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ABSTRACT: In this work, we have investigated the behavior of 4-aminophthalimide (4-AP) in solvent mixtures of ethyl lactate
(EL)— water and EL—n-heptane and in reversed micelles (RMs) media made of EL—water/sodium 1,4-bis(2-ethylhexyl)-
sulfosuccinate (AOT)/n-heptane. We have used dynamics light scattering (DLS) and absorption, steady-state and time-resolved
emission (TRES) techniques. 4-AP is a very interesting and unique molecule used to study preferential solvation in water
mixtures since its emission profile changes dramatically when its sphere shell is solvated by water molecules. Thus, in
homogeneous media 4-AP is strongly solvated by water in the EL—water mixture and by EL in the EL—n-heptane mixture, results
that show the importance of the hydrogen bonding in the 4-AP solvation. We were motivated by this feature of 4-AP and have
used it to monitor properties in AOT RMs. Thus, we use 4-AP spectroscopic behavior in conjunction with DLS technique to
reveal the location of each polar solvent of the mixture encapsulated within the RMs media. We found that in the EL—water/
AOT/n-heptane RMs the results strongly depend on the amount of water dissolved. Below W = [water]/[AOT] = S, there are
no reversed micelles and EL, water, AOT and n-heptane forms a nonstructured mixture. For W, values between 5 and 10, the
droplet sizes are independent of the EL content because of its strong intermolecular interactions forms an EL polar core and only
water is found at the interface. For W, values higher than 10, the droplets size increase with the EL content and EL molecules are
detected at the AOT RMs interface. We inferred that the RM:s sizes will change only if the polar solvent encapsulated interacts
with the interface changing the surfactant packing parameter. Then, we can assume that it is possible to create RMs with solvents
that do not interact with the interface but can be encapsulated in the polar core. These results, give evidence that expand the
knowledge about which are the factors that determine when RMs droplet sizes changes with the polar solvent content, giving
insights that will help to control the sizes of the AOT RMs. This will open diverse avenues since RMs are interesting
nanoreactors for heterogeneous chemistry, templates for nanoparticles and models for electron transfer reaction that happens in
membranes.

B INTRODUCTION

Reverse micelles (RMs) are aggregates of surfactants formed in
nonpolar solvents. The polar head groups of the surfactants

well as templates for nanoparticles and models for biological
membranes.* Besides water, some polar organic solvents,
having high dielectric constants and very low solubility in

point inward and the hydrocarbon chains point toward to the
nonpolar medium.' > A common surfactant used to form RMs
is sodium 1,4-bis(2-ethylhexyl)sulfosuccinate (AOT, Scheme
1). The RMs formed with this surfactant can solubilize a large
quantity of water in a wide range of nonpolar solvents, reaching
values of W, = [water]/[AOT] as large as 40—60 depending on
the nonpolar solvent, the solute and the temperature.l_3 RMs
can be interesting nanoreactors for heterogeneous chemistry, as
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hydrocarbon solvents, can also be encapsulated in RMs. The
AOT/n-heptane RMs containing these solvents are known to
be spherical and, it has been demonstrated that the size of the
RMs depends on the W = [polar solvents]/[AOT] values.’

Received: December 3, 2012
Revised:  March 2, 2013
Published: March 11, 2013

dx.doi.org/10.1021/jp311882t | J. Phys. Chem. B 2013, 117, 3818—-3828


pubs.acs.org/JPCB
http://pubs.acs.org/action/showImage?doi=10.1021/jp311882t&iName=master.img-000.jpg&w=307&h=134

The Journal of Physical Chemistry B

Scheme 1. Molecular Structure of AOT, EL, and 4-AP
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The study of hydrogen bond molecular interactions of binary
mixtures containing glass forming liquid solvents is currently a
significant challenge in the research of soft condensed matter
science because of their wide applications in the field of science
and technology.6 As a result of the intermolecular interactions,
preferential solvation of solutes in mixed solvents may be
observed. This term applies if the local mole fractions of the
solvent components in a solvation microsphere surrounding the
solute differ from the bulk ones.”'° In this direction, we have
been interested in the study of the effect that AOT RMs has on
the solvent—solvent and solvent—surfactant interaction of polar
solvent mixtures upon encapsulation.'® We have demonstrated
how the confined environment affects dramatically the
interaction between two different polar solvents: glycerol
(GY) and dimethylformamide (DMF); in homogeneous
media, GY and DMF interact strongly through hydrogen
bond interactions while the opposite is found when the mixture
is encapsulated inside AOT RMs. Upon confinement of the
GY-DMF mixture and because the strong GY—AOT
interaction, GY strongly binds through hydrogen bond to the
AOT SO;~ group at the interface and DMF makes complexes
with the Na* counterions in the polar core of the aggregates
diminishing significantly the bulk GY—DMF interaction.
Therefore, each solvent (in the mixture) behaves as non-
interacting solvents inside RM."°

Searching for new solvents to create RMs, ethyl lactate (EL,
Scheme 1) emerges as an alternative green solvent since it is
100% biodegradable, it does not show any potential health risk,
it is easy recyclable, noncorrosive, and, in case of vapors release
is non-ozone-depleting. EL has the ability to develop
intramolecular hydrogen bonding among neighboring hydroxyl
and carbonyl groups, and this interaction competes with the
intermolecular hydrogen bonding with other EL molecules
and/or with water in mixtures.'} ™' Tt may be obtained from
carbohydrate feedstocks at very low and competitive prices.
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Moreover, the use of carbohydrates as a starting point in its
production leads to a renewable product, and thus sustainable,
not rising from petrochemical sources.'* Furthermore, EL is
produced at industrial level from the esterification of lactic acid
with ethanol using different procedures leading to EL and water
mixtures, products from which pure EL may be obtained.'"'?
Thus, the knowledge of the properties of the EL—water
mixtures is crucial for the industry.

One way to assess to study liquid—liquid interactions for
solvent mixtures under confinement such as in AOT RMs is the
use of molecular probes. We have chosen an interesting probe,
4-aminophthalimide (4-AP, Scheme 1), which has an electron
donor (amino group) and an electron acceptor moiety
(carbonyl group) placed in conjugated position in the benzene
ring which upon electronic excitation significantly change the
electron density distribution.”'*™"” 4-AP has been extensively
used as strong fluorescent probe in different environments
includin§ nanomaterials, organized media and biological
systems.”/>° 1t is known that 4-AP is an excellent probe
because its fluorescence lifetimes, spectra and quantum yields
are affected greatly by the environment properties.'®*® Very
recently, we have demonstrated that the 4-AP behavior is
unique in water.”” The strong dependence of the emission band
with the excitation wavelength found in water did not receive
adequate attention in earlier works. Thus, we want to take
advantages on this unique feature in order to investigate
complex systems like RMs.

With this background and in the context of our studies in
RMs, we consider worthy to investigate the effect that the
confinement has on the interaction between EL and water. The
study was performed in homogeneous and in AOT/n-heptane
RMs media. To achieve this goal we have used the
solvatochromic behavior of the molecular probe 4-AP. It
must be noted that 4-AP was used before to investigate the
water structure in water/AOT/n-heptane RMs but only one
absorption band was monitored."® We performed absorption,
steady-state and time-resolved fluorescence (TRES)" using
different excitation and emission wavelengths. We also use
dynamic light scattering (DLS) to demonstrate that the AOT
RMs are effectively formed. The results will show where are
located the sequestrated EL and water molecules within the
RMs.

B MATERIALS AND METHODS

Materials. Ultrapure water was obtained from Milli-Q filtered, 18.2
MQ cm resistivity. Ethyl lactate (EL) and n-heptane of the highest
grade available (Aldrich spectral of HPLC grade) were used as
received. The molecular probe 4-aminophthalimide (4-AP, Aldrich)
was purified by repeated recrystallization from ethanol.'®

Sodium 1,4-bis(2-ethylhexyl)sulfosuccinate (AOT) from Sigma
(>99% purity) was dried under reduced pressure, over P,Og until
constant weight prior use. The UV—vis spectra of I1-methyl-8-
oxyquinolinium betaine in the presence of AOT RMs showed that
the surfactant is free of acidic impurities, which would have greatly
reduced the intensity of the band at 502 nm.***

Methods. The EL—water and EL—n-heptane solutions at any
solvent bulk mole fraction values composition, X, or X, 4, studied
were prepared by weight.

The stock solutions of AOT in n-heptane were prepared by weight
and volumetric dilution. To obtain optically clear solutions they were
shaken in a sonicating bath and, the polar solvents were added using a
calibrated microsyringe. The surfactant solution was 0.10 M in n-
heptane. For any X, ., value studied, the amount of polar solvents
present in the system is expressed as the molar ratio between EL and
the AOT concentration Wy = [EL]/[AOT] while the amount of
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Scheme 2. Emission Mechanism and the Solvent-Mediated Proton Transfer for 4-AP in Water at Any Excitation Wavelength.
So enol Represents the Unstable with a Short Lifetime enol-ICT Ground State Species that Rapidly Converts to S, (Ref 27)
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water is expressed as the molar ratio between water and the AOT
concentration W, = [water]/[AOT].

To introduce the probe, a 0.01 M solution of 4-AP was prepared in
methanol (Sintorgan HPLC quality). The appropriate amount of this
solution to obtain a given concentration of the probe in the
homogeneous or micelle medium was transferred into a volumetric
flask, and the methanol was evaporated by bubbling dry N,; then, the
suitable EL—water mixtures or the AOT RMs solution was added to
the residue.

General Data. The absorption spectra were measured by using
Shimadzu 2401 equipment at 25 °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. Because the absorption and
emission bands are broad the A, was measured by taking the
midpoint between the two positions of the spectrum where the
absorbance is equal to 0.9 x A,.. Thus, the uncertainties in A, are
about 0.1 nm.

Fluorescence decay data were measured with the time correlated
single photon counting technique (TCSPC) (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 y? and for the best fit y*, must be around 1.0.*° It must be
noted that in any exponential fit (mono or bi), we have tried to

3820

perform multi- or monoexponential fitting but the statistic of the
decays were not improved or, became worse.

Time-resolved emission spectra, TRES, were generated from a set of
emission decay times taken at 10 nm intervals spanning the fluorescent
spectrum (typically 20 decays). To resolve the convolution with the
instrument response on the time-resolved decay data at each emission
wavelength, a multiexponential fit was used. The purpose of these fits
is simply to represent the decay curves and no ghysical meaning is
ascribed to the derived exponential parameters.”> Two components
were generally required to obtain a satisfactory fit to the data. TRES
have been constructed following the procedure described in the
literature.">>"

The apparent hydrodynamic diameters (dy,,) of the different AOT
RMs were determined by dynamic light scattering (DLS, Malvern
4700 with goniometer and 7132 correlator) with an argon-ion laser
operating at 488 nm. Multiple samples at each size were made, and 30
independent size measurements were made for each individual sample
at the scattering angle of 90°. The algorithm used was CONTIN, the
dyppp values reported were weighted by intensity, volume and/or
number since no differences are observed. The DLS experiments show
that the polidispersity of the AOT RMs size is less than $%. All the
experiments were carried out at 25 + 0.5 °C.

B RESULTS AND DISCUSSIONS

1. Absorption and Emission Studies in Homogeneous
Solvent Mixtures: 4-AP in EL—Water and EL—n-Heptane
mixtures. It has been reported that the bathochromic shift of
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the emission spectra of 4-AP in protic solvents is much greater
than the one observed in aprotic ones and, the greatest
bathochromic shift being detected in water. It is believed that
during 4-AP excitation there is a redistribution of the charge
yielding to an internal charge transfer state (S;—ICT). As a
consequence there is a significant change in the energy of the
hydrogen bonds with the protic solvents that are already
present in the ground state.'®'” Thus, the Stokes shift of this
S,—ICT emission is very sensitive to the polarity and hydrogen
bond donating ability of the medium. Also, the S;—ICT
character of the transition causes the dipole moment increase
upon excitation from 3.5 to 6.5 D.'®*> Also, it was
demonstrated that the absorption and emission bands shifts
bathochromically as the polarity/polarizability and the hydro-
gen bond abilities of the solvents increases. Moreover, the
susceptibiliféy to the specific interactions increases upon 4-AP
excitation.'®***” Very recently we have demonstrated that the
4-AP behavior is unique in water.”” The 4-AP absorption
spectra consist in two bands that correspond to different
electronic transitions: the band around 300 nm is the S; — S,
(m—n*: S,-LE) transition (B2 band) and, the band around 370
nm is the Sy = S; (S,—ICT) transition (B1 band). Moreover,
in all the organic solvents studied, the emission spectra (steady
and time-resolved) are the same independently of the excitation
wavelength used, i.e., B1 or B2, which is the expected behavior
for a fluorophore emitting from its lowest excited state (S;—
ICT). However, in water the emission spectra peaks different
depending on the excitation wavelength used. While the
fluorescence decays of 4-AP in water exhibit no emission
wavelength dependence at A, the situation is quite different
when A, is used. Also, we found a time-dependent emission
spectrum that shift to the blue with time. We explain the 4-AP
photophysics in all the solvents studied considering the solvent
proton transfer reaction upon excitation to the 4-AP excited
state. When A, is used and the S,-LE is populated, water is
the only solvent that produces the enol S, LE species that
cannot yield the S;—ICT state and the emission comes from
the relaxed enol excited state (See Scheme 2). On the other
hand, when 4,3, is used the S;—ICT state is populated and the
emission arises from the keto and enol S;—ICT states. The
latter species goes to a very well stabilized ground state with the
consequent increase in the electronic transition energy gap.27

With regard to solvent mixtures, 4-AP was used before to
investigate preferential solvation in water—dioxane,” toluene—
acetonitrile,’® and toluene—ethanol*® systems. In the non
aqueous mixtures it was demonstrated strong preferential
solvation of 4-AP by ethanol'® but, in the water—dioxane
mixture the authors claimed no preferential solvation of the
probe by water molecules. The solvathochromic behavior found
in the mixture was shown to be controlled by hydrogen bond
abilities of the solvent.”> Nevertheless, in that investigation,23
only one absorption band was monitored, and knowing that 4-
AP emission profile in water depends strongly on the excitation
wavelength used,”” we believe that to study aqueous solvent
mixtures is necessary to use also the B1 absorption maxima as
excitation wavelength.

EL has the ability to develop intra- and intermolecular
interaction through hydrogen bonding,"* and it is completely
soluble in water and in n-heptane, the nonpolar solvent used to
create the AOT RMs media. Thus, we study the solvatho-
chromism of 4-AP not only for the EL—water but also for the
EL—n-heptane solvent mixtures. The idea is to understand
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hydrogen bond interaction in these mixtures before the more
complex RMs systems will be formed.

The 4-AP absorption and emission spectra (at A, = Bl
maximum band) in pure water and pure EL are shown in
Figure S1, parts A and B, respectively, in the Supporting
Information. As can be observed, 4-AP presents two absorption
bands that correspond to different transitions as was explained,
and the emission spectra consist of a single band. The
absorbance maxima of B2 and Bl bands in pure water are
AT s 52 = 303.7 nm and A" 5; = 370.0 nm while at A, g,
Amx = 561.7 nm, and at A 51, A" = 545.7 nm.”’ In pure
EL, the absorbance maxima of B1 and B2 bands are A™* 5, =
309.1 nm and A™ 5, = 365.4 nm, while the maxima of the
emission band at A, B2 and A, B1 are the same and 4™, ; =
526.5 nm.

Parts A and B of Figure S2 in the Supporting Information
show the plot of the 4-AP maxima absorbance frequencies for
the EL—water and EL—n-heptane binary mixtures as a function
of the water bulk mole fraction, X, ., and n-heptane bulk mole
fraction, X, 1,, respectively. In this case and because of 4-AP is
not soluble in pure n-heptane, the X, ;,, values were varied from
0 to 0.75. Parts C and D of Figure S2 in the Supporting
Information show the plot of the 4-AP maxima emission
frequencies as a function of X, and Xy, respectively.

In the aqueous mixtures (Figure S2A, Supporting Informa-
tion), it can be seen that the absorption Bl band is more
sensitive to the water addition than the B2 band. This is the
expected since the Kamlet—Taft analysis®® performed on these
bands show greater sensitivity of the maxima of B1 band to the
polarity/polarizability and hydrogen bond interactions in
comparison with the maxima of B2 band.*” Also, it is notorious
that, in the absorption and emission frequencies plots (Figure
S2, parts A and C, Supporting Information), the experimental
points deviate from linearity in the whole X, range studied.
Moreover, the data are similar to those obtained in pure EL in
the EL rich region while, the strongest deviation happens in the
water rich region. The results are in agreement to those
proposed by Aparicio et al'> where the addition of small
quantities of EL to water has a strong effect on the water
structure reinforcing the water networks whereas for the EL-
rich region the addition of water has less remarkable effects.” It
is interesting to see that the 4-AP solvation by the EL—water
mixture in its ground state seems to have a synergist®® effect
because the experimental points lie below the pure solvent
values at any composition (Figure S2A, Supporting Informa-
tion). Data from the 4-AP emission profile are in concordance
to what was found in the 4-AP absorption spectra discussed.
Figure S2C, Supporting Information, shows that 4-AP ICT
excited state sense water molecules only in the water rich
region.

With regard to the EL—n-heptane mixtures, parts B and D of
Figure S2, Supporting Information, show that independently on
the n-heptane content 4-AP is mostly solvated for EL solvent
because the strong hydrogen bond interaction between the
probe and EL.

Thus, it is clear that 4-AP is almost exclusively solvated by EL
molecules in the EL—n-heptane mixtures but which is the
solvent composition on the 4-AP solvent shell in the EL—water
mixture? Figure S3 in the Supporting Information shows the
dependence of the 4-AP maximum emission wavelength with
the excitation wavelength for different EL—water mixtures. Also
the values for EL—n-heptane mixtures as well as for pure water
and pure EL were included for comparison. As can be seen, in

exc exc
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the EL—water mixtures, there is a blue shift of the emission
band as the excitation wavelength has lower energy. This is
what was found in pure water, where the blue shift of the
emission band is around 35 nm.*” Thus, in the EL—water
mixtures, the blue shift of the emission band is less than in pure
water and it decreases with the EL content, being almost
negligible for mixtures with water content less than 20%.
Interestingly, the data never match the values obtained in pure
EL. We have explained this distinct behavior in water
considering that there are two different emitting species for
the 4-AP ICT excited states, with water being the only solvent
that can undergo the proton transfer reaction for the ICT
excited state, yielding the enol-ICT and the keto-ICT species.””
Thus, the more stable excited state is the enol-ICT that emits
to a ground state (S,’) that is different and more stabilized by
water molecules than the one formed by the keto-ICT species
emission (Scheme 2).>” The fact that the effect is detected in
any EL—water mixture investigated for water contents higher
than the 20% means that water is the solvent that preferential
solvates 4-AP. However, at lower water contents EL is the
solvent that solvates the molecular probe.

On the other hand, the blue shift is not observed in neat EL
and in its n-heptane mixtures. In EL—n-heptane mixtures the
emission maxima values matches the emission maxima found in
neat EL at any solvent mixture composition. EL although is a
hydrogen bond donor solvent is not able to produce the proton
transfer to yield the 4-AP enol-ICT species (Scheme 2) and the
emission is from the keto-ICT state as in any other protic or
aprotic media.”’

In order to gain more information on the 4-AP photophysics
in the mixtures we study also its behavior in the same systems
using time-resolved emission measurements (TRES). TRES is
frequently used to study the excited state dynamics and kinetics
of fluorescent molecules in solution.'® The time dependent
decays at different emission wavelengths were used to construct
the TRES spectra and, the results are shown in Figure S4, parts
A, B, and C, in the Supporting Information section. Figure S4A
(Supporting Information) shows typical results for the TRES
spectra in the 1:1 EL—water mixture at A= Bl maximum
band. The TRES spectra for pure EL and for the 1:1 EL—n-
heptane mixtures are shown in Figure S4, parts B and C,
Supporting Information, respectively. As can be seen, in the
EL—water mixture, the 4-AP behavior is similar to the one
found in pure water,”” and with an increase in the time, the
band shape narrows and the emission spectra shift progressively
to shorter wavelengths (blue shift) due to the presence of the
two 4-AP ICT emitting species (Scheme 2).>” On the other
hand, in pure EL and in the EL—n-heptane mixtures there is no
dependence with time indicating that the solvation dynamics is
too fast to be detected in our nanosecond setup and, that 4-AP
emits only from the relaxed keto-ICT state.

2. EL—Water/AOT/n-Heptane Reversed Micelles.
2.1. DLS Studies. In our work, all the DLS experiments were
carried out at a fixed AOT concentration of 0.1 M and the RMs
solutions are not at infinite dilution. Nevertheless we think
appropriate to introduce an apparent hydrodynamic diameter
(dapp) in order to make the comparison of our systems. A
similar approach was used previously.34’3'5 Also, in order to
clarify the presentation of our data in the AOT RMs, we will
use the following nomenclature: the amount of water will be
denoted as W, = [water]/[AOT] and the amount of EL will be
denoted as Wy = [EL]/[AOT]. Thus, in our experiments we
have fixed the values of W, or Wy, if the amount of water or EL
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is investigated, respectively. We want to say that all the
solutions investigated are homogeneous and clear which make
us to think that they are in the L2 region of the phase diagram.

It is worthy to mention here that it was not possible to
encapsulate EL in the AOT/n-heptane systems without the
presence of water since the DLS data show no correlation and
the polidispersity index was equal to 1. Also, as EL is
completely soluble in n-heptane it was possible to dissolve EL
as the major component in the mixture being n-heptane and
AOT the minor components and, the DLS data show no
correlation as in the other case. Thus, there is not an organized
system such as RMs for the EL/AOT/n-heptane or for n-
heptane/AOT/EL mixtures and the systems are only non-
structured microemulsions (nonorganized systems).”

Parts A and B of Figure 1 report the apparent droplets sizes
values obtained in the EL—water/AOT/n-heptane media
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Figure 1. Droplet apparent diameter (d,,,) variations as a function of
Wy, for EL—water/AOT/n-heptane RMs: (A) W, = S; (B) W, = 10.
[AOT] = 0.1 M. T = 25 °C.

varying Wy, at two different water content (W,). Figure 1 A
corresponds to W, = § and Figure 1 B corresponds to W, = 10.
We want to highlight that below W, = 5 the DLS data show no
presence of AOT RMs since no correlation were obtained.
From Figure 1, two different situations can be observed
depending on the water content. At low water content (Figure
1A), the droplet size values are independent of the EL amount
at every Wy values investigated (even at the maximum Wy,
value that can be reached to form stable and transparent
solution, Wy = 7). The sizes of the droplet (dAPp = 4.5 nm)
correspond to the one obtained for water/AOT/n-heptane
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RMs at W, = 5." On the other hand, at higher water content
(Figure 1B), the maximum Wy, value that can be reached is
lower (Wg = 4) than the other case and, the apparent droplet
size values increases in a linear tendency with Wy until a value
around 3. After that, the size strongly deviates from the linearity
probably reflecting the fact that the RMs droplet—droplet
interaction is favored changing the shape of the RMs previously
to the phase separation value.*> However, at this point we do
not have enough evidence to confirm this assumption.

DLS can be used to assess if the different EL—water mixtures
are encapsulated by AOT to create RMs.”**™*' Therefore, if
the mixture is really encapsulated to form RMs, the droplets
size must increase as the W value increases as it is well-
established for water or polar solvents/surfactant RMs
systems.””*® This feature can also demonstrate that the
EL—water/AOT RMs consist (or not) of discrete spherical and
noninteracting droplets of the mixture stabilized by the
surfactant. If the tendency with W is linear (swelling law of
RMs) then the droplet are spherical and noninteracting.'®*’
On the other hand, if the EL—water mixture is not encapsulated
by the surfactant the droplets sizes could decrease with the
polar solvent addition.* In this case, the polar mixture can act
as a cosurfactant located in the nonpolar region of the interface,
leading to a reduction in the droplets sizes because of the AOT
solubility in the nonpolar pseudophase increases, and the cmc
value also increases eventually, leading to the RMs’ destruction.

It is known that the RMs droplet sizes depend, among many
other variables, on the effective packing parameter of the
surfactants, v/al, in which v and I, are the volume and the
length of the hydrocarbon chain, respectively and a is the
surfactant headgroup area. The RM:s sizes are larger when the
surfactant packing parameter values are smaller.'® In this sense,
we have previously demonstrated®® that polar solvents that
strongly interact with the AOT interface lead to an increase in
the effective surfactant headgroup area a. Moreover, it was also
demonstrated that the AOT RMs droplet sizes depend strongly
on the kind of interactions that the different polar solvents can
make with the surfactant rather than their molar volume even
when a solvent mixture is confined at a nanoscale size.'”*® On
the other hand, if the interaction between the polar solvent and
the interface is small, the droplet size values seem to depend
slightly on the polar solvent content.*

Our DLS results show two situations depending if the
encapsulated water structure corresponds to the bound water
(W, < 6—8) or to the free water (W, > 6—8)." ™ In the former
case when the d,,, values do not change (Figure 1 A) and
correspond to the value obtained for water/AOT/n-heptane
RMs, the first explanation that comes out is that EL molecules
do not encapsulate and are dissolved in the n-heptane
pseudophase (where EL is very soluble). Other possibility
never explored before, is that EL molecules are encapsulated by
the surfactant but do not interact with the AOT RM:s interface
because the EL—EL interaction is stronger than water—AOT
and EL—AOT interactions. In other word, the polar solvent
creates a true polar pool without interacting with the surfactant.
Both hypotheses give dy,, values that do not change with the
EL content.

On the contrary, in the second situation when d,,, increases
in a linear tendency with Wy (Figure 1 B), it is clear that EL
molecules are encapsulated and interact with the AOT interface
probably because once AOT head groups are hydrated the of
EL—AOT interactions are greater than EL—EL and water—
AQOT interactions.
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To decide between these possibilities is not an easy task and,
a combination of different techniques should be used. In the
next sections, we will address a possible answer to the
experimental evidence found at different water content.

2.2. 4-AP in EL—Water/AOT/n-Heptane RMs. 2.2.1. Steady-
State Absorption and Emission Spectroscopy. In the next
sections, we will give an answer to the question of where EL
molecules exist within the AOT RMs system using the
spectroscopic properties of 4-AP.

4-AP is a molecular probe that is completely insoluble in n-
heptane but it can be dissolved in AOT/n-heptane solutions at
[AOT] > 0.09 M. Thus, the probe does not undergo a partition
process between two different pseudophases in the exper-
imental conditions used in this work."'® Rather than that, 4-AP
exists mainly at the AOT RM pseudophase and will monitor
the changes of the micelle properties.**

Typical 4-AP absorption and emission spectra in EL—water/
AOT/n-heptane RMs varying the EL content at W, = 10 and
[AOT] = 0.1 M are shown in Figure SS, parts A and B,
respectively, in the Supporting Information section. Similar
features are observed in all the RMs investigated at W), above 5
(not shown). Figures 2 A and B summarize the data depicted in
Figure S5, Supporting Information, and show the variation of
the B1 maxima absorption band, 4., (Figure 2 A) and, the
emission maxima, A, em values (4, = Bl maximum band,
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Figure 2. (A) Maxima wavelength values of B, absorption band as a
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maximum band) of the emission band as a function of the Wy, at
different W, values. [AOT] = 0.1 M. [4-AP] =1 X 107" M.
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Figure 2B) for 4-AP in EL—water/AOT/n-heptane RMs
varying Wy at different water content. First we will discuss
the data at different W, values with no EL addition, Wy = 0,
that are shown in the y axis of Figures 2, parts A and B. It can
be seen that 4-AP detects water molecules at the AOT RMs
interface because of the red shift in the absorption and emission
bands observed upon the W, values increase.'®'® The B1
absorbance maxima is 4™, = 362 nm at W, = 0 (no water
addition) and shifts to ™, = 368 nm at W, = 30 while, the
emission maxima exciting at the B1 absorption maxima go from
AT = 447 nm at Wy = 0 to ™%, = 542 nm at W, = 30. It
must be noted that the absorbance and emission maxima
obtained at W, = 30 are close to the values for 4-AP in pure
water: A", Bl= 370 nm and 4™, = 545.7 nm>>*” which
reflects the sensibility of the molecular probe to the water
structure upon encapsulation. Similar shifts were found in the
literature but working at excitation wavelength that correspond
to the B2 absorption band.'®

On the other hand, the situation is different when EL is
added to the system. From Figure 2, it can be seen that the
spectroscopic data give results according to the ones obtained
through DLS. At W, = S where the droplet sizes do not change
with Wy values (Figure 1A), 4-AP does not detect EL
molecules neither in the absorbance nor in the emission
spectra. Parts A and B of Figure 2 show that the band positions
are the same with and without EL addition, which means that
4-AP only detects water molecules at the AOT RMs interface.
On the other hand, at higher water content, i.e,, W, = 10 and 30
where the droplet sizes increases with the EL amount (Figure 1
B), it can be observed a noticeable blue shift of the absorption
and emission maxima values with Wg;. Consequently, 4-AP
now senses the presences of EL molecule, which is a solvent
with lower polarity in comparison with water (see part 1 of this
section), at the AOT RM:s interface.

2.2.2. Excitation Wavelength Study on 4-AP. The fact that
water is the only solvent where 4-AP emission maxima
wavelengths are different depending on the excitation wave-
length used in the red-edge of the Bl absorption band
(emission blue shift of around 35 nm),”’ motivates us to
perform a detailed investigation of this effect in the EL—water/
AOT/n-heptane RMs to gain more insights about the interface
composition. It is known that in bulk nonviscous solvents,
dipolar solvent relaxation around the fluorophore in the excited
state occurs on a time scale much faster than the fluorophore
fluorescence lifetime. However, if the dipolar relaxation of the
solvent molecules in the excited state is slow enough that the
relaxation time is comparable to or longer than the fluorescence
lifetime, then A™,; will shift toward lower energy (red shift)
as the excitation wavelength energy decreases. This effect,
known as red edge excitation shift (REES),">* directly
monitors the microenvironment and dynamics around a
fluorophore in motionally restricted media such as RMs.**~*
It is important to highlight that the REES effect shifts the
emission band to lower energy (red shift) and it is not the
explanation for the blue shift found in water of the 4-AP
emission maxima when the excitation wavelength is changed in
the red-edge of the B1 absorption band. Rather than this effect,
the explanation was based in the two 4-AP emitting species
found in water (Scheme 2).>’

In the AOT RMs the situation is different. First we will
present the results in the RMs at Wy = 0 and varying the water
content. Figure S6A, in the Supporting Information, shows the
4-AP emission spectra in AOT/n-heptane RMs at different
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excitation wavelengths at the red-edge of the Bl absorption
band at W, = 0. Figure S6B, in the Supporting Information,
shows the difference in the emission maximum wavelength
when exciting at 420 and 360 nm, AA™, = ™%, (Aexe = 420
nm) — 1™, (g = 360 nm), for 4-AP in water/AOT/n-
heptane at different W, values. It can be seen that the emission
band shifts to the red in the RMs at W, = 0 since the AA™,
value is positive. Moreover, a AA™_ ~ 24 nm found reflects
the motionally constrained environment that 4-AP senses in the
AOT RMs interface. Upon water addition it can be seen
(Figure S6B, Supporting Information) that at W, values <S,
AA™ . decreases suggesting that the dye’s environment
becomes significantly more fluid because of the interface
hydration.*® Tt is interesting what happens at W, > 5 where
AA™ ., has negative values of around —14 nm independently
on the W investigated. A negative value for AA™™_ means that
the emission band shifts to higher energy (blue shift) as the
excitation wavelength is changed to lower energy, result that
cannot be attributed to REES effect as it was explained and,
such blue shift was observed for 4-AP only in water
environment”’ with the explanation given in the section of
solvent mixtures. Please note that AA™*,  value found in the
AOT RMs is not the same than the one obtained in pure water
(~35 nm) because in the RMs media the REES effect is also
present with an opposite tendency of the shifts. In this way the
dye is suitable to monitor changes at the AOT RMs interface
because the fluidity and the water content can be followed at
the same time.

The 4-AP behavior in AOT RMs changes in the presence of
EL. Parts A and B of Figure 3 show the difference in the
emission maximum wavelength when exciting at 420 and 360
nm, AA™, = A", (Aee = 420 nm) — 4™, (Aeye = 360 nm)
as a function of Wy, for 4-AP in EL—water/AOT/n-heptane
media at W, = 5 and W, = 10, respectively. As expected at W, =
S, 4-AP only detects the presence of water at the AOT RMs
interface independently on Wy values. This come out since
AQ™*, values are the same than the one obtained at Wy, = 0
(Figure S6B, Supporting Information). On the other hand, at
Wy = 10 AA™ values drops markedly to a value of —6.9 as
the EL content increases. With this amount of water 4-AP
senses the presence of EL molecules at the AOT RMs interface.

Interestingly, the data shown in Figure 3 demonstrate that
the interfacial water present in the AOT RMs can also help to
the solvent mediated proton transfer reaction that the keto 4-
AP —ICT species undergoes in pure water (Scheme 2). On the
other hand, for W; values higher than S, the presence of EL at
the interface seems to difficult the proton transfer process
because the AA™ significantly reduces the value.

To confirm where the EL molecules are located within the
RMs, we study the 4-AP behavior using time-resolved emission
measurements under different experimental conditions.

2.2.3. Time-Resolved Emission Spectra (TRES) of 4-AP in
EL—water/AOT/n-Heptane RMs. Figure S7A, in the Support-
ing Information, shows the TRES spectra for 4-AP (at A, = Bl
maximum band) in AOT/n-heptane RMs at W, = Wy = 0, that
is RMs without water and EL addition. Figure S7B, Supporting
Information, shows also TRES spectra for 4-AP in EL—AOT-n-
heptane systems at EL:AOT molar ratio of 40 and without
water addition. The data of EL—AOT-n-heptane system is
presented, even though the DLS experiments clearly show that
for Wy below 5 RMs are not formed, because we want to
explore what the dye senses in a mixture that it is not an
organized media.
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Figure 3. AA™ | = 2™ (e = 420 nm) — 2™ (Aeyc = 360 nm)
values for 4-AP in EL—water/AOT/n-heptane RMs as a function of
Wy (A) Wy = 5. (B) W, = 10. [AOT] = 0.1 M. [4-AP] =1 X 107* M.

Figure S7A, Supporting Information, shows that the emission
spectra shift progressively to longer wavelengths increasing time
(from 4™, = 447 nm at t = 0.5 ns to 4™, = 465 nm at t =
60 ns) while the band shape shows little or no variation. These
facts are in agreement with the continuous model for the
spectral relaxation, which can explain TRES that comes from
solvent relaxation where the initially excited state (4-AP keto-
ICT state (Scheme 2)) relaxes to a solvent relaxed state,'>'!®
Thus, due to the constrained environment that the AOT RMs
interface offers to 4-AP, the solvation dynamics slows down and
it can be detected in our nanosecond setup at W, = 0. On the
other hand, Figure S7B, Supporting Information, shows that
there is no dependence of the TRES spectra with time in the
EL—AOT-n-heptane system, which indicates that the solvation
dynamics is too fast to be detected in our equipment and, that
4-AP emits from the relaxed keto-ICT state (Scheme 2).
Moreover, the emission maxima wavelength (A™*,,, = 519 nm)
and the spectra shape match the results obtained in the 1:1
EL—n-heptane mixture (Figure S4B,Supporting Information).
This indicates that 4-AP is preferentially solvated by EL even in
the complex mixture of AOT, n-heptane and EL molecules and,
confirms the results obtained through DLS that this mixture is
not an organized system. The same trend was observed at other
EL:AOT molar ratio investigated: 4, 10, and 20 (results not
shown) and even with water dissolved in the mixture up to a
molar ratio to the surfactant concentration of S (not shown).
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The next step before going to more complex RMs, is to show
the results in the water/AOT/n-heptane RMs without EL
addition (Wy, = 0) at different water content. Figure S84,
Supporting Information, shows typical TRES spectra of 4-AP in
water/AOT/n-heptane RMs at W, = 30 and Figure S8B,
Supporting Information, which is obtained from the TRES
spectra at different W, values, shows the difference in the
emission maximum wavelength at times 60 and 0.5 ns, AA™
= A (t=60ns) — A™*, (t= 0.5 ns), as a function of W,
As it can be observed and similarly to what it was found in pure
water,”” in the AOT RMs when water is present the emission
spectra shift markedly to shorter wavelengths and the band
shape narrows on increasing the time (Figure S8A, Supporting
Information). Clearly, the presence of water in the RMs
interface helps in the solvent mediated proton transfer reaction
that 4-AP keto-ICT species undergoes yielding the 4-AP enol-
ICT species. Both species are then responsible of the 4-AP
emission profile (Scheme 2) as it was discussed in pure water.””
The narrowing of the band is more notorious in the AOT RMs
system than in water,”” which suggests that the 4-AP enol-ICT
conversion is favored at the AOT RMs interface. It is worthy to
note that the enol-ICT species has a good hydrogen donor
group (the enol OH) and as it is well-known, the AOT
interface is very good accepting hydrogen bond interactions."*”

Finally we present the results obtained for the more complex
RMs: EL—water/AOT/n-heptane RMs. Parts A and B of Figure
S9 in the Supporting Information show typical TRES spectra of
4-AP in EL—water/AOT/n-heptane RMs at W, = 5, Wy = 6
and W, = 10, and Wy = 4, respectively. Parts A and B of Figure
4 show the difference in the emission maximum wavelength at
times 60 and 0.5 ns, AA™, = 1™, (t = 60 ns) - A, (t =
0.5 ns), as a function of Wy at W, = § and 10, respectively. In
the figures, it is clear that the blue shift that 4-AP emission band
undergoes with time is smaller at W, = 10 because the probe
detects EL molecules at the interface. At W, = 5, the dye only
feels water molecules at any EL content, as was discussed.

From Figure 4A, we can infer that at W, = 5 EL molecules
exists inside the AOT RMs and they are not dissolved in the n-
heptane pseudophase, because of 4-AP emission band shifts to
the blue. We have shown in Figure S6B, Supporting
Information, that when EL is dissolved in a nonstructured
microemulsion media, the 4-AP blue shift is not detected. Thus,
the possibility that EL molecules go to the n-heptane
pseudophase is discarded.

Scheme 3 summarizes the above discussion. We have shown
in concordance with the literature,"® that EL is a liquid that
show strong intermolecular association and competes for
intramolecular hydrogen bonding. In water mixtures, addition
of small quantities of EL to liquid water has a strong effect on
the water structure reinforcing the water networks and
diminishing the water—EL interaction. This situation in AOT
RMs occurs when Wj is higher than 10 and the system has free
water molecules in the pool." Hence, it is likely that at W, = 10
the water — AOT interaction diminishes because there is
enough water to break the EL—EL interaction and there is EL
at the RMs interface. That is, EL molecules go to the interface
to interact with AOT polar headgroup. Thus, the surfactant
packing parameter is changed and the RMs droplet sizes are
bigger.

On the other hand, as it was discussed in the part 1 of this
section, the results for the EL-rich region show that the water
addition has practically no effect on the EL structure. In AOT
RMs media this is equivalent to the data discussed at low water
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content, W, = 5. Herein, EL—EL interaction is stronger than
EL—water interaction and, the interfacial bound water strongly
interacts with AOT polar head and gives an interface with no

EL molecules. Because of the strong EL—EL interaction they
can form an EL pool in the AOT RMs.

However, for W, values smaller than 5, the very little amount
of water and the presence of larger amount of EL molecules
prevents the formation of the AOT RMs. Instead of this the
mixture forms a nonstructured mixture (nonorganized systems)
as it is shown in Scheme 3. Under this scenario any amount of
EL can be dissolved which makes impossible to determine a
maximum value for Wg;.

B CONCLUSIONS

The unique behavior of 4-AP under the presence of water
molecules motivate us to perform a detail investigation of the
EL—water mixture and the effect that the constrained
environment has on this interaction. Thus, we investigate the
EL—water/AOT/n-heptane system using DLS, absorbance and
steady-state and time-resolved emission spectroscopy. We show
that 4-AP is very useful not only to detect preferential solvation
in homogeneous media but, to monitor the presence or the
absence of organized media such as AOT RMs. Also, it helps to
clearly detect where the polar solvents exist within the RMs.

Our results demonstrate that in homogeneous media, water
molecules preferential solvates the solvent shell sphere of 4-AP,
while in EL—n-heptane mixtures 4-AP is always solvate by EL
molecules through hydrogen bond interaction. With the
presence of AOT the situation is different. DLS and
spectroscopic experiments show that below W, = 5 values,
there is no RMs and EL, water, AOT and n-heptane forms a
nonstructured mixture. For W, values between 5 and 10, the
droplet sizes values are independent of the EL content because
EL molecules interact strongly with each other forming an EL
polar pool. For W, values larger than 10, the droplets size
values increase with the EL content because of EL molecules
interact with the AOT RMs interface.

These results, give a strong evidence about which are the
factors that determine the RMs droplet sizes depending on the
structure of encapsulated polar solvent, giving insights that help
to control the sizes of the AOT RMs.

Scheme 3. Cartoon with the Representation of the Estimated Different Location for EL and Water in EL—Water/AOT/n-

Heptane Systems, at Different Water Content

EL:water/A0T/n-Heptane

@ #-Heptane
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