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Abstract

The transfer of electronic excitation energy from rhodamine 6G as an energy donor to thionine as an acceptor has been studied in anionic
microemulsion by the method of fluorescence quenching and sensitization. The concentrations of both donor and acceptor used in this study
are quite high, in the range of 10−3 M. Both radiative and nonradiative processes have been taken into account, with the major contribution
coming from the nonradiative path. An energy transfer efficiency up to 50% has been observed, and the rate constant of the nonradiative
energy transfer from rhodamine 6G to monomeric thionine is 5× 1011 M−1 s−1. This indicates that the nonradiative energy transfer belongs
to the long-range Forster-type of dipole–dipole interaction. The results also show why the efficiency of a photogalvanic cell based on the
thionine–iron system in anionic microemulsion is enhanced by the incorporation of an auxiliary absorber.
© 2004 Published by Elsevier B.V.
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1. Introduction

The thionine–iron system has been extensively examined
as a model photogalvanic cell for converting solar energy
into electricity. The maximum practical efficiency has been
estimated to be 2.1%[1]. However, so far, the achieved ef-
ficiencies in a single two-electrode cell are less than 0.05%
[2–4]. There are at least four major reasons for this low
efficiency: (a) Very low concentrations of the photo- and
electro-active thionine monomers in aqueous solution due to
the great tendency of thionine aggregation[5]. The high con-
centration of electrolytes Fe2+/Fe3+ tends to make thionine
aggregation even greater. (b) Very little light is absorbed by
the system due to the thin layer of the solar cell and intrinsic
narrow absorption band of the thionine molecules. For ex-
ample, in a typical totally illuminated thin layer cell 0.01 cm
thick with a thionine concentration of 10−4 M, only 1% of
the incident light will be absorbed at the absorption peak
of thionine. Thionine at best absorbs only 10% of the to-
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tal solar spectrum[6]. (c) Lack of a mechanism to separate
the charge carriers formed in the photochemical reactions,
which results in a low quantum efficiency for the forward
reaction. (d) Lack of selectivity of the electrodes to discrim-
inate between the redox couples.

Any improvement in either the photochemical (a–c) or
electrochemical (d) determinants is expected to increase
the sunlight engineering efficiency of a photogalvanic cell.
The efficiency of the photochemical determinants may be
enhanced by the reactions carried out in various organized
media such as micellar solutions or microemulsions[7–9]
or in an aqueous acetonitrile mixture[10]. We have previ-
ously shown that an anionic microemulsion can be utilized
with either thionine or a surfactant thionine to significantly
increase the power output[7]. These steady illumination
studies as well as flash photolysis studies[11] of this
iron–thionine/anionic microemulsion system have shown
that the observed increase in efficiency over that in water
is due to an enhancement of factors (a), (c) and (d) above.
The efficiency may also be enhanced by harvesting a larger
portion of the solar spectrum by using more photoredox
dyes and auxiliary sensitizers[10], factor (b). This en-
hancement is involved in the intermolecular energy transfer
from the sensitizers to the photoredox dyes. We have also
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observed that the efficiency of the iron–thionine system in
microemulsion stabilized by the anionic surfactant sodium
cetyl sulfate (SCS), when irradiated with white light, is
enhanced by the addition of dyes, which adsorb to the blue
of thionine such as rhodamine 6G [W.C. Lai, R.A. Mackay,
unpublished results]. The efficiency of energy transfer in
organized media is different from that in homogeneous
solutions, and careful analysis is required to establish the
detailed mechanism[12–15]. In the present paper, we de-
scribe the energy transfer from the photoexcited singlet state
of rhodamine 6G to thionine in anionic microemulsion.

2. Experimental

Rhodamine 6G (Eastman Kodak) and thionine (Poly-
science) were both laser grades and used without further
purification. The composition of the anionic microemul-
sion is sodium cetyl sulfate, 12.4 wt.%; 1-pentanol, 19.2%:
mineral oil, 8.8%; and water, 59.6%. The preparation and
the phase diagram of this microemulsion have been previ-
ously described[16–18]. Triple-distilled water was used for
preparing all the solutions. All concentrations of dye are
with respect to the total volume of (microemulsion) solution.

Electronic absorption spectra were recorded on a
Perkin-Elmer 320 spectrophotometer. The lightpaths of
10, 1, 0.1 and 0.05 mm have been used. Steady-state flu-
orescence excitation and emission spectra were taken on
an Aminco-Bowman spectrofluorometer. One millimeter
quartz cells were used for all the fluorescence measure-
ments. Due to the high concentrations of the donor and
the acceptor used in this study, it is only possible to use
front-face illumination and detection. No correction was
made for the spectral sensitivity of the analyzing monochro-
mators and photomultiplier. All the measurements were
carried out at room temperature (∼23◦C).

3. Results and discussion

3.1. Energy transfer process

Transfer of electronic excitation energy from a donor
molecule D to an acceptor molecule A can be represented as

D∗ + A
kET−→ D + A∗ (1)

where an asterisk indicates an electronically excited state.
This energy transfer process will result in quenching of
emission from D∗ and sensitizing emission from A∗, with
a rate constantkET. The energy transfer may be either ra-
diative (i.e., photons are emitted by the excited donor and
subsequently absorbed by the acceptor) or nonradiative if
it takes place without any emission from the excited donor.
The radiative transfer process is often referred to as the
“trivial process”, since its mechanism can be understood

easily by the familiar law of optics and absorption. Both
radiative and nonradiative energy transfer contribute to
the overall efficiency. However, it is only the nonradiative
transfer that occurs during the short lifetime of the excited
donor.

For either radiative or nonradiative energy transfer to oc-
cur, the absorption spectrum of the acceptor must have some
degree of overlap with the emission spectrum of the donor.
Although radiative energy transfer can be neglected for so-
lutions where the concentration of the acceptor is low and
the quantum yield of the energy donor is high[13], a cor-
rection for radiative transfer is often necessary.

When both donor and acceptor are fluorescent, energy
transfer can be revealed by quenching of the donor emission
and concurrently by sensitizing of the acceptor fluorescence.
Conte and Martinko[19] have derived a set of general equa-
tions to evaluate the efficiency of the nonradiative energy
transfer with a correction from the radiative energy transfer.
They have considered two particular cases of fluorescence
measurements. One is measurement in reflection where the
fluorescence emission is observed from the same face as the
absorption and the other is measurements in transmission
where the fluorescence emission is observed from the oppo-
site face of the cell. Front-face illumination and detection are
used in this study and are equivalent to the measurements
in reflection.

The quenching of the donor emission due to radiative and
nonradiative energy transfer to the acceptor can be evaluated
[19] from the following equation:

FNR+RT
D (λexc, λ

D
em)

FO
D (λexc, λD

em)

= fRT
D (λexc, λ

D
em)(1 − f NR

D )

× 1 − 10−∈D(λexe)CDl−∈A (λexe)CA l−∈A (λD
em)CA l

1 − 10∈D(λexe)CDl
(2)

whereλexc is the exciting wavelength;λD
em is the emission

wavelength of the donor;FNR+RT
D (λexc, λD

em) andFO
D (λexc,

λD
em) are the observed fluorescence intensities of the donor

in the presence of the acceptor receiving the nonradiative
and radiative energy transfer and in the absence of the ac-
ceptor, respectively;f NR

D (λexc, λD
em) is the nonradiative en-

ergy transfer coefficient and is defined as the fraction of the
excited donor molecules that transfers its energy nonradia-
tively to the acceptor;εD(λexc) andεA(λD) are the decadic
molar extinction coefficients of the donor and the acceptor
at the wavelength specified;CD andCA are the molar con-
centrations of the donor and acceptor, respectively;l is the
length of the light path; andf RT

D (λexc, λD
em) is the correction

factor for the radiation energy transfer, which includes the
effect of radiative energy transfer, i.e., the donor emission
is reabsorbed by the acceptor at the emission wavelength of
the donor, and the effect of absorption of the incident radia-
tion of excitation by the acceptor at the exciting wavelength
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λexc. The factorfRT
D (λexc, λD

em) can be expressed as

fRT
D (λexc, λ

D
em)

= εD(λexe)CD

εD(λexc)CD + εA(λD
em)CA + EA(λexc)CA

(3)

All the terms, exceptfNR
D , in Eqs. (2) and (3)are experi-

mentally obtainable. A plot ofFNR+RT
D (λexc, λD

em)/FO
D (λexc,

λD
em) versus the right-hand side ofEq. (2) for various ex-

citing wavelengths or different acceptor concentrations will
yield a straight line with a slope 1− f NR

D . The transfer
probability is independent of the exciting wavelength even if
higher electronic states of the donor are involved. The quan-
tity 1 − fNR

D is related to the quantum yield of the donor as
expressed inEq. (4) [19,20].

1 − fNR
D (λexc, λ

D
em) = ØD

ØO
D

(4)

where ØD and ØO
D are the quantum yield of the donor in

the presence and absence of the acceptor, respectively. The
quantum yield ØD includes the nonradiative energy transfer
coefficient, since that process must occur before any emis-
sion from the donor can take place.Eq. (2) indicates that
it is not essential to obtain the corrected fluorescence spec-
trum of the donor, since only the ratio of the fluorescence
intensities is involved.

In principle, the nonradiative energy transfer efficiency
fNR

D can be obtained experimentally from either the quench-
ing of the donor emission by the acceptor or the sensitization
of the acceptor fluorescence from the donor. Both should
give the same value. However, in actual cases, one is able
to observe this only when the fluorescence quantum yields
of the donor and the acceptor are comparable. If the fluo-
rescence quantum yield of one, donor or acceptor, is very
large than the other, it becomes very difficult to obtain the
correct fluorescence intensity of the component, which has
weaker fluorescence yield. In the present study, the energy
donor rhodamine 6G has a very high fluorescence yield (ØO

D
∼ 1) and the energy acceptor, thionine, has a very small flu-
orescence quantum yield (ØO

A ∼ 0.03). Thus, the sensitized
emission spectrum of the thionine is superimposed on the
high fluorescence intensity of the quenched emission from
the energy door, and it is impractical to extract meaningful
data on the extent of the sensitized fluorescence intensity
of the acceptor due to the energy transfer from the excited
donor. On the other hand, the contribution of the emission
spectrum of the acceptor to the spectrum of the donor is neg-
ligible. Therefore, only the emission intensity of the donor
will be employed.

When both the donor and the acceptor have high extinc-
tion coefficients, high concentrations, long pathlengths, or a
combination of all of these, the exponential terms inEq. (2)
can be neglected. Since this is the case here,Eq. (2)can be
reduced toEq. (5).

FNR+RT
D

FO
D

= fRT
D (1 − f NR

D ) (5)

In this and subsequent expressions, the wavelength depen-
dence of the symbols has been omitted for simplicity.

3.2. Energy transfer from rhodamine 6G to thionine

There is considerable overlap of the emission spectrum
of rhodamine 6G and the absorption spectrum of thionine in
microemulsion medium as shown inFig. 1. This indicates
that rhodamine 6G may act as a donor to transfer its ex-
cited electronic energy nonradiatively to the thionine, which
acts as an energy acceptor. The additivites of the absorption
of mixtures of rhodamine 6G and thionine rule out the for-
mation of a molecular complex between the donor and the
acceptor in the ground state.

The nonradiative energy transfer efficiency,f NR
D , can be

evaluated fromEq. (2)either graphically or by direct calcu-
lation. Fig. 2 is a typical example of the graphical method
where the ratio of the emission intensities of the donor in
the presence and in the absence of the acceptor is plotted as
a function of a radiative correcting term,fRT. This term is
a function of both the concentrations and the extinction co-
efficients and is defined inEq. (3). The four mixtures, at a
constant donor concentration and various acceptor concen-
trations, were excited at six different wavelengths. All give
straight lines in accordance withEq. (5). The slope is equal
to 1− fNR

D . All lines in Fig. 2pass through the origin. This
is required, since at zero concentration of acceptor, no en-
ergy transfer is possible from the donor.

The overall energy transfer efficiency together with non-
radiative and radiative contributions as a function of the ac-
ceptor concentration is shown inFig. 3. The radiative energy
transfer is not negligible and must be taken into consider-
ation. In practical applications, such as the photogalvanic
cell for solar energy conversion, the overall energy transfer
efficiency is of actual concern. Both radiative and nonradia-
tive energy transfer efficiencies increase rapidly, as shown
in Fig. 3, and then level off as the thionine concentration
increases.

The quenching of the donor fluorescence as a function of
the quencher (acceptor) concentration is often expressed as
the Stern–Volmer equation:

FO
D

FNR
D

= 1 + KSVCA (6)

whereFNR
D is the fluorescence intensity of the donor in the

presence of nonradiative energy transfer only to the acceptor
andKSV is the Stern–Volmer constant. Since

FO
D

FNR
D

= ØO
D

ØD
, (7)

Eqs. (4), (6) and (7)can be combined to obtain:

(1 − f NR
D )−1 = 1 + KSVCA (8)



118 R.A. Mackay, W.-C. Lai / Colloids and Surfaces A: Physicochem. Eng. Aspects 254 (2005) 115–123

Fig. 1. Absorption and fluorescence spectra of rhodamine 6G (RH6G) and thionine in SCS microemulsion: (a) RH6G absorbance, full-scale 3.0, 3 mM,
0.05 mm path length; (b) RH6G fluorescence, 2.2 mM, front-face geometry, 530 nm excitation; (c) thionine absorbance, 2.0 full scale, 0.27 mM, 1.0 mm
path length; and (d) thionine fluorescence, 1.0 mM, other conditions same as RH6G except full scale× 100.

Fig. 4 is a plot of (1− f NR
D )−1 versus the concentration

of thionine CA. At low concentration, a straight line is
obtained. As the concentration of thionine increases, (1−
fNR

D )−1 levels off. The curve inFig. 4 can be considered
as being composed of two straight lines. The one at the
lower concentrations has a slope of 1920 M−1 and the other
at thionine concentrations larger than 1.0 mM has a slope
of 77 M−1. This indicates that at low thionine concentra-
tions, the quencher is the monomeric molecule withKsv
= 1920 M−1. At higher thionine concentrations, a lower
value of the Stern–Volmer constant,Ksv = 77 M−1, is ob-
tained, indicating a change in the energy transfer processes.

3.3. Energy transfer kinetics

The dynamics of electronic energy transport among
species solubilized in micelles[21–28] and polymeric or-

dered phase[29] has been the subject of a number of
theoretical and experimental studies. These studies exam-
ined in detail the fluorescence decay as a function of donor
and acceptor distribution and location with respect to both
intra- and intermicellar transfer. We are at present lacking
some of the information needed to perform this type of
analysis and will therefore confine the discussion to a more
phenomenological description.

From the consideration of the energy transfer kinetics, the
rate constant of quenching due to nonradiative energy trans-
fer for the reaction inEq. (1)can be calculated fromEq. (9).

(1 − f NR
D )−1 = 1 + kETτO

DCA

1 + k
SQ
D τO

DCD

(9)

where τO
D is the fluorescence lifetime of the donor,kET

andk
SQ
D are the nonradiative energy transfer rate constants
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Fig. 2. A plot of donor fluorescence quenching (Eq. (5)) vs. fRT for exciting wavelengths of 450, 460, 480, 500, 520 and 530 nm, with increasingfRT,
at a constant RH6G concentration of 3.08 mM in SCS microemulsion. The thionine concentrations (mM) are: (a) open circles, 0.05; (b) closed circles,
0.54; (c) squares, 0.81; and (d) triangles, 1.08.

Fig. 3. Fraction of radiative (fRT) and nonradiative (fNR)energy transfer as a function of thionine concentration at constant RH6G (3 mM): (a) circles
overall (RT+ NR); (b) squares, nonradiative (NR); and (c) triangles, radiative (RT).
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Fig. 4. Plot of (1− fNR)−1 vs. thionine concentration (Eq. (8)) in SCS microemulsion at a constant RH6G concentration of 3 mM.

from the donor to acceptor and the self-quenching rate
constant of the donor, respectively. Self-quenching is a
diffusion-controlled process with a rate constant of the or-
der of 109–1010 M−1 s−1 in water or alcohol. The natural
lifetime of excited rhodamine 6G in ethanol has been de-
termined to be 3.9 ns and 4.6 ns in SDS micelles[30]. If we
take a value of 4 ns in the microemulsion medium of the
present study,kSQ

D τO
DCA
1 and can be neglected.Eq. (9)

then becomes

(1 − fNR
D )−1 = 1 + kETτO

DCA (10)

A comparison ofEqs. (8) and (9)yields

KSV = kETτO
D (11)

UsingKsv = 1920 M−1, obtained fromFig. 4at the low con-
centration range of thionine, the rate constant of nonradiative
energy transferkET is 5× 1011 M−1 s−1. At higher thionine
concentrations, the slope yields an effectiveKsv = 77 M−1

with a correspondingkET value of 2× 1010 M−1 s−1. The
kET value obtained at lower thionine concentration is over

an order of magnitude larger than a diffusion-controlled rate
constant. This strongly suggests that the energy transfer in
the present study, at least at the lower thionine concentra-
tion, is not through an exchange mechanism of collision,
which is a diffusion-controlled process. It is therefore as-
cribed primarily to the longer range transfer of Forster-type
of dipole–dipole interactions[31]. Energy transfer by
dipole–dipole coupling may take place over intermolecular
distances much greater than the molecular diameter, whereas
the exchange mechanism requires the interacting molecules
of the donor and the acceptor to be in close contact[32,33].
The local concentration of dye will in general be greater than
the overall concentration, and thus the true values ofKsv and
kET will be lower than the effective values determined here
on the basis of the analytical (overall) concentration. How-
ever, this is a concentrated microemulsion and based on the
volume fraction occupied by the two psuedophases and the
nanodroplet diameter[34,35], the actual value ofkET would
at most be reduced by a factor of two. This is true even if
the dye was located only in the oil/water interfacial layer.
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Fig. 5. Absorbance of thionine (open circles) and rhodamine 6G (closed circles) in SCS microemulsion at their maxima of 604 and 530 nm for thionine
and RH6G, respectively. The path length is 0.05 mm.

3.4. Mechanistic considerations

The reason for the rather abrupt decrease in energy trans-
fer efficiency at about 1 mm thionine is not clear. Based
on both the onset of aggregation of a surfactant derivative
of thionine [7] and the size (100 nm diameter) and surfac-
tant aggregation number of the nanodroplets in the SCS
microemulsion employed here[34,35], the droplet concen-
tration can be estimated to be slightly greater than 1 mm.
Thus, the donor (rhodamine 6G) concentration represents an
average of 3 molecules/drop, while the acceptor (thionine)
varies between 0 and 3 molecules/drop, with the break at
about 1 molecule/drop. The absorbance of both Rh6G and
thionine at their absorption maxima of 530 and 604 nm, re-
spectively, is shown inFig. 5. The absorbance of RH6G
obeys Beer’s law, with no evidence of any specific inter-
action with itself, thionine or surfactant. The absorbance
of thionine is not linear with concentration, which indi-
cates either aggregate (i.e., dimer, trimer, etc.) formation
or interaction with surfactant. It has been reported that dye
molecules such as thionine form neutral dye–detergent com-
plexes in aqueous detergent solution[1]. Also, thionine has
been shown to form H-aggregates in water at concentra-
tions of 0.05 mM and above[5]. However, under these cir-
cumstances, the shoulder at 570 nm becomes a peak, which
rapidly shifts to the blue (557 nm at 2 mM). An examination

of the spectra of thionine in the SCS microemulsion from
0.27 to 2.7 mM (Fig. 6 ) shows no evidence of this type of
behavior. The ratio of peak (604 nm) to shoulder (570 nm) re-
mains essentially constant. The only additional feature is the
appearance of a red-shifted shoulder at about 640 nm above
a thionine concentration of 1 mM. This might correspond
to the formation of J-aggregates or a surfactant–thionine
complex. In another system containing the (cationic) thion-
ine and anionic surfactant (Aerosol-OT), H-aggregates were
shown to form[36] with no evidence of J-aggregates.

The shape of the curve inFig. 4 may be explained by
assuming that only nanodroplets that contain at least one
donor and one acceptor contribute to the nonradiative en-
ergy transfer process. The fraction of such droplets, using a
donor (RH6G) concentration of 3 mM and assuming a Pois-
son distribution, is shown as a function of acceptor (thion-
ine) concentration inFig. 7a. If a very crude correction for
the thionine adsorption at the maximum of the rhodamine
6G fluorescence at about 570 nm (seeFigs. 1 and 6) is made,
the result is the curve inFig. 7b. The maximum efficiency
approaches 40%, with the “break” at 0.55 mM, which may
be compared withFig. 4, which has a maximum efficiency
of 50% (increasing slightly with increasing thionine con-
centration) and the break at 0.53 mM. InFig. 7, only in-
tradroplet energy transfer was considered, and there should
be some interdroplet contribution in such a concentrated sys-
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Fig. 6. Absorption spectrum of thionine in SCS microemulsion at concentrations of: (a) 2.69 mM; (b) 1.88 mM; (c) 1.08 mM; and (d) 0.27 mM. The path
length is 0.05 mm.

Fig. 7. The fraction of nanodroplets containing: (a) at least one acceptor and one donor molecule (open circles), and (b) curve (a) corrected for the
relative extinction coefficient of acceptor (thionine), as a function of the acceptor concentration (molecules/drop). Constant droplet and donor (RH6G)
concentrations of 1 and 3 mM have been assumed (vide text).
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tem[22,26]. However, the reason for the decrease in thionine
extinction coefficient with increasing concentration (Fig. 5)
remains unclear.

4. Conclusion

Based on theoretical considerations of energy transfer,
both radiative and nonradiative processes, a set of work-
ing equations has been employed for the quenching of the
donor fluorescence. These equations describe very satisfac-
torily the experimental results for the energy transfer from
rhodamine 6G as energy donor to thionine as energy accep-
tor in anionic microemulsion. The energy transfer efficiency
is high, up to 50% at a thionine concentration of 0.8 mM,
with an effective rate constantkET = 5 × 1011 M−1 s−l for
the monomeric thionine as acceptor. This is consistent with
a Forster-type mechanism. The results obtained in this study
are pertinent to the thionine–iron photogalvanic cell in mi-
croemulsion. The efficiency of the cell is enhanced by the
incorporation of an energy donor, rhodamine 6G. The en-
ergy donor harvests a portion of the solar insolation, which
is not absorbed by thionine and transfers it to thionine.
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