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The preparation of upconversion (UC) nanocrystals that
exhibit anti-Stokes emission is important for applications in
fields as diverse as photonics, photovoltaics, biological imag-
ing, and therapeutics.'™ In particular, there has been an
increasing focus on the synthesis of nanocrystals with tunable
UC emission from ultraviolet to near-infrared through doping
with lanthanide ions.’! However, the synthesis of nanocrystals
featuring single-band UC with high chromatic purity remains
a formidable challenge, as lanthanide ions generally have
more than one metastable excited state./’ In principle, these
lanthanide-doped nanocrystals display multipeak emission
profiles.

Recently, several attempts have been made to obtain high
purity of single-band UC red emission attractive for anti-
counterfeiting and color display applications.”! For example,
high red-to-green (R/G) emission ratio can be achieved by
increasing the concentration of Yb*' in Yb/Er co-doped
NaYF, nanoparticles.®! In addition, Yb/Er co-doped MnF,
and KMnF; nanoparticles have shown substantially enhanced
R/G emission ratios because of the energy transfer between
the Er** and Mn’"”) However, a general method for
providing single-band red emission has not been conclusively
established. Herein, we report a novel oil-based procedure for
the synthesis of lanthanide-doped KMnF; nanocrystals with
only single-band UC emissions from Er’*, Ho>", and Tm*"
dopants, respectively. Importantly, we observe that the single-
band feature is independent of dopant concentration, pump
power, and temperature. We also show that these nanocrystals
can serve as ideal optical biolabels for deep-tissue imaging
without the constraints associated with conventional multi-
peak UC nanocrystals.

The lanthanide-doped KMnF; nanocrystals for the pres-
ent study were prepared in three steps according to a
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modified literature procedure.'” In the first step, lanthanide
and manganese precursors were first dissolved in oleic acid at
150°C to form metal-oleate complexes. A stoichiometric
amount of potassium fluoride was then added to a solution of
the metal-oleate complexes at room temperature to initiate
the crystal growth. Subsequently, the reaction temperature
was increased to 290°C to facilitate the growth of the
nanocrystals.

Figure 1a shows a typical transmission electron micros-
copy (TEM) image of the as-synthesized KMnF;:Yb/Er
(18:2 mol %) nanocrystals with cubic morphology (Figure S1
in the Supporting Information). The high-magnification TEM
mage of a single KMnF;:Yb/Er nanocube shown in Figure 1b
reveals lattice fringes of the {110} with a d spacing of 0.31 nm,
which is typical for cubic KMnF; (Figure 1b). Selected-area
electron diffraction patterns obtained from the Fourier
transform of the high-magnification TEM image confirms
single-crystalline cubic phase of the nanocube (Figure 1c¢). It
should be noted that charge balance will be disturbed when
the trivalent lanthanide ions are substituted for the Mn*" ions
in KMnF; nanocrystals. To maintain charge balance, either
manganese or potassium vacancies are formed (Figure 1d,e).
X-ray powder diffraction studies (Figure S2) show peak
positions and intensities that can be well indexed in accord-
ance with cubic KMnF; crystals (JCPDS file no. 82-1334),
which is consistent with TEM analysis of the samples.

Figure 1. a) Low-resolution TEM image of the as-synthesized
KMnF;:Yb/Er (18:2 mol %) nanocrystals. b) High-magnification TEM
image of a single nanocrystal. c) The corresponding Fourier-transform
diffraction patterns of the high-magnification TEM image shown in
(b). d,e) Schematic representations of lanthanide-doped KMnF; cubic
structure in form of K* and Mn®" cation vacancies, respectively.
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Figure 2a displays the room-temperature UC emission
spectrum of the irradiated KMnF; nanocrystals. A narrow-
band visible emission centered at 660 nm was observed, in
stark contrast to Yb*'/Er’" co-doped NaYF, and LaF,
nanocrystals, which typically show a set of emission bands in
the visible spectral region. The single-band UC emission can
be ascribed to nonradiative energy transfer from the *H,, and
*S,5, levels of Er*' to the T, level of Mn?", followed by back-
energy transfer to the “F,, level of Er** (Figure 2b).¢ The
complete disappearance of blue and green emissions of Er**
suggests an extremely efficient exchange-energy transfer
process between the Er*" and Mn?" ions, which can be largely
attributed to the close proximity and effective mixing of wave
functions of the Er*" and Mn*" ions in the crystal host lattices.
The low-temperature (10 K) UC emission spectrum of the
KMnF;:Yb/Er (18:2 mol%) nanocrystals also showed a
single-band emission (Figure S3), indicating that the phonon
participation in the transfer process has only a marginal effect
on the emission. To investigate the compositional effect of the
irradiation, we have synthesized KMnF; nanocrystals co-
doped with Yb*/Ho™ and Yb**/Tm?, respectively. Impor-
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tantly, these nanocrystals also displayed single-band emis-
sions involving the °Fs—°I, transition in Ho*" and the *H,—
Hy transition in Tm*" (Figure 2b,c). The full width at half
maximum (FWHM) has also been measured to be 20, 23, and
35 nm for KMnF;:Yb/Er, KMnF;:Yb/Ho, and KMnF;:Yb/Tm
nanocrystal systems, respectively.

Significantly, the single-band feature of the KMnF;:Yb/Er
nanocrystals remained the same on increasing the pump
power (Figure 3a). In contrast, NaYF,:Yb/Er nanocrystals
showed multipeak emissions with relative intensity ratios
closely associated with the pump power (Figure 3a). The red
emission intensity of the KMnF;:Yb/Er nanocrystals was
found to be substantially higher than that of the NaYF,:Yb/Er
nanocrystals of similar particle size irrespective of the pump
power (Figure 3b).

In a further set of experiments, we examined the photo-
luminescence properties of the KMnF;:Yb/Er nanocrystals as
a function of dopant concentration (Figure S4). As shown in
Figure S4a, the KMnF; nanocrystals doped with different
amounts of Yb*'/Er’* (0-18:2-5mol%) all displayed a
single-band emission centered at 660 nm, thus confirming
the dominant effect of energy transfer process between the
Er** and Mn*' ions. It is noted that the KMnF;:Yb/Er
(18:2 mol % ) nanocrystals hydrothermally prepared by Li and
co-workers show a weak green emission at 540 nm in addition
to the dominant 660 nm red emission.”™ We attributed the
additional emission band to an insufficient energy transfer
process between the Er** and Mn?" ions, possibly caused by
segregation of dopant ions from the host lattices. The
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Figure 2. Room-temperature UC emission spectra of solutions contain-
ing: a) KMnF;:Yb/Er (18:2 mol %), b) KMnF;:Yb/Ho (18:2 mol %), and
c) KMnF;:Yb/Tm (18:2 mol %) nanocrystals in cyclohexane (insets:
proposed energy transfer mechanisms and corresponding luminescent
photos of the colloidal solutions). All spectra were recorded under
excitation of a 980 nm CW diode laser at a power density of

10 Wem ™.
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Figure 3. a) Pump-power-dependent UC emission spectra of solutions
containing KMnF;:Yb/Er (18:2 mol %) and NaYF,:Yb/Er (18:2 mol %)
nanocrystals. All spectra were recorded at room temperature under
excitation of a 980 nm CW diode laser at a power density of

10 Wem ™2 b) Emission intensity comparison of the red emission from
the KMnF; and NaYF, nanocrystals as a function of pump power.
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segregation of dopant ions is typically observed when divalent
host ions are substituted for trivalent lanthanide ions at high
concentration."!' To validate this hypothesis, a series of
KMnF; samples doped with different concentrations of
Yb*"/Er** were prepared according to the reported hydro-
thermal method. The nanocrystals with relatively low con-
centrations of Yb**/Er** (9:2 and 0:5 mol %) showed single-
band emissions, whereas nanocrystals doped with 18:2 mol %
Yb**/Er*t exhibited similar emission patterns to those
previously reported (Figure S4). Taken together, these com-
parative studies suggest that our oil-based synthetic proce-
dure with controlled stirring enables more homogeneous
doping of large lanthanide content into the KMnF; host
lattices than the hydrothermal method.

One important application of single-band red-emission
KMnF;:Yb/Er nanocrystals is the development of suitable
luminescent biomarkers for deep tissue labeling and imaging.
The emission wavelength of KMnF;:Yb/Er nanocrystals falls
within the “optical window” in biological tissue, where the
emitted light has its maximum depth of penetration.' As a
proof-of-concept experiment, we injected polymer-modified
KMnF;:Yb/Er nanocrystals into pork muscle tissue at varied
depths (0-10 mm) and imaged them by a modified Maestro
in vivo imaging system. As shown in Figure 4a, the nano-
crystals can be visualized even at a depth of 10 mm under an
excitation power density of approximately 0.2 Wcm ™2 Under
identical experimental settings, however, NaYF, nanocrystals
co-doped with Yb**/Er'" at different ratios can only be
detected at about 5 mm beneath the tissue surface (Fig-
ure 4b,c). Notably, the emission color of the KMnF;:Yb/Er
nanocrystals did not change as a function of sample imaging
depth, as confirmed by the recorded corresponding emission
spectra (Figure 4 d). In stark contrast, the NaYF, nanocrystals
injected at different depths showed significant changes in
emission color, which can be attributed to rapid attenuation
of the green emission relative to red emission in tissue
(Figure 4e,f).
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Figure 4. Luminescence images of pork muscle tissues injected with
different UC nanocrystals. a) KMnF;:Yb/Er (18:2 mol %), b) NaYF,:Yb/
Er (18:2 mol %), c) NaYF,:Yb/Er (29:1 mol %). d—f) Corresponding
emission luminescence spectra of (a—c). All images and spectra were
taken under a 980 nm laser excitation with a power density of
approximately 0.2 Wcm™2. Note that the intensities of the two systems
at 0 nm are almost the same.
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In conclusion, we have described an oil-based synthetic
method for the preparation of KMnF; nanocrystals with
lanthanide dopants homogeneously incorporated in the host
lattice. As a result of efficient energy transfer between the
dopant ion and host Mn*" ion, remarkably pure single-band
UC emissions were generated in the red and near-infrared
spectral regions. The complete lack of short-wavelength
emission of these lanthanide-doped nanocrystals in the visible
spectral region provides a platform for promising applications
in biolabeling studies, for which imaging at different sample
depths is required.

Experimental Section

Reagents: MnCL-4H,0 (98%), potassium oleate, YbCl;-6H,0O
(99.99%), YbCl:6H,0 (99.99%), ErCL:6H,0 (99.9%),
TmCl;-6 H,0 (99.99 %), NaOH (98 + %), KF (99 + %), 1-octadecene
(90%), oleic acid (90%), and oleylamine (70%) were purchased
from Sigma-Aldrich. All the chemicals were used as starting
materials without further purification.

Synthesis of the lanthanide-doped KMnF; nanocrystals at 290°C:
In a typical procedure to the synthesis of the lanthanide-doped
KMnF; nanocrystals, pre-prepared manganese oleate (197.7 mg)
precursor™ was added along with YbCl; (0.072 mmol) and ErCl,
(0.008 mmol) to a flask containing a mixture of oleylamine (1 mL),
oleic acid (1 mL), and 1-octadecene (8 mL) under vigorous stirring at
room temperature. The resulting mixture was then heated at 150°C
for 1 h, at which time the solution turned from colorless to yellowish.
After the solution was cooled to room temperature, a methanolic
solution (2 mL) of KF (1.2 mmol) was injected into the flask. The
mixture was stirred at 65 °C for 30 min and then purged by nitrogen at
105°C for 10 min. Subsequently, the temperature was raised to 290°C
and kept for 90 min under nitrogen atmosphere. Finally, the reaction
was cooled to room temperature. The as-prepared nanocrystals were
collected by centrifugation, washed with ethanol and methanol
several times, and finally re-dispersed in cyclohexane.

Imaging of biological samples: Polymer-functionalized“™ !4l
water-soluble KMnF;:Yb/Er (10 mgmL™") and NaYF,:Yb/Er nano-
crystals (10 mgmL ') were dissolved in 1% warm agarose solutions
and transferred into a 96-well plate (100 pL. for each well). After
cooling to the room temperature, the solidified agarose gel plates
containing the nanoparticles were taken and placed into pork muscle
tissues at different depths (0 mm, 3 mm, 5mm, and 10 mm).
Upconversion luminescence images of pork tissues with nanocrystal
gel plates embedded were taken by a modified Maestro in vivo
imaging system using a 980 nm optical fiber-coupled laser as the
excitation source. The laser power density was 0.2 Wem™ during
imaging. An 850 nm short-pass emission filter was applied to prevent
the interference of excitation light to the CCD camera. Spectral
imaging from 500 nm to 720 nm (10 nm steps) was carried out with an
exposure time of 500 ms for each image frame.
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