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of Water Entrapped in Two Catanionic Reverse Micelles
Created from Ionic Liquid-Like Surfactants
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1. Introduction

Reverse micelles (RMs) are supramolecular assemblies of sur-
factants formed in nonpolar solvents, in which the polar head
groups of the surfactants point inward and the hydrocarbon
chains point toward to the nonpolar medium.[1] One of the
most used surfactants with the ability to form RMs is anionic
sodium 1,4-bis-2-ethylhexylsulfosuccinate (Na-AOT), which can
solubilize water in a variety of nonpolar solvents.[1] The
amount of water dispersed in the organized system can be ex-
pressed by the ratio W0 (W0 = [Water]/[Surfactant]).[1] Other sur-
factants used to create RMs are the cationic species benzyl-n-
hexadecyldimethylammonium chloride (BHDC) and hexadecyl-
trimethylammonium bromide (CTAB). BHDC forms RMs without
the addition of cosurfactants[1–5] but CTAB needs the presence
of a cosurfactant, usually an alcohol, to generate RMs.[6–9]

It is known that mixtures of surfactants can exhibit consider-
able synergistic advantages in their properties and applica-
tions.[10] Therefore, a new class of surfactant emerges: the cata-
nionic surfactants.[11–17] In particular, the catanionic surfactant
group created when ionic surfactants are mixed in a 1:1 ratio
and the counterions are totally removed is attractive[17] be-
cause this kind of surfactant has shown the ability to form dif-

ferent organized systems, such as normal micelles and
RMs,[15, 17–20] vesicles,[15, 20, 21] and liquid crystals.[20, 22]

Another attractive topic is the emerging field in which ionic
liquids[23] (ILs) with amphiphilic properties are synthesized.[24, 25]

In this regard,[15] we recently reported the synthesis of a new
catanionic IL-like surfactant, AOT-BHD (Scheme 1),which result-
ed from a mixture of Na-AOT and BHDC and showed character-
istics of a room-temperature IL with amphiphilic properties.
This IL-like surfactant was isolated from the original surfactant
mixture (and elimination of NaCl) and showed properties abso-
lutely different from Na-AOT and BHDC. In particular, we dem-
onstrated that this unique surfactant can form different organ-
ized systems (RMs and vesicles) depending on the solvent
used. Thus, we investigated its ability to form RMs in nonpolar
solvents and spontaneous large unilamellar vesicles (LUVs) in
water.[15]

It is known that interfacial water can interact in different
ways with the RM interface.[3, 26–28] Although in AOT RMs this in-
teraction is through hydrogen bonding[3, 26, 27] between the sul-
fonate head group and water, in BHDC RMs the interaction
occurs between the quaternary ammonium and the free elec-
tron pairs of oxygen from the water.[3, 4, 26] It is motivating to ex-
plore the interaction between the entrapped water and the in-
terface formed by catanionic surfactants in RMs, in which both
anionic and cationic polar head groups are present. Therefore,
in this contribution we report a comparison of the amphiphilic
properties and the sequestrated water structure of the RMs
created by AOT-BHD and a novel catanionic surfactant, AOT-
CTA (see Scheme 1), which resulted from a mixture of anionic

The behavior of water entrapped in reverse micelles (RMs)
formed by two catanionic ionic liquid-like surfactants, benzyl-
n-hexadecyldimethylammonium 1,4-bis-2-ethylhexylsulfosucci-
nate (AOT-BHD) and cetyltrimethylammonium 1,4-bis-2-ethyl-
hexylsulfosuccinate (AOT-CTA), was investigated by using dy-
namic (DLS) and static (SLS) light scattering, FTIR, and 1H NMR
spectroscopy techniques. To the best of our knowledge, this is
the first report in which AOT-CTA has been used to create RMs
and encapsulate water. DLS and SLS results revealed the for-
mation of RMs in benzene and the interaction of water with
the RM interface. From FTIR and 1H NMR spectroscopy data,
a difference in the magnitude of the water–catanionic surfac-
tant interaction at the interface is observed. For the AOT-BHD

RMs, a strong water–surfactant interaction can be invoked
whereas for AOT-CTA this interaction seems to be weaker. Con-
sequently, more water molecules interact with the interface in
AOT-BHD RMs with a completely disrupted hydrogen-bond
network, than in AOT-CTA RMs in which the water structure is
partially preserved. We suggest that the benzyl group present
in the BHD+ moiety in AOT-BHD is responsible for the behavior
of the catanionic interface in comparison with the interface
created in AOT-CTA. These results show that a simple change
in the cationic component in the catanionic surfactant pro-
motes remarkable changes in the RMs interface with interest-
ing consequences, in particular when using the systems as
nanoreactors.
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Na-AOT and cationic CTAB. This new surfactant has a melting
point of around 67 8C, a characteristic that allows us to classify
it as an IL. In particular, we investigated the ability of both cat-
anionic IL-like surfactants to form RMs in nonpolar solvents,
and through FTIR and 1H NMR spectroscopy techniques we
studied the interaction between the entrapped water and the
interface created. Our results reveal the formation of RMs in
benzene and demonstrate the interaction between water and
the RM interface because the droplet size increased as the
amount of entrapped water was increased. Moreover, the
water molecules interact differently with the interface in AOT-
BHD compared with AOT-CTA RMs.

2. Results and Discussion

To evaluate whether both catanionic surfactants can be used
to generate RMs, the first experiment performed was to inves-
tigate the phase diagram of the ternary system, by keeping
the surfactant concentration constant and changing the
amount of water to be incorporated. First, the solubility of
AOT-BHD and AOT-CTA in different nonpolar solvents, such as
n-heptane, chlorobenzene, and benzene, was tested. As report-
ed previously,[15] AOT-BHD is only soluble in aromatic solvents,
as in the case of BHDC. Note that BHDC is a surfactant that
cannot be dissolved in aliphatic hydrocarbons,[4, 5, 26] but Na-
AOT is perfectly soluble in both kind of solvent. In view of
these facts, apparently the solubility of this catanionic surfac-
tant is governed by the cationic surfactant moiety. However,
AOT-CTA is soluble in both aliphatic (n-heptane) and aromatic
solvents (benzene and chlorobenzene), similar to the behavior

of Na-AOT. It must be noted that CTAB is insoluble in both aro-
matic and aliphatic solvents and thus the solubility of AOT-CTA
is dominated by the anionic component, in contrast to AOT-
BHD. The next step was to evaluate the amount of water that
both RMs can solubilize to form clear and stable ternary mix-
tures. Table 1 summarizes the maximum amount of water solu-
bilized (W0

max) by different catanionic RMs at [surfactant] =

0.1 m. As can be observed, the W0
max values reached for both

catanionic surfactants are different; the AOT-CTA RMs are able
to dissolve approximately double the amount of water that
AOT-BHD RMs can in each solvent tested. This result suggests
that the interfacial composition and the natural curvature in
both RMs are different. Additionally, for example, in benzene
the W0

max values observed in both catanionic RMs are smaller
than for Na-AOT (W0

max�15) or BHDC RMs (W0
max�25).[2–4]

Results also show that the chemical structure of both catanion-
ic surfactants (see Scheme 1) has a dramatic effect on the be-
havior as a surfactant in comparison with the amphiphilic pre-
cursors.

To evaluate the formation of RMs and to compare the results
obtained for both catanionic surfactants, we decided to use
only benzene as the nonpolar solvent. Thus, the systems
formed by benzene/AOT-BHD/water and benzene/AOT-CTA/
water were studied.

2.1 DLS and SLS Experiments

To evaluate the formation of the catanionic RMs and to discard
the presence of bicontinous structureless microemulsions,[1]

the systems formed by using AOT-BHD and AOT-CTA were
studied by using the DLS technique. When new reversed mi-
cellar systems are explored, a crucial question has to be an-
swered: is the water effectively entrapped by the surfactant to
create a true RM in the organic solvent or is the water dis-
solved only in the organic solvent/surfactant mixture without
any molecular organization?[1, 28] DLS can be used to answer
this question because if water is really encapsulated to form
RMs through interactions with the interface, the droplet size
must increase as the W0 value increases with a linear tendency
(swelling law of RMs), as established for other RMs.[4, 29] This
feature would also show that the benzene/catanionic surfac-
tant/water system consists of discrete spherical and noninter-
acting droplets of water stabilized by the surfactant layer.

Herein, all DLS experiments were carried out at a fixed sur-
factant concentration (0.02 m) and interdroplet interactions
have been neglected.[30] Thus, it is appropriate to introduce an

Scheme 1. Molecular structures of the catanionic surfactants AOT-BHD and
AOT-CTA. Specific protons observed in NMR spectra are labeled.

Table 1. The maximum amount of water solubilized (W0
max) in different

RMs at [surfactant] = 0.1 m. T = 35 8C.

Solvent W0
max

AOT-BHD AOT-CTA

n-heptane –[a] 1.0
benzene 1.6 2.5
chlorobenzene 1.8 3.0

[a] AOT-BHD is not soluble in n-heptane.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2014, 15, 3097 – 3109 3098

CHEMPHYSCHEM
ARTICLES www.chemphyschem.org

www.chemphyschem.org


apparent hydrodynamic diameter (dapp) so that the systems
studied herein can be compared with previous studies.[4, 31] In
Figure 1, dapp values for RMs studied at different W0 values for
both catanionic surfactants are shown. It can be seen that
there is an increase in the droplet size when the water content
was increased in both systems, which shows that the water
was entrapped by the surfactant layer to form RMs. Also, the
linear tendency of the droplet size is observed in both systems
across the whole range of W0 studied. The linear tendency ob-
served for both RMs indicates that the droplets are not inter-
acting and are probably spherical.

It is interesting to note that although both systems show
a linear tendency, the droplet sizes at fixed W0 are quite differ-
ent. For example, at W0 = 1.5 the dapp value is around 10.5 nm
for AOT-BHD RMs and around 4.9 nm for AOT-CTA RMs. More-
over, the dapp values obtained for AOT-BHD in benzene are
larger than the corresponding values reported for Na-AOT and
BHDC in the same organic solvent.[4, 32–34] Unfortunately, neither
Na-AOT nor BHDC have droplet sizes reported in benzene
within the same W0 range as our catanionic surfactants. How-
ever, there is a significant point to note in that the droplet
sizes for comparable RMs, such as toluene/Na-AOT/water[32]

and benzene/BHDC/water RMs[4] at W0 = 10 are around 5 and
8.3 nm, respectively, which are both notably smaller than for
benzene/AOT-BHD/water RMs even at higher water contents. A
similar situation occurs with the droplet size of AOT-CTA RMs,
for which the dapp value obtained for AOT-CTA RMs at W0 =

1 (4.3 nm) is comparable to the droplet sizes reported for tolu-
ene/Na-AOT/water at W0 = 10.[32] As mentioned before, the sur-
factant CTAB is not able to form RMs in the absence of a cosur-
factant and for this reason cannot be compared with the AOT-
CTA RMs sizes. Prior to explaining these results, it is important
to consider that the RM droplet size depends, among many
other variables, on the effective packing parameter of the sur-
factants (p), defined as p = v/alc, in which v and lc are the
volume and the length of the hydrocarbon chain, respectively,
and a is the surfactant head group area.[33] The RM sizes are

larger when the surfactant packing parameter values are small-
er.[35, 36] Thus, all the factors that decrease the v values and/or
increase a values decrease the packing parameter. It has been
shown by using DLS that the polar solvent–surfactant interac-
tions in Na-AOT[1, 28, 29, 37, 38] and BHDC RMs[4, 37, 38] are key for RM
droplet size control. For example, when an encapsulated polar
solvent interacts strongly with the surfactant polar head
group, the a value of the surfactant is increased with a conse-
quent decrease in the surfactant-packing parameter and an in-
crease in the RM droplet size.[1, 29]

Considering our DLS results, two facts have to be explained:
1) the differences in the droplet sizes of the catanionics RMs in
comparison with the values reported for the precursor surfac-
tants and 2) the differences in the droplet size between both
catanionics RMs.

The ionic nature of the polar head group of the precursor
surfactants (Na-AOT, BHDC, and CTAB) and the requirement to
act as counterions for each other in the catanionic surfactants
can produce a known change in the p parameter compared
with the precursors. We hypothesize that this change in the p
value is attributed to an increment in the effective area of the
catanionic surfactant. AOT-BHD and AOT-CTA present larger in-
terfacial areas than the anionic and the cationic moiety sepa-
rately and thus the packing parameter decreases and the drop-
let size increases. Moreover, by taking into account the fact
that the cationic components in both catanionic surfactants
have practically the same length of hydrocarbon chain (lc), we
think that the main differences between the p parameters can
be attributed to the v/a ratio. In AOT-BHD, it is possible that
the benzyl group is located near to the quaternary nitrogen of
BHD+ , which increases the effective area in comparison with
AOT-CTA. This increment in a would decrease v/a, which would
decrease the p parameter and increase the droplet size.

However, the different slopes in the droplet size plots in
Figure 1 could indicate a different water–surfactant interaction
in both catanionic systems. Thus, the small droplet sizes ob-
tained for water entrapped in AOT-CTA RMs compared with
the values obtained for AOT-BHD RMs can be explained by
considering a weaker water–surfactant interaction present at
the RM interface. The weak interaction with the catanionic in-
terface in benzene/AOT-CTA/water RMs results in a slight in-
crease in area a and droplet size with increasing the W0 value.
In contrast, when AOT-BHD is used as surfactant, water can ap-
parently interact strongly with the surfactant, which increases
the effective area a (consequently, the p parameter is de-
creased) and dapp values increase. Thus, a simple change in the
cationic component in the catanionic surfactant promotes re-
markable changes in the RM interface. If a spherical shape and
an intercalated distribution of the surfactant moieties are as-
sumed, the catanionic surfactant distribution at the interface
can be represented as shown in Scheme 2, which creates
a new interface with unexplored physicochemical properties.

To support the prediction of the shape from the DLS study,
the SLS technique was used. The aggregation numbers (Nagg)
of the systems at equal W0 values were determined and the
values are listed in Table 2. As can be seen, at W0 = 1.5 AOT-
BHD RMs present a Nagg value of around 36, which for AOT-

Figure 1. Apparent diameter (dapp) values of the benzene/AOT-BHD/water
RMs (&) and benzene/AOT-CTA/water RMs (*) obtained at 35 8C at various
W0 values. [Surfactant] = 0.02 m. The straight lines are guides for the eye.
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CTA RMs indicates around 29 catanionic surfactants molecules
per micelle. If these data are compared with the Nagg values re-
ported for the surfactant precursors,[39, 40] these values are
smaller but it must be noted that one catanionic surfactant
molecule is comprised of two amphiphilic moieties and the
water encapsulated is much smaller in the catanionic RMs.
Considering this, the Nagg values for both catanionic RMs sug-
gest that the shape of these RMs can be considered to be
practically spherical (see Scheme 2), as was assumed from the
DLS experiments. However, because there is no significant dif-
ference between the Nagg values of both catanionic RMs, we
assume that the variation in the dapp values of both systems
(Figure 1) cannot be attributed to the number of molecules
that form the RMs but to the different water–surfactant inter-
action at the interface, as suggested by the DLS data.

2.2 FTIR Experiments

To acquire a full panorama for these catanionic RMs, we chose
to monitor the microenvironment that the water and both sur-
factant molecules experience inside AOT-BHD and AOT-CTA
RMs. Thus, we first focused on the O�D stretching mode of
the entrapped water molecules and then on the asymmetric
S=O and carbonyl stretching modes from the AOT moiety. The
results were compared with the stretching vibration modes of
Na-AOT.

2.2.1 O�D Stretching Band (nO�D)

It is known that water exhibits a broad band in the 3500–
3200 cm�1 region, which is assigned to the O�H stretching.[41]

In the liquid phase, this band not only corresponds to the O�H

stretching but also to the vibrational coupling of the H�O�H
bonds.[42, 43] This phenomenon is also observed for deuterated
water (D2O), for which the band recorded in the 2570–
2350 cm�1 region, also broad, corresponds to the O�D stretch-
ing mode and the vibrational couplings of the D�O�D bonds.
In our FTIR studies we decided to use monodeuterated water
(HDO), which exhibits a narrow band at around 2570–
2350 cm�1 that can be assigned only to the O�D stretching
band (nO�D).[43, 44] This methodology has been used previously
for aqueous AOT RMs to avoid the vibrational coupling and
simplify the data analysis.[44, 45]

Figure S1 in the Supporting Information displays the FTIR
spectra of HDO entrapped in AOT-BHD RMs (Figure S1 A) and
AOT-CTA (Figure S1 B) at different W0 values in the region of
2640–2420 cm�1. Figure 2 shows the shifts in the nO�D values

for HDO in the AOT-BHD and AOT-CTA RMs. From Figure 2,
two facts can be observed: 1) all the O�D stretching frequen-
cies in both catanionic RMs are larger than the corresponding
value for neat HDO (2519 cm�1)[46] and 2) the trend of the
changes in the nO�D values is different for both catanionic RMs.

The fact that the entrapped water in AOT-BHD and AOT-CTA
RMs presents nO�D values larger than neat water suggests that
the water molecules are interacting with the surfactant inter-
face and breaking its hydrogen-bond structure. It is interesting
to compare the variation observed with similar studies for the
RMs formed by the precursor surfactants, Na-AOT and BHDC,
because CTAB does not form RMs as was previously discussed.
Figure S2 shows the shifts of the nO�D values for HDO entrap-
ped in benzene/Na-AOT and benzene/BHDC RMs. Note that
the behavior in Na-AOT RMs is opposite to that observed for
BHDC RMs. In benzene/Na-AOT/HDO RMs, the hydrogen-bond
interaction between the entrapped water and the AOT polar
head group at the interface disrupt the hydrogen-bond net-
work of water.[43–45] In contrast, for water entrapped in ben-
zene/BHDC RMs we observed that nO�D values appear at lower
frequencies than neat water. This fact was explained by consid-

Scheme 2. Schematic representation of AOT-BHD and AOT-CTA surfactant
distribution in the reverse micelle system.

Table 2. Aggregation numbers (Nagg) for benzene/AOT-BHD/water and
benzene/AOT-CTA/water RMs calculated using the SLS technique. T =

35 8C, W0 = 1.5.

RMs dapp [nm][a] Nagg

benzene/AOT-BHD/water 10.5 36�5
benzene/AOT-CTA/water 4.9 29�5

[a] Data from Figure 1.

Figure 2. Shifts in the O�D stretching band (nO�D) with increasing W0 values
for the benzene/AOT-BHD/HDO RMs (&) and benzene/AOT-CTA/HDO RMs
(*). The corresponding value for neat HDO (d) is included as a reference.
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ering that in BHDC RMs the cationic polar head group is sol-
vated by ion–dipole interactions through the nonbonding elec-
trons pairs of oxygen, which leads to a smaller force constant
in the O�H bond.[41] Thus, taking into account these back-
grounds, our results indicate that the water–catanionic surfac-
tant interaction in AOT-BHD and AOT-CTA RMs is mainly due to
hydrogen bonding.

Additionally, Figure 2 also shows that although for both cat-
anionic RMs the nO�D values shift to lower frequencies as the
W0 value increased, the changes in magnitude are different.
For example, in AOT-BHD RMs the frequency of the O�D band
changed from 2563 cm�1 at W0 = 0.3 up to 2559 cm�1 at W0 =

1.5 (only 4 cm�1), whereas in AOT-CTA RMs the nO�D value was
2565 cm�1 at W0 = 0.5 and the band shifted to 2550 cm�1 at
W0 = 2, which shows a shift of 15 cm�1. These results suggest
a difference in the magnitude of the water–catanionic surfac-
tant interaction at the interface, an observation that also was
inferred from the DLS data. Even though we observed hydro-
gen-bond interactions for both catanionic surfactants, the
strength of this seems to be different. For the AOT-BHD RMs
a stronger water–surfactant interaction can be invoked where-
as for AOT-CTA this interaction seems to be weaker. This would
lead to more water molecules interacting with the interface in
AOT-BHD RMs (with its hydrogen-bond network disrupted),
which produces a smaller change in the nO�D value over the
whole W0 range studied. Conversely, for AOT-CTA RMs
a weaker water–catanionic surfactant interaction allows the
water molecules to establish hydrogen bonds with each other
and produce a larger shift in the nO�D values.

2.2.2 AOT Carbonyl Stretching Band (nC=O)

The carbonyl stretching band (nC=O) of Na-AOT has been
widely studied in both the solid state[43] and RMs.[47–51] It ap-
pears as a broad band with a peak around 1735 cm�1 and
a shoulder around 1724 cm�1. The explanations given for the
Na-AOT C=O band shape are quite confusing and the causes
of its asymmetry are not clear. Three different interpretations
can be found in the literature but none of them are conclu-
sive.[51] The first explanation claims that this band arises from
a mixture of the AOT predominant rotational isomers, in partic-
ular the gauche (nC=O around 1720 cm�1) and trans (nC=O

around 1730 cm�1; see Scheme S2).[51a] The ratio of the con-
formers should vary with the nature of the microenvironment.
In polar media, the gauche-like conformer is expected to be fa-
vored because in this conformation the whole polar group re-
mains directly pointed toward the polar side of the RM inter-
face. Conversely, in apolar media the trans-like rotamer is fa-
vored because a carbonyl group vicinal to the SO3

� group
moves from the polar side to the apolar region of the inter-
face.[50] However, when polar solvents are encapsulated inside
Na-AOT RMs,[1, 50] the 1720 cm�1 band does not decrease as ex-
pected for a rotamer equilibrium shift. Consequently, it seems
that other effects are affecting the AOT C=O asymmetric
band.[47, 51b] The second possible explanation arises from con-
sidering that AOT has two C=O groups that are not symmetri-
cally equivalent, which will give rise to two bands even in the

absence of rotational isomerism.[43] The third possible explana-
tion for the Na-AOT C=O band can be attributed to the pres-
ence of the Na+ counterion near to one of the carbonyl
groups that promotes asymmetry in the C=O band. Moran
et al.[47] suggested a weak interaction between the cation and
the carbonyl groups that could affect the intensity of the
shoulder at around 1724 cm�1. Thus, when the surfactant is
forming RMs, the intensity of the shoulder could diminish in
comparison with the band observed in the solid state, which
reflects that Na+ is closer to C=O in the solid state than in so-
lution. However, until now no data for replacing the counter-
ions of AOT were strong enough to make a conclusion about
this behavior. For example, it is known that Na+ was replaced
by other alkali metals,[51b] but to the best of our knowledge
there was no clear impact on the carbonyl group.

Figure 3 shows the FTIR spectra that correspond to the car-
bonyl stretching band for Na-AOT, AOT-BHD, and AOT-CTA sur-
factants dissolved in benzene at W0 = 0. It is possible to see

that the C=O band shows a notable difference in its shape for
both catanionic surfactants in comparison with that observed
for Na-AOT. As discussed above, in Na-AOT the C=O band ap-
pears as broad band with a main peak at 1735 cm�1 and
a shoulder around 1724 cm�1, whereas in both catanionic sur-
factants it appears as a symmetrical band with a peak around
1735–1734 cm�1. These results suggest that the replacement
of Na+ by another large cation with different structure has an
impact on the shape of the nC=O band. Thus, the presence of
cations such as BHD+ or CTA+ , which both have amphiphilic
properties, result in the cations being located further from the
AOT polar head group than the Na+ location. This different lo-
cation of the cations promotes a symmetrical C=O band and
reinforced the idea that Na+ being located near to the C=O
group could be the reason for the asymmetry observed in the
AOT band.

Figure 3. FTIR spectra of Na-AOT/benzene, AOT-BHD/benzene and AOT-CTA/
benzene RMs at W0 = 0 in the region of 1690–1770 cm�1 (nC=O). The benzene
bands have been subtracted. [Surfactant] = 0.05 m.
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Figures S3 A and S3 B show plots of the FTIR spectra of
water entrapped in AOT-CTA and AOT-BHD RMs in the region
of C=O stretching mode for different amounts of water. As
shown in Figure S3 A, the C=O stretching band for the ben-
zene/AOT-CTA/water RMs did not show any significant change
in position, shape, or absorbance as the value of W0 was in-
creased. The same tendency was observed for the benzene/
AOT-BHD/water system (Figure S3 B), in which the nC=O value
maintained a constant position at 1735 cm�1 as the W0 value
was increased. It is known that many factors can influence the
position of the C=O band, including hydrogen-bond formation
and ionic interactions, which lead to displacement of the band
to lower frequencies.[43] Additionally, the hydrogen-bond inter-
action not only induces a shift in the band but can produce
a marked effect on its intensity. The absorption coefficient of
the band increases by multiple units when the carbonyl group
forms hydrogen bonds. Durantini et al.[50] found that in n-hep-
tane/Na-AOT/ethylene glycol and n-heptane/Na-AOT/propyl-
ene glycol RMs, both polar solvents not only interact strongly
with the sulfonate group but also penetrate the micelle inter-
face enough to interact through hydrogen bonding with the
carbonyl groups of the surfactant. This interaction is reflected
in a large increase in the intensity of the C=O band. As shown
in Figure S3, the lack of absorption changes in the stretching
band of carbonyl group of the AOT moiety in both AOT-BHD
and AOT-CTA RMs indicates that the entrapped water does not
penetrate the interface enough to interact through hydrogen
bonds with the carbonyl groups of AOT.

2.2.3 AOT Sulfonate Asymmetric Stretching Band (naSO3)

The AOT surfactant presents two sulfonate stretching vibration
modes that are interesting to investigate: the asymmetric S=O
stretching band (around 1130–1330 cm�1) and the symmetric
S=O stretching mode (around 1050 cm�1).[50] However, because
of the strong in-plane C�H bending mode of benzene (around
1060–1020 cm�1), the symmetric S=O stretching mode cannot
be observed in RMs prepared in this solvent. Moreover, be-
cause the asymmetric S=O stretching vibration band is very
sensitive to both hydrogen-bond interactions between the
water and the SO3

� group of Na-AOT and the electrostatic in-
teraction between the Na+ counterion and the SO3

�

group,[1, 43–45, 47–49, 51b, 52, 53] we decided to explore this region to
obtain more information about the different water–catanionic
polar head interactions.

The FTIR band assigned to the asymmetric stretching mode
of the sulfonate group (naSO3) appears as a weak doublet at
about 1214 and 1242 cm�1 in solid Na-AOT, which has been at-
tributed to the lifting of the degeneracy of this vibration by an
asymmetric interaction between the Na+ and the sulfonate
head group.[51b] The magnitude of the splitting, defined as
DnaSO3, is indicative of the strength of the perturbation of the
SO3

� by the cation, and is larger when the ionic interaction is
stronger.[47] In RMs, the band shows a doublet at 1255 and
1213 cm�1 at W0 = 0 and the DnaSO3

� value increases from
28 cm�1 in solid Na-AOT to 42 cm�1 in the benzene RMs, which
reflects an increase in the strength in the interaction between

Na+ and SO3
� .[43, 47, 50] In the presence of entrapped water, it

was shown that the magnitude of the DnaSO3 value decreases
with increasing micelle hydration due to a weakening of the
sodium–sulfonate interaction after hydrogen-bond interactions
between water and the AOT polar head group with a corre-
sponding increase in their spatial separation.[43]

Figure 4 shows the FTIR spectra of Na-AOT, AOT-BHD, and
AOT-CTA in benzene at W0 = 0 in the region of the asymmetric
stretching mode of SO3

� . It can be seen that the splitting of

the two peaks of naSO3 decreases considerably in both cata-
nionic surfactants, which indicates a weaker interaction be-
tween the sulfonate group and the new counterions. This
weak interaction can be attributed to the spatial separation
between both components of the catanionic surfactants, due
to the steric effect around their polar head groups and the am-
phiphilic character of the components.

Figure 5 shows typical FTIR spectra of water entrapped in
benzene/AOT-CTA RMs at different W0 values in the region of
1330 to 1100 cm�1, which corresponds to the naSO3 band, are
reported. Spectra obtained for benzene/AOT-BHD/water RMs
are presented in Figure S4 (see the SI). From Figures 5 and S4
it is possible to observe that the splitting of the two intense
peaks in both catanionic RMs did not show any significant
change in position, shape, or absorbance as the water content
increased. Moreover, in both cases the magnitude of the split-
ting of the main peaks remained practically constant as the W0

value was increased. These results are very different from
those obtained for water entrapped in benzene/Na-
AOT,[48, 50, 51b] in which the magnitude of the DnaSO3 values de-
creases as a consequence of the interaction between the
water molecules and the surfactant polar head group at the in-
terface.

In our case, the absence of variation in the asymmetric sulfo-
nate band suggests that water molecules do not disrupt the
interaction between the SO3

� and BHD+ or CTA+ . As men-

Figure 4. FTIR spectra of Na-AOT/benzene, AOT-BHD/benzene, and AOT-
CTA/benzene RMs at W0 = 0 in the region of 1350–1100 cm�1 (naSO3). The
benzene bands have been subtracted. [Surfactant] = 0.05 m.
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tioned for W0 = 0, in both catanionic RMs there is already
a weak interaction between the AOT sulfonate and the count-
erions because both ions (SO3

�–BHD+ or SO3
�–CTA+) are more

distant from each other than in Na-AOT. This causes the asym-
metric sulfonate band to be insensitive to changes when water
is added. However, this fact cannot be interpreted as an ab-
sence of water interaction with the polar head groups. The
study of the O�D band indicated that in both AOT-BHD and
AOT-CTA RMs the entrapped water interacts (with different
magnitude) with the interface but, due to the change in the
component of the surfactant, the asymmetric sulfonate stretch-
ing band cannot be used as a water-addition sensor.

2.3 1H NMR Spectroscopy Experiments

Figure 6 displays typical 1H NMR spectra for water entrapped
in benzene/AOT-BHD RMs at different W0 values in the region
of d= 3 to 5 ppm. Figure S5 shows the 1H NMR spectra that
correspond to the benzene/AOT-CTA/water system. As can be
observed from both figures, several signals can be monitored.
In this sense, different protons were investigated and first we
present the results obtained by sensing the H of the entrap-
ped water and then the protons nearest to the polar head
groups in AOT-BHD and AOT-CTA surfactants (protons 1, 1’, 3,
3’, a, b, and g of AOT-BHD and, 1, 1’, 3, 3’, a’, and b’ of AOT-
CTA in Scheme 1).

2.3.1 The Protons of Water

Figure 7 shows data corresponding to the chemical shift of H
(from water) in AOT-BHD and AOT-CTA RMs at different water
contents. It can be seen that the proton signal shifts upfield
when W0 is increased in both systems, however, the magnitude
of the shift is different for both RMs investigated. For example,
in benzene/AOT-BHD/water the proton signal changes from
d= 3.36 ppm at W0 = 0.4 to d= 3.51 at W0 = 1.5. In AOT-CTA
RMs, the proton from water molecules appears at d=

3.44 ppm at W0 = 0.5 and d= 3.88 ppm at W0 = 2.0. Moreover,
in AOT-BHD RMs the signal appears substantially further down-
field compared with the value observed for AOT-CTA RMs. For
example, at W0 = 1.5 the proton signal appears almost d=

0.4 ppm downfield in AOT-BHD RMs compared with AOT-CTA
RMs. It should be noted that the value of H for neat water[54]

(d= 4.85 ppm) was not achieved for any of the catanionic RMs
(see straight line in Figure 7).

Similar behavior was observed by Heatley[54] in cyclohexane/
Na-AOT/water RMs and also by Stahla et al.[55] for the benzene/
Na-AOT/water system. In both cases the upfield shift of the
proton signal (from water) in comparison with neat water was
attributed to disruption of the hydrogen-bond structure of en-
trapped water due to its interaction with the surfactant. With
an increased amount of water within the RMs, the entrapped

Figure 5. FTIR spectra of benzene/AOT-CTA/water RMs at different W0 values
in the region of 1330–1100 cm�1 (naSO3). The benzene bands have been sub-
tracted. [AOT-CTA] = 0.05 m. Figure 6. 1H NMR spectra for benzene/AOT-BHD/water RMs at different W0

values: a) 0, b) 0.4, c) 0.8, d) 1.2. [AOT-BHD] = 0.05 m.

Figure 7. 1H NMR chemical shifts of H (from water) in benzene/AOT-BHD/
water (&) and benzene/AOT-CTA/water (*) RMs at different W0 values. [sur-
factant] = 0.05 m. The corresponding value for neat water (a) is included
for comparison.
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water begins to recover the hydrogen-bond structure of neat
water. A stronger interaction between the entrapped water
and the interface leads to fewer water molecules interacting
with each other and consequently a more upfield shift in the
proton signal. As explained before in our study of the changes
in the O�D stretching band in both catanionic surfactants, the
interaction of the entrapped water and the interface disrupt its
hydrogen-bond structure and makes the nO�D values appear at
higher frequencies than neat water (see Figure 2). This interac-
tion also leads to the upfield shift in the protons signals of the
water molecules in both catanionic systems.

It is also significant to note the difference in the magnitude
of the downfield shift of the proton signals as the W0 value in-
creases. As shown in Figure 7, the shift is smaller in the AOT-
BHD RMs than in the AOT-CTA RMs. Although in the AOT-BHD
systems the H signal from water shifts by around d= 0.1 ppm
across the whole W0 range studied, in the AOT-CTA system this
shift is around d= 0.5 ppm. These results agree with those ob-
tained from FTIR spectra of the entrapped water (Figure 2), in
which we observed that in the AOT-CTA RMs the O�D band
has a larger shift to lower frequency than in the AOT-BHD RMs.
Both studies and the DLS experiments seem to indicate that
the entrapped water interacts more strongly with the interface
in AOT-BHD than in the AOT-CTA system, and consequently
stronger water–water interactions are observed in the latter
system.

2.3.2 The Protons of the Surfactant

The protons of the surfactant also can be used as a probe to
study the microenvironment created in these RMs.[2, 37, 38, 54–56] To
present our results more clearly, we first introduce and discuss
the data at W0 = 0 and later vary the water content. Figures 6
and S5 show the 1H NMR spectra collected for benzene/AOT-
BHD and benzene/AOT-CTA RMs at W0 = 0 in the region of the
surfactant‘s head group, specifically protons 1, 1’, 3, 3’, a, b,
and g of AOT-BHD (Figure 6) and, 1, 1’, 3, 3’, a’, and b’ of AOT-
CTA (Figure S5). In both cases the expected signals for the AOT
anion (protons 1, 1’, 3, and 3’) and the cationic components
(protons a, b, and g of AOT-BHD; a’ and b’ of AOT-CTA) can be
assigned and the chemical shifts of these protons in AOT-BHD
and AOT-CTA RMs are shown in Table 3. As can be seen, the
signal assigned to the H1 AOT polar head group in the AOT-
BHD and AOT-CTA RMs is shifted upfield from its respective
value in the Na-AOT surfactant. Protons H3 and H3’ appear
almost constant in both surfactants and only the H1’ signal ap-
pears downfield in comparison with Na-AOT. Stahla et al.[55]

studied the 1H NMR signals assigned to the anion AOT polar
head with different metal counterions. They observed that as
the counterion size was increased, the signals of the protons
nearest to the sulfonate group shifted upfield as a consequence
of a reduction in the interaction between the metal and the
anionic moiety. These results agree with our study of the asym-
metric SO3 band, in which we observed that the interaction be-
tween the anion AOT and the CTA+ or BHD+ cations was
weaker than Na+ and AOT.

The 1H signals assigned to the protons nearest to the cation-
ic components in both RMs also appears altered by the count-
erion replacement. For example, in AOT-BHD at W0 = 0, the Ha,
Hb, and Hg shift upfield when the catanionic surfactant forms
RMs in comparison with BHDC RMs.[56] Unfortunately, because
the CTAB surfactant is not able to form RMs in the absence of
a cosurfactant, it is not possible to compare the data with the
AOT-CTA RMs results.

When water was added to both catanionic RMs, the proton
signals values corresponding to the anionic and cationic polar
head group moieties showed different behavior. Figures S6
and S7 show the chemical shifts of the protons associated
with the AOT anion in the AOT-BHD and AOT-CTA RMs at vari-
ous water contents. As can be observed in Figure S6, none of
the signals assigned to the protons on the polar head of the
anion AOT in AOT-BHD showed any shift across the whole W0

range evaluated. Thus, the signals assigned to H1, H3’, and H1
remained constant at d= 4.68, 3.98, and 3.61 ppm, respectively.
This same behavior was observed in the AOT-CTA RMs (Fig-
ure S7), in which all the proton signals assigned to the AOT
anion remained constant at d= 4.59, 4.00, and 3.71 for H1, H3’,
and H1’, respectively. The behavior of the protons correspond-
ing to the polar head group of Na-AOT has been explored pre-
viously. For example, Heatley[54] reported that in the C6D6/Na-
AOT/water systems only the signal assigned to the H1 proton
showed a significant shift as the W0 value was increased. For
example, the H1 signal shifted from d= 4.86 ppm at W0 = 1.0
to d= 4.62 ppm at W0 = 11.7, whereas H1’ shifted from d= 3.64
to 3.53 ppm across the same range of W0. The other two H sig-
nals remained constant with the addition of water. This behav-
ior was attributed to the increasing spatial separation between
anion AOT and its counterion, which occurs as a consequence
of the hydrogen-bond interaction between the sulfonate
group and the entrapped water. We already explained that
there is a weaker interaction between AOT and the cationic
surfactants in both AOT-BHD and AOT-CTA than that observed
for AOT and sodium. This weaker interaction is probably be-
cause of the spatial separation caused by the steric effect be-
tween the polar head groups of both components. Thus, be-

Table 3. 1H NMR chemical shifts for the protons nearest to the polar
head groups in Na-AOT, BHDC, AOT-BHD, and AOT-CTA RMs at W0 = 0.
[Surfactant] = 0.05 m.

d [ppm]
H AOT-BHD[a] AOT-CTA[a] Na-AOT[b] BHDC[c]

AOT H1 4.69 4.59 4.75 –
H3 4.23 4.25 4.25 –
H3’ 3.98 4.00 4.07 –
H1’ 3.61 3.71 3.50 –

BHD Ha 4.99 – – 5.42
Hb 3.02 – – 3.51
Hg 3.32 – – 4.07

CTA Ha’ – 3.38 – –
Hb’ – 3.26 – –

[a] The labels for the H atoms in the surfactant are shown in Scheme 1.
[b] Values obtained in chlorobenzene from reference [37] . [c] Values ob-
tained in [D6]benzene from reference [56] .
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cause both BHD+ and CTA+ are fairly separated from the AOT
head group at W0 = 0, the protons nearest to the anionic polar
head moiety become insensitive to the addition of water.

Figure 8 shows the 1H NMR chemical shift of the Ha (see
Scheme 1) signal for BHD+ cation in the AOT-BHD RMs, studied
at different W0 values. Figure S8 shows the 1H NMR chemical

shifts of Hb and Hg for the same experiment. The peak posi-
tions of Ha showed an upfield shift as W0 was increased,
moving from d= 4.99 ppm at W0 = 0 to d= 4.82 ppm at W0 =

1.6. However, the other protons associated with the polar head
group of the BHD cation (Hb and Hg) did not show any sensi-
tivity to the W0 increase (Figure S8). Thus, for Hb the signal re-
mained constant at d= 3.03 ppm as W0 was increased, whereas
for Hg the value obtained was d= 3.33 ppm across the W0

range studied. McNeil et al.[2] studied the proton signals of the
polar head of BHDC in benzene/BHDC/water RMs with increas-
ing W0. They found that the Ha signal was the most sensitive
to the presence of water in the RMs and shifted upfield as W0

was increased.[2] This behavior was attributed to a change in
the electron-withdrawing ability of the phenyl group as
a result of hydration of the polar head of the surfactant. Con-
versely, the signals assigned to Hb and Hg were only sensitive
to the presence of water at W0>10, once the polar head was
fully hydrated. In our case, the upfield shift in the Ha signal
observed for AOT-BHD RMs could be attributed to water inter-
acting with BHD+ and the insensitivity of Hb and Hg could be
due to the very low water hydration level reached by the cata-
nionic RMs. As we have explained before for the AOT-BHD
RMs, the hydrogen-bond structure of the entrapped water is
disrupted due to the interaction with the interface. The results
obtained for the Ha signal seem to indicate that BHD+ also in-
teracts with the entrapped water. We hypothesize that the
benzyl group present in the BHD+ moiety in AOT-BHD inter-
face can produce these particular results by altering the inter-
actions with the anionic component and with the entrapped
water (see Scheme 3A).

When the 1H NMR chemical shift of the protons nearest to
the polar head group of CTA+ (see Scheme 1) in AOT-CTA RMs
were analyzed, different results in comparison with BHD+ were
obtained. Figure 9 shows the 1H NMR chemical shifts of Ha’
and Hb’ in AOT-CTA RMs, studied at different W0 values. In this
case, neither of the polar head protons of the cationic compo-

nent showed changes in the presence of water because both
remained constant across the whole range of W0 studied. This
behavior suggests that the water molecules do not interact
with the CTA+ cation (see Scheme 3B), which emphasizes the
idea that the entrapped water in AOT-CTA RMs interacts
weakly with the interface, as shown by the DLS and FTIR data.

3. Conclusion

In summary, we created two catanionic surfactants (AOT-BHD
and AOT-CTA) formed from traditional ionic surfactants (Na-
AOT, BHDC, and CTAB) that are not only ILs but also have am-
phiphilic properties and can be used to create RMs in nonpolar
solvents. In particular, the benzene/AOT-BHD/water and ben-
zene/AOT-CTA/water RMs were investigated by using different
noninvasive techniques. The DLS and SLS results revealed the
formation of both RMs and that water interacts with the RMs
interface because the droplet size increased as the W0 value
was increased. Furthermore, they show that the RMs consist of
discrete spherical and noninteracting droplets of water stabi-
lized by the catanionic surfactant. To the best of our knowl-
edge, this is the first report in which AOT-CTA is used to create
RMs and encapsulate water. From the FTIR and 1H NMR spec-
troscopy data, a difference in the magnitude of the water–cat-
anionic surfactant interaction at the interface was observed.
Even though we observed hydrogen-bond interactions with
the anionic component for both catanionic surfactants, the
strength of this is different for each system. For the AOT-BHD
RMs a stronger water–surfactant interaction can be invoked
whereas for AOT-CTA this interaction seems to be weaker. This

Figure 8. 1H NMR chemical shifts of Ha in benzene/AOT-BHD/water RMs at
different W0 values. [AOT-BHD] = 0.05 m. Figure 9. 1H NMR chemical shifts of Ha’ (&) and Hb’ (*) in benzene/AOT-

CTA/water RMs at different W0 values. [AOT-CTA] = 0.05 m.
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would lead to more water molecules interacting with the inter-
face in AOT-BHD RMs and completely disrupts the hydrogen-
bond network of water. Conversely, for AOT-CTA RMs a weaker
water–catanionic surfactant interaction allows the water mole-
cules to form hydrogen bonds with each other. We hypothe-
size that the benzyl group present in the BHD+ moiety in AOT-
BHD has a notable impact on the behavior of the catanionic in-
terface in comparison with the interface created in AOT-CTA.
These results are interesting because a simple change in the
cationic component in the catanionic surfactant promotes re-
markable changes in the RM interface. In this sense, under-
standing the structure of water entrapped in RMs is of great
importance in many contexts, for example, dehydration of bio-
logical molecules,[57, 58] enzyme activity,[26] water entrapped in
nanoporous materials,[59] and nanoparticles synthesis.[60]

Experimental Section

Materials

Sodium 1,4-bis-2-ethylhexylsulfo-
succinate (Na-AOT), cetyltrimethyl-
ammonium bromide (CTAB), and
benzyl-n-hexadecyldimethylammo-
nium chloride (BHDC) were ob-
tained from Sigma (>99 % purity)
and were used as received. All sur-
factants were dried under vacuum
prior to use. Ultrapure water was
obtained from Labonco equipment
model 90901-01. D2O, benzene, n-
heptane, chlorobenzene, dichloro-
methane, and chloroform were ob-
tained from Sigma (HPLC quality)
and were used without further pu-
rification.

Preparation of Catanionic IL-
Like Surfactants

The catanionic IL-like surfactants
used, benzyl-n-hexadecyldimethy-
lammonium 1,4-bis-2-ethylhexyl-
sulfosuccinate (AOT-BHD,
Scheme 1) and cetyltrimethylam-
monium 1,4-bis-2-ethylhexylsulfo-
succinate (AOT-CTA, Scheme 1),
were obtained through a modifica-
tion of a method reported in refer-
ence [11]. To obtain AOT-BHD,
a mixture of Na-AOT/dichlorome-
thane and BHDC/dichloromethane
solutions (containing equimolar
fractions of both surfactants) were
combined in a round-bottom flask
and stirred at RT for 72 h. During
the stirring, a white precipitate ap-
peared and was attributed to NaCl
formed from the original surfactant
counterions. The majority of NaCl
was removed from the dichloro-
methane solution by centrifuga-

tion. The dichloromethane solution that contained AOT-BHD was
then washed with small amounts of water until the aqueous frac-
tion was free of chloride ion (AgNO3 test). Once the NaCl was elimi-
nated, the dichloromethane was removed by vacuum evaporation.
After isolation, the crude AOT-BHD was further purified by mixing
it with activated charcoal and filtering it through a plug of neutral
alumina into a round-bottom flask, then drying it under vacuum
and storing it under dry nitrogen. The IL (AOT-BHD) was obtained
as a colorless and highly viscous liquid, as previously reported.[15]

The same method was used for the synthesis of AOT-CTA, but in
this case chloroform was used as the solvent to prepare solutions
that contained equimolar fractions of Na-AOT and CTAB. The new
surfactant obtained, AOT-CTA, was an amorphous white solid with
a melting point of 67 8C, a property that makes it an IL. The forma-
tion of both catanionic IL-like surfactants was confirmed by
1H NMR spectroscopy techniques. Figures S9 and S10 show that all
protons corresponding to Na-AOT, BHDC, and CTAB are present.
The chemical shifts of AOT-BHD and AOT-CTA obtained in CDCl3

Scheme 3. Schematic representation of the water molecule distribution in A) AOT-BHD and B) AOT-CTA RMs.
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are included in Tables S1 and S2, respectively, in the Supporting In-
formation. Significant changes in the catanionic surfactants with re-
spect to the chemical shifts of the precursor surfactants were ob-
served (See Tables S1 and S2 in the Supporting Information). These
shifts can be attributed to the formation of the catanionic couple.
Prior to use, AOT-BHD and AOT-CTA were dried under vacuum for
4 h.

Methods

RM Preparation: Stock solutions of AOT-BHD and AOT-CTA in ben-
zene were prepared by mass and volumetric dilution. Aliquots of
these stock solutions were used to make individual solutions of re-
verse micelles with different amounts of water, defined as W0 =
[water]/[surfactant] . The incorporation of water into each micellar
solution was performed by using calibrated microsyringes. To
obtain optically clear solutions, they were shaken in a sonication
bath. The resulting solutions were clear solutions with a single
phase. The W0 value was varied between 0–1.6 for AOT-BHD RMs
and 0–2.0 for AOT-CTA RMs. It was not possible to obtain higher
values of W0 due to turbidity problems. The lowest value for W0

(W0 = 0) corresponds to a system with no added water. In all cases,
the catanionic surfactant concentration was keep constant and
equal to 0.02 m for the DLS experiments and 0.05 m to the FTIR
and NMR experiments.

To evaluate the amount of water (W0
max) able to be dispersed in

the systems investigated, we prepared stock solutions of different
catanionic concentration (0.02, 0.05, and 0.1 m) in nonpolar sol-
vents (n-heptane, chlorobenzene, and benzene) and added water
to the samples. The maximum W0 values reached (W0

max) for both
catanionic surfactants were independent of the surfactant concen-
tration.

General

The apparent diameters of the different AOT-BHD and AOT-CTA
RMs were determined by dynamic light scattering (DLS, Malvern
4700 with goniometer) with an argon-ion laser operating at l=
488 nm. The cleanliness of the cuvettes used for measurements
was of crucial importance for obtaining reliable and reproducible
data.[61] Cuvettes were washed with ethanol, then with doubly dis-
tilled water, and then dried with acetone. Prior to use the samples
were filtered three times by using an Acrodisc with 0.2 mm PTFE
membrane (Sigma) to avoid the presence of dust or particles in
the original solution. Before introducing each sample to the cuv-
ette, it was rinsed with pure benzene twice, then with the surfac-
tant stock solution, and finally with the sample to be analyzed.
Prior making measurements on a given day, the background sig-
nals from air and benzene were collected to confirm the cleanli-
ness of the cuvettes. Prior to data acquisition, the samples were
equilibrated in the DLS instrument for 10 min at 35 8C. To obtain
valid results from the DLS measurements requires knowledge of
the system refractive index and viscosity in addition to well-de-
fined conditions. Because we worked with dilute solutions, the re-
fractive indices and viscosities for the RM solutions were assumed
to be the same as neat benzene.[62] Multiple samples at each size
were made, and thirty independent size measurements were made
for each individual sample at a scattering angle of 908. The instru-
ment was calibrated before and during the course of the experi-
ments by using several different size standards. Thus, we are confi-
dent that the magnitudes obtained by using DLS measurements
can be taken as statistically meaningful for all the systems investi-
gated. The algorithm used was CONTIN and the DLS experiments

shown that the polydispersity of the catanionic RMs were less than
5 %.

The aggregation numbers (Nagg) of the AOT-BHD and AOT-CTA RMs
were determined by using a static light scattering (SLS) technique
in the same equipment used for the DLS studies. All the measure-
ments were made at an angle of 908 and Debye plots were created
by using solutions with different surfactant concentration at
a fixed W0 value for all the RMs studied. From the SLS experiments,
the weight-averaged molar masses were determined and the Nagg

values for all the systems investigated were calculated according
the procedure detailed in literature.[63] To obtain the dn/dc values
(data required for the SLS measurements), a differential refractome-
ter was used (Brookhaven Instruments Corporation, BI-DNDCW
model) with a tungsten lamp operating at l= 470 nm.

FTIR spectra were recorded by using a Nicolet IMPACT400 FTIR
spectrometer. An IR cell of the type Irtran-2 (0.5 mm path length)
from Wilmad Glass (Buena, NJ) was used. FTIR spectra were ob-
tained by co-adding 200 spectra at a resolution of 0.5 cm�1. For
the experiments performed on C=O and asymmetric SO3

� stretch-
ing modes, the benzene spectrum was used as the background;
a different procedure was performed for the O�D stretching band.
The nO�D spectral band of HOD was superimposed on a finite back-
ground. It was assumed that this background could be approxi-
mated with the spectrum of 100 % H2O in the nO�D spectral
region.[44, 45, 52] Therefore, the reference sample at each W0 value
was a surfactant solution containing exactly the same W0 but ad-
justed with pure water. The reason for using partially deuterated
water has been explained in the Results and Discussion section.

For the 1H NMR spectroscopy experiments, a Bruker 400 NMR spec-
trometer was used. The spectra were recorded at a digital resolu-
tion of 0.06 Hz per data point. The spectrometer probe tempera-
ture (35 8C) was periodically monitored by measuring the chemical
shift difference values between the two singlets of a methanol ref-
erence sample which is known to depend on the temperature.[31]

The probe thermal stability was assured by the observation that
successive measurements of the sample chemical shift (after
10 min in the probe for thermal equilibration) were within digital
resolution limit. For the study on RMs, a capillary tube containing
D2O was introduced in the NMR tube and was used as a frequency
“lock”. Chemical shifts were measured relative to internal TMS and
the values were reproducible within d= 0.01 ppm. All NMR spec-
troscopy data were processed by using MestReC 4.8.6 for Windows
and plotted and fitted by using Microcal OriginPro 7 (http://
www.originlab.com/)

Supporting Information

The SI contains Table S1: 1H NMR chemical shifts [ppm] for BHDC,
Na-AOT, and AOT-BHD surfactants in CDCl3 ; Table S2: 1HNMR chem-
ical shifts [ppm] for CTAB, Na-AOT and, AOT-CTA surfactants in
CDCl3 ; Figure S1: FTIR spectra of HDO entrapped in A) benzene/
AOT-BHD RMs and B) benzene/AOT-CTA RMs at different W0 values
in the region of 2640–2420 cm�1 (nO�D) ; Figure S2: Shifts in the
O�D stretching band (nO�D) with increasing W0 for benzene/BHDC/
HDO and benzene/Na-AOT/HDO RMs; Figure S3: FTIR spectra of
A) benzene/AOT-CTA/water and B) benzene/AOT-BHD/water RMs at
different W0 values in the region of 1700–1770 cm�1 (nC=O) ; Fig-
ure S4: FTIR spectra of water entrapped in benzene/AOT-BHD RMs
at different W0 values in the region of 1330–1110 cm�1 (naSO3) ; Fig-
ure S5: 1H NMR spectra collected for benzene/AOT-CTA/water RMs
at different W0 values; Figure S6: 1H NMR chemical shifts of the
protons associated with the AOT anion in benzene/AOT-BHD/water
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RMs at different W0 values; Figure S7: 1H NMR chemical shifts of
the protons associated with the anion AOT in benzene/AOT-CTA/
water RMs at different W0 values; Figure S8: 1H NMR chemical
shifts of Hb and Hg in benzene/AOT-BHD/water RMs at different
W0 values; Figure S9: 1H NMR spectrum of AOT-BHD in Cl3CD; and
Figure S10: 1H NMR spectrum of AOT-CTA in Cl3CD.
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