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a b s t r a c t

The behavior of coumarin 343 (C343), a common molecular probe utilized in solvation dynamics
experiments, was studied in water/sodium 1,4-bis-2-ethylhexylsulfosuccinate (AOT)/benzene reverse
micelles (RMs). In all the studies performed until now, C343 was not soluble in the organic solvent used
to create the RM systems (namely different alkanes such as n-heptane, cyclohexane or isooctane). In this
work we have chosen benzene as the organic solvent because C343 is completely soluble at the work
concentration used (w10�6 M). Thus, a well known AOT RM system: benzene/AOT/water has been used
in order to gain insights, for the first time, on how the RMs’ formation can affect the C343 spectroscopic
behavior.

Dissolved in pure benzene C343 exists as a dimer since the intermolecular H-bond interactions are
very strong in this solvent. When introduced to the AOT RMs, C343 resides in the RMs’ interface and, at
low occupation number the probability of finding more than one C343 molecule is reduced and only
C343 monomer species is detected. From the spectral changes it was possible to determine the critical
micelle concentration at W0¼ 0 and 10 and the C343 partition constants between two pseudophases.

In summary, in this work we have shown how the spectroscopic behavior of C343 is dramatically
altered because of the partition of the dye to the AOT RMs’ interfaces.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The 7-aminocoumarins, such as coumarin 343, C343 (Scheme
1), are strong chromophores that are used in a broad range of
applications such as laser dyes [1] and probing the dynamics of
condensed-phase environments like solutions and in more
complex environments like proteins and organized systems
[2e10]. Basically, the properties that cause the 7-aminocoumarins
to be effective for those purposes are (1) they are rigid, (2) they
have strong radiative rates and (3) they possess strong
solvatochromism [11].

It is already known that the absorption and emission spectros-
copy of C343 depends strongly on its environment [12e17]. In this
way, we have demonstrated [10] that polarity of the solvent (p*)
alone cannot account for the solvatochromic behavior of C343 and,
that specific interactions play an important role in the C343 spec-
troscopy. Specifically, in the ground state the molecule displays
a bathochromic shift with p* and the H-bond acceptor (b) ability of
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the solvents. The carboxylic acid group causes C343 to display
greater sensitivity to the b than to the p* polarity parameter; this
sensitivity increases in the excited state. This challenges the general
interpretation of C343s solvatochromic behavior that primarily
reflects the polarity of the medium [12,17]. Moreover, in that work
it was demonstrated that due to its very low solubility, C343 forms
a J-aggregatewith non-defined stoichiometry in non-polar solvents
or solvents with low polarity and H-bond acceptance ability [10].

Recently [18], we have shown the implications of the medium
polarity, p*, in the C343 inter/intramolecular H-bond interactions
and the role that this interaction plays in the aggregation process of
the dye. In pure benzene and because of the high C343 solubility, it
has been postulated that the aggregate species is a dimer which
prevails because the intermolecular H-bond interaction is favored.
On the other hand, as the n-heptane content increases and the
polarity of the mixture decreases, the intramolecular H-bond is the
strongest and the C343 monomer is favored [18]. Thus, clearly the
medium has a remarkable impact on C343 aggregation process.

Reverse micelles (RMs) are aggregates of surfactants formed in
a non-polar solvent. The polar head groups of the surfactants
point inward and the hydrocarbon chains point toward to the
non-polar medium [19e21]. A common surfactant used to form
RMs is sodium 1,4-bis (2- ethylhexyl) sulfosuccinate (AOT)
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Scheme 1. Molecular structure of dye C343 and the surfactant AOT.
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(Scheme 1). The RMs formed with this surfactant can solubilize
a large quantity of water in a wide range of non-polar solvents,
reaching values of W0¼ [H2O]/[AOT] as large as 40e60 depending
on the non-polar solvent, the solute and the temperature [19e21].
RMs can be interesting microreactors for heterogeneous chem-
istry, as well as templates for nanoparticles and models for
biological membranes [22].

Frequently and because of C343 has sensitivity to specific
properties of the systems, it has been used to learn about the
structure of different organized media such as RMs [2e6,17,23,24].
The use of C343 to monitor interesting RMs’ properties has always
been performed in RMs where C343 is not soluble in the organic
pseudophase. In the majority of the studies, the non-polar organic
solvents used were alkanes such as n-heptane, isooctane and
cyclohexane where C343 solubility is negligible and the low solu-
bility leads it to be located at micelle interfaces or interior avoiding
problems of partitioning [2,3,9,10,17].

On the other hand, aromatic solvents such as benzene and
toluene can also be used to create the RMs [19,25] and, as the C343
solubility is higher than in saturated hydrocarbons it can be
investigated in the system even when RMs are not present. Very
valuable information can be obtained if the molecular probe is
dissolved in the non-polar pseudophase and the whole RMs’
formation process is monitored. Therefore, critical micelle
concentration (CMC), changes in the surrounding micropolarity
and microviscosity and, how the external solvent can affect the
water structure and interfacial properties upon encapsulation can
be investigated. Moreover, RMs’ media can dramatically affect
molecular probe properties that cannot be possible to dowhen they
are dissolved in homogeneous media, for example, acidebase and
aggregation equilibriums [10,26,27].

Thus, in this work, we perform a detailed investigation about
the C343 behavior in benzene/AOT/water RMs using absorption
and emission spectroscopy at different surfactant and water
concentrations. The aim of the work is to investigate how the
partition process between benzene and AOT RMs can affect the
spectroscopic behavior of C343. For this reason we have chosen
a well-known AOT RMs’ system: benzene/AOT/water [28e31] in
order to gain insights on how the RMs’ formation can affect the
C343 spectroscopic behavior.

The results show that C343 dimer species in benzene is con-
verted intomonomer (de-aggregation process of the dye) when the
AOT RMs is forming. Consequently, C343 exists solely as monomer
at the RMs’ interface at W0¼ 0 and 10. The dye de-aggregation
process was used in order to evaluate the CMC of the RMs and,
the spectral changes allow us to calculate C343 partition constant
between two pseudophases. It seems that water molecules pene-
trate more into the oil side of the RMs’ interface when benzene is
the non-polar organic solvent as it was suggested previously
[25,28e31].
2. Materials and methods

2.1. Materials

Sodium 1,4-bis (2-ethylhexyl) sulfosuccinate (AOT) (Sigma
>99% purity) was used as received and was kept under vacuum
over P2O5 to minimize H2O absorption. The absence of acidic
impurities was confirmed through the 1-methyl-8-oxyquinolinium
betaine (QB) absorption bands [28].

Coumarin 343 (C343, Exciton) was used without further puri-
fication. Benzene (Merck spectroscopic quality) was used as
received and ultrapure water was obtained from Labonco equip-
ment model 90901-01.
2.2. Methods

The stock solutions of AOT in the benzene were prepared by
mass and volumetric dilution. To obtain optically clear solutions
they were shaken in a sonicating bath and, water was added using
a calibrated microsyringe. The amount of water present in the
system is expressed as the molar ratio between polar solvent and
the surfactant (W0¼ [H2O]/[AOT]) and was kept constant and equal
to 0 or 10 in every system investigated.

To introduce the molecular probes, a 0.01 M solution of C343
was prepared in acetonitrile (Sintorgan HPLC quality). The appro-
priate amount of this solution to obtain a given concentration
(6.0�10�6 M) of the probe in the micellar mediumwas transferred
into a volumetric flask, and the acetonitrile was evaporated by
bubbling dry N2; then, the surfactant RMs’ solution was added to
the residue to obtain a [AOT]¼ 0.30 M. The stock solution of AOT
0.30 M and the molecular probe were agitated in a sonicating bath
until the RMs were optically clear. To the cell baring 2 mL of C343 of
the same concentration in the aromatic solvent, was added the
appropriate amount of surfactant and molecular probe stock solu-
tion to obtain a given concentration of surfactant in the micellar
media. Therefore, the absorption or emission of the molecular
probe was not affected by dilution.
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All experimental points were measured three times with
different prepared samples. The pooled standard deviationwas less
than 5%. In all the cases, the temperature was kept at 25 �C� 0.2 �C.
2.3. General

UV/visible spectra were recorded using a spectrophotometer
Shimadzu 2401 with a thermostated sample holder. A Spex fluo-
romax apparatus was employed for the fluorescent measurements.
Corrected fluorescence spectra were obtained using the correction
file provided by the manufacturer. The path length used in the
absorption and emission experiments was 1 cm. lmax was
measured by taking the midpoint between the two positions of the
spectrum where the absorbance is equal to 0.90� Amax. The
uncertainties in lmax are about 0.10 nm.
3. Results and discussions

3.1. C343 in benzene/AOT reverse micelles. W0¼ 0

Previous spectroscopic studies performed in cyclohexane reveal
that due to its low solubility, C343 forms aggregateswith no defined
stoichiometry.[10] It seems that non-specific interactions (sol-
vophobic interaction) play a key role to make the C343 aggregation
process to go beyond the simple monomeredimer equilibrium
yielding higher-order aggregates. This conclusionwas based on the
absence of a clear isosbestic point in the C343 absorption spectra
varying the dye concentration. The spectroscopic data showed that,
in cyclohexane themonomer species absorbs at 405 nmandemits at
435 nm, while for the higher-order aggregates species the absorp-
tion band peaks at 425 nm and emits at 460 nmwith low emission
quantumyield in comparisonwith themonomer emission quantum
yield [10]. On the other hand, and itwas discussed above, in benzene
C343 forms dimer species (lmaxabs¼ 442 nm and lmaxem¼ 462 nm)
because the dye solubility is higher in comparisonwith cyclohexane
and the inter H-bond interaction is favored with respect to the intra
H-bond interaction [18].

Fig.1 shows the absorption spectra of C343 in benzene/AOT RMs
varying the surfactant concentration at W0¼ 0. As can be seen, in
benzene the absorption spectrum has a maximum at
lmax¼ 442 nm and a shoulder at 421 nm that was previously
assigned to the C343 dimer species [18]. As the AOT concentration
Fig. 1. Absorption spectra of C343 in benzene/AOT reverse micelles varying the [AOT]
at W0¼ 0, [C343]¼ 6.0� 10�6 M.
increases, the absorbance of the low energy band decreases and
a new band develops at lmax¼ 416 nm which shifts to
lmax¼ 409 nm at AOT 0.30 M. Interestingly, the band that peaks at
lmax¼ 442 nm that correspond to the dimer species does not shift
with the surfactant concentration, results that probably reflect the
fact that C343 dimer is located only in the benzene pseudophase.

Moreover, it can be seen a clear isosbestic point at 421 nm that
suggests the presence of two different species involved in a simple
equilibrium. A question may arise here about which are the species
and what is the nature of this equilibrium? As it was mentioned
above, in previous work we found that in benzene at [C343]¼
6�10�6 M, the dye forms J type dimer through intermolecular H-
bond interaction between two C343 carboxyl groups (Scheme 1)
with an absorption band at l¼ 442 nm [18]. On the other hand,
unlike its behavior in benzene, it is known that C343 does not
aggregate in the RMs, which can be explained through Poissonian
statistics [10]. At surfactant concentrations above the CMC, the
occupation number is defined by Eq. (1):

n ¼ ½dye�
½RM� (1)

where [RM] represents the concentration of RMs, defined by Eq.
(2):

½RM� ¼ ½Surfactant� � cmc
Nagg

(2)

with Nagg, the aggregation number, that is the number of surfactant
molecules in the RMs [32].

If on average, at the probe concentration used, n< 1, less than
one molecule occupies any given RM and the environment leads to
the complete de-aggregation of dye [10,33e35]. Thus, finding more
than one dye molecule in any RM would be very unlikely and the
aggregation process that C343 undergoes in benzene does not
occur in the RMs’ interface.

In summary, in pure benzene C343 exists as the dimer species
with a lmaxabs¼ 442 nm because the intermolecular H-bond
interaction is favored, while in AOT RMs, C343 is located as
monomer species at the interface with a lmaxabs¼ 409 nm and the
intramolecular H-bond is the strongest interaction.

Because C343 ismore sensitive to the solvent polarity and the H-
bond interaction in its excited state we used emission techniques to
gain more insights about C343 behavior. Fig. 2 shows the emission
Fig. 2. Emission spectra of C343 in benzene/AOT RMs varying the [AOT] at W0¼ 0.
[C343]¼ 6.0� 10�6 M. lexc¼ 418 nm.



Fig. 3. C343 absorbance changes (From Fig. 1 at l¼ 451 nm) with the surfactant
concentration for benzene/AOT RMs at W0¼ 0. [C343]¼ 6.0�10�6 M. The black line is
the fitting of the data to Eq. (7). A Corresponds to C343 absorbance value in pure
benzene.

Fig. 4. (A) Absorption spectra of C343 in benzene/AOT/water reverse micelles varying
the [AOT] at W0¼10. (B) Emission spectra of C343 in benzene/AOT/water reverse
micelles varying the [AOT] at W0¼10, [C343]¼ 6.0� 10�6 M. lexc¼ 418 nm.
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spectra of C343 in benzene/AOT RMs varying the AOT concentra-
tion. It can be seen that until [AOT]¼ 0.01 M, there is practically no
variation on the C343 emission maxima that corresponds to the
dimer species (lmaxem¼ 462 nm). After that, the band shifts hyp-
sochromically to lmaxem¼ 444 nm which is characteristic of the
C343 monomer located at the RMs’ interface [10].

3.1.1. Calculation procedure of the molecular probe partition
constant

The partition of C343 between AOT RMs and the external
solvent, benzene, was treated within the framework of the pseu-
dophase model [34,36e41]. This model considers the RMs as
a distinct pseudophase whose properties are independent of the
surfactant concentration and are only determined by the value of
the characteristic parameter W0. In this model, only two solubili-
zation sites are considered, that is, the external solvent and the RM
interface (i.e. all the surfactant molecules). In this way, the distri-
bution of C343 between the micelles and the external solvent
pseudophase defined in Eq. (3) can be expressed in terms of the
partition constant Kp shown in Eq. (4):

C343f#C343#b (3)

Kp ¼ ½C343�#b
½C343�f

(4)

The terms in brackets represent free (f) and bound (b) C343, in
terms of local concentrations. If [C343]b is the analytical (bulk)
concentration of micelle bound substrate, Eq. (5) holds.

½C343�b# ¼ ½C343�b
½AOT� (5)

and hence Kp can be expressed as in Eq. (6)

Kp ¼ ½C343�b
½C343�f ½AOT�

(6)

where [C343]f is the concentration of the substrate in the organic
solvent, and [AOT] is the AOT concentration. This equation applies
at a fixed value of W0 and when [C343]T� [AOT] where [C343]T is
the probe analytical concentration.

The values of Kp can be determined from the changes with the
surfactant concentration at a given W0 in the C343 absorption
spectra (Fig. 1) measured at a given wavelength. Thus, for C343 Kp
was determined using Eq (7) [42e44].

Al ¼
�

3f þ 3b½AOT�Kp

�
½C343�T�

1þ Kp½AOT�
� (7)

where Al is the absorbance at different surfactant concentration, 3
f

and 3
b are themolar extinction coefficients for C343 in benzene and

in AOT RMs’ interface, respectively, and [C343]T is the total dye
concentration.

Fig. 3 shows representative plots of C343 absorption maxima at
l¼ 451 nm as a function of AOT concentration at W0¼ 0. Also, the
data at [AOT]¼ 0 that correspond to C343 in pure benzene is
plotted for comparison. The data shown in the figure were fitted to
Eq. (7) using a non-linear regression method and the Kp values
obtained is 73� 5 M�1.

3.2. C343 in benzene/AOT/water reverse micelles. W0¼10

With the addition of water to the AOT RMs, the C343 spectra
change in comparison with the system with no water addition
(W0¼ 0). Fig. 4A shows absorption spectra of C343 as a function of



Fig. 6. Absorption values at 442 nm as a function of log [AOT], in benzene/AOT/water
reverse micelles media at W0¼10. [C343]¼ 6.0�10�6 M.
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[AOT] at W0¼10 while Fig. 4B shows the emission spectra of C343
in benzene/AOT/water RMs varying the AOT concentration at
lexc¼ 418 nm. As it can be observed, the absorption spectra of C343
shows the absorption maxima characteristic of the dimer
(lmax¼ 442 nm) at low [AOT], while at surfactant concentration
higher than 5.1�10�3 M the dimer band develops to the monomer
species band located at lmax¼ 417 nm at any surfactant concen-
tration. It should be noted that the monomer band peaks 8 nm to
lower energy in comparison with the monomer absorption band at
W0¼ 0 which reflects the fact that the micropolarity of the RMs’
interface increases in the presence of water [10].

Fig. 5 shows the changes in the lmaxem values for C343 in
benzene/AOT/water RMs at W0¼10 varying the surfactant
concentration at lexc¼ 418 nm. Also, the data at [AOT]¼ 0 that
correspond to C343 in pure benzene (without water addition) is
plotted for comparison. From Figs. 4B and 5 it can be seen that the
behavior of C343 is different atW0¼10 in comparison with W0¼ 0
(Fig. 2) because of, upon the water addition, the emission band
shifts bathochromically as the surfactant concentration increases. It
moves from lmax¼ 462 nm (characteristic of the dimer in benzene)
to lmax¼ 478 nm at [AOT] greater than 0.10 M. It seems that, C343
monomer after excitation senses a polar environment at the AOT
RMs’ interface due to the presence of water molecules [28]. It must
be noted that in benzene/AOT/water RMs the micropolarity sensed
by C343 at the interface is greater than the one observed in n-
heptane/AOT/water RMs [10]. It seems that water molecules
penetratemore into the oil side of the RMs’ interfacewhen benzene
is the non-polar organic solvent as it was suggested previously
[28e31].

In summary, as we only detect the C343 monomer species in
benzene/AOT RMs without and with water we expect that C343
exists at the RM interface, with the carboxylic end of the molecule
pointing toward the polar head of the surfactant. In this non-polar
environment the C343 intramolecular H-bond is reinforced and the
carboxylic proton is not available to interact with the polar head of
AOT.

From the inflection point of the plot presented in Fig. 6, the CMC
value can be determined giving a value of around 2.5�10�2 M at
W¼ 0 (not shown) and 7.3�10�3 M atW0¼10, similar to previous
result for benzene/AOT RMs at W0 [45]. Since it is known that for
RMs the CMC values depend on the method used to determine it, it
is customary to define this concentration value as operational CMC
Fig. 5. Emission maxima shifts of C343 in benzene/AOT/water reverse micelles varying
[AOT] at W0¼10. A Corresponds to C343 emission maxima wavelength value in pure
benzene. lexc¼ 418 nm.
[26,46,47]. As it was previously demonstrated for AOT the presence
of water helps the RM formation with the consequent decreases in
the CMC value [19,46]. Moreover, the results show the importance
of the RMs’ interface in the de-aggregation process of a dye and
how this process can be used in order to determine a micellar
parameter like CMC.

As it was discussed, at W0¼ 0, from the plot of C343 absorption
maxima at l¼ 451 nm as a function of AOT concentration at
W0¼10 (results not shown) the Kp value was obtained. The data
were fitted to Eq. (7) using a non-linear regression method and, the
Kp values obtained is 62� 8 M�1. As it can be observed the Kp values
are similar at bothW0 investigated which is probably reflecting the
fact that the dimer to monomer conversion has a crucial role in
C343 partition process even more than the differences in the
micropolarity.

4. Conclusion

We have performed a detailed study of the spectroscopy of
coumarin 343 (C343), a commonmolecular probe, in benzene/AOT/
water RMs. In the present contribution and because of the dye is
soluble in pure benzene, for the first time using C343 as molecular
probe it was possible to investigate the effect that the RM formation
has on C343 spectroscopy.

Dissolved in pure benzene C343 exists in its dimeric form
because of the strong intermolecular H-bond interaction. When
introduced to the AOT RMs, C343 resides in the RMs’ interface and,
because of the low reverse micelles occupation number the prob-
ability of having more than one C343 molecule is dramatically
reduced and only C343 monomer species is detected. From the
spectral changes it was possible to determine the critical micelle
concentration at W0¼ 0 and 10 and the C343 partition constants
between two pseudophases. With regard to AOT RMs’ interfacial
properties it was demonstrated that water penetrates more to the
oil side of the interface in comparison with n-alkanes/AOT RMs.

In summary, we demonstrated the importance of understanding
the chemistry of molecular probes in homogeneous media in order
to not introduce artifacts into the interpretation of the behavior in
more complex media such as reverse micelles. Also, it has been
shown, for the first time, the spectroscopic changes that C343
experiments due to the partition process that the dye undergoes
because of the RMs’ formation. Thus, our work reveals the
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importance that the medium has on the behavior of a widespread
dye used as chromophore, C343, for very different systems such as
homogenous and microheterogenous media. We want to call the
attention that considerable care in choosing and characterizing the
molecular probe is required in order to analyze the results fully,
especially if the dye can undergo a partition process between
different pseudophases.
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