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Photophysics of thionine in AOT and BHDC reverse micelles. Quenching
of the triplet state by aliphatic amines studied by transient absorption
spectroscopy
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A B S T R A C T

The photophysics of thionine (3,7-diamino-5-phenothiazinium) (Th+) was investigated in reverse
micelles (RMs) of sodium bis(2-ethylhexyl)sulfosuccinate (AOT) and benzyldimethylhexadecylammo-
nium chloride (BHDC) with special emphasis on the triplet state processes. In RMs both the absorption
and emission spectra of the dye present a red shift with respect to pure water. The absorption maximum
wavelength and Stokes shift show a tendency towards the values in water, although do not reach them
even with the higher water content examined. The photophysical parameters are more affected by the
water content in BHDC than in AOT. The triplet state of Th+was investigated by the technique of laser flash
photolysis. The T-T absorption spectrum presents a strong absorption band in the region between 770
and 800 nm, corresponding to the monoprotonated triplet form of the dye. This spectrum is red shifted
with respect to water in the RMs. The triplet quenching by aliphatic amines was investigated. The triplet
decay is well fitted by a bi-exponential function in the presence of the hydro-soluble triethanolamine
(TEOA) in both RMs. This behavior is interpreted as the result of a very fast intramicellar quenching,
followed by slow process that may be ascribed to an intermicellar exchange of amine molecules between
RMs. The kinetic analysis showed that intermicellar exchange rate constant is two orders of magnitude
more effective in BHDC than in AOT. Meanwhile, in the quenching by the hydrophobic tributylamine
(TBA) the decay is mono-exponential. The amine is located preferentially in the bulk organic phase and
the quenching mechanism involves the interaction of the amine with the monoprotonated triplet of dye
reaching in the micellar interface. It is interesting to note that the apparent quenching rate constant by
TBA is one order of magnitude lower than the exchange rate constant by TEOA.
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1. Introduction

In the last years, there has been increasing interest in the
reverse micelles (RMs) and microemulsions primarily because of
the large diversity the microenvironments that these materials
provide. RMs are thermodynamically stable dispersions of an
organic solvent and water stabilized by a surfactant and in many
cases a cosurfactant is necessary. A surfactant monolayer is
oriented in such a manner that its tails are directed toward
nonpolar solvent and the polar head-groups enclose the aqueous
droplet size of nanometers (water pool). The average size of such
RMs is dependent on the amount of solubilized water and can be
expressed as the water to surfactant molar ratio, w = [H2O]/[Surf]
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[1]. The state of water in the aqueous pool of RMs is different from
that of bulk water and depends significantly on the distance from
the surfactant interface. Properties such as polarity, viscosity, pH
and the organized states of the interfacial and bulk water are quite
different. Several molecular probes have been used to characterize
the properties of the diverse microenvironment in RMs [2]. Most of
these studies are based on changes in the photophysical properties
as well as the reactivity of the excited states of synthetic dyes
compartmentalized in these media and their dependence on the
parameter w. The reverse micelles (RMs) have found a wide range
of applications in the fields of chemistry, as the biology and
technology [3,4]. Currently they are being widely used as a means
of synthesis for obtaining different particles [5].

Thionine (3,7-diamino-5-phenothiazinium) (Th+, Scheme 1) is
a cationic phenothiazine dye that has been widely studied due to
their interesting physicochemical properties [6,7]. It has been
employed as a photosensitizer in photogalvanic studies [8],
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Scheme 1. Molecular structure of the dye employng.

Table 1
Absorption and fluorescence maximum (lmax) of thionine (5 �10�6M) in
homogeneous and reverse micelles media.

medium lmax (abs)/nm lmax (fl)/nm

water 599 620
MeOH 600 620
AOT/heptane/
water w = 10

603 623

BHDC/toluene/
water w = 10

610 628
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photodynamic therapy [9] and as photoinitiator of vinyl polymeri-
zation [10]. It has been reported that Th+ interacts with DNA as
evidenced by strong hypsochromic and bathochromic effects on
the absorption and fluorescence spectra and quenching of
fluorescence [11]. Several papers describe the photophysical
properties of this dye in organized media. Basu et al. [12]
investigated the photophysical behavior of Th+ in different solvents
and liposomes of phosphatidylcholine, they found that the dye is
located at the liposome-water interface. Bhowmik and Mukho-
padhyay performed photophysical studies of the dye in the
presence of triton X-100 [13], it was found that the dye forms a
charge-transfer complex with the surfactant. In aqueous solution,
the dye presents a concentration-dependent absorption spectrum
due to the presence of aggregates. This aggregation is also
influenced by the pH [6,14].

Our group has been studying the photophysics and photo-
chemistry of dyes in both aqueous and microheterogeneous media
for more than a decade [15–19]. In previous works, we published a
study on the photophysics of safranine, a cationic dye, in AOT
(sodium bis(2-ethylhexyl)sulfosuccinate) and BHDC (benzyldime-
thylhexadecylammonium chloride) reverse micelles [18,19]. In
these systems, the triplet state of the dye has a longer lifetime than
in homogeneous solvents. We conclude that this result is due to
compartmentalization effect that suppresses the self-quenching
process. In addition, we have characterized the properties of the
excited states of eosin, an anionic dye, in the same micellar systems
where it was found the dye localizes in the interface of the reverse
micelles in both AOT and BHDC. The main difference found is that
in AOT the photophysics parameters are sensitive to the size of the
water pool [15]. Most reports on Th+ photophysics describe studies
involving the singlet-excited state. To the best of our knowledge,
the properties of the triplet state of the dye in reverse micelles have
been scarcely explored. This aspect is important since the triplet is
the responsible for many useful applications of the dyes, one of the
most important being its use as photoinitiator of the vinyl
polymerization.
Fig. 1. Absorption and fluorescence emission spectra the Th+ (5 �10�6M) in AOT
0.2 M/n-heptane/water at w = 10 (red) and BHDC 0.1 M/toluene/water at w = 10
(black). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
In this paper, we have focused on the photophysics of the dye
Th+ in confined media with an emphasis on the study of the
properties of the triplet state. In particular, the effect of different
interfaces on the quenching processes of the triplet state by
aliphatic amines, was investigated. The anionic surfactant AOT and
the cationic surfactant BHDC, were employed. Both surfactants
form RMs stables without the aid of a co-surfactant.

The absorption and fluorescence emission spectra of Th+ were
determined in order to understand the localization of the dye in
the microheterogeneous domains and to determine the properties
of the microenvironment where the dye is located. Laser flash
photolysis studies have been performed to identify the different
Fig. 2. (a) Absorption maximum wavelength of Th+ (5 �10�6M) in BHDC/toluene
RM at (�) and in AOT/heptane (*) and (b) Stokes shift, as a function of the size of the
water pool. The dotted lines correspond to the values in bulk water.



Fig. 3. Transient absorption spectra of Th+ (3 � 10�5M) taken immediately after the
laser pulse in buffer pH 8 (black); in AOT at w = 10 (red) and in BHDC at w = 10 (blue).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Long time absorption spectrum of Th+ (3 � 10�5M) in AOT at w = 10 taken at
400 ms after the laser pulse. Inset: T–T absorption decay at 800 nm.
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transient species of the dye and the mechanism of interaction with
aliphatic amines as electron donors.

2. Experimental

2.1. Materials and methods

Thionine (3,7-diamino-5-phenothiazinium) (Th+) supplied by
Sigma was recrystallized from etanol-water. AOT from Aldrich was
dried under vacuum over P2O5. BHDC from Sigma was twice
recrystallized from ethyl acetate and dried under vacuum. The
solvents, n-heptane and toluene were from Sintorgan (HPLC grade)
and used as received. Water was purified through a Millipore Milli-
Q system. Reverse micelles solutions were prepared by dissolving
the surfactant in the organic solvent, n-heptane for AOT and
toluene in the case of BHDC. A small amount of Th+ dissolved in
water was added to these micellar solutions, so that the final total
analytical concentration of the dye was 5 �10�6M and 3 � 10�5M
for the experiences of the singlet and triplet state respectively. The
micellar water content, w = [H2O]/[Surfactant], was adjusted by
adding pure water up to desired ratio. The surfactant concentration
was kept constant at 0.2 M for AOT and 0.1 M for BHDC. It is not
possible to work at w > 15 in BHDC because at room temperature
the solutions become cloudy. According to the reported surfactant
aggregation numbers for the formation of RMs [20,21], we obtain
the mean occupation number of the dye is �0.01 in AOT, while in
BHDC it is �0.03. Therefore, the probability of localization of more
than one Th+ molecules per micellar aggregate is neglected.
Triethanolamine (TEOA) and tributylamine (TBA) both from
Aldrich, were purified by vacuum distillation before use. In the
quenching experiments, small aliquots of a concentrated aqueous
solution of TEOA were added to the RMs. In the case of TBA the
amine was added as the pure compound.
Table 2
T–T absorption bands of thionine in different media.

medium l1 (nm) l2 (nm) l3 (nm)

water 770 700 410
MeOH 780 700 420
AOT/heptane/
water w = 2

800 720 420

AOT/heptane/
water w = 10

790 710 420

BHDC/toluene/
water w = 2

810 725 430

BHDC/toluene/
water w = 10

800 720 425
The absorption spectra were obtained by using a Hewlett
Packard 6453E diode array spectrophotometer. Fluorescence
spectra were measured with a Spex Fluoromax spectrofluorometer
in air-equilibrated solutions. Transient absorption measurements
were carried-out by excitation at 532 nm using a laser flash
photolysis equipment as previously described [22]. The samples
were deoxygenated by bubbling during 15 min with organic
solvent-saturated high purity argon. All experiments were
performed at 25 �C or 32 �C for the reverse micelles of AOT and
BHDC respectively.

3. Results and discussion

In dilute aqueous or methanolic solutions, thionine presents a
strong absorption at ca. 600 nm with a maximum absorption
coefficient close to 5 �104M�1 cm�1, which is red shifted when the
solvent polarity decreases. This absorption band has been assigned
to the monomer of the dye with a positive charge. A shoulder at
560 nm is also present in dilute solutions attributed to 1  0
vibronic transition [23].

The absorption and fluorescence emission spectra of the dye in
RMs are shown in Fig. 1 and a summary of the maximum
wavelength in different media is presented in Table 1.

Thionine presents a pKa around 8, the monocationic species is
predominant at pH < 8 with an absorption band peaked at 599 nm.
At higher pH a new band is present at 510 nm that is attributed to
the neutral conjugated base of the dye [6]. The absorption
spectrum in both AOT and BHDC corresponds to the monocation,
as expected form the buffer like effect of the RMs [24] on the water
pool where the dye would be located. The presence of dimers and
higher aggregates of the dye may also be disregarded, since at the
Fig. 5. Long time absorption spectrum of Th+ (3 � 10�5M) in BHDC at w = 10 taken
at 100 ms after the laser pulse. Inset: T–T absorption decay at 800 nm.



Fig. 6. Decay of thionine triplet (3 � 10�5M) in AOT at w = 10 measured at 800 nm in
the presence of TEOA 1.5 mM.

Fig. 7. Reciprocal of the short time component of the triplet decay vs. the mean
occupation number of TEOA in AOT at w = 10.

Fig. 9. Decay of thionine triplet (3 � 10�5M) in BHDC at w = 10 measured at 800 nm
in the presence of TEOA 0.36 mM. Green line: mono-exponential fit; red line: bi-
exponential fit. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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surfactants concentrations employed the mean occupation num-
ber may be estimated as <0.1.

It was found that the absorption maximum is blue shifted,
while the emission moves in the opposite direction, when w
increases both in AOT and BHDC RMs. In Fig. 2 the absorption
maximum wavelength and the Stokes shift are shown as a function
of w. In both systems lmax and Dn move toward the values in water,
represented by the dotted line in Fig. 2, although they are not
reached even at the higher w investigated. It must be noted that in
Fig. 8. Reciprocal of the long time component of the triplet decay vs. the analytical
concentration of TEOA in AOT at w = 10.
BHDC/toluene the solutions become clouded at w > 10 at room
temperature.

It is generally assumed that the parameter w is directly
proportional to micelle radius. At low w water molecules near or
penetrating the interface experience very different environments
compared with water molecules in water pools. The diverse
behaviour of the dye may be explained in this way. When values of
w = 10 or higher are reached the interior of the RMs may be
considered to be composed by bulk free water molecules. However,
the medium sensed by the photophysical properties of Th+ points
to a different situation. The maximum wavelength and Stokes shift,
although showing a tendency towards the values in water, do not
reach them even at the higher water content examined. This effect
was observed for other dyes in reverse micellar systems [14,15,25].
This may be ascribed to the lower static polarity of the water pool
compared to the bulk water [26]. In RMs the emission of the dye
presents a red shift with respect to water. From this, it can be
concluded that Th+ in both reverse micellar systems is localized in
the interface. Although this is expected in AOT due to the positive
charge dye and the negative interface, it is notable in the case of the
positive interface of BHDC. In this case, it may be concluded that
the dye resides in the interface co-micellizing with the surfactant.
Fig. 10. Reciprocal of the long time component of the triplet decay vs. the analytical
concentration of TEOA in BHDC at w = 10. Inset: Reciprocal of the short time
component of the triplet decay vs. the mean occupation number of TEOA in BHDC at
w = 10.



Fig. 11. Triplet decay the Th+ (3 �10�5M) measured at 800 nm in the presence of
TBA 0.1 M in AOT at w = 10.
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3.1. Triplet state

The triplet excited state of Th+ in BHDC and AOT RMs was
investigated by laser flash photolysis upon excitation at 532 nm.
The T–T absorption spectra taken immediately after the laser pulse
in various media are shown in Fig. 3.

The spectrum in water presents a strong absorption at 770 nm
and two lower intensity bands at 700 and 410 nm. This spectrum is
red-shifted in solvents of lower polarity and in AOT and BHDC RMs.
A summary of the absorption bands in different media is collected
in Table 2. The spectrum in water and MeOH match with those
reported in the literature [27,28]. Schlenker et al. [29] also reported
a similar spectrum in RMs of cetyldimethylbenzylammonium-
chloride, with maxima at 795, 720 and 425 nm.

At w = 2 the spectrum in AOT is red shifted with respect to
w = 10 by ca.10 nm in the far red region. On the other hand, in BHDC
the spectrum is practically insensitive to the water content.

After the triplet decay in AOT a transient absorption remains
with maxima at 780 and 400 nm may be ascribe to the protonated
semireduced form of the dye [7], Fig. 4, while in BHDC the triplet
lifetime is much longer and decays without any remaining
absorption in the 800 nm region.

The spectral features are also coincident with those reported by
Guha et al. for the pulse radiolysis generated semireduced form of
the dye at pH 6 [30]. Semireduced thionine protonates at neutral
pH (pKa = 8.1) and the protonated species presents bands at 400
and 770 nm [31]. The transient absorption after the triplet decay in
BHDC shown in Fig. 5 is completely different from that in the AOT.
This probably corresponds to the semi-oxidized and semireduced
forms of the dye in a more basic media [30,32,33].

3.2. Triplet quenching by aliphatic amines

In order to assess the system dye-amine for ulterior interest of
using it in photopolymerization studies in RMs, the quenching of
the triplet Th+ by triethanolamine (TEOA) and tributylamine (TBA)
in the reverse micelles was investigated.

3.3. Triplet quenching by TEOA in AOT

In the quenching by TEOA the triplet decay measured at 800 nm
in AOT presents a non-exponential kinetics. A typical example is
shown in Fig. 6.

The decay kinetics in Fig. 6 could be fitted by a bi-exponential
function with lifetimes of 0.93 and 20.0 ms. This biphasic decay
might be the result of a fast intramicellar quenching and a slower
intermicellar process. A kinetic analysis for the triplet quenching in
RMs by a quencher fully incorporated to the micelles leads to a
non-exponential decay for the triplet and the kinetics may be
described by [34],

T½ � ¼ T½ �0exp �ðk0 þ kex½M�Þt � n 1 � expð�kqmt
� �� � ð1Þ

where T½ �0 is the initial triplet concentration immediately after the
laser pulse, kqm is the unimolecular intramicellar quenching rate
constant, kex is the rate constant for the exchange of solute
between micelles and it will depend on the diffusion of two
micelles in the organic pseudophase, n is the mean occupation
number and [M] is the micellar concentration. Eq. (1) is valid
provided that

kqm >> kex M½ � ð2Þ
If condition (2) is valid the fast initial decay is given by

T½ � ¼ T½ �0exp �n 1 � expð�kqmt
� �� � � T½ �0expð�nkqmtÞ ð3Þ

From Eq. (3) the short time component of the bi-exponential
fitting can be written as

tsð Þ�1 ¼ ko þ kqmn ð4Þ
A plot according to Eq. (4) of the reciprocal of the short lifetime

can be seen in Fig. 7. From the slope a value of 8.3 � 105 s�1 results
for the unimolecular rate constant for the intramicellar triplet
quenching by TEOA.

The slow process following the fast intramicellar quenching,
may be ascribed to an intermicellar exchange process of the amine,
and from Eq. (1) it can be expressed as

T½ � ¼ T½ �0exp �ðk0 þ kex½TEOA�Þt½ � ð5Þ
and the long lifetime of the bi-exponential fitting can be related

to the amine concentration as

tLð Þ�1 ¼ k
0
o þ kex TEOA½ � ð6Þ

A fitting of the data to Eq. (6) can be seen in Fig. 8.
From the slope kex = 1.3 � 107M�1s�1 and since [TEOA] = 1.5 mM,

taken into account the value of kqm given above, condition (2) is
fulfilled, as required for the kinetic analysis. The value of the
exchange rate constant is of the same order than the one found for
the triplet quenching of the dye safranine-O in AOT RMs [19].

3.4. Triplet quenching by TEOA in BHDC

Thionine triplet is efficiently quenched by TEOA in cationic
BHDC reverse micelles. Although the decay apparently can be fitted
by a first order process, a closer examination show that it is not
strictly mono-exponential and a bi-exponential decay clearly
follows more closely the kinetics as can be seen in Fig. 9. The
kinetics of quenching was treated with the same formalism as in
the case of AOT. In BHDC the biphasic behaviour was very much
less apparent and the determination of the fast intramicellar
quenching was complicated by this fact. This was due to a fast
photochemical process leading to the degradation of the dye that
precludes the use of higher concentrations of TEOA. The results of
the analysis of the decay are presented in Fig. 10.

From the plot in Fig. 10, an intermicellar quenching rate
constant kex = 1.4 �109M�1 s�1 results in BHDC while the rate
constant estimated form the points shown in the inset for the
intramicellar process is of the order of 106M�1 s�1. The exchange
rate constant is two orders of magnitude higher than in AOT and it
reflects an intrinsic characteristic of BHDC reverse micelles since it
is very similar to that determined by Jada et al. [21] by a totally
different method. The intramicellar rate constant, although



Fig. 12. Triplet quenching the Th+ (3 � 10�5M) by TBA in AOT at w = 10 (�) and in
BHDC at w = 10 (*).
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affected by a considerable uncertainty is also higher than the
corresponding value in AOT.

3.5. Quenching by TBA in AOT and BHDC

In the quenching by TBA the triplet decays appear as single
exponential, Fig. 11. Apparent triplet quenching rate constants (kq)
were determined by triplet lifetime (measured by the T–T
absorption at 580 nm) as a function of quencher concentrations
according to:

t�1 ¼ ko þ kq TBA½ � ð7Þ
where t is the triplet lifetime, ko is the first order rate constant for
the triplet decay in the absence of the amine and [TBA] is the
analytical concentration of the quencher. In Fig. 12 the plot of the
first order decay rate constant of triplet Th+ vs. TBA concentration
is shown.

From the slope of the linear fit a value of 3.4 �106M�1 s�1

results for the apparent bimolecular quenching rate constant. Since
TBA is a hydrophobic molecule appears extremely improbable that
an appreciable fraction of thionine triplets is produced in micelles
containing a TBA molecule. Thus any reaction between thionine
triplets and TBA requires diffusion of the donor molecules from the
bulk organic phase to the polar interior of the micelles where the
cationic dye molecules must be located. The rate constant may be
interpreted as the result of the two successive processes, diffusion
and electron transfer quenching with TBA as electron donor. This
explains the lower value as compared with TEOA.

A similar result was obtained in BHDC for the triplet quenching
by TBA. The triplet decays appear as mono-exponential and a linear
plot of the reciprocal lifetime as a function of the amine
concentration can be seen in Fig. 12. From the slope an apparent
rate constant of 4.1 �106M�1 s�1 was obtained. It can be concluded
that the quenching mechanism by an aliphatic amine located in the
bulk organic phase is similar in AOT and BHDC.

In summary, the photophysics depends upon the localization of
the dye molecules in the RMs. In spite of the dye being in its
monocationic form, the dye localizes in the interface of the reverse
micelles in both AOT and BHDC. The photophysics parameters are
sensitive to the size of the water pool. Nevertheless, they do not
reach the values in pure water even at the highest water content.
The triplet state lives longer in the RMs than in homogeneous
solvent as a result of the suppression of the self-quenching process
due to the compartmentalization. It is efficiently quenched by an
aliphatic amine that can penetrate de inner core of the RMs, while
it is protected to the quenching by a hydrophobic amine.
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