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ABSTRACT

Common cationic dyes used for laser and fluorescent probes present low solubility in water. In order to
increase the dye concentration in aqueous solutions, anionic surfactant can be added. The strong interac-
tion between anionic surfactant and cationic dye can affect drastically the dye absorption and fluorescence
properties. Here we observed that the fluorescence of the species in aqueous solution is maximized at
condition of complete micellization of surfactants at critical micelle concentration (CMC). In addition,
combined measurements of absorption, emission and fluorescence lifetime provide fundamental infor-
mation on the critical concentration of H-aggregates formation and monomer separation, induced by
pre-micelles and homomicelles on different surfactant sodium dodecylsulphate (SDS) concentration.
The experimental results show how to find precisely the critical concentration of H-aggregates by optical
method in two different xanthene-derived molecules: rhodamine 6G and rhodamine B. The adequate
transference of electron from excited dye to the conduction band of semiconductor (TiO,) promotes the
creation of reactive species that provides the degradation of dye with advantage of use of irradiation in
the visible region and strong photobleaching with direct exposure to the visible light irradiation in a scale

of time of 10 min.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The use of laser dyes in aqueous solutions as fluorescent probes
[1] represents an important biological application due to its low
water toxicity if compared with several other organic solvents. But,
on the other side, the solubility of laser dyes (such as rhodamine
6G and rhodamine B) in water is very low because of hydropho-
bic interactions between alkyl substituent [2] and water. In this
case, dyes tend to aggregate in the form of dimers. In order to over-
come this drawback, it is necessary to increase the solubility of
organic dyes in aqueous solutions. One appropriate alternative is
the introduction of an ionic surfactant with opposite charge relative
to dye promoting the formation of dye-surfactant mixed micellesin
the solution. Such process, extremely dependent on surfactant/dye
ratio [3,4], need to be well characterized in order to be find the best
surfactant and its concentration.

Relative to the interaction of oppositely charged surfac-
tant/dye important regions can be cited: the critical micelle
concentration (CMC), one above and other bellow the CMC. For
instance, at low concentration of sodium dodecyl sulphate (SDS)
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surfactant (C < CMC), it is verified a strong interaction between sur-
factant and dye resulting in a sandwich of dye molecules between
oppositely charged molecules of surfactant. This process reduces
the influence of Coulombic repulsion and thermal agitation as
a consequence of strong attractive force between the molecules
resulting in a reduction in the distance of monomers, inducing the
dimer formation [3,5], characterizing, consequently, a critical con-
centration named pre-micellar aggregation, which assumes values
below the typical concentration of homomicelle aggregation [6].
The dimer formation is characterized by a large spectral change in
the absorption spectrum around the main absorption peak in the
visible spectrum (absorption decreases and a blue shifted shoul-
der appears), which characterizes the aggregation of dyes [6].
Relative to the dimerization, it is established that H (sandwich
aggregates) and ] (head-to-tail aggregates) [7] are possible confor-
mation of dimers [8]. H-aggregates promotes hypsochromic shift in
the absorption spectrum, representing weakly fluorescent species
while the J-aggregates are fluorescent and provokes bathochromic
shift [8].

Important applications can be cited for pre-micelles of
dye/surfactant such as the enhanced energy transfer and the fast
dye photodegradation using advanced oxidation processes (AOP).
In the first case, the pre-micellar region takes advantage of the
presence of more than one dye molecule per aggregate [9].
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The AOP is based on the insertion of a photocatalyst - in our
case the titanium dioxide (a semiconductor with bandgap of 3.2 eV
and 388 nm cut-off wavelength) in the media, being applied as a
potential element in the photodegradation, since the interaction
with UVradiation [10] promotes the separation of excited electrons
and holes on the surface of semiconductor, providing a reaction
with water that provides the creation of strong reactive radicals
such as *OH and *0, . The interaction of reactive species with dye
produces water and mineral acids and the subsequent breakup of
rhodamine molecules, with the efficient photodegradation of dyes
dispersed in water. In this direction, Natarajan et al. [11] describe
the use of UV-LEDs that provide degradation of rhodamine from the
action of titanium dioxide. The optimized parameters were 1.6 g/L
of catalyst, 62.6 .M of rhodamine B and total exposure time in order
of 180 min.

Sonocatalytic degradation of rhodamine B represents another
interesting procedure in which the property of low penetrabil-
ity of UV light in water is substituted by ultrasonic perturbation.
Pang et al. [12], describe a reactor in which 2 g/L of TiO, nanotubes
degrades rhodamine B (50 mg/L) after 120 min.

Another important aspect to be considered is that increase in
the catalyst amount increases the active sites and consequently the
production of reactive radicals. The limitation is verified by turbid-
ity induced by titanium dioxide in the solution that progressively
blocks UV irradiation, minimizing the photoactivity of semiconduc-
tor.

In order to overcome these drawbacks, another important
procedure that allows the pseudo-reduction of band gap and sub-
sequent use of radiation in the visible region is based on the fast
transfer from visible light excited chromophores of dye to the con-
duction band of TiO, [13]. This process is extremely dependent on
coupling between titanium dioxide and rhodamine B. In this direc-
tion, the use of selective transition metals [14] acting as dopants
of titanium dioxide introduces advantages in the photocatalytic
process. The introduction of transition metals reduces the recombi-
nation of generated electrons and holes and decreases the band gap
of semiconductor or similarly creates intraband gap states allowing
the photocatalysis with irradiation of light in the visible region.

The use of oppositely charged surfactant and dye introduces the
advantage of sensitization of TiO, from direct interaction of semi-
conductor and dimers of rhodamine B with the adequate energy
transfer from excited dye to titanium dioxide, for instance, allowing
the photocatalysis and, consequently, an efficient photodegrada-
tion of rhodamine B [15-19], reducing the bandgap from 3.2 eV to
intermediate level from which the irradiation in the visible region
promotes the excitation of electrons from excited dye to the con-
duction band of TiO, with the electron-hole pair generation.

On the other side, above CMC, the surfactant promotes the
dissociation of aggregates (postmicellar condition), increasing the
electrostatic repulsion of dye molecules [20], forcing that molecular
structures in the solution tends to be a distribution of homomi-
celles with monomeric form of dyes dispersed in the hydrophobic
core of surfactant micelles. The shielding provided by micelles is
confirmed from the measurement of the fluorescence signal (estab-
lished as a 2.5-fold increase [2]), a direct consequence of additional
rigidity of molecular structure, minimizing the rotational move-
ment and thermal fluctuations of monomers dispersed in water [6].
Important applications, based on the enhancement of fluorescence
of rhodamines, are described in the literature, such as the quan-
tification of residues of chromophores (rhodamine B) in cosmetics
[21]. The consequence of dye monomer encapsulation in the core
of micelles is also noticed in measurement of fluorescent lifetime.
Usually, the fluorescence lifetime increases and indicates that dye
molecules are protected against water in the core of micelles [22].

Based on these concepts, we can see that determination of
critical concentration of dimer/monomer formation represents an

important procedure that provides information about interaction
of surfactant/dye and consequently applications to the mixed sys-
tem (rhodamine/SDS) as described above. In this direction, we
have analyzed the influence of SDS surfactant on the aggrega-
tion of rhodamine 6G and rhodamine B in aqueous solution on
several optical properties, measuring the fluorescence (quantum
yield), absorbance and fluorescence lifetime of dye/SDS solutions.
The combination of these different experimental techniques allows
obtaining precisely the critical concentration of surfactant that
maximizes the dimer formation and/or the complete dissocia-
tion in monomers. The knowledge of critical concentration can
be used to optimize the quantity of aggregates and/or isolated
monomers for specific applications, such as environmental remedi-
ation and detection of dye residues, with implications on biological
and medical applications, for instance. In this direction, we also
have implemented a systematic study from which rhodamine
B/SDS at different concentration interacting with titanium diox-
ide particles. It is reported [23] that in a specific combination of
dye/surfactant/semiconductor (at pre-micellar condition) occurs
the fast photodegradation of rhodamine B. Using this property we
measured the efficiency of breakup (photodegradation) of organic
dyes from measurement of absorbance and fluorescence of samples
as a function of concentration of rhodamine B.

2. Experimental
2.1. Materials

Titanium dioxide was purchased from Aldrich, USA. The aver-
age particle size in nanopowder is 25nm with purity of 99.7%,
specific surface area of 200-220 m?/g and bandgap of 3.2 eV. Rho-
damine B and rhodamine 6G were purchased from Vetec, Brazil
and sodium dodecyl sulphate (SDS) with 99% purity was purchased
from Aldrich, USA.

2.2. Analytical methods

Absorption spectra were recorded by use of a spectrophotome-
ter (FEMTO model 800XI) in the range of 400-800 nm using a fused
silica cuvette with a 1 cm of pathlength. Photoluminescence prop-
erties were studied by use of a PC1 spectrofluorimeter (ISS, USA)
at 25.0 £ 0.1 °C. The fluorescence spectrum was obtained with dis-
position of samples in a 5mL fused silica cuvette with also 1cm
pathlength and excited at 310 nm (for both rhodamines), while the
emission was recorded from 320 nm to 800 nm. All experiments
were conducted in triplicates.

In order to measure the fluorescence lifetime of the samples, we
used pulses with 70-ps at 532 nm and 100 Hz repetition rate from a
frequency doubled Q-switched and mode-locked Nd:YAG laser. The
laser pulse was focused into the sample with a lens with 12 cm focal
length. The sample was placed in a 2 mm-thick fused silica cuvette.
The fluorescence signal was collected perpendicularly to the exci-
tation beam through a large core (1 mm diameter) optical fiber
positioned close to the fluorescent spot. The optical fiber directed
the fluorescence to a fast silicon detector (~500 ps rise time) to
measure the fluorescence decay time. To remove the laser scattered
light, we used a longpass filter (Schott 0G550). The fluorescence
signal is averaged and recorded in a 1 GHz digital oscilloscope. The
measurement of the fluorescence signal takes approximately 1 min,
basically due to the averaging process.

2.3. Experimental procedure

The standard concentration of both dyes (rhodamine 6G and
rhodamine B) used in all of experiments was varied in the interval
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Fig. 1. Absorption spectra of rhodamine 6G dissolved in water with different con-
centrations of SDS.

10-6-10->M in aqueous solution. Based on the fact that criti-
cal micelle concentration of SDS is 8.0mM and pre-micelles of
SDS/rhodamine B are verified at concentrations below the CMC,
we established the range of 1-20mM as a convenient interval of
variation of surfactant concentration from which the analysis of
response of monomers, pre-micelles and micelles interacting with
dyes is favored. Relative to the second part of work (photodegrada-
tion of organic dyes) we have introduced semiconductor granules
(titanium dioxide) in a concentration of 0.02 g/L, dispersed into
aqueous solution containing dye and surfactant under dark con-
dition, avoiding that additional process of photocatalysis can be
initiated before complete dissolution of components. The process of
solubilizationis obtained after a few minutes under intense stirring.
The photocatalytic reactor is composed by a 100 mL glass beaker
containing aqueous solution of titanium dioxide/SDS/rhodamine B
disposed at 30 cm from a 60 W halogen lamp. The distance from
light source represents an important parameter in order to mini-
mize thermal effects during photocatalysis.

The kinetics of photodegradation is mapped from measurement
of absorbance and fluorescence of samples at fixed intervals of irra-
diation time, from which aliquots of sample at dark condition are
subtracted for analysis and subsequently introduced in the media
for posterior irradiation.

The calibration curve is obtained by measurement of character-
istic peak of absorbance (at 547 nm) of aqueous solution containing
SDS/TiO, and varying amount of rhodamine B/rhodamine 6G.

3. Results
3.1. Interaction of dye/surfactant

As shown in Fig. 1, the absorbance of rhodamine 6G (10~° M)
aqueous solution at low concentration of surfactant (below 4 mM)
is characterized by two peaks, which indicates that dyes are
distributed in two forms, as monomers and dimers. The rais-
ing on SDS concentration induces an enhancement in the second
peak (~525nm) when compared with the former, which can be
identified, from this point, as a weak shoulder at (~500 nm) for con-
centrations higher than 5 mM, allowing that a single peak prevails
in the absorption spectrum.

A similar behavior (presence of shoulder and a peak at longer
wavelength) also happens on rhodamine B aqueous solution. In
order to analyze the ratio of monomer and dimer population with
the SDS concentration, we deconvoluted the absorptions spectra
using single Gaussian functions to fit the single absorption band
related to the dimer signature. In Fig. 2, we show the dependency
of absorption maximum associated with the dimer as a function of
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Fig. 2. Absorbance at the peak of the dimer as a function of SDS concentration for
rhodamine 6G (square) and rhodamine B (circle).

surfactant concentration. In this figure, the behavior indicates that
dimer formation increases until a concentration of 4mM of SDS.
After that, the intensity of band is progressively minimized. It is
a strong indication that the maximum value in this curve char-
acterizes the pre-micellar structures, since in this condition the
aggregation is maximized.

Furthermore, additional information about the conformation of
aggregates (H or ] aggregates) can be addressed from measurement
of the fluorescence signal of the samples.

In Fig. 3, one can observe that fluorescence of rhodamine 6G dis-
solved in water is strongly reduced in intensity, and a red shift is
observed when the concentration of surfactant goes from 1 mM to
4mM. It indicates that at approximately 4 mM of SDS, the max-
imum amount of the dimers is formed on the solution. On the
other hand, when concentration of SDS is higher than 4 mM, the
shift in the fluorescence spectrum basically stop to occur and the
fluorescence intensity is strongly enhanced, indicating that dimer-
ization and H-aggregates (typical weakly fluorescent species) are
minimized in the bulk of solution and progressively substituted
by dissolved monomers. Repeating the same experiment with rho-
damine B aqueous solutions, it was verified a similar behavior on
the fluorescence signal. Above this concentration, it is verified the
same trend on the fluorescence enhancement.

This behavior can be better observed if we consider the area
under the fluorescence spectrum for both dyes. As we can see
in Fig. 4, the progressive reduction in the fluorescence signal is

Fluorescence Intensity (arb. u.)

Wavelength (nm)

Fig. 3. Fluorescence of rhodamine 6G as a function of surfactant concentration.
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Fig. 4. Fluorescence spectrum area of rhodamine 6G (square) and rhodamine B (cir-
cle) as a function of surfactant concentration. The inset portrays the fluorescence
quantum yield of both dyes as a function of surfactant concentration.

induced when the concentration of surfactant goes from 1 mM
until 4 mM, where it reaches a minimum (complete dimerization
of dyes) meaning pre-micellar structures. From this critical point,
the fluorescence starts to increase reaching a constant plateau.

It happens because the electrostatic repulsion between simi-
lar molecules (surfactant) increases and homomicelles tends to
be established, shielding and isolating the dye molecules from
each other. In addition, once the dye molecules are surrounded by
the micelles, its molecular structure becomes more rigid, reduc-
ing the vibrational modes and consequently the thermal effects.
The consequence of this process is clearly observed in the plateau
for concentrations higher than 8 mM (typical CMC of SDS). From
this concentration, the population of monomers attain a maximum
and the system is practically unaffected by inclusion of surfactant
molecules. Moreover, from Fig. 4, one can notice that the mini-
mum of the fluorescence signal (pre-micellar condition) for both
dyes samples occurs between 4 mM and 6 mM for rhodamine 6G
and B, respectively. It may be attributed as a consequence of the
lower solubility of rhodamine B in water compared to rhodamine
6G, reducing the fluorescence quantum yield in the presence of low
concentration of surfactant (below the limit of pre-micellization)
as verified in the inset of Fig. 4. In this situation, it is important to
verify that the fluorescence quantum yield of rhodamine B keeps
practically constant for concentration smaller than 8 mM.

After this point, it is possible to observe an increase of approx-
imately 2-fold on the fluorescence quantum yield, indicating the
efficiency in the breakup of dimers provided by micelles of SDS. On
the other hand, rhodamine 6G shows a little different behavior.

An alternative way to rationalize the behavior observed in the
present study is by considering the fluorescence lifetime of the dye
as a function of the surfactant concentration. Formation of dimers
and/or aggregates tends to diminish the fluorescence lifetime. It
occurs because the increase in the nonradiative pathways, occa-
sioned by the coupling between the molecules. The measurement of
the fluorescence lifetime also carries information about the critical
concentration of mixed aggregates. The results can be visualized in
Fig. 5 for both rhodamines. As can be seen, the minimum lifetime is
obtained at concentrations in which the aggregation is maximized
(condition of pre-micelles formation), which agrees with fluores-
cence and absorption spectra datas’ previously discussed. On the
other hand, when aggregates concentration is minimized by adding
more SDS, the fluorescence lifetime starts to increase achieving
a constant value between 3 ns and 3.5 ns. Again, it indicates that
isolation provided by homomicelle decreases the non-radiative
decays, optimizing the emission of dye by the radiative channel.
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Fig. 5. Changes in the fluorescence lifetime of rhodamine B and rhodamine 6G in
aqueous solution as a function of surfactant concentration. The inset depicts fluo-
rescent decays of rhodamine B for different concentrations of SDS.

The process shows to reach saturation when the concentration
of surfactant is in order or higher of micellization one, behavior
that corroborates with the previous analysis. These lifetimes were
obtained by adjusting a single exponential decay as can be seen on
the inset of Fig. 5.

3.2. Photophysics of heterogeneous catalysis

Based on interesting results about aggregation of rhodamine
B and SDS we explored the interaction of mixed system with a
photocatalyst (titanium dioxide).

The amount of dispersed rhodamine B into aqueous solution
in the presence of titanium dioxide and SDS was calculated from
a calibration curve, as shown in Fig. 6, with variable amount of
rhodamine B at fixed concentration of SDS and titanium dioxide
(5mM and 0.02 g/L, respectively).

With the use of light source (spectrum indicated in the inset
of Fig. 6) we verified the effect of each component on the pho-
tocatalytic action of titanium dioxide from the measurement of
absorbance at 547 nm and the use of calibration curve.

As we can see in Fig. 7, negligible results of photodegradation
were obtained to the direct irradiation with light (visible region)
in the solution containing rhodamine B. The same behavior was
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Fig. 6. Calibration curve of rhodamine B into aqueous solution containing TiO;
(0.02g/L) and SDS (5mM) at condition of pre-micelles formation. In the inset is
shown the spectrum of light source used in the experiment of photodegradation.
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verified to the sample containing TiO, and rhodamine B, acting as
a strong evidence that weak interaction of semiconductor and dye
is established and photodegradation is activated only in the region
of ultraviolet.

However, the introduction of surfactant at pre-micellar concen-
tration in the presence of TiO, and rhodamine B induces a fast
degradation process (as indicated in Fig. 7) that is a consequence of
aggregation of dye molecules.

It is important to note in this point that additional processes
such as self-degradation of dye, photocatalytic degradation of TiO,
and degradation of SDS/rhodamine B aggregates introduce neg-
ligible contributions on the photocatalytic process induced by
pre-micelles of SDS.

In order to clarify the contribution of SDS concentration on the
photocatalytic process we studied the kinetics of photodegrada-
tion of rhodamine B with varying amount of SDS (0 mM, 3 mM,
5mM, 10mM and 15 mM), fixed concentration of TiO, (0.02 g/L)
and rhodamine B (10-6 M).

The results in Fig. 8 indicate that in the absence of surfactant
and above the critical micelle concentration, the photodegrada-
tion is minimized while at pre-micellar condition (5mM of SDS)
the maximal rate of photodegradation is established in an indi-
cation that concentration of surfactant assumes a key role during
photocatalytic process.

Another method to measure the photodegradation of rho-
damines induced by titanium dioxide is performed from
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Fig. 8. Kinetics of photodegradation of rhodamine B ([RhB]=10-5 M) at fixed con-
centration of TiO, (0.02 g/L) and different concentrations of SDS.
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Fig. 9. Fluorescence of rhodamine B in the pre-micelles of SDS in the presence of
TiO, at dark condition (square) and after irradiation with visible light during 10 min
(circle).

monitoring of fluorescence intensity at 578 nm. The fluorescence
signal was monitored in two different conditions: one is when the
solution was kept in a dark condition without any interaction with
light, and the other one is after irradiation with visible light. The
analysis was realized with a fixed concentration of SDS (5 mM), tita-
nium dioxide (0.02 g/L) and a variable concentration of rhodamine B
from 0.5 wM to 5 wM. In this range of variation of chromophore con-
centration, it is possible to control the number of dimers enclosed in
the hydrophobic environment of pre-micelles, allowing the direct
control of distance between dye molecules and semiconductor par-
ticles. The sensitization of titanium dioxide as a function of number
of dye molecules can be measured from the ratio of fluorescence
peak of rhodamine B (verified at 578 nm) before and after the expo-
sure to the visible light.

As we can see in Fig. 9 for sample with 4 M of rhodamine B,
it is verified a considerable reduction in the intensity of charac-
teristic rhodamine B peak associated with a shoulder blue shifted,
which characterizes the fluorescence of photodegraded residues. It
is important to note that maximal photodegradation of rhodamine
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Fig. 10. Comparison between fluorescence at 578 nm of rhodamine +SDS system
at dark condition (square) and rhodamine +SDS +TiO, after irradiation with visi-
ble light during 10 min (circle). The inset depicts the ratio between fluorescence at
578 nm of rhodamine B before (FD) and after (FI) the photodegradation promoted
by visible light.
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Fig. 11. Scheme of interaction of pre-micelles/TiO,/RhB (left side) and micelles/TiO,/RhB (right side) and corresponding energy band diagram for electron transfer in both

cases.

B is obtained at condition of concentration of rhodamine B below
1 M, as indicated in Fig. 10. In this plot, we compare the fluores-
cence at 578 nm of rhodamine B+ SDS at dark condition with the
sample of rhodamine B+ SDS + TiO, after 10 min of irradiation with
visible light.

As we can see, the increase in the amount of rhodamine B in
water at dark condition is accomplished by elevation in the level
of fluorescence. After 10 min of irradiation with visible light, the
fluorescence at 578 nm for all of samples is strongly reduced. By
comparison of fluorescence of dye at dark condition (FD) and after
illumination with visible light (FI) - inset of Fig. 10, it is possible to
conclude that maximal efficiency in the photodegradation is estab-
lished to the sample with 0.9 .M of rhodamine B. In this case, the
reduction in the fluorescence is in order of 30-fold.

Note that amount of titanium dioxide used in all experiments is
extremely reduced (0.02 g/L) if compared with values reported in
the literature [10-14]. The decrease in the photocatalyst concen-
tration is associated with a strong reduction in the characteristic
time for photodegradation, that is established from irradiation in
the visible region.

Based on the previous results we can verify that inclusion of
titanium dioxide nanopowder in the dye solution promotes strong
interaction of pre-micelles/micelles of SDS and dimers/monomers
of dyes as schematically described in Fig. 11. The low solubility of
titanium dioxide, dimers of dyes and hydrophobic portion of sur-
factant tends to create a hydrophobic core inducing approximation
of dimer and surfactant tail, resulting in a shielding effect from bulk
water. This model is based on our results that indicate an optimal
condition (pre-micelle concentration) from which sensitization of
semiconductor surface is maximized, allowing the use of radiation
in the visible region, providing consequently the degradation of
rhodamine B in scale of minutes. Above CMC, the dimers concen-
tration are minimized and shielding effect of micelles dominates,

enhancing the fluorescence of system and reducing the photocat-
alytic activity of semiconductor. An energy band diagram is also
introduced below each scheme in Fig. 11, indicating the adequate
use of visible light in the presence of pre-micelles and UV light in
its absence, promoting the adequate photocatalytic degradation of
dye.

4. Conclusions

In summary, we demonstrated that pre-micellization and post-
micellization represent two important processes in the interaction
between oppositely charged dye/surfactant systems. In the case of
rhodamine B/SDS and rhodamine 6G/SDS, the typical concentra-
tion of both processes can be determined from the measurements
of H-aggregates signature by observing the absorption spectrum,
quenching in the fluorescence intensity and changes on the fluo-
rescence lifetime.

The strong interaction of dye/semiconductor/surfactant veri-
fied at condition of pre-micellar concentration was conveniently
applied as photocatalytic system. In this situation, an extremely
reduced amount of titanium dioxide (in order of 0.02 g/L) is suf-
ficient to provide the degradation of rhodamine B in scale of few
minutes, which represents a fast process if compared with charac-
teristic time reported in the literature.

In this case, the adequate transference of electron from excited
dye to the conduction band of semiconductor represents a key role,
promoting the creation of reactive species that provides the oxida-
tion of dye with advantage of use of irradiation in the visible region.
The maximal photodegradation in a period of 10 min of irradiation
with visible light reduces the fluorescence of rhodamine B in 30-
fold, in an indication that in this condition the electron transference
between excited dye and semiconductor surface is optimized.
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