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Introduction

In recent years, microemulsions have been evaluated as a
unique and versatile reaction medium for a variety of chem-
ical reactions, such as nanoparticle preparation and organic
or bioorganic synthesis.[1–3] The majority of microemulsion
studies use water as the polar component. However, sub-
stantial efforts have focused on the investigation of nonaqu-
eous microemulsions.[4–8] In these investigations, water was
replaced by polar nonaqueous solvents, such as ethylene
glycol, formamide, glycerol, and N,N-dimethylformamide,
which are immiscible with hydrocarbon solvents.[9] These
nonaqueous microemulsions have attracted much interest

from both theoretical and practical viewpoints[6] and have
been widely applied to cosmetics, solar energy conversion,
semiconductors, and microcolloids.[10] Furthermore, there
seems to be a number of distinct advantages to nonaqueous
microemulsion systems over the aqueous systems; for exam-
ple, nonaqueous systems often show much larger stability re-
gions in isotropic solutions relative to the analogous aque-
ous systems.[11] A large variety of different surfactants can
be used to give nonaqueous micro ACHTUNGTRENNUNGemulsions.[12] Moreover,
these microemulsions are useful media for organic reactions,
such as the Diels–Alder reaction, esterification, and poly-
merization.[13–20] These micro ACHTUNGTRENNUNGemulsions are, of course, partic-
ularly attractive for those reactants that must avoid contact
with water.

Ionic liquids (ILs) have recently attracted interest as envi-
ronmentally benign solvents for synthesis[21–23] or extrac-
tion.[24] Owing to their ionic character, ILs usually display
extremely low vapor pressures. Accordingly, the increased
use of ILs instead of traditional organic solvents results in
significantly less evaporation of volatile organic compounds.
Therefore, ILs have widely been classified as “green sol-
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vents”, although certain aspects of their environmental
safety have yet to be clarified.[21]

The use of ILs instead of water to prepare a nonaqueous
IL microemulsion is an active research field, and recently
Han and co-workers discovered that 1-butyl-3-methylimida-
zolium tetrafluoroborate ([bmim]ACHTUNGTRENNUNG[BF4]) acts as polar nano-
sized droplets dispersed in a continuous hydrocarbon sol-
vent.[25] Freeze–fracture transmission electron microscopy
(FFTEM) indicated a droplet structure which takes the
same shape as “classic” water-in-oil (W/O) microemul-
sions.[25] Eastoe et al. investigated the microemulsion system
by small-angle neutron scattering (SANS), which showed a
regular increase in droplet volume as the micelles were pro-
gressively swollen with added [bmim] ACHTUNGTRENNUNG[BF4], a behavior con-
sistent with “classic” W/O microemulsions.[26] In addition,
the effects of confining [bmim] ACHTUNGTRENNUNG[BF4] to salvation dynamics
and rotational relaxation of Coumarin 153 in TX-100/cyclo-
hexane microemulsions have been explored by using steady-
state and picosecond time-resolved emission spectroscopy.[27]

More recently, a study by us has indicated that the interac-
tion between the electronegative oxygen atoms of the oxy-
ethylene (OE) units of TX-100 and the electropositive imi-
dazolium rings may be the driving force for the solubiliza-
tion of [bmim]ACHTUNGTRENNUNG[BF4] into the core of the TX-100 aggre-
gates.[28]

These nonaqueous IL microemusions are a new class of
reaction media. They can overcome the solubility limitations
of ILs in apolar solvents.[26] Furthermore, nanostructured
surfactant assemblies provide hydrophobic or hydrophilic
nanodomains, thereby expanding the potential uses of ILs in
microheterogeneous systems as reaction, separation, or ex-
traction media.[26] Also, microemulsions with ILs as the
polar core dispersed in a continuous oil phase by a suitable
surfactant may have some unknown properties and some
potential applications owing to the unique features of ILs
and microemulsions.[25,27]

Despite their great potential, reports on the nonaqueous
IL microemulsions, in particular on their microstructures,
are still very scarce. Herein, we study the nonaqueous mi-
croemulsions of TX-100 in benzene with polar [bmim]ACHTUNGTRENNUNG[BF4]
as a water substitute. The effect of a small amount of water
on the microstructure of the IL/O microemulsion is investi-
gated by the use of UV/Vis, FTIR, and 1H NMR spectro-
scopic analysis, mainly because these techniques are nonin-
vasive, functional-group selective, sensitive to chemical envi-
ronments, and free of problems that arise from scattering
experiments.[29] The current studies can help to understand
the microstructure of IL microemulsions and thus establish
a better way of using them as a new medium.

Experimental Section

Materials : TX-100 was obtained from Alfa Aesar and evaporated under
vacuum at 80 8C for 4 h to remove excess water before use. To avoid the
atmospheric water, [bmim] ACHTUNGTRENNUNG[BF4] was freshly made and used. The contain-
ers with the materials were sealed tightly to avoid any further contact

with air before use. Methyl orange (MO), methylene blue (MB), cobalt
chloride, and benzene were all provided by the Beijing Chemical Re-
agents Company (A.R. grade). D2O (99.96 atom%) was purchased from
the Shanghai Chemical Reagents Company. Water was doubly deionized
and distilled. [bmim] ACHTUNGTRENNUNG[BF4] was synthesized according to standard meth-
ods by a quaternization reaction of 1-methylimidazole with 1-chlorobu-
tane.[30] The imidazolium chloride salt was crystallized in ethyl acetate at
�30 8C. The postmetathesis product was obtained by ion exchange of 1-
butyl-3-methylimidazolium chloride and potassium tetrafluoroborate in
distilled water and then washed with dichloromethane and dried under a
high vacuum. The purity of the product was checked by using 1H NMR
spectroscopic analysis.

Apparatus and procedures : The diameters of the [bmim] ACHTUNGTRENNUNG[BF4]/TX-100/
benzene nonaqueous microemulsions were determined by dynamic light
scattering (DLS; Brookhaven Instrument Co.; BI-200SM goniometer and
BI-9000 AT correlator machines) with an argon-ion laser operating at
488 nm. The viscosity of the continuous phase for each mixture was first
measured by a NDJ-1 rotating viscosimeter (Shanghai, China) with an ac-
curacy of 1%. All measurements were made at the scattering angle of
908 at 25 8C. The critical micelle concentration of TX-100 in [bmim] ACHTUNGTRENNUNG[BF4]
was measured using a KrPss K12 tension apparatus. FTIR spectra were
recorded in KBr pellets with a resolution of 2 cm�1 using a BIORAD
FTS-165 spectrometer. There was no evident sign that the KBr pellets
were eroded by the addition of small amounts of water to the investigat-
ed system. 1H NMR spectroscopic measurements were carried out with a
Varian ARX 400 NMR spectrometer at 25 8C. The instrument was oper-
ated at a frequency of 400.13 MHz with tetramethylsilane as an internal
reference. The UV/Vis spectra were measured at 25 8C with a TU-1901
UV spectrometer.

Results and Discussion

Phase behavior and dynamic light scattering (DLS): The
phase behavior of the [bmim] ACHTUNGTRENNUNG[BF4]/TX-100/benzene ternary
system at 25.0 8C is shown in Figure 1. A large single iso-

tropic region that extends from the IL corner to the benzene
corner is observed. The blank region marked “one phase” is
the one-phase microemulsion, and the shadow region
marked “two phase” is a turbid region, that is, a microemul-
sion in equilibrium with an excess the benzene or [bmim]-
ACHTUNGTRENNUNG[BF4] phase. It is evident that a continuous, stable single-

Figure 1. Phase diagram of the [bmim] ACHTUNGTRENNUNG[BF4]/TX-100/benzene three-com-
ponent system at 25 8C. The initial TX-100 weight fraction is 0.35 for the
line a.
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phase microemulsion region is always observed over the
[bmim]ACHTUNGTRENNUNG[BF4] or benzene content range of 0–100 wt%. For
traditional W/O microemulsions, on successively increasing
the amount of water in suitable oil/surfactant binary sys-
tems, as long as there is no phase separation and the system
remains isotropic, there should be some kind of gradual
structural transition in the aqueous microemulsion.[31] Simi-
larly, in the current nonaqueous IL microemulsion system,
the transition should span the range of possible structures
from microdroplets to a bicontinuous structure. The micro-
regions of [bmim]ACHTUNGTRENNUNG[BF4]-in-benzene (IL/O), bicontinuous,
and benzene-in-[bmim]ACHTUNGTRENNUNG[BF4] (O/IL) were identified by elec-
trical conductivity according to the recent reports.[25,28]

Analysis with FFTEM shows a droplet structure for the
[bmim]ACHTUNGTRENNUNG[BF4]-in-cyclohexane microemulsions.[25] Small-angle
neutron scattering (SANS) experiments further reveal ellip-
soidal particles for the microemulsion because the ellipsoid
model gives the best statistical fit, even relative to polydis-
perse spherical particles.[26] Herein, DLS is used to evaluate
the size and size distribution of the IL/O microemulsion
droplets that are of interest because the nanometer-size IL
microenvironments may find a wide range of applications.[25]

On the basis of the phase diagram, a series of samples in the
IL/O microemulsion region along the dilute line a are
chosen and characterized by DLS at various sample compo-
sitions (&). Figure 2 shows the size distribution of the

[bmim]ACHTUNGTRENNUNG[BF4]-in-benzene microemulsions. The size of the ag-
gregates increased from 61.30 to 150.51 nm with increasing
[IL]/ ACHTUNGTRENNUNG[T-X100] molar ratio R from 0.71:1 to 1.55:1. The result
is similar to those of typical W/O microemulsions, thus sug-
gesting the formation of IL/O microemulsions.[26] The inset
in Figure 2 shows the microemulsion-droplet-swelling behav-
ior in terms of the dependence of ellipsoid volume V on R.
This regular swelling behavior is consistent with the volume
of dispersed nanodomains being directly proportional to the
amount of added IL, which is common to many droplet mi-

croemulsions such as W/O systems stabilized with sodium
bis-2-ethylhexyl-sulfosuccinate (AOT).[26,32]

The formation of IL pools : It is necessary to determine the
formation of IL pools to study the influence of water on the
microstructure of the IL/O microemulsion and delineate its
actual locations in the microemulsion. For traditional aque-
ous microemulsions, the water molecules first hydrate the
OE units of TX-100 when water is added to the TX-100-
based reverse micellar solutions. After hydration has
reached saturation, subsequently added water molecules ac-
cumulate in the core of the aggregates to form water pools,
in which the water molecules have similar properties to bulk
water.[33] The water pools were intensively investigated by
various technologies, such as FTIR and 1H NMR spectro-
scopic analysis.[2,33–36] In this section, we use two UV/Vis ab-
sorption probes, CoCl2 and methylene blue (MB), to con-
firm the existence of IL pools.

The metal salt CoCl2 was chosen mainly because it is in-
soluble in benzene but soluble in TX-100 and bulk [bmim]-
ACHTUNGTRENNUNG[BF4]. Thus, it can be concluded that CoCl2 is completely
solubilized in the polar cores of the [bmim]ACHTUNGTRENNUNG[BF4]-in-benzene
(IL/O) microemulsions. More importantly, three remarkable
characteristic peaks at 609, 633, and 660 nm appear (not
shown herein) when CoCl2 is added to pure [bmim]ACHTUNGTRENNUNG[BF4],
whereas only one peak is observed at about 576 nm in the
micellar aggregates of TX-100.[37] Considering CoCl2 is a
highly ionic compound and requires a highly concentrated
[bmim]ACHTUNGTRENNUNG[BF4] environment in which to dissolve, the common
appearance of these three characteristic peaks is likely to in-
dicate the formation of IL pools. Figure 3 shows the UV/Vis

absorption spectra of CoCl2 solubilized in the IL/O reverse
microemulsion as a function of added [bmim] ACHTUNGTRENNUNG[BF4] content.
Evidently, at the [IL]/ ACHTUNGTRENNUNG[TX-100] molar ratio R<1.11, only
one peak is observed, thus indicating that no bulk IL or
bulk-like IL appears at this stage. Therefore, it can be de-

Figure 2. Size distributions of the [bmim] ACHTUNGTRENNUNG[BF4]-in-benzene microemulsion
droplets given along line a in Figure 1 with a) R=0.71, b) 0.90, c) 1.11,
d) 1.33, and e) 1.55. The sample compositions are marked with squares
(&) in Figure 1. The inset shows the microemulsion-droplet-swelling be-
havior in terms of the dependence of ellipsoid volume V on R.

Figure 3. The UV/Vis absorption spectra of CoCl2 in the [bmim] ACHTUNGTRENNUNG[BF4]-in-
benzene nonaqueous IL microemulsions given along line a in Figure 1
with a) R=0.52, b) 0.71, c) 0.90, d) 1.11, e) 1.33, f) 1.46, g) 1.55, h) 1.66,
and i) 1.79. CoCl2 concentration: a) 0.4Q10�3, b) 0.8Q10�3, c) 1.2Q10�3,
d) 1.6Q10�3, e) 2.0Q10�3, f) 2.4Q10�3, g) 2.8Q10�3, h) 3.2Q10�3, and
i) 3.6Q10�3

m.
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duced that [bmim]ACHTUNGTRENNUNG[BF4] molecules are bound to the OE
units of TX-100. However, the three characteristic absorp-
tion peaks of CoCl2 appear when R>1.11, which is the same
behavior as that of bulk [bmim] ACHTUNGTRENNUNG[BF4], thus revealing that
CoCl2 is solubilized in an environment similar to bulk
[bmim]ACHTUNGTRENNUNG[BF4]. Hence, it may be concluded that the IL pools
form when R=1.11. Furthermore, the result has also re-
vealed that the metal salt CoCl2 can be solubilized into the
nonaqueous IL/O microemulsion, which may be extended to
some other metal species and perhaps even to other com-
pounds. Thus, one can presume that the IL/O microemulsion
has potential in the production of metallic and semiconduc-
tor nanomaterials.[38]

MB has been considered to be an effective absorption
probe for the investigation of nonionic reverse microemul-
sions.[2] Figure 4 shows the effect of the successive addition

of [bmim]ACHTUNGTRENNUNG[BF4] on the absorption spectra of MB in the TX-
100/benzene binary system. The lmax value of MB in the TX-
100/benzene mixture is 511 nm (Figure 4a), which is remark-
ably different from that of MB in pure [bmim]ACHTUNGTRENNUNG[BF4] (lmax=

660 nm; Figure 4i). It has already been suggested that the
formation of a 1:1 complex between MB and TX-100 led to
a remarkable blue shift of the MB absorption band.[2,39]

Therefore, the absorption band at 511 nm may be ascribed
to the same complex in the TX-100/benzene mixture. On
successively increasing the [bmim]ACHTUNGTRENNUNG[BF4] content, the band at
the lower wavelength region (lmax=511 nm) begins to disap-
pear gradually and a concomitant increase in intensity at the
higher wavelength region (lmax=660 nm) is observed. The
gradual decrease of the former band is due to the decrease
in the amount of the 1:1 MB·TX-100 complex, whereas the
increase of the latter band is ascribed to the fact that more
and more MB molecules are dissolved into [bmim]ACHTUNGTRENNUNG[BF4],
thus the amount of free MB is increased with increasing
amounts of [bmim] ACHTUNGTRENNUNG[BF4]. Up to R=1.33, the IL pools begin
to form and MB is saturated with [bmim] ACHTUNGTRENNUNG[BF4]. Further in-
crease in the amount of [bmim]ACHTUNGTRENNUNG[BF4] does not change the

microenvironment of MB, and thus the conformation of the
band remains unchanged (Figure 4f–h). Our experimental
phenomenon is similar to when water is used as the polar
component.[2] Thus, the formation of IL pools is further con-
firmed by the MB probe, that is, the IL pools begin to
appear when R=1.33, which is close to the value of 1.11, as
revealed by the CoCl2 probe.

Solubilization sites of MO : The absorption maximum lmax of
MO is red shifted by increasing its local polarity.[39,40] The
polarity of water is remarkably different from that of
[bmim]ACHTUNGTRENNUNG[BF4] and TX-100, therefore, it is feasible to use MO
as a probe to indicate the solubilization sites of the added
water. However, we had to first determine the solubilization
sites of the absorption probe. It has been reported that MO
molecules prefer to locate in the polar outer shells, com-
posed of the hydrated OE chains of TX-100 in aqueous mi-
croemulsions, rather than solubilized in the water pools.[39]

Here, MO is insoluble in benzene but soluble in [bmim]-
ACHTUNGTRENNUNG[BF4] and pure liquid TX-100. Thus, in the [bmim]ACHTUNGTRENNUNG[BF4]-in-
benzene microemulsions, MO can be considered to be com-
pletely solubilized in the polar cores of the IL/O microemul-
sion, which consist of polar outer shells (OE domain), polar
IL pools, and benzene molecules that penetrate into the
cores. The probe molecules can possibly partition between
the two polar regions. To delineate the actual preferential
locations of MO in the IL/O microemulsion, we simulated
the environments found in the two regions by using TX-
100/ ACHTUNGTRENNUNG[bmim]ACHTUNGTRENNUNG[BF4] micellar solutions as the media for the
probe. In such solutions, at TX-100 concentrations CTX-100

above the critical micelle concentration (cmc; �7.73Q
10�2

m), normal micelles form and these two polar environ-
ments are created. Figure 5 shows the absorption spectra of

MO in solutions of [bmim]ACHTUNGTRENNUNG[BF4] at different CTX-100 values.
No micelles are present at CTX-100=7.0Q10�3

m, and the
lmax value of MO appears at 430 nm (Figure 5a), which is
the same for bulk [bmim] ACHTUNGTRENNUNG[BF4], thus indicating that MO is

Figure 4. Absorbance spectra of MB in [bmim] ACHTUNGTRENNUNG[BF4]-in-benzene microe-
mulsions given along line a in Figure 1 as a function of [bmim] ACHTUNGTRENNUNG[BF4] con-
tent with a) R=0, b) 0.34, c) 0.71, d) 0.90, e) 1.11, f) 1.33, g) 1.55, h) 1.66,
and i) pure IL. Probe concentration: 1.0Q10�5

m.

Figure 5. Absorption spectra of MO in the TX-100/ ACHTUNGTRENNUNG[bmim] ACHTUNGTRENNUNG[BF4] solutions
as a function of TX-100 concentration. The critical micelle concentration
of TX-100 in [bmim] ACHTUNGTRENNUNG[BF4] was about 7.73Q10�2

m and the lmax value was
constant at 430 nm.
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located in [bmim] ACHTUNGTRENNUNG[BF4]. However, after the normal micelles
are formed (Figure 5b–d), no effect on the lmax value is ob-
served, which indicates that MO is still in the bulk [bmim]-
ACHTUNGTRENNUNG[BF4] instead of being solubilized in the polar outer layer.
Thus, one may presume that in the [bmim]ACHTUNGTRENNUNG[BF4]-in-benzene
nonaqueous IL microemulsions, if IL pools are formed, the
MO molecules will move from the polar outer shells (OE
domain) into the IL pools.

The effect of the successive addition of [bmim] ACHTUNGTRENNUNG[BF4] on
the microenvironment of the TX-l00/benzene binary system
is demonstrated by the UV/Vis spectra of MO (Figure 6).

The red shift in the lmax value from 422 to 426 nm when R=

0.17–0.90 indicates that the polarity of the microdomain in-
creases, whereas with further increasing [bmim] ACHTUNGTRENNUNG[BF4] at R>

1.11 no more change in micropolarity is reported by MO,
and the lmax value always remains constant (428 nm) until
the isotropic microemulsion system attains the phase-separa-
tion point. A possible reason for this behavior may be that
at small but increasing R values [bmim]ACHTUNGTRENNUNG[BF4] molecules are
dispersed in the polar cores (only OE domain herein) to
bind the OE groups of TX-100 in which the MO molecules
are still embedded. The gradually increasing micropolarity is
reflected by a red shift of the lmax value (422–426 nm) as a
result of the successive addition of [bmim]ACHTUNGTRENNUNG[BF4]. After the
binding of [bmim]ACHTUNGTRENNUNG[BF4] an equilibrium is reached and subse-
quently added IL molecules begin to accumulate in the core
of the reverse microemulsion to form IL pools, and thus the
MO molecules move from the polar outer shells (OE
domain) into the IL pools. The polarity of the IL pools is
greater than that of the polar outer shells, therefore the
lmax value of MO presents a larger value, namely 428 nm.

In traditional aqueous microemulsions, bound water mole-
cules have a restricted mobility and lack of the normal hy-
drogen-bonded structure and thus contribute to a low polar-
ity.[29,41] The polarity of the microemulsion polar cores is
eventually dominated by the competitive contribution from

two types of water molecules, bound water, and free
water.[42] Generally, the polarity of the water pools is much
lower than that of bulk water and changes evidently with in-
creasing water content. However, the polarity of the IL
pools remains constant and close to the bulk IL for the cur-
rent IL/O microemulsion. A possible reason for this behav-
ior is that the IL molecules are bonded to the OE groups of
TX-100 through weak electrostatic interactions between the
electropositive imidazolium rings and the electronegative
oxygen atoms of the OE groups in TX-100.[28] The electro-
static interactions are so much weaker relative to hydrogen-
bonding interactions that the properties of [bmim]ACHTUNGTRENNUNG[BF4]
would not be affected as greatly as those of the bound water
in aqueous microemulsions.

Solubilization of water : Over the years, efforts have been
made to understand the details of water molecules solubi-
lized in heterogeneous media, both experimentally and the-
oretically.[43,44] Understanding the properties of water in con-
fined media has a direct relevance to biological systems.[45]

In addition, it is also important to study the states or proper-
ties of solubilized water in microemulsion media under dif-
ferent conditions to understand how the changes in the mi-
croenvironment affect the morphology and properties of
materials.[46–49] It has been reported that when water is
added to the TX-100-based reverse micellar solutions at low
concentrations most of the water molecules are bound to
the OE groups, but more and more water molecules are
present in the free form in water pools at higher water con-
centrations.[50] However, water is also highly soluble in
[bmim]ACHTUNGTRENNUNG[BF4]. In this case, if water is added to the IL/O re-
verse microemulsion, the solubilization sites of the water
molecules are still unclear.

UV/Vis spectra : To describe their actual preferential loca-
tions, UV/Vis spectroscopic analysis with MO as an absorp-
tion probe was also used for insight into the change in the
microenvironment of the IL/O microemulsion. In the IL/O
microemulsion with R=1.33, the IL pools appear in the
polar cores and the MO molecules are located in the IL
pools. The original addition of water to the system does not
lead to any change in the lmax value (428 nm, not shown
herein), thus reflecting that the polarity of the IL pools re-
mains unchanged. This result suggests that these water mol-
ecules are located in the polar outer shells to bind the OE
groups of TX-100. With a water content of up to 3.8 wt% of
the IL microemulsion, the lmax value red shifts gradually,
thus indicating that the polarity of the IL pool is increased.
This behavior results when the bound water in the polar
outer shells reaches saturation, and subsequently added
water molecules begin to enter the IL pools. The polarity of
water is greater than that of [bmim]ACHTUNGTRENNUNG[BF4], therefore the po-
larity of the IL pools is enhanced.

Unexpectedly, it was discovered that small amounts of
added water does not accelerate the phase separation, even
for the investigated microemulsion system near the phase-
separation points. Instead, the added water possibly makes

Figure 6. Absorbance spectra of MO in the [bmim] ACHTUNGTRENNUNG[BF4]-in-benzene non-
aqueous IL microemulsions given along line a in Figure 1 as a function of
[bmim] ACHTUNGTRENNUNG[BF4] content with a) R=0.17, b) 0.34, c) 0.52, d) 0.71, e) 0.90,
f) 1.11, g) 1.33, h) 1.55, i) 1.66, and j) 1.79. Probe concentrations: a) 1.0Q
10�5, b) 1.5Q10�5, c) 2.0Q10�5, d) 2.5Q10�5, e) 3.0Q10�5, f) 3.5Q10�5,
g) 4.0Q10�5, h) 4.5Q10�5, i) 5.5Q10�5, and j) 3.5Q10�5

m, respectively.
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the IL/O microemulsion more
stable. In our previous study,
we found that the driving force
for solubilizing IL into the
cores of the TX-100 aggregates
may be the weak electrostatic
interaction between the electro-
negative oxygen atoms of the
OE units in TX-100 and the
electropositive imidazolium
rings.[28] When water is added
to the IL/O microemulsion, the
water molecules are inclined to
form hydrogen-bonding interac-
tions with the electronegative
oxygen atoms of the OE units
in TX-100, and at the same
time the electronegative oxygen
atoms of water electrostatically
attract the electropositive imi-
dazolium rings. Both the hydro-
gen-bonding and electrostatic
interactions are much stronger
than the electrostatic interac-
tion between the oxygen atoms
of the OE units and the electro-
positive imidazolium rings be-
cause the electronegativity of
the oxygen atoms in water is
stronger than that of the
oxygen atoms in the OE
units.[51] The interaction rela-

tions before and after water is added are shown in Figure 7.
Evidently, these added water molecules can be considered
to be a glue that sticks the IL and OE units of TX-100 more
tightly together. Therefore, the microemulsion stability is ac-
tually enhanced, which has been confirmed by the fact that
more IL can be solubilized into the microemulsion in the
presence of water.

FTIR spectra : FTIR spectroscopy is an important tool for
determining the extent of the hydrogen bonding present and
thus reflects some structural information on the microemul-
sions.[52] Free and hydrogen-bonded species have molecular
vibrations at different IR frequencies.[51] Therefore, FTIR
spectroscopic analysis is the most widely used method to in-
vestigate the states of solubilized water and the structures of
traditional aqueous microemulsions.[29,34,53–55] The character-
istics of the water molecules incorporated into reverse mi-
celles depend strongly on the water content and the nature
of the surfactant headgroups.[56] Generally, solubilized water
molecules in microemulsions have three distinct states: trap-
ped water, bound water, and free water. The trapped water,
with the O�H stretching vibration at about 3600 cm�1, is de-
fined as the water species dispersed among the long hydro-
carbon chains of the surfactant molecules.[29] This trapped
water exists as monomers (or dimers) and has no hydrogen-

bonding interactions with the surroundings. Furthermore, a
small amount of water dissolved in a nonpolar solvent is
also considered to be trapped water.[34] In the TX-100-based
micelles, a larger number of water molecules are located in
the palisade layer, and these water molecules are either just
mechanically trapped within the micellar structure or ther-
modynamically bound to the OE groups through intermo-
lecular hydrogen-bonding interactions. Amongst the me-
chanically trapped water molecules, some are intermolecu-
larly hydrogen bonded with themselves and some are
free.[45] As the trapped water molecules are matrix-isolated
dimers or monomeric in nature, they absorb in the high-fre-
quency region.[29] The bound water molecules form hydro-
gen-bonding interactions with the polar headgroups of the
surfactants, thus resulting in absorption in the low-frequency
region of the IR spectrum. For the nonionic TX-100 formed
W/O microemulsions, the O�H stretching vibration of the
bound water appears at 3400�20 cm�1.[54] Considering that
the polar outer shells of the investigated IL/O microemul-
sion are similar to the palisade layers of TX-100 micelles, it
is possible that the water molecules in the IL/O microemul-
sion are either mechanically trapped in the microemulsion
or thermodynamically bound to the OE units. Apart from
these two types of water species, the free water molecules,
which occupy the core of the surfactant aggregates, have
strong hydrogen-bonding interactions amongst themselves,
that is, they have similar bulk-water properties, thus shifting
the O�H stretching band to a lower frequency of 3220�
20 cm�1.[54]

FTIR spectroscopic analysis of the [bmim]ACHTUNGTRENNUNG[BF4]-in-ben-
zene microemulsion along line a with R=1.33 as a function
of the added water content was carried out. Only the bands
of O�H stretching (3200–3600 cm�1) and C�H imidazolium-
ring stretching (3090–3160 cm�1) change significantly with
the added water. The O�H stretching band originally ap-
pears at 3426 cm�1, which is due to the terminal O�H group
of TX-100, and remarkably shifts to 3477 cm�1 when the
water content reaches up to 1.1 wt% of the microemulsion
system. After that, the wavenumber of the O�H stretching
band almost remains unchanged when the water content is
in the range 1.1–2.2 wt%. Finally, a gradual decrease in
wavenumber is observed on increasing the water content
further (see Figure 8). A possible reason for this behavior is
that when water is just added to the microemulsion, as men-
tioned above, these water molecules are either mechanically
trapped in the microemulsion or thermodynamically bound
to the OE units of TX-100 by hydrogen-bonding interac-
tions. Moreover, it has been reported that the number of
trapped water exhibits no significant change; however, the
bound water molecules increase gradually with the rising
water content.[53] This behavior means that the equilibrium
of the trapped water dispersed within the microemulsion
system is achieved almost instantaneously. Thus, we can pre-
sume that the water molecules prefer to be trapped in the
microemulsion first. Owing to the O�H high-frequency
stretching vibration of the trapped water, the total O�H
stretching band moves to a high-frequency region rapidly.

Figure 7. Two-dimensional sim-
plified model of the interac-
tion between [bmim] ACHTUNGTRENNUNG[BF4],
H2O, and the hydrophilic tail
(OE units) of TX-100.
1) Weak electrostatic interac-
tion between the electronega-
tive oxygen atoms of the units
and the electropositive imida-
zolium rings. 2) Electrostatic
interaction between the elec-
tronegative oxygen atoms of
water and the electropositive
imidazolium rings. 3) Hy-
drogen-bonding interactions
between the hydrogen atoms
of the water molecules and the
electronegative oxygen atoms
of the OE units in TX-100.
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Meanwhile, the number of bound water molecules with the
O�H stretching vibration at 3400�20 cm�1 always increases.
This O�H stretching vibration is close to that of the termi-
nal O�H stretching vibration of TX-100 (3426 cm�1), thus
leading to the appearance of a wavenumber flatform which
then declines. If free water appears in our investigated mi-
croemulsion, considering the low-frequency vibration of free
water (3220�20 cm�1), the total O�H stretching band will
move to a fairly low-frequency region. No free water is pres-
ent in our investigated water-content range. Actually, the re-
quired free-water content of the nonionic TX-100-supported
microemulsions is much higher than that of the ionic surfac-
tant microemulsions owing to the fairly long hydrophilic
chains of TX-100. In addition, when the water content is
above 3.8 wt% of the microemulsion, the wavenumber of
the C�H imidazolium-ring stretching suddenly moves to a
low-frequency region, which is caused by the electrostatic
attraction of the electronegative oxygen atoms of the water
molecules. This result indicates that water molecules begin
to enter the IL pools, which is in accordance with that
shown by the UV/Vis spectroscopic analysis.

FTIR spectroscopic analysis has shown that when a small
amount of water is added to the IL/O microemulsion, the
water molecules are inclined to be first trapped and bound
into the polar outer shells of the microemulsion. It can be
realized that this unique solubilization behavior provides an
aqueous interface, and thus the IL/O microemulsion may be
used as a medium for the preparation of porous or hollow
nanomaterials by hydrolysis reactions.

1H NMR spectroscopy : 1H NMR spectroscopic analysis gives
more detailed information about the interaction between
the molecules and thus provides insight into the solubiliza-
tion information of added water molecules in the polar
cores of the IL/O microemulsions. In our previous report,
1H NMR spectroscopic analysis was used to investigate the
microstructure characteristics of the IL microemulsions.[28]

The experimental results showed that on increasing the IL
content to the micelles, all the proton signals of the OE
units of TX-100 were affected by the added [bmim]ACHTUNGTRENNUNG[BF4],

and these signals appeared in a downfield position. Further-
more, the signals of H-1, H-2, and H-3 in the imidazolium
rings of [bmim] ACHTUNGTRENNUNG[BF4] were also gradually shifted downfield
under the ring-current effect. The results revealed that the
electron density of the oxygen atoms of the OE units elec-
trostatically attracted the electropositive imidazolium rings
and that the electrostatic interaction was considered to be
the driving force for solubilizing IL into the core of the TX-
100 aggregates.[28]

In this section, deuterated water replaces H2O and the
effect of the water content on the microenvironment of the
IL/O microemulsion is investigated by 1H NMR spectro-
scopic analysis. Figure 9 shows the 1H NMR spectra of the
[bmim]ACHTUNGTRENNUNG[BF4]-in-benzene microemulsion with R=1.33 and
various water contents. The addition of water affects the

Figure 8. Dependence of the O�H stretching frequencies of the IL/O mi-
croemulsion along line a with R=1.33 on the added water content
(wt%).

Figure 9. 1H NMR spectra of the [bmim] ACHTUNGTRENNUNG[BF4]-in-benzene microemulsion
along line a with R=1.33 at various water contents: a) 0, b) 1.6, c) 3.8,
and d) 5.6 wt% of the microemulsion system.
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conformation of many signals. The signals of H-2 and H-3 in
[bmim]ACHTUNGTRENNUNG[BF4], which overlap owing to a similar chemical en-
vironment and are centered at d=7.47 ppm, gradually split
into two duplet peaks and the distance between these two
peaks becomes larger and larger with a successively increas-
ing water content; meanwhile, the triplet peak of the H-f
signal of the OE units at d=3.98, 3.97, and 3.96 ppm overlap
into an unresolved peak centered at d=4.03 ppm with a
water content of up to 5.6 wt% of the microemulsion. Simi-
larly, the ternary peaks of the H-g signal of the OE units,
which resonate at d=3.76 and 3.75 ppm, have combined to
give one peak at d=3.83 ppm. More remarkably, the other
proton signals of the OE units in TX-100, which overlap
into a strong and unresolved single peak as a result of a sim-
ilar environment, become broader and broader with a suc-
cessively increasing water content. These changes suggest
that there are some interactions between the added water
molecules and [bmim]ACHTUNGTRENNUNG[BF4] as well as the TX-100 molecules.
The interaction has affected the chemical shifts of many sig-
nals. When the added water content is in the range 1.6–
5.6 wt% of the microemulsion, the two ternary peaks of the
H-2 signals of [bmim] ACHTUNGTRENNUNG[BF4] shift downfield from d=7.522,
7.517, and 7.493, 7.489 ppm to d=7.616, 7.612 and 7.565,
7.560 ppm, respectively. The shifts experienced by the H-2
and H-3 resonances are downfield because the electronega-
tive oxygen atoms of the added water molecules tend to at-
tract the electropositive imidazolium rings, and thus the
electropositivity of the imidazolium ring is decreased. How-
ever, under the ring-current effect, the small magnetic field
is the reverse of the external magnetic field, but on the side
of aromatic rings the orientation of the small magnetic field
is in accord with the external magnetic field. Therefore, the
external magnetic field is actually enhanced and H-2 and H-
3, which are on the side of the aromatic imidazolium rings,
are deshielded. After water is added, the electron density on
the imidazolium rings increases and the deshielding is en-
hanced, therefore the H-2 and H-3 signals shift further
downfield.[28] Although H-1 is also on the imidazolium ring
in [bmim]ACHTUNGTRENNUNG[BF4], the proton signal shows a very strong Lewis
acidity and other influential factors make the signal shift ir-
regularly.

In addition, all the proton signals of the OE units in TX-
100 shift downfield owing to the addition of water. The
triple peaks of H-f that originally resonated at d=3.98, 3.97,
and 3.96 ppm move to a downfield position centered at d=

4.03 ppm when the water content is up to 5.6 wt% of the
microemulsion. At the same time, the triplet of peaks that
appear at d=3.71, 3.70, and 3.69 ppm, ascribed to H-g of
the OE units, move to a downfield position centered at d=

3.76 ppm. The other proton signals of the OE units, reflect-
ed by a broad peak, shift from d=3.52 to 3.64 ppm. The
downfield shift experienced by the OE proton resonances
may be a result of the added water molecules forming hy-
drogen-bonding interactions to the OE units, and thus the
electron density on the oxygen atoms of the OE units is de-
creased. The electropositivity of the carbon atoms adjacent
to the oxygen atoms is enhanced owing to the induction

effect. As a consequence, the hydrogen atoms on the carbon
atoms are deshielded and resonate in a downfield position.

Furthermore, it is worthy of note that a new broad peak
at d=3.80 ppm is observed on successively adding water up
to 1.6 wt% of the microemulsion system. The peak becomes
stronger and stronger and shifts downfield gradually to d=

4.29 ppm when the water content is up to 5.6 wt%. The new
peak is actually ascribed to the added water molecules be-
cause the proton exchange will happen between D2O and
the terminal hydroxy groups of TX-100, thus leading to the
appearance of H2O molecules. Besides, there are also some
water molecules doped in the D2O reagent. The reason for
the downfield shift may be that with increasing water con-
tent the amount of OE units surrounding the water mole-
cules is relatively decreased, thus deshielding is weakened.
Furthermore, the broad single peak for the solubilized water

Figure 10. 1H NMR spectra of the [bmim] ACHTUNGTRENNUNG[BF4]-in-benzene microemul-
sion along line a with R=0.34, the other conditions are the same as those
in Figure 9.
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indicates the rapid exchange between the water protons at
various states.[34]

The effect of water content on another IL/O microemul-
sion with R=0.34 was also investigated by 1H NMR spectro-
scopic analysis under the same conditions. Briefly, no IL
pools are present in the investigated system. The 1H NMR
spectra of the microemulsion with various water contents
are shown in Figure 10. Similar results are obtained relative
to the former microemulsion system, but the effect of added
water on the latter is greater than the former, as reflected
by greater changes in the signal conformation and chemical
shift in the latter case. A possible reason for this behavior is
that the surfactant chains are not fully extended or ordered
in the latter microemulsion.[36] Every water molecule is thus
fully encircled by the surrounding OE units of TX-100.
However, in the latter case, the microemulsion is further
swollen and the increase of IL induces a greater degree of
order into the OE chains, as deduced from the decrease in
hydrogen bonding between the terminal hydroxy groups of
TX-100 and the oxygen atoms of the OE units.[28] Thus, the
number of surrounding OE units is relatively decreased,
that is, the same amount of water molecules in the latter
system has a greater effect on the surrounding OE units;
therefore, the changes in the 1H NMR spectra in the latter
induced by added water are more remarkable. A schematic
representation of the water molecules in two different mi-
croenvironments is shown in Figure 11.

Conclusion

Microemulsions consisting of [bmim]ACHTUNGTRENNUNG[BF4], surfactant TX-
100, and benzene were prepared, and the phase behavior of
the ternary system was investigated. DLS revealed that with
increasing amounts of added [bmim]ACHTUNGTRENNUNG[BF4] the size of the ag-
gregates increased, which were similar to those of typical W/
O microemulsions, thus suggesting the formation of an IL/O

microemulsion. The micelles became swollen on successively
adding [bmim]ACHTUNGTRENNUNG[BF4] to the system, and IL pools formed
when the [bmim] ACHTUNGTRENNUNG[BF4] content was more than 1.11 wt% of
the IL microemulsion system, as confirmed by UV/Vis spec-
troscopic analysis with CoCl2 and MB as the absorption
probes. The effect of added water on the microstructures of
the IL/O microemulsions was discussed. First, it was found
that the UV/Vis absorption probe MO tended to locate in
the interior of the IL pool. A constant polarity was obtained
in the IL pool, even if a small amount of water was added
to the microemulsion, thus indicating that the water mole-
cules were solubilized in the polar outer shells. These water
molecules, through hydrogen-bonding interactions with the
oxygen atoms of the OE units of TX-100 and electrostatic
attraction to the electropositive imidazolium rings, act as a
glue that sticks the IL and OE units more tightly, thus
making the microemulsion more stable. FTIR spectra re-
vealed that the added water molecules were inclined to be
first solubilized in the polar outer shells as bound and trap-
ped water. The interaction between the added water and
their surroundings was further confirmed by 1H NMR spec-
troscopic analysis. The unique solubilization behavior of
water provided an aqueous interface, and thus the IL/O mi-
croemulsion may be applied to the preparation of porous or
hollow nanomaterials by hydrolysis reactions.
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