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Abstract: We report the synthesis and characterization of cubic
NaGdF,;:Yb/Tm@NaGdF,:Mn core-shell structures. By taking
advantage of energy transfer through Yb—Tm—Gd—Mn in
these core—shell nanoparticles, we have realized upconversion
emission of Mn*" at room temperature in lanthanide tetra-
fluoride based host lattices. The upconverted Mn* emission,
enabled by trapping the excitation energy through a Gd**
lattice, was validated by the observation of a decreased lifetime
from 941 to 532 us in the emission of Gd*" at 310 nm (°P,—
8S.,5). This multiphoton upconversion process can be further
enhanced under pulsed laser excitation at high power densities.
Both experimental and theoretical studies provide evidence for
Mn*t doping in the lanthanide-based host lattice arising from
the formation of F~ vacancies around Mn’" ions to maintain
charge neutrality in the shell layer.

Since the discovery of the phenomenon of upconversion in
the mid-1960s,! tremendous success has been achieved with
respect to elucidating fundamental optical mechanisms,
identifying optimal host—dopant combinations for efficient
upconversion processes, and precisely controlling emission
profiles” As a unique class of luminescent phosphors,
upconversion nanocrystals hold great promise in a broad
range of applications spanning from bioimaging through drug
delivery to 3D volumetric display.”! Despite the notable
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achievements over the past decade, efficient photon upcon-
version is almost exclusively restricted to lanthanide activa-
tors. A formidable challenge is the development of upcon-
version nanocrystal systems dominated by transition-metal-
activated emission.

The generation of photon upconversion through transi-
tion-metal ions is important for expanding the scope of
upconversion nanocrystals in favor of diverse applications in
lighting, molecular sensing, and photovoltaics.”! Previously,
several attempts have been made to realize upconversion
emission by using transition-metal ions such as Mn**, Ni*",
and Cr’*.Fl However, the investigation of optical properties
typically has to be carried out at cryogenic temperatures®™® or
in perovskite/magnetoplumbite host lattices.”!

Recently, our research group has demonstrated efficient
anti-Stokes emission by an energy migration process for
a variety of lanthanide activators without long-lived inter-
mediate energy states”! The realization of tunable anti-
Stokes emissions by energy migration through Gd sublattice
provides insights into the rational design of luminescent
materials that display unprecedented properties. We reason
that the effect of the energy migration on long-distance
energy transfer can be harnessed to achieve photon upcon-
version for transition-metal ions with electronic sublevels
within the °P,, level of Gd**.1”!

The experimental design is presented in Figure 1. We
intended to synthesize a core—shell nanostructure in the form
of NaGdF,:Yb/Tm@NaGdF,:Mn. A set of lanthanide or
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Figure 1. lllustration (left) and proposed energy transfer mechanism

(right) of the Mn?"-activated core—shell upconversion nanoparticles.

Note that the core and shell regions are featured in different shades,
and the energy transfer occurs through the Yb—Tm—Gd —Mn path-
way in the core—shell nanoparticles upon 980 nm excitation.
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transition-metal ions (Yb*", Tm*", Gd**, Mn*") are incorpo-
rated into different core/shell layers to effectively eliminate
deleterious cross-relaxation. The energy transfer to Mn®" ions
is enabled by a five-photon upconversion process to popu-
lated the high-lying 'I; state of Tm®", followed by energy
migration through the Gd*! sublattice at its excited °P,, state.

In a typical experiment, cubic NaGdF, nanocrystals 10 nm
in size were first synthesized by a well-established thermal
decomposition method (see the Supporting Information).!”
Upon epitaxial growth of a NaGdF,:Mn (4 mol %) shell, the
average size of the nanocrystals increased to around 12.5 nm
(Figure 2a and Figure S1 in the Supporting Information).
High-resolution transmission electron microscopy (HRTEM)
imaging revealed the single-crystalline nature of the core—
shell nanocrystals, as evidenced by the observation of clear
lattice fringes with a measured d-spacing of 0.317 nm (inset of
Figure 2a), which is in good agreement with the lattice
spacing in the (111) planes of cubic-phase NaGdF,. The high
crystallinity and phase purity of the as-synthesized nano-
crystals were also verified by powder X-ray diffraction
(XRD) measurements (Figure 2b and Figure S2).

To confirm the incorporation of Mn*" ions into the shell
layer of the nanoparticles, we carried out X-ray absorption
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near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) measurements. The Mn K-edge
XANES of the core—shell structure shows the absorption edge
position of Mn, which is in good agreement with that of
divalent MnO (Figure 2¢ and Figure S3), thus suggesting an
oxidation state of +2 for the Mn doped into the shell layer.'!
According to EXAFS fitting results (Figure 2d, Figure S3,
and Table S1), the average first-shell Mn-F coordination
number (CN) for Mn?" ions is around 6, which is lower than
that of Gd*" ions (CN=8) for the first-shell of Gd-F
scattering. The reduced coordination number provides evi-
dence for the formation of F~ vacancies in the crystal lattice in
order to compensate for the charge imbalance upon replace-
ment of Gd** with Mn*" ions. To further verify our hypothesis,
we performed density functional theory (DFT) based first-
principles calculations on the formation energy of Mn-doped
NaGdF, nanoparticles (Figure2e).'¥ We found that the
replacement of Gd** with Mn?" requires less energy than the
substitution of Na* by Mn?" ions. Moreover, the formation
energy upon replacement of Gd** with Mn*" ions further
decreased to approximately 0.56 eV when a fluoride vacancy
(V) was introduced at the first coordination shell to balance
the charge discrepancy between Gd** and Mn”" ions. The
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Figure 2. Structural characterization of the NaGdF,:Yb/Tm@NaGdF,:Mn nanoparticles. a) TEM image of the as-synthesized nanoparticles (inset:
HRTEM image of a single-crystalline nanoparticle). b) XRD patterns of the as-synthesized 1) NaGdF,:Yb/Tm@NaGdF, and 2) NaGdF,:Yb/
Tm@NaGdF,:Mn nanoparticles, as indexed against the standard diffraction patterns of cubic NaYbF, crystals (Joint Committee on Powder
Diffraction Standards file number 27-1426). c) Mn K-edge XANES spectra recorded for NaGdF,:Yb/Tm@NaGdF,:Mn nanoparticles, MnO, Mn,0,,
and Mn metal, respectively. d) Experimental Gd L;-edge and Mn K-edge EXAFS in k-space for NaGdF,:Yb/Tm@NaGdF,:Mn nanoparticles.

e) Schematic presentation of NaGdF, crystal structures without and with Mn?" dopant ions. Note that upon substitution of Gd*>* with Mn?" ions,
F~ vacancies may be introduced for maintaining the charge neutrality, thus resulting in a decrease in the coordination number of the Mn** ions.
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calculation implies that the Mn®" lattice structure can be
stabilized by fluoride vacancies formed in the vicinity,
consistent with the EXAFS characterization (Figure 2d).

The selection of a cubic NaGdF, matrix for realizing the
upconverted emission of Mn?" is due to the ease of
accommodating Mn** ions into the cubic host lattice.™
Note that no emission from Mn?" was detectable when
hexagonal-phase NaGdF,:Yb/Tm was exploited as the core
material for NaGdF,:Mn shell passivation (Figure S4). Induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis revealed the absence of Mn”" in the resulting
nanoparticles. This result can be ascribed to the incompati-
bility of Mn?" ions to the hexagonal phase host lattice.

Next, we investigated the luminescence properties of the
NaGdF,:Yb/Tm@NaGdF,:Mn nanoparticles under excita-
tion at 980 nm using a continuous-wave (CW) laser. Interest-
ingly, a broad emission band centered at 535 nm was
observed, in addition to the emission peaks from Tm*" and
Gd*" (Figure 3a). We attributed the emission band at 535 nm

was determined to be approximately 30 ms (Figure S5), much
longer than that obtained at cryogenic temperatures.”® This
long lifetime of emission stems from the spin-forbidden
nature of the *T,—°A, transition.'*!

Intriguingly, we found that when irradiated with a high-
power pulsed laser (3.8ns, ca.10*Wcm™') the emission
intensity of the Mn”*"-doped core-shell nanoparticles at
535nm can be substantially increased (Figure3a, 3), as
evidenced by the observation of a visible green emission.
Notably, the emission intensities at 290 and 311 nm from Tm**
and Gd*" ions, respectively, also increased under the pulsed
laser excitation (Figure 3a). According to the power-depen-
dent measurements (Figure 3b), the respective emissions of
Mn*", Gd*", and Tm?*" at 535, 290, and 311 nm are likely to be
governed by a five-photon process, which can be manipulated
by varying the power density of the excitation laser. In our
system, with the pumping of a 980 nm pulsed laser at a power
density of 10° Wem ™, the co-doping of Mn*" with Gd** and
Tm®" clearly resulted in emission enhancement at 290 and

311 nm (Figure 3a and Figure S6).
To confirm the energy transfer
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Figure 3. a) Upconversion emission profiles of 1) NaGdF,:Yb/Tm@NaGdF, and 2) NaGdF,:Yb/
Tm@NaGdF,:Mn nanoparticles recorded at room temperature under 980 nm CW excitation as well as
3) NaGdF,:Yb/Tm@NaGdF,:Mn nanoparticles irradiated with a pulsed OPO laser at a power density
of 108 Wem ™2 The corresponding luminescence photos taken from cyclohexane solutions of the
nanoparticles are inset. b) Log—log plots of the upconversion emission against the excitation power at
980 nm for °P,,—*S,, transition of Gd**, 'l;—’H transition of Tm**, and T, —°A, transition of Mn’*.
c) A comparison of upconversion lifetimes of Gd*" in NaGdF,:Yb/Tm@NaGdF,:Mn and NaGdF,:Yb/
Tm@NaGdF, nanoparticles. Note that the core—shell nanoparticles used in the time-decay measure-
ment were pretreated with concentrated HCl to remove the surface oleate ligands that may quench the

upconversion emission at around 300 nm.

to Mn** activation arising from its “T;—°A, optical transition.
As a result the Mn”" emission, we observed a subtle change,
under identical experimental conditions, in emission color
from blue to light green when compared with that of the core—
shell counterpart without the Mn?" dopants (Figure 3 a, inset).
The Mn”" emission lifetime from the core—shell nanoparticles

www.angewandte.org
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results unambiguously demon-
strate the dominant role of Gd**
lattices in regulating the upcon-
verted emission of Mn*"

The spatially confined doping
of Yb**, Tm**, and Mn>* ions into
respective core and shell layers is
another important factor in gen-
erating intense emission of Mn*"
In the case of NaGdF,:Yb/Tm/Mn
nanoparticles without the core—
shell structure, we observed com-
parably weak Mn*" emission (Figure S9). Even in the
presence of an inert shell of NaYF, on the triply doped
NaGdF,:Yb/Tm/Mn nanoparticles, the emission was consid-
ered to be weak as a result of deleterious relaxation between
Tm** and Mn?". Similar to previously reported results,["”! the
energy migration upconversion in Mn”>*-doped nanopatrticles

Angew. Chem. Int. Ed. 2015, 54, 1331213317
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is also strongly influenced by the doping concentration. For
example, the optimal doping concentration of core is
49:1mol% for Yb*'/Tm*", consistent with our previous
reports (Figure S10, S11).5%21 The strongest upconversion
emission was achieved with an Mn*" dopant content of
4.4 mol % as measured by ICP-AES (Figure S12, S13). There
is a large discrepancy in the Mn*" dopant content between the
experimental results and theoretical estimation, mainly
because of the low reactivity of the Mn*" precursor during
the synthetic process (Table S2).'°!

To further enhance the upconversion emission of Mn?", an
effective approach is to grow an inert shell onto NaGdF,:Yb/
Tm@NaGdF,:Mn nanoparticles as the trapping of the exci-
tation energy from Gd*' by Mn?" competes with the
vibration-induced nonradiative process caused by surface
quenchers.®™ As anticipated, we observed a marked increase
in Mn?" emission upon passivating the nanoparticles with
a thin layer of NaYF, (Figure S14). In contrast, only a weak
enhancement in the emission was observed when NaGdF, was
introduced as the shell layer. This behavior can be best
explained by the migration of the excitation energy through
the Gd*" sublattice to surface quenching sites.!

The realization of photon upconversion in Mn?"-doped
core-shell nanoparticles permits the investigation of energy
transfer between transition metal and lanthanide ions, and
this study potentially leads to an enriched color output. For
example, on doping a combination of Mn*' and Tb*"
(15mol%) into the shell layer of NaGdF,:Yb/
Tm@NaGdF,:Mn/Tb nanoparticles, we observed emissions
from both activators (Figure S15). By comparison, the
emission band of Mn*" disappeared when Tb*" were sub-
stituted with Eu*" (15 mol %), thus indicating the occurrence
of efficient energy transfer from the Mn?>* to Eu*" ions."”]
However, the energy transfer from Mn*" to Eu*" can be
prevented by inserting an extra layer to separate the Eu’"
from Mn*" ions (Figure S15).

Given the strong tendency for Mn’" ions to undergo
oxidation, the as-prepared NaGdF,:Yb/Tm@NaGdF,:Mn
nanoparticles allow for the development of a sensing platform
for small molecules. As a proof of concept, we recorded the
emission profile of colloidal solutions of ligand-free NaGd-
F,:Yb/Tm@NaGdF,:Mn nanoparticles in the presence of
different amounts of H,O, (Figure 4)."® It was found that the
intensity of the Mn*" emission decreased gradually with
increasing H,O, content, while the emission profile of Tm*"
was not affected (Figure 4b). The quenching of the Mn?*"
emission could be ascribed to Mn?" oxidation at the particle
surface by the H,0, oxidant.!'! Interestingly, with the coating
of an inert NaYF, layer onto the NaGdF,:Yb/
Tm@NaGdF,:Mn nanoparticles, the Mn?" emission was
unperturbed by H,0O,, even at a high concentrations (16M;
Figure S16, S17).

The ability of Mn?'-doped upconversion nanoparticles to
sense H,0O, may provide a luminescent probe for real-time
monitoring H,O, generation in a variety of biological
processes.'®!) This hypothesis was validated by adding
glucose oxidase to NaGdF,:Yb/Tm@NaGdF,:Mn nanoparti-
cles. In the presence of H,O and O,, glucose oxidase can
selectively catalyze the conversion of D-glucose into gluconic
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Figure 4. a) H,O, sensing by using NaGdF,:Yb/Tm@NaGdF,:Mn
nanoparticles. In the presence of H,0, molecules, the upconverted
emission of Mn?" from the core—shell nanoparticles at 535 nm can be
suppressed by the oxidation of Mn*" by H,0,. b) Emission intensity
dependence (as measured by the ratio of I/I, at 535 nm) on H,0,
concentration (0, 2, 6, 10, 14, 40, 60, 210, and 510 mm). The change
in the upconversion emission spectrum as a function of H,0,
concentration added to the particle solution is shown as inset. The
spectra were obtained by irradiating the solution with a pulsed OPO
laser to minimize the thermal heating effect. Note that the core—shell
nanoparticles used in this study were pretreated with concentrated
HCl to afford ligand-free particles readily dispersible in aqueous
solutions.

acid, accompanied by the generation of H,O, as a side
product. Our preliminary result exhibited a reduction in the
emission intensity of Mn*" at 535 nm with increasing levels of
glucose oxidase (Figure S18).

In conclusion, our investigations illustrate that transition
metal ions such as Mn?" can play a role in photon upconver-
sion. From our perspective, the optimal design of the core—
shell nanostructure and Gd*"-mediated energy migration
might prove to be the most critical for realizing upconversion
emission through Mn*" activation. The color output of the as-
prepared colloidal solutions can be readily tuned from
whitish-blue to bright green by varying the power density of
the excitation source. The readily oxidizable nature of Mn?"
ions make these nanoparticles amenable to hydrogen perox-
ide detection. These findings would provide new insights into
the design of an optical sensing platform useful for monitoring
oxidation process in biological systems.
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