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ABSTRACT: Immobilization of lanthanide organic complexes
in meso-organized hybrid materials for luminescence applications
have attracted immense interest due to the possibility of
controlled segregation at the nanoscopic level for novel optical
properties. Aimed at enhancing the luminescence intensity and
stability of the hybrid materials in aqueous media, we developed
polyvinylpyrrolidone (PVP) stabilized, semiconducting polymer
(poly(9-vinylcarbazole), PVK) encapsulated mesoporous silica
hybrid particles grafted with Europium(III) complexes. Mono-
silylated β-diketonate ligands (1-(2-naphthoyl)-3,3,3-trifluoroa-
cetonate, NTA) were first co-condensed in the mesoporous silica
particles as pendent groups for bridging and anchoring the
lanthanide complexes, resulting in particles with an mean
diameter of ∼450 nm and a bimodal pore size distribution
centered at 3.5 and 5.3 nm. PVK was encapsulated on the resulted particles by a solvent-induced surface precipitation process, in
order to seal the mesopores and protect Europium ions from luminescence quenching by producing a hydrophobic environment.
The obtained polymer encapsulated MSN-EuLC@PVK-PVP particles exhibit significantly higher intrinsic quantum yield (ΦLn =
39%) and longer lifetime (τobs = 0.51 ms), as compared with those without polymer encapsulation. Most importantly, a high
luminescence stability was realized when MSN-EuLC@PVK-PVP particles were dispersed in various aqueous media, showing no
noticeable quenching effect. The beneficial features and positive attributes of both mesoporous silica and semiconducting
polymers as lanthanide-complex host were merged in a single hybrid carrier, opening up the possibility of using these hybrid
luminescent materials under complex aqueous conditions such as biological/physiological environments.
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■ INTRODUCTION

Lanthanide(III) complexes have attracted a tremendous
amount of research efforts due to their excellent luminescence
properties as optical probes/labels. They possess large Stokes’
shifts, long emission lifetimes (micro- to milliseconds range),
and well-defined narrow emission peaks, which allows for
discrimination against background autofluorescence associated
with commonly used organic fluorophores in chemical biology.
Research into lanthanide-doped organic−inorganic hybrid
materials emerged in the 1990s with the development of
interesting materials for advanced optical applications such as
fiber amplifiers and solid-state high-efficiency lasers.1−4

A rational design and a better control of the local structures
of these hybrid materials, as well as their degrees of
organization, are important issues, especially if tailored
photophysical properties are sought. The interest in using
mesoporous silica particles as the host for the hybrid materials

stems from the attractive properties of mesoscopically ordered
porous structures, such as high surface areas, tunable pore sizes,
large accessible pore volumes, and controlled segregation at the
nanoscopic level, which allow for the immobilization of a large
number of well-separated guest molecules per particle.5−7

Although still at the early stages of the development, they have
emerged as one of the most appealing host materials for organic
lanthanide complexes in the past decade.1 Moreover,
mesoporous silica derived hybrid materials exhibit great
potential in photonics, as they are transparent, have high
thermal stability, and substantial mechanical strength. Gen-
erally, covalent binding of the complexes to the silica host is
particularly attractive among various preparation strategies, and
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superior to physical impregnation techniques due to a low risk
of chelate release and cluster induced self-quenching.1,4 Hence,
many research efforts have been dedicated to the incorporation
of silylated anchoring ligands (i.e., β-diketones) on the
mesopore walls by the co-condensation method to achieve
high homogeneity and ascertain enough coupling amount of
the complexes.8−14 With these advantages notwithstanding, the
photoluminescence of these hybrid materials was studied in the
solid state, or as solutions in organic solvents in the past.
Additionally, challenges still remain in the fabrication of hybrid
particles with carefully controlled particle size and well-defined
particle morphology for applications in the fields of biolabeling
and bioimaging.
As lanthanide ions generally possess a coordination number

of nine, the widely used bidentate antenna ligands often lead to
hexa-coordinated trislanthanide complexes inside the meso-
porous silica host. Hence, the inner coordination sphere of
lanthanide ions is not fully saturated, which is completed by
coordination of some water or solvent molecules. To address
this challenge, some auxiliary neutral coligands with suitable
triplet energy levels, such as bipyridine,15 phenanthroline,10,14,16

and polymers,9,17 were extensively used in previous studies to
substitute these water or solvent molecules. Nevertheless, the
coordination bonds inside the lanthanide complexes are not
strong enough to prevent the luminescence change under the
influences from the environmental species, which is, however,
the design rationale of the biosensors, bioanalytics for ions or
molecules on the basis of lanthanide-doped organic−inorganic
hybrid materials.18−20 To develop imaging or diagnostics
probes, stable and long-term luminescence of lanthanide
complexes inside the host is typically preferred. In the field of
using polymers as the host materials, pioneering work on
polymer particles incorporated with lanthanide complexes has
demonstrated that hydrophobic polymers can efficiently
enwrap the complexes to achieve bright and stable
luminescence.21,22 There has also been considerable progress
in semiconducting polymer coated inorganic nanoparticles for
enhancing fluorescence brightness and photostability.23,24 It
may then appear a bit surprising that very few detailed studies
have been performed that aim at sealing the mesoporous
channels or encapsulate the host particle by strategies like
surface coating methods.
In light of the above-mentioned considerations, we herein

present a novel kind of hybrid material consisting of
semiconducting polymer encapsulated mesoporous silica
particles with conjugated Europium complexes. Emphasis is
first put on the preparation of hybrid mesoporous silica
particles with well-defined particle morphology by the co-
condensation route, as well as well-organized Europium
complex immobilization. Subsequently, our focus will be on
the encapsulation of these particles by semiconducting polymer
(poly(9-vinylcarbazole), PVK) to seal the mesopores and
protect the Europium complexes from quenching by the
hydrophilic species in the aqueous media. Detailed character-
ization of the photoluminescence properties of the as-prepared
materials is shown. The significant enhancement in photo-
luminescence achieved by polymer encapsulation is demon-
strated and highlighted. The potential of employing the as-
prepared hybrid particles for time-resolved microscopy imaging
is presented.

■ EXPERIMENTAL SECTION
Chemicals. Unless otherwise noted, all reagent-grade chemicals

were used as received, and Millipore water was used in the preparation
of all aqueous solutions. Polyvinylpyrrolidone (PVP, MW 90 000) was
purchased from ACROS. Cetylmethylammonium bromide (CTAB,
AR) was purchased from Fluka. Anhydrous tetrahydrofuran (THF),
anhydrous ethanol (AR), 2-propanol (AR), tetraethyl orthosilicate
(TEOS, AR), 3-chloropropyltrimethoxysilane (AR), NH4OH (30 wt
%, AR), 1-(2-naphthoyl)-3,3,3-trifluoroacetonate (NTA), sodium
hydride, EuCl3·6H2O, and poly(9-vinylcarbazole) were purchased
from Sigma.

Preparation of 1-(2-Naphthoyl)-3,3,3-trifluoroacetonate
(NTA) Derived Organosilane (NTA-Si). Monosilylated NTA
derivative (NTA-Si) was synthesized by reacting 3-chloropropyltrime-
thoxysilane with NTA according to the procedures published in the
previous studies. Subsequently, 0.167 mmol (44.3 mg) of NTA was
dissolved in 4 mL of anhydrous tetrahydrofuran (THF) under stirring.
Thereafter, 0.167 mmol (4 mg) of sodium hydride was added and the
mixture was stirred for 90 min at room temperature. Then, 0.167
mmol (31 μL) of 3-chloropropyltrimethoxysilane was added dropwise.
Thereafter, the mixture was heated to 65 °C and the reaction was
maintained by stirring under nitrogen atmosphere overnight. The
solvent was evaporated by using a rotary evaporator, and the product
was dissolved in diethyl ether. The resulting solution was evaporated,
leading to the yellow oil compound NTA-Si (C20H23F3O5Si, MW:
429). FT-IR (KBr, cm−1): 3104 νas(C−H); 2925 νas(CH2,CH3); 2857
νs(CH2,CH3); 1621 ν(C−O); 1561 ν(C−O, C−C); 1280 ν(CF3);
1244 ν(C−Si); 1191 and 1065 ρ(Si−O−CH3); 800 ν(Si−O); 470
δ(Si−O−Si). 1H NMR (δ ppm, CDCl3): 0.5−0.8 (m, 2H, CH2 (2));
1.7−1.9 (m, 2H, CH2 (3)); 3.3−3.5 (m, 2H, CH2 (4)); 3.68 (s, 9H,
CH3 (1)); 6.22 (t, 1H, CH (5)); 7.0−8.6 (m, 7H, naphthalenyl).

Synthesis of NTA-Si Modified Mesoporous Silica Nano-
particles (MSN-NTA). The MSN-NTA particles, where the organic
NTA ligands were incorporated in the inorganic silica matrix, were
prepared by the co-condensation procedure using TEOS and NTA-Si
as the silica source according to the modified protocol reported by
us.25 In a typical experimental procedure for MSN-NTA, first a mixed
solution was prepared by dissolving and heating CTAB (0.45 g) in a
mixture of water (150 mL) and ethylene glycol (18 mL) at 70 °C in a
flask reactor. Ammonium hydroxide (30 wt %, 2.5 mL) was introduced
to the system as a catalyst before TEOS (1.5 mL) and NTA-Si (in 2
mL ethanol) were added to initiate the reaction. The molar ratio used
in the synthesis was 1 TEOS:0.19 NTA-Si:0.18 CTAB:5.9 NH3:53.1 2-
propanol:1249 H2O. The reaction was allowed to proceed for 3 h at 70
°C. Then, the stirring was stopped and the as-synthesized colloidal
suspension was then aged at 70 °C for 24 h. After the suspension was
cooled to room temperature, the suspension was separated by
centrifugation (10000 rpm, 20 min).

The template removal for all as prepared MSN-NTA particles was
performed by a highly efficient ion-exchange method.26 The purified
nanoparticles were redispersed in a solution containing 60 mg of
ammonium nitrate in 20 mL of ethanol, and then the mixture was
stirred at 60 °C for 30 min. The procedure was repeated three times to
completely remove the surfactants. The final product was suspended in
ethanol for further use.

Synthesis of Eu Complexes Functionalized Mesoporous
Hybrid Material (MSN-EuLC). The preparation of MSN-EuLC was
carried out by anchoring of Eu3+ by MSN-NTA and subsequent
coordinating free NTA ligands to complete the coordination sphere of
Eu3+, according to the procedures described in the literature.13 In a
typical process, 50 mg of MSN-NTA was dispersed in an ethanol
solution of EuCl3·6H2O (7.7 mg in 10 mL, with a molar ratio of
Eu:NTA-Si being 1:1) under stirring. Then, 44 μL triethylamine was
added and the mixture was stirred for 2 h. Afterward, a NTA solution
in ethanol (11 mg in 1 mL, with a molar ratio of Eu:NTA being 1:2)
was added to complete the coordination sphere of Eu3+. The mixture
was stirred at room temperature for 10 h, and the obtained particles
were recovered by centrifugation (6000 rpm, 15 min) and washing
with ethanol. The final luminescent product was suspended in ethanol
for further use.
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Encapsulation of MSN-EuLC Particles with Semiconducting
Polymer. The encapsulation of MSN-EuLC particles with semi-
conducting PVK polymer was conducted according to a nano-
precipitation method21 with some modifications. Typically, 2 mg of
the as-prepared MSN-EuLC particles was mixed with 0.5 mL of PVK
solution in anhydrous THF (2 mg/mL). Then the mixture was added
dropwise to a polyvinylpyrrolidone (PVP) solution in anhydrous
ethanol (1 mg/mL, 2.5 mL) under sonication. During the addition and
sonication, the color of the suspension turned much whiter. Afterward,
the mixture was stirred for 2 h at room temperature. The as-obtained
particles (denoted as MSN-EuLC@PVK-PVP) were retrieved by
centrifugation (6000 rpm, 15 min) and washed with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH
7.2, 25 mM) three times to remove free polymers. Finally, the particles
were suspended in HEPES buffer for further use.
Particle Characterizations. Transmission electron microscopy

(TEM) images were obtained by a JEM 1400-Plus (JEOL, Japan)
instrument with a 120 kV acceleration voltage. Scanning electron
microscopy (SEM) measurements were performed with a Zeiss DSM
962 microscope operated at an accelerating voltage of 10.0 kV. X-ray
diffraction (XRD) measurements were performed using a Kratky

compact small-angle system (Hecus Braun, Austria) as described in
our previously published paper.27 The hydrodynamic size distributions
of the samples were measured using dynamic light scattering (DLS)
techniques by a Zetasizer Nano instrument (Malvern, UK) at 25 °C.
Nitrogen sorption isotherms were measured with a ASAP2010
analyzer (Micromeritcs, Norcross, GA, USA). The specific surface
areas were calculated by the Brunauer−Emmett−Teller (BET)
method28 in a linear relative pressure range between 0.05 and 0.25.
The pore size distributions were derived from the desorption branches
of the isotherms by the non localized density functional theory
(NLDFT) method29 using NLDFT kernel file developed for silica
exhibiting a cylindrical pore geometry. The Fourier transform infrared
(FT-IR) spectra were collected over the range of 4000−400 cm−1 on a
Spectrum 100 infrared spectrophotometer (PerkinElmer, Waltham,
MA, USA) using a KBr technique. Fluorescence spectra for the particle
suspensions were measured by a LS 50B fluorescence spectrometer
(PerkinElmer, Waltham, MA, USA). Thermogravimetric analysis
(TGA) was conducted with a TG 209 instrument (NETZSCH,
Exton, PA, USA). The materials were tested under an air atmosphere
from 30 to 900 °C at a heating rate of 10 °C/min. Luminescence

Figure 1. Schematic representation for the preparation of monosilylated NTA ligand (NTA-Si), MSN particles co-condensed with NTA-Si (MSN-
NTA), and Eu-ligand complex loaded MSN particles (MSN-EuLC).

Figure 2. Schematic representation for the formation of Eu-ligand complex loaded MSN particles (MSN-EuLC) and PVP stabilized PVK
encapsulated MSN-EuLC particles (MSN-EuLC@PVK-PVP). Solvent induced PVK precipitation on the surface of MSN-EuLC was carried out in
the mixture of THF and ethanol, facilitated by sonication. PVP was employed as a stabilizer in the synthesis in order to avoid particle aggregation in
solutions.
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lifetimes were measured at room temperature by using a Cary Eclipse
fluorescence spectrophotometer. The absolute luminescence quantum
yields (Φabs,%) were measured by a relative method designed for
lanthanide complexes, using 10 nM Eu3+ in the Wallac DELFIA
Enhancement Solution (molar absorption coefficient 37 500, quantum
yield 70%) as a standard.30 The luminescence decay curves obtained
during measuring the luminescence lifetimes were used to calculate the
quantum yield, in order to circumvent the influence of concentration
and particle scattering on the determination which was found in
emission-based calculations. The detailed calculation methods were
shown in the Supporting Information.
Time-Resolved Microscopy Imaging. Time-resolved micros-

copy images of particles were recorded using a time-resolved
fluorescence microscope prototype (Signifer, PerkinElmer Life
Science, Wallac Oy, Finland), a standard fluorescence microscope
(Nikon Eclipse E600, Tokyo, Japan) equipped with the attachment for
time-resolved fluorescence imaging, including a xenon flash lamp
(pulse length 10 μs; pulse energy, 0.1 J/pulse; frequency, 500 Hz), a
chopper, timing electronics and a cooled charge-coupled device
(CCD) camera (UltraPix TE3/A/S, EG&G Wallac, Turku, Fin-
land).31,32 The filter block used for imaging of Eu complexes contained
the following components: excitation filter, DUG11 (Schott
Glaswerke, Mainz, Germany); emission filter, 615/7.5 nm (BARR
Associates Inc., Westford, MA, USA); dichroic mirror, 400 DCLP
(Nikon Corp., Tokyo, Japan). The delay time and the gate time of the
time-resolved detection were 100 and 800 μs, respectively. The
integration time was 30 s. Particles from a stock solution of 0.2 mg/mL
(in HEPES buffer, pH 7.2) were dropped and dried on glass
microscope slides prior to microscopic examination.

■ RESULTS AND DISCUSSION

Characterization of MSN-NTA and MSN-EuLC. The
synthesis procedures for the silylated β-diketonate ligand
(NTA-Si), MSN particles co-condensed with NTA-Si (MSN-
NTA), and Europium complex loaded MSN particles (MSN-
EuLC) are shown in Figures 1 and 2. The employed 3-
chloropropyltrimethoxysilane reacts with NTA to produce a
hydrolyzable sol−gel precursor NTA-Si, which can be
introduced onto the surface of MSN by the co-condensation
method, and subsequently function as the pendent bridging
agent between the Europium complex and the inorganic
mesoporous silica host. The structure of the modified ligand
(NTA-Si) was confirmed by 1H NMR (CDCl3) and FT-IR
spectra (Figure S1 of the Supporting Information). The
hydrogen atom signal in the α-position of diketone is observed
at 6.22 ppm in 1H NMR, as expected for the methylene group
from the monosilylation on NTA.
Typical transmission electron microscopy (TEM) and

scanning electron microscopy (SEM) images of the as-
synthesized MSN-NTA particles are shown in Figure 3a,b. A
relatively uniform morphology of spherical particles was
observed, with a mean particle size of around 450 nm. The
TEM image clearly shows mesoporous channels with a number
of notable voids dispersed irregularly amid the mesoporous
framework. Thermogravimetric curve of MSN-NTA under an
air atmosphere (Figure 4a) shows a distinct wide stage of
weight loss from 150 to 800 °C (13 wt %), which should be
mainly resulted from the decomposition of organic matter. The
amount of monosilylated NTA (NTA-Si) in the material was
calculated to be around 0.42 mmol/g based on this weight loss.
In the FT-IR spectrum (Figure 4b), two peaks at 2925 and
2857 cm−1 originated from the methylene groups of NTA-Si
are observed in MSN-NTA material, which indicates that the
NTA groups were successfully anchored on the MSN surfaces
by the co-condensation method.

Nitrogen sorption analysis of MSN-NTA (Figure 4c)
displays a typical type-IV isotherm pattern with a sharp
capillary condensation step at relative pressures (P/P0) in the
range of 0.2−0.4, indicating that the material has one-
dimensional cylindrical mesopore channels with an pore size
distribution peak at 3.5 nm (Figure 4d inset). The specific
surface area and pore volume of MSN-NTA are determined to
be 915 m2/g and 0.67 cm3/g, respectively, as shown in Table 1.
In addition to the capillary condensation step at low P/P0, a
uncommon type-H4 hysteresis loop at P/P0 values between 0.4
and 0.9 was observed. This hysteresis revealed another peak at
5.3 nm in the pore size distribution curve. Taking into account
the voids observed in the TEM image, it is highly possible that
the hysteresis is associated with the effects of pore blocking
around the embedded slit-shaped voids in the mesoporous
framework of MSN-NTA material. Hence, the generated MSN-
NTA particles possess bimodal pore size distribution resulting
from the mixture of the pore structures. The mechanism for the
generation of void defects in the co-condensation approach is
complicated and it may differ from one case to the other,
depending on the type and concentration of organosilane in the
synthesis.33−36 In the case of NTA-Si, the aromatic rings and
the aliphatic chain render high hydrophobicity to the silane.
Considering the possible interaction between the cationic
headgroup of CTA+ and NTA by the π-cation interaction,37 the
incorporation of NTA silane in MCM-41 synthesis would lead
to the change of cylindrical micelles to more complex
aggregates, and in turn, results in the formation of the void
defects in MSN-NTA particles.
In the previous studies where silylated β-diketonate was used

to covalently immobilize lanthanide complex in the meso-
porous host, a postgrafting/functionalization strategy was
widely employed,1,3,38,39 whereas very few succeeded in
forming uniform hybrid nanoparticles by the co-condensation
method.13 Considering that a better segregation degree of the
ligand groups facilitates brighter luminescence in the host,3 the

Figure 3. TEM and SEM images of MSN-NTA particles (a and b),
and MSN-EuLC@PVK-PVP particles (c and d). Scale bar represents
200 nm.
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co-condensation approach is more advantageous. Herein, it is
worth mentioning the unique role of 2-propanol in the success
of our co-condensation synthesis. Although synthesis in the
presence of methanol or ethanol suffered from either irregular
particle morphology or low surface area and pore size (Figure
S2 of the Supporting Information), 2-propanol allowed the
formation of MSN-NTA with well-defined particle morphology
and pore structure. It is conceivable that a more thermodynami-
cally favored coassembly process was facilitated in the case of
lower polarity 2-propanol rather than in methanol or ethanol,
regarding the hydrophobicity and molecular structure of NTA-
Si.
By anchoring the Eu3+ by complexation with free NTA and

the co-condensed NTA-Si ligands, MSN-EuLC particles were
obtained. The TEM image of MSN-EuLC (Figure S3 of the
Supporting Information) indicates that the particle morphology
and mesostructures were intact after the complexation process.
A 19 wt % weight loss of MSN-EuLC from 150 to 800 °C in
the corresponding TGA curve corresponds to an increase of
0.22 mmol of NTA per gram of the material. If we assume that
each Eu3+ was coordinated by 3 NTA in MSN-EuLC,13 as
shown in Figure 1, there was 0.11 mmol of bound ligand
(NTA-Si) per gram of MSN-NTA accessible for the bridging of
Eu complex by the coordination of Eu3+ and free NTA ligand.
A substantial decrease in the nitrogen sorption amount of
MSN-EuLC reveals a significant drop of the surface area (to
472 m2/g) and the pore volume (to 0.36 cm3/g), which should

be attributed to the occupation of the pore space by the
anchored complexes. The intensity of the main peak of the
small angle XRD pattern (Figure 4d) becomes weaker after the
complexation step, arising from the decrease in the electron
density discrepancy between the silica pore wall and the pore
space. Characteristic stretching vibration of the enol tautomer
form of β-diketonate can be observed at 1621 cm−1 (νCO) and
1561 cm−1 (νCC) with fine and intense bands in the FT-IR
spectrum of MSN-EuLC (Figure 2b), further confirming the
coordination of the complexes in the MSN host.40,41

Notably, the complexation in the particles resulted in a
substantial decrease in the C-values derived from the BET
method (from 76 in the case of MSN-NTA to 32 in the case of
MSN-EuLC), which indicates a remarkable decrease in the
surface polarity originated from the increased amount of NTA
ligands in the particles.27,42 The increased surface hydro-
phobicity of the particles could facilitate the encapsulation of
particles by hydrophobic polymers in the next step.

Characterization of MSN-EuLC@PVK-PVP. MSN-EuLC
particles were encapsulated by semiconducting PVK by a
nanoprecipitation method23,43,44 in a THF/ethanol mixture
containing PVP polymers, as shown in Figure 2. PVK is
insoluble in high-polarity solvents such as ethanol. When the
mixed solution of PVK and MSN-EuLC particles in THF was
injected to the solution of PVP in ethanol, the sudden increase
in the ethanol/THF ratio led to the collapse of PVK polymer
chains and, in turn, the precipitation of PVK on the solid
surfaces of the particles.21 PVP was employed as a surfactant to
stabilize the obtained MSN-EuLC@PVK particles with hydro-
phobic surface.
Typical TEM and SEM images of the as-prepared MSN-

EuLC@PVK-PVP are shown in Figure 3c,d. It is noteworthy
that the open mesopore structures of MSN-EuLC@PVK-PVP
could not be identified, as revealed by the dramatically reduced
brightness in the particles from the TEM image. This implies
that the mesopores were blocked/sealed during the polymer

Figure 4. TGA curves (a), FT-IR spectra (b), nitrogen sorption isotherms (c), and small angle XRD patterns (d) of MSN-NTA (A), MSN-EuLC
(B), and MSN-EuLC@PVK-PVP (C). Inset of (d) is the corresponding pore size distributions deduced from the desorption branches of nitrogen
sorption isotherms.

Table 1. Textural Parameters of MSN-NTA, MSN-EuLC,
MSN-EuLC@PVK-PVP

SBET
(m2/g)

C-
value Vp (cm

3/g)
DNLDFT
(nm)

MSN-NTA 915 76 0.67 3.5, 5.3
MSN-Eu(NTA)3 472 32 0.36 3.3, 5.3
MSN-Eu(NTA)3@PL 50 97
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encapsulation process. A notable change in the particle
morphology and surface roughness can be identified in the
SEM image, indicative of the polymer coating. The BET surface
area decreased sharply to 50 m2/g, and the capillary
condensation of nitrogen from the mesopores disappeared in
the nitrogen sorption isotherm (Figure 4c,d). Additionally, the
peak in the small angle XRD pattern becomes negligible,
affirming that the mesopores were blocked by the polymer
coating. In contrast, no discernible differences can be observed
for the synthesis in the absence of PVK (MSN-EuLC with
physically adsorbed PVP), as revealed by the corresponding
TEM image (Figure S3 of the Supporting Information).
Therefore, it is confirmed that the nanoprecipitation process
successfully induced the encapsulation of PVK polymers on
MSN-EuLC particles. In the FT-IR spectrum, the organic
matter’s typical C−H stretching vibrations centered at 2925
and 2857 cm−1 were greatly enhanced (Figure 4b), which is in
good agreement with a weight loss of ∼50 wt % in the TGA
curve (Figure 4a). Moreover, the broad band centered at
around 3470−3450 cm−1, corresponding to the overlapping of
the O−H stretching bands of hydrogen-bonded water
molecules and SiO−H stretching of surface silanols hydro-
gen-bonded to water,45 significantly diminished in the case of
MSN-EuLC@PVK-PVP, possibly due to the increase in the
refractive index and/or the elimination of hydrogen-bonded
water by the polymer coating.
The success of PVK encapsulation on MSN-EuLC is most

likely related to the affinity between NTA and PVK originated
from the hydrophobic aromatic rings in their molecular
structures, because the π-conjugated structures of the semi-
conducting polymer can densely pack aromatic molecules by
π−π stacking and hydrophobic interactions.46−48 As the Eu3+

complex is water insoluble, uncharged, and has a low molecular
weight, it has similar physical properties to some hydrophobic
drugs.49 Already in an early report, Chiu and co-workers have
demonstrated that Eu complex can be easily doped in
semiconducting polymer dots formed by a similar nano-
precipitation process.21 We found that the MSN-EuLC particles
can only be readily dispersed in low-polarity organic solvents
with a peak at ∼450 nm in the hydrodynamic diameter
distribution determined by DLS (Figure S4 of the Supporting
Information). It was very hard to obtain a size distribution
curve in water due to a fast aggregation and sedimentation of
the sample. However, MSN-EuLC@PVK-PVP displays a
narrow peak (610 nm) in its hydrodynamic diameter
distribution, indicative of the successful stabilization of the
hybrid particles by PVP. Moreover, no MSN-free PVK particles
were found, as the result of heterogeneous nucleation is
energetically favored over the formation of new PVK dots
through the homogeneous nucleation.44 However, particle
agglomeration or MSN-free polymer particles was found when
the synthesis was performed at higher PVK concentrations
(Figure S5 of the Supporting Information), revealing the lack of
the controllability in polymer precipitation in the presence of
excessive PVK.
Photophysical Studies. The UV absorption spectra of

MSN-EuLC and MSN-EuLC@PVP-PVK in ethanol are shown
in Figure 5a. The maximum absorption band at ∼334 nm is
attributed to singlet−singlet π−π* enol absorption of the β-
diketonate. PVK encapsulation led to the rise of typical
absorption peaks of PVK at 294 and 345 nm. Figure 5b shows
the room-temperature excitation and emission spectra of MSN-
EuLC and MSN-EuLC@PVP-PVK in different solvents. The

excitation spectra of all materials exhibit a broad and intense
band between 200 and 400 nm, which is characteristic of the
“antenna effect”, i.e., the absorption in the NTA-Si ligand and
the energy transfer to the Eu3+ emitting levels.3 The
characteristic intra-4f6 Eu3+ transitions from the 5D0 to

7FJ (J
= 0−4) levels are identified as follows: 5D0 to

7F0 (581 nm),
5D0 to

7F1 (593 nm), 5D0 to
7F2 (615 nm), 5D0 to

7F3 (653
nm), 5D0 to 7F4 (697 nm). The transition of 5D0 to 7F2 is
purely electric dipolar, and its high intensity of the hyper-
sensitive transition means that the site occupied by the Eu3+ ion
is not centrosymmetrical and that the ligand field is strongly
polarizing.
The excitation maximum for MSN-EuLC is 378 nm in

ethanol and shifted to 342 nm in HEPES buffer (pH 7.2). A
new peak at a shorter wavelength of 302 nm was also found in
the absorption spectrum of MSN-EuLC in HEPES. Such water-
induced shifts are most likely due to the solvation interactions
between the polar groups (enol of the β-diketonate) bound to
the Eu center and water, which was found in lanthanide
complex systems.50 The interactions mainly depend on the high
polarity of water and hydrogen-bond, and may subsequently
cause changes in the π−π* state energy of the ligands and the
first coordination sphere of Eu center, as well as partial
decomposition of the complexes resulting in the release of free
ligands.51 Interestingly, there is another absorption peak at 346
nm for MSN-EuLC in HEPES buffer, revealing a red shift
compared with the spectrum in ethanol. The red shift is
possibly a consequence of solvent effects through the higher

Figure 5. (a) UV absorption spectra of MSN-EuLC in ethanol (A),
MSN-EuLC@PVK-PVP in HEPES buffer (B), and PVK in THF (C).
(b) Luminescence excitation and emission spectra of MSN-EuLC in
ethanol (A), MSN-EuLC in HEPES (pH 7.2, 25 mM) buffer (B), and
MSN-EuLC@PVK-PVP in HEPES buffer (C). The excitation spectra
were all collected by monitoring the strongest emission wavelength of
the Eu3+ ions at 615 nm. The same particle concentration of 0.1 mg/
mL was used in the measurements. The spectra were shifted for clarity.
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stabilization of the S1 excited state of the released NTA ligands
in a much more polar solvent like water.
The emission maximum at 615 nm for MSN-EuLC was

reduced by ∼2 times in HEPES buffer, as compared with that in
ethanol. These results are in agreement with the previous
studies.3,4 Water molecules can play a crucial role of quenching
oscillators if Europium centers are not protected against the
influence of the species in the environmental solution.3,4

However, after MSN-EuLC particles were encapsulated by
PVK, the emission maximum at 615 nm was increased by ∼2.5
times in HEPES buffer, in marked contrast to pure MSN-EuLC.
The enhancement is presumably related to the efficient
protection of Europium centers from vibronic quenching by
energy transfer to OH (i.e., nearby or coordinated water
molecules) in aqueous media.52−54 It has also been proven by a
recent study that a hydrophobic atmosphere inside nano-
particles can strip coordinating water molecules from the first
coordination sphere of the Eu(III) complex accumulated in
nanoparticles.54 In our particle system, it is the PVK polymer
shell that efficiently removes luminescence-quenching water
from the vicinity of the complexes by producing a hydrophobic
environment. As confirmed by nitrogen sorption, the
precipitated PVK polymers on the outer surface of MSN-
EuLC sealed the Europium complexes that are on the surfaces
of the mesopore walls. Besides, the emission peak of pure PVK
centered at 400 nm overlaps with the excitation spectrum of
NTA ligand (Figure S6 of the Supporting Information), which
made it possible for Föster resonance energy transfer (FRET)
to take place between the donor PVK and the acceptor Eu
complexes inside MSN-EuLC.21 However, a blue emission
band with a maximum at ∼400 nm is observed in the emission
spectrum of MSN-EuLC@PVK-PVP (curve C of Figure 5b),
indicating the presence of emission from PVK polymers in the
composite particles. Due to the confinement of Europium
complexes in the pore space and the proximity prerequisite of
FRET pairs, only the PVK polymers inside the mesopores or
close to the external silica surface can act as luminescence
donors for transferring the energy to NTA. Consequently, the
PVK molecules in the outer layer of MSN-EuLC@PVK-PVP
were left for individual fluorescence when excited.
The 5D0 lifetime values (τobs) of MSN-EuLC and MSN-

EuLC@PVK-PVP were determined from the corresponding
luminescence decay profiles (room temperature, Figure 6). All
of the decay curves were well reproduced by a single

exponential function, and the lifetimes listed in Table 2 were
obtained. The 5D0 excited-state lifetime of MSN-EuLC in

HEPES (0.28 ms) is shorter than that in ethanol (0.38 ms).
These low lifetime values are associated with the quenching by
OH group oscillators from the water molecules in the aqueous
media. The encapsulation of MSN-EuLC by PVK results in
stronger emission (Figure 6 inset) and longer luminescence
lifetime (0.51 ms). The other photoluminescence parameters,
including intensity ratio of the electric dipole transition to the
magnetic dipole transition (I02/I01), radiative (kr) and non-
radiative (knr) decay rates, radiative lifetime (τrad), intrinsic
quantum yield (ΦLn, %), absolute quantum yield (Φabs, %), and
the energy transfer efficiency (Φtrans, %) for MSN-EuLC in
ethanol, MSN-EuLC in HEPES buffer, and MSN-EuLC@PVK-
PVP in HEPES buffer, were calculated based on the emission
spectra parameters and τobs by using the methods described in
more detail elsewhere (see the Supporting Information), and
summarized in Table 2.
It is evident that MSN-EuLC@PVK-PVP in HEPES buffer

possesses the highest color purity (I02/I01 = 11), a large intrinsic
quantum yield of Eu3+ (39%), and a higher absolute quantum
yield (9.3%). For the color purity, it is well-known that the 5D0
to 7F2 transition is a typical electric-dipole transition whereas
the 5D0 to

7F1 transition corresponds to a characteristic parity-
allowed magnetic dipole transition.3 The I02/I01 ratio measures
the symmetry of the coordination sphere, and this ratio
provides valuable information about the chemical micro-
environment change of ligands coordinating the Eu3+ ion.
Compared to MSN-EuLC, the I02/I01 value of the MSN-
EuLC@PVK-PVP particles is the highest. This demonstrates
that the local symmetry changed upon encapsulating of MSN-
EuLC into PVK polymers and that a more asymmetric
environment was occupied by the Eu3+ ion, probably due to
the protection of the complexes against solvent influence, as
well as possible distortion of the symmetry around Eu3+ by
PVK polymers.22 Moreover, the nonradiative decay rate (knr),
which depends on the number of quenchers (especially water
molecules and ions) present inside the inner coordination
sphere of lanthanide ion, is significantly low (1.19 ms−1) for

Figure 6. Experimental luminescence decay profiles of MSN-EuLC in
ethanol, MSN-EuLC in HEPES buffer, and MSN-EuLC@PVK-PVP in
HEPES buffer HEPES (pH 7.2, 25 mM), monitored around 615 nm
and excited at their maximum emission wavelengths. The same particle
concentration of 0.1 mg/mL was used in the measurements.

Table 2. Intensity Ratio of the Electric Dipole Transition to
the Magnetic Dipole Transition (I(5D0 to

7F2)/I(
5D0 to

7F1),
I02/I01), Radiative (kr) and Nonradiative (knr) Decay Rates,
5D0 Lifetime (τobs), Radiative Lifetime (τrad), Intrinsic
Quantum Yield (ΦLn, %), Absolute Quantum Yield (Φabs,
%), and Energy Transfer Efficiency (Φtrans, %) for MSN-
EuLC in Ethanol, MSN-EuLC in HEPES Buffer, and MSN-
EuLC@PVK-PVP in HEPES Buffer (pH 7.2, 25 mM)a

MSN-EuLC in
ethanol

MSN-EuLC in
HEPES

MSN-EuLC@PVK-PVP
in HEPES

I02/I01 10 8 11
τobs (ms) 0.38 0.28 0.51
τrad (ms) 1.28 1.55 1.31
kr (ms−1) 0.78 0.65 0.76
knr
(ms−1)

1.86 2.87 1.19

ΦLn (%) 29 18 39
Φabs (%) 5.1 1.7 9.3
Φtrans
(%)

18 9.4 24

aThe related methods for calculating these parameters are listed in the
Supporting Information.
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MSN-EuLC@PVK-PVP, implying an increased excited state
population by minimizing nonradiative pathways. Owing to the
PVK encapsulation, vibration transition under the influences
from the environment is suppressed because of the protection
from the impermeable PVK layer. As a consequence, more
energy is transferred from the organic ligands to Eu3+ (Φtrans,
24%), leading to improvement of the photoluminescence.
Measurements of photoluminescence intensity in various

aqueous media were then conducted to investigate the stability
of Europium complexes in different particles. As shown in
Figure 7a, MSN-EuLC@PVK-PVP can emit intense lumines-

cence under UV radiation over a wide pH range of 4−9 without
significant reduction. In contrast, the luminescence intensity of
MSN-EuLC is the highest at neutral pH and decreased notably
in both acidic and basic conditions. This is in line with the
previous findings that the luminescence of lanthanide complex
in aqueous media can be reduced by ion quenching or
replacement.18,55 Further comparison of luminescence in
different biologically relevant aqueous media is shown in
Figure 7b. The quenching for MSN-EuLC in PBS buffer,
Dulbecco’s modified Eagle’s medium (DMEM) cell medium,
and DMEM in the presence of 10% FBS (fetal bovine serum)
was much more significant than that in pure water. Particularly,
in DMEM and DMEM in the presence of 10% FBS, the
luminescence intensity is extremely low, indicative of strong
quenching. Apparently, the stability of Europium complexes in
MSN-EuLC was not strong enough to prevent the particles
from quenching in complicated biological media containing

large amount of ions, solvents, proteins, etc. Conversely, PVK
encapsulated particles are superior in maintaining the
luminescence in different aqueous media. We then proceeded
to further check their photostability by continuous excitation of
the HEPES suspension of MSN-EuLC@PVK-PVP for up to 30
min. The photoluminescence was maintained, indicating high
photostability (Figure S7 of the Supporting Information).
The unique property of having a long luminescence lifetime

distinguishes Eu complex from other fluorophores emitting red
fluorescence. Typical time-resolved luminescent images of
MSN-EuLC particles and MSN-EuLC@PVK-PVP particles
are displayed in Figure 8. The Europium complexes could be

imaged with high signal and nonexistent background signal in
this time-resolved microscopy setup, because they emitted
photons after a delay time of 600 μs.31,32 Encouragingly, when
regions of a similar particle density were imaged, MSN-EuLC@
PVK-PVP particles show much higher luminescence brightness
and a high amount of uniform bright dots that could be seen as
individual particles, as well as some larger aggregates. This
demonstrated the high intrinsic quantum yield, long
luminescence lifetime of Eu3+, and high stability in the novel
composites. In contrast, the photoluminescent signal from
MSN-EuLC particles was nearly 1 order of magnitude weaker,
and most of the particles are hard to discern, leaving only large
aggregates visible.

■ CONCLUSIONS
This work presents the possibility of employing semiconducting
polymers to encapsulate lanthanide complex immobilized

Figure 7. Photoluminescence intensity comparison of (a) MSN-EuLC
(circle) and MSN-EuLC@PVK-PVP (square) at different pH values,
(b) MSN-EuLC (gray) and MSN-EuLC@PVK-PVP (dark) in
different biologically relevant media. Intensities were determined at
around 615 nm and excited at their maximum emission wavelengths.

Figure 8. Time-resolved luminescent images of MSN-EuLC particles
(a), and MSN-EuLC@PVK-PVP particles (b). The samples were
prepared on glass microscope slides by drying the corresponding
solutions in HEPES buffer HEPES (pH 7.2, 25 mM) with the same
particle concentration (0.1 mg/mL). The delay time (between the
termination of excitation illumination and start of luminescence signal
collection), the gate time (luminescence signal collection time after
one illumination pulse), and the integration time (total luminescence
signal collection time) for the measurements were 600, 800 μs, and 30
s, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5050218 | ACS Appl. Mater. Interfaces 2014, 6, 19064−1907419071



mesoporous hosts for bright and stable photoluminescence in
aqueous media. Luminescent Eu3+ complexes were covalently
immobilized in the ordered mesoporous silica particles by
bridging via the monosilylated NTA ligands (NTA-Si) co-
condensed in the silica network. Albeit with a bimodal pore size
distribution with two peaks at 3.5 and 5.3 nm, the prepared
MSN-NTA particles exhibit a high NTA-Si functionalization
degree (0.42 mmol/g), which was facilitated by using 2-
propanol as a cosolvent in the synthesis. The Europium
complexation was conducted on the as-obtained MSN-NTA
particles with an average diameter of ∼450 nm, followed by
encapsulation of hydrophobic semiconducting PVK polymers
through solvent induced surface precipitation. Stabilized by
PVP polymer, the final organic−inorganic composite material
(MSN-EuLC@PVK-PVP) possesses good dispersibility in
water. Investigations of luminescence properties show that
MSN-EuLC@PVK-PVP particles exhibit significantly higher
quantum yield (ΦLn = 39%, Φabs = 9.3%), and longer lifetime
(τobs = 0.51 ms), as compared with those without polymer
encapsulation. Most importantly, a high luminescence stability
was realized when MSN-EuLC@PVK-PVP particles were
dispersed in various aqueous media, showing no measurable
quenching effect. Thus, the PVK encapsulation efficiently
removes luminescence-quenching water from the vicinity of the
complexes by creating a hydrophobic environment. The
presented hybrid material may break through the current
limitations of applying lanthanide-doped hybrid organic−
inorganic materials in dry form for luminescent displays or in
simple aqueous solution for biosensors only. The results
presented here are thus a promising step in exploiting the
possibility of using mesoporous particles immobilized with
emitting lanthanide centers in complex aqueous environments
for possible applications such as time-resolved luminescent
imaging also under biological/physiological conditions.
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