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The formation of reverse micelles (RMs) of sodium 1,4-bis(2-ethylhexyl)sulfosuccinate (AQihéptane
including two differentf-cyclodextrin (3-CD) derivatives (hydroxypropyb-CD, hp{3-CD, and decenyl
succinyl$-CD, Mod{3-CD) is reported. Both cyclodextrins can be incorporated into AOT RMs in different
zones within the aggregate, whifgCD cannot. Using UV-vis and induced circular dichroism (ICD)
spectroscopy and different achiral molecular probes (some azo phygspaniline and ferrocene), it was
possible to determine that Mg8kCD s located with its cavity at the oil side of the AOT RM interface, while

for hp3-CD the cavity is inside the RM water pool. Among the molecular probes used, methyl orange (MO)
was the only one which gave the ICD signal when dissolved in the AOT RMs wii+@p, so a detailed

study of MO behavior in homogeneous media was also performed to compare with the microheterogeneous
media. The solvatochromic behavior of the dye depends not only on the polarity of the media but also on
other specific solvent properties. A Kami€laft analysis shows that the MO absorption spectrum shifts to
longer wavelength with an increase in the solvent polatitglarizability ¢z*) and the hydrogen donor ability

(o) of the medium. MO appears to be almost 3 times more sensitive tarthgarameter than to the
parameter. In addition, from the MO absorption spectral changes with thCGip-concentration, the
association equilibrium constants in pure watén(,) and inside the RM11rv) Were computed. The results
show thatk;, is almost 10 times larger than the value inside the RMs. The latter can be explained considering
that MO resides anchored to the RM interface through hydrogen bond interaction with the hydration bound
water. This study shows for the first time that the cyclodextrin chiral cavity is available for a guest in an
organic medium such as the RMs; therefore, we have created a potentially powerful nanoreactor with two
different confined regions in the same aggregate: the polar core of the RMs and the chiral hydrophobic
cavity of cyclodextrin.

Introduction Cyclodextrins (CDs) are a group of well-known cyclic

. oligosaccharides that are capable of forming reversible nonco-
Several surfactants are able to aggregate in nonaqueous

solvents to yield reverse micelles (RMs). Small solute particles valent complexes_ with a wide variety of gueé%_s?l’hese_
can be located in three different compartments: (a) the extemalmacrocycles_ cons_lst of severap-glucopyranose re&dugs (six,
organic solvent, (b) the micellar interface formed by a surfactant seven, or eight rings, _named, p-, andy-CD, respectively)
monolayer, and (c) the internal water pool. Subsequently, liNkeéd byo-1,4 glycosidic bonds. They have a doughnut-shaped
these systems contain aqueous microdroplets entrapped in &tructure in which the cavity has a hydrophobic character but
film of surfactant and dispersed in a low-polarity bulk e rims, in which the primary and secondary OH groups are
solventl—11 inserted, are hydrophilic.

Among the anionic surfactants that form RMs, the best known It is well-documentetf~15 that cyclodextrins form inclusion
are the systems derived from the sodium 1,4-bis(2-ethylhexyl)- complexes with a variety of inorganic and organic molecules
sulfosuccinate (AOT) in different nonpolar media. AOT has a in solution. The formation of hostguest complexes occurs
well-known V-shaped molecular geometry, giving rise to stable through desolvation of both species. Nevertheless, the stability
RMs without cosurfactant. In addition, it has the remarkable of the complex is related to the amount of water that can be
ability to solubilize a large amount of water with values\f released by the cyclodextrin upon encapsulation of the guest
(W = [H20]/[AQT]) as large as 4660 depending on the  molecule®1” Connord® reported that amphiphilic compounds
surrounding nonpolar medium, the solute, and the temperature.such as surfactants form highly stable complexes. As a
However, the droplet size depends only \at#3> consequence of the binding process, some properties of the target
- - ~ molecule can be dramatically changed. This is the case for
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assembly process, normally causing the destruction of the SCHEME 1: Structures of the Different Cyclodextrins

aggregate$®2! Used in This Work

Recently, it was demonstrated that in systems containing HO Ho OH
nonionic surfactants of increasing hydrophobicity the percentage g =
of uncomplexed CD increases with the hydrophobic character HO., OOHQ:%A\
of the surfactant? This result is a consequence of the dynamic OH2 OH
behavior shown by the mixed CBsurfactant systems, where Hon O CH,OH QyOH
the concentration of uncomplexed CD is the result of the balance O,
between the complexation processes of the surfactant with the HO" SH.OH HOH,CO
CD and the auto-aggregation (micellization) processes of the 072 /WOH
surfactant. The results demonstrate that, on decreasing the &o: Ch.oH S o,
surfactant critical micelle concentration (cmc), the percentages HO 2 OZK(%/ OH
of uncomplexed CD can increase to almost 95%. HO 7 “OH

With the aim of optimizing the properties of cyclodextrins OH
for a particular use, many substituted CDs have been prepared B-CD

and new derivatives continue to be reporféti has been shown
that macrocyclic amphiphiles of hydrophobically modified CDs
can form a variety of supramolecular assemblies, including
monolayers, multilayers, and LangmuiBlodgett films at the
air—water interfacé* Moreover, amphiphilic CDs can be
admixed to phospholipid monolayétsas well as liposomes,
and they can be dispersed into nanospheres, thus showing
promising properties for drug encapsulatfén.

It is known that a unique microenvironment for carrying out
a variety of chemical and biochemical reactions is found in the
polar cores of RMs and the chiral hydrophobic cavity of CDs.
RMs have been used as model systems for studying various
reactions in confinement, for example, biological functions, such
as enzymatic reactiofs 30 or micellar catalysi$!—36 Despite
their simplicity, they provide an excellent method to study the
fundamental effects of confinement.

Due to the unique catalytic properties of RMs and to the chiral
properties of the CD cavity, in this contribution, we character-
ized RMs made with AOT and two different cyclodextrins
solubilized in different zones within the aggregate: hydrox- _ .
ypropyl3-CD (hp{5-CD) and decenyl succiny-CD (Mod3- Reone or more -CH,CH(OH)CH; moeties
CD) (Scheme 1). The idea is to try to create a novel medium hp--CD
with different confined regions in the same aggregate: the polar For the determination of the association constants of methyl
core of the RMs and the chiral hydrophobic cavity of the orange (MO}-hp-3-CD complexes, absorption spectra of solu-
cyclodextrins that may be used as a chiral nanoreactor. tions containing a constant organic guest concentration and

In this work, we report that Mog-CD and hps-CD can be increasing concentrations of HPED were recorded on a
incorporated into AOT RMs whilg-CD cannot. Moreover, our ~ Spectrophotometer. The procedure was as follows: a stock
study shows for the first time that the cyclodextrin chiral cavity solution of the dye in water or RM medium was prepared. The
may be available for a guest in an organic medium such as thecyclodextrin was dissolved with an aliquot of this solution. Then,

™ chgr N

RMs. the solutions to be measured were prepared by combination of
the adequate volumes of the two stock solutions, with and
Experimental Section without the host.

. . . . The solutions of the probes with Mg8-CD were prepared
Sodium 1,4-bis(2-ethylhexyl)sulfosuccinate (AOT) (Sigma 4 puffer with a pH of 10.6 (HC@/COs2") due to the low
>99% purity) was used as received and was kept under vacuumsq|ypility of the host in water.
over ROs to minimize HO absorption. The absence of acidic 14 perform the study in pure solvents, an appropriate amount

impurities was confirmed through the 1-methyl-8-0xyquino- 4 MO stock solution in acetonitrile (Sintorgan HPLC grade)

linium betaine (QB) absorption ban#s. _ was transferred into the volumetric flask using a calibrated
n-Heptane and benzene (Merck, HPLC quality) were used mjcrosyringe. The solvent was evaporated by bubbling dry N
as received. and the residue dissolved in the appropriate solvent (HPLC

The molecular probeg-nitroaniline (Carlo Erba) and fer-  grade) to obtain a final MO concentration of around 1M1
rocene (Sigma) were used as received. The azo compounds wergjjtrapure water was obtained from Labonco equipment model
samples existent in the laboratory from previous Wi 90901-01.

B-Cyclodextrirf® and hpg-CD (Aldrich, average degree of The absorption spectra were measured by using Shimadzu
substitution= 5.7 per cyclodextrin molecule) were used as 2101 PC or Shimadzu MultiSpec 1501 spectrometers at 25.0
received, but the purity was periodically checked by UV 4 0.1°C. The induced circular dichroism spectra were measured
spectroscopy. Mog@-CD (average degree of substitutien1 using a JASCO J-810 instrument. The path length used in all
per cyclodextrin molecule) was synthesized in the laboratory spectroscopic experiments was 1 cm.
following the procedure in the literatufeby the reaction of To apply the Kamlet Taft solvatochromic comparison method
2-decen-1-ylsuccinic anhydride afeCD. (KTSCM), the solvent set was chosen to cover a range as wide
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TABLE 1: Wavenumbers (vapg) of the Maxima of
1.0 Absorption for MO in Different Solvents
N© solvents Anm  vgpd103cmt g*d od
g 08 1 n-heptana® 396 25.25 —0.08 0.00
E 2 cyclohexan® 394 25.38 0.00 0.00
2 3 n-hexanct 417 23.98 0.40 0.80
3 08 4 n-octanot 416 24.04 0.40 0.77
3 5 n-pentandi 417 23.98 0.40 0.84
N 6 t-butanol 412 24.30 041 0.42
g J 7 n-decandl 416 24.04 0.45 0.70
£ 04p) 8 n-butanot 417 23.98 0.47 0.84
z ¥ 9 n-propanct 417 23.98 0.52 0.84
10 ethanol 417 23.98 0.54 0.89
02p) 11 benzene 406 24.63 055 0.00
' 12 dioxanéc 412 24.27 0.55 0.00
13 methanol 420 23.81 0.60 0.91
0.0 14 acetone 412 24.27 0.62 0.00
350 15 acetonitrilé® 416 24.01 0.66 0.19
A/rm 16 chlorobenzerié 411 24.33 0.71 0.00
) ) . . 17 dimethyl formamide® 421 23.74 0.88 0.00
Figure 1. Normalized absorption spectra of MO in homogeneous media 1g ethylene glycol 442 23.02 092 0.90
and in AOT RMs at [AOT]= 0.30 M andW = 0.43. EG, ethylene 19 formamide 447 2237 0.97 0.71
glycol; FA, formamide; MEOH, methanol; Bz, benzene. 20 dimethyl sulfoxide 429 23.31 1.00 0.00
21 water 467 21.41 1.09 1.17

a_s pp_ssible in t_he_ var_ious solvent Charac_teristics W_hiCh also show aValues taken from ref 44.Values taken from ref 46.Values taken
significant variation in the spectroscopic properties. from ref 42 9\Values taken from refs 5658.

The stock solutions of AOT im-heptane solvent were . . .
prepared by mass and volumetric dilution. To obtain optically Proposed to attempt an interpretation. Some authors claim that
clear solutions, they were shaken in a sonicating bath. To the absorption band for MO in water consists of two overlapping
introduce the probes, concentrated solutions of the moIeculartr"’ms't'ons8 with equal intensity of-fir* agld charge transfer
probes were prepared in acetonitrile (Sintorgan HPLC quality). characte® Alternatively, other authof$>* believe that the
The appropriate amount of these solutions to obtain the desiredViSiPIe spectra of MO can be explained by the combination of
final concentration of molecular probe in the micellar system, W0 bands centered at aroudd= 476 nm andl = 417 nm
~10"5 M, was transferred into a volumetric flask, and the which are due to a single electronic transition that corresponds
acetonitrile was removed by bubbling dry.N-Heptane was to different species in equilibr_ium in solution: (i) a hydrogen
added to the residue, and the resulting solution was used toPonded complexed azo specigs=< 476 nm) and (ii) a free
prepare the surfactant containing samples. The appropriate?Z0 SPeciesA(= 417 nm). In water, the contribution of the
amount of stock surfactant solution to obtain a 0.3 M concentra- |OW-€nergy band is very important, whereas the high-energy
tion of surfactant in the micellar media was transferred into the P@nd predominates in organic solvents. The low-energy band
cell, and the water was added using a calibrated microsyringe. 'S attributed to ther—s* transition which is red-shifted due to

The diameters of the RMs were determined by dynamic light hydrogen bonded Interactions between water and the azo
scattering (DLS, Malvern 4700 with goniometer and 7132 nltro%esrgi,zwhose basicity is e”h?r_“Fed by“’@“'”o group Of
correlator) with an argon-ion laser operating at 488 nm. All MO.#9°152There are other possibilities that might be taken into

measurements were made at a scattering angle fad@ account to explain the shape of the MO absorption band ip
temperature of 25C water. For example, MO can aggregate spontaneously in

aqueous solution, but this possibility is discounted because the
dye obeys Beer's law in the whole concentration range employed
in this work (concentration 4.8% 1077 to 1.22 x 1074 M).
Methyl Orange’s Solvatochromism.Previous solvatochro-  Besides, deconvolution of the spectrum in two bands centered
mic studies performed on the electronic transition energy of at 467 and 400 nm leads to a set of spectra where the ratio of
the probe, methyl orange (MO), show that the molecule exhibits the absorption maxima is independent of the concentration
an extreme sensitivity of the absorption wavelength to the (results not shown). The same was found previously by other
polarity of the probe’s environmeft 46 Nevertheless, there  authors'¢53Another possibility could be the existence of trans
are certain facts that are still unclear in regard to the electronic cis isomers. This is very unlikely because the more stable isomer
transitions responsible for the observed effects. Figure 1 showsof the azo compounds is the trans isomer and, at room
MO’s electronic absorption band in different solvents, and it temperature, the conversion of cis into trans is a very fast
can be seen that the band is unsymmetrical in every solventprocess839-54 Moreover, several authors have ruled out this
studied regardless of their properties. Moreover, in water, the possibility9.52
band has a hump at the high-frequency side of the absorption Table 1 shows the absorption maxima of MO in a series of
maximum, while, in the other solvents, the hump is on the low- selected solvents. In light of our results presented in Figure 1
frequency side. It is know##@ that in organic solvents the and in Table 1, we believe that a composite of the explanations
electronic spectra of azo dyes like MO have a superposition of shown above is adequate to explain the MO absorption band in
am—m* and n—x* transitions. It has been proposed that, as the the different media studied. Looking at the shape of the spectrum
polarity of the medium increases, the-z* transition shifts to for MO in different solvents, we can see that the absorption
the visible region and the-fiz* transition acquires additional  bands have a shoulder in the low-energy side of MO’s band
intensity because of the sustituents’ perturbatiins. not only in all of the monohydroxi substituted solvents but also
On the other hand, the feature of the MO electronic band in in solvents that are not hydrogen bond donors such as benzene
water is quite interesting and different explanations have beenand acetone (not shown). Moreover, in all of these solvents,

Results and Discussion
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the high-energy band, which should correspond to non-hydrogen-SCHEME 2: Structures of the Molecular Probes and
bonded species, is predominant. It seems to us that a superposithe Surfactant Used in This Work
tion of two Z—x* transitions seems to be responsible for the
shape of the MO absorption band in these mé#fa.ss Na°3SON=NON(CH3)2

Figure 1 also shows that in solvents that have high potarity
polarizability ¢z*) and hydrogen bond donor abilityrf, such Methyl orange (MO)
as formamide, ethyleneglycol, and water, a new low-energy band
emerges. This band is assigned to-ar* transition that is red- HacoON=NON(CHa)z
shifted due to hydrogen bond interactions with these sol-
vents??51In other words, in solvents that are both strong polar
and strong hydrogen bond donor media, there is an equilibrium

between solvation species, each one having a unique electronic HON=NON(CH3)2

4-dimethylamino-4’-methoxyazobenzene (AZ)

transition.

To gain more insight into the MO sensitivity to different Methyl yellow (MY)
environments, its electronic absorption spectra were analyzed NH,
considering the set of solvents with different properties. The @
solvent effects on physical or chemical processes are usually Fe
studied by means of empirical solvent parameters to determine :CBD
which type of interactions predominates. One of the most useful NO;
approaches elucidating and quantifying different sehsgvent ferrocene p-nitroaniline (p-NA)

interactions is the KamletTaft solvatochromic comparison

method (KTSCM)® According to this, the absorption and
emission band wavenumbeng) can be correlated using eq 1:
v=v,+st* +aa + bp (1)
o]
Y

wheres* is the polarity—polarizability parametery is related
to the hydrogen bond donation ability of the solvent, @nid O 5% Na*
a measure of the hydrogen bond acceptance or electron pair

donation ability to form a coordinated bond. Thea, andb AOT

coefficients measure the relative sensitivitydb the indicated Figure 2A shows the absorption spectra of MO in water at
solvent proeert;?? -';_95538 absorption maxima and the solvent jtferent concentrations of hf-CD. A small blue shift of the
parameterst* and o°”>°are given in Table 1. visible absorption band is observed as the concentration of hp-

The wavenumbers of the maxima of the MO absorption g.cp is increased, leading to the absorbance concentration
spectra {ab) Were used to obtain the KTSCM coefficierds  profile shown in Figure 2B. According to our results in
and a which are given in eq 2. The confidence level of the homogeneous media, a hypsochromic shift of the MO absorption
regression is 99.5% according totdest. In the correlation  pand can be attributed to a decrease in the polarity and the
shown in eq 2, where = number of solvents used amd= hydrogen bond donor abilities of the environment. Indeed, we
regression coefficient, thg parameter was not statistically  itributed the feature shown in Figure 2 to the interaction
significant and it was not included. It must be pointed that penyveen MO and hp-CD to form an inclusion complex. Most
solvents 18, 19, and 21 strongly deviate from the correlation. of the variations observed could be explained by the formation
between different hydrogen bonded complexes (see above). 35960 \yhere MO...hp8-CD stands for the hp-CD—MO

complex andK11w is the equilibrium constant for the association
Vaps= (25.28+ 0.09)— (1.69+ 0.14)r* — in water.
(0.63+ 0.10)x (2)

K
n=18.r = 0.960 MO + hp8-CD == MO...hp-CD ©)

The result shows that MO displays a bathochromic shift with At any wavelength, the observed absorbance is the sum of
7+ and o.. The sensitivity of MO to the. parameter is expected, the absorbances of each contributing species, which are
as it can accept a hydrogen bond through its azo, amino andProportional to their equilibrium concentrations. These concen-
SO, groups. Thesa ratio is~2.68, demonstrating that MO is frations can be obtained using the mass balances for MO and
almost 3 times more sensitive to the polarity parametej ( hp$-CD and the def_initior_l of the association equilipr_ium
than to the hydrogen bond donor ability of the solvet [This constantKi1w). Following thls.procedure and under conditions
is reasonable considering that the molecule is very polarizable ©f €xcess hip-CD concentration (where [h-CD] = [hp--
due to extended resonance. The higher sensitivityzto ~ CDlo), the change in absorbance compared to thelv%Iue in pure
compared tox may also explain why, in the MO absorption Water AA) at constant wavelength is given by eq'4
spectra, the band of hydrogen bonded complexes is seen only
in solvents with high values af. AA = AéywKyswlhp-5-CDJMOJ,

Complexation of Methyl Orange with Cyclodextrins in 1+ Ky uwlhp-B-CD],

Water. Among all of the molecular probes studied in this work

(see Scheme 2), MO was the only one that showed complexationwhere [hpS-CD], and [MO}, represent the initial concentration
with hp3-CD in RMs, so this complexation was first studied of the hpg-CD and that of the MO, respectiveleiiw is the

in water before extending the investigation to RM media. difference in the molar absorptivity between the free and

(4)
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Figure 2. (A) Absorption spectra of MO in water in the presence of
different concentrations of hf-CD, varying from 0 to 0.01 M, [MQO]
= 1.8 x 1075 M. (B) Variation of absorbances at 467 nm as a function
of hp#-CD concentration. The red line represents the fitted curve by
eq 4. (C) ICD spectrum of the hp-CD—MO complex in water, [hp-
B-CD] =5 x 102 M, [MO] =5 x 10° M.

complexed substrate. The absorbance=at467 nm was fitted
to eq 4 using a nonlinear least-squares prodgrsand the value
of Ky;wwas calculated as (76 0.9) x 103 M~1. Measurements

J. Phys. Chem. B, Vol. 111, No. 36, 20010707

at other wavelengths gave the same value within experimental
error. In a recent worR! the formation of inclusion complexes
between MO an@-CD was studied using U¥Vvisible absorp-

tion spectroscopy. The authors have found two complexes of
stoichiometries 1:1 and 1:2, as determined by principal com-
ponents analysis of the absorption data. This method yields
precise values of the corresponding association constants which
gives the following valuesK;; = 2.97 x 16 M~ andKy; =

0.1 x 10® M~L. They have concluded that the equilibrium con-
centration of the 2-CD—MO complexes is only important when
B-CD is in large excess, sint&, is much smaller thai;. In

this way, for the concentration range of cyclodextrins used, our
assumption of the 1:1 complex formation seems correct. The
value ofKjiw calculated here for the interaction of MO with
hp3-CD is very close to that reported for the 1:1 interaction of
MO with 8-CD.5! The similarity of association constants of
compounds with hgf-CD and-CD is very commor$?63

Since cyclodextrin is a chiral molecule, an induced circular
dichroism (ICD) signal is expected when an achiral guest
molecule, such as MO, is included in its cavify56 Thus, we
have investigated the ICD spectra of the gy&D—MO
complexes in aqueous solution. Figure 2C shows these results.
The development of an ICD signal will be used as a tool to
determine the location of the cyclodextrins inside RM solutions
(see below).

Cyclodextrins in AOT Reverse Micellar Media. We have
investigated the solubilization of different cyclodextrinCD,
Mod-3-CD, and hps-CD in AOT RMs at differentW values.
Also, for comparison we have tested andy-CDs which are
more soluble in watef’ It turns out thatr-, -, andy-CD cannot
be solubilized in the RM system at aity value. It seems that
the hydrogen bond interaction between the CD hydroxyl group
and the AOT polar headgroup, although a very effective H-bond
accepto®8-71is not strong enough to solubilize these cyclo-
dextrins. It is known that OH groups of cyclodextrins and in
particular 5-CD form very strong intramolecular hydrogen
bonds’2 and it may be possible that the polar headgroup of AOT
cannot compete with these intramolecular interactions.

On the other hand, hg-CD which has their OH groups
substituted by the hydroxypropyl group has weaker intramo-
lecular hydrogen bonds and thus a greater tendency to interact
with the environment. Proof of this is the fact that the solubility
in water at room temperature BfCD is 0.0185 g/mE” while
that of hpB-CD is 0.55 g/mL7®

Mod-3-CD (see Scheme 1), due to the presence of the long
hydrocarbon tail in its moiety, resembles a surfactant molecule
which is capable of self-aggregating in water with a cmc of 1.7
x 1074 M. Mod-$-CD can be solubilized in the AOT RMs at
W > 20 and up to [Mod3-CD] = 1 x 1072 M. It is clear that
the presence of the hydrocarbon tail helps the solubilization of
this cyclodextrin, since thg-CD is not solubilized under the
same conditions. In other words, it seems to act as cosurfactant
and the molecule resides at the RM interface. Since addition of
hp3-CD or Mod3-CD to the microemulsion could change the
characteristics of the solutidA,we performed dynamic light
scattering experiments to compare the size of RMs containing
water and cyclodextrin solutions. The sizes of the RMs can be
measured with an overall AOT concentration of 0.3 M because
the viscosity of the solution is the same as thahiheptane.
Dynamic light scattering experiments showed that, for RMs with
W = 30 formed without and with cyclodextrins, the hydrody-
namic radius (6.1 nm) and polydispersity are the same. This
indicates that solubilization of any of the cyclodextrins in the
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Figure 3. Induced circular dichroism spectra of the ffeD—MO
complex in AOT RMs. [AOT]= 0.3 M; W = 30; [hp-CD] =5 x
1073 M; [MO] = 2.6 x 1075 M.

RMs changes neither their size nor their shape and RMs are
not perturbed by dissolution of these molecules.

According to the h3-CD and Modg-CD structures (Scheme
1), it is clear that they have to be located in different zones
within the RM media. In order to obtain an idea of these
locations, we have performed ICD experiments using several
molecular probes. The molecules were chosen with different

Silva et al.

1075 M). The fact that Mods-CD does not give the ICD signal
inside the RMs with any of the molecular probes may indicate
that the CD chiral cavity is located among the tails of the AOT
surfactants and/on-heptane molecules at the oil side of the
RM interface and it is not available for the molecular probes
studied. In a recent work, it was found thaCD functionalized

at the 6-position with perfluoro butanoate groups could form a
complex with AOT and could solubilize this surfactant in £O
Also, it was found that3-CD in the presence of nonionic
surfactants in water can form complexes with the surfactant
monomers which compete with the aggregation process of the
surfactant? Indeed, it is likely that Mod3-CD can complex
with the AOT tails and/om-heptane molecules at the AOT
interface.

On the contrary, h-CD interacts more strongly with water
than Modp-CD;8 therefore, it can be predicted that it will reside
in the water pool within the AOT RMs. In this way, it shows
the ICD signal with MO dye, which confirms that the cavity of
the cyclodextrin is available for the guest even inside the RMs.
This result is very challenging because, now, we have a chiral
supramolecular structure (the cyclodextrin) inside an organized
medium such as the AOT RMs, giving a novel medium to use
as a nanoreactor. We think thatNA is not included by the
hp5-CD cavity because the strong interaction with the AOT

structures (see Scheme 2) to allow them to reside in different Polar headgrouif®does not allow the probe to be pulled toward
zones within the aggregates. The azo dyes are polarity probeghe water pool where hg-CD exists in a measurable amount.

that are known to interact witi-CD;>° therefore, they could
provide information about the location of the CD cavity in the

It should be noted that the association equilibrium constant
betweenp-CD andp-NA is 260 M~1,7° and considering the

RMs. Ferrocene is a very water insoluble compound that has aresults of MO (see below), we expect that the value in the RMs

large association constant withCD;’® consequently, it may
interact with the CD if both molecules are located close enough
in the RMs. Finally,p-NA is a probe that was extensively
studied in RM<%8 so its location in the microheterogeneous
system free of cyclodextrin is well-known. The combination of
the experimental results obtained with the different probes could
provide information about the position of the chiral cavity of
the cyclodextrin in the microheterogeneous system.

On the basis of the molecular probe structure, it can be
predicted thap-NA and MO would be located in the polar core
of the RMs. This expectation is based on the strong H-bond
donor ability forp-NA%68 and the negative charge and insolubil-
ity in the n-heptane pseudophase in the case of M3 On the
other hand, the nonionic azo dyes AZ and MY (Scheme 2) and
ferrocene would partition between the organic and the AOT
RM pseudophasésBesides, since all of them are achiral guest
molecules, they do not give an ICD signal in the AOT RMs
without cyclodextrins.

p-NA and MO, which are water soluble probes, give
comparable ICD signals with both cyclodextrins in pure water.
This result shows that they are included in the cavity of the
chiral cyclodextrins in homogeneous media. AZ, MY, and
ferrocene are insoluble in water, but it is known that they form
inclusion complexes with the cyclodextrins in binary mixtures
of ethanol and wate¥ 76 However, the behavior of the probes
is quite different when the cyclodextrins are encapsulated inside
the RMs. The experimental conditions that we have used in the
microheterogeneous media were identical to those used in
homogeneous media, i.e., [molecular proke]l0—> M and
[cyclodextrins]= 10~ M. For Mod3-CD, there were no ICD
signals for any of the molecular probes tested positive in
homogeneous media. For I#ED inside the RMs only there
is a clear ICD signal when MO is used. Figure 3 shows the
ICD spectra of hp3-CD—MO complexes in AOT RMs ([AOT]
= 0.3 M, W= 30, [hpf}-CD] =5 x 103 M, [MO] = 2.6 x

is about 10 times smaller. This gives an expected value for the
association of about 26 ™ which is difficult to measure under
our experimental conditions.

The question of the location of the €D and MO in AOT
RMs remains. In order to obtain the ICD signal, different
situations can be considered: (i) both 4D and MO reside
in the water side of the interface, (ii) the molecules both reside
in the water pool, (iii) hp3-CD is in the water pool and MO is
in the interface and the complex is formed in the water pool.

Often, intuition leads to the assumption that ionic probe
molecules as well as very hydrophilic probes reside in the polar
water pool of the RM systent$° Frequently, it is assumed that
Coulomb repulsion from the anionic sulfonate headgroups of
AOT should cause a negatively charged molecule, such as MO,
to dive away from the interface toward the water po®t82A
recent study challenged the assumption that ionic probe
molecules reside solvated by the water in the microheterogenous
environments and suggested that probe molecule location be
carefully considered before interpreting data from RM me-
dia’48%ndeed, following this advice, we have investigated the
possible location of MO and hf-CD inside AOT RMs.

MO in AOT Reverse Micelle Media. Different experiments
were performed to investigate the location of MO in AOT RMs.
Thus, the concentration of AOT was varied in the range©.01
0.15 M, at constantW in the AOT RM system without
cyclodextrins. The MO absorption spectra (results not shown)
show no variation with the surfactant concentration, which
suggests that MO along with other molecular probes that are
not soluble in the organic pseudophase resides exclusively inside
the AOT RMs without partition to the organic solvexi/-82:83
The situation is quite different when at a given AOT concentra-
tion W is varied. Figure 4A shows the absorption spectra of
MO at [AOT] = 0.3 M as a function ofN. The spectrum in
water is also included for comparison. The results show that,
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but never reaches the value of the maxima in pure water (467
nm). This red shift takes place up W = 10, and then, the
absorption maxima remains constant. The latter is a character-
istic result for molecular probes that reside at the RM inter-
face>3” Consequently, sampling the RM interfacial region
should lead the MO molecule to report on water with properties
different from the bulk. At higher water conte/ > 10, the
interfacial properties in AOT RMs formed in aliphatic hydro-
carbon solvents, such asheptane in the studies discussed here,
become independent of water content. Similar results have been
found in different AOT RMs under supercritical conditiéfi$8

and in nonionic RMs with waté#4345or encapsulated ionic
liquid.8%%° As these authors, we concluded that MO is most
likely situated at the interface of the RMs, not positioned in
the water pool despite the negative charge of the AOT and the
molecular probe. It is also likely that the high ionic strength
inside AOT RMs favors the MO ion pairing and thus decreases
the effective charge of the MO molecules. As a consequence,
MO has more of a tendency to reside at the AOT reverse micelle
interface. A similar effect was reported for [Fe(GN)/3 inside
AOT RMs2!

Figure 4A also shows the development of a new absorption
band with a maximum around= 467 nm. The homogeneous
media results have shown that when the solvents are very good
as hydrogen bond donors, the red band can be attributed to
hydrogen bond complexes between the solvent and the azo
nitrogen. Figure 4C, which shows the ratio of A8
AbsH87nm a5 a function ofw, reveals that the major changes
occur up tow = 10 and, after that, the ratio remains constant.
It seems to us that MO at the AOT RM interface interacts
through hydrogen bonds with the hydration water upMe=
10, and then, it remains anchored at the interface due to this
interaction. Similar results were found for a zwitterionic
molecular probe, betaine 1-methyl-8-hydroxyquinolinium, in
AOT RMs where, despite the high solubility of the probe in
water, it remains at the interface because of the hydrogen bond
interaction with the water moleculg%%?

Complexation of MO with hp-f-CD in AOT Reverse
Micelles. The ability of MO to form inclusion complexes with
hp3-CD was further investigated inside AOT RMs to quantify
the association equilibrium constant inside the RMs;w).

As hp{5-CD and MO are both totally incorporated inside the
RMs, egs 3 and 4 can be used without any correction, as was
previously discussed for the partition constant of substrates
totally incorporated inside the aggregat@$Figure 5A shows

the absorption spectra of MO in AOT RMs at [AOH 0.3 M
and W = 30 at different concentrations of pCD. Several
features should be noted in this spectral change: (i) A red shift
of the visible absorption band from= 411 nm tod = 445 nm

is observed as the concentration of 4D increases. Also,
there is a decrease in the MO absorbance baid=a#11 nm.

(ii) A well-defined isosbestic point is detected around 423 nm
which indicates that only one type of complex is formed. This
result is in contrast with the spectrum obtained in water solution
where no isosbestic point is observed. In water (Figure 2A),
the MO absorption band shifts hypsochromically with the hp-
B-CD concentration and the changes were explained due to the
complexation of MO with the nonpolar cavity of the cyclodex-

upon the water addition, a new low-energy absorption band trin. The data shown in Figure 5A where a bathochromic shift

emerges and, even &/ = 40, the spectrum is completely

is observed can only be explained if the inclusion of MO inside

different from the one obtained in pure water. The plot of the the cyclodextrin cavity occurs in a more polar environment in

wavelength maximum as a function ¥ (Figure 4B) reveals

comparison with the AOT RM interface. We believe that hp-

some interesting features. The band shifts to the red which 8-CD is in the water pool of the RMs and the inclusion complex
reflects the increase in the micropolarity of the RM interface process is formed in the water pool and not in the interface of
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the RMs, as is shown in eq 5, where MGtands for the MO

molecules located at the RM interface.

350 400 450 500 550 600
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KllRM

I\/loint + hpﬂ'CDwater pool~ (MO"'hpﬁ'CD)water pool (5)

Figure 5B shows the absorbance changes with5{Gb
concentration a® = 411 nm, and Figure 5C shows the
absorption spectra of the fpCD—MO complex in water and
in AOT RM media at [hp8-CD] around 103 M in both cases.

It is clear that the spectra of the complexes in both media are
practically the same, in position and in shape, results that
reinforce our interpretation that the inclusion process occurs in
the water pool of the RMs. Indeed, though the MO spectrum at
W = 30 is very different from the spectrum in pure water, the
hp$4-CD—MO complex spectrum under the same conditions is
practically the same as the one obtained in pure water. The least-
squares fit of the data shown in Figure 5B to eq 4 allows us to
calculate the values d€y1rm = (7.54 0.7) x 1* M1 for W
=30 andKy1rm = (4 = 1) x 1 M1 for W= 15 (spectra not
shown). The measurements were done at two wavelengths,
namely, 411 and 445 nm, and the values obtained were the same
within experimental error. It is clear thd€;i1rm values are
practically independent of the water content, results expected
for a process that occurs in the water pool of the RMs. It must
be pointed out that it was not possible to dissolvefh@b at

W < 10. On the other hand, th&1rv value is around 10 times
smaller than theK;;y value obtained in pure wateiK;;w =
(7.640.9) x 13® ML, The results can be explained considering
egs 3 and 5. The main difference that can be seen between the
complexation process in water and that in RMs is that, in the
latter system, MO is anchored to the AOT RM interface through
hydrogen bond interaction to the interfacial water. This interac-
tion is so strong that, even ¥ = 40 and despite the negative
charge of MO and its high water solubility, MO prefers to reside
at the negative AOT RM interface rather than in the water pool.
When hpg-CD is added to the RMs, the situation is quite
different. Now MO leaves the interface to make the inclusion
complex with the cyclodextrin that is located in the water pool
of the RMs. The driving force is strong enough to make the
molecule leave the interface, but the equilibrium constant
calculated under this condition is smaller than the one obtained
in pure water presumably due to the strong interaction of MO
with the hydration water at the interface. Another possibility
could be that the inclusion complex forms at the AOT RM
interface rather than in the water pool. Since the micropolarity
at the AOT RM interfaces is always smaller than the value in
the water pooP;3’ the large red shift in the MO absorbance
spectra shown in Figure 5A is not consistent with a process
that occurs at the interface. The homogeneous studies show that
the MO absorption band shifts bathochromically as the polarity
and the hydrogen bond ability of the media increase. Thus, this
red shift is probably due to the water pool environment where
the inclusion complex formation occurs. Moreover, if the
complexation process occurs at the interface, there will not be
a match between the ipCD—MO complex spectrum in water
and that in the AOT RMs, as Figure 5C shows.

Conclusions

This study presents the investigation of novel AOT RMs made
with the AOT surfactant, waten-heptane, and two different
cyclodextrins: hps-CD and Modg-CD. The results show, for
the first time, that RMs with a chiral hydrophobic and
hydrophilic nanostructured cavity in the same aggregates can
be formed and that the cyclodextrin chiral cavity is available
for a guest in an organic medium such as the RMs.

In AOT RMs, it was demonstrated that M@HED resides
at the oil side of the RM interface with AOT tails and/or



CDs’ Chiral Cavities Available on AOh-Heptane RMs

n-heptane molecules inside its cavity. The situation is different
for the more water soluble h-CD which resides in the RM
water pool and gives an ICD signal with MO. It is shown that
MO resides at the AOT RM interface at evaiyvalue studied

J. Phys. Chem. B, Vol. 111, No. 36, 20010711
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