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Polyoxometalates (POMs), a type of giant transition metal
oxide clusters on the nanoscale, are emerging as useful
materials with unique catalytic, electrooptical, and biological
properties.[1, 2] Lanthanide-containing POMs elements show
excellent photoluminescent properties with narrow emission
bands, large Stokes shift, long lifetime, and tunable emission,
i.e., their long emission timescale (micro- to milliseconds)
also allows autofluorescence from the biological samples to
be removed by time-gating the emission decay.[3] Therefore
they are attractive for labeling and imaging of biological
molecules.

In spite of their intriguing functionality, practical POM-
based materials are quite scarce because of their inherent
limitations, that is, poor processability in the solid state and
weakened functionality in solution. For example, the Eu-
containing POM Na9EuW10O36·32H2O displays only weak
photoluminescence in water in comparison to the solid state
due to fluorescence quenching by water molecules.[3] There-
fore, the development of supramolecular methodologies to
protect and utilize POMs is important for application of
POMs. Polymers are ideal protective matrices for this
purpose, into which POMs were incorporated to fabricate
supramolecular assemblies for improved processability and
enhanced functionality. Besides the widely used layer-by-
layer assembly of POMs with polyelectrolytes for functional
thin films, polymerizable surfactants and amphiphilic block
copolymers have been used to organize POMs into stable
supramolecular assemblies in organic solution.[4–6] As far as
we know, there are still no reports on the emission enhance-
ment of lanthanide-containing POMs in aqueous solutions
through supramolecular assembly strategies.

Herein we report a straightforward procedure to fabricate
hybrid assemblies of lanthanide-containing POMs with block
copolymers in aqueous solution. Core–shell nanostructured

organic–inorganic hybrid materials were produced by direct
mixing of Na9EuW10O36·32 H2O (Eu-POM) with double-
hydrophilic neutral–cationic block copolymer poly(ethylene
oxide-b-N,N-dimethylaminoethyl methacrylate) (PEO-b-
PDMAEMA) in aqueous solution (Scheme 1). Neither

PEO-b-PDMAEMA (pH 6.0 at a concentration of
4.42 mg mL�1) nor Eu-POM is capable of self-assembling
into nanostructures before mixing. On mixing, core–shell
micellization is driven by the electrostatic interaction
between the cationic PDMAEMA segment and the anionic
Eu-POM. The micellar core is composed of the electrostatic
hybrid complex, stabilized by the neutral PEO segments as
the shell. These kinds of core–shell micelles have been coined
“complex coacervate core micelles” (C3Ms).[7] The C3Ms are
suitable carrier and reactor systems in bioinspired fields such
as drug and gene delivery, controlled release, and biosensors,
due to their high structural stability, chemical diversity,
stimulus sensitivity, and site-recognition properties.[8–10]

In the present work, the hybrid C3M was prepared by
titration of the block copolymer into a solution of Eu-POM.
Formation of nano-assemblies of the hybrid complex was
tracked by light scattering. The initial scattered intensity of
the Eu-POM solution at a scattering angle of 908 was 7.9 kcps,
slightly larger than that of water (4.1 kcps). The pH value of
the as-obtained block copolymer at a concentration of
4.42 mg mL�1 of 6.0 reflects complete protonation of the
NH2 groups. When the block copolymer is added to the Eu-
POM solution, the charge ratio g+ is defined as the fraction of
the positive charge to total charges (g+ = C+/(C++C�), where
C+ and C� denote the molar concentrations of the positive
and negative charges, respectively). Changes in scattered
intensity at three scattering angles and the hydrodynamic

Scheme 1. Representative structures of double-hydrophilic neutral–cat-
ionic block copolymer PEO114-b-PDMEAMA16 and anionic polyoxometa-
late Na9EuW10O36·32H2O and core–shell nanostructures of their com-
plex in water.
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radius at zero angle (Rh,0) as a function of g+ during the
titration are summarized in Figure 1. The ever-increasing
scattered intensity indicates formation of the complex of Eu-
POM with cationic PDMAEMA segments of the block
copolymer. The scattered intensity reaches a maximum value
of 448.9 kcps at g+ = 0.35. The Rh values of assemblies at
different scattering angles are angle-dependent, and thus
extrapolation was done to estimate Rh,0 at zero angle. During
this stage, the average value of Rh,0 also increased from 54.5�
1.6 nm to 76.3� 2.3 nm. Afterwards, the intensity and Rh

value decrease again. Interestingly, results from static light
scattering show that the Rg value is very close to Rh,0 at various
g+. For example, when g+ = 0.5, Rg� 78.3� 4 nm is very close
to Rh,0� 81.8� 2.4 nm, which illustrates that a hollow struc-
ture of the C3M was formed. The Rh,0 value clearly decreased,
to 56.5� 1.7 nm at g+� 0.8, as did the intensity. It is known
that the extent of complexation of C3M is highly dependent
on the charge ratio of oppositely charged species, and it
generally reaches a maximum at a stoichiometric condition of
g+� 0.5.[7, 11] In the present work, a bias of g+� 0.35 against
isoelectric conditions reflects that the hollow assemblies are
negatively overcharged. Noteworthily, the distribution of Rh,90

also become broader, owing to the contribution of large
particles with Rh,90 greater than 1 mm.(see Supporting Infor-
mation Figure S1) After g+ reaches 0.85, the intensity at three
scattering angles and Rh,0 tend to increase again, but we could
not obtain more reasonable information for g+> 0.85,
because large aggregates other than vesicles appeared and
are not stable and strongly tend to precipitate during the short
time period of the experiment.

Further proof for the formation of large assemblies during
the whole titration process was obtained by TEM (Figure 2).

For samples with g+� 0.3–0.7, vesicles with an average
diameter of about 200 nm were observed, which is in good
agreement with the hollow structure revealed by the light-
scattering experiments. When g+ is above 0.85, large aggre-
gates, namely, nanobelts with an average diameter of 100 nm
and length of several micrometers, were observed. Such large
nanobelts have a strong tendency to precipitate from aqueous
solution, and thus were practically beyond observation by
light scattering.

The emission spectra of C3M in aqueous solutions at
various g+ are shown in Figure 3. The absorption bands of
POM complexes are similar to those of the pure POM and
only became slightly stronger (Supporting Information Fig-
ure S3). All excitation wavelengths were 280 nm, correspond-
ing to intramolecular energy transfer from the ligand-to-metal
charge transfer (LMCT) band of O!W to the photolumi-
nescent Eu3+ core.[12–14] The emission spectrum of discrete Eu-
POM in aqueous solution displays all characteristic transi-
tions of Eu3+ (5D0!7Fj, j = 0,1,2,3,4), as indicated in Figure 3.
As the block copolymer was added to the POM solution, the
emission intensity increased dramatically, whereas the emis-
sion bands remained constant. At g+� 0.6, the intensity of
5D0!7F2 transition band I(5D0!7F2) is about 21 times that of the
discrete Eu-POM solution. The quantum yields of all complex
solutions, determined by the relative method also increase
about 20-fold, from 0.0051 to 0.1098. (Table 1) The emission
of Eu3+ is highly dependent on its coordinated water, due to
radiationless deactivation of the 5D0 excited state through
weak coupling with the vibrational states of high-frequency
OH oscillators of water ligands.[12] Therefore, the remarkably
enhanced emission of Eu3+ illustrates that Eu-POM is located
in a relatively hydrophobic environment where the cationic

Figure 1. Plots of changes in excessive scattered intensity of POM
solution during titration of block copolymer solution as a function of
charge ratio g+ (top; kcps =kilocounts per second) and Rh,0 extra-
polated from the Rh values at scattering angles of 90, 60, and 408 as
a function of the charge ratio g+ (bottom).

Figure 2. TEM images of POM–block copolymer complex at g+ =0.4
(top) and g+ = 0.85(bottom).
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PDMAEMA segments of the block copolymer have strong
enough affinity to the anionic Eu-POM to replace water
ligands through electrostatic interaction. Additionally, the
hydrophobicity of the exterior PDMAEMA main chain may
further prevent water molecules rebinding to Eu-POM.

The ratio of the integral intensity of 5D0!7F2 to 5D0!7F1

(I(5D0!7F2)/I(5D0!7F1)) is often used to evaluate the degree of
variation of Eu3+ symmetry in different environments. As
shown in Table 1, in the initial stage before g+� 0.3, I(5D0!7F2)/
I(5D0!7F1) increased from 2.179 to 3.519, indicative of
decreased symmetry of the microenvironment around
Eu3+.[15] It is known that the EuW10O36

9� anion in initial
aqueous solution coordinates with four water molecules and
has C4v symmetry.[13] As the block copolymer chains complex
with the EuW10O36

9� anion, the water molecules may be
released and lead to a lower symmetry of Eu species.
Afterwards, a decrease of I(5D0!7F2)/I(5D0!7F1) beyond g+� 0.4
reflects increased symmetry of the microenvironment around
Eu3+, which could be attributed to the fact that PDMEAMA

segments have completely replaced water and Eu-POM
molecules are located in the relatively homogenously dis-
tributed polymer matrix in the core.

The above hypothesis was further confirmed by the time-
resolved emission. The lifetimes are summarized in Table 1.
There was only one lifetime of about 0.240 ms for Eu-POM at
a concentration of 0.1 mgmL�1.[13] As long as the nonemissive
block copolymer was added to the solution, double-exponen-
tial decays were present in all complex solutions (see
Supporting Information Figure S2). At g+ = 0.1, besides the
first lifetime t1 of discrete Eu-POM, a second lifetime t2

� 1.639 ms appeared, which may be attributed to the complex
of Eu-POM and block copolymer. The double-exponential
intensity decay I(t) can be expressed by Equation (1)

IðtÞ ¼ I1e�t=t1 þ I2e�t=t2 ð1Þ

ai ¼
Ii

I1 þ I2
ð2Þ

where the pre-exponential factors ai (i = 1, 2) represent the
fraction of the fluorophore in each environment for the same
fluorophore in different environments.[16] As shown in
Table 1, t1 increases from 0.240 to 1.391 ms with g+ during
the whole titration process, whereas t2 also increases with g+

until g+ reaches 0.4 and then remains almost constant at about
3.1 ms. The comparable value of t2 to that of Eu-POM in the
solid state (2.9 ms)[17] suggests that it may be attributable to
Eu-POM located in the very dense core of assemblies. The
quantity t1 may be attributed to the single Eu-POM molecules
and the increased decay time is due to replacement of the
water ligands of Eu3+ by the block copolymer.

On the basis of the results of the fluorescence experiments
and light scattering, a tentative mechanism of assembly during
the titration process is proposed (Scheme 2). In the initial
stage, Eu-POM associates with the PDMAEMA blocks

through electrostatic attraction to form a loose intermediate
structure (the nucleus); an equilibrium exists between the
discrete Eu-POM and the nucleus. Afterwards the nuclei
grow larger as more block copolymers are involved with
increasing g+ value, accompanied by consumption of the
single Eu-POM molecules. When the concentration of nuclei

Figure 3. Emission spectra of Eu-POM and the block copolymer
complex as a function of the positive charge ratio g+ at an excitation
wavelength of 280 nm. The photograph of a series of complex
solutions at the bottom was taken at an excitation wavelength of
254 nm.

Table 1: Summary of I(5D0-7F2)/I(5D0-7F1), lifetimes t1 and t2, fractions of
fluorophores a1 and a2, and quantum yield h, at various charge ratios g+.

Sample g+ I(D0!F2)/I(D0!F1) t1 [ms] t2 [ms] a1 a2 h

Eu-POM – 2.179 0.240 – 1 0 0.0051
C3M 0.1 2.982 0.243 1.639 0.989 0.011 0.0126
C3M 0.2 2.576 0.267 1.806 0.942 0.058 0.0418
C3M 0.3 3.519 0.451 2.269 0.747 0.253 0.0521
C3M 0.4 2.598 0.675 3.018 0.710 0.290 0.0883
C3M 0.5 2.170 0.768 3.200 0.625 0.375 0.0948
C3M 0.6 1.638 0.897 3.213 0.478 0.522 0.1098
C3M 0.7 1.554 1.169 3.140 0.345 0.655 0.1165
C3M 0.8 1.180 1.391 3.162 0.293 0.707 0.0988
C3M 0.9 1.154 – 2.649 – 1 0.1064

Scheme 2. Proposed tentative mechanism of self-assembly. The green
particles stand for Eu-POM; the blue and red lines represent PEO and
PDMEAMA blocks, respectively.
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exceeds a certain value, they tend to assemble into bilayer
vesicles with a relatively dense interior core of PMDEAMA-
POM complexes and an exterior shell of PEO blocks. While
the amount and size of vesicles changes in the assembly stage
of g+ = 0.2–0.8, two Eu-containing species—one in the dense
vesicles and the other in the loose nuclei—coexist in the
solution. Finally, the nucleus has a structure in which one Eu-
POM molecule is surrounded by a few block copolymer
chains, and the dense nanostructures gradually evolve into
nanosheets. The transition from vesicles to nanosheets may be
due to a decrease in the interfacial energy of the nano-
structure, that is, the core of Eu-POM-PDMAEMA became
less hydrophobic while the content of hydrophilic PEO
increased. Such a subtle balance of hydrophilic shell and
hydrophobic core leads to formation of nanosheets.

The complexes are sensitive to ionic strength, as shown in
Figure 4. With increasing addition of NaCl to the solution, the
light scattering intensity continually decreased, as did Rh.

Meanwhile, the emission intensity became weaker and the
two lifetimes became shorter. The above results show that an
increase in ionic strengths induces dissociation of the
assemblies. The added small ions would bind individually to
POM or PDMAEMA species, and weaken the electrostatic
attraction between POM and PDMAEMA.

In summary, facile fabrication of core–shell nanostruc-
tures of a photoluminescent Eu-containing POM with double-
hydrophilic neutral–cationic block copolymer PEO114-b-

PDMAEMA16 in aqueous solution has been achieved through
electrostatic interaction. The emission of Eu-POM was
enhanced as much as 20 times through complexation with
the cationic block PDMAEMA. The procedure is environ-
mentally friendly, and biocompatibility is enhanced due to the
absence of trace impurities from preparation protocols
involving organic solvents. Such a self-assembly route
endows the Eu-POM fluorescent materials with potential
biomedical applications as stimuli-responsive carriers for
bioimaging and biodetection. Applying this simple assembly
method to other POMs would expand their field of applica-
tion. Future work will focus on exploring POM hybrids with
catalytic, magnetic, and electrooptical functionality.

Experimental Section
Na9EuW10O36·32H2O was prepared as describe by Yamase.[12] An
appropriate amount of Na9EuW10O36·32H2O was dissolved in water
to make a solution with a concentration of 0.1 mgmL�1. Block
copolymer PEO114-b-PDMAEMA16 (PDI = 1.2) was purchased from
Polymer Source, Canada, and used as obtained. PEO114-b-
PDMAEMA16 in aqueous solution was added dropwise to the
Na9EuW10O36 solution to prepare complex solutions with various
charge ratios. For laser light scattering measurements, the polymer
solution and the POM solution were separately filtered directly into
dust-free light-scattering cells through filters with 0.2 mm pore size.
Afterwards, the block polymer solution was added dropwise to the
POM solution by using a Hamilton microsyringe, and each increment
of the charge ratio g was about 0.05. After addition of the block
copolymer solution, the POM solutions were slightly shaken and
allowed to sit at 25 8C for at least 20 min to reach equilibrium, which
was evaluated by the time dependence of the scattered intensity. The
whole titration process was monitored by laser light scattering. A
commercial laser light scattering spectrometer (Brookhaven Inc,
Holtsville, NY) equipped with a BI-200SM goniometer and a BI-
TurboCorr digital correlator was used to perform both static light
scattering (SLS) and dynamic light scattering (DLS) over a scattering
angle range of 20 to 1508. A 100 mW vertically polarized solid-state
laser (GNI, Changchun, China) operating at 532 nm was used as light
source. The intensity–intensity time-correlation function was ana-
lyzed by the COTIN method. In SLS, The excess scattered intensities
of the complex solution were collected by deduction of scattered
intensities of the block copolymer. The angular dependence of the
excess absolute time-averaged scattering intensity was measured. The
principle of laser light scattering was presented in previous publica-
tions.[18]

Photoluminescence measurements were performed on an FLS
920 Steady State & Time-resolved Fluorescence Spectrometer
(Edinburgh Instruments Ltd.). The complex solutions were prepared
by the same titration procedure as for the light scattering experi-
ments. The quantum yields of the complex solution were determined
by the relative method with tryptophan as standard, excited at
280 nm.

TEM images were obtained on a JEM-100CXTEM instrument
operating at an acceleration voltage of 100 kV. A drop of sample
solution was mixed with a drop of 2% (w/v) aqueous solution of
uranyl acetate. The mixture was deposited onto a carbon-coated
copper EM grid for a few minutes. Excess solution was blotted away
with a strip of filter paper, and the sample grid was dried in air.
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Figure 4. Changes of the scattered intensity and fluorescent intensity
as a function of NaCl concentration.
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