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ABSTRACT

The fluorescence properties of 3-methylindole (MI), 3-
indoleacetic acid (IAA), 3-indoleethyltrimethylammon-
ium bromide (IETA), L-tryptophan (Trp) and tryptamine
hydrochloride (TA) were studied in reverse micelles so-
lutions made with the cationic surfactant benzylhexade-
cyldimethylammonium chloride (BHDC) in benzene as a
function of the molar ratio water/surfactant R (5 [H2O]/
[BHDC]). The fluorescence quenching of the model com-
pound MI by benzene in cyclohexane solutions and by
BHDC in benzene solutions were also studied in detail.
The fluorescence of MI in benzene is characteristic of a
charge-transfer exciplex. The exciplex is quenched by the
presence of BHDC, due to the interactions of the surfac-
tant ion pairs with the polar exciplex. In reverse micelle
solutions at low R values, all the indoles show exciplex-
type fluorescence. As R increases, the fluorescence be-
havior strongly depends on the nature of the indole de-
rivative. The anionic IAA remains anchored to the cat-
ionic interface and its fluorescence is quenched upon wa-
ter addition due to the increases of interface’s
micropolarity. For IETA, TA and Trp an initial fluores-
cence quenching is observed at increasing R, but a fluo-
rescence recovery is observed at R . 5, indicating a
probe partition between the micellar interface and the
water pool. For the neutral MI, the fluorescence changes
with R indicate the partition of the probe between the
micellar interface and the bulk benzene pseudophase. A
simple two-site model is proposed for the calculation of
the partition constants K as a function of R. In all cases,
the calculation showed that even at the highest R value,
about 90% of the indole molecules remain associated at
the micellar interface.
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INTRODUCTION
The excited state properties of indolic compounds have been
widely investigated, mainly due to the biological relevance
of these molecules. The interest on the fluorescence of these
molecules also arises from the utility of the indole chro-
mophore as an intrinsic probe of the structure and function
of proteins and enzymes (1,2).

Reverse micelles can be considered as a very simple mod-
el of biological systems. They present three different sites
for location of small probe molecules: i.e. the internal water
pool, the micellar interface formed by the monolayer of sur-
factant molecules and the external organic phase (3–5). It is
therefore of interest to investigate the excited state behavior
of indolic compounds in these systems. Fluorescence tech-
niques have been extensively employed to determine the par-
tition of fluorescent probes and/or quenchers in reverse mi-
celles and in several other organized systems (6,7). In par-
ticular the fluorescence properties of indole derivatives were
previously used to gain information on its distribution
among the three regions of the reverse micellar system
formed by the negatively charged surfactant sodium bis(2-
ethylhexyl) sulfosuccinate (AOT)† dispersed in n-heptane
(8,9).

In this work we present a study of the fluorescence prop-
erties of indole derivatives in reverse micelles formed by the
cationic surfactant benzylhexadecyldimethylammonium
chloride (BHDC) dispersed in benzene. Not only does the
electrical charge of the interface differ from the previous
investigations in AOT, but the organic solvent also presents
a particular medium for the excited state behavior of indolic
compounds. In fact, it was previously demonstrated that in
benzene and other aromatic solvents, the fluorescence of in-
dole and its derivatives is greatly quenched, and the emission
changes to an exciplex-type behavior (10). Therefore, it is
expected that in the BHDC–benzene system the indoles may
present an exciplex-like fluorescence emission. We have pre-
viously presented the use of exciplexes to sense the prop-

†Abbreviations: AOT, sodium bis(2-ethylhexyl) sulfosuccinate;
BHDC, benzylhexadecyl-dimethylammonium chloride; IAA, 3-
indoleacetic acid; IETA, 3-indoleethyltrimethylammonium bro-
mide; MI, 3-methylindole; SV, Stern–Volmer; TA, tryptamine hy-
drochloride; Trp, L-tryptophan.
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Scheme 1. Chemical structure of 3-substituted indole derivatives
and the cationic surfactant BHDC.

Figure 1. Stokes shifts in kK (51000 cm21) for 3-methylindole in
several solvents: n-heptane (Hp), cyclohexane (CHx), benzene (Bz),
ethylacetate (EA), 1,2-dichloroetane (DCE), 1-propanol (PrOH), eth-
anol (EtOH) and methanol (MeOH). Df 5 ([e 2 1]/[2e 1 1]) 2 ([n2

2 1]/[2n2 1 1]). Regression data (benzene data is not considered):
intercept 5 2.74 6 0.10 kK, slope 5 13.36 6 0.46 kK21, R 5 0.997.

erties of reverse micellar systems, in particular the interfacial
region (11,12). In the previous work, the exciplex was
formed with pyrene derivatives and a neutral quencher. In
the present case, the probe and the organic solvent form the
exciplex. To our knowledge, the possibility of the use of this
kind of exciplex for probing microenvironments was not ex-
plored. Our results show that the emission of the indole–
benzene exciplex is quenched in BHDC media. From the
effect of the water content in the reverse micelle system on
the emission spectra of the indoles, several conclusions
could be obtained about the location and partition effect of
the indolic compounds in this medium.

EXPERIMENTAL
Materials. All the chemicals were obtained from Sigma Chemical
Co. (St. Louis, MO) in their highest purity degree. Structural for-
mulae are shown in Scheme 1. 3-Indoleacetic acid (IAA) was re-
crystallized several times from ethanol adding small amounts of a
concentrated HCl aqueous solution. The surfactant BHDC was twice
recrystallized from ethylacetate and dried under vacuum. All the
organic solvents were from Sintorgan (Buenos Aires, ARG) (high-
performance liquid chromatography grade) and used as received.
Water was triply distilled.

Preparation of the solutions. Reverse micellar solutions with
IAA, L-tryptophan (Trp), tryptamine hydrochloride (TA) and 3-in-
doleethyltrimethylammonium bromide (IETA) were prepared by the
addition of a small amount of the indole derivatives dissolved in
water to a 0.1 M BHDC benzene solution. Incorporation of MI into
the BHDC solutions was performed by addition of few microliters
of a stock benzene solution. The water to surfactant molar ratio R
(5 [H2O]/[BHDC]) was adjusted with neutral water for all the in-
doles except for IAA, where the water pool was formed with NaOH
aqueous solutions at pH 9 in order to assure total deprotonation of
the carboxylic group (pKa ca 5). The mixture was shaken or mildly
sonicated for a few minutes until a visually clear solution was ob-
tained. In all cases, the final concentration of the indole derivatives
was ca 5 3 1025 M. Under these conditions, and taking into account

the aggregation number of BHDC in benzene at the different R val-
ues (13), the indole to micelles molar ratio was always ,0.3. In all
cases R was varied up to 23.6, because above this value the solutions
showed phase separation.

Methods. The absorption spectra were recorded with a Shimadzu
UV-2102PC spectrophotometer. Steady-state fluorescence spectra
were measured with a Spex Fluoromax spectrofluorometer in air-
equilibrated solutions. The excitation wavelength was 290 nm. In
all cases the fluorescence spectra of the indole derivatives were cor-
rected by subtracting the small residual fluorescence of the medium
(BHDC–benzene–water solutions). Fluorescence quantum yields
were determined by using as standard the fluorescence of MI in
water (Ff 5 0.34 6 0.02) (14). In all cases the quantum yields were
corrected for the difference in refractive index of the solvents.

Lifetime measurements were performed by using the single pho-
ton counting technique with an Edinburg OB900 apparatus. Exci-
tation was at 290 nm, whereas emission was observed at the fluo-
rescence maximum of the indoles (ca 340 6 10 nm). All experi-
ments were performed by duplicate and under controlled tempera-
ture of 258C, in order to avoid problems related with the
precipitation of BHDC at lower temperatures.

RESULTS AND DISCUSSION

The MI–benzene exciplex

The fluorescence band of indole derivatives is solvent de-
pendent, being less structured and redshifted in polar media
(15,16). However, the fluorescence maximum of the indoles
in benzene and in others aromatic solvents cannot be ex-
plained in terms of solvation effects. Figure 1 shows the
Stokes shifts observed for MI (that can be considered as
model compound for the rest of the 3-substituted indole de-
rivatives) plotted following the Lippert–Mataga relationship
(Eq. 1) (17).

2 22(m* 2 m) e 2 1 n 2 1
v 2 v ù 2 1 const (1)ab em 3 21 2a hc 2e 1 1 2n 1 1

It can be seen that benzene diverges from the linear corre-
lation. Typically, deviation of the Lippert–Mataga correla-
tion results from specific solvent interactions, such as hy-
drogen bonding or charge-transfer interactions.

Figure 2 shows the emission changes produced by adding
benzene to a cyclohexane solution of MI. At benzene con-
centrations lower than 0.3 M, the shape of the fluorescence
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Figure 2. Fluorescence quenching of 3-methylindole by benzene in
cyclohexane. Benzene concentrations: (a) 0; (b) 0.14; (c) 0.28; (d)
0.54; (e) 1.47; and (f) 3.23 M. Inset: SV plot.

Figure 3. Fluorescence quenching of 3-methylindole by BHDC in
benzene. BHDC concentrations: (a) 0; (b) 5; (c) 14; (d) 26; and (e)
70 mM. Inset: SV plot.

Scheme 3. Exciplex-quenching mechanism by BHDC ion pairs.
Scheme 2. Fluorescence quenching and exciplex formation mech-
anism of indole by benzene.

spectrum of MI remains unchanged and the fluorescence
quantum yields ratio (Fo/F) follows a linear Stern–Volmer
(SV) relationship (inset, Fig. 2). The SV quenching rate con-
stant by benzene, KSV, obtained from the initial linear portion
of the SV-plot is 12.0 6 0.5 M21. With a measured lifetime
of 5.5 ns for MI in cyclohexane, a bimolecular quenching
rate constant kq of 2.2 3 109 M21 s21 is obtained, which is
slightly smaller than the diffusional limit in benzene (7.0 3
109 M21 s21).

At higher benzene concentrations the fluorescence spec-
trum becomes broader and redshifted, and the SV plot of the
fluorescence quantum yield, Fo/F, shows a downward cur-
vature (inset, Fig. 2). It is important to note that the absorp-
tion spectrum of MI is not noticeably altered by the addition
of benzene.

The above results can be explained in terms of an exciplex
mechanism formed between the singlet excited state of in-
dole and benzene ground state (10) (Scheme 2).

It has been shown that for the indole–benzene exciplex in
cyclohexane, the binding forces for the exciplex formation
depend on the nature of both the indole and the benzene
derivatives. They range from hydrogen bonding to charge-
transfer interactions depending on the electron donor–accep-
tor capacities of the reacting couple (10). For the 3-substi-
tuted indole derivatives, a charge-transfer–type interaction
with benzene is expected, since indole derivatives with
methyl groups at position 2 and 3 are stronger electron do-
nors than indole itself. Therefore, it can be assumed that in
benzene media the residual fluorescence of indole deriva-
tives may be ascribed to a charge-transfer–type exciplex
emission (solute–solvent-type exciplex).

MI–benzene exciplex quenching by BHDC

When BHDC is added to a benzene solution of MI, an ef-
ficient exciplex quenching is observed together with an ad-

ditional redshift of the emission maximum as the BHDC
concentration increases (Fig. 3). It is important to note that
this quenching process takes place without additional water
dissolved in the solutions. The SV plot obtained from the
fluorescence quantum yields of MI (inset of Fig. 3) presents
a downward curvature with increasing surfactant concentra-
tion. This behavior is similar to that observed for the static
and dynamic quenching by BHDC of the exciplex formed
between 1-methylpyrene and N,N-dimethylaniline in ben-
zene under similar conditions (18).

The quenching process may be understood by a coulom-
bic-type interaction between the polar exciplex and surfac-
tant ion pairs, confirming the charge-transfer nature of the
MI–benzene exciplex. It is well known that quaternary am-
monium salts dissolved in low-polarity solvents are effective
quenchers of exciplex fluorescence (19–21). At the same
time a redshift of the emission is observed in some cases
(22). Furthermore, it is known that bulky ammonium salts
form contact ion pairs in aprotic solvents of low dielectric
constant (23). The accepted mechanism for exciplex quench-
ing by ion pairs involves the formation of an intermediate
complex with the characteristics of a quadrupole, which fa-
vors nonradiative transitions to the ground state (20,24)
(Scheme 3). Since after prolonged illumination periods no
changes in the absorption or emission spectra were observed,
it may be inferred that the exciplex quenching process by
BHDC does not involve a chemical pathway.

Thus, the linear behavior in the SV plot at low BHDC
concentrations (,0.01 M, Fig. 3), may be explained by the
quenching of the exciplex by the individual surfactant ion
pairs BHD1Cl2 (where BHD1 is the benzylhexadecyldime-



100 Claudio D. Borsarelli et al.

Figure 4. Fluorescence spectra of MI, IAA and IETA in 0.1 M
BHDC–benzene reverse micelles at several values of R: ( ) 1.4;
(– –) 2.8; (· · ·) 5.6; (—) 12.5; and (– · –) 23.6.

Figure 5. Fluorescence quantum yield F, in 0.1 M BHDC–benzene–
water solutions as a function of the water content, R 5 [H2O]/
[BHDC] for indole derivatives: (v) MI; (V) IAA; (n) IETA; (m)
TA; and (m) Trp.

Table 1. Fluorescence quantum yields F, half bandwidth Dn, and
maximum l, for the indole derivatives in homogeneous solutions
and in 0.1 M BHDC/benzene solutions at several R values at 258C

Compound/sol-
vent F l (nm) Dn (kK)

MI
Benzene
Cyclohexane
Water
0.1 M BHDC

R 5 1.4
R 5 12.5
R 5 23.6

0.062 6 0.005
0.44 6 0.01
0.34 6 0.01

0.036 6 0.004
0.042 6 0.004
0.048 6 0.004

324 6 1
305 6 1
370 6 1

333 6 1
328 6 1
326 6 1

4.74 6 0.05
3.51 6 0.05
5.02 6 0.05

5.17 6 0.05
4.96 6 0.05
4.85 6 0.05

IAA
Benzene
Methanol
Water
0.1 M BHDC

R 5 1.4
R 5 12.5
R 5 23.6

0.051 6 0.005
0.21 6 0.02
0.32 6 0.03

0.032 6 0.004
0.013 6 0.004
0.015 6 0.004

318 6 1
353 6 1
362 6 1

335 6 1
346 6 1
347 6 1

4.70 6 0.05
5.60 6 0.05
6.91 6 0.05

4.91 6 0.05
5.10 6 0.05
5.10 6 0.05

IETA
Water
0.1 M BHDC

R 5 1.4
R 5 12.5
R 5 23.6

0.48 6 0.03

0.029 6 0.004
0.022 6 0.004
0.049 6 0.004

350 6 1

342 6 1
345 6 1
346 6 1

5.16 6 0.05

4.80 6 0.05
4.97 6 0.05
5.06 6 0.05

TA
Water
0.1 M BHDC

R 5 1.4
R 5 12.5
R 5 23.6

0.31 6 0.01

0.029 6 0.004
0.022 6 0.004
0.041 6 0.004

351 6 1

341 6 1
344 6 1
346 6 1

5.08 6 0.05

4.88 6 0.05
5.00 6 0.05
5.01 6 0.05

TRP
Water
0.1 M BHDC

R 5 1.4
R 5 12.5
R 5 23.6

0.16 6 0.01

0.029 6 0.004
0.022 6 0.004
0.028 6 0.004

351 6 1

343 6 1
346 6 1
347 6 1

5.14 6 0.05

4.92 6 0.05
5.03 6 0.05
5.07 6 0.05

thylammonium cation). In fact, from the measured lifetime
of 6.2 ns for MI in benzene a bimolecular rate quenching
constant by BHDC kq

BHDC ø 3 3 109 M21 s21 is obtained,
that is close to the diffusional limit in benzene.

At higher BHDC concentrations, the surfactant molecules
start to form larger aggregates with unknown stoichiometry.
This process reduces the effective ion pair concentration and
the downward curvature in the SV plot is produced. This
effect is observed for exciplex quenching by BHDC, which-
ever fluorescence quantum yields or decay times are used,
indicating the decrease of the effective quencher concentra-
tion (18). The redshift and broadening of the emission band
of the exciplex can be associated with an increment of the
local polarity of the micellar aggregates as the BHDC con-
centration increases (25).

Fluorescence properties of MI in BHDC reverse
micelles

The fluorescence spectra and parameters of MI as a function
of the water content of the reverse micelle solution are
shown in Figs. 4 and 5, respectively. Table 1 collects the
fluorescence parameters for the indoles in homogeneous so-
lution and in BHDC media.

The effect of added water can be analyzed in terms of the
behavior of the MI–benzene exciplex. When R increases at
a given BHDC concentration, the emission yield slightly in-
creases. This may be rationalized in terms of the reduced
quenching efficiency of BHDC on forming the reverse mi-
celles. In the presence of water nearly all the surfactant mol-
ecules are forming reverse micelles and surfactant ion pairs

are no longer available for the quenching process (see
above).

However, even at R 5 23.6, the fluorescence quantum
yield is lower than that observed in benzene (Table 1). This
means that even when the reverse micelles are formed a
quenching effect is taking place. In this case the operating
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mechanism is the collisional deactivation of the exciplex by
the reverse micelles as a whole (26,27). This mechanism
considers the penetration of the polar exciplex into the mi-
cellar interface, where it is deactivated by the increment of
polarity of the microphase and/or by a distortion of the mo-
lecular arrangement of the exciplex that enhances back elec-
tron transfer processes to the ground state. Therefore, the
quenching process should be dependent on the concentration
of the water pools [WP]. The water pool concentration is
calculated by the ratio [BHDC]/Nag, where Nag is the micellar
aggregation number at different R (13). In fact, the SV plots
at R 5 5, 10 and 20 (Nag 300, 400 and 750, respectively
[13]) by using the ratio Fo/FR (with Fo as the fluorescence
quantum yield of MI in benzene, and FR the quantum yield
as function of the water pool concentration keeping the same
R value) vs [WP] were linear (data not shown). The linearity
of these plots is an indication that reverse micelles with well-
defined size and aggregation numbers are produced in the
whole BHDC concentration range. The SV quenching con-
stants by the water pools KSV

WP (5 kq
WPto

exc) were 3100,
3560 and 5550 M21, respectively. However, taking into ac-
count the fluorescence lifetime of the MI–benzene exciplex
(to

exc ca 6.2 ns), the bimolecular rate quenching constants
kq

WP are almost one order of magnitude larger than those
expected for a quenching process exclusively controlled by
diffusion (27). Therefore, in spite of the lack of an upward
curvature in the SV plots, an extra static quenching contri-
bution is most likely present in the quenching process. The
static component can be present if the MI–benzene exciplex
is also formed in the micellar interface. The values of the
fluorescence maximum (l) and half width (Dn) are larger in
micellar solutions than in pure benzene, indicating the pres-
ence of more than one population of excited states. In other
words, this means that even at R 5 23.6, MI is not quanti-
tatively located in the organic phase and a partition of MI
between benzene and the micellar interface is occurring.

Fluorescence properties of ionic indoles in BHDC
reverse micelles

The fluorescence spectra of the all indoles in reverse mi-
celles at R 5 1.4 (the lowest R value) are similar, and present
the characteristic features of the indole–benzene exciplex-
type emission, as Fig. 4 shows for MI, IAA and IETA. How-
ever, the fluorescence behavior with the increment of R de-
pends on the indole derivative (Fig. 4). The fluorescence
parameters in homogeneous solutions and in 0.1 M BHDC
reverse micelles at some R values are shown in Table 1. On
the other hand, the absorption spectra of all indole deriva-
tives in BHDC reverse micelles solutions were similar to
those observed in homogeneous media.

For all indoles, the fluorescence quantum yields in BHDC
reverse micelle solutions are about of one order of magni-
tude lower than those observed in homogeneous solutions of
nonaromatic solvents. However, the dependence on the wa-
ter content of the emission of the ionic indole derivatives
differs from that observed for the neutral MI (Fig. 5). The
emission maximum of IAA shifts to the red, together with
a band broadening and a reduction of the fluorescence quan-
tum yield as R increases up to 10, where a plateau is reached
(Table 1). Since IAA is in its anionic form, it may be con-

sidered as completely associated to the positive micellar in-
terface. The values of l and Dn increase with R, however
they are much lower than those observed in pure water but
larger than in benzene (Table 1).

For IETA, TA and Trp, the fluorescence maximum and
bandwidth also increase with R, approximating the values in
water, Table 1. In addition, the fluorescence quantum yields
for these ionic derivatives are similar to that observed for
IAA up to R ø 5 (Fig. 5). However, for IETA, TA and Trp
a fluorescence recovery is observed at higher R values,
showing IETA a larger effect (Fig. 5). This particular be-
havior can be understood by considering the detergent-like
nature of the ionic indole derivatives, and the balance be-
tween electrostatic and hydrophobic interactions between the
probes and the micellar interface. At R , 5 the water pool
is not completely formed and the water molecules can be
considered to be ‘‘bound’’ to the micellar interface, solvat-
ing the polar head and the chloride counterion of the surfac-
tant (28,29). Under this condition, the size of the water pool
is almost negligible and a simple two-pseudophase model
can describe the microemulsion: the micellar aggregate and
the bulk solvent. Thus, the ionic indole derivatives are able
to reside at the interface as cosurfactants, with their polar
heads toward the water pool and the indole moiety directed
to the benzene phase. Since the aggregation number of the
aggregates decreases with R while the curvature radius in-
creases (13), it is expected that more solvent molecules are
soaking the micellar interface. In that case, the exciplex for-
mation between the indole group and the benzene is favored
at the interface. Thus, the fluorescence quenching and the
red bandshift up to R , 5 are due to the increment on the
local polarity by the incorporation of water at the interface.
This behavior resembles very closely that observed for ex-
ciplexes formed between pyrene (11) or naphthalene (30)
detergent-like probes and amines in reverse micelles solu-
tions. In those cases, the exciplex fluorescence quantum
yields and lifetimes decrease, while the emission maxima
shift to the red. Since these exciplexes were formed at the
interface (11,30) this behavior denotes an increment on the
polarity of the micellar interface as R increases.

On the other hand, at R . 5, the surfactant’s polar heads
and their counterions become fully solvated (28,29). Thus,
the proportion of ‘‘free’’ water molecules present in the wa-
ter pool increases until the water environment resembles that
of bulk water (31,32). Thus, the progressive increment on
the fluorescence quantum yield for IETA, TA and Trp is
explained on the basis of a gradual displacement of the in-
doles toward the water pool, where the indole fluorescence
cannot be quenched by benzene and/or BHDC. The effect is
larger for the cationic probes IETA and TA than for the
zwitterion Trp, since the probe displacement is favored by a
larger electrostatic repulsion between the cationic probes and
the cationic micellar interface. Instead, the anionic IAA can
be considered anchored to the cationic interface, and there-
fore behave as an exciplex bounded to the micellar interface
(11,30).

In spite of the formation of a water pool with properties
resembling those of water, the fluorescence quantum yield
of the ionic indole derivatives in reverse micelles is much
lower than in water. This result can be explained assuming
that the displacement of the cationic indole toward the water
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Table 2. Partition constants (K 5 [In]b/[In]f) calculated for 3-sub-
stituted indoles derivatives in 0.1 M BHDC reverse micelles at 258C
as a function of R

R MI* IETA† TA† Trp†

4.2
9.7

15.2
20.8
23.6

24 6 2
16 6 1
12 6 1
10 6 2

9 6 1

37 6 7
28 6 3
23 6 2
15 6 2
12 6 2

16 6 3
15 6 2
15 6 2
11 6 1
10 6 1

12 6 3
8 6 2
9 6 2
9 6 1

10 6 2

*Kinterface/benzene.

†Kinterface/water pool.

pool is not complete. Thus, most of the indole molecules
remain at the micellar interface, probably due to a balance
of hydrophobic and electrostatic interactions at the micellar
interface that favors the comicellization of the probes.

Partition effects of indoles in BHDC reverse micelles

According to the above results, two partition cases may be
distinguished for these indole derivatives in BHDC reverse
micelles: (1) the partition of the neutral MI between the mi-
cellar interface and the benzene pseudophase; and (2) the
partition of the ionic derivatives IETA, TA or Trp between
the micellar interface and the water pool. On the other hand,
the anionic IAA remains anchored to the cationic micellar
interface, and therefore is not partitioned either with the wa-
ter pool and/or with the benzene pseudophases.

Therefore, in a first approximation it is possible to assume
a simple two-site model for the partition of the indoles in
BHDC reverse micelles. This is supported by the progressive
changes with R of the fluorescence parameters toward the
values observed in homogeneous solutions (Table 1).

Thus, within this framework the partition of the indoles
in BHDC reverse micelles can be described by the partition
constant defined in (Eq. 2) (6,7).

[In]bK 5 (2)
[In]f

with [In]b the indole concentration at the micellar interface
and [In]f the probe concentration in the water pool or ben-
zene pseudophases, depending on the nature of the indole.
Equation 2 can be rewritten in terms of the indole fraction
bound to the BHDC micellar interface fb, of that dissolved
in the pseudophases ff and the volume of the interface Vb

and of the pseudophases, Vf.

f Vb fK 5 (3)
f Vf b

Since the absorption spectra of the indoles were independent
of the media composition, the total fluorescence quantum
yield, FT, may be expressed by (Eq. 4).

F 5 f F 1 f F 5 f F 1 (1 2 f )FT b b f f b b b f (4)

where Fb refers to the fluorescence quantum yield of the
indole bound to the interface and Ff corresponds to the quan-
tum yield in the pseudophase, which in the present case can
be taken as the fluorescence quantum yield of the ionic in-
doles in water or in benzene for MI. Equation 4 yields fb if
a reasonable assumption is made, which is that the Fb value
corresponds to that observed for an indole derivative totally
located at the micellar interface. This is the case of IAA,
which is anchored at the BHDC micellar interface at all R
values. Then the fluorescence behavior of the fraction of the
indoles incorporated at the interface can be consider very
close to that showed by IAA. This assumption is supported
by the very close fluorescence quantum yields for all the
indoles in BHDC solutions at R 5 1.4 (Table 1), and the
similar fluorescence quantum yield behavior of the all the
ionic derivatives at R , 5 (Fig. 5).

Since the volumes of the aqueous and organic pseudo-
phases depend on the amount of water dissolved in the mi-
croemulsion, (Eq. 3) must be rearranged as follows for the

case of the neutral MI (Eq. 5), while for IETA, TA and Trp
(Eq. 6) must be used.

f V f (V 2 V 2 V )b Bz b T b wK 5 51 2 1 21 2 f V 1 2 f Vb b b b

of V Vb T w5 2 R 2 1 (5)
o o1 21 21 2 f [BHDC]V Vb b b

of V f [H O]Vb w b 2 wK 5 5
o1 2 1 21 2 f V 1 2 f [BHDC]Vb b b b

of Vb w5 R (6)
o1 21 2 f Vb b

where VBz and Vw are the volume of the benzene and aque-
ous pseudophases, respectively, and VT is the total volume
of the solution. Vw

o 5 18 cm3 mol21 and Vb
o 5 443 cm3

mol21 are the molar volume of water and BHDC (13), re-
spectively. Table 2 presents the partition constant values K
as a function of R for MI, IETA, TA and Trp, as determined
with (Eqs. 5 and 6). The error bars were determined from
the standard deviation of two sets of experiments. From Ta-
ble 2 it is observed that K decreases with R for MI, IETA
and TA, but it is almost independent of R for Trp.

This variation can be associated with the important struc-
tural changes produced at the interface and into the water
pool upon water addition. As R increases, the aggregation
number Nag also increases together with a reduction of the
curvature radius of the micellar aggregate, reducing the void
volume at the interface (13). This effect allows the displace-
ment of MI toward the benzene phase. Furthermore, the ri-
gidity of the micellar core (the water pool 1 the interface)
is strongly reduced with R, with the largest changes pro-
duced at R , 10 (31,32). This effect favors the displacement
of the ionic indoles toward the water pool, reducing their
concentration at the interface. It is interesting to note that
when the cationic compounds IETA and TA are compared,
a larger change on K with R is observed for the trimethyl-
ammonium salt. Probably, the methyl groups at the ammo-
nium polar head of IETA are favoring hydrophobic inter-
actions with the interface at low R values. On the other hand,
for Trp the partition constant is almost independent of R,
probably due to its zwitterionic nature that allows a better
electrostatic interaction with the double electrical layer of
the interface, which is formed by the BHD1 cation and the
Cl2 anion of the surfactant.

In all cases, at high R values the partition constants tend
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to a similar value (ca 10 6 2), indicating that about 90% of
the indole molecules are located in the interface. This result
can be related with the detergent-like nature of the indole
derivatives which favors the associations of the probes with
the surfactant layer in the micellar interface. However, it
should be noted that the K values for MI are upper limit
values, due to the quenching effect of the reverse micelles
upon the exciplex-like fluorescence of MI in benzene (see
above). This should be not the case for the ionic indoles,
since they are into the micellar core (interface and/or water
pool).

In summary, our results point that the fluorescence of the
3-substituted indole derivatives in BHDC–benzene reverse
micelles correspond mainly to indole–benzene exciplex-type
fluorescence, occurring at the micellar interface and/or in the
bulk organic pseudophase. The exciplex is formed between
the indole moiety and the benzene solvent. At R , 5, truly
reverse micelles are not formed, and therefore is expected
that all the probes are strongly associated with the micellar
aggregates. On increasing R up to the formation of truly
reverse micelles (R . 5), the neutral MI is partitioned be-
tween the interface and the organic pseudophase, where the
exciplex is dynamically quenched by the reverse micelles as
a whole. On the other hand, the anionic IAA remains an-
chored to the cationic interface with its indole moiety ori-
ented toward the organic pseudo phase. In this case as R
increases the exciplex is quenched by the increment of the
interface’s micropolarity. For the cationic IETA and TA, a
partition of the probes from the micellar interface toward the
water pool is observed as R increases. For Trp, the partition
is almost independent on R, mainly due to the zwitterionic
nature of the aminoacid that allows a better association with
the micellar interface, keeping a balance between electro-
static and hydrophobic interactions.
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