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Abstract

Water-soluble PVP-stabilized hexagonal-phase Lag73Ybg»0Erg.02F3 nanocrystals (NCs) were synthesized by hydrothermal method.
The NCs were coated with a very thin silica shell, and amino groups were introduced to the surface of silica shells by copolymerization of
3-aminopropyl(triethoxy)silane. The core/shell NCs can be dispersed in ethanol and water to form stable colloidal solution. The
transmission electron microscopy (TEM), selected area electron diffraction (SAED), powder X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FT-IR) were used to characterize the core/shell materials. In addition, the green up-conversion
fluorescence mechanism of Lag75Ybgo0Erg 02F3/SiO>, NCs was studied with a 980-nm diode laser as excitation source. The water
solubility, small core/shell particles size, and well colloidal stability mean the green up-conversion fluorescence NCs have potential

applications in bioassay.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Up-conversion fluorescence; Lag 75Ybg 20Er.02F3/Si0,; Core/shell; Colloidal; Nanocrystals

1. Introduction

Recently, lanthanide-doped up-conversion fluorescence
nanocrystals (NCs) [1-6] have attracted much attention
due to potential applications as sensitive bio-probes [3,7-9].
The up-conversion fluorescence detection absents auto-
fluorescence and reduces light scattering, which results in
high sensitivity [10-11], and infrared (IR) or near-infrared
(NIR) light are usually used as excitation sources, which
can penetrate deep into organisms and reduce photo-
bleaching [12,13]. In addition, the different colors of up-
converting phosphor can be excited simultaneously with
the same IR source (980nm), which is necessary to
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multiplexing. These unique properties make lanthanide
up-conversion fluorescence ideal as bio-probes in fluores-
cence detection of biomolecules.

For lanthanide-doped up-conversion NCs, the selection
of host matrix is very important in achieving high efficient
up-conversion fluorescence. As a promising host matrix,
LaF; with low phonon energy has attracted considerable
attention in recent years [14—16]. However, applications of
LaF; NCs in biological systems have been limited due to
lacking groups on the surface of the NCs serving as
reactive sites for coupling biomolecules. On the other hand,
fluoride would be toxic to biological systems. Hence, much
work has to be done to modify the surface of NCs.
A simple but effective method is to grow a silica shell
around the NCs, forming the so-called core—shell structures
[17-21]. The silica coating can improve the photostability
and biocompatibity of the NCs and the protocol for
conjugation of biomolecules to a silica surface is well
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established [17-19]. However, in many cases, the thickness
of the shells is relatively large, which prevents the NCs
from using as bio-probes, particularly in fluorescence
resonance energy transfer (FRET) process. As we know,
the effective distance of FRET is usually lower than 10 nm.
Therefore, the size of NCs should not distinctly grow after
coated with silica. That is, the thickness of silica shell must
be very thin. Furthermore, in order to exploit core/shell
NCs peculiar properties and unique biological applica-
tions, the NCs should have excellent solubility and stability
in polar solvents, particularly, in water.

In this paper, we synthesized 10nm hexagonal phase
Lag 75Ybg 20Erg 0oF3 NCs and coated the NCs with 1-2nm
silica shell, as evidenced by TEM images. The free amino
groups were introduced by hydrolysis and copolymeriza-
tion reactions of 3-aminopropyl(triethoxyl)silane (APS),
which makes surface bioconjugation of the NCs easy. The
Lag 78Ybg 20Erg 02F3/Si0, NCs can be dispersed in ethanol
and water and stabilize for 24h without any visible
precipitate. Moreover, the colloidal solutions present green
up-conversion fluorescence under a 980-nm excitation from
a diode laser, which provides a promising up-conversion
NCs for biological applications.

2. Experimental

Rare earth chemicals were obtained from Shanghai
Yuelong New Materials Co., Ltd. 3-aminopropyl(trieth-
oxyl)silane (APS, 97%) was obtained from Avocado
Research Chemical Ltd. The other chemicals utilized in
the synthesis were purchased from Beijing Chemical
Corporation and used without further purification.
In a typical preparation, 4 mmol LnNOs-6H,O (Ln = La
0.78 mmol, Yb 0.20 mmol, Er 0.02mmol) and 2.2 g Poly-
vinylpyrrolidone K-30 (PVP) were dissolved into 40-mL
ethylene glycol. The solution was heated to 80 °C until a
homogeneous solution was formed. A volume of 40-mL
ethylene glycol containing 12 mmol KF-2H,O was added
dropwise to the above solution. The mixture was agitated
for another 30min and then transferred to four
50-mL autoclaves, sealed, and treated at 160 °C for 16h.
Subsequently, the mixture was allowed to cool to room
temperature, and the NCs were separated by centrifugation
and washed several times with absolute ethanol, then dried
under vacuum at 60 °C overnight.

The procedure for coating silica onto the Lag73Ybg .20
Er0.02F3 NCs was as follows: 00897g La0_7ng0.20Er0_02F3
NCs were dispersed in 5-mL ethanol and mixed with 4-mL
water and 500 pL ammonia (50%). A volume of 40 puL
Tetraethoxysilane (TEOS) dissolved in 8-mL ethanol was
then added slowly to the solution under continuous
stirring. Then 10pL  3-aminopropyl(triethoxyl)silane
(APS) dissolved in 2-mL ethanol was added dropwise to
the solution. The product was isolated by centrifugation
and washed with absolute ethanol and water, then dried
under vacuum at 60 °C overnight.

The size and morphology of Lag73Ybg-9ErggF5; and
Lag 758Ybg20Erg 0oF3/SiO, were characterized by TEM
(JEM, 2000EX 200KYV). Phase identification was per-
formed via X-ray diffractometry (model Rigaku RU-200b),
using nickel-filtered CuKuo radiation (4 = 1.5406 A). FT-IR
spectra within the range of 4000-400cm ™' were registered
by a Bio-Rad FT-IR spectrometer with the KBr pellet
technique. The KBr was dried overnight before used.
A high-temperature lamp was used to eliminate absorbed
water when the KBr/sample was grounded. The samples
were analyzed immediately after preparing the pellets. The
up-conversion emission spectra were recorded with a
Hitachi F-4500 fluorescence spectrometer. An adjustable
laser diode (980 nm, 2 W) was used as the excitation source.
The up-conversion fluorescence photo of colloidal solution
was taken with a digital camera.

3. Results and discussion

The powder X-ray diffraction (XRD) results of the
Lag 78Ybg20Erg02F3 and Lag75Ybg 20Er 02F3/Si0, NCs
are shown in Fig. 1. The peak positions and intensity
agree well with the data reported in the JCPDS standard
card (84-0691) of pure hexagonal LaF; crystals [22-24]. No
impurity can be identified from the XRD pattern, which
suggests that our synthesis is a promising method to
prepare pure hexagonal phase LaF;. As we know, the
nanocrystallite size can be estimated from the Scherrer
formula, D = 0.9414/f cos 0, where D is the average grain
size, A is the X-ray wavelength (0.15405nm), 0 is the
diffraction angle and f is full-width at half-maximum
(FWHM) of an observed peak. By applying the Scherrer
formula to the FWHM of the (111) diffraction peak, the
mean particle sizes of Lag73YbgooErggF3 and Lag g
Ybg.20Erg 02F3/Si0, NCs could be calculated as 7.8 and
8.0nm, respectively. The small grain size results in the
broadening of the XRD peaks of these two NCs.
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Fig. 1. Powder X-ray diffraction (XRD) patterns of Lag 75Ybg.20Er¢.02F3
(A) and L30.78Yb0_30Er0_02F3/Si02 NCs (B)
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Fig. 2. TEM images of Lag 75Ybg20Erg.02F3 (A) and Lag 75Ybg 20Erg 02F3/Si0> NCs (B). Insets: The electronic diffraction patterns of Lag 75Ybg 20Er¢.02F3

and Lag 75Ybg20Erg 02F3/SiO, NCs, respectively (the scale bar is 20 nm).

Figs. 2A and B show TEM images of the Lagg
YbO.zoEr0.02F3 and La0,78Yb0,20Er0,02F3/Si02 NCS, respec-
tively. From Fig. 2A, we can see that the crystals are nearly
spherical in shape and relatively uniform in size with an
average size of about 10 nm, which agrees well with XRD
results. TEM image of the silica-coated Lag73Ybg2g
Erg0oF3 NCs shows that the thickness of the silica shell is
about 1-2nm, which is further indicated by the magnified
images of Fig. 2B. Owing to adding a small amount of
TEOS and APS, the silica-coated NCs still retain 10-nm
average size. The small grain size makes core/shell NCs
promising as bio-probes. The SAED patterns of Lag g
YbO.zoEr0.02F3 and La0.78Yb0,20Er0,02F3/Si02 NCs (il’lSCtS
in Figs. 2A and B, respectively) also confirm that the
resulting NCs are well crystallized.

Fig. 3 shows infrared transmission spectra of Lag g
Ybo.zoEro.ong, and Lao_78Yb0.20EI‘0.02F3/Si02 NCs. In the
FT-IR spectrum of Lag75Ybg»0ErgoF3 NCs, the broad
absorption band located at 3400 cm ™' could be assigned to
—OH groups from the absorbed water. The peaks at 2930
and 1380cm™' corresponding to the stretching and
bending modes of —CH, groups, the double peaks at
1088-1050cm ™" corresponding to the C-N stretching
modes, and the characteristic peak at 1640cm™' corre-
sponding to the C=0 stretching vibrations indicate the
presence of PVP on the surface of the NCs as a capping
ligand [25,26]. PVP is an amphiphilic surfactant, which can
make the NCs dispersible in water and organic solvents
[27]. Furthermore, its pyrrolidone groups can coordinate
with lanthanide ions, as reported by different authors
[28-30]. In regard to the silica-coated NCs, aside from the
presence of the characteristic absorption bands of PVP, the
strong absorption peak around 1050 cm™' is attributed to
Si—O-Si asymmetrical stretching vibration. The symmetric
stretching vibration of Si—O-Si at 782 cm ™" also appears in
the spectrum of silica-coated NCs. The absorption bands in
the region of 3700-3000cm™' are based on stretching
vibration of —NH, groups from silica shells and —OH
groups from the absorbed water. The IR peaks at
1530cm™" corresponding to the bending mode of N-H
band further indicates that the surface of silica shells is
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Fig. 3. FT-IR spectra of Lag75Ybg20Ero0.F3 (A) and Lag75Ybo2
Er¢.02F3/Si02 NCs (B).

Fig. 4. Photographs of Lag738Ybg20Erg02F3/Si0, NCs dispersed in
ethanol (left) and in water (right) with the concentration of 5mg/mL.

modified with amino groups by hydrolysis and copolymer-
ization reactions of APS, which makes surface bioconjuga-
tion of the NCs easy.
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Fig. 4 demonstrates that the Lag;5Ybg0Erg02F3/Si0,
NCs can easily disperse in the polar solvents ethanol and
water to form stable colloidal solution. The Lagg
Yby.20Erg.02F3/Si0, NCs colloidal solution could be stable
for 24 h without aggregates observed in the bottom of the
colloidal suspension. The well dispersivity and stability of
the sample in ethanol and water are very important to
explore the bio-applications of core/shell sample.

The room temperature up-conversion spectrum of
LaongbolzoErolozF:;/siOz colloidal solution in ethanol is
presented in Fig. 5. Under 980-nm excitation, four emission
peaks in the visible region are assigned to 2H9/2—>4115/2
(408 nm), *H, o~ *I 552 (520 nm), *S3,,—*I;5;2 (540 nm) and
4F9/2—>4I 152 (650nm) transitions of Er’" ions, respectively
[1,31]. Obviously, the green emission is dominant in the
up-conversion fluorescence spectrum of the Lagyg
Yby»0Erg.02F3/Si0; colloidal solution. Inset of Fig. 5 gives
the green up-conversion fluorescence photograph of
Lag.78Ybg 20Erg 02F3/SiO, colloidal solution excited under
a 980-nm diode laser with a pump power density of
130 W/cmz, which suggests that the Lag75Ybg,0Erg.o2
F5/Si0, is a promising colloidal solution for green labeling.
Since the luminescence of lanthanide ions is efficiently
quenched by the high-energy O-H and N-H vibrations
from the absorption water and surface amino groups,
lanthanide ions on the crystal surface are not likely to show
IR-to-green up-conversion. Therefore, the observed up-
conversion fluorescence should emit from the Ln’"
(Ln*" =Yb* ", Er'") ions replacing the La* " ions inside
the NCs. In the next discussion, we focus our attention on
the dominant green emissions. For unsaturated up-
conversion emission intensity, I, is proportional to I,
where [ is the intensity of the excitation light and the
integer n is the number of photons absorbed in one up-
conversion emission process. In Fig. 6, we give the intensity
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Fig. 5. Up-conversion emission spectrum of Lag75Ybg.20Erg02F3/Si0;
colloidal solution excited at 980 nm. Inset shows the green up-conversion
fluorescence of 200-puL Lag 75Ybg 20Erg02F3/Si0, ethanol solution with a
S-mg/mL concentration.
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Fig. 6. Intensity dependences of the green up-converted fluorescence of
Lag 73Ybg 20Erg.02F3/SiO, on the pump power excitation at 980 nm.

28 — =¥2G7/2»2K15/2’2G9n
] — >4 'Giip
="
” —A Ho)p
N h
] s, Fyp
_ — Fipp
20 PR o
12
o a Q
E 16 — [
S —_ 7 *—*Fy
E 12 - — 4‘;_9/2-
. )
T — I - y ¥ Fso
8 — . W
- — | 4 ZI13/2 'l-
w. <
4 S
2
0 - - - 15> \ 4 Fon
Er3+ Yb’3+

Fig. 7. Schematic diagram of Yb>"-sensitized Er** up-conversion in
Lag 78 Ybo20Er¢.02F3/Si0; NCs under 980-nm excitation.

dependences of the green up-converted fluorescence on the
pump power at 980-nm excitation. The number of photons
of 980-nm IR light required to excite the green up-
conversion emissions was determined from the slope of
the line of the bi-logarithmic plots, as shown in Fig. 6. The
slopes of log(l;) versus log(/) are 1.57 and 1.63 (peaks
centered at 540 and 520 nm, respectively) for the Lag g
Ybg.0Erg 02F3/Si0, colloidal solution, and therefore the
green up-conversion emissions in Er’" ions occur via a
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two-photon process. Infrared to green up-conversion
emissions in Yb>"—Er’ " codoped system has been widely
investigated [15,31]. Fig. 7 gives the schematic energy level
diagrams of up-conversion excitation and visible emission
for the Yb* " /Er*". As indicated by the arrows, Yb>* ion
was excited from the ground state 2F7/2 to the excited state
2F5/2 by an infrared (980 nm) photon. The Yb*" ion may
transfer the energy to the Er’ " ion, which can promote an
electron from I, s to I, 1> state, and if the latter is already
populated, the electron may transit from the *I;; 2 to the
4F7/2 states. Subsequently, nonradiative relaxations could
populate the 2H, 2 and 4S3/2 states, which are the emitting
levels for the green fluorescence. Therefore, the green up-
conversion luminescence is duo to two-photon processes.
For the violet emission, there are two processes in
populating the state 2H9/2: (1) energy transfer 2F5/2—>2F7/2
(YO'"): *Fyp—*Hyp (Er''); and (2) energy transfer
*Fsp—2Frn (YO ) 483,—2Gy), (Er* 1), followed by fast
cascading relaxation to the G »» and 2H9/2 states.

4. Conclusion

In conclusion, we synthesized Lag75Ybg0Erg ¢-F3 and
Lagy78Ybg 20Erg 02F3/Si0, NCs using simple methods.
XRD analysis showed that the products were single
hexagonal phase. TEM images showed the Lags
Ybg,oErgoF3 NCs have an average size of 10nm, and
Lag.78Ybg 20Erg 02F3/Si0, NCs have very thin silica shells.
Moreover, free amino groups are introduced to the surface
of silica shells by copolymerization of APS. The core/shell
NCs can disperse in ethanol and water to form stable
colloidal solutions and the colloidal solutions exhibit green
up-conversion fluorescence under 980-nm excitation. Ex-
citation of Lag75Ybg0Erg ¢oF3/SiO, sample with 980 nm
populates the 4F7/2 state of Er’" ions via two successive
energy transfer from the Yb* " ions and yields intense green
up-conversion luminescence. The core/shell NCs have
potential applications in bioimaging and biolabeling.
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