

=
∑

F (λ)ε(λ)λ4 �λ
∑

F (λ) �λ (10)

hereF(λ) is the fluorescence intensity of the fluoresc
onor at wavelengthλ,ε(λ) is the molar absorption coefficie
f the acceptor at wavelengthλ.

From the overlapping of the absorption spectra of
cceptor and the fluorescence spectra of donor,J can be
valuated by integrating the spectra forλ = 500–530 nm an
= 2.14× 10−12 dm3 cm3 mol−1. Under these experime

al calculations, we foundR0 = 8.52 nm from Eq.(9) us-
ng χ2 = 2/3, N= 1.336 andΦ = 0.91 for the aqueous sol
ion of Fl. The distance between Fl and ST can be e
ated from Eq.(8) where r0 = 7.57 nm. In CTAB micella
ediumJ= 2.96× 10−12 dm3 cm3 mol−1, R0 = 9.31 nm and

0 = 6.87 nm. In CTAB micellar medium the overlap integ
nd critical energy transfer distance are higher, wherea
istance between donor and acceptor decreases rela

hose in aqueous solution.
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Fig. 4. Plot of Fluorescence quantum yield of Fluorescein vs. [Safranine T]
in aqueous solution (©) and in CTAB micellar (0.025 mol dm−3) solution
(�).

3.4. Quantum yield and energy transfer efficiency

The values of quantum yield are 0.91 and 0.98 for Fl
in aqueous solution and in CTAB micellar medium, respec-
tively. As the value ofΦD

f in CTAB micelle is higher, so, Fl
acquires higher donating property in CTAB micellar medium.
FromFig. 4it is evident that the variations of quantum yield
of FL in CTAB medium is higher compared to the aqueous so-
lution. This may be due to various reasons. One is the higher
value of overlap integralJ(λ). Another important reason of
high variation inΦD

f is due to slow diffusion of dye in CTAB
micellar medium.

The energy transfer efficiency[2–4] is

E = 1 − F

F0
(11)

FromFig. 5 it is evident that efficiency of energy transfer is
10% higher when Fl is in CTAB micellar medium.

F lution
(

3.5. Location of Fluorescein and Safranine T in micellar
medium

From the previous study it had been reported that the donor
Fl has a strong interaction to the CTAB micelle[38] whereas
the acceptor ST has less tendency of binding to the CTAB mi-
celle[39]. Fl has been adsorbed on the CTAB micelle and the
binding constant had been reported 3.68× 103 dm3 mol−1.
The ET(30) [40,41] value of the medium surrounding Fl in
the CTAB micelle is 48 and from theET(30) value it is clear
that the polarity of the microenvironment surrounding Fl is
less in CTAB micellar medium compared to the aqueous so-
lution. From theET(30) value it is clear that the donor resides
on the micelle/water interface. From fluorescence anisotropy
study, it is clear that in CTAB micellar mediumr is high
compared to the aqueous solution and hence Fl is in slightly
motional restriction environment and higher viscous medium
compared to water.

On gradual addition of CTAB in the aqueous solution
of Fl ([Fl] = 3.3× 10−6 mol dm−3), fluorescence anisotropy
(r = 0.01) gradually increases and after CMC of CTAB, i.e.
in micellar solution a high value ofr (=0.14) has been
obtained which remains unaltered with increasing concen-
tration of CTAB. The high value ofr in CTAB micellar
medium compared to the aqueous solution of Fl point to a
slightly motional restricted environment of Fl in the micel-
l alue.
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ig. 5. Plot of energy transfer efficiency vs. [Safranine T] in aqueous so
�) and in CTAB micellar (0.025 mol dm−3) solution (�).
ar medium, there has no enhancement of anisotropy v
o, the energy transfer process occurs from the Fl pr
n the micelle/water interface to the acceptor (ST) s
ilised in the aqueous solution. Fluorescence anisotro
ery much dependent upon the viscosity of the envi
ent of the fluorophore. Thus, microviscosity, at a defi

emperature, is often estimated by comparing the fluo
ence anisotropy of a fluorophore in an environment
hose of the probe in solvents of known viscosity. To h

relative measure of the microviscosity in CTAB mice
edium, fluorescence anisotropy of Fl in the micellar

utions were compared with the calibration curve base
vailable data in glycerol–water mixtures of different co
ositions at 298 K[42,43] and the estimated (error±15%)
icroviscosity in the present system has been presen

able 1.

.6. Study of viscosity dependent FRET in the alkanol
olution of Fluorescein

The effect of viscosity on the FRET of the donor Fl a
cceptor ST has been studied by taking Fl in different a
ol solutions of different viscosity. The overlap integralJ)
f the fluorescence spectra of donor and absorption sp
f acceptor increases from MeOH ton-BuOH. By using Eq
7) the values ofn andK have been evaluated for Fl and
olution in MeOH, EtOH, PrOH andn-BuOH. Then value
mplies that there is a 1:1 complex formation between Fl
T and the binding constant value in the solvent follows
rdern-BuOH > PrOH > EtOH > MeOH (Table 2). So, with
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Table 2
Photophysical and energy transfer parameters of Fluorescein in presence of Safranine T in different solvents

Medium KSV × 10−6 (dm3 mol−1) K × 10−5 (dm3 mol−1) n J× 1012 (dm3 cm3 mol−1) R0 (nm) r0 (nm)

Methanol 7.23 6.52 1.28 2.88 8.72 7.51
Ethanol 8.14 6.73 1.26 2.99 8.87 7.43
Propanol 8.83 7.03 1.27 3.05 8.96 7.35
n-Butanol 9.56 7.18 1.26 3.28 9.03 7.28

Fig. 6. Plot of energy transfer efficiency vs. [Safranine T] in methanol (�),
ethanol (�) andn-propanol (�).

increasing viscosity of the solvent binding constant value in-
creases.

In Fig. 6energy transfer efficiency has been plotted against
the concentration of ST in different alkanol. From this figure
it has been observed that the energy transfer efficiency de-
creases fromn-BuOH to MeOH, i.e. with increasing viscos-
ity of the medium energy transfer efficiency increases. The
rate of enhancement of energy transfer efficiency with [ST]
(dE/d[ST]) remains same in all the alkanols and its value
is 8× 103 mol−1 dm3. So, with increasing viscosity of the
medium binding constant and energy transfer efficiency in-
creases. This also supports the increase in efficiency of energy
transfer in micellar medium due to the viscosity.

4. Conclusion

Summarizing the results reported in this work, this can be
said that energy transfer efficiency and binding constant in-
creases when donor (Fl) is in CTAB micellar interface. Over-
lap integral and critical energy transfer distance between Fl
and ST also increases in CTAB micellar medium. From the
study of viscosity dependent FRET in alkanols it may be
concluded that the enhancement of energy transfer efficiency
of FL increases with increasing viscosity of the microenvi-
ronment surrounding Fl. The enhancement in fluorescence
a o-
t f the
m y and

higher variation of quantum yield of Fl in CTAB micellar
medium may be due to enhancement of viscosity of the mi-
croenvironment surrounding Fluorescein.
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