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ABSTRACT: A new kind of biamphiphilic ionic liquid (BAIL) consisting
of 1-dodecyl-3-methylimidazolium (C;,mim") and dodecyl sulfonate
(DSN™) has been synthesized and characterized for the investigation on
its self-assembling behavior with #-CD in the aqueous medium. Vesicles
were found in the diluted C,,mimDSN@3f-CD solution, and on
increasing the concentrations of both IL and f-CD, the solution turned
into a white hydrogel, which showed a temperature-dependent sol—gel
transition. The building block consisting of one C;,mimDSN and three f-
CDs was proposed, and a novel self-assembly mechanism was studied.
Both cation and anion of the BAIL are involved in the self-assembling with
P-CD. The electronic interaction between C,,mim* and DSN~, the
hydrophobic interaction between the alkyl chains of BAIL and 3-CD
cavity, H-bond between neighboring -CDs, and the interaction between
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imidazolium headgroup and water in the hydrogel are the driving force for the self-assembly.

B INTRODUCTION

Cyclodextrins (CDs) are a series of doughnut-like macrocyclic
oligosaccharides which can encapsulate various molecules in
their cavities to form inclusion complexes by the hydrophobic
interaction and/or H-bonding.'”> CDs are commercially
available, nontoxic, and water-soluble, making them widely
used in the pharmaceutical industry, foodstuffs, daily use,
chemical industry, etc.%” As a result of their unique structures
and properties, CDs can be closely related to many interesting
topics such as molecular recognition, self-assembly, and
inclusions for different functional components. The CD
inclusion complex is one of the most important structures in
the field of ordered supramolecular self-assembly chemistry.
Aggregates such as micelles,® vesicles,” > microtubes,'*'7 and
the supramolecular hydrogel'"'*™*" can be constructed based
on the inclusion complexation between CD and various kinds
of guest molecules.

Ionic liquids (ILs) have attracted increasing attention in
recent years due to their desirable properties such as easy
recyclability, nonflammability, high ionic conductivity, wide
electrochemical potential window, low vapor pressure, and high
thermal stability. They have been regarded as promising
solvents in organic syntheses, catalyzes, separations, solar
cells, and so on.**">° The investigation on the interaction
mechanism between an IL and p-CD is of great importance,
and there have already been some reports on this subject.”™>°
Among various kinds of ILs, surface-active ILs, which possess
long alkyl chain and exhibit surface active property in their
aqueous solutions, are particularly interesting. In the earlier
reports, several surface-active ILs were synthesized and their

-4 ACS Publications  © 2014 American Chemical Society

1685

aggregation behaviors were investigated.>' ~>* It was found that
the long chain imidazolium ILs show superior surface activity
and versatility in functionalization as compared with the
traditional ionic surfactants. Moreover, the surface-active ILs
can also form stable inclusion complexes with CDs.*®"®
However, to our knowledge, there are few reports on the self-
assembling behavior of CDs with surface-active ILs.

Our research group has been investigating the supra-
molecular behavior between imidazolium-based ILs and $-CD
in the past several years.** *" In the diluted aqueous solution, it
was found that the imidazolium-based ILs and $-CD can form
1:1 (guest:host), 1:2 inclusion complexes, or both.>**™*° Very
recently, we have found the formation of vesicle in the
concentrated aqueous solution of 1-dodecyl-3-methylimidazo-
lium bromide (C;,mimBr) and -CD, which can transform into
a novel supramolecular hydrogel upon the decrease of
temperature.’” With an increase in the concentration of
C,mimBr@p-CD system, the transition temperature is also
increased. According to the XRD and the 'H—'H ROESY
NMR spectrum, the simple inclusion complex between
Cpmim* and f-CD constructs the basic block of the lamellae,
with the two alkyl side chains of the C;,mim" intersecting with
each other in the #-CD cavity. The H-bonding between f-CDs,
p-CD and water, and the imidazolium headgroup of C;,mim"*
and water contribute to the formation of the vesicle and the
supramolecular hydrogel.*’
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Scheme 1. Structures of the Fluorescence Probe 1 and C,,mimDSN
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However, in the C;,mimBr@f-CD self-assembly system, the medium.'*'**" So we believe that the self-assemblies consisting

role of the anion Br~ in the formation of the supramolecular
structure is not clear yet. As an inorganic anion, Br~ may just
help keep the electrical neutrality. By changing the anion of IL,
we discovered that the C;,mimCl@p-CD solution can also
form vesicle and supramolecular hydrogel.** And preliminary
experiments revealed that no hydrogel exists in the
concentrated C,,mimBF,@p-CD solution. The reason may
be that the anion BF,” with hydrophobic characteristic can also
interact with f-CD,”” thus disturbing the formation of the
vesicle and the hydrogel. In this article, a new kind of
biamphiphilic ionic liquid (BAIL)*' is synthesized to design the
supramolecular assemblies with #-CD. The role of the anion in
the self-assembling behavior can be examined. The BAIL is a
special kind of salt-free catanionic surfactant with amphiphilic
characteristic in both the constituent ions. They are supposed
to behave as catanionic surfactants with improved surface
activity and capability of forming a variety of self-assembled
structures.*!

The chemical properties of a common catanionic surfactant
have been well characterized in recent years. The most obvious
feature is that they can spontaneously self-assemble into various
kinds of microstructures in aqueous solution.””™* In the field
of CD supramolecular chemistry, the interaction and
aggregation behavior between CD and catanionic surfactant
were also reported.**~** Yan et al.’>*' suggested that $-CD
forms inclusion complexes with both cationic and anionic parts
of the catanionic surfactant without significant selectivity.
Besides, the inclusion of f-CD with catanionic surfactants can
destroy the ion pair and the aggregates of catanionic surfactants
and even inhibit their precipitation. But no further studies were
performed on the supramolecular self-assembling behavior
between catanionic surfactant and B-CD. Jiang et al>?
investigated the inclusion phenomenon of S-CD in the
nonstoichiometric mixed cationic and anionic surfactant
system. The selective binding of p-CD with the excess
component of the surfactants shifts the surfactant composition
to an electroneutral stoichiometry and thus gives rise to a
micellar elongation and a micelle-to-vesicle transition. A similar
mechanism for the aggregation transition was also proposed by
Wang et al.>* However, in these examples, the self-assemblies
were merely constitutive of the catanionic surfactants. f-CD did
not participate in self-assembling as a structural unit but only
formed inclusion complexes with the free ionic surfactant.

So far, there has been no report about that catanionic
surfactants or BAILs form self-assemblies with S-CD. It has
been discovered that f-CD forms inclusion complexes with
both cationic and anionic parts of the catanionic surfactant, and
the inclusion of f-CD with catanionic surfactants can dismantle
the ion pair and thus destroy the aggregates of catanionic
surfactants.”’ Besides, f-CD can self-assemble with either a
cationic-type IL or an anionic-type surfactant in the aqueous
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of BAILs and f-CD should exist.

B EXPERIMENTAL SECTION

Materials. CsmimBr, CgmimBr, C;ymimBr, and C;,mimBr
(>99%) were purchased from Lanzhou Institute of Chemical
Physics (China). The synthesis and purification of the
fluorescent probe 2-(p-aminophenyl)-3,3-dimethyl-S-carboe-
thyoxy-3H-indole (1, shown in Scheme 1) were done according
to the literature.”*> Cetyltrimethylammonium bromide
(CTAB, 98%, Sigma-Aldrich), sodium dodecyl sulfonate
(SDSN, >98.5%, Beijing Chemical Reagents Co.), a-CD
(>98%, ACROS), y-CD (299%, ACROS), 2,6-dimethyl-f5-
CD (DM-B-CD, J&K Chemical Co.), hydroxypropyl--CD
(HP-$-CD, J&K Chemical Co.), NaBr (AR, Beijing Chemical
Works), NaCl (AR, Beijing Chemical Works), MgCl, (AR,
Beijing Yili Fine Chemical Co.), and AI(NO;); (AR, Beijing Yili
Fine Chemical Co.) were used as received. f-CD (>98%,
Beijing Aoboxing Biotech Co.) was recrystallized twice using
tridistilled water and dried under vacuum at 110 °C for 24 h.
D,0 (99.9% isotopic purity, Beijing Chemical Reagents Co.)
was used as solvent in NMR measurements. Tridistilled water
was used throughout the experiments.

C;,mimDSN (Scheme 1), a new kind of BAIL, was
synthesized via an anion exchange reaction according to the
literature.*' An equimolar mixture of C,,mimBr and SDSN was
dissolved in water and stirred at 60 °C for 3 h. Water was
removed from the reaction mixture using a rotary evaporator,
and the mixture was extracted with dichloromethane to filter off
NaBr. After that the organic phase was washed several times
with water until the complete removal of Br~ (monitored with
0.1 M AgNO;) and then completely dried prior to use. The
corresponding 'H NMR result is '"H NMR (400 MHz, TMS-
CH,CL,), $H (ppm) 0.880 (t, 6H; two CH,), 1.250 (m, 36H;
two alkyl chains), 1.854 (p, 2H; CH,), 2.044 (p, 2H; CH,),
2.860 (t, 2H; CH,), 4.065 (s, 3H; CH;), 4.265 (t, 2H; CH,),
7254 (d, 2H; two CH), 10.108 (s, H; CH). And the
elementary analysis result (sample: 5.57% H, 67.21% C, and
11.09% N; theoretical value: 5.59% H, 67.15% C, and 11.27%
N) also confirmed the high purity of the obtained C,,mimDSN.
C,omimDSN, CymimDSN, CimimDSN, and CTA-DSN were
also synthesized by the same method.

Methods. Sample Preparation. The C,,mimDSN and f-
CD solutions were prepared by weighing a desired amount of
C,,mimDSN and $-CD into tubes and then heating to obtain
transparent solutions, which were then kept thermostatically at
room temperature for at least 24 h. Depending on the
concentrations of the samples, transparent solutions, precip-
itate, or white hydrogel could be obtained. The xerogel was
obtained by freeze-drying for about 36 h after the hydrogel was
quickly freezed by liquid nitrogen.
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UV—vis Analysis. The UV—vis analysis was recorded on a
Hitachi 3010 UV—vis spectrometer. The sample was placed in a
1 cm path length quartz cell In the sol—gel transition
observation, the temperature was controlled by placing the
sample in the quartz cell in a compartment whose walls were
accessible to water circulation. The samples were kept for at
least 10 min to reach equilibrium, and the final temperature was
obtained by a thermocouple (Check-temp, Hanna, Italy).

Dynamic Light Scattering (DLS). DLS measurements were
performed on an ALV/DLS/SLS-5022F photocorrelation
spectrometer. 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 centrifugating at 12 000 rpm
for 30 min before the measurement.

Transmission Electron Microscope (TEM). The negative-
staining TEM samples were examined on an FEI Tecnai G2
T20 electron microscope operating at 200 kV. One drop of the
sample solution was placed onto a Formvar-coated copper grid,
and a drop of phosphotungstic acid solution (2 wt %) was used
as the staining agent to make the TEM images more clear. For
the freeze-fracture transmission electron microscopy (FF-
TEM), samples were frozen by liquid propane. The fracturing
and replication were carried out on 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 also examined on an FEI Tecnai G2 T20 electron
microscope operating at 200 kV.

Differential Scanning Calorimeter (DSC). DSC measure-
ments were performed on a Q100 instrument upon heating or
cooling the samples at the rate of 4 °C/min.

Fourier Transform Infrared Spectra (FTIR). FTIR spectra of
the grinded xerogel were recorded on a NICOLET iN10 MX
spectrometer using the infrared microspectroscopy method.

Scanning Electron Microscope (SEM). SEM of the grinded
xerogel was conducted on FEI Nova NanoSEM 430 at 1 kV.

Powder X-ray Power Diffraction (XRD). XRD patterns were
obtained on a D/MAX-PC2500 diffractometer with Cu Ka
radiation (4 = 0.154 056 nm). The supplied voltage and current
were set to 40 kV and 100 mA, respectively. Powder samples
were mounted on a sample holder and scanned from 3° to 30°
of 20 at a speed of 4°/min.

High-Resolution Mass Spectrometry (HRMS). The HRMS
used with electrospray ionization (ESI) was done on a Fourier
transform ion cyclotron resonance mass spectrometer, APEX
IV (Bruker).

Competitive Fluorescence Method. Substituted 3H-indoles
have been used as fluorescence probes to study CD-based
supramolecular systems in our previous studies.’*>>*° Here a
stock solution of 1 was prepared in methanol, and 50 uL
aliquots of this stock solution were added into S mL volumetric
flasks to maintain a final concentration of 107° M for
fluorescence measurements. The pH value of all the solutions
in this study was adjusted to 9.5 by adding NaOH, and no
buffer was used.>® At low fluorescence probe concentrations,
the total fluorescence intensity of 1 in 1/4-CD solutions can be
expressed by eq 1 with different initial concentrations of f-CD
([CD],), which ranged from 0 to 4.4 mM.

| Uo + LKJ[CD], + LKIK[CD],’)

1 + K{[CD], + K{Kzl[CD]oz (1)
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The K';, K5, I,/I,, and L/I, values (K'; and K’, are the
association constants for 1:1 and 1:2 complexes between 1 and
B-CD, and I, I,, and I, stand for the fluorescence intensity of 1
in pure water, in the 1:1 complex, and in the 1:2 complex,
respectively) can be estimated by nonlinear regression analysis.
The equilibrium concentration of §-CD, i.e., [CD], at different
[SDSN], (the initial concentration of SDSN) can be calculated
using the K|, K'y, I;/1,, and I,/I,, values according to eq 1. After
that, the fluorescence spectra of 1 in the SDSN—f-CD system
were measured. The [SDSN], ranged from 0 to 5.5 mM,
whereas the [CD], was fixed to 4 mM. According to the
literature, the fluorescence intensity of 1 at 4 mM of -CD
reaches a plateau, showing that most molecules of 1 exist in 1:2
complexes, and thus the 1:1:1 (guest A:guest B:host) ternary
complex between 1, DSN7, and #-CD can be assumed not to
form.*® Thus, by analyzing the variation of [SDSN], as a
function of [CD] with eq 2 for 1:1 and 1:2 inclusion
complexation, the results of the interaction between f-CD
and SDSN can be obtained.*®* All the fluorescence spectra
were measured on an FL-4500 (Hitachi, Japan) spectropho-
tometer.

[SDSN], =
(cp], — [CD]))(1 + K,[CD] + KK,[CDT)
K,[CD] + 2KK,[CD]

@)

Nuclear Magnetic Resonance (NMR). The spectrum of
'"H—'H ROESY NMR was recorded on Bruker AV400 MHz
NMR spectrometer with a mixing time of 300 ms in the phase-
sensitive mode.

B RESULTS AND DISCUSSION

Macroscopic Phenomena of C,,mimDSN and g-CD
Solutions. It is well-known that most of the equimolar
mixtures of cationic and anionic surfactants form precipitate or
become turbid at very low concentration.’”*® In our experi-
ment, the appearance of 4 mM C;,mimDSN solution was
turbid at room temperature, and the solid precipitate would
generate when it was kept on standing (sample 1 in Scheme
2a). However, the amount of the precipitate decreased, and the

Scheme 2. (a) Photographs of the C;,mimDSN and f-CD
Solution at Room Temperature;” (b) Sol—Gel Transition of
the C;,mimDSN@34-CD (30 mM@90 mM) Hydrogel

Heating to >70 °C
Cooling

“The concentration of C;;mimDSN is 4 mM, and the concentration of
B-CDis (1) 0, (2) 4, (3) 8, (4) 10, (5) 10.5, (6) 11, (7) 11.5, (8) 12,
and (9) 16 mM.
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solution gradually turned transparent by adding f-CD (Scheme
2a). When the molar ratio of f-CD to C;,mimDSN reached 3,
a transparent solution was obtained (sample 8 in Scheme 2a).
This process was monitored by the UV absorbance of the
solution at 650 nm in UV—vis spectroscopy, as there is no
absorbance at 650 nm for the aqueous solution of either
C;;mimDSN or p-CD. As is shown in Figure 1, a dramatic
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Figure 1. UV absorbance at 650 nm of the solutions with 4 mM
C,,mimDSN and different concentrations of -CD.

decrease in the absorbance is observed with an increase in the
molar ratio of f-CD to C;,mimDSN, indicating that the
solution turns clear. The absorbance reaches a minimum at the
molar ratio of f-CD to C;,mimDSN of 3, indicating that the
1:3 stoichiometry is necessary. The supramolecular self-
assemblies found in the C,,mimDSN@3p-CD solution will
be characterized below.

At room temperature, the maximum concentration of
C;,mimDSN in the C;,mimDSN—34-CD solution was found
to be about 10 mM, above which precipitation would take
place. However, when the concentration of C;,mimDSN@3p-
CD further increased to 30 mM@90 mM, a white uniform
hydrogel was obtained. The C;,mimDSN@34-CD solution at
low concentration could not gelate when cooled to 4 °C,
indicating that a relative high concentration of the
C;,mimDSN@3p-CD system is necessary for gelation.

Compared with the C,mimBr@p-CD supramolecular
hydrogel system,40 the C;,mimDSN@3/-CD system exhibits
a lower minimum concentration (25 mM@75 mM) to form the
hydrogel and a higher sol—gel transition temperature. We may
conclude that both the cation C;,mim* and the anion DSN~ in
C,;,mimDSN should be involved in a more complex supra-
molecular structure.

Characterization of Vesicle. Typical C;,mimDSN@3/-
CD transparent solution shows an obvious Tyndall phenom-
enon, suggesting the formation of microaggregates. The DLS
measurement has been well established to characterize particles
in the range of 1—1000 nm. Figure 2a shows the DLS result of
the C;,mimDSN@34-CD (4 mM@12 mM) solution. We can
observe a peak at about 51 nm, and the hydrodynamic radius
distribution ranges from 30 to 200 nm, indicating the existence
of self-assemblies in different sizes.

TEM methods including negative-staining, FF-TEM, cryo-
TEM, etc, have been widely applied in observing supra-
molecular self-assemblies such as vesicles and micro-
tubes.*'%*" The sizes and the morphologies of the self-
assemblies in the C,mimDSN@3f-CD solutions are examined
by negative-staining TEM and FF-TEM. In Figure 3A,B,
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Figure 2. DLS results of the aqueous solutions of 4 mM C,,mimDSN
and $-CD at (a) 12, (b) 14, (c) 16, and (d) 18 mM.
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spherical particles with diameters ranging from 30 to 200 nm
are readily verified. The shapes of some big size particles are
irregular, indicating that they are probably rupture vesicles
which burst when they are dried on the copper grids. In Figure
3C,D of FF-TEM, particles with diameters ranging from 80 to
350 nm are observed. Their shape also corresponds to vesicles
after being fractured and replicated. Therefore, the TEM
characterizations demonstrate the formation of spherical
vesicles in C;,mimDSN@3/-CD solution.

The difference of vesicle sizes obtained by the two TEM
methods should be understandable when taking the sample
preparation methods into consideration. The vesicles in
negative-staining TEM undergo a drying procedure, which
may shrink the vesicles and even cause bursting. However, the
FE-TEM samples are rapidly frozen by liquid propane; thus, the
shape and size can be kept to a great extent. Moreover, the
TEM method measures the solid spheres, while the DLS
method measures the hydrodynamic radius of the swollen
spheres. Besides, DLS gives the statistical result of the size
distributions, while TEM reflects the local result of the
assemblies in the solution.** Thus, the difference in the size
distribution by DLS and FF-TEM is reasonable.

Characterization of Supramolecular Hydrogel. At a
relatively high concentration, the C;,mimDSN@3p3-CD sol-
ution turns into a white hydrogel at room temperature. As is
shown in Figure 4A, the sol-to-gel and gel-to-sol transitions are
monitored by the absorbance at 650 nm in UV-—vis
spectroscopy. The hydrogel turns into a turbid emulsion
when the temperature increases to about 30 °C. With a further
increase of the temperature to >70 °C, it finally becomes a
transparent solution. With the decrease of the temperature, the
reversibility of the transition is observed. The sol—gel transition
temperature (Tgel) and the heat effect of the phase transition
(AH) between sol and hydrogel were monitored by DSC
measurement. In Figure 4B, a sharp endothermic peak in the
heating curve and a broad exothermic peak in the cooling curve
can be observed. The dotted line shows that the T, values in
both the heating and cooling procedures are approximately the
same (30.2 °C), which coincides with the transition temper-
ature from the UV—vis method. After analyzing the results with
the software Universal Analysis 2000, we can know that the AH
values in the heating and the cooling procedures are 0.37 +
0.04 and —0.54 + 0.07 J/g, respectively, corresponding to about
1241 and 1842 kJ/mol of the C,,mimDSN@3/-CD unit.
Moreover, several heating—cooling cycles have been performed

dx.doi.org/10.1021/jp4113188 | J. Phys. Chem. B 2014, 118, 1685—1695
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Figure 3. (A, B) Negative-staining TEM and (C, D) FE-TEM micrographs of the C;,mimDSN@34-CD (4 mM@12 mM) solution. (E) FF-TEM
image of the C;,mimDSN@f-CD (30 mM@90 mM) hydrogel and (F) SEM image of the corresponding xerogel. (G) The -CD aggregates in the 4
mM C,mimDSN and 18 mM f-CD solution. (H) Negative-staining TEM of the C;,mimDSN@3/-CD (15 mM@45 mM) solution.

on the same sample, confirming the reversibility of the sol—gel
transition.

The structure of the hydrogel was studied by various
methods. The FF-TEM image of the supramolecular hydrogel
in Figure 3E shows a complex network phase. In order to
obtain more information about the hydrogel, one can freeze-dry
the sample and grind them to get the xerogel. By the SEM
method, the xerogel shows a lamellar structure in Figure 3F.

TGA measurement reveals that the xerogel, after being
freeze-dried for 36 h, still keeps water of about 9 wt %. The
molar ratio of H,O to the C;,mimDSN@3/-CD unit in the
xerogel is about 21, which indicates that the xerogel maintains
the H-bonding network of the hydrogel and the character-
ization of the xerogel helps understand the structure of the
hydrogel. In the FTIR measurement, we used D,O instead of
H,O to prepare the hydrogel and then obtained the D,0—
xerogel. The D,O shows its O—D stretching vibration peak at
about 2500 cm™!,*” so it dose not overlap with the O—H
stretching vibration peak of f-CD. The spectrum of the D,O—
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xerogel in Figure Sb is quite similar to that of -CD, suggesting
that the framework of xerogel mainly consists of S-CD
molecules. C;,mimDSN only exhibits its characteristic
absorption peak at 2854 cm™' in the xerogel, suggesting that
it is included in the #-CD cavity in the structure. The spectrum
of f-CD shows the symmetric and antisymmetric O—H
stretching vibration peak at 3375 em™,% while in xerogel, it
shifts to a lower frequency at 3361 cm™". This evident change
of the wavenumber clearly reflects the association of O—H
groups which makes the stretching peak shift to a lower
frequency.*”®' Therefore, we can conclude that the inter-
molecular H-bonding between neighboring -CDs as well as
between f-CD and water should contribute a lot to the
formation of the supramolecular hydrogel.

The XRD patterns of C;,mimDSN, xerogel, #-CD, and the
physical mixture of C,,mimDSN@3f-CD are all listed in
Figure 6 for comparison. The pattern (d) of the physical
mixture is apparently the combination of the patterns of
C1,mimDSN and $-CD, while the pattern (b) of the xerogel is

dx.doi.org/10.1021/jp4113188 | J. Phys. Chem. B 2014, 118, 1685—1695
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Figure 4. (A) Sol-to-gel (@) and gel-to-sol (O) transitions of the
C1;,mimDSN@34-CD (30 mM@90 mM) hydrogel monitored by the
absorbance at 650 nm. (B) DSC heating and cooling curves of the
C;,mimDSN@34-CD (30 mM@90 mM) hydrogel.
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Figure S. FTIR absorption spectra of (a) C,,mimDSN, (b) D,0—
xerogel, and (c) f-CD.

not. This reveals that the C;,mimDSN and #-CD molecules in
both the xerogel and the hydrogel are regularly reorganized,
which will be discussed below.

Mechanism of the Formation of Supramolecular
Structures. Before the discussion of the self-assembly
mechanism, it is necessary to confirm the participation of -
CD in the self-assembly. The addition of f-CD is usually
believed to weaken or even destroy surfactant aggregates or
surface-active molecule aggregates. However, exceptions have
been re})orted in recent years,“_lé"ls’40 e.g., the SDS@24-CD
system, !¢ the zwitterionic surfactant@/-CD hydrogel,"" and
the C,,mimBr@p-CD system.”” In the catanionic surfactant
solution, Jiang et al.>> and Wang et al.>* suggested that -CD
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Figure 6. XRD patterns of (a) C;,mimDSN, (b) xerogel, (c) -CD,
and (d) physical mixture of C;,mimDSN@3/-CD.

would selectively bind the excess component of the cationic
and anionic surfactant mixture but was not involved in forming
the self-assemblies. However, in our work, the concentrations
of C;,mim" and DSN™ are the same. We think that f-CD
contributes to dissolving the C;,mimDSN precipitate and also
takes part in forming the vesicle and the hydrogel. An excess
amount of #-CD was added into the C;,mimDSN@34-CD (4
mM@12 mM) solution, and the DLS results in Figure 2 show
that the self-assemblies still exist, which strongly suggests that
S-CD does not destroy the vesicle. The increase of the vesicle
size with the addition of #-CD in Figure 2 should be attributed
to the aggregates consisting of the excess #-CD in the solution.
This is observed by the TEM method in Figure 3G, where we
can find the coexistence of the vesicle and the sheet-shaped f-
CD aggregate.l‘c”62

The building block of the self-assemblies should be discussed
afterward. In the SDS@2B-CD vesicle system and our
C,mimBr@p-CD vesicle and supramolecular hydrogel system,
the inorganic ion, ie., Na* and Br~, should be necessary to act
as counterions to keep the electrical neutrality of the self-
assemblies. However, in the C;,mimDSN@3f-CD system, if
the C;,mim*—f-CD and DSN™—f-CD formed the vesicles,
they would aggregate with each other via electrostatic
interaction as there are no inorganic ions in the system. We
think that the C;,mim*—f-CD and DSN™—f-CD inclusion
complexes tend to bind with each other to keep the electrical
neutrality of the self-assembly. Therefore, we can conclude that
the building block of the self-assemblies is formed by both
Cj,mim"—f-CD and DSN™—$-CD inclusion complexes.

HRMS of the C,,mimDSN@35-CD (4 mM@12 mM)
system was examined, and the results are shown in Figure 7.
We can find signals corresponding to the 1:1 (C,mim + f-
CD)* and (DSN + p-CD)” complexes, and a signal
corresponding to the 1:2 (C;,mim + 24-CD)* complex, but
no signals corresponding to the 1:2 (DSN + 24-CD)~ complex.
According to our previous study about the multiple equilibria
interaction pattern between imidazolium-based ILs and f-
CD,*®* C,,mim* can form both the 1:1 and 1:2 -CD
inclusion complexes with large association constants. Com-
petitive fluorescence measurement experiment was conducted
to study the interaction between SDSN and $-CD. The K," and
K, value for 1/4-CD system are 12004220 and 2300+130
M, which are close to the results in our previous study.®> The
fitting curves of the 1:1 and 1:2 inclusion model is shown in
Figure 8. The association constants K; and K, for the
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Figure 7. HRMS spectra of the C;,;mimDSN@34-CD (4 mM@12 mM) solution: (A) positive spectrum and (B) negative spectrum.
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Figure 8. Initial concentration of SDSN vs the equilibrium
concentration of $-CD. The solid line is the nonlinear regression fit
to the experimental data points following the model of 1:1 and 1:2.

SDSN—f-CD system are estimated to be 15300 + 1100 and 32
+ 22 M. The K, value is quite small, indicating that there
exists only a very minor amount, if any, of the 1:2 complexes, so
no signals of the (DSN + 23-CD)~ complex can be detected in
the HRMS spectrum.

Therefore, taking into consideration the HRMS spectra, the
competitive fluorescence measurement results, and the 1:3
molar ratio of the C,mimDSN@3f-CD system, we may
deduce that C,,mim* mainly forms the 1:1 and the 1:2
inclusion complexes, while DSN™ mainly forms the 1:1
inclusion complexes with $-CD in the building block of the
supramolecular self-assemblies. The C;,mim*"—24-CD inclusion
complex interacts with the DSN™—f-CD complex to form the
C,mimDSN@35-CD system, and the remaining 1:1
C,mim"—f-CD complex interacts with either the DSN™—f-
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CD complex and the uncomplexed #-CD or the minor amount
of the DSN™—2-CD complex to form the building blocks. The
above processes are illustrated in Scheme 3. In the C;,mim*—
2f-CD inclusion complexes, two -CD molecules should be
preferably aligned in a head-to-head structure to maximize the
formation of H-bonds.'***%

Then how do the inclusion complexes assemble into the
building block? The most possible model is that they bind tail-
to-tail with each other to form a more hydrophilic structure,
which is common in the self-assembly structures of the
catanionic surfactant system.*’~* After comparing the length
of the dodecyl chain (14.9 A) with the height of three #-CDs in
stacks (23.7 A), we think that the alkyl chains of C;,mim" and
DSN™ may intersect to some extent with each other like the
structure I in Scheme 3. In the C;,mimBr@f-CD system, the
'"H-'H ROESY method was employed to study the spatial
noncovalent interaction in the supramolecular systems, and the
resonation correlations between 2-H and 4-H of C,,mimBr
revealed that the alkyl side chains of two C ,mim" have
interaction with each other.*’ In this work, the resonation
correlations marked with squares in Figure 9 suggest the
interaction between 1-H and 2-H, which are the tail end of the
alkyl side chains. There is no further intersection because there
stack three CD molecules (23.7 A) in the C;,mimDSN@34-
CD building block, and the dodecyl chains of the C;,mim" and
DSN™ are not long enough for further intersection.

On the basis of structure I, we have proposed the schematic
self-assembly mechanism of the formation of the vesicle and the
supramolecular hydrogel in Scheme 3. Because of the
electrostatic interaction, two building blocks will probably
form head-to-tail pairs, which can further grow into a lamellar
structure. At low C;,mimDSN@3p/-CD concentration, the
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Scheme 3. Mechanism of the Formation of the Vesicle and the Supramolecular Hydrogel by the C;,mimDSN@34-CD
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Figure 9. '"H—"H ROESY NMR spectrum of C;,mimDSN@34-CD (4
mM@12 mM) solution in D,0O at 400 MHz and T = 298 K.

lamellar structure spontaneously forms the spherical vesicle
(Scheme 3II). At the relative high concentration, the lamella
stacks layer-by-layer into hydrogel (Scheme 3III). The binding
force between hydrogel layers is believed to be the H-bonding
network comprising the C;,mim*, DSN~, and water molecules
involved in the gel framework. Around the medium
concentration, the solution turns out to be turbid at room
temperature. We think that the increase of concentration will
probably lead to a vesicle-to-hydrogel transition."® As shown in
Figure 3H, microsize sheets together with vesicles are observed
in the C;,mimDSN@34-CD (15 mM@45 mM) solution.
However, owing to the low concentration, the sheet structure
does not form a hydrogel but a precipitate instead.

Driving Force of Self-Assembly. Electrostatic Interac-
tion. In the self-assemblies, the electrostatic interaction may
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play a prominent role in maintaining the structure of the vesicle
and the hydrogel. To prove it, control experiments were
conducted to disturb the electrostatic interaction'® by adding
16 mM NaBr into C;,mimDSN@34-CD (4 mM@12 mM)
vesicle system and 60 mM NaBr into C;,mimDSN@3/-CD
(30 mM@90 mM) hydrogel system. It was found that the
vesicle amount was markedly decreased when the solution was
characterized by TEM method (see Figure S1 of the
Supporting Information), and the hydrogel disassembled into
a turbid emulsion because of the presence of NaBr (Scheme
S1). The inorganic ions in the solution shield the electrostatic
interaction between C;,mim* and DSN~ and thus hinder the
further self-assembly of the C;,mimDSN@3$-CD building
block. Besides, the decrease of vesicle amount and the
disassembly of hydrogel were also observed in the experiments
that other salts, e.g, NaCl, MgCl,, and AI(NO;),, were used
instead of NaBr. When 16 mM MgCl, or Al(NO,); was added
into the C;,mimDSN@34-CD (4 mM@12 mM) system, the
DLS results (Figure S2) show that only peaks around 1 nm
exist. The DLS results were plotted with relative number as
ordinate, so it turns out that #-CD inclusion complexes are the
main aggregate and few vesicles exist.

Hydrophobic Interaction between Alkyl Chains and -CD
Cavity. Moreover, we discuss herein the characteristic of both
C,,mimDSN and $-CD in the C;,mimDSN@3/-CD system by
substituting them with similar molecules, and the results are
listed in Table 1. In the corresponding C,mimDSN@3p-CD
systems, both vesicle and hydrogel were obtained in
C,,mimDSN@3-CD, C,,mimDSN@34-CD, and
CymimDSN@3p-CD solutions, while in CsqmimDSN@34-CD
solution, no self-assembly was found. The difference in the
length of the C,mim" alkyl chain should be the reason. The
length of the Cgmim* alkyl chain is too short to intersect with
DSNT; thus, no CqmimDSN@3/-CD building block can be
formed. This reflects the significance of the hydrophobic
interaction between the alkyl chains and the $-CD cavity to the
self-assembly. Besides, other kinds of CDs were also employed
instead of $-CD in the C;,mimDSN@3p-CD system. In the
corresponding @-CD and y-CD systems in Table 1, only
precipitation takes place. Their improper cavity sizes may
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Table 1. Formation of Vesicle and Hydrogel in Different
Systems”

vesicle hydrogel
CmimDSN@34-CD F F
C,mimDSN@34-CD F F
CemimDSN@34-CD F E
CmimDSN@34-CD N N
CTAB@p-CD* F N*
CTA-DSN@34-CD N N
C,,mimDSN@3DM-p-CD F F
C,mimDSN@3HP-4-CD N N
C,,mimDSN@3a-CD N N
C,mimDSN@3y-CD N N

“The formation of vesicle by the negative-staining TEM and FFTEM
methods. The concentration of the BAIL@3CD solution for the study
of vesicle is S mM; 1S mM, and that for the study of hydrogel is 40
mM; 120 mM. In CTAB@p-CD system, the concentrations are both
250 mM. F: formation; N: no formation. *Precipitation.

obstruct them from forming the intersection between the alkyl
chains; thus, the C;,minDSN@3CD building block cannot be
formed.

H-Bonding between Neighboring [(-CDs. We have
discussed above that the intermolecular H-bonding between
neighboring f-CDs as well as between f-CD and water
contributes a lot to the formation of the supramolecular
hydrogel. In addition, C;,mimDSN@3DM-$-CD system
formed vesicle and hydrogel, while precipitation took place in
C,mimDSN@3HP-3-CD system. In the secondary assembly
of B-CD nanotube, the H-bonding between the hydroxyl
groups of neighboring CDs was believed to contribute to the
formation of the nanotubular structure.’*® In our
C,mimDSN@3CD system here, the H-bonding should also
contribute to the stack of three CD molecules and the head-to-
tail binding of two building blocks. HP-$-CD is a kind of “H-
bond-poor” CD,'® and DM-$-CD can still form an H-bond.
The result here suggests that the H-bonding of CD contributes
to the formation of the self-assemblies.

Interaction between Imidazolium Headgroup and Water.
In the CTAB@p-CD (250 mM@250 mM) solution, it was
discovered that vesicle could be formed, whereas hydrogel
could not.* Comparing it with the C,,mimBr@p-CD self-
assembly system, we suggested that the imidazolium headgroup
of C;,mimBr plays an important role in the formation of the
hydrogel.*° It has been found before that the aromatic C—H on
the imidazolium group can easily form an H-bond with water
molecules.®” % Therefore, the H-bond network between the
imidazolium headgroup and the water molecule involved in the
hydrogel should contribute to forming the lamellar structure of
the hydrogel. However, in the CTA-DSN@3p-CD system, only
a white precipitate was obtained in either diluted or
concentrated solutions. In the diluted solution, the solubility
of CTA-DSN in the aqueous solution was measured to be less
than 0.1 mM, and the binding ability of #-CD to the CTA" and
DSN™ may be not strong enough to destroy the crystal lattice
of the CTA-DSN to form the building block; thus the CTA-
DSN precipitated. In the concentration system, compared with
the C;,mimDSN@3p-CD hydrogel in this work, there lacks the
H-bonding between the imidazolium headgroup of C,mim"
and water, so no hydrogel can be formed. These results
demonstrate that the H-bond interaction between the
imidazolium headgroup and the water molecules in the

1693

hydrogel is the driving force for self-assembly of the
C;,mimDSN@3p-CD hydrogel.

B CONCLUSIONS

On the basis of our previous study about C,,mimBr@pg-CD
supramolecular self-assembly system, we have synthesized a
new kind of BAIL C;,mimDSN and systematically investigated
the self-assembling behavior with S-CD in aqueous solution.
The vesicle and the supramolecular hydrogel are obtained in
the C;,mimDSN@3p-CD aqueous solution at different
concentrations. The building block for the supramolecular
self-assemblies is determined to be the C,,mimDSN@34-CD
complex, in which the alkyl chains of C;,mim* and DSN~
intersect with each other in the cavity of three f-CDs. We
propose a novel self-assembly mechanism that the building
block laterally binds head-to-tail with each other to form the
lamellae structure, which is apparently different from that of the
C,,mimBr@p-CD system.40 These results strongly suggest that
both the cation and anion of BAILs can self-assemble with f-
CD in the aqueous solution. By extending this self-assembly to
other BAIL@3CD systems, we find that the driving force for
the self-assembly includes the electronic interaction between
cation and anion of the C;;mimDSN, the hydrophobic
interaction between the alkyl chains of BAIL and f-CD cavity,
H-bonding between neighboring f-CDs, and the interaction
between imidazolium headgroup and water in the hydrogel.
This vesicle and supramolecular hydrogel system may be useful
in the field of biomedical applications and act as a template for
inorganic synthesis.
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