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ABSTRACT: We report fabrication, characterization, and potential
applications of polyoxometalate (POM)/ionic liquid (IL) supramolecular
spheres in water for the first time. These supramolecular spheres have
highly ordered structures and show excellent reversible self-assembly and
tunable photoluminescence properties, which can be manipulated by
adjusting pH of the aqueous solution. Specifically, the formation of
POM/IL supramolecular spheres results in quenching of fluorescence
emitted by Eu-POM because hopping of the d1 electron in the POM
molecule is blocked by hydrogen bond existing between the oxygen atom
of POM and the carboxylic acid group of IL. However, the fluorescence
can be completely recovered by gradually increasing pH of the aqueous
solution due to the pH-induced deprotonation of the carboxylic acid
group of IL, which results in disassembly of the fabricated supramolecular
spheres. Applications of these stimuli-responsive photoluminescent
POM-based supramolecular materials are demonstrated in biological media. Dual signaling responses of turbidity and
fluorescence are observed simultaneously in the detection of urease and heavy metals based on pH-induced disassembly of the
supramolecular spheres during the biochemical events in aqueous solution. In addition, guest molecules are encapsulated into the
supramolecular spheres, and controlled release of these entrapped molecules is demonstrated in the presence of external stimuli.
This study shows potential of stimuli-responsive POM/IL supramolecular materials in biological applications.

1. INTRODUCTION

Supramolecular self-assembly is widely applied in rationally
designing varieties of multifunctional materials.1−5 Among
them, stimuli-responsive self-assemblies have drawn particular
attention due to feasibility of modulating structures, morphol-
ogies, and functions of these materials in the presence of
external stimuli.6−9 Polyoxomylatates (POMs) are typical
clusters of nanometer-sized transition metal oxide that are
emerging as useful materials for potential applications in diverse
fields such as catalysis, material science, and sensing, etc.10−14

They are always applied as anionic nanoscale building blocks
for construction of self-assembled nanostructured composites
or hybrid inorganic−organic materials.15−19 For example, Li et
al. demonstrated the fabrication of onion-like hybrid assemblies
based on surfactant-encapsulated clusters (SECs) of POMs in
organic solvents.20 Rickert et al. reported synthesis of the
POM-based ionic liquids (ILs) by partial replacement of
protons of POMs with cations of ILs.21

Although self-assembling of supramolecular materials with
different structures has been extensively investigated for
multifunctional applications,22−25 it is still quite attractive to
construct stimuli-responsive POM-based supramolecular mate-
rials with multiple functions such as reversible self-assembly and

well-controlled photoluminescence in aqueous solution, which
may expand the potential applications of these materials. In
particular, despite various studies involving POMs containing
lanthanides such as europium in the solid state or organic
media, practical applications of these materials remain limited
in biological media.26−28 Therefore, development of stimuli-
responsive POM-based supramolecular materials with en-
hanced photoluminescence in aqueous solution is highly
desirable for a wide range of biological applications such as
sensing and controlled drug release. Besides, POM clusters are
mainly employed as molecular catalysts or labels in sensing
applications.29−32 However, only a quite limited number of
analytes can be detected using these methods. Because of
diversity, rich structural variety, and unique properties, POM-
based supramolecular materials with stimuli-induced responses
may be a potent candidate for the sensing applications. Very
recently, Wei et al. demonstrated fabrication of specially
designed supramolecular chemosensors by using stimuli-
responsive POM-based supramolecular materials, which
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shows promise of these materials.33 But there is still a lack of
studies on the biochemical detection using stimuli-responsive
POM-based supramolecular materials.
Herein, we report fabrication and characterization of POM/

IL supramolecular spheres with highly ordered structures in
water directly with pH-reversible self-assembly behavior and
well-controlled photoluminescence responses and demonstrate
applications of these stimuli-responsive supramolecular materi-
als in biological environment. Noteworthy is that turbidity- and
fluorescence-based assays are applied simultaneously in the
study of biochemical interactions, which is attributed to pH-
induced disassembly of the supramolecular hybrids. In addition,
encapsulation and controlled release of guest molecules can be
fulfilled based on responses of the supramolecular spheres to
environmental changes. Our study provides a perspective for
designing and applying stimuli-responsive POM/IL supra-
molecular materials in biological applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Europoum nitrate hexanydrate (99%), sodium

tungstate dehydrate (99%), and urea (99%) were all purchased from
J&K Chemical Technology, China. Urease (100 KU) was bought from
Shanghai ZZBio CO., Ltd., of China. 1-Bromododecane (98%), 1-
methylimidazole (99%), 1-dodecylimidazole (99%), and bromoacetic
acid (99%) were purchased from Aladdin Chemistry Co., Ltd., of
China. Methyl orange (99%) and rhodamine 6G (99%) were
purchased from J&K Chemical Technology, China. The triply distilled
water was prepared by a SZ-97 automatic triple water distiller
(Shanghai YR BioChem CO., Ltd., China). All above reagents were
used without further purification.
2.2. Synthesis of [N-C12, N′-Im]Br. 1-Methylimidazole (0.1 mol)

and 1-bromododecane (0.12 mol) were dissolved in acetonitrile (50
mL), and the mixture was stirred at 75−80 °C under a nitrogen
atmosphere for 48 h. The solvent was removed by evaporation under
reduced pressure. The product (26 g, yield 78%) was purified by
recrystallization from ethyl acetate at least four times and then dried in

vacuo for 48 h. 1H NMR (CDCl3, δ/ppm): 0.75 (t, 3H, −CH3), 1.18−
1.29 (d, 18H, −(CH2)9CH3), 1.84 (t, 2H, −CH2(CH2)9CH3), 3.91 (s,
3H, −NCH3), 4.24 (t, 2H, −CH2(CH2)10CH3), 7.52 (m, 2H,
−NCHCHN−), 9.05 (s, 1H, −NCHN−).

2.3. Synthesis of [N-C12, N′-COOH-Im]Br. [N-C12, N′-COOH-
Im]Br was prepared according to previous literature.34 Briefly,
bromoacetic acid (86 mmol) was added to 50 mL of methanol
solution of 1-dodecylimidazole (95 mmol) under continuous stirring.
The mixture was refluxed at 70 °C for 6 h under the protection of
nitrogen. After removing excess methanol, the residue was recrystal-
lized five times by using the methanol/ether mixture to obtain [N-C12,
N′-COOH-Im] Br (20 g, yield 63%). 1H NMR (D2O, δ/ppm): δ =
8.80 (s, 1 H, CH), 7.46 (d, 1 H, CH), 7.46 (d, 1 H, CH), 4.88 (s, 2 H,
CH2), 4.18 (t, 2 H, CH2), 1.83 (m, 2 H, CH2), 1.27 (m, 18 H, CH2),
0.80 (t, 3 H, CH3). Calcd for [N-C12, N′-COOH-Im]Br: C, 69.40; H,
10.20; O, 10.88; N, 9.52. Found: C, 69.25; H, 10.78; O, 10.72; N, 9.25.

2.4. Preparation of Eu-POM/IL Supramolecular Spheres.
Na9EuW10O36·32H2O was prepared as described by Sugesta and
Yamase.35 Aqueous solutions of Eu-POM (5 mL, 0.5 mM) were
injected into [N-C12, N′-COOH-Im]Br (45 mL, 0.5 mM) under
ultrasonic state (40 kHz, 100 W) at room temperature. After 30 min,
the stable colloidal solutions were formed. Then, the products were
collected by a centrifuge and washed three times with water to remove
salts and possible precursors. The final products were dried under
vacuum at 55 °C for 24 h.

For supramolecular spheres encapsulated with methyl orange (MO)
molecules, the MO solution (2.5 mL, 10 M) was added to an aqueous
solution of Eu-POM (2.5 mL, 1 mM), and then the mixed solution
was injected to the [N-C12, N′-COOH-Im]Br solution (45 mL, 0.5
mM) to form the hybrid colloidal spheres.

For supramolecular spheres encapsulated with rhodamine 6G
(R6G) molecules, the R6G solution (2.5 mL, 5 M) was added to an
aqueous solution of [N-C12, N′-COOH-Im]Br (45 mL, 0.5 mM).
Subsequently, Eu-POM solution (2.5 mL, 1 mM) was injected to the
[N-C12, N′-COOH-Im]Br/R6G solution to form the hybrid colloidal
spheres.

2.5. Characterization of the Synthesized Supramolecular
Spheres. The 1H NMR spectra were recorded using a Bruker AV-300

Figure 1. Schematic principle of the pH-reversible self-assembly of Eu-POM/IL supramolecular spheres.
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NMR spectrometer with a pulse field gradient module (Z-axis) and a 5
mm sample tube. The instrument was operated at a frequency of
300.13 MHz at 25 °C with tetramethylsilane as an internal reference.
Deuterated dimethyl sulfoxide (DMSO) was selected as the solvent.
The elemental analysis measurements were performed on a Vario EL
III elementar analyzer (Elementar). The mass analysis data were
performed on Agilent 6510Q-TOF. The nanostructures were
characterized by transmission electron microscopy (TEM) (JEM-
100CX II (JEOL)). Luminescent measurements were performed on a
Hitachi F-4500 fluorescence spectrophotometer. 10 μL of the colloidal
solution was applied to a carbon-coated copper grid for 3 min after
removal of excess solution with filter paper. UV/vis spectra were
measured in a quartz cell (light path of 1 cm) by using a HP 8453E
instrument. Fourier transform IR (FTIR) spectra were recorded
between 4000 and 400 cm−1 by using a VERTEX-70/70v FTIR
spectrometer (Bruker Optics, Germany) on pressed thin KBr sample
disks. Small-angle X-ray scattering (SAXS) measurements were
performed using an Anton-paar SAX Sess mc2 system with a Ni-
filtered Cu Kα radiation (1.5406 Å) operated at 50 kV and 40 mA.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the Eu-POM/IL

Supramolecular Spheres. The Eu-POM/IL supramolecular
spheres were prepared by incubating an Eu-containing
polyoxomylatate, Na9EuW10O36·32H2O, with a COOH-func-
tionalized imidazolium-based IL, N-dodecyl-N′-carboxymethyl-
imidazolium bromide ([N-C12, N′-COOH-Im]Br) in water.
Figure 1 shows a schematic principle of the method. Eu-POM
and [N-C12, N′-COOH-Im]Br initially form IL-encapsulated
Eu-POM supramolecular complexes through electrostatic
interactions and H-bond in water. Subsequently, these
supramolecular complexes self-assemble into hybrid spheres
due to hydrophobic interactions between long hydrocarbon
chains of ILs decorated on the Eu-POM clusters. For the
COOH-functionalized IL, the carboxylic acid group deproto-
nates into the carboxylate anion in the aqueous alkaline
solution, inducing disassembly of the supramolecular spheres
due to electrostatic repulsions between Eu-POM and the
deprotonated IL. Therefore, reversible self-assembly of the
supramolecular spheres can be well-controlled by adjusting pH
of the aqueous solution. As shown in the TEM image (Figure
2a), the supramolecular spheres assembled by Eu-POM and IL
have a diameter of around 80−120 nm. Dynamic light
scattering (DLS) measurement indicates the average diameter
of these spheres is around 103 nm (Figure S1). Composition of
these spheres was investigated to understand how they were
formed in water. The elemental measurements indicate the
exact stoichiometry between Eu-POM and IL is 1:6. The FTIR
spectrum of Eu-POM exhibits four characteristic vibration
bands at 942, 845, 787, and 709 cm−1 (Figure 2b, top).36 It is
noted that these bands shift in the FTIR spectrum of Eu-POM/
IL hybrids (Figure 2b, bottom) due to electrostatic interactions
and hydrogen bond between the molecular blocking
components. In addition, the band corresponding to the
carbonyl stretching vibration increase from 1729 cm−1 (Figure
S2a) to 1739 cm−1 (Figure S2b) after formation of the hybrids,
implying existence of hydrogen bond between Eu-POM and
IL.37 Hydrophobic interactions are analyzed to further study
self-assembling behavior of Eu-POM and IL. Figure S2b shows
presence of the νas(CH2) and νs(CH2) bands at 2924 and 2852
cm−1, respectively, indicating the gauche conformer exists and
hydrocarbon chains of ILs are relatively disordered.27,38

The UV−vis absorption spectrum shows strong characteristic
peak of POMs at 203 nm (Figure S3a), corresponding to the O
→ W ligand-to-metal charge-transfer transition. For Eu-POM/

IL hybrids, the absorption peak red-shifted to 210 nm (Figure
S3b), which can be attributed to dense arrangement and
identical orientation of the hydrophobic chains of ILs. The
compact arrangements and identical orientation of the carbon
chains make the big π-conjugated bonds of Eu-POM overlap
partly. The big π-conjugated bond results in red-shift of
absorption.39 The SAXS diffractogram (Figure S4) demon-
strates one obvious scattering peak. The calculated interplanar
distance (d) is 3.83 nm. The energy minimized structures of
[N-C12, N′-COOH-Im]Br molecules at the B3LYP/6-31G(d,p)
level are shown in Figure S5a, which demonstrates that the
hydrophobic chain length of [N-C12, N′-COOH-Im]Br is 1.69
nm. The width of POMs is 0.80 nm (Figure S5b). Thus, the
theoretical layer spacing (dtheory) is 2.49 nm. Apparently, the
calculated interplanar distance (d) based on SAXS pattern is
larger than the theoretical layer spacing (dtheory) but less than
twice its value. It may be originated from the cross-bedding
stacking of [N-C12, N′-COOH-Im]Br molecules in the
theoretical calculation.

3.2. Reversible Stimuli-Responsive Self-Assembly and
Photoluminescence Properties. Responsiveness to various
external changes is a desirable feature for practical applications
of self-assembled nanostructures. We found that change of pH
could alter turbidity (Figure 3a) and fluorescence (Figure 3b)
of the aqueous solution using a pH meter. Turbidity of the
solution decreased with a progressive injection of NaOH (0.1
M). When pH was raised from 3.0 to 7.2, the solution became
transparent finally, accompanied by complete dissociation of

Figure 2. (a) TEM image of the Eu-POM-IL supramolecular spheres
self-assembled at room temperature in water. (b) FTIR spectra of Eu-
POM (top) and Eu-POM/[N-C12, N′-COOH-Im] hybrids (bottom).
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the supramolecular spheres. However, turbidity of the solution
was gradually restored after dropwise adding HCl (0.1 M). The
cloudy system could be rebuilt by alternating the pH from 7.2
to 3.0, which made it possible to the circulation of materials.
Additionally, the size of reassembled spheres was almost
unchanged during the pH-reversible process (Figure S6). It is
also interesting to observe that fluorescence of the supra-
molecular spheres could be well controlled by adjusting pH of
the aqueous solution (Figure S7). It was completely quenched
at pH 3.0 but was then recovered at pH 7.2. Eu-POM/IL
hybrids emitted red fluorescence when excited by UV light
mainly due to 5D0−7Fj (j = 0, 1, 2, 3, 4) transitions of Eu3+. The
corresponding bands were observed at 580, 590, 620, 655, and
690 nm, respectively (Figure S7).18 In addition, we found the
photoluminescent switching behavior of the supramolecular
spheres could also be reversibly modulated repeatedly between
pH 3.0 and 7.2 (Figure 3c).
It has been well studied that Eu-POM displays a strong red

emission due to intramolecular energy transfer from the POM
molecule to Eu3+.36,40 The process can be divided into three
steps. First, photoexcitation of the O → W ligand-to-metal
charge transfer (LMCT) bands causes the hopping of the d1
electron. Second, electron transfers from the O−W LMCT
excited state to the 5D0 emitting state of Eu3+. Third, the
electron originating from the 5D0 excited state relaxes to the 7Fj
ground state, which ultimately generates the fluorescence. In
our study, the fluorescence was quenched due to block of the
first step. The hydrogen bond existing between Eu-POM and
[N-C12, N′-COOH-Im]Br acts as a bridge between the oxygen
atom of POM and the carboxylic acid group of IL, which blocks
hopping of the d1 electron in the POM molecule (Figure 3d).
Therefore, no photoluminescence was observed due to block of
the electron transfer from POM to Eu3+. In addition, we also
conducted a control experiment by using [N-C12, N′-Im]Br
(Figure S8) to further study the effect of the carboxylic acid on
fluorescence responses of the complexes. The Eu-POM/[N-
C12, N′-Im] hybrid materials were prepared by incubating the

Eu-POM with [N-C12, N′-Im]Br in water (Figure S9). It was
observed that the Eu-POM/[N-C12, N′-Im] hybrids only
exhibited strong fluorescence emission without pH responses
due to lack of the carboxylic acid group in [N-C12, N′-Im]Br
(Figure S10). This also proves that the hydrogen bond between
the carboxylic acid group and Eu-POM is mainly responsible
for the fluorescence quenching of Eu-POM. When pH was
increased, the self-assembled supramolecular spheres disas-
sembled. Thus, photoluminescence was observed due to
disappearance of the hydrogen bond.

3.3. Potential Applications of the Stimuli-Responsive
Eu-POM/IL Supramolecular Spheres. Urease is an enzyme
that can hydrolyze urea into ammonia and carbon dioxide,
thereby increasing pH of the aqueous solution. Because of its
high stability and efficiency, it has been reported as a reporter
molecule for detection of human pathogens such as Helicobacter
pylori (Hp) and Escherichia coli (E. coli) based on pH changes
of the aqueous solution.41,42 In consideration of the sensitive
pH responses of the fabricated Eu-POM/IL supramolecular
spheres, we developed a simple and convenient approach with
dual responses of turbidimetric and fluorescent signaling for the
detection of urease. The aqueous solution containing Eu-
POM/IL supramolecular spheres and 50 mM urea did not
show obviously change when it was incubated for 0.5 h at room
temperature. However, it gradually changed from cloudy to
transparent within 1 min when a final concentration of 0.5 mg/
mL urease was added into the aqueous solution.
Further decreasing concentrations of urease extended the

time required for changing the solution from cloudy to
transparent until the concentration of urease reached as low as
0.0005 mg/mL (Figure 4a). As heavy metals such as Cu2+ can
block catalytic sites of urease,41 we also examined responses of
the system with Cu2+-inhibited urease (0.05 mg/mL). In
contrary to urease, decreasing concentrations of Cu2+ reduced
the time required for changing the aqueous solution from
cloudy to transparent, revealing the blocking effect of Cu2+

(Figure S11). Detection limit of the copper ions was around 0.5

Figure 3. Photographs showing reversible (a) turbidimetric and (b) fluorescent responses of the Eu-POM/IL supramolecular spheres between pH
3.0 and 7.2 in water at an excitation wavelength of 254 nm. (c) Plot of fluorescence intensity of Eu-POM/IL supramolecular spheres upon five cycles
of alternating pH between 3.0 and 7.2 at an excitation wavelength of 280 nm. (d) Mechanism for the pH-reversible fluorescence responses of the
POM/IL supramolecular spheres.
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μM. In addition, we measured fluorescence of the aqueous
solutions containing Eu-POM/IL supramolecular spheres after
incubating different concentrations of urease (Figure 4b).
Fluorescence intensities increased with raising concentrations
of urease due to disassembly of the supramolecular spheres,
consistent with the turbidity assay. These results suggest Eu-
POM/IL supramolecular spheres could be applied in sensing
applications based on the pH-induced turbidimetric and
fluorescent responses.
In view of the reversible self-assembly behavior of the

photoluminescent supramolecular spheres, we also studied
feasibility of exploiting these supramolecular materials as
carriers for controlled drug release by using methyl orange
(MO) as a model molecule. The confocal laser scanning
microscopy (CLSM) image shows the MO molecules could be
incorporated into the supramolecular spheres as guests (Figure
5a). Addition of these supramolecular spheres into an aqueous
solution of 0.5 mg/mL urease and 50 mM urea induced
disassembly of the supramolecular spheres, leading to release of
the entrapped dye molecules (Figure 5b). Similar results were
also observed using the supramolecular spheres encapsulated
with Rhodamine 6G (R6G) (Figure S12). These results suggest

Eu-POM/IL hybrids can also be applied as carriers for the
study of controlled drug release, which is an important feature
for potential in vivo applications.

4. CONCLUSIONS

In summary, this study demonstrates fabrication, character-
ization, and potential applications of stimuli-responsive Eu-
POM/IL supramolecular spheres exhibiting excellent pH-
reversible self-assembly and adjustable photoluminescent
properties in aqueous solution. Electrostatic interactions,
hydrogen bond, and hydrophobic interactions are the main
driving forces for the formation of these supramolecular spheres
with highly ordered structures. Noteworthy is that turbidimetric
and fluorescent assays were applied simultaneously in the study
of biochemical interactions. In addition, controlled release of
the encapsulated guest molecules from the supramolecular
spheres was fulfilled in the presence of external stimuli. This
study reveals potential of stimuli-responsive Eu-POM/IL
supramolecular materials in biological applications.
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Figure 4. (a) Photographs showing turbidimetric changes of the
POM/IL supramolecular spheres in aqueous phase upon addition of
different concentrations of urease in the presence of 50 mM urea. (b)
Fluorescence intensities of the Eu-POM/IL supramolecular spheres in
aqueous solution of 50 mM urea upon incubation of different
concentrations of urease for 30 min.

Figure 5. CLSM images of (a) the supramolecular sphere
encapsulated with MO molecules and (b) trapped dye molecules
released in the aqueous solution of 0.5 mg/mL urease and 50 mM urea
within 5 min at an excitation wavelength of 380 nm.
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