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Fe;0,@GdF3:Er®*,Yb** nanoparticles: synthesis and
bifunctional properties
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The core-shell structured bifunctional magnetic and up-conversion fluorescence nanoparticles composed of FesO4 magnetic
core and GdFs:Er** Yb® up-conversion fluorescent shell were fabricated by a facile direct precipitation method. X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM),
photoluminescence (PL), and superconducting quantum interface device (SQUID) were employed to characterize the
samples. The results show that the composite nanoparticles are core-shell structures and have a typical diameter of 60 nm
consisting of the magnetic core with about 40 nm in diameter and up-conversion fluorescent nanocrystals with an average
thickness of about 15~20 nm. They possess magnetism with a saturation magnetization of 6.98 emu/g and exhibit green and
red emissions originating from electric transition *Sz; -*l115:2 (543 nm) and *Foz - “l152 (659 nm) of Er** ions. These results
suggest that the bifunctional magnetic and up-conversion fluorescence nanocomposites with magnetic resonance response

and up-conversion fluorescence probe property may be useful in biomedical imaging and diagnostic applications.
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1. Introduction

Multi-functional — nanocomposites  that  possess
desirable properties in a single entity have attracted great
interest in recent years. For instance, nanocomposites with
both fluorescent and magnetic properties can be used in
biological systems, such as bioimaging, diagnostic, and
therapeutics. '™ They can serve as fluorescent markers, at
the same time, they can also be controlled by an external
magnetic field. *® Most of the magnetic fluorescent
nanocomposites are core-shell structures with the great
majority of emitters being either quantum dots (QDs) or
organic dyes. * '

However, organic dyes typically exhibit rapid
photobleaching and a low fluorescence quantum yield,
QDs are less chemically stable, potentially toxic, and show
fluorescence intermittence. [*"!*! Therefore, such intrinsic
disadvantages would seriously hinder their application in
the biomedical field, especially for use in the human
body.'""®  Recently, lanthanide-doped upconversion
nanocrystals have been developed as a new class of
luminescent labels, and they have become promising
alternatives to organic fluorescent dyes or quantum dots
for applications in biological assays and medical imaging,
1920 que to their attractive chemical and optical features,
such as large anti-stokes shifts, low toxicity, sharp
absorption, emission lines and superior photostability. In
particular, up-conversion luminescence is a process that
continuous-wave low-energy light in the near-infrared
(NIR) region (typically 980 nm) is converted to higher
energy visible light through sequential absorption of

multiple photons or energy transfer, *'** and such a unique

luminescent mechanism excludes both conversional
luminescent labels and endogenous fluorescent substances.
224 Therefore, it can be expected that upconversion
nanocrystals may exhibit many advantages, such as
non-invasive and deep penetration of NIR radiation,
probable absence of auto fluorescence of biological tissues,
and the low cost of continuous-wave NIR laser. *** They
have recently been used as luminescent labels for
bioimaging. Rare-earth fluorides are a class of materials
with great potential in optical applications. Fluoride
lattices allow high coordination numbers for the host
rare-earth ions, 2 the high ionicity of the
rare-carth-to-fluorine bond leads to a wide bandgap and
very low vibrational energies. ***' These two factors in
particular contribute to their usability in optical
applications based on vacuum ultraviolet (VUV) and
near-infrared (NIR) excitation. **

Several different routes have been used to
synthesize bifunctional magnetic luminescent
nanocomposites. Fang et al. employed a facile one-pot
method to fabricate the Fe;O,@ SC[6]-LaPO4:Ce’":Tb*"
superparamagnetic and fluorescent nanocomposites. The
LaPO,:Ce’":Tb*" nanorods were self-assembled into
three-dimensional “koosh nanoballs” as a bifunctional
luminescent ferro-fluidic system.”> Sun et al. had
synthesized Fe;04/Si0,/Y VO4Eu* magnetic/luminescent
nanocomposites by a hydrothermal method. ** Lu et al.
employed a modified Stober method combined with a
layer-by-layer assembly technique to fabricate the
core-shell  structured luminomagnetic = microsphere
composed of a Fe;O4 magnetic core and a continuous SiO,
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nanoshell doped with Eu(DBM);2H,0O fluorescent
molecules. This obtained luminomagnetic microspheres
with magnetic resonance response and fluorescence probe
property may be useful in biomedical imaging and
diagnostic applications. ** Zhang et al. had prepared
Fe;0,@Si0,/Y,05:Tb  bifunctional nanocomposites by
homogeneous precipitation method. 3% To the best of our
knowledge, there are few reports on the synthesis of
bifunctional magnetic and up-conversion luminescent
nanocomposites with Fe;O4 nanoparticles as the cores and
lanthanide-doped fluoride nanoparticles as the shells.

In this work, we report the development of a facile
two-step method for the preparation of bifunctional
magnetic and up-conversion luminescent nanocomposites.
First, amino-functional magnetic Fe;04 nanoparticles were
solvothermally = prepared as the cores. Second,
amino-functional Fe;O, nanoparticles coated with
GdFs:Er’*,Yb®" up-conversion luminescent particles as the
shells were synthesized by a direct precipitation method.
The synthetic strategy as schematically illustrated in
Scheme 1. With the excellent magnetic properties and
surface amino functional groups of Fe;O, cores,
GdFy:Er’'Yb®" can be successfully deposited on their
surface, so Fe;0,@ GdF;:Er’",Yb’" are synthesized. The
prepared product has green and red up-conversion
emission and magnetic property.

FeClL6H:O  CHy{OHYCH:{OH) NHJ.F |
CHyCOONs Bt (CH), —1; Rare earth nitrate

"_—eoae

Amino-FesOy Ammno-Fe;Oy@GdF Ee*, Yb*
Scheme 1. Synthetic route of Fe;0,@GdF3:Er®* Yb**
bifunctional composite nanoparticles

2 experimental details
2.1 Materials

Gadolinium oxide (Gd,0;, purity:99.99%), ytterbium
oxide (Yb,03,99.99%) and erbium oxide (Er,O3, 99.99%)
were purchased from Shanghai Yuelong Non-Ferrous
Metal Limited, China, Ammonium fluoride (NH4F,
purity: 96.0%), Ferric chloride hexahydrate (FeCls-6H,0,
purity>99.0%), ethylenediamine (C,HgN,, purity>98.0%),
sodium acetate (CH3;COONa, purity >99.0%), Ethylene
glycol (EG, purity 96.0%) were purchased from Beijing
Chemical Reagent Limited, China. All chemicals were
used without any further purification. Deionized water was
used throughout.

2.2 Characterization

Powder XRD patterns were obtained on a Bruker
D&FOCUS X-ray powder diffraction (XRD) using Cu-Ka

radiation (A=0.154056 nm). The morphologies and
structures of the as-prepared samples were inspected on a
JEM-2010-type transmission electron microscope (TEM).
The upconversion emission spectra of samples were
performed with a Hitachi F-4500 fluorescence
spectrometer. An adjustable laser diode (980 nm, 2 w) was
used as the excitation source. Magnetization
measurements were performed on an MPMS SQUID XL
superconducting quantum interference device (SQUID)
magnetometer at 300 K. All the measurements were
performed at room temperature.

2.3 Synthesis of amino-functional magnetic Fe;O,
nanoparticles

Amino-functional magnetic Fe;O4 nanoparticles were
prepared by the solvent-thermal method. *’ Briefly,
FeCl;-6H,0 (1.0 g) was dissolved in ethylene glycol (30
mL) to form a clear solution, followed by the addition of
NaAc (2.0 g) and ethylenediamine (6.5 g). The mixture
was stirred vigorously for 30 min and then sealed in a
teflon-lined stainless-steel autoclave (50 mL capacity).The
autoclave was heated to and maintained at 200 °C for 6 h,
and then cooled to room temperature naturally. The black
products were washed several times with ethanol and
finally dried at 60 °C for 6 h.

2.4 Synthesis of Fe;0, @ GdF3:Er**,Yb**
nanocomposites

Er’*,Yb’*-doped gadolinium fluoride (GdF;:Er*’,Yb*)
luminescent shell was coated on the magnetic Fe;04
nanoparticles by a direct precipitation method. The
detailed procedure was as follows: First, gadolinium oxide,
ytterbium oxide and erbium oxide were respectively
dissolved in a minimum amount of diluted nitric acid (1:1),
evaporated to dryness, cooled to room temperature, then
dissolved in distilled water to form 0.2 mol/L of
gadolinium nitrate, ytterbium nitrate and erbium nitrate
solutions. Secondly, 0.2 g of as-prepared Fe;0,4
nanoparticles were dispersed in 16 mL of Gd(NOj);, 0.8
mL of Er(NOs); and 4.5 mL of Yb(NOs); solutions. The
mixture was sonicated for 20 min followed by the addition
of 21 mL of NH4F (0.6 mol/L) solution, and then heated to
75 °C under vigorous mechanical stirring. After 2 h, the
resultant products were separated with a magnet,
thoroughly washed with ethanol and deionized water
several times, and further dried at 60°C overnight.

3. Results and discussion

3.1 Morphologies of the samples

Fe;0, particles prepared by a solvothermal process,
consist of spherical nanoparticles with an average diameter

of about 40 nm, a smooth surface and apparent
aggregation (Fig. 1la). The Fe;0,@GdF;:Er’’,Yb™
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particles are also in spherical morphology, with
non-aggregation and rough surface (Fig. 1b,c ).
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Fig. 1 TEM images of the samples
(a)F6304(b,C)F9304@Gd |:3:E|’3+,Yb3+

In addition, the core—shell structure can be clearly
distinguished because of the different color contrast
between the cores and shells. Fe;0,@GdFs:Er’",Yb*" are
spheres with an average size of about 60 nm, and the shell
shows a gray color with an average thickness of about
15~20 nm (Fig. 1b and 1c). The change in diameter in Fig.
la and c suggests that the GdF; nanocrystal deposited on
the surface of Fe;O4 nanoparticles. The selected-area
electron diffraction (SAED, the inset of Fig. 1c) reveals

the polycrystalline feature of the as-prepared product.
3.2 Structure of the samples

In order to investigate the structure and composition
of the nanocomposites, XRD was employed to analyze the
samples. Fig. 2 shows the X-ray diffraction patterns of
Fe;0, and Fe;04,@GdF;:Er’’,Yb*" particles. From Fig 2a,
it is found that the magnetite core is easily indexed to
cubic spinel structure of Fe;O4 (PDF 75-1610) with good
crystallinity. Fig. 2b shows that the nanocomposites
exhibit the characteristic diffraction peaks of GdF; (PDF
12-0788) with orthogonal phase and additional peaks that
coincide with the peaks of cubic spinel Fe;04 (marked
with *) and y-Fe,O; (marked with °). The coexistence of
maghemite and magnetite could be attributed to oxidation
of FesO4 to y-Fe,Oz during the synthesis.26 The XRD
results indicate the successful crystallization of
GdF;:Er’",Yb*" on the surface of Fe;0,. Additionally, no
additional peaks for other phases can be detected,
indicating that no reaction occurred between the core and
shell during the synthesis process.
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Fig.2 XRD patterns of the samples (a) Fe;0,; (b)
Fe;0,@GdF3:Er®* Yb*

3.3 Fluorescence properties of the bifunctional
nanocomposites

After the magnetic nanoparticle was coated with
GdF;:Er*", Yb*', green and red up-conversion emissions
were observed with 980 nm infrared excitation. Fig.3
shows the infrared-to-visible up-conversion fluorescence
spectrum of the sample. The two emission peaks at 543
and 659 nm, assigned respectively to 4Sa0 t0 *l15p and *Fgpp
to *ly5, transition of erbium, are similar to the emission
peaks observed in previous report for the pure
up-conversion nanoparticle itself.®® In addition, the
spectrum shows that the red *Fgia- 115/ emission (659 nm)
is stronger than the green Sap - Ylys,  emission (543 nm)
(emission ratio of red to green is 2:1). Because the surface
properties and  crystallinity of GdFy:Er'’, Yb*'
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nanoparticles can affect the different energy level
transition of doped ions, then they result in the different
emission intensity of red and green light. The
up-conversion fluorescence property was still preserved
when the material was coated as a shell on magnetic
nanoparticles. These nanocomposites with up-conversion
fluorescence have many optical advantages (e.g. low
optical background, high photo-stability and low laser
cost), and thus they can be employed as reporters in
immunoassays or DNA assays.” Meanwhile, the existence
of Fe;04/y-Fe,O; may not obviously influence the
fluorescence property of the nanocomposites.
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Fig.3 Upconversion emission spectrum of
Fe;0,@GdF3:Er®*, Yb** nanocomposites
under the excitation of 980 nm laser

3.4 Magnetic properties of the bifunctional
nanocomposites

Fig. 4 shows the magnetic properties of the Fe;O, core
and the Fe;0,@GdF;:Er’”, Yb’" nanocomposites. Both
samples exhibit a magnetic behavior with a negligible
coercivity or remanence, indicating that the as-prepared
sample is suitable for applications in drug delivery or
separation. The saturation magnetization of
Fe;0,@GdF5:Er’’, Yb®" nanocomposites reaches a
saturation moment of 6.98 emu/g , the value is much lower
than that of Fe;O4 cores (88.58emu/g), probably because
of the thick shells coated on magnetic nanoparticles.
Another main reason is that a part of Fe;O, has been

oxidized to y-Fe,O; during the synthesis from XRD results.

Generally, surface oxidation of nanomaterials would
significantly reduce the total magnetic moment, as
compared to that of bulk materials. Nevertheless, this kind
of magnetic property enables the bifunctional composite
particles to be used in biomedical applications because
they have a sufficiently strong magnetization for efficient
magnetic separation under the applied external magnetic
filed.
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Fig. 4 Magnetization curves of Fe;O, core (a) and
Fe;0,@GdF3:Er®*, Yb®* nanocomposites  (b) at room

temperature.

4. Conclusions

In summary, we fabricated the Fe;0,@GdF5:Er’",Yb*"
magnetic and up-conversion fluorescence nanocomposites
with a facile direct precipitation process. The
nanocomposites simultaneously exhibit magnetic and
up-conversion fluorescence properties. In a word, the
magnetic and up-conversion fluorescence properties of the
nanocomposites would allow them to find great potential
applications in biomedical fields.
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