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ABSTRACT: We have investigated the water/benzyl-n-hexade-
cyldimethylammonium chloride (BHDC)/n-heptane:benzene
reverse micelles (RMs) interfaces properties using 6-propionyl-
2-(N,N-dimethyl)aminonaphthalene, PRODAN, as molecular
probe. We have used absorption and emission (steady-state and
time-resolved) spectroscopy of PRODAN to monitor the changes
in the RMs interface functionalities upon changing the external
organic solvent blend. We demonstrate that PRODAN is a useful
probe to investigate how the external solvent composition affects
the micelle interface properties. Our results show that changes in
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the organic solvent composition in water/BHDC/n-heptane:benzene RMs have a dramatic effect on the photophysics of
PRODAN. Thus, increasing the aliphatic solvent content over the aromatic one produces PRODAN partition and PRODAN
intramolecular electron transfer (ICT) processes. Additionally, the water presence in these RMs makes the PRODAN ICT
process favored with the consequent decreases in the LE emission intensity and a better definition of the charge transfer (CT)
band. All this evidence suggests that the benzene molecules are expelled out of the interface, and the water—BHDC interactions
are stronger with more presence of water molecules in the polar part of the interface. Thus, we demonstrate that a simple change
in the composition of the external phase promotes remarkable changes in the RMs interface. Finally, the results obtained with
PRODAN together with those reported in a previous work in our lab reveal that the external phase is important when trying to
control the properties of RMs interface. It should be noted that the external phase itself, besides the surfactant and the polar
solvent sequestrated, is a very important control variable that can play a key role if we consider smart application of these RMs

systems.

B INTRODUCTION

Reverse micelles (RMs) are thermodynamically stable and
isotropic systems that are constituted by water, oil, and one or
more surfactants." They are capable of solubilizing both polar
and nonpolar substances and have found wide applications®™”
in various fields such as chemical reactions,'’ preparation of
and in drug delivery systems.'”> When
surfactants assemble in RMs, their polar or charged groups
are located in the interior (core) of the aggregates, while their
hydrocarbon tails extend into the bulk organic solvent.”>'*~*3

Anionic, cationic, and nonionic surfactants have been
employed to prepare RMs and water-in-Oil (W/O) micro-
emulsions in nonpolar solvents.”"*~'” Among the anionic
surfactants that form RMs, the best known are the systems
derived from the AOT (sodium 1,4-bis-2-ethylhexylsulfosucci-
nate) in different nonpolar media."*'® The cationic surfactant,
benzyl-n-hexadecyldimethylammonium chloride, BHDC
(Scheme 1), also forms spherical RMs in benzene without
addition of a cosurfactant and water can be solubilized up to W
= [water]/[surfactant] ~ 2515119722
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Scheme 1. Molecular Structure of the BHDC Surfactant
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It is known that the properties of RMs depend on the type of
surfactant and the W, values,”">'*** but the influence of the
nonpolar organic pseudophase has scarcely been examined.
Most of the studies on the subject were performed on the
anionic AOT RMs system,l’m’25 and there are insufficient data
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Scheme 2. Local Excited (LE) and Charge Transfer (CT) Structures of PRODAN (Ref 16)
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about cationic RMs media. In previous work,'> we have
investigated the water/BHDC/n-heptane:benzene RMs using
dynamic light scattering (DLS) and the solvatochromism of 1-
methyl-8-oxyquinolinum betaine (QB) at a fixed temperature.
We have studied the surfactant, water, and the external organic
solvent content in order to evaluate interesting RMs properties.
DLS experiments showed that BHDC RMs are formed in every
n-heptane:benzene mixture investigated, and for a given W,
value the droplet sizes increase as the n-heptane content
increases. QB, a molecular probe that resides at the RMs
interface, showed that the micropolarity and the water—
surfactant interaction change dramatically with the nonpolar
organic solvent composition. We have discussed the results
taken into consideration how the solvent penetration to the
interface affects the droplet—droplet interaction and the water
structure.'®

On the other hand and because of the RMs interface is a
unique microenvironment for a wide kind of processes, there
are other interfacial properties that need to be investigated
changing the external solvent blend. For example, the study of
electron-transfer process in such constrained environments can
be useful since they can be used as models for understanding
“natural” electron-transfer processes in biological membranes,
for example, photosynthesis and cellular respiration. The
photoinduced intramolecular charge transfer (ICT) process of
various organic molecules containing electron donor (generally
a dialkylamino group) and acceptor groups in their moieties has
been the growing interest of recent investigations since it is a
possible mechanism for biological and chemical energy
conversion.”*™*° The charge transfer (CT) state is formed
from the initially excited planar state, the local excited state
(LE), and the formation of the CT state could give a dual
fluorescence phenomenon where two emission bands will be
observed: the normal emission from the LE state and a new
low-energy band which correspond to the CT state.

6-Propionyl-2-(N,N-dimethyl)aminonaphthalene, PRODAN
(Scheme 2), has been the subject of many studies in the past
two decades due to its high sensitivity to the environment,
which makes it useful as a fluorescent probe for different kind
of media such as RMs and other membrane’s mimick-
ers.'%?%3%7% 1t is a fluorescent probe that exhibits strong
shifts in the absorption and emission spectra varying the
environment. PRODAN emits an intense, single broad
fluorescence band, strongly red-shifted with increasing the
polarity—polarizability (7*) and the hydrogen donor ability («)
of the media, 163640434548

We have previously demonstrated using absorption and
emission (steady-state, time-resolved emission spectra (TRES)
and time-resolved area normalized emission (TRANES))
spectroscopies that PRODAN in AOT reversed micellar
media undergoes a partition process between the external
nonpolar solvent and the RMs interface. The molecular probe
located in the nonpolar organic solvent always emits from a LE
state while PRODAN located at the RMs interface can emit
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from a LE or CT or both states (dual fluorescence, see Scheme
2) at room temperature depending on the AOT RMs interface
properties."®** Furthermore, for PRODAN molecules located
at the RMs interfaces the results are consistent with the
emission of the probe located in a single zone within the AOT
RMs interface from two different excited states (LE and CT)
rather than from the emission of one excited state of the probe
located in different microenvironments: the interface and the
water pool.'®*® Moreover, we have shown the possibility of
switching the state from where PRODAN emits by changin§
the properties of the AOT RMs interfaces.*> Adhikary et al,*

by solvation dynamics, have found that the LE and CT states of
PRODAN solvate on different time scales in AOT RMs (2 and
~0.4 ns, respectively), consistent with our results. In
consequence, the photophysics of PRODAN is very helpful
to test the unique RMs interfaces properties.45

Hence, the aims of the present contribution are (i) evaluate if
the fluorescent molecular probe PRODAN can be used to
investigate water/BHDC/n-heptane:benzene RMs interfacial
properties, generated by the external solvent composition
changes, and (ii) use the photophysics behavior of PRODAN
dissolved in BHDC RMs, in order to gain more insights about
the effect that the solvent blend has on different interfacial
properties. To asses this, we have used different techniques
such as absorption and emission spectroscopies.

In this contribution we will show how the changes in the
interfacial properties affect dramatically the ICT process that
PRODAN undergoes at the BHDC RMs interface. As the n-
heptane content increases the PRODAN dual emission process
is favored because the BHDC interface represents a unique
environment. We anticipate that these results will have an
impact on electrochemical investigations in constrained
environment where electron transfer is crucial.

B EXPERIMENTAL SECTION

Materials. Benzene (Bz) and n-heptane (Hp) all from Merck
(HPLC grade) were used without further purification. Ultrapure water
was obtained from Labonco equipment model 90901-01.

Benzyl-n-hexadecyldimethylammonium chloride (BHDC) from
Sigma (>99% purity) was recrystallized twice from ethyl acetate.'®
BHDC was dried under reduced pressure, over P,Og until constant
weight. 1-Methyl-8-oxyquinolinium betaine (QB) was used to
determine the absence of acidic impurities in the BHDC RMs. The
UV—vis spectrum of QB is very sensitive to acidity and the presence of
those impurities would have greatly reduced the intensity of the
solvatochromic B, band at 502 nm.**

The fluorescent probe 6-propionyl-2-dimethylaminonaphthalene,
PRODAN, from Molecular Probes (Eugene, OR), has been used
without further purification.

Methods. The n-heptane:benzene solutions at any n-heptane bulk
mole fraction, Xy, values composition studied were prepared by
weight.

The stock solutions of BHDC in n-heptane:benzene mixture were
prepared by weight 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
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system is expressed as the molar ratio between water and the
surfactant (W, = [water]/[BHDC]). The lowest value for W, (W, =
0) corresponds to a system without the addition of water.

To introduce the molecular probe, a 1.0 X 107> M solution of
PRODAN was prepared in methanol (Sintorgan HPLC quality). The
appropriate amount of this solution to obtain a given concentration
(5.0 X 107 M) of the probe in the micelle media was transferred into
a volumetric flask, and the methanol was evaporated by bubbling dry
N,; then, the BHDC RMs solution was added to the residue to obtain
a [BHDC] = 02 M in any Xy, mixture investigated. The stock
solution of surfactant 0.2 M and the molecular probe were agitated
until the microemulsion was optically clear. To the cell baring 2 mL of
PRODAN of the same concentration in the different n-heptane:ben-
zene mixtures was added the appropriate amount of surfactant and
molecular probe stock solution to obtain a given concentration of
surfactant in the micelle media. Therefore, the absorption and
emission of the molecular probe were not affected by dilution.

General. The absorption spectra were measured by using
Shimadzu 2401 equipment at 25 + 0.1 °C unless otherwise
indicated. A Spex fluoromax 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. A, was measured by taking the
midpoint between the two positions of the spectrum where the
absorbance is equal to 0.94,,. The uncertainties in A, are
about 0.1 nm.

Fluorescence decay data were measured with the time-
correlated single photon counting technique (Edinburgh
Instrument FL-900) with a PicoQuant subnanosecond Pulsed
LED PLS 370 (emitting at 378 nm) < 600 ps fwhm.
Fluctuations in the pulse and intensity were corrected by
making an alternate collection of scattering and sample
emission. The quality of the fits was determined by the
reduced 2. For the best fit ¥, must be around 1.0.%

B RESULTS AND DISCUSSION

PRODAN in n-Heptane:Benzene Homogeneous Mix-
tures. In order to understand properly the PRODAN
photophysics in complex systems like RMs, initially we
characterized its behavior in homogeneous medium. Thus, we
have performed absorption, steady-state, and time-resolved
emission spectroscopies on PRODAN in solvent mixtures of n-
heptane:benzene at different compositions.

PRODAN absorption and emission spectra in n-heptane:-
benzene binary mixtures at different Xy, are shown in Figures
1A and 1B, respectively. As can be seen in Figure 1A,
PRODAN presents an absorption band around 350 nm in
benzene, and the maxima shifts to higher energy (hypsochro-
mic) as the Xy, increases.

Figure 1B shows that PRODAN also present a single
emission band in the different solvent blends. This band shows
an emission maximum around 4, = 420 nm in benzene and
shifts hypsochromically to 4, = 390 nm at Xy, = 1.00. Also,
Figure 1B shows that the emission intensities diminishes when
the Xy, values increment. It is known that the quantum yield of
PRODAN is significantly lower in n-heptane, compared with
other solvents, such as benzene.*?

To understand the PRODAN photophysics in the different
solvents blends two fundamentals concepts should be taken
into account: (i) the polarity of aliphatic solvent n-heptane is
lower than benzene (the aromatic solvent is more “polarizable”
that the aliphatic solvent),"”® and (ii)) PRODAN has greater
dipole moment in the excited state compared to the ground
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Figure 1. PRODAN (A) absorption and (B) steady-state emission

spectra in n-heptane:benzene mixtures at different Xy, [PRODAN] =
5% 107 M. Ay = 352 nm.

16,35,40,43,45,46,50 .
state, TN Thus, as the n-heptane content increases,

the polarity of the solvents blends decreases and after excitation
the PRODAN excited state becomes less stabilized by the
solvent with the consequent increases in the transition energy
gap. We have demonstrated that PRODAN can be used as
solvent polarity parameter because the transition energy
(expressed in kcal/mol) of the absorption (E,,) and emission
(E) maxima bands correlates quite well with the well-known
polarity parameter E1(30).>

Figures 2A and 2B show the plot of the E(30) parameters
values obtained through the maximum absorption and emission
of PRODAN, respectively, using the equations Er(;) = 345 + S
— (3.78 % 0.02)E s propay and Brgg) = 147 + 5 — (162 +
0'02)Eem,PRODAN'45 As already known, for solvents with higher
polarity the E1(30) parameter value increases. For the solvent
blends n-heptane:benzene, the values decreases with the
addition of n-heptane, showing the effect of aliphatic solvent
on lowering the polarity of the mixture, as expected."
According to Figure 2, there is no preferential solvation of
PRODAN by any solvent in the mixture. Thus, for this
molecule, the mixture of n-heptane:benzene acts as a regular
solution' because of there are no specific interactions between
PRODAN and the medium. A similar result was obtained using
QB (a very sensitive absorption molecular probe)."”> In
conclusion, in the n-heptane:benzene mixture, due to the low
polarity of the medium, PRODAN emits from the LE state.
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Figure 2. Variation of E;(30) values using (A) absorption and (B)
emission wavelength maxima as a function of Xy, for n-
heptane:benzene mixture. [PRODAN] = 5 X 107° M. A, = 352
nm. The straight line was plotted to guide the eye; it represents no
preferential solvation of PRODAN by the mixture.

Also, the PRODAN behavior in pure and in the solvent
blends was also explored using time-resolved fluorescence. The
experiments were carried out at 4, = 378 nm and at two
emission wavelengths: 4., = 390 nm (PRODAN emission
maxima in n-heptane) and 420 nm (PRODAN emission
maxima in benzene). The fluorescence decay of the molecule in
every system investigated fits well to a single-exponential
function, and it is emission wavelength independent. In n-
heptane the fluorescence lifetime value obtained is 7 = 0.17 +
0.05 ns (* = 1.0) and, in benzene the fluorescence lifetime
obtained is 7 = 2.46 + 0.05 ns (3> = 1.04), values that
correspond to the ones reported in the literature.*>* The
lifetime of the dye in benzene is greater than in n-heptane,
which is consistent with the fact that the fluorescence quantum
yield is greater in the aromatic solvent. In the solvents blends,
the fluorescence decay also fits well to a single-exponential
function with fluorescence lifetimes values between 2.46 and
0.17 ns, values that correspond to the pure solvents and are also
emission wavelength independent. Figure 3 shows a typical plot
of the fluorescence lifetimes values varying the X, and
obtained from the emission decays at A, = 417 nm. The results
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Figure 3. Variation of fluorescence lifetime values of PRODAN as a
function of Xy, for n-heptane:benzene mixture. [PRODAN] = 5 x
107° M. A, = 417 nm.

demonstrate that there is only one PRODAN species that emits
in n-heptane, benzene, and the solvents blends, which confirms
that there is no preferential solvation for PRODAN. Probably
due to the greater polarizability of benzene, the solvent
molecules stabilize more efficiently the PRODAN excited state.
Thus, in homogeneous medium the dual fluorescence is not
observed, and PRODAN emission comes always from an LE
state due to the low polarity of the solvents blend.'®***!

PRODAN in BHDC/n-Heptane:Benzene Reverse Mi-
celles. Very recently,"”” we have demonstrated that BHDC
form stable water/BHDC/n-heptane:benzene RMs at different
n-heptane and water content. Moreover, it has been shown that
the maximum amount of water (Wy,,,,) that can be dissolved to
obtain a clear and stable RMs decreases as the n-heptane
content increases being more notorious for mixtures with Xy,
higher than 0.13. It must be noted that BHDC is a surfactant
that cannot be dissolved and does not form RMs in saturated
hydrocarbons. Also, the maximum amount of n-heptane in the
solvent blend where BHDC RMs can be obtained correspond
to Xgg, = 0.59 (Wopiax = 2). Thus, in this work we have chosen
the following conditions to investigate the different BHDC
RMs systems: W, = 0 and S and Xy, = 0.00, 0.13, 0.21, and
0.30 because at higher n-heptane content the amount of water
dispersed is considerable reduced. In these systems we
performed absorption, steady-state and time-resolved fluores-
cence spectroscopies on PRODAN.

PRODAN Absorption Spectra in BHDC/n-Heptane:-
Benzene RMs at W, = 0 and 5. Figures 4A and 4B show the
absorption spectra of PRODAN in water/BHDC/n-heptane:-
benzene RMs varying [BHDC] at W, = 0 and $, respectively, in
the solvent blend that correspond to Xy, = 0.13. Similar results
were obtained in every n-heptane composition investigated, i.e.,
Xy = 0.00, 0.21, and 0.30 (not shown). Not significant changes
were observed in the spectra by varying the [BHDC] at both
W, and the absorption maxima peaks around 350 nm in every
RMs investigated. The results probably indicate that the
PRODAN ground state is less sensitive than its excited state to
the changes in polarity and hydrogen bond abilities of the
microenvironment,'®3%*°

PRODAN Steady-State Emission Spectroscopy in
BHDC/n-Heptane:Benzene Reverse Micelles at W,

dx.doi.org/10.1021/1a304951f | Langmuir 2013, 29, 3556—3566
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Figure 4. PRODAN absorption spectra in water/BHDC/n-heptane:- 4.2x10° C
benzene RMs at Xy, = 0.13 and (A) Wy = 0 and (B) W, = S. 1 (BHDC] (M)
[PRODAN] = 5 X 107° M. 3.6x10° ]
—0.00
3.0x10° o 6x10°
and 5. Figure 5 shows the PRODAN emission spectra in 1x10*
2
BHDC/n-heptane:benzene RMs at W, = 0 for (A) Xy, = 0.13, = axiotd —3x10
2 5x107?
(B) Xy, = 020, and (C) Xy, = 0.30 at 4, = 352 nm. In all the z oxie
systems, PRODAN shows a single emission band that shifts 5 18x10°- 015
bathochromically, toward A, = 430 nm, as the surfactant ——0.20
concentration increases. The red shifts observed reflect that the 1.2x10°
micropolarity of the microenvironment sensed by PRODAN
increases in comparison to that in the pure solvent blend at the 6.0x10°
different composition because of the gradual incorporation of
the molecule into the BHDC RMs interface.'**® Moreover, 00 oo m R 520 500
different emission maxima are observed at different excitation % (hm)

wavelength (results not shown) due to the PRODAN
distribution process that the molecule undergoes in the ground
state. Indeed, PRODAN emits from two different micro-
environments: the organic nonpolar pseudophase and the RMs
interfaces. We have previously demonstrated that in BHDC/
benzene RMs at W, = 0 PRODAN emits only from a LE
state.'%*33 Figure S1 in the Supporting Information shows
representative plots of the PRODAN emission intensity at A,
=470 nm as a function of BHDC concentration in the BHDC/
n-heptane:benzene RMs at W, = 0 and at Xy, = 0.13, 0.21, and
0.30. The data shown in Figure S1 were fitted to eq S using a
nonlinear regression method, and the K, values (see calculation
procedure of PRODAN partition constants in the Supporting
Information) obtained are gathered in Table 1, where the
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Figure S. PRODAN emission spectra in BHDC/n-heptane:benzene
RMs at W, = 0 and (A) Xy, = 0.13, (B) Xy, = 021, and (C) Xy, =
0.30. [PRODAN] = § X 107* M. 1, = 352 nm.

different K, values obtained in different RMs at W, = 0 and 5
(intensities monitored at A, = 417 nm) are also gathered.
Interestingly, not significant changes were observed in the K
values by varying the Xy, values at W, = 0. The K, obtained are
around 7 M, whereby that at [BHDC] = 0.20 M about 40%
of PRODAN molecules exist in the organic pseudophase and
60% in the RM interface. Previous studies'® have shown that
the K, values for PRODAN obtained in water/BHDC/benzene
were almost 4 times larger than in water/AOT/n-heptane RMs,

dx.doi.org/10.1021/1a304951f | Langmuir 2013, 29, 3556—3566
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Table 1. Equilibrium Constants (K,) for the Partition of
PRODAN in Water/BHDC/n-Heptane:Benzene RMs”

Xnp Wo K, (M™) Xup Wo K, (M™)
0.00 0 81+ 02" 021 0 67 + 09
s 106 + 0.8 5 15.6 + 09
0.13 0 7.1+ 09 0.30 0 72+ 03
s 12,0 + 0.9 s 18.8 + 09

“[PRODAN] = 5 X 107° M. pr value for obtained from ref 16.

reflecting a specific interaction between the cationic 3polar head
of the surfactant and the PRODAN aromatic ring.lé’ "It seems
that this specific interaction is a powerful driving force for the
molecular probe to reach the cationic RM interface.

Thus, at W, = 0 there is a partition process which seems to
be independent of the n-heptane content, and PRODAN is
located in two different microenvironments: the RMs interface
and the organic pseudophase. PRODAN emits from the LE
state in both zones. On the other hand, the situation is quite
different when water is present in the system. Figure 6 shows
the PRODAN emission spectra in water/BHDC/n-heptane:-
benzene RMs at W, = 5 for (A) Xy, = 0.00, (B) Xy = 013,
(C) Xyp = 0.20, and (D) Xy = 0.30. The results show that, as
the BHDC concentration increases, there is a decrease in the
intensity and a bathochromic shift of the band that peaks at
Aem= 420 nm in benzene. Also, a new band emerges around

Aem= 495 nm, and there is an isoemissive point at .= 458 nm.
In other works'®*>*? we have attributed this process as due to a
dual PRODAN emission from two different states: the LE state
with the emission band at 4,,,, around 420 nm and the CT state
with the emission band at 4., = 495 nm. That is, PRODAN is
a kind of molecule that is capable of simultaneously create LE
and CT excited states, and we have demonstrated that AOT
and BHDC RMs interfaces are unique environments for
PRODAN to show the dual fluorescence process. Also, we have
demonstrated that changing the characteristics of the AOT
RMs interface, it is possible to switch the state or states from
which PRODAN emits.*® Thus, we have shown that the new
band at 4.,,= 495 nm corresponds to PRODAN emitting from a
CT state at the RMs interface.'® Furthermore, for PRODAN
molecules located at the RMs interfaces, the results are
consistent with the emission of the probe from two different
excited states and located in a single microenvironment within
the BHDC RMs. As it was demonstrated before,'®*% we
discard the possibility that PRODAN emits from one excited
state, and within its excited state lifetime the probe undergoes a
partition process between different microenvironments: the
interface and the water pool. First, the partition process in the
PRODAN ground state exists in every RMs investigated with
and without the presence of water and at any n-heptane
content, while the appearance of the new low-energy band only
is detected in certain RMs loaded with water; second, the
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Figure 6. PRODAN emission spectra in water/BHDC/#n-heptane:benzene RMs at W, = 5 and (A) Xy, = 0.00, (B) Xy, = 0.13, (C) Xy, = 021, and

(D) Xy, = 0.30. [PRODAN] = § X 107° M. 4, = 352 nm.
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emission lifetimes values of the excited PRODAN species are
short to allow that the molecule undergoes a partition process
in its excited state with the consequent emission from different
environment.

The changes observed in Figure 6 show that the micro-
polarity of the environment sensed by PRODAN increases>® in
comparison to that in different solvent blends due to the
gradual incorporation of the molecule to the BHDC RMs
interfaces, as in the case of W, = 0. Thus, the appearance of the
new band shows that PRODAN senses a microenvironment
more polar, compared with BHDC RMs at W, = 0, because the
water—BHDC interaction at the interface. Consequently, the
results also show that the distribution between the two
pseudophases that the molecular probes undergoes at W, = 0
is still present at W, = 5. K, values were evaluated using eq S at
Aem= 417 nm for BHDC RMs (Figure S2 in the Supporting
Information). The results are shown in Table 1, and it can be
seen that the K, values at W, = 5 are larger than at W = 0, for
all solvents blends. Thus, the presence of water increases of the
interface micropolarity and consequently favors the incorpo-
ration of PRODAN in the BHDC RMs interface.

Even more interesting is that, different to what it was
observed at W, = 0, at W, = § the K, values change with the n-
heptane content. Thus, at W, = § is observed that the K, values
increase about twice when Xy, = 0.30 in comparison with the
RMs at Xy, = 0.00. Thus, in water/BHDC/benzene RMs
around 30% of PRODAN molecules are in the organic
pseudophase at [BHDC] = 0.20 M. On the other hand, at
Xyp = 0.30, 2 K, = 18.8 M shows that less than the 20% of
PRODAN molecules are in the organic pseudophase. Namely,
when water is presented, the n-heptane favors the incorporation
of PRODAN in the BHDC RMs interface.

In order to clarify the effect that the incorporation of n-
heptane causes in the PRODAN photophysics, we evaluate the
aliphatic solvent composition on the emission spectra of
PRODAN at W, and [BHDC] fixed. Thus, Figures 7A and 7B
show the PRODAN emission spectra at [BHDC] = 0.20 M and
W, = 0 and W, = 5, respectively. The surfactant concentration
was chosen in order to ensure that more than the 60% of the
molecules exists at the RMs pseudophase in order to monitor
the changes at the interface. At W, = 0 (Figure 7A), PRODAN
presents the single emission band that corresponds to the
molecular probe emitting from the LE state. When the n-
heptane content increases, the emission intensity diminishes
dramatically and there are not shifts of the maximum emission
band. The result is consistent with the decrease in the
PRODAN emission quantum yield as the n-heptane content
increases discussed above. The molecule seems not to detect
changes in the micropolarity of the interface with the n-heptane
content even though the changes in the intensity of the band
reflects that benzene molecules are expelled from the interface.
Probably there is a competition between the absence of the
aromatic solvent molecules (which causes a hyspochromic shift
of the emission band, Figure 1) and the interaction between
PRODAN and BHDC at the interface (bathochromic shift of
the band). These effects, caused by the increment of Xy, likely
are due because of the aliphatic solvents favors the interaction
between the PRODAN aromatic 7 electrons and the cationic
polar head of BHDC at the RM interface.'®

When water is incorporated in the RMs, a different trend is
observed. As it can be seen in Figure 7B, at W, = S PRODAN
presents the dual fluorescence in all systems studied but not in
the same magnitude. The intensity values of the PRODAN LE
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Figure 7. PRODAN emission spectra in water/BHDC/n-heptane:-
benzene RMs at [BHDC] = 0.2 M and (A) W, = 0 and (B) W, = S.
[PRODAN] = 1 X 107 M. A, = 352 nm.

exc

state diminishes dramatically when n-heptane content increases
as what it was observed at W, = 0. On the other hand, the band
that correspond to the PRODAN CT state gets more defined
increasing the n-heptane content, which reflects the fact that
the ICT process is favored because of the interfacial properties
changes with the solvent blend. That is, we have to consider
that there is a correlation between the n-heptane content and
the hydration of BHDC cationic head which affects the RMs
interfacial functionality, as it was demonstrated very recently.'®

Figure 8 shows the PRODAN emission intensities ratio of
the CT to LE bands as a function of XHP for water/BHDC/n-
heptane:benzene RMs at [BHDC] = 0.2 M and W, = 5. As
observed, clearly when the n-heptane content increases the
emission intensities from PRODAN LE state diminishes while
the PRODAN CT emission band is better defined (Figure 7B),
which shows that the RMs interface is richer in water molecules
that interact with the surfactant polar head. Also, at Xy, = 0.30
the CT band definition is almost the same that the one found in
water/AOT/n-heptane RMs.'¢ Moreover, it seems that in the
RMs interface rich in benzene molecules, the water molecules
are not at the surfactant level, probably because they interact
with the aromatic ring. As it was suggested in previous work, "
as the Xy, increases, the RMs droplet sizes are larger and the
benzene molecules are expelled from the interface. In this way,
water molecules at the interface solvate the cationic surfactant
through its nonbonding electrons. Thus, the greater number of
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Figure 8. Maxima intensities emission values of PRODAN LE (4, ~
417 nm) and CT bands (4., ~ 495 nm) as a function of Xy for
water/BHDC/n-heptane:benzene reverse micelles at [BHDC] = 0.2
M and W, = 5. [PRODAN] = 1 X 107 M. 1, = 352 nm.

water molecules at the interface when n-heptane content
increases is what promotes emission from the CT state, in
comparison when the organic pseudophase is pure benzene.
Probably, the BHDC RMs interface with less benzene
molecules makes stronger the water—BHDC polar head
interaction because interfacial water locates in the polar side
of the RMs interface and do not penetrate to the oil side (as in
the case for an interface plenty with aromatic solvent). Under
this scenario, the emission of PRODAN from the CT state is
not quenched by hydrogen bond interaction as in the water/
BHDC/benzene RMs interface.'® Thus, it is important to note
that the external phase composition has influence on the
intramolecular charge transfer processes.

In order to gain more insight into the photophysics of
PRODAN inside the different BHDC RMs, we study the
PRODAN behavior using time-resolved fluorescence measure-
ments.

Time-Resolved Fluorescence of PRODAN in BHDC/n-
Heptane:Benzene Reverse Micelles at W, = 0 and 5.

Table 2 shows the fluorescence lifetime of PRODAN for water/
BHDC/n-heptane:benzene RMs at W, = 0 and W, = S and
[BHDC] = 0.20 M. The fluorescence decays at 4., = 425 nm
(PRODAN maximum emission from the LE state) and also 500
nm (PRODAN maximum emission from the CT state) were
obtained for W, = S.

The PRODAN fluorescence lifetime values obtained at W =
0 and monitored at 4., = 425 nm confirm the partition process
that PRODAN undergoes since two emission lifetimes are
found. PRODAN emits from the organic pseudophase and
from the BHDC RMs interface. 7; corresponds to PRODAN
species in the organic pseudophase, and the shorter component
7, corresponds to PRODAN species that emits from the RMs
cationic interface, both species emitting from LE state. The
interaction invoked above may explain why the fluorescence
lifetime of PRODAN inside the cationic RMs is lower that the
value in benzene.'® Not significant changes were observed in
the PRODAN species contribution by varying of Xj,. Around
60% of the emission corresponds to PRODAN at the RMs
interface while the remaining corresponds to PRODAN in the
organic solvent, which agrees with the K;, values shown in Table
1.

Also, in Table 2 it can be seen that as the Xy, increases, the
7, values diminishes which reflects the fact that benzene
molecules are expelled from the BHDC RMs interface as
discussed above.

For PRODAN in BHDC RMs at W, = 5 the emission
lifetimes values shown in Table 2 at A, = 425 nm show that
the emission decay fits nicely to a double-exponential function
and PRODAN emits from the organic pseudophase (z;, LE
state) and from the RMs interface (z,, LE state). As observed,
when the n-heptane content increases, the contribution of
PRODAN LE state at the RMs interface changes from 23% at
Xyp = 0.00 until around 70% for Xy, = 0.30. Thus, the results
are in agreement with the K, values discussed before, and when
water is present in the RMs, the aliphatic solvent favors the
incorporation of PRODAN to the RM interface.

A completely different situation comes out when the longer
wavelength emission band, 4., = 500 nm, is analyzed in the
different RMs. As it can be seen the fluorescence decays fit well
to a double-exponential function, but the shorter component

Table 2. Fluorescence Lifetimes (7) of PRODAN in Water/BHDC/n-Heptane:Benzene RMs*”

7, ns (%)

Xy w, Aemy DM 7,7 ns (%)
0.00 0 425 2.47 + 0.03 (39)
5 425 2.70 + 0.04 (77)
500
0.13 0 425 2.38 + 0.03 (39)
5 425 2.61 + 0.02 (49)
500
021 0 45 2.03 + 0.02 (40)
5 425 2.50 + 0.02 (46)
500
0.30 0 425 1.70 + 0.03 (46)
5 425 2.40 + 0.04 (33)
500

LE
1.76 + 0.02 (61)
1.20 + 0.03 (23)

1.61 + 0.03 (61)
1.46 + 0.06 (51)

1.51 + 0.05 (60)
1.32 + 0.03 (54)

1.35 + 0.03 (54)
1.26 + 0.02 (67)

cr?

3.55 + 0.02 (0.078)°

3.56 + 0.04 (0.087)¢

3.57 + 0.03 (0.080)°

3.54 + 0.05 (0.072)°

T3rc ns (%)

0.95 + 0.02 (—0.043)°

1.05 + 0.03 (—0.061)°

1.08 + 0.04 (—0.055)°

0.86 + 0.03 (—0.048)°

“[PRODAN] = § X 107 M. [BHDC] = 0.20 M. Values in parentheses are the contribution of the species obtained from the biexponential fitting.
YFluorescence lifetime values for the LE state’s emission from organic pseudophase. “Fluorescence lifetimes for the emission from the reverse
micelles interface. dEmitting state as explained in the text. “Values in parentheses show the pre-exponential factor obtained from the biexponential
fitting when PRODAN shows dual emission (negative pre-exponential factor).
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(73) has a negative pre-exponential factor. A similar situation
was previously found for PRODAN in aqueous and non
aqueous AOT/n-heptane RMs."*** A priori, the observation of
negative amplitudes indicates that before the radiative
deexcitation, a fast process compared to the emission lifetime
exists, leading to an increase in the emitting population
observed by fluorescence. In other words, there is an excited-
state process leading to a new emitting state different from the
initially excited state which can explain the PRODAN dual
fluorescence observed in the RMs media at W, = 5."®°*>* Thus,
this is other evidence that PRODAN undergoes dual
fluorescence and emits from two different states: the LE state
with the emission band at 4, around 425 nm and the CT state
with the emission band at 4, & 500 nm in the different
BHDC RM:s.

Thus, in this work we observe that changes in the organic
solvent composition have dramatic changes in the interface of
the BHDC RM:s properties that has also the ability to influence
charge transfer processes. Therefore, increasing the aliphatic
solvent content over the aromatic one favors the formation of a
CT state with the consequent decreases of the LE emission
intensity and the better definition of the CT band. Such
functionality between the emission intensity and the n-heptane
content may be due to changes in the composition of the RMs
interface, generated by the addition of aliphatic solvents." It is
worth mentioning that at present we are performing electro-
chemical studies in water/BHDC/n-heptane:benzene, at W, =
5 and Xy, = 021, and we found that also the n-heptane
contents favors the electron transfer process to an electrode.
While the electrochemical sensor (potassium ferricyanide) does
not discharge in BHDC/benzene RMs at any water content,
easily discharged in the RMs systems with Xy, = 0.21 and 0.30.

B CONCLUSIONS

We demonstrate that PRODAN molecule is a useful probe to
investigate how the external solvent composition affects the
micelle interface properties. The solvatochromism in homoge-
neous medium show that in the different n-heptane:benzene
mixtures PRODAN always emits from a LE state due to the low
polarity of the mixtures. Also, the emission quantum yield and
the fluorescence lifetime values decreases as the n-heptane
content increases.

In water/BHDC/n-heptane:benzene RMs PRODAN
presents a partitioning between the micelle interface and the
organic psudophase, process that were quantified from the
emission spectral changes with the BHDC concentration in any
RMs investigated. At W, = 0, K, values do not change by
adding n-heptane. On the other hand, the addition of water
favors the incorporation of the probe into the micelle interface,
according to the K, values obtained. Moreover, at W, = S the
K, values depend on the n-heptane content. Thus, n-heptane
favors the incorporation of PRODAN into RMs interface
because of the RMs interface has also more water molecules.

On the other hand, the addition of the aliphatic solvent to
the organic pseudophases in the water/BHDC/n-heptane:ben-
zene RMs makes deep changes in the photophysics of
PRODAN. We have used this behavior in the BHDC RMs to
obtain information about interfacial properties. As the X,
increases, the PRODAN ICT process is favored with the
consequent decreases in the LE emission intensity and a better
definition of the CT band. This phenomenon suggests that the
benzene molecules are expelled from the interface and water
molecules at the interface solvates the cationic surfactant
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through its nonbonding electrons. Thus, the BHDC RMs
interface with less benzene molecules makes stronger the
water—BHDC polar head interaction because interfacial water
locates in the polar side of the RMs interface and do not
penetrate to the oil side (as in the case for an interface plenty
with aromatic solvent). These facts are due to that when the n-
heptane increase, the droplet—droplet interaction increases and
the droplets sizes are larger, as it was demonstrated before using
other techniques."> Thus, we demonstrate that a simple change
in the composition of the external phase promotes remarkable
changes in the RMs interface.

B ASSOCIATED CONTENT

© Supporting Information

Calculation procedure of the partition constants (K,) for
PRODAN in the different BHDC RMs investigated;
representative plots of the PRODAN emission intensity at
Aem = 470 nm as a function of BHDC concentration in the
BHDC/n-heptane:benzene RMs at W;, = 0 and at different Xy,
(Figure S1); representative plots of the PRODAN emission
intensity at A, = 417 nm as a function of BHDC concentration
in the water/BHDC/n-heptane:benzene RMs at W, = § and at
different Xy, (Figure S2). This material is available free of
charge via the Internet at http://pubs.acs.org.
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