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A B S T R A C T

The photophysics of the xanthene dye 20,70-Dibromo-50-(hydroxymercurio)fluorescein disodium salt
(merbromine, mercurochrome) (MCr) was studied in reverse micelles (RMs) of sodium 1,4-bis (2-
ethylhexyl) sulfosuccinate (AOT) and benzylhexadecyldimethylammonium chloride (BHDC). In the
reverse micellar media both the absorption and emission spectra of the dye present a red shift with
respect to water. It is concluded that MCr in both reverse micellar systems is localized in the interface. In
BHDC due to the positive charge at the interface and the negative charge of the dye, it remains anchored
to the interface irrespective of the water content of the RMs. On the other hand in the case of the negative
interface of AOT the photophysical properties tend to those in homogeneous water solution as the water
content increases. For small size AOT RMs the dye resides in the interface co-micellizing with the
surfactant, although more exposed to water than in the case of BHDC. Special interest was assigned to the
effect of confinement on the triplet state properties. The triplet state decay kinetics and absorption
spectra were determined by laser flash photolysis. The triplet lives longer in RMs than in homogeneous
solvents. The compartmentalization of the dye precludes the auto-quenching which shorts the lifetime in
homogeneous solvents. Furthermore, the quenching by electron donors and acceptors was investigated.
Two aliphatic amines were used as electron donors. The hydrophilic triethanolamine (TEOA) is localized
in the water pool, and the triplet quenching is more efficient than in homogeneous solvents. The apparent
quenching rate constant for TEOA in AOT is one order of magnitude higher than BHDC. On the other hand
the quenching by dipropylamine (DPA) which is located in the bulk organic solvent is much less efficient.
The quenching by TEOA in RMs can be understood in terms of an exchange mechanism between micelles.
As electron acceptor 1,4-benzoquinone (BQ) was employed, and the value in BHDC is two orders of
magnitude higher than in AOT. These divergences most likely arise from different partitions of the
quenchers in the reverse micellar systems.
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1. Introduction

Reverse micelles (RMs) are frequently considered as self-
organized nano-reactors. In these systems, the reactants are
confined within a small region, a few nanometers in size, and the
reactivity and products properties of different processes may differ
dramatically from those in homogeneous solutions. In the interior
of RMs the local properties like polarity, viscosity and pH are vastly
different from those in homogeneous medium [1]. Consequently,
the physical and chemical properties of confined molecules may
undergo dramatic changes in these systems. These changes are also
useful to characterize the so-called microenvironmental
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properties, including local polarity (micropolarity) and local
viscosity (microviscosity) of micellar systems. The photophysics
of dyes provides a useful tool for investigate these properties [2]
and the information gained in this way is very important from both
an applied and a fundamental point of view [3]. For example, these
studies are of interest with regard to micellar systems as a reaction
medium because they affect both the kinetics and the mechanism
of a specific reaction [4,5]. They are as well important in many
applications of electronic energy transfer, which may include
photosensitized reactions and the micelle enhanced emission
detection in analytical techniques [6]. In these systems donor,
acceptor and micelle concentrations may be high enough to allow
considerable energy transport between neighboring micelles. On
the other hand, the understanding of the interactions between
ionic dyes and charged surfaces is of interest in numerous
applications ranging from the design of electronic devices to the
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characterization of drug-delivery systems. RMs are also particu-
larly appropriate to the synthesis of nano-scale materials. In the
last years there has been a continuing interest in reverse micellar
systems where polar solvents other than water are used [7,8]. This
is in part due to potential application in nanomaterial synthesis
when the synthesized material should have solubility in nonaque-
ous medium for further applications [9]. Recently we employed
RMs formed by the cationic surfactant benzyl-hexadecyl-dime-
thylammonium chloride (BHDC) to synthesize latex nano particles
of polyacrylamide using a dye as visible photosensitizer of
polymerization [10].

In this paper we present a study of the photophysics and
photochemistry of the xanthene dye 20,70-dibromo-50-(hydrox-
ymercurio) fluorescein disodium salt, commonly known as
merbromin or mercurochrome (MCr) in reverse micelles formed
by sodium 1,4-bis (2-ethylhexyl) sulfosuccinate (AOT)/heptane or
BHDC/benzene. In Scheme 1 the structures of the dye and
surfactants are shown. The photophysics of xanthene dyes were
investigated in normal [11–14] and reverse micelles [15,16]
generally by means of fluorescence spectroscopy. Reorientation
of xanthene dyes in the interior of AOT was studied [17] and it was
found that the water content of the reverse micelles has an
important effect on the rotational dynamics of the probe. However,
the photophysics and photochemistry of MCr in homogeneous and
micro-heterogeneous systems was much less studied than other
xanthene dyes.

MCr is often used as an antiseptic and antibacterial substance.
At pH values ranging from 5.5 to 10.0 proved to be highly
fluorescent with a quantum yield of 0.2 [18]. However, the
presence of heavy atoms in the molecule gives rise to an efficient
intersystem crossing and a high room temperature phosphores-
cence emission signal can be observed when mercurochrome is
immobilized on a solid support [19]. It was shown that MCr is a
relatively efficient sensitizer for photodynamic action via singlet
oxygen generation with a quantum yield of 0.14 in methanolic
solution [20] and 0.23 in water (buffer pH 7) [15]. Unlike eosin, MCr
is extremely resistant to light; it does not fade even when exposed
to strong visible irradiation [21]. This makes this dye a very suitable
choice for applications as sensitizer requiring long irradiation
periods.

2. Experimental

Mercurochrome was obtained from Aldrich and was used
without further purification. Sodium 1,4-bis (2-ethylhexyl)
Scheme 1. Chemical structures of the dye and surfactants.
sulfosuccinate (AOT) from Sigma was dried under vacuum over
P2O5. n-Heptane, benzene, methanol and water were from
Sintorgan (HPLC grade) and used as received. The surfactant
benzylhexadecyldimethylammonium chloride (BHDC) from Fluka
was twice recrystallized from ethyl acetate and dried under
vacuum. Triethanolamine (TEOA) and Dipropylamine (DPA) both
form Aldrich, were purified by vacuum distillation before use. 1,4-
Benzoquinone (BQ) from Aldrich was purified by sublimation.

Reverse micelles solutions were prepared by dissolving the
surfactant in the organic solvent, n-heptane for AOT and benzene
in the case of BHDC. The surfactant concentration was varied
between 0.05 M and 0.2 M in both cases. A small amount of MCr
dissolved in water (buffer pH 8) was added to these micellar
solutions, so that the final total analytical concentration of the dye
was less than 10�6M. The micellar water content, w = [H2O]/
[Surfactant], was adjusted by adding water (buffer pH 8) up to
desired ratio. It is not possible to work at w > 20 in BHDC because at
room temperature the solutions become cloudy. The aggregation
number of BHDC in benzene is in the range from 100 (w = 10) to
400 (w = 20) [22], while for AOT in n-heptane it goes from 60 at
w = 6 to 500 at w = 30 [23]. Accordingly, the mean occupation
number of the dye is <0.1 in all cases. In the quenching
experiments small aliquots of a concentrated aqueous solution
of the quencher were added to the RMs. In the case of DPA the
amine was added as the pure compound.

Absorption spectra were obtained on a Hewlett Packard 6453E
diode array spectrophotometer. Fluorescence spectra were mea-
sured with a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer in
air equilibrated solutions. Fluorescence quantum yields were
determined relatives to 4,5 dibromofluorescein 0.01 M in KOH/
ethanol [24]. Fluorescence lifetimes were determined by time-
correlated-single-photon-counting (SPC) with a FL 900 Edinburgh
Instruments equipped with a PicoQuant sub-nanosecond pulsed
LED emitting at 498 nm. The fluorescence decays were analyzed by
a deconvolution method provided by Edinburgh Instruments. The
quality of the fitting was judged by the reduced chi-square (x2)
values and the distribution of the weighted residuals. In all cases a
mono-exponential fit was satisfactory, the x2 value was close to
unity and the weighted residuals were distributed randomly along
the spanned time interval.

Transient absorption measurements were carried-out by
excitation at 532 nm using a laser flash photolysis equipment as
previously described [25]. The samples were deoxygenated by
bubbling during 15 min with organic solvent-saturated high purity
argon.

3. Results and discussion

3.1. Absorption and fluorescence

The absorption and fluorescence spectra in water, methanol and
RMs are shown in Figs. 1 and 2 respectively.

In Table 1 the photophysical parameters of the dye in different
media are collected. It is well-known that the maxima in the
absorption and fluorescence spectra of xanthene dyes are red
shifted as medium polarity decreases. Furthermore, fluorescence
lifetime increases as solvent polarity decreases [26]. Therefore, the
photophysical parameters in AOT presented in Table 1 point to the
dye molecules located in a region of micropolarity lower that water
although due to the negative charge it is expected to be located in
the water pool of the RMs. The absorption and fluorescence
parameters in BHDC are an indication that MCr is sensing a region
of polarity lower than MeOH. This can be explained by the negative
dye molecules anchored to the interface in the positive palisade
(the layer immediately below the micellar surface) of the RMs. On
the other hand in AOT at low w the dye is in close proximity with



Fig. 1. Absorption spectra of MCr in water (pH 8) (black), MeOH (red), AOT/heptane
w = 40 (green) and BHDC/benzene w = 20 (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 2. Fluorescence spectra of MCr in water (pH 8) (black), MeOH (red), AOT/
heptane w = 40 (green) and BHDC/benzene w = 20 (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Photophysical Parameters in different media.

l(max)abs/nm l(max)fluor/nm tF/ns FF l(max)T–T/nm

Water pH 8 505 530 2.0 0.22 360; 420(s); 560
MeOH 512 536 3.1 0.51 350;430(s);565
AOT w = 5 512 534 2.8 0.29 370; 570
AOT w = 40 508 532 2.1 0.27 360; 560
BHDC w = 5 525 552 3.4 0.68 360; 410; 580
BHDC w = 20 524 552 3.3 0.62 360; 430; 570
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Fig. 3. SPC fluorescence decay traces of MCr in RMs of AOT/heptane. (a) Lamp
profile; (b) w = 50; (c) w = 10.

Fig. 4. Fluorescence lifetime of MCr in reverse micellar systems as a function of the
water content (*) BHDC (�) AOT. The dash line is the value in water. Inset:
Maximum emission wavelength as a function of the water content in AOT.
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the surfactant interface and the fluorescence behavior reflects a
region of lower polarity than water, although not comparable to
that in BHDC. The size of RMs is a primarily a function of the water
content, as given by w [23]. Increasing the water content in AOT
induces a movement of the dye molecules to the water pool and
the photophysical behavior approaches that in water solution,
although not reaching the values in bulk alkaline water. In Fig. 3
typical plots of the fluorescence decay dependence on w are
shown.

In Fig. 4 the fluorescence lifetime is shown as a function of the
water content of the RMs. In BHDC the fluorescence quantum yield
are the largest and lifetimes the longest. They are practically
independent of the water content. It can be conclude that in this
system the dye remains in a region of low polarity, close to the
organic phase, at all w values. In the case of AOT the fluorescence
quantum yield is intermediate between water and methanol and
shows a slight decrease on increasing w. Also a decrease in lifetime
is noticeable as w increases, but the value in water is not reached
even at w = 50. The effect of the water content on the fluorescence
spectrum in AOT is shown in the inset in Fig. 4. Also in this case at
the higher value of w the maximum is red shifted by two nm with
respect to pure water. It is interesting to note that the parameters
stabilize for w > 20 and become nearly independent of the water
content.

3.2. Triplet state

The excited triplet state of the dye was investigated by means of
laser flash photolysis. The transient absorption spectra of MCr in
various media upon laser pulse excitation at 532 nm are shown in
Fig. 5. The apparent maxima present immediately after the laser
pulse are collected in Table 1.

At short times the difference transient absorption spectrum in
buffer presents two maxima at 370 and 555 that can be ascribed to
the T–T transition. In MeOH the spectrum is similar but the
maximum in the visible is now at 365 nm. In AOT RMs the
spectrum is very alike to that in water, except at very low water
content. In BHDC the maximum in the visible is at 570 nm but now
it presents two maxima in the UV at 360 and 420 nm. In the latter
medium the spectrum is the same at w = 10 or 20. It is important to
note that, since these are difference spectra, the maximum of the
apparent bands of the T–T transitions is affected by the bleaching



Fig. 6. Transient absorption spectra of MCr in the presence of DPA. MeOH (DPA
0.066 M) at 180 ms after the laser pulse (black); BHDC (w = 10, DPA 0.095 M) at
350 ms after the laser pulse (red); AOT (w = 10 DPA 0.018 M) at 450 ms after the laser
pulse (green). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. Transient absorption spectra of MCr in the presence of TEOA. BHDC (w = 10,
TEOA 3 mM) at 300 ms after the laser pulse (red); AOT (w = 10, TEOA 3.5 �10�4M) at
450 ms after the laser pulse (black). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Transient absorption spectra of MCr taken at 5 ms after the laser pulse in
buffer pH 8 (black); at 2 ms in MeOH (red); at 1 ms in AOT 0.1 M w = 20 (green) and at
2 us in BHDC w = 20 (blue). (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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due to ground state absorption which in turns changes with the
medium, see Fig. 1. Accordingly, the apparent maximum at 420 nm
in BHDC is most likely an effect of the red shifted position of the
bleaching, and therefore the difference spectrum shows now a T–T
absorption band that is hidden by the bleaching in the other media.
In both reverse micellar media the spectrum is independent of the
detergent concentration in the range 0.05–0.2 M.

After the triplet decay an absorption in the region 300–500-nm
remains, in all cases, It is more important in the case of
homogeneous solvents and in BHDC than in AOT. The spectral
characteristics of the species formed after the triplet decay can be
explained in terms of the self quenching of the triplet dye by
ground state molecules. The semioxidized radical and the semi-
reduced forms are formed this process. MCr exist mainly as a
dication at pH > 7 [27] and the self quenching reaction may be
written as

3MCr= + MCr=! MCr 3�. + MCr �.

The semireduced form absorbs in the region of 360–400 nm
with lmax depending of the pH and polarity of the medium, while
the semioxidized form is expected to absorb around 440 nm, by
analogy with other xanthene dyes [28]. This is confirmed by the
transient spectra in the presence of electron donors and acceptors
resulting by the electron transfer quenching of the triplet state. The
self quenching rate constant in buffer pH 8 was determined as
1.8 � 108M�1 s�1. In RMs the self quenching process must take
place by an intermicellar process, since the occupation number is
<0.1. This is the cause of the longer triplet lifetime observed in
these media under similar experimental conditions.

3.3. Triplet quenching by amines and 1,4-benzoquinone

Aliphatic amines have been used as an electron donor in the
polymerization of vinyl monomers photoinitiated by visible light
using synthetic dyes as photosensitizer [29,30]. It was demon-
strated that the initiation mechanism involves the generation of
active radicals through the quenching of the triplet state of the dye
by the amine. Since MCr was employed as a sensitizer in these
photopolymerization studies, and the feasibility of conducting the
polymerization process in reverse micelles afford a means of
obtaining nanoparticles of high molecular weight and a narrow
size distribution [31] it was of interest to investigate the triplet
quenching processes for MCr in RMs by potential co-initiators of
vinyl polymerization.

Triethanolamine (TEOA) and dipropylamine (DPA) were
employed as electron donors for triplet quenching. In Figs. 6
and 7 the transient absorption spectra of the dye in the presence of
DPA and TEOA are shown in homogeneous and RMs media. The
maximum ca. 400 nm was attributed to the semireduced dye
formed in Reaction (2)

3MCr = + DPA —1 (MCr 3�. . . . DPA+.) —! MCrH=. + DPA(�H). (2)

A similar process was observed in water in the quenching by
triethanolamine [27].

The spectra in Fig. 6 show that in AOT the radical yield is much
less than in BHDC in spite of the triplet being quenched to the same
extent. It must be noted that DPA is a molecule of low solubility in
water and it is probably partitioned between the bulk organic
phase and the inner interphase of the reverse micelle.

The water soluble TEOA is located mainly in the water pool and
the electron transfer process takes place in the interphase where
the dye molecules reside. The differences in the spectra between
AOT and BHDC are probably due to the fast recombination of the
radicals in AOT due to the confined environment where the
electron transfer quenching takes place.

Vinyl polymerization can also be initiated by photooxidation of
a dye by strong electron acceptors [32]. To explore the interaction
of MCr excited triplet with an electron acceptor we have
investigated the triplet quenching by BQ. It was found that both
in homogenous system and in RMs the semioxidized form of the
dye was generated by laser flash excitation in the presence of BQ. In
Fig. 8 the transient absorption spectra in the presence of BQ is
shown. In this case after the triplet decay it is evident that a long
lived transient with a maximum at 440 is present in BHDC, while in



Fig. 8. Transient absorption spectra of MCr in the presence of BQ. BHDC (w = 10, BQ
1.1 �10�5M) at 100 ms after the laser pulse (red); AOT (w = 10 BQ 2 � 10�4M) at
180 ms after the laser pulse (black). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Triplet quenching by BQ in BHDC (�) w = 10 and AOT w = 10 (�).

Table 2
Triplet quenching rate constants in units of M�1 s�1.

MeOH AOT w = 10 BHDC w = 10

DPA 2 � 105 2 � 105 1 �105

TEOA 1.3 �108 3.8 � 107 1.6 � 106

BQ 6.6 � 108 3.6 � 107 4.0 � 109
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AOT the dye has mostly recovered, with a very low yield of radicals.
This absorption can be ascribed to the semioxidized form of MCr by
analogy with other xanthene dyes [25]. The broad band with
maximum at 440 also contains a contribution for the radical anion
of BQ, absorbing at 460 nm, but with a lower absorption coefficient
than the semioxidized dye [33].

In the presence of the quenchers the triplet decays mono-
exponentially. 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 Q½ � ð1Þ
where t is the triplet lifetime, ko is the first order rate constant for
the triplet decay in the absence of the amine and [Q] is the
analytical concentration of the quencher.

In Figs. 9 and 10 plots of 1/t vs. the analytical concentrations of
TEOA and BQ respectively are presented. It should be noted that at
the quenchers concentrations used in these experiments, singlet
quenching was not observed. The quenching rate constants were
additionally determined in MeOH and all the results are collected
in Table 2.

In order to understand the differences in the apparent
quenching rate constants several factors must be considered. In
a homogeneous solvent the quenching efficiency depends on the
electron donor or acceptor capability of the quencher. Thus rate
constant for DPA, with a potential of 1.02 V is two order of
magnitude lower than that of TEOA (0.90 V) in MeOH [34]. BQ is a
very efficient electron acceptor (E1/2 = 0.50 V [35]) and its rate
constant is the higher in the homogeneous solvent. On the other
hand, in RMs the order of the rate constants does not correlate with
Fig. 9. Triplet quenching by TEOA in BHDC (�) w = 10 and AOT (�) w = 10.
the electron transfer reaction free energy change. While for DPA
the rate constants are the lowest and of the same order in all of
system studied, for TEOA it is higher than for DPA. In AOT it is
similar to the homogeneous solvent, but it is one order of
magnitude lower in BHDC. On the other hand, for BQ the highest
value is in BHDC, two orders of magnitude higher than in AOT,
which in turn is lower than in MeOH. These divergences most likely
arise from different partitions of the quenchers in the reverse
micellar systems.

TEOA, being a hydrophilic molecule, is most likely in the water
pool of the RMs. However, at the concentration employed in the
quenching experiments in AOT the mean occupation number is in
the range 0.1–0.5, therefore, the quenching mechanism probably
involves a combination of intramicellar processes and intermi-
cellar quencher exchange. Similarly to the quenching of eosin in
reverse micelles [13] the rate constant in AOT is one order of
magnitude higher than in BHDC although for the quenching of MCr
triplet they are much lower than for the quenching of eosin. This
reflects a different location of MCr, deeper in the interfacial region
closer to the organic phase than that of eosin.

BQ is mostly in the bulk organic phase, the high value for the
rate constant in BHDC is an indication of the preference of BQ for
the aromatic components of the hydrophobic tails of the surfactant
molecules. From the absorption and fluorescence spectra of MCr its
location can be estimated as in close proximity to the organic
phase, therefore a higher local concentration of BQ in the
proximities of the dye is to be expected.

In summary, the excited state properties of the dye depend
upon the nature of the RMs. In anionic AOT, in spite of MCr being in
its dianionic form, the dye localizes in the interface, sensing a
medium of micropolarity similar of that of MeOH. The photo-
physics is sensitive to the size of the water pool. However,
absorption and fluorescence parameters do not reach the values in
pure water even at the highest water content. On the other hand, in
BHDC the photophysics and the photochemical behavior can be
explained by an exposition of MCr molecules to potential quencher
of the excited states localize in the organic phase. Accordingly the
yield of radicals in the electron transfer quenching of the dye,
depends upon the type of quencher and surfactant employed.
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