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Hollow Spheres as Efficient Luminescent Materials and Smart Drug Carriers
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Abstract: Highly uniform and well-dis-
persed CaF, hollow spheres with tuna-
ble particle size (300-930 nm) have
been synthesized by a facile hydrother-
mal process. Their shells are composed
of numerous nanocrystals (about 40 nm
in diameter). The morphology and size
of the CaF, products are strongly de-
pendent on experimental parameters
such as reaction time, pH value, and or-
ganic additives. The size of the CaF,
hollow spheres can be controlled from
300 to 930 nm by adjusting the pH

(av 24.6nm) exist in these hollow
spheres. In addition, Ce**/Tb**-codop-
ed CaF, hollow spheres can be pre-
pared similarly, and show efficient
energy transfer from Ce’* to Tb** and
strong green photoluminescence of
Tb** (541 nm, °D,—’F; transition of
Tb**, the highest quantum efficiency
reaches 77%). The monodisperse
CaF,:Ce*"/Tb*" hollow spheres also
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have desirable properties as drug carri-
ers. Ibuprofen-loaded CaF,:Ce’*/Tb**
samples still show green luminescence
of Tb>* under UV irradiation, and the
emission intensity of Tb** in the drug-
carrier system varies with the released
amount of ibuprofen, so that drug re-
lease can be easily tracked and moni-
tored by means of the change in lumi-
nescence intensity. The formation
mechanism and luminescent and drug-
release properties were studied in
detail.

value. Nitrogen adsorption—desorption
measurements suggest that mesopores

Introduction

Hollow micro- and nanostructures have attracted considera-
ble attention because of their unique properties (e.g.,
porous shell, low density, high surface-to-volume ratio, low
coefficients of thermal expansion, and low refractive index)
and widespread applications in drug-delivery carriers, effi-
cient catalysis, sensors, active-material encapsulation, pho-
tonic crystals, and so on.'®! Various fabrication procedures
for hollow structures have been developed. The general
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strategy for the synthesis of hollow spheres is a template-as-
sisted process in which coating of templates with nanocrys-
tals is followed by removal of the template, which can be
hard (e.g., silica,™' polymer latex spheres,''? carbon
spheres,”*' and metal nanoparticles)™>'l or soft (e.g.,
emulsion droplets and/or micelles,"" liquid drops,®! vesi-
cles,™ and even gas bubbles™). In some case, the yields of
hollow products obtained by template-assisted approaches
are low, or the shells are not intact, which might lead to
poor mechanical performance. Moreover, these methods
tend to be rather complicated, with the obvious drawback
that the removal process often compromises the structural
integrity of the final products and limits the practical appli-
cations.” Therefore, it is still highly desirable to develop a
facile one-step, mild, and cheap synthetic approaches to uni-
form inorganic hollow structures with defined shape, size,
and composition.

Solid fluoride materials have attracted much attention
due to their uncommon properties, such as low-energy pho-
nons, high ionicity, electron-acceptor behavior, high resistivi-
ty, and anionic conductivity.>?"! These properties lead to a
wide range of potential optical applications in optics, biolog-
ical labels, and lenses,”™*) as well as components of insula-
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tors, gate dielectrics, wide-gap insulating overlayers, and
buffer layers in semiconductor-on-insulator structures.*"
Among the various fluorides, calcium fluoride (CaF,) has a
low refractive index and a wide band gap (E,=12.1¢eV) and
is optically transparent over a wide wavelength range from
mid-infrared to vacuum ultraviolet.’*? Therefore, CaF, is
widely used in UV lithography, UV-transparent optical
lenses, surface conditioning of glass, promoting agents for
bone/tooth reconstruction, and biocompatible luminescent
markers.”>¥%! Moreover, CaF, is an attractive host for
phosphors activated with rare earth ions (RE*"), which dis-
play unique up/down-conversion luminescence properties
arising from their 4f electron configuration.?>*! Further-
more, RE** ions incorporated in the CaF, host lattice in-
crease the refractive index with respect to pure CaF,, which
makes it very attractive as an active waveguide for optical
integrated devices.® With a view to biological applications,
Li et al reported that CaF, nanocubes can be functionalized
by a simple chemical modification method for introduction
rare earth ions into the host lattice, which endows CaF, with
luminescent properties and provides new opportunities in
diagnosis as a luminescent biological label.*® However, this
material has never been properly tested as a drug carrier.
The conventional morphology and textural properties are
expected to be the major limiting factors. Mesoporosity is
necessary for drug carriers in many cases. Therefore, the
design and development of luminescence-functionalized
CaF, with uniform morphology and mesoporosity is of
major interest.

Here we demonstrate a simple, template-free, and one-
step strategy for the synthesis of hollow CaF, spheres with
controllable size by a simple hydrothermal route. The exter-
nal surface of the shell of the obtained CaF, hollow spheres,
which consists of numerous randomly aggregated nanoparti-
cles about 40 nm in size, is highly rough and porous. The ef-
fects of various reaction conditions on the morphology and
size of the as-prepared samples were also investigated in
detail. CaF, hollow spheres codoped with Ce** and Tb**
show intense, bright green photoluminescence (PL) under
UV irradiation with a quantum efficiency as high as 77 %,
based on efficient energy transfer from Ce** to Tb’*. Desir-
able properties of these hierarchical particles as drug carri-
ers were revealed by using ibuprofen as a model drug.
Therefore, the as-obtained monodisperse, luminescent, and
mesoporous hollow spheres have potential applications in
lighting and drug delivery.

Results and Discussion

Phase structure, morphology, and formation process: Mono-
disperse CaF, hollow spheres were synthesized hydrother-
mally at pH 6.5 and 180°C for 24 h. Figure 1 shows the
XRD pattern of as-prepared CaF, sample and the standard
data for CaF, (JCPDS No. 35-0816). All of the diffraction
peaks of the XRD pattern can be indexed as pure cubic
phase, and coincide well with the standard data of CaF,
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Figure 1. XRD pattern of the CaF, sample prepared at 180°C for 24 h
(pH 6.5) and the standard data of CaF, (JCPDS No. 35-0816) as refer-
ence.

(JCPDS No. 35-0816, space group Fm3m, No. 225). The ab-
sence of any detectable peak shift or other phase in the
XRD pattern indicates that the pure CaF, phase can be ob-
tained under the above conditions by this simple method.
The strong and sharp diffraction peaks of the sample indi-
cate that the as-obtained CaF, sample is well crystallized.
Figure 2 shows SEM, TEM, and HRTEM images of the
as-prepared CaF, sample. The low- and high-magnification
SE micrographs in Figure 2a and b show that monodisperse

Figure 2. SEM (a, b), TEM (c, d), and HRTEM (e) images of as-prepared
CaF, hollow spheres (180°C, pH 6.5, 24 h). Inset in part ¢ is the SAED
pattern.

and uniform hollow spheres can be prepared by this ap-
proach. The diameters of the hollow spheres are about
480 nm. The high-magnification SEM image (Figure 2b) of
the CaF, sample provides detailed structural information on
the spheres. The broken CaF, spheres confirm the hollow
structure. Furthermore, the peripheral surface of individual
hollow spheres is not smooth and contains many dense
nanoparticles with diameters of around 40 nm. Figure 2c¢
shows a typical TEM image of the CaF, hollow spheres,
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which further confirms the uniform size and hollow struc-
ture of the CaF, spheres. The high-magnification TEM
image in Figure 2d shows clearly the stacking of the building
blocks and the interior cavity of the sphere, since the con-
trast at the center is much lower than that of a solid particle.
In the selected-area electron diffraction (SAED) pattern
(inset in Figure 2¢), the strong concentric ring patterns can
be indexed to the (111), (220), (311), and (400) planes of
CaF, phase, respectively, and demonstrate its polycrystalline
nature. As disclosed by the corresponding HRTEM image
(Figure 2¢), the interplanar distance between the adjacent
lattice fringes is 0.194 nm. This plane can be indexed as the
d spacing of the (220) plane of CaF, crystal.

To reveal the growth process of CaF, hollow spheres,
time-dependent experiments were carried out (pH 6.5) by
keeping other reaction parameters unchanged. Figure 3
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Figure 3. XRD patterns of the as-prepared samples at 180°C for different
reaction times. a) 0.5, b) 1, ¢) 6, and d) 48 h. These samples were pre-
pared under the same conditions as the sample prepared at 180°C for
24 h.

shows the XRD patterns of the products prepared at differ-
ent reaction times. The XRD pattern of the sample obtained
at 180°C for 0.5 h shows a broad and weak band at 18-25°
(Figure 3a), which indicates that the sample is amorphous.
We assumed that this sample is a complex formed by Ca**
cations and citrate (Cit>") anions, which is confirmed by the
FTIR spectrum (see Figure S1 in the Supporting Informa-
tion). At an early growth stage (0.5 h), the FTIR spectrum
of the product is very similar to that of commercial trisodi-
um citrate, that is, a Ca**—citrate complex formed in the
early stages of the reaction. When the reaction time extends
to 1 h or longer, all diffraction peaks of the as-obtained sam-
ples can be indexed to the cubic phase of CaF, (Figure 3b—
d), that is, pure CaF, is formed. The diffraction peaks of the
CaF, samples become sharper and stronger with increasing
reaction, that is, the nanoparticles on the surface of the
hollow spheres grow gradually, and the crystallinity increas-
es with increasing reaction time.

The SEM images of the products obtained after different
times at the same hydrothermal temperature (180°C) are
shown in Figure 4. After 0.5h the amorphous intermediate
consists of uniform spheres (ca. 480 nm) with smooth sur-
face (Figure 4a). The TEM image (inset in Figure 4a) re-
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Figure 4. SEM images of the as-prepared CaF, samples at 180°C for dif-
ferent reaction times. a) 0.5 (inset: TEM image), b) 1.0, c) 6, and d) 48 h.

veals a solid structure, and no hollow spheres are present. A
coarse surface appears instead of the smooth surface on in-
creasing the reaction time to 1h (Figure 4b). This change
indicates formation of the crystalline CaF,. After 6 h of
growth, the morphology changes slightly. The size of nano-
particles on the surface and the crystallinity increase (Fig-
ure 4c). When the reaction time is prolonged to 24 h, the
nanoparticles on the surface can be observed even more
clearly, and hollow spheres are obtained (Figure 2). When
the reaction proceeds for a further 48 h, the spherical struc-
ture is preserved, but the surfaces of the spheres change.
The nanoparticles on the surface of the spheres become
even more evident and the size of the nanoparticles further
increases to about 70 nm. Thus, the surface of the spheres
becomes coarser and the nanoparticle size increases with in-
creasing reaction time, which may be due to increased crys-
tallinity. In addition, the hollow CaF, spheres are formed by
transformation of the intermediate solid spheres.

According to the above analysis, the formation mecha-
nism of the CaF, hollow spheres depends on a series of
chemical and structural transformations. During the process,
trisodium citrate plays a critical role in controlling the mor-
phology of the final CaF, products. To investigate the effect
of trisodium citrate on shape evolution, a control experi-
ment was carried out in the absence of trisodium citrate,
while other parameters remained identical. The as-synthe-
sized CaF, sample was composed of irregular particles on a
large scale with broad size distribution (see Figure S2 in the
Supporting Information). The detailed formation process of
the CaF, hollow spheres can be summarized as follows. In
the early stage of the reaction, uniform Ca®*-Cit>~ inter-
mediate solid spheres are formed, as confirmed by FTIR,
SEM, and TEM analysis (see Figure S1 in the Supporting
Information and Figure 4a). The as-obtained intermediate
was employed as both physical and chemical template,
which not only cast the morphology of the product but also
afforded a reactant source for an interfacial reaction. As F~
ions can be released from BF,  in aqueous solution, the
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CaF, nuclei were formed by surface deposition and a subse-
quent crystal growth process, during which F~ deposited
onto the surface of the intermediate solid spheres and react-
ed with the inner core to generate CaF, nuclei. As the reac-
tion continued, the intermediate was consumed gradually
and the formed CaF, nuclei grew into CaF, nanoparticles.
The CaF, nanoparticles further aggregate to form CaF,
shells.’>”1 With further reaction, CaF, hollow spheres are
obtained by evacuation of the intermediate solid spheres,
which is believed to be the result of the Ostwald ripening
mechanism induced by a chemical transformation.*
During the ripening process, the inner crystallites would dis-
solve and migrate outwards, leaving channels connecting the
inner and outer spaces in the CaF, shells.?”! The solid cores
could be excavated with enough ripening time due to the
higher surface energy. Once the cores in the center of the
microspheres are consumed completely, hollow micro-
spheres are formed. %" The probable reaction process for
the formation of CaF, hollow spheres may be summarized
as Equations (1)-(3).

Ca®" + Cit’™ — Ca*" — Cit>~ (complex) 1)
BF,” +3H,0 — 3HF + F~ + H,BO, @)
Ca®* — Cit™ +2F — CaF, + Cit* 3)

A schematic of the possible formation process of the CaF,
hollow spheres is presented in Scheme 1.

Clear solution
Intermediate

Ca(NO,

k2 Early stage
Na,Cit >

NaBF,

F-ions
Interface
reaction

CaF, hollow
spheres

Evacuation

Ostwald ripening

Scheme 1. Schematic illustration of the formation process of the CaF,
hollow spheres.

The size of the hollow CaF, spheres is critically dependent
on the pH value during the hydrothermal process. Hence,
we performed control experiments at different pH values
(180°C, 24 h). All products prepared at different pH values
(see Figure S3 in the Supporting Information) can be in-
dexed as pure, well-crystallized, cubic CaF, (JCPDS No. 35-
0816), in good accordance with the XRD pattern in
Figure 1. However, the size and hollow structure change in
comparison with the CaF, sample obtained at pH 6.5 (Fig-
ure 2a and b). Figures 5 and 6 show SEM and TEM images
of the CaF, samples, respectively. When the pH value of the
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Figure 5. SEM images of CaF, samples obtained at different pH values in
the original solution. a, b) 7.0; ¢, d) 6.0; and e, f) 5.0.

initial solution is adjusted to 7.0, the size of the hollow
spheres decreases to about 300 nm, and the hollow structure
is quite unstable and easily broken (Figure 5a and b). The
nanoparticles constituting the shells tend to become loose in
comparison with those of CaF, obtained at pH 6.5 (Fig-
ure 2a and b). Figure 6a shows a typical TEM image of
CaF, hollow spheres with a size of about 300 nm (pH 7.0). It
shows clearly the hollow structure, interior cavity, and build-
ing blocks of the hollow spheres (inset in Figure 6a). When
the pH value of the initial solution decreases to 6.0, the size
of the CaF, hollow spheres increases to about 750 nm (Fig-
ure 5S¢ and d). The corresponding TEM image shows the
hollow structure of the as-formed sample with large particle
size (Figure 6b). The shells of CaF, hollow spheres are also
composed of nanoparticles. On further decreasing the pH to
5.0, the particle size of the CaF, sample further increases to
about 930 nm (Figure 5e and f). The high-magnification
SEM image (Figure 5 f) of the sample indicates that the sur-
face of each sphere contains numerous nanoparticles and is
much smoother than that of other samples. The hollow
structure of the microspheres can not be clearly seen in the
TEM image (Figure 6¢). The reason might be that the shell
is too thick and the nanoparticles composing the shells are
aggregated tightly. However, when an aqueous suspension
of the sample was treated by ultrasonication for 30 min,
some CaF, spheres were destroyed and the hollow structure
could be observed clearly (see Figure S4 in the Supporting
Information). These results indicate that all of the CaF,
samples of different sizes have hollow structure.

To investigate the specific surface area and porous nature
of the CaF, hollow spheres, BET gas-sorption measurements
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Figure 6. TEM images of CaF, samples synthesized at different pH values in the original solution. a) 7.0, b) 6.0, and c) 5.0.

were carried out. The CaF, hollow spheres with a size of
480 nm prepared at pH 6.5 were chosen as a representative
sample to investigate the mesoporous properties owing to
their stable and clearly hollow structure. Figure 7 shows the

100
’Z ]
D g X
5 o
> £
g 604 2 / \
5 o :
S E / \
o 404 S|/
g o |/ T
2 S . . - - . ,
S 0o 2 40 60 80 100 120
204 Pore diameter / nm
a4
ve
04 e

M T T M T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure / P: P,
Figure 7. N, adsorption/desorption isotherms for CaF, hollow spheres

prepared at pH 6.5. Inset: pore size distribution for the CaF, hollow
spheres.

N, adsorption/desorption isotherm and pore size distribution
of as-prepared CaF, sample. It can be seen that the CaF,
hollow spheres show similar N, adsorption and desorption
isotherms and typical H, hysteresis loops, which are proper-
ties of typical mesoporous materials. The BET surface area
of the sample is about 17.7m’g”!, the pore volume is
0.219 cm®g™!, and the pore-size distribution shows a narrow
apex centered at 24.6 nm (inset in Figure 7). The pores are
possibly attributable to the interstitial spaces between nano-
crystals in the shell, which is in agreement with SEM and
TEM observations (Figure 2). This result indicates that the
as-prepared CaF, hollow spheres have porous structures.
The phase, morphology, and structure of the Ce’*/Tb**-
doped CaF, samples are identical with those of the pure
CaF, sample, as confirmed by XRD, SEM, and TEM studies
on CaF,:Ce**/Tb*" samples prepared at 180°C and pH 6.5
for 24 h (see Figure S5 in the Supporting Information). Fig-

5676

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ure S5a of the Supporting Information shows that all diffrac-
tion peaks of the as-obtained CaF,:Ce**/Tb** sample can
be indexed to the cubic phase of CaF, (JCPDS No. 35-
0816). The crystal cell parameters of CaF, and CaF,:Ce**/
Tb*+ samples were calculated from the XRD data. A slight
decrease of the lattice constant for CaF,:Ce**/Tb** (a=
0.5462 nm) was observed with respect to that of pure CaF,
hollow spheres (a=0.5471 nm). This is because eight-coordi-
nate Ce’* and Tb** have a smaller radius than the eight-co-
ordinate Ca**,* so the cubic lattice parameter of CaF, co-
doped with Ce**/Tb** would shrink slightly in comparison
with that of pure CaF,.* No other peaks can be detected in
the XRD pattern, and the slight change in lattice parameter
confirms that the Ce’* and Tb** ions have been effectively
incorporated into the CaF, host lattice. The SEM and TEM
images (see Figure S5b and c in the Supporting Information)
show that the average size, morphology, and hollow struc-
ture of CaF,:Ce’*/Tb** (pH 6.5) are almost identical with
those of the pure CaF, counterparts (Figure 2), that is, the
dopant ions (Ce**/Tb*>*) have little effect on the morpholo-
gy and crystallinity of CaF,. In other words, Ce** and/or
Tb** are well dissolved in CaF, crystals. To further confirm
composition in the hollow spheres, CaF,:Ce**/Tb** was sub-
jected to XPS analysis. The narrow-scan XPS spectra of Ca
2p, F 1s, Ce 3d, and Tb 4d core level peaks are shown in Fig-
ure S6 in the Supporting Information. The XPS peaks can
be readily assigned to the binding energy of Ca 2p, F 1s, Ce
3d, and Tb 4d, respectively.*! The XPS results provide addi-
tional evidence for successful doping of Ce** and Tb** into
CaF,:Ce**/Tb**.

Photoluminescence properties of CaF,:Ce’**/Tb** hollow
spheres: All of the CaF,:Ce**/Tb** samples of different size
exhibit a strong green emission under UV excitation. We se-
lected the CaF,:Ce’*/Tb’* hollow spheres with a size of
480 nm as a representative example to elucidate their lumi-
nescence properties. The CaF,:Ce** sample shows UV emis-
sion centered at 338 nm on UV excitation (306 nm). The ex-
citation and emission spectra of CaF,:Ce** are shown in
Figure 8. The excitation spectrum (Figure 8a) consists of a
broad and strong band with a maximum at 306 nm and a
weaker band at 258 nm, which corresponds to the transitions
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219 nm].

from the “Fs, ground state of Ce** to the different compo-
nents of the excited Ce’* 5d states split by the crystal
field.">*! The emission spectrum of Ce** (Figure 8b) con-
sists of two peaks at 320 and 338 nm respectively, which cor-
responds to the transitions from the lowest excited 5d state
to the 4f ground state, and the doublet is a result of the
ground-state splitting, that is, the °Fs, and °F,, levels of
Ce®*."! This splitting, which is calculated to be about
1700 cm™!, approaches the theoretical value of 2000 cm~*.[47)
The excitation and emission spectra of CaF,:Tb’* sample
are also shown in Figure 8. The excitation spectrum (Fig-
ure 8c¢) consists of a strong band at 219 nm and a weak band
at 261 nm, which correspond to the spin-allowed (AS=0)
and spin-forbidden (AS=1) components of the 4{*-4{5d
transition, respectively.[*’! The calculated energy difference
between these two bands of about 7300 cm™ agrees well
with the value in the literature.®! On excitation into the
4f%-475d transition (219 nm), the CaF,:Tb** hollow spheres
yield the characteristic emission spectrum of Tb** (Fig-
ure 8d). The emission spectrum exhibits four lines centered
at 491, 541, 580, and 620 nm, originating from transitions
from the °D, excited state to the 'F, (J=6, 5, 4, 3) ground
states of Tb**, with the °D,—’F; transition at 541 nm as the
most prominent group.

Figure 9a and b show the excitation and emission spectra
of the Ce**/Tb**-codoped CaF, sample, and the inset shows
a luminescence photograph of CaF,:Ce’**/Tb’* hollow
spheres under a 254 nm UV lamp in the dark, which exhibit
strong and bright green emission. The excitation spectrum
(Figure 9a) monitored at the 541 nm (°D,—’F; transition of
Tb’*) contains a weak band at 219 nm, a moderate band at
258 nm, and a strong broad band with a maximum at
306 nm. In comparison with the excitation spectra of
CaF,:Ce** and CaF,:Tb’* samples (Figure 8), we can as-
cribe the band at 219 nm to the 4{*4175d transitions of Tb**
ions, and the bands at 258 and 306 nm to 5d-4f transitions
of Ce** ions. The presence of the excitation bands of Ce’*
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Figure 9. PL excitation (a) and emission (b) spectra for the as-synthesized

CaF,:Ce’*/Tb**. The emission spectrum of CaF,:Ce’* is presented for
comparison (dotted line).

in the excitation spectrum monitored with Tb** emission in-
dicates that energy transfer occurs from Ce’* to Tb** in
CaF,:Ce**/Tb**. Excitation into the Ce** band at 306 nm
yields both the weak emission of Ce** (310-370 nm, which
is identical to the emission spectrum of CaF,:Ce*") and the
strong emission of Tb*t (°D,—’F; at 491, 541, 580, and
620 nm; J=6, 5, 4, 3), as shown in Figure 9b, and is a further
indication of energy transfer from Ce’* to Tb** in
CaF,:Ce’*/Tb’* hollow spheres. The energy transfer effi-
ciency from Ce** to Tb** can be calculated according to the
formula ngp=1-14/14, where I; and Iy are the correspond-
ing integrated luminescence intensities of the donor (Ce**)
in the presence and absence of the acceptor (Tb*") for the
same donor (Ce’") concentration, respectively. The energy-
transfer efficiency from Ce’* to Tb** in the current
CaF,:Ce’*/Tb’* system (with 2mol% Ce** and 2 mol %
Tb**) is 57 % . Since the critical distance R, is as an impor-
tant parameter in energy transfer, we calculated the R,
value of CaF,:Ce’*/Tb**. Considering the electric-dipole in-
teraction, R®=0.6x10%x4.8x 107 x f, x E~*x SO, where the
oscillator strength f,(Tb**)=10"% (spin-forbidden narrow-
line transitions of Tb**), E=3.5413 ¢V (the energy of maxi-
mum spectral overlap), and SO=0.7576 eV~ (the normal-
ized spectral overlap between the excitation lines of Tb**
and the emission of Ce®**), we obtain R,=049nm for
CaF,:Ce**/Tb** hollow spheres.[*** Although this critical
distance is not very accurate, it indicates that energy transfer
occurs mainly between nearest-neighbor Ce’* and Tb*T.
The lifetime 7 of luminescence for Tb** (detected at 541 nm
for the ’D,—’F; transition) is determined to be 9.6 ms. This
is a typical lifetime for luminescence due to Tb** ions.*!
The PL quantum efficiency for the as-obtained CaF,:Ce’**/
Tb** hollow spheres with a size of 480 nm is 70 % under ex-
citation at 306 nm. In addition, all of the CaF,:Ce**/Tb**
spheres of different sizes have similar shape and profile for
the emission spectra except for the relative intensity (not
shown).
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Figure 10 shows the relationship between the integrated
PL emission intensity and quantum efficiency of CaF,:Ce**/
Tb** phosphors and the particle size. The emission intensity
increases with increasing the size of the CaF,:Ce**/Tb**
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Figure 10. Integrated PL emission intensity (a) and PL quantum efficien-
cy (b) of CaF,:Ce’*/Tb** hollow spheres as a function of particle size.

The quantum efficiency of commercial Ce**/Tb**-doped aluminate phos-
phor (star) is shown for comparison.

spheres. Larger particle size is well known to improve the
PL intensity of phosphors.®!l In this case, the reason might
be that the shell becomes thicker and the nanoparticles
composing the shells congregate more tightly with increasing
particle size. Moreover, the increasing amount of emitting
Tb’* ions on the surface with growing the size of the hollow
spheres will result in enhanced PL intensity.*? Furthermore,
the enlargement of the crystallite size means a major de-
crease in bulk defects, which is also very beneficial for the
luminescence efficiency of phosphor particles.”” According-
ly, the PL quantum efficiency of the CaF, hollow spheres in-
creases with increasing particle size (65% for 300 nm, 70 %
for 480 nm, 72% to 750 nm, and 77 % for 930 nm), as shown
in Figure 10b. In addition, the PL quantum efficiencies of
the as-prepared CaF,:Ce**/Tb’* samples can almost reach
or even exceed that of commercial Ce**/Tb**-doped alumi-
nate phosphor (star in Figure 10) under the same excitation
conditions (4,,=306 nm). In Figure S7 of the Supporting In-
formation, the chromaticity coordinates (CIE) of as-pre-
pared CaF,:Ce’*/Tb’* and commercial Ce**/Tb**-doped
aluminate phosphors are shown as points 1 (x=0.2540, y=
0.6667) and 2 (x=0.2583, y=0.6315), respectively, located in
the green region. Due to the strong photoluminescence in-
tensity, uniform morphology, and excellent CIE chromaticity
of as-prepared CaF,:Ce’*/Tb’* samples, they are potentially
useful as efficient green-emitting components in photolumi-
nescence applications such as fluorescent lamps, UV LEDs,
and backlights.

Drug adsorption and release properties: Ibuprofen (IBU)
was selected as a model drug to study the drug storage and
release properties of this system. The FTIR spectra for
CaF,:Ce**/Tb**, IBU-CaF,:Ce’**/Tb**, and IBU are shown
in Figure 11. In the FTIR spectrum of CaF,:Ce**/Tb** (Fig-
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Figure 11. FTIR spectra of CaF,:Ce**/Tb** (a), IBU-CaF,:Ce’*/Tb**+
(b), and commercial IBU (c).
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ure 11a), the broad band at 3431 cm™ is ascribable to the
O—H vibration of H,O absorbed in the sample. The peaks
appearing between 1400-1600 cm™' arise from the v(C=0)
stretching mode,™ which might be due to addition of Cit>~
ions in the hydrothermal process. For IBU-loaded
CaF,:Ce**/Tb’* (Figure 11b), the band assigned to the
COOH vibration at 1714 cm™" can be compared with that of
commercial IBU (Figure 11c). Furthermore, the absorption
band assigned to the quaternary carbon atom located at
1467 cm™', C—H, bonds at 2868 and 2958 cm™!, and other
weak peaks at 750-1300 cm™! can also be observed,™ and
confirm the successful adsorption of IBU onto the surface
of the mesoporous CaF,:Ce**/Tb** hollow spheres. A
degree of IBU loading for CaF,:Ce**/Tb** hollow spheres
of 72wt% was determined by thermogravimetric (TG)
analysis. The TG curves of the as-prepared CaF,:Ce’t/Tb’*
sample and IBU-CaF,:Ce’*/Tb** sample are shown in Fig-
ure S8 of the Supporting Information. The greatest loss of
ibuprofen occurs at 200-550°C for the IBU-loaded
CaF,:Ce’*/Tb’* sample. This result is similar to a previous
report,*®! which further confirms loading of ibuprofen into
the CaF,:Ce**/Tb** sample. The cumulative drug release
profiles for the IBU-CaF,:Ce**/Tb*" systems as a function
of release time in simulated body fluid are shown in Fig-
ure 12 A. The system shows a burst release of about 60 %
within 0.5 h and nearly 88 % within 1 h followed by relative-
ly slow release and complete release after 2 h. The initial
burst release may be attributed to IBU weakly adsorbed on
the outer surface of the mesoporous CaF,:Ce**/Tb** hollow
spheres, and the slow release of the remaining of IBU may
be due to adsorption on the internal surface of the hollow
spheres.

In addition, the PL emission intensity of IBU-CaF,:Ce**/
Tb** sample is affected by the cumulative amount of re-
leased IBU. Figure 12B shows the PL emission spectra of
IBU-CaF,:Ce**/Tb** at different release times. The PL in-
tensity increases with increasing release time. Since the cu-
mulative amount of IBU released from IBU—-CaF,:Ce’**/
Tb** is in direct proportion to the release time, it can be
concluded that the PL intensity increases with increasing cu-
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Figure 12. A) Cumulative IBU release from IBU-CaF,:Ce’*/Tb’t as a
function of release time in SBF. B)PL emission spectra of IBU-
CaF,:Ce’*/Tb’* at different release times. a) 0, b) 0.5, c¢) 1, and d) 2 h.

e) Emission spectrum of CaF,:Ce**/Tb’* without IBU loading (dotted
line).

mulative amount of released IBU and reaches a maximum
when IBU is completely released. The reason might be that
IBU molecules can be adsorbed onto the surface of mesopo-
rous CaF,:Ce’**/Tb** hollow spheres, and the organic
groups in IBU with high vibrational frequencies from 1000
to 3500 cm™ will strongly quench the emission of Tb** in
IBU-CaF,:Ce**/Tb** [l The quenching effect would disap-
pear and the PL intensity be almost restored when the re-
lease of IBU from CaF,:Ce’*/Tb’* sample is complete, as
shown in Figure 12B. This characteristic may have potential
as a probe for monitoring or tracking the drug release pro-
cess, that is, the CaF,:Ce**/Tb** hollow spheres can be po-
tentially used as a smart drug carrier.

Conclusion

Through a simple synthetic route, mesoporous CaF, and lu-
minescence-functionalized CaF,:Ce’*/Tb’* hollow spheres
were obtained. The as-prepared CaF,:Ce®*/Tb** samples
show uniform hollow spherical morphology and mesoporous
structure which is suitable for use as a drug carrier. For
CaF,:Ce**/Tb** samples, a strong green emission with high
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PL quantum efficiency centered at about 541 nm can be ob-
served at room temperature under UV excitation. Drug stor-
age/release properties of the luminescent CaF,:Ce’t/Tb’*
hollow spheres were demonstrated for ibuprofen. The as-ob-
tained monodisperse CaF,:Ce**/Tb** hollow spheres can
thus be used to encapsulate chemicals and release them, and
hence these materials may find potential applications in the
fields of luminescence, drug delivery, and disease therapy,
based on their well-dispersed and uniform luminescent and
mesoporous properties.

Experimental Section

Chemicals and materials: Tb,O; and Ce(NO;);*6H,0O with purity of
99.99% were purchased from Changchun Applied Chemistry Science
and Technology Limited, China. Tb,O; was dissolved in dilute HNO;,
and residual HNO; was removed by heating and evaporation to give
clear solutions of Tb(NO;);. Ce(NO3);»6H,0 was dissolved in water to
form a clear solution. Ibuprofen (IBU) was purchased from Nanjing
Chemical Regent Co., Ltd. Other chemicals were analytical-grade re-
agents purchased from Beijing Chemical Corporation. All starting mate-
rials were used without further purification.

Preparation of CaF, and CaF,:Ce**/Tb** hollow spheres: The mesopo-
rous CaF, hollow spheres were prepared by a hydrothermal process. In a
typical experiment, 2 mmol of Ca(NO;),+4H,0 and 4 mmol of trisodium
citrate (Cit’") were dissolved in deionized water to form 40 mL of solu-
tion 1. Then, 4 mmol of NaBF, was added to 20 mL H,O to form solu-
tion 2. After vigorously stirring for 15 min, solution 2 was added to solu-
tion 1, and ammonia (or HNO;) solution was added to adjust the pH
value. After additional agitation for 20 min, the as-obtained clear solu-
tion was transferred into a Teflon bottle (80 mL) held in a stainless steel
autoclave, sealed, and maintained at 180°C for 24 h. After allowing the
autoclave to cool to room temperature, the obtained precipitate was sep-
arated by centrifugation and washed with deionized water and then etha-
nol. Finally, the precipitate was separated by centrifugation again and
dried in air at 70°C for 24 h to obtain the final CaF, hollow spheres. Hy-
drothermal treatment in the absence of trisodium citrate and for different
reaction times was performed to investigate the morphological evolution
of the CaF, hollow spheres.

The luminescent CaF,: Ce**/Tb’* hollow spheres were prepared by the
same procedure as above, except that aqueous solutions of Tb(NO;),
(2mol% vs. Ca**) and/or Ce(NO;); (2mol% vs. Ca**) were initially
added to solution 1.

Preparation of drug storage/delivery systems: The drug storage system
using luminescence functionalized mesoporous CaF,: Ce*™/Tb** hollow
spheres with a size of 480 nm as a carrier was prepared according to pre-
vious reports.’* Tbuprofen was selected as the model drug. Typically,
0.1¢g of luminescent CaF,: Ce’*/Tb’* was added to 20mL of a
60 mgmL~! solution of IBU in hexane at room temperature, and allowed
to soak for 24 h with stirring in a vial, which was sealed to prevent the
evaporation of hexane. The IBU-loaded CaF,:Ce**/Tb**sample, denoted
as IBU-CaF,: Ce’*/Tb**, was separated by centrifugation, and then
dried at 70°C for 24 h.

Release of IBU was investigated in simulated body fluid (SBF) with slow
stirring at 37°C. The ionic composition of the as-prepared SBF solution
was similar to that of human body plasma with a molar composition of
142.0/5.0/2.5/1.5/147.8/4.2/1.0/0.5 for Na't/K*/Ca**/Mg**/Cl /HCO, /
HPO,/SO,*~ (pH 7.4)."™ The amount of IBU adsorbed onto the meso-
porous CaF,: Ce**/Tb’* sample was determined by thermogravimetric
(TG) analysis. The amount of IBU released from the IBU-CaF,:Ce**/
Tb**+ sample was monitored by UV/Vis spectroscopy at 220 nm.

Characterization: The X-ray diffraction (XRD) patterns of the samples
were recorded on a D8 Focus diffractometer (Bruker) with Cug, radia-
tion (A=0.15405 nm). FTIR spectra were recorded on a Perkin-Elmer
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580B IR spectrophotometer in KBr pellets. The morphology of the sam-
ples was inspected with a scanning electron microscope (SEM; S-4800,
Hitachi). Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were obtained with
an FEI Tecnai G2 S-Twin transmission electron microscope with a field-
emission gun operating at 200 kV. Nitrogen adsorption/desorption analy-
sis was performed with a Micromeritics ASAP 2020M apparatus. The
specific surface area was determined by the Brunauer-Emmett-Teller
(BET) method. Thermogravimetric (TG) analysis (Perkin-Elmer Pyris
Diamond) was used to determine the amount of IBU loaded onto the
materials. The X-ray photoelectron spectra (XPS) were recorded on a
VG ESCALAB MK II electron-energy spectrometer with Mgk,
(1253.6 €V) as the X-ray excitation source. The photoluminescence (PL)
measurements were performed on a Hitachi F-4500 spectrophotometer
equipped with a 150 W xenon lamp as excitation source. The lumines-
cence decay curves were obtained from a Lecroy Wave Runner 6100 digi-
tal oscilloscope (1 GHz) by using a tunable laser (pulse width=4 ns,
gate=50 ns) as excitation source (Continuum Sunlite OPO). The quan-
tum efficiency of the phosphor samples was determined on a quantum-
yield measurement system (C9920-02, Hamamatsu Photonics K.K.,
Japan). The UV/Vis adsorption spectral data were measured on a TU-
1901 spectrophotometer. All measurements were performed at room
temperature.
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