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ABSTRACT: Rare-earth-based nanomaterials have re-
cently drawn considerable attention because of their
unique energy upconversion (UC) capabilities. However,
studies of Sc>*-based nanomaterials are still absent. Herein
we report the synthesis and fine control of Na,ScF;,,
nanocrystals by tuning of the ratio of oleic acid (OA, polar
surfactant) to 1-octadecene (OD, nonpolar solvent).
When the OA:OD ratio was increased from low (3:17)
to high (3:7), the nanocrystals changed from pure
monoclinic phase (Na;ScFy) to pure hexagonal phase
(NaScF,) via a transition stage at an intermediate OA:OD
ratio (3:9) where a mixture of nanocrystals in monoclinic
and hexagonal phases was obtained and the coexistence of
the two phases inside individual nanocrystals was also
observed. More significantly, because of the small radius of
Sc**, Na,ScFs,,:Yb/Er nanocrystals show different UC
emission from that of NaYF,:Yb/Er nanocrystals, which
broadens the applications of rare-earth-based nanomateri-
als ranging from optical communications to disease
diagnosis.

pconversion (UC), which is characterized by the

successive absorption of several pump photons followed
by emission of the output radiation at a wavelength shorter
than the pump wavelength, was formulated independently by
Auzel and Ovsyankin in the mid-1960s." The UC mechanism
can be divided into four broad classes: excited-state absorption,
energy transfer, photon avalanche, and the recently discovered
energy-migration-mediated UC.> Normally combinations of
different mechanisms are responsible for various UC processes,
and all of these processes involve the sequential absorption of
two or more photons and require multiple metastable energy
levels in the host materials for efficient energy transfer.”
Because of their partially filled 4f orbitals, tripositive lanthanide
ions possess a multitude of electronic energy states spanning

-4 ACS Publications  © 2012 American Chemical Society

8340

the near-IR (NIR) to UV range, making them ideal host lattices
for UC emission studies.

Although UC emission has been observed in various
lanthanide-based host materials, including oxides, phosphates,
and vanadates,* fluorides have obtained the most attention
because of their intrinsically low phonon energies, which
translates into a decrease in the nonradiative relaxation rate that
impacts the UC efficiency.” For example, NaYF, nanoparticles
doped with Er** (for NIR to green or red) or Tm*" (for NIR to
UV, blue or NIR) ions, very often combined with Yb* as a
sensitizer, have shown excellent UC efliciencies and promising
applications in lighting, bioimaging, and fine-tuning of the UC
emission fluorescence.”” In the rare-earth family, both Y**- and
Ln3+ (La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+f
Ho*, Er¥*, Tm>, Yb*, and Lu’*)-based nanomaterials have
been synthesized as host matrices for various applications.>*®
However, scandium, which is found at the very top of group
IIIB in the periodic table and has been historically classified as a
rare-earth element,"” also sits at the very beginning of the
transition-metal series, and its distinct atomic electron
configuration may produce optical properties different from
those of Y**/Ln**-based nanocrystals. To the best of our
knowledge, except for one report using Sc** as a dopant,”
studies of the synthesis and optical properties of Na,ScF;,,-
based host crystal lattices have not been reported to date.

Herein we report for the first time the controlled synthesis of
sodium scandium fluoride (Na,ScFs,,) nanocrystals doped with
different lanthanides via the modified thermal coprecipitation
method,® in which oleic acid (OA) was used as a polar
surfactant and octadecene (OD) as a nonpolar solvent.” We
found that the phase and composition of the nanocrystals are
very sensitive to the polarity of the reaction medium. They
changed from pure monoclinic phase (Na;ScF¢) to pure
hexagonal phase (NaScF,) when the polarity was increased
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from low to high, via a core/shell-structured Na;ScF,/NaScF,—
Na;ScFq transition stage at intermediate polarities (Scheme 1).

Scheme 1. Schematic Illustration of the Crystal Structure
Evolution at Varying Polarities of the Reaction Medium (i.e.,

OA:O0D Ratios)
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This type of crystal evolution has not been reported previously,
nor has it been observed for Y**/Ln**-based nanocrystals even
at the same OA:OD ratios. More importantly, Na,ScF;,,
nanocrystals show strong red UC emission (660 nm) when
doped with Yb** and Er**, while NaYF,:Yb/Er nanocrystals
usually give strong green UC emission (520—540 nm).

As shown in Scheme 1, we selected three typical OA:OD
ratios of 3:17, 3:9, and 3:7, representing low, intermediate, and
high polarities of the reaction medium, respectively, to illustrate
the details of the crystal structure evolution. Compositional
analysis of the nanocrystals using energy dispersive X-ray
spectroscopy (EDX) confirmed the presence of the dopant
elements Yb, Er, and Tm in the Na,ScF;,, nanocrystals (Figure
S1 in the Supporting Information).

Low-magnification transmission electron microscopy (TEM)
images show (1) that Na,ScFs,, nanocrystals synthesized at low
and high polarities have very uniform sizes of ca. 36 (Figure 1a)
and 27 nm (Figure 1g), respectively and (2) that both of the
uniform morphologies observed in the low- and high-polarity

Figure 1. (3, d, g) Low- and (b, e, h) high-resolution TEM images and
(¢, f, i) FFT data for Na,ScF;,, nanocrystals synthesized at OA:OD
ratios of (a—c) 3:17, (d—f) 3:9, and (g—i) 3:7. The yellow and blue
regions in (e) refer to the crystal structures in the hexagonal and
monoclinic phases, respectively.
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products appeared in the product at intermediate polarity (3:9)
(Figure 1d). High-resolution TEM images indicate that the
fringe distances (d spacing) in nanocrystals synthesized at low
and high polarities are 0.29 (Figure 1b) and 0.65 nm (Figure
1h), respectively. The fast Fourier transform (FFT) patterns
shown in Figure 1¢,i can be indexed as monoclinic Na;ScF¢ and
hexagonal NaScF,, respectively, on the basis of the their (020)/
(202) and (121)/(110) reflections, consistent with their
powder X-ray diffraction (XRD) data (Figure S2). At
intermediate polarity, we observed not only the physical
mixture of monoclinic Na;ScF¢ and hexagonal NaScF,
nanocrystals (Figure 1d) but also the coexistence of the two
phases inside individual nanocrystals, ie, an intermediate
structure associated with the phase transition between
monoclinic Na;ScFq and hexagonal NaScF, (Figure le and
Figure S2). Lattice fringes associated with the [531] and [110]
projections observed in the FFT diffractogram (Figure 1f)
further confirmed the presence of both the monoclinic and
hexagonal phases, which form a core/shell architecture of the
nanocrystals.

Further reconstruction of the (001) and (110) lattice fringes
of NaScF, (Figure 2a) revealed a perfect Na,ScFs/NaScF,

Figure 2. (a) Dispersion of the hexagonal phase reconstructed using
the (001) and (110) lattice fringes in Figure 1f. (b) Observed lattice
fringe of the shell with Moiré fringes.

lattice match along the [001]* direction [d(go;) = 3d(131)]. In
addition, we observed the presence of Moiré fringes (Figure
2b) resulting from the mismatch at the interface of the (112)
and (110) lattice planes of NayScF4 and NaScF,, respectively.
The measured Moiré fringe spacing (d,, = 1.812 nm) was used
to calculate the angle between the involved two sets of lattice
planes [®y3),(110) = 17.7°], which coincides well with the
measured angle between the [T12]* and [110]* vectors in
Figure 1f (®[1y3+/110+ = 17.2°). This provides additional
support for the proposed Na;ScF¢/NaScF,—Na;ScF¢ core/shell
architecture model.

The TEM results demonstrated that changing the solvent
polarity from low to high by increasing the OA content induces
the evolution of pure monoclinic Na;ScF4 nanocrystals to pure
hexagonal NaScF, nanocrystals. This is first triggered by the
direct bonding or etching of the strongly coordinative OA
ligands,'” after which the surface crystal structure of Na;ScF is
transformed to that of hexagonal NaScF,, which then further
extends deep into the nanocrystal. In other words, the OA/OD
solvent pair allows us successfully to control the crystal
structure between the pure monoclinic Na;ScFg and pure
hexagonal NaScF, phases, with the core/shell structure as the
transition stage.

This crystal structure evolution could also be monitored by
tracking the changes in the XRD patterns of the respective
nanocrystals (Figure S2). All of the notable reflections in the
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XRD patterns can be perfectly assigned to monoclinic Na;ScFg
and hexagonal NaScF,, and the intensities of the peaks assigned
to the hexagonal phase increase remarkably as the OA:OD ratio
increases, confirming that the crystal structure evolution
occurred as the polarity of the reaction medium changed. At
intermediate polarity (Figure S2c), the appearance of XRD
signals from both the monoclinic and hexagonal phases
indicates the coexistence of the two phases in the product.

To exclude the contribution of reaction time to the crystal
structure evolution, we prolonged the reaction time to 3 h from
normally 1 h at the intermediate polarity, and almost identical
XRD patterns were obtained from these two samples (Figure
S$3). This clearly proves that it is indeed the polarity of the
reaction medium rather than the reaction time that affects the
structure and chemical composition of the Na,ScF;,, nano-
crystals.

To investigate the effect of the crystal phase on the UC
emission, fluorescence spectra were collected on Na;ScFy,
mixed-phase Na;ScF4/NaScF,, and NaScF, nanocrystals, all
doped with Yb/Tm/Er ions. Comparison of the three UC
spectra in Figure 3a reveals that the positions of the three
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Figure 3. (a) UC fluorescence spectra of Na,ScF;,,:Yb/Tm/Er (18/
0.2/2 mol %) nanocrystals in pure monoclinic, mixed monoclinic/
hexagonal, and pure hexagonal phases. (b) UC energy transfer
mechanisms of the nanocrystals.

emission peaks remained unchanged and that the dominant
transition is *F,/, — *I;5/,. However, the overall UC intensity
increased as the nanocrystals changed from monoclinic to the
monoclinic/hexagonal mixture and further to the pure
hexagonal phase. This change in UC emission intensity is
reminiscent of the trend observed in NaYF,:Yb/Er nanocrystals
as the crystal phase changes from cubic to hexagonal.” This is
due to the presence of two independent sites for both Yb*" and
Er’*, which quadruples the number of possible Yb** to Er**
energy transfer processes."" Figure 3b depicts the details of the
UC energy transfer mechanisms.

Figure 4 shows the remarkable difference in the red/green
(R/G) ratios of the UC fluorescence spectra of hexagonal-
phase NaScF,:Yb/Er and NaYF,:Yb/Er nanocrystals. In
contrast to NaYF,:Yb/Er nanocrystals, which generally give a
very small R/G ratio (1:13; Figure 4b), NaScF,Yb/Er
nanocrystals show a very large R/G ratio (6:1; Figure 4a).
This dramatic R/G ratio change is also reflected by the different
colors of their respective solutions (Figure 4 insets), under 980
nm laser excitation. Therefore, unlike the NaYF,:Yb/Er
nanocrystals with strong green UC emission, this novel
NaScF, nanocrystal provides a new and eflicient rare-earth-
based nanophosphor with strong red UC emission (660 nm),
which could find applications, for example, in multiplexing.

The remarkable difference in the R/G ratios for NaYF,:Yb/
Er and NaScF,:Yb/Er may be attributed to the difference in the
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Figure 4. UC fluorescence spectra of hexagonal-phase (a) NaScF,:Yb/
Er and (b) NaYF,:Yb/Er nanocrystals. The insets show the UC
emission colors of the respective nanocrystals in cyclohexane solution.

ionic radii of Sc** (0.83 A) and Y** (1.06 A), which results in
much shorter Sc**—Sc** distance relative to that of Y>*—Y>*
when present in the similar fluoride-bridged moieties inside the
host lattice structure. Consequently, the doping of Er’* and
Yb** into the Na,ScF;,, host structure by substitution of Sc**
cations creates closer Er**—Yb** cation pairs than in Y**/Ln**-
based nanocrystal lattices. On the other hand, it is important to
note that introducing Ln*" cations into the framework of
Na,ScF;,, nanocrystals could also induce strong structural
inhomogeneity due to the large difference in the cationic radii
of Sc* and Ln’", probably in the form of Ln®" clustering. This
phenomenon has also been recently reported in a NaYF,:Gd
system by van Veggel and co-workers,'” where the difference in
the ionic radii is much smaller than that in the NaScF, host.

It is well-known that the superexchange effect of the
lanthanide dimers through their bridging ligands dominates
the fast energy transfer for UC emission."> Within the same
bridging mode, the cross-relaxation effects of lanthanide dimers
can be directly compared from their different separations. The
shorter distance between Er’* and Yb** cations in Na,ScF,,,
remarkably enhances the cross-relaxation between them, which
diminishes the population in the *H,,,, and *S;, levels and
enhances the population in the *Fy/, energy level of Er’". As a
result, the observed red emission is much stronger than the
green emission (Figure 4a), which is contrary to what is
observed for the -NaYF, host nanophosphors (Figure 4b).
The UC fluorescence emission in Figure 4a proves that the
same principle is also applicable to NaScF,:Yb/Er nanocrystals.

To achieve further UC emission color tuning, we synthesized
NaScF, nanocrystals tridoped with Yb* /Tm3*/Er** ions at
varying Er’* concentrations. It is evident from Figure Sb that
increasing the concentration of Er** from 0 to 2.0 mol % caused
dramatic changes in the intensities of the three characteristic
peaks at 410, 550, and 660 nm, resulting in clearly visible color
changes from royal-purple to pinkish-purple in their solutions
(Figure Sa), under 980 nm laser excitation. Figure Sc shows
that as the Er** concentration increased from 0.5 to 2.0 mol %,
the intensities of the peaks at 410, 550, and 660 nm increased
by factors of 19, 11, and 36, respectively.

This result proves the importance of the Er'* concentration
in tuning the UC emission color. It also suggests that the
energy transfer process becomes more efficient as the
Er’*concentration increases, which was confirmed by the
increased intensities of all the UC emission peaks. Meanwhile,
higher Er’* concentration also makes the total fluorescence
emission more characteristic of Er’* rather than Tm>', whose
characteristic peaks appear when the Er’* concentration is 0
mol % (Figure Sb). The detailed energy UC mechanism is
shown in Figure 3b.
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Figure S. (a) Digital photos of NaScF,:Yb/Tm/Er nanocrystals
containing different Er’* concentrations in cyclohexane solution. (b)
UC fluorescence spectra of NaScF,:Yb/Tm/Er (18/0.2/x mol %)
nanocrystals in which the Er** concentration (x) increased from 0 to
2.0 mol %. (c) Intensity changes in the three characteristic emission
peaks at 660, 550, and 410 nm as functions of Er** concentration.

We further synthesized hexagonal-phase NaScF, nanocrystals
doped with other lanthanide ions (e.g, Sm**, Eu**, Tb*', Dy**,
Pr**) for downconversion luminescence studies. TEM images
(Figure S4a,c,e,gi) showed (1) that the nanocrystals are ~24
nm in size and have very uniform morphology, resembling
those of Yb/Tm/Er-doped NaScF, nanocrystals, (2) that the
synthetic strategy is widely applicable to NaScF, nanocrystals
doped with other rare-earth elements, and (3) that the low-
concentration doping does not alter the nanocrystal growth
process. Characteristic downconversion luminescence spectra
were also collected for these nanocrystals with different dopants
(Figure S4b,d,fh,j), which can be used as nanophosphors in
multiple labeling and disease diagnosis.

In summary, unlike those of Y**/Ln* -based nanocrystals, a
unique relationship between the phase and structure of
Na,ScF;,, nanocrystals and the polarity of the reaction medium
was discovered, on the basis of which uniform nanocrystals of
pure monoclinic Na;ScF,, a superimposed Na;ScF4/NaScF,—
Na;ScF¢ core/shell architecture, or pure hexagonal phase
NaScF, can be easily synthesized. More significantly, the
small radius of Sc** results in a new nanophosphor exhibiting
efficient red UC emission (660 nm), which further comple-
ments the exploration of rare-earth-based nanomaterials for a
wide variety of applications including display, solar energy,
catalysis, bioimaging, and telecommunications.
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Experimental details for the synthesis of doped Na,ScFj,,
nanocrystals and analytical data including EDX, XRD, TEM,
and fluorescence spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.
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