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Abstract: Microemulsions form in mix-
tures of polar, nonpolar, and amphi-
philic molecules. Typical microemul-
sions employ water as the polar phase.
However, microemulsions can form
with a polar phase other than water,
which hold promise to diversify the
range of properties, and hence utility,
of microemulsions. Here microemul-
sions formed by using a room-tempera-
ture ionic liquid (RTIL) as the polar

using 1-butyl-3-methylimidazolium tet-
rafluoroborate ([bmim][BF,]) as the
polar phase with a cationic surfactant,
benzylhexadecyldimethylammonium

chloride (BHDC), and a nonionic sur-
factant, Triton X-100 (TX-100). NMR
spectroscopy showed distinct differen-
ces in the behavior of the RTIL as the
charge of the surfactant head group
varies in the different microemulsion
environments. Minor changes in the

chemical shifts were observed for
[bmim]* and [BF,]” in the presence of
TX-100 suggesting that the surfactant
and the ionic liquid are separated in
the microemulsion. The large changes
in spectroscopic parameters observed
are consistent with microstructure for-
mation with layering of [bmim]* and
[BF,]” and migration of Cl~ within the
BHDC microemulsions. Comparisons
with NMR results for related ionic

phase were created and characterized
by using multinuclear NMR spectros-
copy. 'H, "B, and ’F NMR spectrosco-
py was applied to explore differences

. . self-assembly
between microemulsions formed by

Introduction

Microheterogeneous environments, such as those found in
reverse micelles (RM) and microemulsions have tremendous
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compounds in organic and aqueous en-
vironments as well as literature studies
assisted the development of a simple
organizational model for these micro-
structures.

promise for the nonstandard environments they present.
Often, chemistries occur in these solutions that do not occur
in homogeneous liquid solutions.!! The majority of studies
on microemulsions solubilize water as the polar component,
most frequently by using the standard anionic surfactant
AOT (sodium di-ethylhexylsulfosuccinate). These studies
juxtapose water properties such as polarity, viscosity, con-
ductivity, and hydrogen bonding for bulk water and water
confined to reverse micelles.”! Researchers have also pre-
pared and studied waterless microemulsions where water
has been replaced by polar solvents that possess relatively
high dielectric constants and that are immiscible with the
continuous nonpolar solvent.’! These nonaqueous reverse
microemulsions have attracted interest from both a funda-
mental® and a practical perspective.’! Nonaqueous microe-
mulsions show similar stability regions of isotropic solutions
to the analogous aqueous systems and they can be formed
by using a variety of different surfactants.”°l As reaction
media, these microemulsions are particularly attractive for
water-sensitive reactants.”’ Information on the organization
of these systems will help to develop the future applications
of these systems.

New waterless microemulsion systems employing room-
temperature ionic liquids (RTILs) as the polar medium fur-
ther expand the properties and potential use of microemul-
sions.® A range of RTILs is known and generally includes
one large hydrophobic ion combined with a counterion of
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different size and shape.”) Negligible vapor pressure com-
bined with excellent chemical and thermal stability, ease of
recyclability, and widely tuneable properties, such as polari-
ty, hydrophobicity, and solvent miscibility through appropri-
ate modification of the cation and anion, makes the environ-
mentally friendly RTILs a potential medium for a number
of chemical processes. Plechkova and Seddon” review a
wide range of industrial processes that take advantage of
the versatility of RTILs. For example, BASF has developed
the BASIL (biphasic acid scavenging utilizing ionic liquids)
process to produce generic photoinitiator precursor alkoxy-
phenylphosphines. Processing of complex molecules, such as
cellulose and other complex polyfunctional molecules, which
present challenges by using conventional solvents, are suc-
cessfully carried out in RTIL.M! Such applications could
expand to RTIL-microemulsion-type systems increasing
processing versatility, whereas simultaneously reducing
costs. The possibility of replacing water with RTILs to form
structures similar to water-containing microemulsions has
been demonstrated, and some properties of these complex
systems have been characterized.®

RTIL microemulsions have gained attention because of
their potential as reaction and separation or extraction
media."”! For example, a recent report has shown that sur-
factant-ionic-liquid-based microemulsions can be used to
produce polymer nanoparticles, gels, and open-cell porous
materials.® In the work presented here, we utilized 1-butyl-
3-methylimidazolium  tetrafluoroborate  ([bmim][BF,],
Scheme 1) as the polar phase for microemulsions; this
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Scheme 1. Structures of [bmim][BF,] (top), TX-100 (middle), and BHDC
(bottom). Specific protons observed in NMR spectra are identified.

system is known to form organized structures in the pres-
ence of additives!'” Researchers have demonstrated nano-
sized reverse micelles dispersed with Triton X-100 (TX-100)
in cyclohexane by using [bmim][BF,].f¢*kmrd Dynamic
light scattering (DLS) confirmed that the RTIL microemul-
sions contained nanosized structures,®®d and similar to
“classic” water-in-oil (w/0) microemulsions, the droplet
volume of these nanosystems increase regularly as micelles
were progressively swollen with added [bmim][BF,].*™ In
addition, several different studies have explored how con-
finement affects the RTIL. For example, solvation dynamics
and rotational relaxation of coumarin 153 in [bmim]|[BF,]/
TX-100/cyclohexane microemulsions have been explored by
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using steady-state and picosecond time-resolved emission
spectroscopy.™ In addition, Gao et al. have shown that the
interaction between the electronegative oxygen atoms of
oxyethylene (OE) units of TX-100 and the electropositive
imidazolium ring may drive [bmim][BF,] to reside in the
core of the TX-100/benzene aggregates.* ¢! The micropolari-
ties of [bmim][BF,]/TX-100/toluene were investigated with
UV/Vis spectroscopy by using the absorption spectroscopy
of methyl orange and methylene blue dye probes. The re-
sults indicated increasing polarity of the RTIL/oil microe-
mulsion until a real RTIL pool formed, beyond which a rel-
atively fixed polar microenvironment was obtained for the
RTIL pool of the microemulsions. The properties of microe-
mulsions are closely linked to the nature of the surfactant,
especially the surfactant charges and the structures
formed.!?! Recently, Falcone et al. have reported formation
of microemulsions by using the cationic surfactant, benzyl-
hexadecyldimethylammonium chloride (BHDC, Sche-
me 1).54 Cationic surfactants represent a surfactant sub-
group, which forms microemulsions that enjoy many appli-
cations particularly in biology and industry.'¥ For the same
ratio of polar solvent to surfactant, w,=[RTIL]/[surfactant]
(commonly referred to as w, for water-containing reverse
micelles) Falcone et al. noted particle formation larger than
traditional reverse micelles solubilizing water.® Informa-
tion on the structure and the organization of these systems
would enhance their development and applications.

Here, we report studies employing multinuclear NMR
spectroscopy to investigate the microemulsions containing
RTIL, specifically, [bmim][BF,], and demonstrate the dra-
matic difference in properties of these systems depending
on the head group of the surfactant. Given the versatility of
NMR spectroscopy and the presence of three NMR-active
nuclei in the system ("B, “E[®! and '"H®<<)) NMR spec-
troscopy is well suited for probing the structure and molecu-
lar organization in the RTIL microemulsions. The changes
in chemical shifts provide direct information on the environ-
ment of both the cation and anion of the IL as well as the
surfactant. The quadrupolar nature of the boron nucleus
makes its signals particularly sensitive to its environment by
using signal linewidths as probes in addition to chemical
shift changes. These spectroscopic characterizations provide
information on the layering of the component in these sys-
tems and the decreased viscosity of the ionic liquid in the in-
terior of the reverse micelles.

Results

We have measured NMR spectra for three different NMR-
active nuclei in each sample, 'H, ''B, and "°F. Because others
have explored confinement of [bmim][BF,] in TX-100/ben-
zene microemulsions,® ™ we used this system as a bench-
mark to provide comparison with the less-explored BHDC
microemulsions. We also compared results for other microe-
mulsions with the objective to provide a model for the mo-
lecular organization.
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Figure 1. "H NMR spectra for neat [bmim][BF,], its solution in CDCl;, and BHDC/[D;]benzene microemulsion
samples. Labels refer to Scheme 1. Although samples were prepared with [Dg]benzene, a small solvent signal

is still evident, indicated by * (left: aromatic region, right: full-scale spectra).

"H NMR spectroscopy: Figure 1
displays the 'HNMR spectra
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BHDC systems. In contrast to
the BHDC microemulsions, the
[bmim]* H2 signal shifts up-
field smoothly toward its value
in bulk [bmim][BF,] as the wyg
value varies from 0.25 to 2.0.
This shift suggests that the
[bmim]* ion senses an environ-
ment approaching the bulk
liquid as more RTIL is added
to the system.

Signals for the surfactants,
BHDC in Figure 1 and TX-100
in Figure2 (see labels in
Scheme 1), are also apparent in
the spectra shown in Figures 1
and 2. Most of the signals asso-
ciated with the BHDC protons
display upfield shifts as wg in-
creases (Figure 1). In contrast,
for proton signals associated
with TX-100 (Figure 2) negligi-
ble shifts are observed. Overall,
these results demonstrate that
the ionic liquid affects the
BHDC surfactant more than it
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the bulk value with increasing

wg, it remains substantially dif- Figure 2. 'H NMR spectra for neat [bmim][BF,], its solution in CDCl;, and TX-100/[D]benzene microemul-
ferent from the bulk. This sug- sions. Labels refer to Scheme 1 (left: aromatic region, right: full-scale spectra).

gests a new environment for
[bmim][BF,] in BHDC microe-
mulsions.
The NMR spectra for [bmim][BF,] in TX-100 microemul-
sions, shown in Figure 2, differ from those for the RTIL in

Chem. Eur. J. 2011, 17, 6837 - 6846 © 2011 Wiley-VCH Verlag GmbH & Co.

does the TX-100 surfactant and suggest that the environ-
ment of the BHDC changes, whereas the environment of
TX-100 remains relatively unchanged.
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The various '"H NMR signals in each spectrum allowed us
to obtain specific structural details about the organization of
the RTIL and the surfactant in the microemulsions. For ex-
ample, in the BHDC-based microemulsions, the protons on
the [bmim]* butyl group near H2 (H6 and H7) display
larger shifts than H4 and HS5, the two protons on the oppo-
site side of the imidazolium ring (see Figure 1). This sug-
gests directionality in the interaction sensed by H6 and H7;
these protons experience a greater change than the other
side of the ionic liquid cation. Corresponding shifts were not
observed when the RTIL was added to TX-100 (see
Figure 2). Likewise, we observed significant chemical shifts
for the BHDC surfactant signals (see Scheme 1, Figure 1),
arising from protons associated with the N-atom head group
and the aromatic ring, much larger than in the long alkyl
chain. These observations point to the interactions between
surfactant and ionic liquid primarily involving the aromatic
group and the N-atom head group on the surfactant and the
H7, H2, and H6 side of the ionic liquid molecule. These ob-
servations contribute to the model we have developed for
this system (see below). The large changes in shifts in both
[bmim]* and BHDC stand in contrast to the spectra shown
in Figure 2, for [bmim]* and TX-100, where very small or
no shifts were observed. In the TX-100 system, the microe-
mulsion environment leaves both surfactant and RTIL rela-
tively unperturbed.

FNMR spectroscopy: Figure 3 shows representative
YF NMR spectra for the neat RTIL and in the two microe-
mulsion samples. The two signals arise in the NMR spectra
due to the coupling of the "°F nucleus with the two different
boron isotopes, '°B and "B, present in the [BF,]” anion. The
more intense signal corresponds to the more abundant iso-
tope ''B, which accounts for ~80% of the B atoms. Figure 4
displays the chemical shifts as a function of wg for the two
microemulsion samples. The chemical shifts from neat RTIL

-150.0 1505 151.0 1515
5("F)/ppm

Figure 3. YF NMR spectra of [BF,]” in neat [bmim][BF,] (bottom) and
[bmim][BF,] in BHDC/[D¢]benzene (w,=2.0, middle), and TX-100/
[D¢]benzene (w,=2.0, top) microemulsions. The two signals present in
each spectrum reflect the influence of '’B (~20% abundant) and "B
(~80 % abundant) isotopes.
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Figure 4. ”F NMR chemical shifts of [BF,]” in [bmim][BF,] microemul-
sions in BHDC/[D4]benzene (circles) and TX-100/[D4]benzene (squares)
as a function of the amount of ionic liquid in the microemulsions. Open
and solid symbols indicate the '’B and ''B signal positions, respectively.
Horizontal lines indicate chemical shifts for [BF,]” in neat [bmim][BF,];
dashed and solid line indicate the '’B and ''B signal positions, respective-

ly.

are shown as horizontal lines. From Figure 4, we note dra-
matic differences between the two different microemulsion
samples. The fluorine signals from [BF,]” in [Dg]benzene/
TX-100 reverse micelles display a minor shift downfield
with increasing the ionic liquid content, diverging from the
neat RTIL. In contrast, the fluorine signals in BHDC re-
verse micelles show a substantial shift upfield, toward the
signals for the neat RTIL. However, the signals in BHDC
never come close to the chemical shift in the neat RTIL or
to the signals from fluorine in the TX-100 microemulsions.

In addition to changes in the '"F NMR chemical shifts
shown in Figure 4, we also noted variations in the "F NMR
signal linewidths for the BHDC series of data, shown in
Figure 5. Specifically, the linewidth decreases with decreas-
ing w, from 2 to 1, after which no further change is ob-
served. For wg>1, the 'F NMR spectra fit well to a single
Lorentzian lineshape but signals from smaller wg values re-
quire a Voigt profile (convolution of Lorentzian and Gaussi-
an) to obtain an effective fit. These results suggest that
some structural difference takes place near w,=1. The com-
bined chemical shift and linewidth data support the interpre-
tation that the environment in reverse micelles prepared
from BHDC and [bmim][BF,] differ substantially from the
environment in reverse micelles prepared with nonionic sur-
factants.

"B NMR spectroscopy: Figure 6 shows the chemical shift
from the "B NMR signals of [BF,]™ in the two different mi-
croemulsion samples. For reference, the chemical shift ob-
served in the neat RTIL is shown as a horizontal line. Boron
signals in both systems display upfield shifts toward the
value in neat RTIL. However, the signals from [BF,]” in
BHDC samples remain substantially shifted downfield com-
pared with the neat RTIL, regardless of the wg value, where-
as the signals from [BF,]” in TX-100 microemulsions appear
to approach the value in the neat liquid.

Chem. Eur. J. 2011, 17, 6837 - 6846
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Figure 5. "F NMR signal linewidth as a function of w, Downfield (open
symbols) and upfield (full symbols) resonance linewidths are shown for
[bmim][BF,]/BHDC/[D4]benzene (a) and [bmim][BF,]/TX100/
[Dg]benzene (b) microemulsions. Open and solid symbols indicate the '’B
and "B linewidths, respectively. Horizontal lines indicate linewidths for
[BF,]” in neat [bmim][BF,]; dashed and solid line indicate the "’B and
"B signal positions, respectively. Two resonances were fitted into one
Voigt function (Gaussian-Lorentzian amplitude cross product). Error
bars show the 95% confidence intervals.
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Figure 6. "B NMR chemical shifts of [BF,]” in [bmim][BF,] microemul-
sions in BHDC/[Dg]benzene (o) and TX-100/[Dg]benzene (@) as a func-
tion of the amount of ionic liquid in the microemulsions. The horizontal
line indicates the chemical shift for [BF,]” in neat [bmim][BF,].

Linewidth data for the 'BNMR spectra, shown in
Figure 7, also provide insight into these microemulsions. In
microemulsions formed by using BHDC, we observed insig-
nificant changes in the ''B linewidth, suggesting that the en-
vironment sensed by [BF,]” is similar to that in the bulk

Chem. Eur. J. 2011, 17, 6837 - 6846
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Figure 7. "B NMR resonance linewidth as a function of w, in [bmim]-
[BF,[/BHDC/[D¢]benzene (o) and [bmim][BF,]/TX100/[D4]benzene (e®).
Forward linear prediction was used to extend the truncated fid decay
from 0.1 to 0.5s. Resonances were fitted as purely Lorentzian signals.
Horizontal lines indicate linewidths for [BF,]” in neat [bmim][BF,].
Error bars show the 95% confidence intervals.

liquid. However, for the ''B NMR signal linewidth for mi-
croemulsions formed by using TX-100, the signal linewidth
is half of that observed from the smallest w, to the largest w;
investigated. In microemulsions including an aqueous phase,
spectral linewidths have often shown increase, usually attrib-
uted to confinement or hindered molecular motion associat-
ed with the microemulsion environment, which is counter to
the BHDC system.

Comparison systems—[bmim][BF,] in organic solvents,
model ionic compounds: To understand the nature of the
RTIL components in the microemulsions, we have measured
"B and "FNMR spectra of several model systems related
to the RTIL-containing microemulsions. The model systems
include dissolving [bmim][BF,] in organic solvents, including
methanol, acetone, acetonitrile, and chloroform. We have
also added other ionic compounds, including Na[BF,] and
NaF, to the organic solvents to gauge the impact of the imi-
dazolium ion on the [BF,]” spectrum. Chemical shift values
for "B and “F from [BF,]” and F~ are given in Table 1.
Trends in the "B NMR signal positions differ from those for
YF. First, the "B chemical shifts in water, methanol, acetone,
and acetonitrile systems appear insensitive to the nature of
the cation, [bmim]* or Na*. However, the "B chemical
shifts for [BF,]” vary as a function of the organic solvent. In
particular, the signals shift upfield for the more organic sol-

Table 1. "B and '°F NMR chemical shifts [ppm] for model systems.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Solvent Solute

[bmim][BF,] Na[BF,] [bmim][BF,] NaF

6(11B) b(llB) 6(19F(10B/“B)) 6(19F)
water —1.62 —-1.59 —154.2/-154.2 -
methanol —0.59 —0.62 —155.0/-153.4 —122.5
acetone —0.33 —0.36 —151.5/-151.5 -
acetonitrile —0.17 —0.21 —152.0/-152.0 —147.3
chloroform —-1.14 - -152.6/—152.6 -
[bmim][BF,] —1.86 - —151.3/-151.3 —70.4/-70.4
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vents when the polarity and/or the hydrogen-bond donor ca-
pacity of the solvent diminish. Interestingly, the chemical
shift in the chloroform system is closer to the neat RTIL
than it is in acetonitrile, acetone, or methanol. This suggests
that the polarity of the added organic solvent is not the key
in its impact on [BF,]".

The "“F NMR spectra continue to display two signals asso-
ciated with the two different boron isotopes. At the same
time, the '"F chemical shift appears less sensitive to the
changes in the polarity and/or the hydrogen-bond donor ca-
pacity of the solvent than the !'B signals are. The signal cor-
responding to F~ (from NaF) appears in a region of the
spectrum very different from that of the anion [BF,]”. Be-
cause we never observed a signal in a similar chemical shift
region in the reverse micelles, we are confident that hydroly-
sis of the anion does not occur on the timescale of our ex-
periments.

To simulate the interaction of the RTIL with the BHDC
head group, we have added tetrabutylammonium chloride
((CH;),NCl), into the neat ionic liquid and measured the
'H, "B, and “FNMR spectra. The 'HNMR spectra re-
vealed a downfield shift for the [bmim]* H2 signal in the
presence of (CH;),NCl (6=28.55 vs. 8.48 ppm recorded in
neat [bmim][BF,]). This follows the trend we observed for
[bmim][BF,] in the reverse micelles. However, the impact of
(CH;),NCl is substantially smaller than the intramicellar en-
vironment. The "B NMR signal shifts downfield to more
positive delta values (0 =—1.23 ppm) compared to the value
in neat [bmim][BF,] (6 =—1.86 ppm), similar to its behavior
in reverse micelles. Finally, we observed a very small shift
upfield for the fluorine signals with the addition of tetrabu-
tylammonium chloride to the neat ionic liquid (6=-151.01
and —151.07 ppm). A similar effect is observed when NaF is
dissolved in the pure RTIL (6 =-151.01 and —151.07 ppm).

Combined, these chemical shift and linewidth observa-
tions for [bmim][BF,] with BHDC allowed us to propose a
simple structural organization model shown in Scheme 2
and discussed further below.

Discussion

In traditional reverse micelles, those encapsulating water,
the surfactant tends to form a well-defined boundary that
delineates the water pool from the nonpolar solvent.
Indeed, studies have invoked a core—shell model to describe
the interior of the reverse micelles in which only a shell of
water at the interface possesses properties that diverge from
the bulk fluid.”*'™ In reverse micelles encapsulating solvents
other than water, the microemulsion structure can diverge
from well-defined shells in w/o microemulsions. For exam-
ple, in reverse micelles encapsulating solvents such as ethyl-
ene glycol, several studies have shown that the polar solvent
molecules penetrate the interfacial layer."') Tonic liquids
present a particularly interesting polar phase for microemul-
sions; these binary systems possess novel properties, which
can lead to unique character in the microemulsions. With
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the research presented we aim to obtain information about
the structure of the RTIL in the microemulsion samples. To
this end, we have performed studies by using both a nonion-
ic and a positively charged surfactant.

To monitor each of the components in the RTIL microe-
mulsions, we obtained NMR data from three different
nuclei, which allows us to observe the effects of the microe-
mulsion on the ionic liquid cation and anion, as well as al-
lowing us to explore how the surfactants BHDC and TX-
100 respond to encapsulation of [bmim][BF,]. The use of
nuclei with spin 1/2 ("H and “F), as well as spin 3/2 ("'B)
provided additional probing tools, namely linewidths and
lineshapes that we have used to characterize this system.
Results from previous NMR studies!'*?” and the mixed-sol-
vent systems explored here (Table 1) together provide infor-
mation for interpreting the NMR chemical shift data. Even
though the '"HNMR chemical shifts of the RTIL systems
trend toward those observed in pure ionic liquid in the
BHDC microemulsion samples, the signals remain different
from the bulk values; this implies that a polar but different
environment exists in the microemulsions. As shown in Fig-
ures 1 and 2, some signals from the RTIL shifted upfield
and others shifted downfield. Such range in responses was
previously reported for penetrating solutes in reverse micel-
les.'**21 The chemical shifts of a range of model systems
listed in Table 1 allowed us to gauge the polarity of the
medium. Similarities between the ''"B NMR signals in organ-
ic solvents and in the BHDC microemulsions suggested that
the environment around [BF,]” may be less polar in [bmim]-
[BF,] in BHDC microemulsions than it is in [bmim][BF,] in
TX-100 microemulsions or the pure RTIL. However, the
F NMR signal shifted upfield for [BF,]” in all solvent mix-
tures compared to the microemulsions and the pure RTIL.
Both B and F atoms comprise the anion, so we interpreted
these shifts not only to report on the location of the anion
in a particular solvent, but on the electronic density within
the anion. Increased polarity on the B atom is consistent
both with the F atom increasingly pulling electron density
from the B atom, and the B atom giving up this electron
density. Increased electron density on the F atoms in the
TX-100 systems also suggests that less electron density is
given up by ion pairing in this system, as would be anticipat-
ed by comparing to the BHDC system with the positive sur-
factant surface. Combined, these results indicate that the
RTIL interacts with the interfaces in both surfactant systems
but that the interaction of [BF,]” is more notable with
BHDC than with TX-100.

The large shifts for the [bmim]* H2 signal observed in the
'H NMR data shown in Figure 1 for the BHDC system sug-
geste a dramatic change in the environment of [bmim]™.
The modest but observable chemical shift changes, also ob-
served for the BHDC surfactant, demonstrate significant
changes in structural organization. Even in bulk solution,
some ionic liquids have shown the propensity to form regu-
lar 3D structures rather than remaining isotropic-like stan-
dard organic solvents."” As a result, it is not surprising that
the microemulsion environment could lead to RTIL organi-
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zation.'”l We observed large shifts in the "B and “F NMR
spectra when [bmim]* interacts with [BF,]” and these
change when the surfactant supplants some of the interac-
tions. Importantly, effects are observed in both the cation
and the anion of the ionic liquid when combined with the
surfactant suggesting a reorganization induced by the surfac-
tant. One possible explanation for the dramatic change in
the NMR spectra would be if the surfactant counter ion
(CI") exchanges with [BF,]™ as illustrated in Scheme 2. That

é Ff
B /
’ F =N
& NS
’ \
N -
v CI N
R I

Scheme 2. Cartoon depiction of a possible organization for [bmim][BF,] in
reverse micelles formed from BHDC in benzene.

is, in BHDC microemulsions [BF,]™ partitions to the interfa-
cial region supplanting the regular CI” counterion and plac-
ing the [BF,]” near the proximity of the positive-charged
surfactant head group. '"H NMR spectroscopy of [bmim]Cl
reveals a substantial shift downfield of H2 to d~10.5 ppm,
which is similar to chemical shifts observed in the 'H NMR
spectra of [bmim][BF,] in BHDC (Figure 1). Layering of
RTILs has been observed in other systems, such as studies
probing RTILs at surfaces.*!]

We noted differences in the ''B and "’F NMR shift trends
from the two different microemulsion environments. That is,
for increasing wg, chemical shifts for [BF,]” in BHDC micro-
emulsions always trend toward the value for the bulk RTIL.
However, even in the largest system probed, wg=2, the
chemical shifts remain drastically different from bulk. In
TX-100 microemulsions, the "B NMR chemical shifts are
closer to the bulk value and trend toward it with increasing
ws; the ’F NMR chemical shifts start almost at the value for
bulk [bmim][BF,] and diverge slightly from that value as wg
increases. In contrast, linewidth data for "B NMR signals
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show similar behavior for [BF,]” in BHDC and in bulk
RTIL, whereas the linewidths for [BF,]™ in TX-100 diverges
dramatically (Figure 7). ’FNMR linewidths are narrower
for [BF,]™ in both microemulsion samples compared to bulk.
We attributed chemical shifts and linewidth results for
[BF,]~ in BHDC microemulsions to increased structure im-
posed on the RTIL. Interaction of the RTIL components
with the cationic surfactant surface appears to provide a
scaffold on which the RTIL can arrange. Although the TX-
100 provides a surface, the nonionic nature of the surfactant
leaves the RTIL relatively unstructured.

The data we have collected from NMR experiments sug-
gests that in BHDC microemulsions, the RTIL exists in a
layered structure, possibly in a structure like the one depict-
ed in Scheme 2. The NMR data interpretation is consistent
with [BF,]™ replacing chloride ions at the interface allowing
[bmim]* to interact with the chloride ion in the layer re-
moved from the interface. Falcone etal. have previously
measured these microemulsions by using DLS and found
that the solutions contain discrete particles, that is, reverse
micelles.’! By using this data, we estimated the number of
RTIL and surfactant molecules in individual particles to
provide further insight into the structure and properties of
these systems. The [bmim][BF,] components take up enough
room so that only a few molecules should reside at the inter-
face, whereas other molecules form a core. From the DLS
data,’™ as well as an approximation of the BHDC surface
area given in the literature,”” we estimated the aggregation
number, that is, the number of surfactant molecules com-
prising each particle. Values for some of the reverse micelles
measured are given in Table 2. Although the sizes for these
particles are quite large, the aggregation numbers are com-
parable to large water-containing reverse micelles.””! Inter-
estingly, the number of [bmim][BF,] pairs we predicted to
comprise each reverse micelle, last column in Table 2, is far
lower than what we would predict from spherical droplets of
[bmim|[BF,] with the bulk density p=1.20 gcm 3.

Table 2. Sizel* and aggregation parameters for BHDC reverse micelles.
Values were calculated assuming a spherical particle with the surface
area of the BHDC molecule, 0=40 A2 (from ref. [22]).

wg Particle diameter [nm]" Noge # [bmim][BF,]
1.0 11.5 1400 1400
1.5 25.8 5200 7800
2.0 49.4 19200 38400

[a] From reference [8q].

The "B NMR spectral linewidths we measured for
[bmim][BF,] in the microemulsions showed different trends
from chemical shifts. In particular, we observed largely the
same linewidth for [BF,]” in BHDC reverse micelles, where-
as the linewidths for [BF,]™ in TX-100 reverse micelles were
substantially broader. The linewidth of signals associated
with quadrupolar nuclei generally increase compared to
bulk solution when molecules are placed in standard water-
containing reverse micelles."**! Because NMR linewidths
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depend on relaxation times and dynamical processes, in-
creased linewidths for molecules in reverse micelles are gen-
erally interpreted as indicative of more viscous or restricted
environments,>*! or, alternatively, related to a dynamical
processes such as chemical exchange of the probe under ex-
amination.” The increased linewidth observed for TX-100
compared to bulk [bmim][BF,] suggests that the nonionic
reverse micelles present a more restrictive environment for
[BF,]” than BHDC or the bulk RTIL. We might expect that
the layering we propose for the BHDC system would lead
to a more confining environment than bulk. However, the
estimate for aggregation characteristics given above suggests
reduced density for the [bmim][BF,] in BHDC reverse mi-
celles. These two effects, layering and density, could cancel
each other leading to similar linewidths for both. The in-
creasing linewidth for wg=2 could indicate a regime where
these effects no longer cancel each other.

So what can we glean from the data we have collected?
Importantly, we noted dramatic differences between the sys-
tems formed by using BHDC, a surfactant with a cationic
head group and anionic counterion, from those formed by
using the nonionic TX-100 surfactant. In particular, BHDC
seems to have a much stronger impact on a range of ionic
liquid properties than TX-100 does. For example, at the
lowest w, values, the '"H NMR signal from H2 of [bmim]"
appears almost 1.4 ppm further downfield in BHDC microe-
mulsions compared to TX-100 microemulsions. In both sys-
tems, this signal shifts upfield toward the value for the pure
RTIL. However, in BHDC microemulsions even at the high-
est w, value, the H2 signal appears more than 0.6 ppm
downfield from the value for the pure RTIL. We interpret
these observations in terms of a simple structural model.
The changes in chemical shifts are consistent with the ex-
change of Cl™ and [BF,]™ anions resulting in a different type
of layering in the RTIL/BHDC microemulsion. This demon-
strates the different environment for [bmim]* depending on
the surfactant and promises well for the versatility of these
systems.

Conclusion

The results presented in this work show that the nature of
microemulsions sequestering room-temperature ionic liquids
depends strongly on the nature of the surfactant used. The
environment that induces the chemical shifts we observed
for the BHDC microemulsions, includes significant structur-
al differences compared to other RTIL microemulsions, mix-
tures of RTIL with organic solvents and other salts, as well
as the pure RTIL. Indeed, none of the model systems came
even close to providing the dramatic chemical shifts we ob-
served in BHDC microemulsions. We have presented data
that support the possibility that [bmim]* and [BF,]” forms
microstructures within the BHDC microemulsions causing
layering to occur. That is, in BHDC microemulsions [BF,]”
partitions to the interfacial region supplanting the regular
Cl™ counterion. This puts [BF,]” in near proximity to the
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ammonium surfactant head group and leaves [bmim]* fur-
ther away from the interface and interacting with the CI™
counterions that migrated into the RTIL location.

Another important finding in this work is the minor
changes observed for [bmim]*t in the TX-100 reverse mi-
celles containing the ionic liquid, whereas the environment
for [BF,]™ shows significant differences. Considering that the
cation is quite hydrophobic, one might have expected strong
interactions between the cation and TX-100. These results
have implications for researchers intending to use these en-
vironments for chemistry in confinement and encourage fur-
ther explorations into these complex and potentially versa-
tile systems.

Experimental Methods

Materials: Triton X-100 (TX-100, Sigma), and [Dg]benzene (Sigma,
99.9%) were used without prior purification. Benzylhexadecyldimethyl-
ammonium (BHDC, Sigma), was recrystallized in ethyl acetate.*! The
surfactants TX-100 and BHDC were dried under vacuum before use. The
room-temperature ionic liquid (RTIL) used, 1-butyl-3-
methylimidazolium+[BF,] ([bmim][BF,], HPLC, >97.0% Sigma) was pu-
rified, by treatment with activated charcoal to remove colored impurities,
filtering, and drying under vacuum at 60°C for 4 h as described in the lit-
erature.””

Tetramethylammonium chloride (N(CH;),Cl, 99% Sigma), Na[BF,],
NaF, water, methanol, acetone, and acetonitrile were used without prior
purification. All solvents were HPLC grade.

Microemulsion preparation: To prepare microemulsion samples, solutions
of TX-100 or BHDC in [Dg]benzene were prepared by mass. In the TX-
100/[Dg]benzene system, the surfactant concentration was 0.70 M, whereas
in BHDC/[Dg]benzene, the surfactant concentration was 0.30m. To these
solutions, varying volumes of [bmim][BF,] was added by using a micro-
syringe to yield w,=0-2. The resulting solutions were clear solutions with
a single phase. Above w,=2, samples appeared cloudy indicating a phase
change. The lowest value for w, (0) corresponds to a system to which no
[bmim][BF,] was added.

Multinuclear NMR spectroscopic characterization of microemulsions: To
compare the results obtained in BHDC microemulsions, we have mea-
sured 'H, "B, and “F NMR spectra of [bmim][BF,] as a solute in various
organic solvents. We have also measured the ''B and "’F NMR spectra of
Na[BF,] and NaF solutes in the same organic solvents, to compare with
the results obtained by using the RTIL. Thus, saturated solutions of
[bmim][BF,], Na[BF,], and NaF in water, methanol, acetone, acetonitrile,
and chloroform were prepared. To mimic the polar head of the cationic
surfactant and the interaction with the RTIL, we measured NMR spectra
of a saturated solution of N(CHj;),Cl in neat [bmim][BF,].

NMR data for '"H and F were collected by using a Varian INOVA-400
NMR spectrometer with a resonance frequency of 400.108 and
376.436 MHz, respectively. "B NMR data were collected by using a
Varian INOVA-300 at 96.287 MHz. 'H, "B, and ““F chemical shifts were
referenced against a sample of tetramethylsilane, BF;.diethyl ether com-
plex (at 0.000 ppm) and CF;C¢Hs (at —63.900 ppm), respectively.!
"B NMR spectra were acquired with a 83.6 kHz spectral window, a 60°
pulse angle, and a 0.096 s acquisition time with no relaxation delay for
the INOVA-300. For the INOVA-400 spectrometer, spectra were ac-
quired with a 39.2 kHz spectral window, a 60° pulse angle, and a 0.2 s ac-
quisition time with no relaxation delay. For signal position measurements,
a 15 Hz exponential line broadening was applied before Fourier transfor-
mation. All NMR data were processed by using MestReC 4.8.6 and
plotted and fitted by using OriginPro 7. All the experiments were carried
out at (21+0.5)°C. 'HNMR spectra of neat [bmim][BF,] and TX-100
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appear in the Supporting Information as well as spectra of BHDC in ben-
zene and CHCl,.
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