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tubes,33 etc. Park et al.32 have reported a novel γ-CD
supramolecular hydrogel induced by lithium salt. The presence
of threaded dye molecules inside the CD stacks facilitates the
stabilization of the channel structure of CD. The hydrogen
attraction between the lithium ions and the neighboring host γ-
CD molecules helps the formation of the hydrogel. Never-
theless, there is no report on the CD-based supramolecular
lamellar hydrogel, which is transformed from vesicles.

Vesicles are another important family of assembled
structures. They are membrane-enclosed sacs at the nano- to
microscales, which have found wide applications in biomi-
metics, nanomaterials, and drug and gene delivery.34,35

Chemists have developed an ocean of amphiphilic molecular
and macromolecular structures that spontaneously form
vesicular structures,36 among which CD-based supramolecular
vesicles are significant because they are especially potential for
the applications as drug carriers, nanoreactors, and so on.37

There are mainly two methods to prepare the CD-based
supramolecular vesicles: one is obtaining the amphiliphic CD
surfactant by the modification of CD,38−40 and the other is the
self-assembly by the CD inclusion complex.41−44 Comparing
the two methods, the latter one has tremendous application
potential. Jiang et al.45 reported that sodium dodecyl sulfate
(SDS) and β-CD can spontaneously form vesicles. For
imidazolium−ILs with long alkyl side chains and β-CD, it can
be supposed that they may also form vesicles.

Herein, we chose the IL 1-alkyl-3-methylimidazolium
bromide (CnmimBr, the structure of C12mimBr is shown in
Scheme 1) as the guest and studied the supramolecular

assembly in the concentrated aqueous solutions of CnmimBr-β-
CD. It was discovered that supramolecular hydrogels and
vesicles can be prepared by the assembly of simple
CnmimBr−β-CD inclusion complexes. According to the reports
in the literature, different kinds of assemblies can be
transformed by the change of various environmental
factors,46−48 and temperature often plays an important role in
such transitions.49,50 In the system, the vesicle phase can change
into the lamellae hydrogel phase by the decrease of temper-
ature. To our knowledge, this is the first report on CD-based
supramolecular lamellar hydrogels containing ILs as well as
transforming from the vesicle phase.

■ EXPERIMENTAL SECTION
Materials. β-CD (≥98% purity, Beijing Aoboxing) was

recrystallized twice using tridistilled water and dried under
vacuum for 24 h. C6mimBr, C8mimBr, C10mimBr, and
C12mimBr (>99% purity) were purchased from Lanzhou
Institute of Chemical Physics (China). Analytical grade
reagents urea and NaOH were used as received. D2O (99.9%
isotopic purity, Beijing Chemical Reagents Company) was used
as a solvent in NMR measurements. Tridistilled water was used
throughout the experiments.
Instruments. The UV analysis was recorded on a Hitachi

3010 UV−vis spectrometer. Dynamic light scattering (DLS)

measurements were performed on an ALV/DLS/SLS-5022F
photo correlation spectrometer. For the freeze-fracture trans-
mission electron microscopy (FF-TEM), the fracturing and
replication were carried out in a freeze-fracture apparatus
(Balzers BAF400, Germany) at −140 °C. Pt/C was deposited
at an angle of 45° to shadow the replicas, and C was deposited
at an angle of 90° to consolidate the replicas. The resulting
replicas were examined in a JEM-100CX electron microscope.
TEM micrographs were obtained with a JEM-100CX II
transmission electron microscope (working voltage of 80−
100 kV). Differential scanning calorimeter (DSC) measure-
ments were performed on a Q100 instrument upon heating or
cooling the samples at the rate of 1 °C/min. The spectra of
both 1H NMR and 1H−1H ROESY were recorded on Bruker
AV400 MHz NMR spectrometer with a mixing time of 300 ms
in the phase-sensitive mode for the latter. The morphologies of
the samples were visualized by scanning electron microscopy
(SEM) on 1910FE. Fourier transform infrared (FTIR) spectra
were recorded on a NICOLET iN10 MX spectrometer at a
frequency ranging from 600 to 4000 cm−1. Wide-angle X-ray
diffraction (WAXRD) patterns were obtained at room
temperature on a DMAX-2400 (Rigaku, Japan) diffractometer.

Methods. The C12mimBr−β-CD system was prepared by
mixing an equal mole amount of C12mimBr and β-CD, keeping
the concentrations of both C12mimBr and β-CD at 0.25 mol
dm−3. The sample was heated to a temperature of 60 °C and
became a transparent and isotropic solution. A white hydrogel
was obtained by cooling the solution below 10 °C, and the
xerogel was obtained by quickly freezing the hydrogel with
liquid nitrogen.

In the measurement of DLS, the wavelength of laser was
632.8 nm, and the scattering angle was 90°. The temperature
was controlled at 25 °C. The samples were treated by
centrifugation at 12000 rpm for 30 min before the measure-
ment.

In the measurement of UV−vis, the temperature was
controlled by placing the sample in a 1 cm path length cell
compartment whose walls were accessible to water circulation.
The samples were kept for at least 10 min to attain equilibrium,
and the final temperature was obtained by a thermocouple
(Check-temp, Hanna, Italy).

One drop of the sample solution was placed onto a Formvar-
coated copper grid, and a uranyl acetate solution (2%) was used
as the staining agent to make the TEM images more clear.

The Cu Kα radiation source (�
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inclusion complexes. Besides, according to our previous
report,13 we can deduce that 1:1 (guest:host) and 1:2 inclusion
complexes coexist between 1-dodecyl-3-methylimidazolium
bromide and β-CD. The radius of 1.4 nm is maybe attributed
to β-CD inclusion complexes. The radius of 127 nm is maybe
attributed to either the incompact β-CD aggregates53 or a
certain kind of supramolecular assembly, for example, vesicles.
Gonzaĺez-Gaitano et al.53 reported that β-CD is persistent in its
aggregation even after sieving its solutions through 0.02 μm
filters, which displays a fast kinetics of the aggregates. However,
when the mixture of C12mimBr and β-CD is treated with 0.2
μm filters, the peak of 127 nm disappears. It can be concluded
that the radius of 127 nm is not attributed to incompact β-CD
aggregates. Probably, there are some novel assemblies in the
solution. From the TEM result in Figure 2a, we can observe the
packed particles with diameters of about 50−80 nm as well as
the separated particles (as shown in the inset) whose diameters
are about 100 nm. In Jiang’s work, they reported two coexisting
populations of hollow vesicles with diameters of ∼700 and
∼100 nm in the system of SDS@2β-CD.45 It should be
reasonable that the vesicle structure in our system can be
compatible with a high size polydispersity. As is shown in
Figure 2a, the brightness of the brim and that of the center are
different, indicating that the particles are hollow vesicles rather
than mere solid particles. Besides, the phenomenon that some
of the particles have burst (arrows in Figure 2a) also confirms
the formation of vesicles. It is further certified by the FF-TEM
result in Figure 2b, where both the dual-continuous phase of
the vesicle and the separated vesicles can be observed.

Considering that DLS gives the statistical result of the size
distributions, while TEM reflects the local result of the
assemblies, one can see that the results obtained from the
two methods generally coincide with each other. As most of the
vesicles are packed together, it is reasonable that the peak of
larger than 100 nm is very weak and even disappears when the
solution is treated by centrifugation or by the filtration of a 0.2
μm membrane.

Characterization of the Supramolecular Hydrogel. To
understand the structure of the hydrogel, we also apply the
method of FF-TEM to study the system. As is shown in Figure
3a, the hydrogel is the lamellae phase. Meanwhile, the xerogel is
obtained and studied mainly by SEM, FTIR, and WAXRD. It
can be seen from Figure 3b that the xerogel reveals the lamellae
morphology, which coincides with the result of Figure 3a.

The FTIR spectra of β-CD, C12mimBr, and C12mimBr−β-
CD xerogel are shown in Figure 4. The spectrum of the xerogel
is similar to that of β-CD, suggesting that the framework of the
xerogel is β-CD, while only the weak signal 2854 cm−1 of the
xerogel may indicate the presence of IL, suggesting that IL is
included in the β-CD cavity. The spectrum of pure β-CD shows
a broad band at 3375 cm−1, which is assigned to symmetric and
antisymmetric O−H stretching modes.54 It shifts to a lower
frequency at 3356 cm−1 because of the formation of the xerogel.
It is well-known that the association of OH groups makes the
stretching peak shift to a lower frequency.55 The evident
change of frequency herein clearly reflects the association of
OH groups. We have measured the amount of residual solvent
of the xerogel and found that the quantity of water is about 7%
(w/w). It can be seen that the intermolecular interactions
between β-CDs, β-CD and water may also contribute to the
formation of the hydrogel.

The WAXRD patterns of β-CD, C12mimBr, and the xerogel
are shown in Figure 5. The major peaks at 2θ = 9.5, 12.8, 13.4,
and 18.2° are observed in the β-CD pattern, indicating the
existence of a typical cage structure.56
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Characterization of the Transformation between Vesicle
and Hydrogel. As is shown in Figure 6, the sol-to-gel transition
is monitored by the absorbance at 650 nm in UV−vis
spectroscopy, as there is no absorbance at 650 nm for the
aqueous solution of either C12mimBr or β-CD. A dramatic
increase in absorbance and viscosity is observed with the
decrease of the temperature. Finally, the opaque solution
becomes nonflowing at 13 °C, yielding the required white
hydrogel as shown in Figure 6. The temperature 13 °C
corresponds to that of the sol−gel transition (Tgel). With the
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absorbance in Figure 6, respectively. It is possibly a result of the
negative transfer enthalpy (ΔH) of vesicle to hydrogel
transition, which provides strong support for the phase
transition by the change of temperature. The estimated value
ΔH is −1.0 ± 0.2 J/g. The Tgel 13.2 °C is identical with that
obtained by UV−vis spectroscopy. Several heating−cooling
cycles have been performed on the same sample, and the results
are reproducible, which indicates the reversibility of the
transition. Such a transition temperature is also remarkably
influenced by the molar ratio of C12mimBr to β-CD and the
total concentration of C12mimBr and β-CD. We can see that in
Table 1, when the molar ratio of C12mimBr to β-CD is less than

1:1, that is, the amount of β-CD surpasses that of C12mimBr,
the hydrogel cannot be formed. On the other hand, when
keeping the molar ratio of C12mimBr to β-CD at 1:1, the
transition temperature increases with the promotion of the total
concentration. When the total concentration is 1 mol dm−3, the
transition temperature can be higher than 40 °C. The
phenomenon can be applied to prepare specific hydrogels
with lower or higher transition temperatures.
Mechanism of Formation of the Supramolecular

Assemblies. Mechanism of Formation of the Vesicle and
Hydrogel. Effects of different alkyl side chain of CnmimBr (n =
6, 8, or 10) and the anion on the hydrogel formation have been
studied (Table 2). The formation of vesicle is verified by the

method of TEM. It is discovered that both of the concentrated
C8mimBr−β-CD and C10mimBr−β-CD systems can form
vesicles and hydrogels, while the mixture of C6mimBr and β-
CD is precipitated, indicating that the long side chain is
necessary for the formation of the assemblies. By changing the
anion of IL, it is discovered that the C12mimCl−β-CD system
can form vesicles and hydrogels, while the C12mimBF4−β-CD

system cannot form either vesicles or hydrogels. It is suggested
that the anion that can interact with β-CD may disturb the
formation of the vesicles and hydrogels.

Figure 8 shows the 1H NMR spectra of both C12mimBr (0.25
mol dm−3) and that upon addition of equal mole of β-CD in

D2O. The signals at both δ = 0.86 ppm (Figure 8a) and 1.1
ppm (Figure 8b) are assigned to 1-H, while the signals at δ =
1.2−1.6 ppm to 2-H and δ = 1.9 ppm to 3-H (Scheme 1). The
addition of β-CD leads to the obvious downfield shift of 1-H, 2-
H, and 3-H, indicating the accommodation of the alkyl side
chain of C12mimBr by the cavity of β-CD. We have studied the
interaction between IL and β-CD in aqueous solutions and
found that only the alkyl side chain of the IL enters the cavity of
β-CD.12,13 It is coincident that when the vesicle is formed, the
hydrophobic part of C12mimBr is complexed by β-CD and the
imidazolium ring stays outside the β-CD cavity. The 4-H, 5-H,
6-H, and 8-H of C12mimBr shift upfield with the addition of β-
CD, reflecting that the environment for the hydrogens gets
more hydrophilic.

For the formation of supramolecular hydrogels, the driving
forces can be van der Waals interactions, electrostatic
interactions,16 π−π interactions,20,58 hydrophobic interac-
tions,17 and hydrogen bonding,19,30,58 etc.,59,60 among which
the hydrogen bonding plays a major role.15 Because 1H−1H
ROESY is generally employed to study the noncovalent
interaction in supramolecular systems,61 we study the
interaction between C12mimBr and β-CD in D2O by the
method (see Figure 9). The resonation correlations marked
with a square suggest the formation of hydrogen bonding
between the secondary hydroxyl group of β-CD and D2O.
Because of deprotonation of CD and loss of hydrogen bonding
at a high pH, the effect of pH on the formation of vesicles and
hydrogel has been studied by adding NaOH to the
C12mimBr−β-CD system. It is found that neither vesicles nor
hydrogel was formed at pH > 13.

For comparison, the cationic surfactant, for example,
hexadecyl trimethyl ammonium bromide (CTAB), whose
structure is similar to that of C12mimBr except the imidazolium
headgroup, is tested. It is discovered that CTAB and β-CD can
form the vesicle, whereas they cannot form the hydrogel (Table
2). This implicates that the imidazolium headgroup plays an
important role in the hydrogel formation. Firestone et al.62

reported the formation of a hydrogel by self-assembly of
poly(1-(8-(acryloylox)octyl-3-methylimidazolium chloride) and
suggested that it mainly arises from the hydrogen bonding
between the imidazolium headgroup and the solvent. It is
believed that the hydrogen bonding between the imidazolium
headgroup of C12mim+ and water contributes a lot to the
formation of the hydrogel. Thus, we can deduce that the

Table 1. Tgel Influenced by the Molar Ratio of C12mimBr to
β-CD and the Total Concentration of C12mimBr and β-CD
When the Molar Ratio of C12mimBr to β-CD Is 1:1 (Tgel Is
MeasureJ.3136 -(Is)beli3663SC)

molar ratio of C12mimBr to
β-CD

2:1 3:2 1:1 2:3a 1:2a

Tgel (°C) 10.0 11.1 13.2
total concentration of

C12mimBr and β-CD
(mol dm−3)

0.4 0.5 0.6 0.8 1

Tgel (°C) 7.6 13.2 20.8 31.4 41.2
aThe gel cannot be formed.

Table 2. Formation of Vesicle and Hydrogel in Different
Systems of Guest and β-CDa

vesicle hydrogel
the total concentrations of guest

and β-CD (mol dm−3)

C6mimBr−β-CD NFb NF 0.5
C8mimBr−β-CD Fb F 0.5
C10mimBr−β-CD F F 0.5
C12mimBr−β-CD F F 0.5
CTAB−β-CD F NF 0.5
C12mimCl−β-CD F F 0.3
C12mimBF4−β-CD NF NF 0.2

aThe concentrations for the samples are maximal values to get
transparent and isotropic solutions when keeping the molar ratio of
guest and β-CD 1:1. bF, formation; NF, cannot form.

Figure 8. 1H NMR signals of (a) C12mimBr (0.25 mol dm−3) and (b)
C12mimBr (0.25 mol dm−3)−β-CD (0.25 mol·dm−3) in D2O at a
temperature of 25 °C.
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hydrogen-bonding interactions between the secondary hydroxyl
group of β-CD and H2O, and the imidazolium headgroup of
C12mim+ and H2O drive the formation of the vesicles and
hydrogels, which is usually the driving force for the self-
assembly in semiconcentrated or concentrated surfactant
systems.63 Comparing the gels between IL−water and IL−
CD−water herein, the former arises from diminution of
hydrogen bonding between the imidazolium ring and the
bromide counterion and the concomitant formation of a
hydrogen-bonding network comprising water, bromide ion, and
the imidazolium cation,7,8 while the latter is constructed by the
lamellae phase, which is higher ordered than the former one.
The process of the formation of the C12mimBr−β-CD
supramolecular hydrogel is similar to that of γ-CD hydrogel
induced by lithium salt.32

Structural Evolution from Vesicles to Hydrogels. As is
shown in Figure 7, during the transformation from vesicle to
hydrogel, the heat effect is very small. It can be deduced that
the models of vesicle and lamellar hydrogel are based on the
same bilayer structure of C12mimBr−β-CD-35702.004(Fm)-38401(gee)-380.488einsult380.488f
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