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Hybrid preparation of terbium(in)-doped
mesoporous silica particles with calcium
phosphates+

T. Kataoka,® K. Shiba, ©2* L. Y. Wang,® S. Yamada® and M. Tagaya (2

The preparation of terbium(n) (Tb**)-doped mesoporous silica (Tb:MPS) particles and subsequent hybrid
formation with calcium phosphate (CP) were proposed in this study. The surfactant/Tb:MPS particles with an
initial doping concentration of Tb>* ions to (Si + Tb) of 2 mol% were synthesized by a sol—gel reaction based
on the cooperative organization of tetraethoxysilane, terbium(n) chloride and cetyltrimethylammonium
bromide. Subsequently, the Tb:MPS particles were hybridized with CP through precipitation to form CP/
Tb:MPS, where the formation was demonstrated by XRF and EDS analyses. The Tb:MPS showed
a mesoporous structure which is typically seen in silica-surfactant mesostructured materials and the
mesopores were preserved after precipitating the CP with crystalline phases. PL spectra were measured
before and after the precipitation and some spectral changes were recognized. The PL spectral shapes due to
the transitions of Tb>* ions indicated that the Tb®* ions were located inside the silica framework to interact
with the siliceous O atoms. After the CP precipitation, the hybrid particles demonstrated higher quantum
efficiency as well as longer PL life time, indicating the improved PL properties based on the CP—Tb*"-silica
hybrid states. The interfacial manipulation of the present CP—Tb>*-silica hybrid allowed for unique material
design in terms of its morphology and properties. This finding will be utilized for the encapsulation techniques
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Introduction

Mesoporous materials have been prepared by the cooperative
organization of surfactants and inorganic species; especially,
the synthesis, characterization and applications of mesoporous
silicas (MPSs) have been widely investigated."”*> The MPSs
prepared by supramolecular templating methods are known to
possess attractive features such as well-defined and controllable
pore sizes, large surface areas, and reactive surfaces.>* The
preparation of multifunctional MPSs is also a topic of interest
toward a wider variety of applications. Thus, synthetic pathways
for MPSs with various compositions have been explored for
decades.>™

Among various approaches, the incorporation of hetero-
atoms into the silica frameworks of MPSs has received much
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for porous silica including with lanthanide ions and can be applicable for optical devices.

attention. The framework structures can provide attractive
features as a host organization by the charge-compensation of
non-network oxygen species."* The lanthanide ion-doped MPSs
demonstrated an improved thermal stability.'”” The doping of
cerium ions was accomplished for catalytic applications."*"*
Europium (m) ion (Eu®") is known as an optical probe for the
dopant site environment due to the luminescence properties.***
We have reported the synthesis of Eu**-containing MPSs which
exhibited the efficient luminescence by the Eu®" ions coordinated
in the non-bridging oxygen atoms.*® Terbium(m) ion (Tb**) doped
MPSs have also been synthesized and the presence of Tb** ions in
the O-Si-O frameworks were investigated in detail."” As a result,
the obtained materials showed large specific surface areas.
However, the efficient synthesis and luminescence of the Tb**-
doped MPSs by controlling the interactions between the doped
ions and silica frameworks have not been reported. Thus, the
effective control of Tb>* ions at the near-surfaces in the silica
frameworks is worth investigating.

Trivalent rare earth ions doped calcium phosphates (CPs)
have been found to exhibit favorable photoluminescence
properties.*®*>* The CPs can display luminescence under visible
excitation if it is doped with lanthanide ions, in which Eu** and
Tb*" are the most strongly emitting elements.?? Their lumines-
cence is characterized by narrow emission bandwidths, high
photochemical stability and long luminescent lifetime.*
Accordingly, Eu**-doped®*?* and Tb**-doped?**” CPs have been
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Scheme1 Illustration for the preparation of the CTAB/Tb:MPS hybrid particles with CP. A possible Tb>* ion state in the surface silica framework is

also proposed.

studied. For the Tb*'-doped CP, the near-surface calcium ions
can be partially replaced by a small amount of Tb*". Interest-
ingly, the presence of an extremely low concentration of the
doped Tb** on the surfaces greatly improved the luminescence,
while the main physicochemical properties and bioactivity of
the CP compounds were maintained.?® Therefore, the Th** ions
at the near-surfaces in MPS would easily interact with CP
compounds to form the novel hybrids and the complexed Tb**
ions at the interfaces should show the unique luminescent
properties.

In this study, we introduce the synthesis and properties of
the hybrid composed of the Tb®" doped luminescent MPS
particles and CP (CP/Tb:MPS) that induces the unique lumi-
nescence behaviors. The synthetic procedure of the CP/
Tb:MPS hybrid particles is schematically shown in Scheme
1 in comparison with the Th**-doped MPS (Tb:MPS) particles.
By a sol-gel reaction based on the cooperative organization of
tetraethoxysilane, terbium(m) chloride and cationic surfac-
tant (cetyltrimethylammonium bromide: CTAB), CTAB/
Tb:MPS particles were synthesized, and CP was precipitated
on the particle surfaces. Then, the CTAB/Tb:MPS particles
were calcined to resultantly obtain the mesoporous hybrid
(CP/Tb:MPS). The unique interfacial interactions between
CP-Tb**-silica at the hybrid interfaces were examined to
explain the enhanced luminescence properties.

Experimental
Preparation of Th:MPS and CP/Th:MPS

Tbh**-doped MPSs were synthesized according to our previous
report.’” All the reagents used here were special grades and were
used as received without further purification. A 1.0 g (2.75 mmol)
of cetyltrimethylammonium bromide (CTAB: Wako Co., Ltd.),
225 g of ultrapure water and 3.5 mL of 2.0 M sodium hydroxide
(NaOH: Wako Co., Ltd.) solution were mixed and then stirred at
80 °C for 1 h. A 5.515 mL (24.7 mmol) of tetraethoxysilane (TEOS:
Tokyo Kasei Industries Co., Ltd.) and 15 mL of an Tb*" aqueous

19480 | RSC Adv., 2017, 7, 19479-19485

solution containing 180 mg of TbCl;-6H,0 (Wako Co., Ltd.) at
the initial molar concentration of Tb to (Si + Tb) of 2.0 mol% were
admixtured, added and stirred at 80 °C for 4 h. The resultant
turbid solution was filtered. The separated solid was washed with
ultrapure water and ethanol and then dried at 60 °C for 12 h. The
sample is named as CTAB/Tb:MPS, which was calcined in
a furnace under air at 550 °C for 6 h and the resultant sample is
named as Tb:MPS, which was used as the reference for the
following CP hybrids.

K,HPO, (2.13 g) was dissolved into deionized water (62.5
mL), and the CTAB/Tb:MPS was added and dispersed into the
phosphate solution. The pH value of the solution was adjusted
to 9 using tetramethylammonium hydroxide (TMAOH: Wako
Co., Ltd.). 62.5 mL of deionized water containing CaCl,-2H,0O
(3.67 g) was added to the CTAB/Tb:MPS phosphate solution and
vigorously stirred at the room temperature 3 h. Then, the
solution was centrifuged to sediment solid product and washed
with ultrapure water and ethanol. The washed product was
dried at 60 °C and the sample is named as CTAB/CP/Tb:MPS.
Then, CTAB/CP/Tb:MPS was calcined in a furnace under air at
550 °C and the resultant sample is named as CP/Tb:MPS.

Characterization

The elemental compositions were characterized by an X-ray
fluorescence analysis (XRF: ZSX Primus II, Rigaku, Japan). The
XRF analysis was performed using a sample pellet which was
made by pressurizing sample powder without diluting it. The
fundamental parameter method by the software (EZ scan
program, Rigaku) was carried out for the semi-quantitative
analysis. All the measurements and data analysis were con-
ducted with an optional software (EZ scan program, Rigaku,
Japan). Infrared spectra were recorded on a Fourier transform
infrared spectrometer (FT-IR: JASCO Co., Ltd., FT/IR-4600ST).
The FT-IR spectra were measured with a KBr pellet containing
a small amount of sample powder. The weight ratio between
sample powder and KBr was 1 : 10. All the spectra were recorded
after subtracting a background spectrum of pristine KBr. The

This journal is © The Royal Society of Chemistry 2017
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measurement range, sampling time and resolution were 4000-
500 cm ™, 100 and 2.0 cm™ ", respectively. X-ray diffraction (XRD)
patterns were recorded with a powder X-ray diffractometer (Smart
Lab, Rigaku, Japan). XRD patterns were measured under the
following conditions: X-ray source of CuKa line (A: 0.15418 nm),
voltage/current of 40 kV/30 mA, scan speed of 5.0° min~" and
sampling width of 0.01°. The morphologies and elemental
mapping were observed using a field emission scanning electron
microscopy (FE-SEM: SU8230, Hitachi High-Technologies Co.,
Ltd.) equipped with an energy dispersive spectroscopy (EDS: X-
Max" large area silicon drift detector, Oxford Instruments).
Nitrogen adsorption and desorption isotherms were measured at
77 K on a BELSORP-mini II instrument (Microtrac/BEL Co., Ltd.).
Prior to the measurement, the samples were degassed under
vacuum at 393 K for 4 h. The surface area was evaluated by the
Brunauer-Emmett-Teller (BET) method.*®

Photoluminescence properties were evaluated by a photo-
luminescence spectroscopy and microscopy. The excitation and
luminescence spectra were recorded on a FP-8500 spectropho-
tometer (JASCO Co., Ltd.) with the monitored luminescence at
544 nm and excitation wavelength at 369 nm from Xe lamp under
room temperature (atmosphere: air, excitation-slit/detection-slit:
2 nm/2 nm, measure time: 0.1 s, step width: 1.0 nm, sample
weight: 150 mg, shape: pellet), and the detection was used by
photomultiplier tube. The fluorescent microscope images were
obtained using a luminescence microscope (OLYMPUS Co., Ltd.,
CKX41N-FL, excitation wavelength: 360-400 nm, exposure time:
100 ms, sensitivity: ISO 400) through the emission source
(OLYMPUS Co., Ltd., U-RFLT50).

The internal quantum efficiency (7;n) was measured using
an integrating sphere (internal diameter: 60 mm). The exci-
tation and luminescence spectra were also recorded by the
above spectrophotometer with each monitored luminescence
maxima and excitation wavelength. The incident, scattering,
and luminescence light intensity spectra were measured, and
their integrated peak intensities were calculated and abbre-
viated Iy, I; and I,, respectively. Thus, 7, was calculated by
the eqn (1).

Nint = 12/(10 - 11) x 100 (]_)

The decay kinetics was also recorded by the above spectro-
photometer with the same excitation and luminescence wave-
length, which can be explained with an exponential function.
The excitation was measured on a wavelength at 369 nm from
a Xe flash lamp (150 W), and the decay of the luminescence
intensity was detected on a wavelength at 544 nm. The data plot
time was 0.05 ms using a successive rotation chopper. The
measured decay was recorded by a numerical fitting to an
exponential function based on the eqn (2).

1(t) = I(0)exp(—t/t) (2)

where the I(¢t) and 1(0) are the luminescence intensity at time (t)
and starting point (¢ = 0), and the 7 is luminescence life time in
the decay process.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion

As shown in Table 1, the elemental concentrations, i.e. Ca/P and
Tb/(Si + Tb), were determined and calculated by the XRF results.
Although most of the carbons were removed during the
precipitation and washing process, some carbon was still
remained even after the calcination. It would be due to the
residual CTAB. The resulting Tb/(Tb + Si) concentrations were
almost the same between the samples. The resulting Tb/(Tb +
Si) concentration was 1.8-2.0 times larger than those in the
initial solution composition, suggesting the decrease in the Si
content of the particles by the Tb added synthetic process. The
Ca and P elements were seen only in the case of the CP hybrid
and the Ca/P ratio was not changed after the calcination.

In the FT-IR spectra (see Fig. S1 in ESIf), the absorption
bands originated from the Si-O-Si asymmetric and symmetric
stretching were observed at around 1070 and 1225 cm™ ' and
these spectral shapes were almost same irrespective of the
doping. The characteristic bands seen at around 1480, 2854 and
2925 cm™ ' can be assigned to the C-H stretching and bending
of the CTAB that apparently decreased after the calcination. The
present hybrid states would suppress the complete removal of
the carbon compounds, while the carbon compounds were
completely removed in the case of Tb:MPS. Based on the
previous reports on the FT-IR spectroscopic studies,*»*° in the
CP/CTAB/Tb:MPS and CP/Tb:MPS, the several absorption bands
appeared at around 1090-1030, 600 and 560 cm ™ * are attributed
to P-O stretching of phosphate groups, suggesting that the CP
formation on Tb:MPS was verified.

Fig. 1 shows the XRD patterns of the particles at lower and
higher 26 regions. In the CTAB/Tb:MPS and Tb:MPS particles,
the diffractions indexed as 100, 110 and 200 reflections of
a hexagonal structure were observed (Fig. 1(a)). With the calci-
nation of CTAB/Tb:MPS, the shapes of each diffraction pattern
were preserved while slight shift to higher angles was recog-
nized, indicating the pore contraction by the condensation
among residual silanol groups of the silica framework. The Tb-
O bond length was expected to be longer than that of Si-O,
resulting in the enlargement of the unit cell in the presence of
Th*" as compared to the bare mesoporous silicas. This was also
demonstrated by the metal incorporation into the MCM-41
framework.*> With the CP formation, the d;o, - spacing value
increased and the diffraction peak shape was broadened. The
CP nucleation and crystal growth at the mesopore surfaces
would induce the pore dilatation.

In the higher-angle regions (Fig. 1(b)), the CTAB/Tb:MPS and
Tb:MPS do not display any detectable diffraction that can be
assigned to terbium oxide, for example. Thus, Tb*" ions should
be incorporated into the amorphous silica networks. It was
found that the Tb**-doping into the silica frameworks can
expand the mesopores and then rearrange the Si-O-Si networks
without any crystalline impurities (e.g., terbium oxides and
silicates), which would be based on the interactions with Tb**
ions. With the CP formation, some CP crystalline phases
(hydroxyapatite (Ca;o(PO4)s(OH),, ICDD 00-009-0432), monetite
(CaHPO,, ICDD 01-071-1759), calcium pyrophosphate

RSC Adv., 2017, 7, 19479-19485 | 19481
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Table 1 Chemical compositions of the CTAB/Tb:MPS, CP/CTAB/Tb:MPS, CP/Tb:MPS and Tb:MPS particles, their Ca/P ratios and Tb/(Tb + Si)
concentrations

Tb/
C (mol%) O (mol%) Si(mol%) P (mol%) K (mol%) Ca(mol%) Tb(mol%) Ca/P  (Tb + Si) (mol%)
CTAB/Tb:MPS 32.9 46.2 19.5 0.0 0.0 0.0 1.4 — 4.3
CP/CTAB/Tb:MPS 2.6 63.6 1.5 13.3 1.1 17.0 0.9 1.28 3.7
CP/Tbh:MPS 2.5 63.8 2.0 13.1 1.2 16.5 0.9 1.26 4.8
Tb:MPS 14.4 59.3 24.6 0.0 0.0 0.0 1.1 — 4.1
(é) ||(b) T (CayP,0,-4H,0, ICDD 01-075-2756)) were observed, allowing
CTAB/Tb:MPS the presence of significant amounts of crystalline CP phases.

0y0p=5.2 "M

dy00=6.4 nm

A302 m213

Intensity / arb. unit

10 15 20 2.5 3.0 3.5 4.0 4.5 50
26 (CuKao) / degree

Fig. 1 XRD patterns of the CTAB/Tb:MPS, CP/CTAB/Tb:MPS, CP/
Th:MPS and Th:MPS particles at (a) lower and (b) higher 26 regions (@:
hydroxyapatite (ICDD 00-009-0432), A: monetite (ICDD 01-071-

1759); M calcium pyrophosphate (ICDD 01-075-2756)).

(a)

Considering only single phase formation of hydroxyapatite
without CTAB/Tb:MPS particles, the cationic surfactant CTAB,
Th*" ions and mesopore surfaces would affect the crystalline CP
phases. Here, it should also be mentioned that both Ca** and
Th*" ions can provide a similar coordination environment and
hardness, ionic radii, and geometric characteristics. Thus, the
Tb*" ion in the silica phase would partially be incorporated into
the CP phases at the precipitation process. Therefore, the
interfacial reactions between the CTAB/Tb:MPS and CP
occurred in the precipitation and calcination processes. To
simply demonstrate the properties of CP/Tb:MPS by comparing
to those of Th:MPS, the samples after the calcination will be
discussed hereafter.

Fig. 2(a) shows the N, adsorption and desorption isotherms
of the CP/Tb:MPS and Tb:MPS particles. The shape of the
isotherms for CP/Tb:MPS is categorized into type III according
to the IUPAC classification, whereas that for Tb:MPS is catego-
rized into typical type IV, suggesting the mesopore formation.
As shown in Table 2, the BET surface area (Sggr) decreased with
the CP formation. The Barrett-Joyner-Halenda (BJH) pore size
distributions® indicated the contraction of the pore diameter
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Fig. 2
particles, and (b) their TEM images of the mesopores.
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(a) Nitrogen adsorption (@) and desorption (O) isotherms and (inset) corresponding pore size distributions of the CP/Tb:MPS and Th:MPS
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Table 2 SgeT, rin. Mint and t of the CP/Th:MPS and Th:MPS particles

Sger (M* g™ 1) rgyu (M) Rine (%) t (ms)
CP/Tb:MPS 48 2.2 4.4 5.0
Tb:MPS 894 2.7 2.8 1.6

(b)

Analyzed area

Fig.3 (aandc) FE-SEM and (b and d) FE-SEM/EDS mapping (element:
Ca, P, Si and O) images of (a and b) CP/Tb:MPS and (c and d) Tb:MPS
particles.

with the formation, although the distribution width was
broadening. Thus, the mesopore entrances on the particle
surfaces were encapsulated by the nucleated CP and CP crystals,
which result in the decrease in the Sggr. The broadening of the
X-ray diffraction pattern and pore distribution suggested the
presence of less ordered structure, but the mesopore structures
were still retained, being also supported by the previous
reports.'”?*

In order to investigate the hybrid nanostructures, we
observed the TEM images shown in Fig. 2(b). All the TEM

@ 0
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images clearly exhibited the mesopore arrangements and the
pore diameters were approximately estimated to be 1.5-4.0 nm
from the images. In CP/Tb:MPS, the precipitated CP crystallites
were significantly covered on the Tb:MPS surfaces without
closing the mesopores, while the silica framework exhibited the
disordering of the mesopore structures (i.e., worm-like pores).
Thus, these results are in agreement with those obtained by the
XRD and N, adsorption/desorption measurements.

In the FE-SEM images (Fig. 3(a) and (c)), the CP/Tb:MPS
exhibited irregular shapes with the smaller particles, whereas
the Th:MPS had the spherical shapes, indicating that the CP
precipitation on the silica frameworks induced the morpho-
logical changes with collapsing the shapes. In the EDS mapping
images (Fig. 3(b) and (d)), the CP/Tb:MPS particle shapes cor-
responded with the Ca, P, Si and O mapping areas and the Si
intensity was relatively week, indicating the CP precipitation on
the silica surfaces. In contrast, no detectable Ca and P elements
was observed in the case of the Tb:MPS particles. Therefore, the
Tb:MPS particles were successfully hybridized with the CP
phases.

Fig. 4(a) and (b) show the excitation and photoluminescence
spectra. These spectral shapes are almost same irrespective of
the CP formation. Thus, no reflection of the electronic transi-
tions of Tb>" indicates the same local O atom environments in
the silica host matrix. The excitation spectra exhibited the peaks
associated with 4f-4f transitions of Tb*" ion (Fig. 4(a)). The
features are mainly assigned to the excitations based on the °L;
(J = 10, 9, 7) levels from the ground state of Tb*" ion.**3* The
luminescence intensity under the excitation at 369 nm by the
4f-4f transition from ®Ly, level to the ground state is relatively
stronger in the observed peaks.

The luminescence spectra showed the narrow peaks
assigned to the f-f transitions of the Tb** ions (Fig. 4(b)). The
luminescence transitions are assigned to those from °D, — 'F;
(J = 6, 5, 4, 3)*° as usual for Tb*>* luminescence, being centered
at 490, 544, 587 and 623 nm, respectively. The green lumines-
cence is seen in the microscope image (Fig. 4 (inset)), and the

(c)

Luminescence Intensity / arb. unit

CP/Tb:MPS

Luminescence intensity / arb. unit

Wavelength / nm

Fig. 4
fluorescence intensity decay plots.
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(a) Excitation and (b) photoluminescence spectra of the CP/Tb:MPS and Tb:MPS particles and their (inset) fluorescent images, and (c)
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color is also observed in the other Tb**-doped systems (e.g.,
Tb**-doped SiO,~PVA*). By the CP hybrid, the luminescence
peaks due to °D; — "F; (J = 4, 5) were enhanced (Fig. 4(b)) and
the apparent luminescence intensities increased (Fig. 4 (inset)).
In fact, as shown in Table 2, the 7;, significantly increased with
the CP formation, although the residual carbon compounds of
CTAB would affect the luminescence properties.

To understand the luminescence relaxation, the decay kinetics
of the excited states was investigated as shown in Fig. 4(c) and
Table 2. The decay kinetics was fitted with an exponential func-
tion. The CP precipitation extended 7, even though only the silica
framework exhibited the longer t of the Tb*" as compared with the
previous report.* The t clearly reveals the dispersion of the Tb>*
ions into the silica frameworks and the encapsulation of CP
induce the preferred interfacial interactions between the CP-Tb**-
silica to exhibit the longer 7, suggesting the interfacial design for
the unique luminescence properties. At the interfaces between CP
and Th:MPS, the preferred CP-Tb**-silica interactions would be
present. Then, the near-surface Tb>" ions in the silica phases were
partially incorporated into the CP phases. Such an incorporation
would change the luminescence properties.

The Eu®* ion states in the silica frameworks have been investi-
gated in our previous report.” The Eu** ions were located inside the
structure to electrostatically interact with the siliceous O atoms.
Under the sol-gel process, the Eu®* ions would be homogeneously
dissolved to resultantly prevent aggregation among the Eu*" ions in
the MPS formation. A homogeneous sol containing CTAB, silica
precursor and Tb*" was used in the synthetic process. Although the
mesopores with the large surface area effectively adsorb water
molecules, the Tb*" doped inside the framework would little
interact with the water molecules. Therefore, it is suggested that
the Tb®* jons homogeneously diffused inside the non-crystalline
silica frameworks, and would be stabilized by the charge-
compensation of the non-network oxygen species (e.g., Si-O").
The near-surface Tb*" ions easily interact with the hydroxyl groups
of the adsorbed water molecules or silanol groups. The presence of
high energy stretching vibrations of the hydroxyl groups causes the
luminescence quenching by a non-radiative decay mechanism. In
this study, the interfacial design through the encapsulation by CP
induced the unique luminescence properties. This finding
provides a merit in the use of the interfacial design between the
CP-Tb*"silica hybrid states for the activity of lanthanide ions.
Here, the ionic radius of Tb** (1.04 A) is larger than that of Si** (0.41
A) and same as Ca*" (1.14 A). In the present case, the near-surface
Tb>" ions in the silica phases were partially incorporated into the
CP phases. Such an incorporation could be explained by the sector
zoning model in minerals.?** Therefore, the silica frameworks and
subsequent encapsulation of CP induced the preferred interfacial
interactions between the CP-Tb*"-silica for the unique luminesce
properties. After achieving the efficient luminescent properties by
the further investigation, the hybrids will be utilized as bio-imaging
materials based on the biocompatibility of CP.

Conclusions

The preparation of Th**-doped MPS particles and subsequent
hybrid formation with CP were investigated. The CP was

19484 | RSC Adv., 2017, 7, 19479-19485
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precipitated on the CTAB/Tb:MPS particles which were synthe-
sized by a sol-gel reaction of tetraethoxysilane in the presence
of terbium(ur) chloride and CTAB. The CTAB containing hybrid
was converted to mesoporous solid by the calcination and the
mesopores were preserved even after precipitating the CP with
crystalline phases. The formation of the present CP/Tb:MPS
hybrid particles were confirmed by XRF and EDS analyses. PL
spectra were also measured before and after the CP precipita-
tion and some spectral changes were recognized. The PL spec-
tral shapes due to the transitions of Tb*" ions indicated that the
Th>" ions were located inside the silica frameworks, interacting
with the siliceous O atoms. After the CP precipitation, the
hybrid particles demonstrated higher quantum efficiency as
well as longer PL life time, suggesting the improved PL prop-
erties based on the CP-Tb*"-silica hybrid states. This finding
will be utilized for the encapsulation techniques of the porous
silica including lanthanide ions and can be applicable to optical
devices.
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