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ABSTRACT

The behavior of the interfacial water entrapped in reverse micelles (RMs) formed by the
ionic liquid-like surfactant: 1-butyl-3-methylimidazolium 1,4-bis-2-ethylhexylsulfosuccinate
(bmim-AOT) dissolved in benzene (or chlorobenzene) was investigated using noninvasive
techniques such as dynamic (DLS) and static (SLS) light scattering, FT-IR and "H NMR.

DLS and SLS results reveal the formation of discrete spherical and non-interacting water
droplets stabilized by the bmim-AOT surfactant. Moreover since the droplet sizes values increase as
the Wy (W, = [Water]/[Surfactant]) values increase, water interacts with the RMs interface.

From FT-IR and '"H NMR data, a weaker water-surfactant interaction in bmim-AOT RMs in
comparison with the RMs created by sodium 1,4-bis-2-ethylhexylsulfosuccinate (Na-AOT) is
detected. Consequently there are less water molecules interacting with the interface in bmim-AOT
RMs, and its hydrogen bond network is not completely disrupted as it is in Na-AOT RMs. The
results show how the nature of the new cation impact on the interaction between the entrapped
water and the RM interface, modifying the interfacial water structure in comparison with the results

known for Na-AOT.
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INTRODUCTION
Ionic Liquids (ILs) are a new class of compounds which have received significant attention as
powerful alternatives to conventional molecular organic solvents. Negligible vapor pressure,
combined with excellent chemical and thermal stability, ease of recyclability and widely tunable
properties such as polarity, hydrophobicity and solvent miscibility through appropriate modification
of the cation and anion, makes ILs neoteric material for a number of chemical processes.1 Most ILs
used are based on N,N’-dialkylimidazolium cations, especially 1-butyl-3-methylimidazolium
(bmim", Scheme 1) and different anions such as tetrafluoroborate (BF;), hexafluorophosphate and
bis(trifluoromethylsulfonyl)imide." The great impact that ILs actually have is mainly because their
properties can be modified by a variety of cation-anion combinations in the synthesis procedure.
Principally, this provides an attractive and emerging field where amphiphilic ILs have been
synthesized.” These IL-like surfactants can be used to create different kind of molecular assemblies
such as direct micelles, reverse micelles (RMs) and vesicles.”
RMs are a kind of organized system, generally described as nanometer sized water droplets
dispersed in a nonpolar solvent with the aid of a surfactant monolayer, forming a

thermodynamically stable and optically transparent solution.'®'" Different anionic, cationic and

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

nonionic surfactants have been employed to prepare RMs in nonpolar solvents.'’ Among the
anionic surfactants that form RMs in different solvents, the best known is the sodium 1,4-bis-2-
ethylhexylsulfosuccinate (Na-AOT).'" It is known that Na-AOT forms spherical RMs in aromatic
and aliphatic solvents without addition of a cosurfactant and, variable amount of water can be
solubilized depending on the external solvent and temperature.'?

The majority of studies on RMs solubilize water as the polar component and juxtapose water
properties such as polarity, viscosity, conductivity and H-bonding for bulk water and water
confined in RMs.'*>? These studies show that the physicochemical properties of water entrapped
inside RMs change dramatically from the bulk, as a result of the specific interactions and confined

geometries.'%***"3! Moreover, it has been demonstrated that the effect of the kind of surfactant used
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to create RMs is crucial for the understanding of the water structure.'”'**** Previous studies
performed in our group have shown very peculiar and interesting water properties inside RMs that
emerges from the confinement effect and the interaction with the surfactant at the interface.'”'*2%%
For example, water properties differ between RMs systems formed with anionic and cationic
surfactants. The water molecules entrapped inside Na-AOT RMs show enhanced electron donor
ability compared with bulk water, while water entrapped inside benzyl-n-
hexadecyldimethylammonium chloride RMs appears non electron-donating due to its interaction
with the cationic surfactant polar headgroup.'”'®* These results have tremendous impact when
RMs are used as nanoreactors,'***

Alterations on the RMs properties also have been obtained in the past, replacing Na"
counterion in the Na-AOT surfactant by different inorganic counterions such as alkali metals among

12:2629.3545 Bor example, Eastoe et al.*” showed effect on the form of the aggregates using

others.
Na', K', Rb", Cs', Mg2+, Ca2+, C02+, Ni2+, Cu2+, Zn2+, and Cd*" as counterions of AOT in
cyclohexane. The authors invoked the importance of the size of the hydrated counterion on the
aggregate structure (spherical and cylinder-shaped aggregates) in RMs. Thus, a large hydrated
counterion cannot no be located near to the SO;” headgroups as effectively as a small ion like Na'.
This fact alters the surface curvature of the aggregate due to the impact of the electrostatic repulsive
interactions between adjacent polar headgroups.

On the other hands, recent studies on RMs with an IL component have garnered interest
because of the ILs can act as surfactant, as external medium or as internal polar pseudophase.*®
Particularly, several authors have performed the replacement of the Na™ counterion in Na-AOT by
organic cations such as tetraalkylammonium*”* or bmim" (bmim-AOT, Scheme 1)°>* in order to
create ionic-liquid surfactants that generated very different properties compared with the precursor
Na-AOT. These AOT analogues (most of them room temperature ILs), have been used mainly to

50-52,54,55

create direct micelles in water and RMs prepared in nonpolar solvents entrapping other ILs

as polar component.”** For example, Rao et al.”*® have characterized the phase diagram of the


http://dx.doi.org/10.1039/c5sm02421h

Page 5 of 43 Soft Matter
View Article Online
DOI: 10.1039/C55M02421H

bmimBF,/bmim-AOT/benzene ternary system by dynamic light scattering (DLS) and spectroscopic
studies with various molecular probes.’® Bai et al.”> have explored the same RMs by mixing the IL
with water and they found that the droplet sizes values depend on the amount of water and
bmimBF, content. Surprisingly, no studies about the ability of the new surfactant bmim-AOT to
create RMs entrapping only water (aqueous RMs) are available. Particularly, this motivates us to
explore how is the interaction between the water entrapped and the interface formed by the AOT
surfactant in RMs, where the cationic component (Na') is replaced by a larger and more
hydrophobic cation. In this sense, we recently have synthesized two ILs-like surfactants (classified
as catanionic surfactants®") but in contrast to bmim-AOT, they are composed by amphiphilic
organic cations such as benzyl-n-hexadecyldimethylammonium and cetyltrimethylammonium.*’
Both ILs were able to form RMs and the encapsulated water properties depend on the cationic
component at the RMs interface.*

In this contribution we have investigated, by different noninvasive techniques such as DLS
and static light scattering (SLS), FT-IR and "H NMR spectroscopies, the ability of bmim-AOT to
form aqueous RMs in nonpolar solvents and how the nature of the new cation impacts on the

interaction between the entrapped water and the RM interface, modifying the interfacial water

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

structure in comparison with the results known for Na-AOT. In this sense, understanding the

structure of water entrapped in RMs is of great importance in many contexts, including for example

62,63

dehydration of biological molecules, enzyme activity'®, water entrapped in nanopores

34,65

materials,* nanoparticles synthesis**®> among other.

—

11

bmim”* AOT
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Scheme 1. Molecular structure of the surfactant bmim-AQOT. Specific protons observed in the NMR

spectra are identified.

RESULTS AND DISCUSSION

1L Solubilization of bmim-AOT in nonpolar solvents

In order to evaluate if the IL bmim-AOT can be used as surfactant to generate RMs, the first
experiment performed was to investigate the phase diagram of the ternary system:
water/surfactant/nonpolar solvent. As it was described above, there are only few reports about the
use of bmim-AOT as surfactant dissolved in nonpolar solvent, mainly in benzene.”>"*" Thus, the
bmim-AOT solubility in different nonpolar solvents was tested. Therefore, the bmim-AOT

10,11
" such as chlorobenzene,

solubility in nonpolar solvents commonly used to formulate RMs
toluene and n-heptane, was investigated. It was observed that bmim-AOT is soluble in all aromatic
solvents in absence of water (Wo (Wo = [Water] / [Surfactant]) = 0). However, in n-heptane bmim-
AOT was completely insoluble. It must be noted that bmimCI, which is the IL precursor of the
bmim" cation of the surfactant (See experimental section), is a molecule without amphiphilic
property that cannot be dissolved in either nonpolar aromatic or aliphatic solvents' but the precursor

surfactant, Na-AOT, is fully soluble in both kind of solvents.'’ Thus, the solubility of AOT moiety

is clearly altered by presence of the organic cationic component (bmim").

II. Non-polar aromatic solvents/bmim-AOT solutions as systems to dissolve water

The amount of water that can be dispersed in the nonpolar solvent/bmim-AOT solutions
forming clear and stable ternary mixtures is summarized in Table 1, for [bmim-AOT] = 0.1 M. The
maximum amount of water solubilized in the different bmim-AOT systems is defined as W™, For
comparison, in Table 1 are also included the Na-AOT systems prepared in all the nonpolar solvents

max

evaluated. As it can be observed, the Wy values reached for the aromatic solvents/bmim-AOT

systems are quite similar. All of them are able to dissolve approximately the half amount of water
6
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than the corresponding Na-AOT systems.'® These results show that bmim-AOT IL-surfactant when
dissolved in aromatic solvents it has the ability to dissolve water. Thus, it is interesting to
investigate if the presence of the bmim" cation in bmim-AOT (See Scheme 1) produces different
physicochemical properties in comparison with Na-AOT such as hydrogen bond and electron donor
ability of the interface, among others.

max

Table 1. Maximum amount of water solubilized (W, ) in different systems at [surfactant] = 0.1

M. T=25°C.
Womax
Non-polar solvent
bmim-AOT Na-AOT

n-heptane 2 60°
benzene 5.0 12°
chlorobenzene 5.4 8°
toluene 5.1 10¢

*bmim-AOT is not soluble in n-heptane. ® Value obtained from reference 34. © Value obtained from

reference 66. ¢ Value obtained from reference 67.

III. DLS and SLS experiments

To evaluate the formation of RMs''*

the system formed by benzene/bmim-AOT/water was
studied by DLS technique.

When new RMs are explored, a crucial question has to be answered: is water effectively
entrapped by the surfactant creating a true RMs or is water dissolved only in the organic
solvent/surfactant mixture without any molecular organization (bicontinous structureless
microemulsion)?.”* DLS can be used to assess this matter because if water is really encapsulated

and interacting with the RM interface, the droplets size must increase as the W, value increases

with a linear tendency (swelling law of RMs) as it is well established for other RMs.*"**%® This
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feature can also demonstrate that the RMs consist of discrete spherical and non-interacting droplets.
*I' A deviation from the linearity on the droplets sizes indicates that the RMs droplet — droplet
interactions are favored thus changing the shape of the RMs previous to the phase separation. On
the other hand, if the polar solvent is not encapsulated by the surfactant the droplets sizes could
remain constants or even decrease with the polar solvent addition.”*

In this work, all the DLS experiments were carried out at finite surfactant concentration (0.05
M). Thus, the RMs solutions are not at infinite dilution, nevertheless we think that the interdroplet
interactions could be neglected.”**® An apparent hydrodynamic diameter (dapp) can be defined,*"
in order to make the comparison with the system herein studied and the known Na-AOT
sys‘[ems.13 el O Figure 1, the dgpp values for the RMs studied at different Wy values for bmim-
AOT systems are shown. It must be noted that the maximum amount of water that the
benzene/bmim-AOT RMs support to yield stable and transparent systems corresponds to Wy = 5.
Additionally, in Table S1 (Supporting Information section) are reported the polydispersity index
(PDI) values obtained. As it can be seen, there is an increase in the droplet size when the content of
water increases, showing that the water is entrapped by the bmim-AOT surfactant layer yielding
RMs. Also, the linear tendency observed in Figure 1 and the low PDI values (0.02-0.07) reported in
Table S1, confirm that the droplets effectively are not interacting and the shapes are probably
spherical’’ and water interacts strongly with the interface. It is important to note that, variations in

the droplets sizes (and morphology) changing the surfactant concentration were not observed.
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Figure 1. Apparent diameter (dapp) values of the (m) benzene/bmim-AOT/water RMs obtained at 25
°C varying Wy. The straight line is plotted to guide the eye. [Surfactant] = 0.05 M. (e) Data for

benzene/Na-AOT/water RMs obtained under same conditions.

Even that the W™ values reached by bmim-AOT in aromatic solvents are not large, it is
interesting to remark that it is possible to determine the droplets size values at lower water content
than in benzene/Na-AOT RMs. Thus, in benzene/bmim-AOT media it can be detected organized

media even at Wy, = 2 while in benzene/Na-AOT the lowest W, content detected with our

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

equipment was 5.3 For this reason and, that the benzene/bmim-AOT system is not able to dissolve
more water than Wy = 5, we only can compare both systems at this water content. Hence, at Wy =5
the dpp value for bmim-AOT RMs is around 3.9 nm and for Na-AOT RM:s is around 2.9 nm.** Prior
to explain these results it is important to consider that the RMs droplet sizes depend, among many
other variables, on the effective packing parameter of the surfactants p, defined as p = v/al., in
which v and /. are the volume and the length of the hydrocarbon chain, respectively and a is the
surfactant head group area.”' The RMs sizes are larger when the p values are smaller.”>” Thus, all
the factors that decrease the v values and/or increase the a values decrease the packing parameter

affecting the RMs droplet sizes. It has been shown using DLS, that in Na-AOT,*"*" the polar
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solvents-surfactant interactions are the key for the RMs droplets sizes control. For example, when a
polar solvent encapsulated interacts strongly with the surfactant polar head group increase the
surfactants’ a values with the consequent decrease in the surfactant packing parameter and, the
increase in the RM droplet size.®®

Considering our DLS results, the differences in the droplets sizes of the bmim-AOT RMs in
comparison with the corresponding reported by the precursor Na-AOT can be explained as follow:
The ionic nature of the polar head group of the precursors (Na-AOT and bmimCl) and the necessity
to act as counterion of each other in the new IL-like surfactant, produces a change in the p
parameter in comparison with the Na-AOT precursor. We hypothesize that due to the replacement
of the Na" counterion of AOT by bmim", an increment in the effective area (decreasing the p value)
of the IL-surfactant can be expected. Thus, in the new interface probably the bmim" counterion,
which is more hydrophobic than Na', is located in different region that Na" in the Na-AOT RMs.

In order to support the idea that the replacement of Na' by bmim" produces alteration at the
interfacial level in the RMs formed, SLS technique was used. The aggregation numbers (N,g,), i.€.
the number of surfactant molecules per micelle, of bmim-AOT and Na-AOT systems at equal W
were determined and, the values are listed in Table 2. As can be seen, at Wy = 5 bmim-AOT RMs
present a Nag, value similar to that of Na-AOT RMs. Thus, assuming that the Na-AOT RMs are

practically spherical,**"!

and that the bmim-AOT RMs are also spherical as it was assumed by DLS
experiments, the variation in the d,,, values (Figure 1) cannot be attributed to the number of
molecules that form the RMs but probably to the location of the bmim" counterions near the AOT
moiety as we will show later. This possible location of bmim" cation was previously proposed in
RMs created by Na-AOT but entrapping the IL 1-butyl-3-methylimidazolium
trifluoromethanesulfonate (bmimTfO) as polar component.” In that work, we suggested that when
bmimTfO is encapsulated in AOT RMs, the cation bmim’ penetrates the interface toward the

proximity of the SO3” group while the TfO™ anions interact with the Na’ counterions far from the

interface. Thus, the presence of bmim' at the interface increases the effective interfacial area,

10
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decreases the surfactant packing parameter with the consequent increase in the RMs size. Similarly,
Murgia et al.”®"’ proposed that bmim" tends to be close to the AOT moiety in aqueous Na-AOT
direct micelles when 1-butyl-3-methylimidazolium tetrafluoroborate  or  1-butyl-3-
methylimidazolium bromide is added.

It is must be noted that, the bmim" location suggested in the present work is different to the
one reported by the catanionic surfactants created with benzyl-n-hexadecyldimethylammonium and
cetyltrimethylammonium as AOT counterions.*’ In that work the cationic components are more
hydrophobic and ampliphilic than the bmim" ion which force them to be located intercalated

between the AOT moiety.

Table 2. Aggregation numbers (N,g) for the benzene/bmim-AOT/water and benzene/Na-

AOT/water RMs calculated using de SLS technique. T =25 °C. Wy = 5.

RMs d,pp (nm)* Nagg
benzene/bmim-AOT/water 3.9 23+2
benzene/Na-AOT/water 2.9 17+1

* Data from Figure 1.

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

V. FT-IR experiments

In order to obtain more insights on the structure of the bmim-AOT RMs, we choose to
monitor the microenvironment that the water and the surfactant molecules experiment inside bmim-
AOT RMs by FT-IR techniques. Thus, we firstly focus on the O-D stretching mode of the entrapped
water molecules and then, on the symmetric and asymmetric S=O, carbonyl stretching modes from
the AOT moiety (Scheme 1) and finally the C-H aromatic stretching mode of bmim" (Scheme 1).

The results were compared with the stretching vibration modes of Na-AOT.

O-D stretching band (vo.p)

11
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It is well known that water exhibits a broad band in the 3500-3200 cm™ region, which is
assigned to the O-H stretching.”® In liquid phase this band not only corresponds to the O-H
stretching but also to coupled water molecule vibrations and from a bending overtones reported in
the spectrum of liquid water.””*® This is also explains the broad band in the 2570-2350 cm™ region
also observed for deuterated water (D,0). In our FT-IR studies we decided to use monodeuterated
water (HDO), which exhibit a narrow band around 2570-2350 cm™ that can be assigned only to the
O-D stretching band (vo.p) with no couplings contributions.*™®! This methodology was used before
in different RMs in order to avoid the vibrational coupling and simplify the data

analysis.5’15’25’26’28’32’81'83

Figure S1, in the Supporting Information Section, displays the FT-IR spectra of HDO
entrapped in bmim-AOT RMs (Figure S1 A) and Na-AOT (Figure S1 B) at different Wy, in the
region of 2640-2420 cm”. From both Figures it is possible to observe that the O-D band is
practically symmetrical, suggesting only one type of water entrapped by the RMs.*® Figure 2 shows
the shifts of the vop values for HDO in both RMs and two facts can be observed: i) the O-D
stretching frequency values in bmim-AOT RMs are larger than the corresponding to neat HDO

(2519 cm™)* and, ii) the trend in the changes of the vo.p values is different between both RMs.

2570

B bmim-AOT
H ° ® Na-AOT
2560 - °
°
< 2550 . ¢
'€
o [ ]
.
2 n
€ 2540
3
C
[}
>
(]
= 2530
2520
T T T T T T T
1 2 3 4 5

Figure 2. Shifts of the O-D stretching band (vo.p) upon increases Wy for the (m) benzene/bmim-

12
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AOT/HDO and (e) benzene/Na-AOT/HDO RMs. The corresponding value for neat HDO (---) is

included as a reference.

As it is known for Na-AOT RMs,*** the hydrogen bond interaction between the entrapped
water and the SO3;™ group of AOT at the interface disrupt the hydrogen bond network of water,
consequently the vop values for HDO appear at larger frequencies than in bulk water. In our case,
the fact that the entrapped water in bmim-AOT RMs presents also vop values larger than neat
water, suggests that water molecules interact through hydrogen bonding with the surfactant
interface breaking its hydrogen bond structure. Additionally, Figure 2 also shows that although in
both RMs the vop values shift to lower frequencies as W increases, the changes in magnitude are
different. For example, in Na-AOT RMs the frequency of the O-D band change from 2565 cm” at
Wo =1 up to 2552 cm™ at Wo=5(3 cm'l), while in bmim-AOT RMs at the same range of W the
vo.p values shift from 2563 cm’ to 2543 cm’ (20 cm'l). These results suggest a difference in the
magnitude of the water-surfactant interaction at the interface. Even though both surfactants display
hydrogen bond interaction, the strength of this seems to be different. When the water-surfactant

interaction at the RM interface is strong, the water molecules have the hydrogen bond network

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

disrupted and, produce small changes in the v p values varying the water content. On the contrary,
if the interaction is weak the water molecules can make hydrogen bond among each other producing

a larger shift of the vop values.’
Carbonyl stretching band (vc=0)

In Figure 3 A is plotted the carbonyl stretching band for the Na-AOT and bmim-AOT
surfactants dissolved in benzene at Wy = 0. From the Figure it is possible to observe that the C=0
band for bmim-AOT surfactant shows a notable difference in its shape in comparison with the one
observed for Na-AOT. The carbonyl stretching band of Na-AOT has been widely studied both in

solid state® and in RMs.****%® It appears as a broad band with a peak around 1736 cm™ and a
13
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shoulder around 1724 cm™. In this sense, the explanations given for the Na-AOT C=0 band shape
were quite confusing and the causes of its asymmetry were not clear. However, recently’® we
suggested that the Na-AOT C=0 band shape can be attributed to the presence of the Na" counterion
near to one of the carbonyl groups which promotes the asymmetry in the C=0O band. Thus,
replacing the AOT counterions by different amphiphilic quaternary ammonium’, the C=O band
appears as a symmetrical band with a peak around 1735-1734 cm™. In the present work, the Na”™
replacement by bmim" clearly shows that the asymmetry of the carbonyl stretching band is lost as
observed with quaternary ammonium ions.’

In Figure 3 B is shown the FT-IR spectra in benzene/bmim-AOT/water RMs in the region of
C=0 stretching mode by varying the amount of water. As it can be seen, the C=0 stretching band
does not show any significant change in its position (1735 cm™), shape or absorbance as the value
of Wy is increased. It is known that many factors can influence the position of the C=0O band,
including hydrogen bond formation and ionic interactions, which lead to displacement of the band
to lower frequencies.80 Additionally, the hydrogen bond interaction not only induces a shift of the
band but can produce a marked effect on its intensity. The absorption coefficient of the band
increases multiple units when the carbonyl group makes hydrogen bond interaction. Durantini et
al.*” found that in n-heptane/Na-AOT/ethylene glycol and n-heptane/Na-AOT/propylene glycol
RMs, both polar solvents not only interact strongly with the sulfonate group but also penetrate the
micelle interface enough to interact through hydrogen bond with the carbonyl groups of the
surfactant. This interaction was reflected in a large increase in the intensity of the C=0O band. As
Figure 3 B shows in bmim-AOT RMs, the lack of absorption changes in the stretching band of
carbonyl group of the AOT moiety indicate that the entrapped water does not penetrate the interface

enough to interact through hydrogen bonds with the carbonyl groups of AOT.
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Figure 3. A) Comparison of the normalized FT-IR spectra of benzene/bmim-AOT and benzene/Na-

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

AOT RMs at Wy = 0. B) FT-IR spectra of benzene/bmim-AOT/water RMs at different W values in

the region of 1700-1760 cm”. The benzene bands have been subtracted. [Surfactant] = 0.05 M.

Sulfonate asymmetric stretching band (Vasym SO3)

The anionic AOT moiety presents two sulfonate stretching vibration modes which are
sensitive to different effects: the asymmetric S=O stretching band (around 1130 - 1330 cm™) and
the symmetric S=O stretching mode (around 1050 cm™).*”***® However, taking into account the
strong in-plane C-H bending mode of benzene (around 1060-1020 cm™), the symmetric S=O
stretching mode cannot be observed in RMs prepared in this solvent. For this reason chlorobenzene

was used to explore these vibration bands.
15
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The FT-IR band assigned to the asymmetric stretching mode of the sulfonate group (VasymSO3)
appears as a weak doublet at about 1214 and 1242 cm’ in solid Na-AOT, which has been attributed
to the lifting of the degeneracy of this vibration by an asymmetric interaction of the Na" with the
sulfonate head group.88b The magnitude of the splitting, defined as Ava,mSOs, is indicative of the
strength of the perturbation of the SO;™ by the cation, been larger when the ionic interaction is
stronger.85 In solid Na-AOT the splitting has a value of 28 cm™ and, in RMs at W, = 0 the band
shows the doublet at 1255 cm™ and 1213 cm™ with AVasymSO3 value of 42 cm” in the benzene RMs
which reflects an increase in the strength between Na' - SOy’ interaction.®**% [n presence of
water entrapped the magnitude of the Av,mSOs3 value decreases with increasing the micelle
hydration due to a weakening of the sodium-sulfonate interaction after hydrogen bond interaction
between water and the AOT polar head group with the corresponding increases in their spatial
separation.™

In Figure 4 A, it is shown the FT-IR spectra of bmim-AOT in chlorobenzene at different W,
values in the region of the asymmetric stretching mode of SOs". In Figure 4 B, is presented the
splitting of the AOT’s asymmetric S=O stretching band frequency (Avas,mSO3) upon increasing Wy
in both RMs explored. In the Supporting information, for comparison, Figure S2 is included where

are plotted the FT-IR spectra corresponding to Na-AOT in chlorobenzene at different W, values.

Absorbance

wt+—r—-mr—-m—mr—m—m——r—"v—7—"1—""1—"7
1300 1280 1260 1240 1220 1200 1180 1160 1140
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Figure 4. A) FT-IR spectra of chlorobenzene/bmim-AOT/water RMs at different Wy values in the
region of 1300-1130 cm™. The chlorobenzene bands have been subtracted. [bmim-AOT] = 0.05 M.
B) Splitting of the asymmetric S=O stretching band frequency (AvaymSO3) upon increasing Wy in
different chlorobenzene/surfactant/water RMs. Na-AOT (O) and bmim-AOT (m). [Surfactant] =

0.05 M.

At Wy = 0, it can be seen that the splitting of the v,5,mSO3 band decreases from 40 cm” in Na-

AOT RMs to 20 cm™ in bmim-AOT RMs. These changes indicate a weaker SO3-bmim" interaction

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

in comparison with the SO5™-Na' interaction.

When the water content is increased, it is possible to observe that the shape of the band in
bmim-AOT RMs does not show any significant change in its position, shape or intensity. Moreover,
the magnitude of the band splitting remained practically constant as the W, was increased (Figure 4
B). These results are very different to those obtained for water entrapped in Na-AOT RMs (see
circles in Figure 4 B), in which the magnitude of the Av,,nSO;3 values decreases as a consequence
of the interaction between the water molecules and the surfactant polar head group at the
interface.’*"*** In bmim-AOT RMs, the absence of variation in the asymmetric sulfonate band
(AvagymSO3 = 21 cm™) suggests that water molecules do not considerably disrupt the weak

interaction between the SO; and bmim' since both ions (8O3 - bmim+) are spatially distant from

17
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each other even at Wy = 0. However, the absence of changes of this band with the water content
cannot be interpreted as water-polar head interaction.

Other interesting fact to note in Figure 4 A is that in bmim-AOT RMs there is a band around
1166 cm™, which is attributed to a combination of C-O and C-C stretching modes of the ester
groups of AOT moiety.*™® In Na-AOT RMs, these stretching appear as a shoulder of the asymmetric
sulfonate band because the vicinity of sulfonate groups hides these modes.* Thus, we conclude that
the presence of the band at 1166 cm’ in bmim-AOT RMs indicates that the sulfonate groups are
more distant to each other than in Na-AOT, probably due to the location of bmim' near to the

. . . . +
interface in comparison with Na".

Sulfonate symmetric stretching band (Vs,,SO3)

Figures S3 A and B, from the Supporting Information section, show the FT-IR spectra of
bmim-AOT in chlorobenzene at different W, values in the region of the symmetric stretching mode
of SO;5". Figure 5 shows the shifting of the v4nSO3 for both surfactants upon increasing the Wy

value.

1052
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Figure 5. Shifts of the symmetric S=O stretching band (veymSO3) upon increases Wy for the (m)

benzene/bmim-AOT/water and (@) benzene/Na-AOT/water RMs. [Surfactant] = 0.05 M.
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From the results presented in Figure 5 it is important to note two facts: i) the shift observed
increasing the Wy is opposite in both RMs and, ii) the vs,mSO;3 values at W = 0 are clearly different
for bmim-AOT (1036 cm™) than for Na-AOT (1050 cm™).

It is known that the addition of water to the Na-AOT RMs system, causes a shift in the

8085 in our case from 1050 to 1047 ¢cm™ when the W, values

VeymSO3 value to lower frequencies
increased from O to 5 (Figure 5). This shift has been attributed to hydrogen bond interactions
between the water molecules and the SOs™ group of AOT.* Also, the hydrogen bond weakens the
electrostatic Na-SOs3 interaction, which is also affected by ion-dipole interactions between water
and the sodium counterion.’® The differences in the VsymS03 values observed for bmim-AOT and
Na-AOT at Wy = 0 and the shift to higher frequencies in bmim-AOT RMs when the water content
increases can be explained considering the size of the cation and the weakness of the interaction
with the SO;™ group previously discussed. In this sense, Moran et al.*® studied the effect of
replacing the AOT counterions for different alkali-metal and they found that, for example, for Na"
the symmetrical mode was observed at 1050 cm™ and for Cs™ at 1043 cm™. The authors explained
these results taking into account that the increment in the cation size, reduce the positive charge

density decreasing the interaction between the cation and the SO;” group. Oshitani et al.*® in a work

where H-AOT surfactant (AOT with H' as counteriongl) was used to create isooctane/H-AOT/water

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

microemulsion, showed that the vs,mSO3 values increases from 1038 cm™ in H-AOT to 1044-1046
cm™! when the H' counterion was replaced by different alkali-metal cations. The increase in vsymSO3
values was attributed again to a strengthening of the interactions between counterions and the polar
headgroup. Herein, as the positive charge is delocalized in the bmim" ion (see Scheme 1) while it
is not in the small Na', we expect a stronger interaction between SO;” and Na' than with bmim"
cation.”” Thus, we suggest that the replacement of Na' for a more voluminous cation (with more
delocalized positive charge) is the cause for the reduction of the interaction cation-SO3; and
consequently affect the symmetrical sulfonate stretching mode. The addition of water, which

interact with the SO3™ group (as it was showed in the O-D stretching mode data), can reduce the
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delocalization of negative charge on the O of the SO; group increasing the frequency of the

symmetrical mode.”®

bmim"™ C-H stretching band (vc.p)

For the ILs composed of 1-alkyl-3-methyl imidazolium, the infrared peaks found between
3200 and 3100 cm™ are assigned to the aromatic C-H stretching modes of C(2)-H and C(4,5)-H on
the imidazolium cation (Scheme 1).74’75’93 4 The band at lower frequency is assigned to the C(2)-H
stretching modes because the group has a larger positive charge density than the C(4,5)-H groups,
which leads to smaller force constants.”® These stretching vibrations modes in bmim" can be used to

74,75 St .
*’” since bmim'" interacting

evaluate the cation-anion interactions in complex systems such as RMs
strongly with anions can diminish its positive charge density with the consequent decrease in the vc.
u values.”

Figure S4 shows the FT-IR spectra of bmim-AOT in chlorobenzene at different W, values,
in the region of 3200-3100 cm™. Shifts of both stretching frequencies upon increases Wy in bmim-
AOT RMs are plotted in Figure 6. The results show that both stretching modes shift to higher
frequencies when the water content increases. For example, at Wy = 0 the vc)n and v s)-n appear

at 3105 cm™ and 3145 cm'l, respectively. When the water content increase until Wy = 5, the vcpyn

and vca,s)-n shift to 3112 cm™ and 3151 cm™.
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Figure 6. Shift of the C(2)-H and C(4,5)-H stretching frequencies of bmim" upon increase of Wy in

chlorobenzene/bmim-AOT/water RMs: (@) C(2)-H and (W) C(4,5)-H. [bmim-AOT] = 0.05 M.

The variation in the observed values of the C-H vibration modes, are evidences of an
important perturbation on the bmim’ microenvironment when water is added to the RMs. As
discussed before at W, = 0, there is a weak electrostatic interaction between bmim" and SO;", which
is altered on addition of water molecules. In this sense, we suggest that water through its free
electron pairs solvates the positive charge of bmim"™ through ion-dipole interaction. Thus, when
water is added to the bmim-AOT RMs, the initial bmim -SO5” interaction at Wy = 0 is replaced by
water (electron pair)-bmim” and water (hydrogen bond)-SOs". Thus, since water (electron pair)-
bmim"~ is weaker than the electrostatic interaction bmim'-SOs’, the positive charge density on
bmim" shifting the C-H vibrations modes to high frequencies. A consequence of these implies that
water molecules have less electron donor capacity at the interface than the corresponding in Na-

AOT RMs.

V. 'HNMR experiments

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

Figure S5 A and B, displays typical 'H NMR spectra for water entrapped in benzene/bmim-
AOT RMs at different Wy in the region of 9.5-8.9 and 4.7-3.3 ppm, respectively. Different protons
can be investigated and first we present the results obtained sensing the H of the water entrapped
and, then the protons nearest to the polar head group in bmim-AOT surfactant (protons [ and 1" of
AOT and, 2 of bmim" in Scheme 1).
Water's protons
In Figure 7, is shown the data corresponding to the chemical shift of H (from water) in the
bmim-AOT RMs varying the water content. As it can be seen, the water's proton signal shifts
downfield when W is increased. Thus, the proton from water molecules change from 3.79 ppm at

Wy =2 up to 4.26 at Wy = 4.5. It should be noted that in the bmim-AOT RMs the value of H for
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neat water’> (4.85 ppm) was not achieved (see straight line in Figure 7). This upfield shift of the

proton signal (from water) in the RMs in comparison with neat water was observed previously by

Heatley”” in C¢D¢/Na-AOT/water RMs, and by Stahla et al.”® in the C4D/Na-AOT/water system.

In both cases, the shift was attributed to the entrapped water having its hydrogen bond structure

disrupted due to its interaction with the surfactant. With the increasing of the amount of water

within the RMs, it begins to recover the hydrogen bond structure of neat water and the proton signal

tends to the neat one value. The interaction between the entrapped water and the interface leads to a

less water molecules interacting with itself and consequently a more upfield shift of the proton

signal. As we suggest from the FT-IR studies, also in our system the interaction of the entrapped

water and the interface disrupt its hydrogen-bond structure.
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Figure 7. 'H NMR chemical shifts of H (from water) benzene/bmim-AOT/water RMs at different

Wy. [bmim-AOT] = 0.05 M. The corresponding value for neat water (- = =) is included to

comparison.

Surfactant’s protons

The surfactant’s protons

74,75,95-97

also can be used as a probe to study the microenvironment

created in the bmim-AOT RMs (See Scheme 1). Figure 8 shows the chemical shifts of the HI

protons associated with the anion AOT in bmim-AOT RMs varying the water content. Figure S6
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shows the AOT’s HI" chemical shift for the same system. As it can be observed, both signals
showed upfield shift when the Wy increases. For example, the signal assigned to H1 appears at 4.62
ppm at Wy = 0 and shift to 4.52 ppm at W, = 4.5, while the HI" signal appears at 3.58 ppm in
absence of water and shift to 3.49 ppm at Wy = 4.5. On the other hand, the behavior of the protons
corresponding to the polar head group of Na-AOT was explored in the past. For example, Heatley95
reported that in the systems C¢Dg¢/Na-AOT/water the signal assigned to the H1 proton shift from
4.86 ppm at Wy = 1.0 up to 4.67 ppm at Wy = 5.3, while H1" shift from 3.64 to 3.55 ppm in the
same range of Wy. This behavior was attributed to the increasing spatial separation between anion
AOT and its counterion, which occurs as a consequence of the hydrogen bond interaction between

1.” studied the "H NMR signals assigned to

the sulfonate group and the entrapped water. Stahla et a
the anion AOT polar head with different metal counterions. They observed that increasing the
counterion sizes the signals of the protons nearest to the sulfonate group shifted upfield due to a
reduction of the interaction between the metal and the anionic moiety. Consequently, since as we
have already explained, in bmim-AOT there is a weaker interaction between SO;” and bmim" than

that observed for SO;™ and sodium, which is reflected in the different chemical shift values observed

for the protons of the AOT moiety.
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Figure 8. "H NMR chemical shifts of AOT H1 in benzene/bmim-AOT/water RMs at different Wo.
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[bmim-AOT] = 0.05 M.

The presence of H atoms in bmim" makes possible to monitor the microenvironment of this
part of the surfactant. Figure 9 shows the "H NMR chemical shift of the H2 (see Scheme 1) signal
for bmim" cation in the bmim-AOT RMs, studied at different W,. We focus on the peak associated
with this proton because it is particularly sensitive to the environment.*’***7% The peak positions
of the H2 showed an upfield shift as W was increased, moving from 9.33 ppm at Wy =0 to 9.16 at
Wy = 4.5. This shift of the H2 signal observed for bmim-AOT RMs could be attributed to water
interacting with the bmim’. As we have explained before, in the bmim-AOT RMs the hydrogen
bond structure of the entrapped water is disrupted due to the interaction with the interface. The
results obtained for the H2 signal indicate that the bmim" interacts with the entrapped water as it

was suggested by FT-IR.
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Figure 9. "H NMR chemical shifts of bmim” H2 in benzene/bmim-AOT/water RM:s at different W.

[bmim-AOT] = 0.05 M.

Thus, taking into account all the results obtained, the bmim-AOT surfactant location and the water-
surfactant interaction at the RMs interface allow us to propose the schematic representation shown

in Scheme 2A. We want to highlight that a new interface is created with different physicochemical
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properties than Na-AOT (Scheme 2B).

Scheme 2. Schematic representation of surfactants (A: bmim-AOT and B: Na-AOT) and water

molecules location at the interface in benzene/surfactant/water RMs.

CONCLUSIONS

In the present work we showed how the water properties at the interface of RMs can be

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

modified using a novel IL like-surfactant such as bmim-AOT. Particularly, in the aromatic
solvent/bmim-AOT/water RMs investigated, DLS and SLS reveal the formation of RMs and that
water interacts with the RMs interface since the droplet sizes values increase as the W, values
increases. Furthermore, it is shown that the RMs consist of discrete spherical and non-interacting
droplets of water stabilized by the bmim-AOT surfactant. To the best of our knowledge this is the
first report where bmim-AOT RMs uses only water as polar component. From FT-IR and 'H NMR
data if bmim-AOT and Na-AOT are compared, a difference in the magnitude of the water-
surfactant interaction at the interface is observed. For the bmim-AOT RMs a weaker water-
surfactant interaction can be invoked in comparison with the RMs created by Na-AOT. This leads
to less water molecules interacting with the interface in bmim-AOT RMs, with its hydrogen bond
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network not completely disrupted (Scheme 2A). These results are interesting since a simple change
in the cationic component in the surfactant, promotes remarkable changes in the RMs interface, for

example modifying the hydrogen bond ability of the water at the interface.

EXPERIMENTAL SECTION
Materials

Sodium 1,4-bis-2-ethylhexylsulfosuccinate (Na-AOT), from Sigma (> 99% purity) was used
as received and dried under vacuum prior use. Ultrapure water was obtained from Labonco
equipment model 90901-01. D,0, benzene, n-heptane, chlorobenzene and dichloromethane from
Sigma (HPLC quality), were used without prior purification. 1-butyl-3-methylimidazolium chloride
(bmimCl) from Sigma (> 97 % purity) was recrystallized according procedure descripted in
reference 99.

bmim-AOT preparation: The IL-like surfactants used, 1-butyl-3-methylimidazolium 1,4-bis-
2-ethylhexylsulfosuccinate (bmim-AOT, Scheme 1) was obtained according the experimental
procedure descripted in reference 51. Thus, to obtain bmim-AOT the mixture of Na-
AOT/dichloromethane and bmimCl/dichloromethane solutions (containing equimolar fractions of
both reactants) were combined in a round-bottom flask and stirred at room temperature for 72
hours. During the stirring, a white precipitate appears and it was attributed to NaCl formation. The
majority of NaCl was removed from the dichloromethane solution by centrifugation. After that the
dichloromethane solution containing bmim-AOT was washed with small amounts of water until the
aqueous fraction was free of chloride ion (AgNO; test). Once the NaCl was eliminated, the
dichloromethane was removed by vacuum evaporation. The IL (bmim-AOT) thus obtained was
colorless and highly viscous liquid, as we previously reported.”’ The formation of bmim-AOT was
confirmed by '"H NMR technique. Figure S7 show that all protons corresponding to the anionic
(AOT) and to cationic (bmim") components are present. The chemical shifts values of the most

important H of bmim-AOT obtained in CDClI; are included in Table S2.
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Prior to use, bmim-AOT was dried under vacuum for 4 hours.
Methods

RMs preparation: The stock solutions of bmim-AOT in benzene (or chlorobenzene) were
prepared by mass and volumetric dilution. Aliquots of these stock solutions were used to make
individual reverse micelle solutions with different amount of water, defined as Wy = [water] /
[surfactant]. The incorporation of water into each micellar solutions were performed using
calibrated microsyringes. To obtain optically clear solutions they were shaken in a sonicating bath.
The resulting solutions were clear solutions with a single phase. The W was varied between 0-6 for
bmim-AOT RMs. It was not possible to obtain higher values of Wy due to turbidity problems. The
lowest value for Wy (Wy = 0), corresponds to a system without water addition. In the DLS, SLS and
NMR experiments the surfactant concentration was keep constant and equal to 0.05 M. For the FT-
IR experiments two different surfactant concentrations (0.05 and 0.2 M) were used.

max

To evaluate the amount of water (W, ) able to be dispersed in the systems investigated, we

prepared stock solutions of different surfactant concentration (0.02, 0.05, 0.1 and 0.2 M) in the
nonpolar solvents (n-heptane, chlorobenzene and benzene) and added water to the samples. The

max

maximum W, values reached (W) for bmim-AOT were independent of the surfactant

concentration.
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General

The apparent diameters of the different bmim-AOT RMs were determined by dynamic light
scattering (DLS, Malvern 4700 with goniometer) with an argon-ion laser operating at 488 nm.
Cleanliness of the cuvettes used for measurements was of crucial importance for obtaining reliable

and reproducible data.'”

Cuvettes were washed with ethanol, and then with doubly distilled water
and dried with acetone. Prior to use the samples were filtered three times using an Acrodisc with 0.2
um PTFE membrane (Sigma) to avoid dust or particles presents in the original solution. Before

introducing each sample to the cuvette, it was rinsed with pure benzene twice, then with the

surfactant stock solution, and finally with the sample to be analyzed. Prior making measurements on
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a given day, the background signals from air and benzene were collected to confirm cleanliness of
the cuvettes. Prior to data acquisition, the samples were equilibrated in the DLS instrument for 10
min at 25 °C. To obtain valid results from DLS measurements requires knowledge of the system
refractive index and viscosity in addition to well-defined conditions. Since we worked with dilute
solutions, the refractive indices and viscosities for the RM solutions were assumed to be the same as

neat benzene.'"!

Multiple samples at each size were made, and thirty independent size
measurements were made for each individual sample at the scattering angle of 90°. The instrument
was calibrated before and during the course of experiments using several different size standards.
Thus, we are confident that the magnitudes obtained by DLS measurements can be taken as
statistically meaningful for all the systems investigated. The algorithm used was CONTIN and the
DLS experiments shown that the polidispersity of the RMs were less than 5 %.

The aggregation numbers (Nggg) of the bmim-AOT and Na-AOT RMs were determined by
static light scattering (SLS) technique in the same equipment that the one used in DLS. All the
measurements were made at an angle of 90° and Debye plots were created using solutions with
different surfactant concentration at fixed Wy for all the RMs studied (See Figure S8). From the
SLS experiments, the weight-averaged molar masses were determined and the N,g, values for all the
systems investigated were calculated according the procedure detailed in literature'*® (See Table
S3). In order to obtain the dn/dc values (data required for the SLS measurements) a differential
refractometer was used (Brookhaven Instruments Corporation, BI-DNDCW model) with a tungsten
lamp operating at 470 nm.

FT-IR spectra were recorded with a Nicolet IMPACT400 FT-IR spectrometer. IR cell of the
type Irtran-2 (0.5 mm of path length) from Wilmad Glass (Buena, NJ) was used. FT-IR spectra
were obtained by co-adding 200 spectra at a resolution of 0.5 cm™. For the experiments performed
on the aromatic C-H, C=0, asymmetric and symmetric SO3" stretching modes, the benzene (or
chlorobenzene) spectrum was used as the background. For the O-D stretching band a different

procedure was performed. The vop spectral band of HOD was superimposed on a finite background.
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It was assumed that this background could be approximated with the spectrum of 100% H,O in the

: 81,82,89
vop spectral region.” ™"

Therefore the reference sample, at each Wy values, was a surfactant
solution containing exactly the same W, but adjusted with pure water. The reason for using partially
deuterated water was explained in the results and discussion section.

For the "H NMR experiments a Bruker 400 NMR spectrometer was used. The spectra were
recorded at a digital resolution of 0.06 Hz/data point. The spectrometer probe temperature, 25 C,
was periodically monitored by measuring the chemical shift difference values between the two
singlets of a methanol reference sample which is well-known that depends on the temperature.’
The probe thermal stability was assured by the observation that successive measurements of the
sample chemical shift (after 10 minutes in the probe for thermal equilibration) were within digital
resolution limit. For the study in RMs, a capillary tube containing D,O 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 0.01 ppm. All NMR data were processed using MestReC

4.8.6 for window and plotted and fitted using Microcal OriginPro 7.

ELECTRONIC SUPPLEMENTARY INFORMATION AVAILABLE: Table S1: Apparent diameter (d,pp)

Published on 27 October 2015. Downloaded by Brigham Y oung University on 27/10/2015 14:01:15.

and polydispersity index (PDI) values of benzene/bmim-AOT/water RMs varying Wy; Table S2: 'H
NMR chemical shifts (in ppm) for bmim-AOT and Na-AOT surfactants in Cl3CD; Table S3: dn/dc,
Micellar molecular weight (Mw) and aggregation numbers (N.g) values of benzene/bmim-
AOT/water and benzene/Na-AOT/water RMs obtained varying the surfactant concentration at Wy =
5; Figure S1: FT-IR spectra of benzene/surfactant/HDO RMs at different W values in the region of
2640-2420 cm™; Figure S2: FT-IR spectra of chlorobenzene/Na-AOT/water RMs at different W,
values in the region of 1300-1140 cm™; Figure S3: FT-IR spectra of chlorobenzene/surfactant/water
RMs at different Wy values in the region of symmetrical sulfonate mode. (A) bmim-AOT and (B)
Na-AOT; Figure S4: FT-IR spectra of bmim" in chlorobenzene/bmim-AOT RMs at different W,

values, in the region of 3200-3100 cm™; Figure S5: Typical '"H NMR spectra for benzene/bmim-
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AOT RMs at different W, in the region of 9.5-8.9 ppm (A) and 4.7-3.3 ppm (B); Figure S6: 'H
NMR chemical shifts of AOT H1" in benzene/bmim-AOT/water RMs at different W; Figure S7:
'"H NMR spectrum of bmim-AOT in CLCD; and Figure S8: Debye plots of K*C/Ry in
benzene/surfactant/water RMs as a function of the surfactant concentration (C) obtained by SLS at

90° scattering angle, are available free of charge.
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