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Synthesis, Characterization, and Spectroscopy of were prepared from the corresponding lanthanide oxides and
NaGdF,: Ce®, Th3"/NaYF, Core/Shell carbonates and trifluoroacetic acid. The noncoordinating,
Nanoparticles high-boiling solvent octadecene was selected as the growth

medium for the NPs. Oleic acid and oleylamine were

John-Christopher Boyer, Jacinthe Gagnon employed as the coordinating organic ligands, which attach
Louis A. Cuccia, and John A. Capobianco* to the particle surface during the crystal growth and keep
] ] ) the NPs well-separated from each other. The reagents were
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Concordia Unversity, 7141 Sherbrooke Street West, oadded toa three-neck rour.1d.-bottom flagk and heated to 100
Montreal, Quebec, Canada H4B 1R6 C under a vacuum with stirring for 30 min to remove water
and oxygen. The resulting solution was heated to Z7@t
Receied March 28, 2007  arate of 1C/min under argon and kept at this temperature
Revised Manuscript Receed May 15, 2007 for 45 min. The mixture was then allowed to cool to room
There is a growing interest in materials chemistry for the temperature; the NPs were then precipitated using ethanol
development of new luminescence nanomaterials such asnd isolated via centrifugation.
lanthanide-doped nanoparticles (NPs). NPs of this type have Figure 1 shows the characterization data of the NaGdF
been considered for use in luminescence deViagstjcal Ce*, Tb*" NPs. From the TEM images (Figure 1A), it can
amplifiers2 and as labels for biomolecul&st Lanthanide  be observed that the NaGgparticles are approximately-%
ions are widely used as the emitting species in many nm in diameter and appear spherical in shape. The high-
traditional phosphord.In particular, the C&, Tb¥* ion resolution TEM image in the inset of Figure 1A clearly
couple is utilized in a number of traditional phosphors for demonstrates the high crystallinity of the particles. Lattice
the generation of green lightdence, numerous dispersible fringes corresponding to the (111) lattice plans of the cubic
NPs doped with the G& and T* ions have been synthe- NaGdR structure can be observed on the individual particles.
sized through a varity of techniqué&s? In this paper, we All of the particles observed in the HRTEM images are
present the synthesis of &eand TB*-doped NaGdFNPs composed of single crystallites.
that are dispersible as colloidal solutions in nonpolar organic ~ To determine the crystal system of the NPs, we used XRD
solvents such as hexane and chloroform. The NPs wereand SAED techniques. The XRD (Figure 1B) and SAED
characterized using transmission electron microscopy (TEM), (Figure 1C) patterns also demonstrate the highly crystalline
selected area electron diffraction (SAED), and powder X-ray nature of the synthesized NPs. Both the XRD and SAED
diffraction (XRD). The luminescence properties of the patterns obtained clearly match the reported pattern for cubic
colloidally dispersed NPs were also investigated under NaGdR (JCPDS 27-0697) as seen in Table S1 (see the
ultraviolet excitation. The synthesis of core/shell NPs is also Supporting Information). Using the (111) peak of the
presented as a method of increasing the efficiencies of thediffraction patterns, we calculated an average crystallite size

synthesized materials. of 5 nm with the Debye Scherrer formula, which corre-
The method used for the synthesis of NaGdfPs has sponds well with TEM data.
been adapted from the synthesis of Lafanoplates and Figure 2A shows the excitation and emission spectra of

NaYF, NPs!4 !¢ The lanthanide trifluoroacetate precursors the NaGdg 15% Cé*, 5% T sample dispersed as a 1
wt % colloid in hexane. The spectra of the NaGdEe*",
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Figure 2. (A) Excitation and emission spectra of NaGdFL5% Cé™,
(331)— 5% T+ NPs dispersedsaa 1 wt %solution in hexane. (B) Mechanism
responsible for TH" emissions. (C) Photograph$ @ 1 wt % solution of

) T ) freshly prepared NaGdF 10% Cé*, 5% TI#" NPs in hexane under (i)
Figure 1. Characterization data for core-only NPs. (A) TEM image of  ampient and (ii) 254 nm UV light. Photographs of 1 wt % solutions of
NaGdR: 20% Cé*, 5% TB*". Inset, HRTEM image of a single NP. (B) freshly prepared (i) NaGdF 15% C&+, 5% TB* and (iv) NaGdg: 20%
Powder XRD patterns for particles with different cerium concentrations. ce+ 50, T+ NPs in hexane under 254 nm UV light.

(C) SAED pattern of the NaGdF 20% Cé*, 5% Ti*" NPs.

The NPs and their colloidal solutions tend to yellow over in the past for other Cé&/Tb*"-doped NPs for similar
time with an accompaning decrease in their luminescencereasons®!?1317For the core/shell particles, the same syn-
efficiency. This phenomenon was attibuted to the oxidation thetic procedure was utilized as above except a second
of Ce*" to Cée. For efficient green TH luminescence, the  reaction mixture containing yttrium and sodium trifluoro-
energy from the ultraviolet excitation light has to be first acetates was added over a 10 min period after the first 45

absorbed by Cé& and then transferred to Th The Cé" min of reaction time. The resulting reaction mixture was
ion is not capable of acting as a sensitizer in this way. To maintained at 270C for an additional 30 min.
prevent this oxidation, we added a Nays$hell to the core Figure 3 clearly demonstrates the advantages of employing

particles during the synthesis. Addition of an undoped shell a core/shell structure over the core-only particles. Figure 3A
has the added benefit of protecting the luminescent lanthanideshows the emission spectra of four core-only NagdEe*",

ions from the high vibration energies of the organic solvent Th®" samples and a NaGgF20% Cé*, 5% TB/NaYF,

and other quenching sites located at the surface of the NPscore/shell sample 1 week after their synthesis. The emission
For this reason, a shell of NaYMas employed instead of intensity decreases in the core-only particles with increasing
NaGdR. As mentioned previously, the excitation energy is cerium concentration (Figure 3A). Upon addition of the
transferred to the Cé ions via the Gé&" lattice. If NaGdR undoped NaY[shell to the core particles, the intensity of
was utilized as the shell material, it would still allow for the emission is increased considerably (Figure 3A). This
energy transfer of the exciting energy up to the surface of
the nanopatrticles. Core/shell structures have been utilized(17) Koempe, K.; Lehmann, O.; Haase, @hem. Mater2006 18, 4442.
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Figure 3. (A) Emission spectra of 1 wt % solutions in hexane of Na@dF
Ce*t, Th*" core and NaGdECe*™ 20%, TB" 5%/NaYF; core/shell NPs.
(B) Photographs foa 1 wt % solution of aged NaGdF 20% Cé&", 5%
Tb®" NPs in hexane under (i) ambient and (ij) 254 nm UV light and
NaGdR: 20% Cé*, 5% Tk*"/NaYF, NPs under (i) ambient and (iv) 254
nm UV light. (C) TEM image of NaGdE 20% Cé", 5% TB*/NaYF,
sample. Inset, HRTEM image of a single NP.

dramatic increase in luminescence efficiency is attributed to

the fact that the NaYfshell protects the NaGdFCe*t, Th*"
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NPs from cerium oxidation. The core-only colloidal solutions
tend to turn yellow after only a few days (Figure 3B(i)),
accompanied by a drastic decrease in their overall lumines-
cence (Figure 3B(ii)). In contrast, the colloidal solutions
containing the core/shell particles remained colorless (Figure
3B(iii)), and no changes in their luminescence intensity were
observed (Figure 3B(iv)) over the same time period. Even
when freshly made solutions of NaGgdF20% Cé*, 5%
Tb3" core and NaGdF 20% Cé&", 5% TB"/NaYF, core/
shell NPs are compared, a dramatic increase in overall
luminescence is observed in the core/shell sample. The
addition of an undoped shell effectively reduces nonradiative
guenching of the lanthanide ions by surface defects and
surounding solvent molecules. Moreover, there is no sig-
nificant differences in the TEM and the XRD patterns of
the core-only and the core/shell particles. The latter just
appear to have a slightly larger diamter of& nm (Figure
3C).

The quantum vyield of the core/shell NPs was also
determined in solution by comparison to a Rhodamine 6G
laser dye in order to demonstrate their efficiency. A quantum
yield of ~30% for the TB* emissions was determined for a
dilute solution of NaGdE 20% Cé*, 5% Tb** core/shell
NPs in hexane. Although this value is not close to that of
70% reported for core/shell NPs previoustfurther refine-
ment of the lanthanide doping levels is currently under
investigation.

In conclusion, we have synthesized NaGdPs doped
with cerium and terbium that form colloidal solutions in
nonpolar organic solvents and show green luminescence
under UV excitation. The NPs have been characterized using
TEM, powder XRD, SAED, and luminescence spectroscopy.
Core/shell NPs have also been synthesized that demonstrate
a higher quantum efficiency under ultraviolet light and a
greater resistance to cerium oxidation when compared to the
core-only NPs.
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