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Novel upconversion nanocomposites with nanoporous structure were presented in this paper. Silica-
coated cubic NaYF4:Yb>", Tm>* nanoparticles were first prepared. After annealing, monodisperse cubic/
hexagonal mixed phases NaYF4:Yb>*, Tm3*@SiO, nanoparticles were obtained, and the NaYF4:Yb>™,
Tm?>* cores became nanoporous. To the best of our knowledge, the nanoporous structure in NaYF4:Yb>+,
Tm>3*@Si0, nanocomposites was observed for the first time. They demonstrate increased upconversion
emission compared with unannealed dense NaYF4:Yb3*, Tm>* nanoparticles due to the appearance of
the hexagonal NaYF4:Yb>*, Tm>*. The silica shell not only makes the nanocomposites possess bio-affinity
but also protects the NaYF4:Yb>*, Tm>* cores from aggregating and growing up. Thus the upconversion,
nanoporous and bio-affinity properties were combined into one single nanoparticle. The nanocomposites
have been characterized by X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM), small angle X-ray diffraction (SAXRD) and emission
spectroscopy. These multifunctional nanocomposites are expected to find applications in biological

fields, such as biolabels, drug storage and delivery.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Nanocomposite materials [1-6] provide the possibility for
enhanced functionality and multifunctional properties in contrast
with their more-limited single-component counterparts. One
example of nanocomposite materials is the core/shell structure. The
lanthanide jons (Ln>*, Ln=Er, Tm, and Yb) doped upconversion
nanocrystals have attracted significant interest due to their many
potential biological applications [7-9]. Compared with conven-
tional downconversion fluorescent labels [10-12] which require an
ultra-violet or blue excitation wavelength, upconversion nano-
crystals have many conceivable advantages as fluorescence labeling
materials including an improved signal-to-noise ratio due to the
absence of autofluorescence and reduction of light scattering
[13,14], carrying out easily in vivo imaging upon the NIR (near
infrared) irradiation with noninvasive and deep penetration to the
tissue or cell [15], low photobleaching [16] and feasibility of
multiple labeling with different emissions under the same excita-
tion. A compact, power-rich, and inexpensive 980 nm near infrared
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laser may be used as the excitation source. Up to now, among the
various host materials for upconversion, hexagonal NaYF; (B-
NaYF4) has been reported as the most efficient host matrix for
green and blue upconversion when activated by Yb>* and Er’*/
Tm>"* ions due to the very low phonon energy of its lattice [17,18].
Many methods have been used to prepare hexagonal NaYF4 [19-
23], but the products prepared by those methods were usually big
or hydrophobic, having adverse effect on biologic applications.
Cubic NaYF4 can turn into hexagonal NaYF,4 through annealing [24],
but in general, annealing makes nanoparticles aggregate and grow
up. In this paper, silica-coated cubic NaYF4:Yb**, Tm3* nano-
particles were first prepared and then annealed at 500 °C for 3 h.
Nearly monodisperse NaYF4:Yb>*, Tm>*@Si0;, nanoparticles were
obtained. No aggregation and growing up of NaYF4:Yb3*, Tm3*
cores occurred. A part of cubic NaYF4:Yb>*, Tm3* turned into
hexagonal NaYF4:Yb3*, Tm>*, increasing the upconversion emis-
sion of NaYF4:Yb>*, Tm>*. Interestingly, the NaYF4:Yb3*, Tm>*
cores became nanoporous after annealing. As our knowledge,
nanoporous structure in NaYF4:Yb3+, Tm3" cores was found for the
first time, making them possess some new potential biological
applications, such as drug storage and delivery [25,26]. The surface
of silica is easily conjugated with amines, thiols and carboxyl
groups, which in turn would facilitate the linking of biomolecules
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such as biotin and avidin. On the basis of the above analysis, novel
multifunctional nanocomposite materials possessing upconver-
sion, nanoporous, and bio-affinity properties were reported in this
paper. The silica shells not only make the nanocomposites possess
bio-affinity but also protect the NaYF4:Yb>*, Tm3* cores from
aggregating and growing up. These multifunctional nano-
composites are expected to find applications in biochemical and
biomedical fields.

2. Experimental section
2.1. Synthesis

All chemicals were of analytical grade and were used as
received. Deionized water was used throughout. The synthesis
procedure of nanocomposite materials is shown in Fig. 1.
NaYF4:Yb3*, Tm3* nanoparticles were first prepared by a sol-
vothermal method. Then tetraethoxysilane (TEOS) hydrolyzed on
the surface of NaYF4:Yb®*, Tm3* to form the silica shell. At last,
porous and upconversion emission enhanced NaYF4:Yb>™,
Tm>*@Si0, nanocomposites were obtained through annealing.

NaYF4:Yb**, Tm3* nanoparticles were synthesized using a previ-
ously described procedure with a slight modification [27]. An aqueous
solution of Y(NO3)s3, Yb(NO3)3 and Tm(NOj3)3 (lanthanide ion molar
ratio, Y/Yb/Tm = 74.7:25:0.3) was mixed with an aqueous solution of
ethylenediamine tetraacetic acid disodium salt (EDTA) under
vigorous stirring, resulting in a white complex. An aqueous solution of
NaF was added into the complex and stirred for 1 h. The lanthanide/
EDTA/NaF molar ratio is 1/1/12 and the lanthanide ions concentration
in the resulting precursor solution is 0.02 mol/L. The resulted
precursor solution was transferred to a 50 mL autoclave. The auto-
clave was then placed in a digital type temperature controlled oven
and heated at 180 °C for 2 h, and then allowed to cool down to room
temperature naturally. Subsequently, the precipitate of NaYF4:Yb>™,
Tm>* nanoparticles in the autoclave could be separated from the
reaction media by centrifugation and then washed with deionized
water and ethanol for several times. After being dried in vacuum at
80 °C for 3 h, NaYF4:Yb>t, Tm>* nanoparticles (denoted as sample
NYF-1) were obtained. For comparison purpose, sample NYF-2 was
synthesized through sintering sample NYF-1 at 500 °C for 3 h.

NaYF4:Yb**, Tm3*@Si0; core/shell nanoparticles were prepared
by a modified stober method. 30 mg NaYF4:Yb>", Tm>* nano-
particles were dispersed in 80 mL 2-propanol by sonication for
30 min. Then 8.94 mL 28% ammonia, 7.5 mL deionized water, and
0.1 mL TEOS were added into the mixture. The mixture was then
placed into an ultrasonic bath and kept for 2 h. The product was
collected, washed and dried as sample NYF-1. The obtained product
was labeled as sample NYF-SO-1. Sample NYF-SO-2 was obtained
through sintering sample NYF-SO-1 at 500 °C for 3 h.

2.2. Measurements

The data of X-ray diffraction (XRD) patterns were obtained on
a Rigaku D/Max-Ra X-ray diffractometer using a Cu target radiation
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Fig. 1. Schematic diagram of synthetic procedure.

source (A=15418A). The field-emission scanning electron
microscopy (FE-SEM) and transmission electron microscopy (TEM)
images were measured on a Hitachi S-4800 microscope and a JEM-
2010 transmission election microscope, respectively. The small
angle X-ray diffraction (SAXRD) pattern was obtained on a Rigaku-
Dmax 2500 diffractometer using Cu KR radiation (40 kV, 200 mA)
at a step width of 0.05°. The upconversion fluorescence spectra
were obtained on a Hitachi F-4500 fluorescence spectrophotometer
under the excitation of a 980 nm laser diode.

3. Results and discussion
3.1. XRD patterns

XRD patterns of various samples are presented in Fig. 2. Before
annealing, all diffraction peaks for samples NYF-1 and NYF-SO-1
could be readily indexed to the cubic phase of NaYF,4 according to
the Joint Committee on Powder Diffraction Standards (JCPDS) file
no. 77-2042. The same XRD patterns of samples NYF-1 and NYF-SO-
1 indicated that the silica shell was amorphous. As shown in Fig. 2,
after annealing, some diffraction peaks of hexagonal NaYF4
appeared in the XRD pattern of sample NYF-SO-2. Hexagonal NaYF4
formed in the annealing process and it is the main reason for
enhanced upconversion emission of sample NYF-SO-2.

3.2. SEM, TEM images and SAXRD pattern

The NaYF4:Yb?*, Tm3* nanoparticles with an average diameter
of 110 nm obtained by hydrothermal method are uniform and
monodisperse (sample NYF-1, Fig. 3a), making the next coating
procedure possible. The SEM image of sample NYF-SO-1 is shown
in Fig. 3b. The core/shell structure is obviously observed and the
nanoparticles are nearly monodisperse. The SEM images of samples
NYF-2 and NYF-SO-2 are shown in Fig. 3c and d, respectively. It is
found that the NaYF4:Yb>*, Tm3* nanoparticles in sample NYF-2
aggregate seriously, distort and are hardly identified. Contrarily,
compared with sample NYF-2, the nanoparticles in sample NYF-SO-
2 hardly aggregate (Fig. 3d). Samples NYF-2 and NYF-SO-2 were
obtained through annealing samples NYF-1 and NYF-SO-1,
respectively. Sample NYF-SO-1 was coated with SiO; shell, but
sample NYF-1 was bare NaYF4:Yb3*+, Tm3*. Thus we deduce that the
SiO, shell protects NaYF4:Yb>*, Tm3* cores from aggregating and
growing up. The monodisperse property is crucial for biological
applications. The silica shell can also make the nanocomposites
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Fig. 2. XRD patterns of samples NYF-1, NYF-SO-1 and NYF-SO-2. The peaks marked
with asterisks (*) are the diffraction peaks of hexagonal NaYF,:Yb3*, Tm3*.
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Fig. 3. SEM images of (a) sample NYF-1, (b) sample NYF-SO-1, (c) sample NYF-2, and (d) sample NYF-SO-2.

possess bio-affinity property [28-30]. From Fig. 3d we can see that
the surfaces of the NaYF4:Yb>*, Tm>* cores after annealing were
not as smooth as those of the NaYF4:Yb3+, Tm>* cores before
annealing. In order to characterize the core/shell structure and the
morphologies of the NaYF4:Yb?*, Tm®* cores after annealing, TEM

images of sample NYF-SO-2 are shown in Fig. 4a and b. It can be
clearly observed that the nanocomposites have a core/shell struc-
ture and the silica shell is clearly visible. The thickness of the silica
shells is uniform (~30 nm), and the shell surface appears to be
quite smooth. Moreover, the shell thickness can be adjusted by
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Fig. 4. (a), (b) TEM images and (c) SAXRD pattern of sample NYF-SO-2.
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Fig. 5. The upconversion spectra of samples NYF-1, NYF-SO-1 and NYF-SO-2 under
980 nm laser diode excitation.

changing the concentration of TEOS and the reaction time [31].
Interestingly, as shown in Fig. 4, annealing makes the NaYF4:Yb>*,
Tm>* cores nanoporous. Fig. 4c shows the SAXRD pattern of sample
NYF-SO-2. A broad Bragg reflection peak at about 1.4° was found,
indicating the ordering degree of the nanopores. The nanoporous
property of the nanocomposites makes them possess some new
potential biological applications, such as drug storage and delivery.
NaYF4:Yb3*, Tm3* cores will deform and grow up in the annealing
process if SiO; shells do not exist. In the core/shell nanocomposites,
the SiO; shells restrict growing up of the cores, and the cores only
can deform inside the shells. The deformation of NaYF4:Yb>*, Tm3+
units in one core is not uniform and not towards just one direction.
Therefore, the nanopores formed. The SiO; shell and anneal play
important roles in the formation of nanoporous core.

3.3. Upconversion emission spectra and mechanism

Fig. 5 shows the room temperature upconversion emission
spectra of samples NYF-1, NYF-SO-1 and NYF-SO-2 in the 300-
600 nm wavelength range, recorded under 980 nm excitation.
There are four emission peaks at 346, 361, 450, 474 nm, which are
assigned to the 1]5 — 3F4, 1D2 — 3H6, 1D2 — 3F4, 1G4 — 3H6
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Fig. 6. Plots of logarithm intensity of the upconversion emissions versus logarithm
pump power of diode laser at 346 nm (M), 361 nm (@), 450 nm (A ) and 474 nm (V)
for sample NYF-SO-2.
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Fig. 7. The energy level diagrams of the Tm>* and Yb>* dopant ions and upconversion
mechanism following 980 nm laser diode excitation. The full, dashed and dotted
arrows represent emission, energy transfer and multiphonon relaxation processes,
respectively.

transitions of Tm>* [32]. Only the peaks at 450 and 474 nm are in
the visible range, which makes the samples appear bright blue
when pumped by the 980 nm laser. The upconversion emission of
sample NYF-SO-2 is much stronger than those of samples NYF-1
and NYF-SO-1 due to the existence of hexagonal NaYF4:Yb>*, Tm>*
in sample NYF-SO-2. The intensity of the 346 nm emission peak is
weaker than that of the 361 nm emission peak in sample NYF-1.
However, contrary result is observed for sample NYF-SO-1. Silica
coating can change the surface properties of NaYF4:Yb3*, Tm3*
nanoparticles. Furthermore, the silica shell may reflect some peaks
of the upconversion emission and aggregate the 980 nm laser. All
the above-mentioned cases can alter the intensity ratios of
the upconversion emission peaks [33,34]. Dependence of the
upconversion luminescence intensity on pump power was per-
formed to obtain a better understanding of the upconversion
process. For unsaturated upconversion luminescence, the emission
intensity, Iem, is proportional to (Iex)", i.e., Iem « (Iex)", where Igy is
the excitation intensity and the integer n is the number of photons
required to populate the emitting state, which can be determined
from the slope of a Log-Log plot of the upconversion intensity
versus pump power [35]. Fig. 6 shows the double logarithmic plots
of the emission intensity as a function of excitation power for the
aforementioned four emission transitions in sample NYF-SO-2. The
slopes of the linear fittings are 4.53 for 'ls — 3F4, 3.62 for
D, — 3Hg, 3.70 for 'D, — 3F,4 and 2.76 for 'G4 — 3Hg, indicating
that five, four and three pumping photons are required to populate
the !ls, D, and !G4 emitting levels, respectively. The possible
upconversion mechanism of the NaYF4:Yb>*, Tm3* nanoparticles is
presented in Fig. 7 [36,37]. Under the 980 nm excitation, electron of
Yb>* was excited from 2Fy; to 2Fs; level. The electrons on ground
states 3Hg are excited to >Hs through the first-step energy transfer
of Yb>" — Tm3* and then the electrons on 3Hs relax to 3F4. The
electrons on 3F4 are excited to 3F, (°F3) through the second-step
energy transfer and the electrons on >F, (°F3) relax to 3Hj. The
electrons on 3Hy are excited to 'G4 through the third-step energy
transfer. There are several opinions about the population of 'D,
level. Some researchers consider that the electrons on !G4 can also
be excited to 'D, through the fourth-step energy transfer [38-40],
but they do not give further experimental or theoretical evidences.
The mismatch of energy between the 2F;; < %Fs;; Yb*' and
1G4 —» D, Tm3* transitions is about 3500 cm ™, so we consider
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that the fourth-step energy transfer occurs with little probability.
Consequently, the cross-relaxation processes between Tm>* ions
play important roles in populating 'D, level. Cross-relaxation
processes, such as 3F; + 3F3 — 3Hg + D5 [41,42], 3F, + 3Hs — 3Hg
+ 1D, [43-45] as well as 'G4 + >Hy — 3F4 + 1D, [37,43,45] can all
populate 'D, level of Tm3*. Some research groups have confirmed
the rationality of aforementioned cross-relaxation processes from
experimental and theoretical results [42,44-48]. Chen and his co-
authors [46] consider that the population of 'D; is a five-photon
process under the condition that it is populated by
1G4+ 3Hy — 3F4 + 'D, process. Our results indicate that the pop-
ulation of 'D; level is a four-photon process in sample NYF-SO-2.
Therefore, we believe that the cross-relaxation processes of
3F;+3Hy — 3Hg+'D, as well as 3F3+°F;3 - 3Hg+ D, play
important roles in populating D, level in our samples. Only one
kind of cross-relaxation process is drawn in Fig. 7. After populating
the D, level, the electrons on 'D, level are excited to 115 level
through another energy transfer process from Yb>* to Tm>*. Then
various emissions can occur.

4. Conclusions

In summary, multifunctional cubic/hexagonal mixed phases
NaYF,4:Yb**, Tm3*+@Si0, nanocomposites possessing upconversion,
nanoporous, and bio-affinity properties have been developed by
a simple and straightforward synthetic method. The silica shell
played significant roles in terms of protecting NaYF4:Yb3*, Tm>*
nanoparticles from aggregating and endowing the final materials
with biocompatible properties. The annealing process not only
produced hexagonal NaYF4:Yb>", Tm>* but also made the cores
nanoporous. Various techniques have been utilized to characterize
the multifunctional materials. The pores of the nanocomposites
were clearly observed via TEM images and their upconversion
emission was improved through annealing. They are expected to
find applications in biomedical fields.
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