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ABSTRACT: Lanthanide-doped upconversion nanoparticles
have been the focus of a growing body of investigation because
of their promising applications ranging from data storage to
biological imaging and drug delivery. Here we present the
rational design, synthesis, and characterization of a new class of
core−shell upconversion nanoparticles displaying unprece-
dented optical properties. Specifically, we show that the
epitaxial growth of an optically inert NaYF4 layer around a
lanthanide-doped NaGdF4@NaGdF4 core−shell nanoparticle
effectively prevents surface quenching of excitation energy. At
room temperature, the energy migrates over Gd sublattices and is adequately trapped by the activator ions embedded in host
lattices. Importantly, the NaYF4 shell-coating strategy gives access to tunable upconversion emissions from a variety of activators
(Dy3+, Sm3+, Tb3+, and Eu3+) doped at very low concentrations (down to 1 mol %). Our mechanistic investigations make
possible, for the first time, the realization of efficient emissions from Tb3+ and Eu3+ activators that are doped homogeneously with
Yb3+/Tm3+ ions. The advances on these luminescent nanomaterials offer exciting opportunities for important biological and
energy applications.

■ INTRODUCTION

A central goal in biology and medicine is to develop new
imaging probes and technologies that enable monitoring of
physiological processes in living cells, tissues, and organisms
with high spatial resolution. Over the past decade, the
development of nanoparticle research has resulted in a great
deal of information about imaging probes available with
considerable potential for biological researchers.1,2 Examples
include metal nanoparticles with ultrahigh extinction coef-
ficients for labeling in colorimetric assays and quantum dots
exhibiting stable, widely tunable fluorescence. These nano-
structured biological probes, which are readily amenable to
surface bioconjugation, can provide substantially enhanced
signals with nanometer resolution. Lanthanide-doped upcon-
version nanoparticles represent another important, growing
class of imaging probes being developed as an alternative to
conventional luminescent labels.3 By comparison, these
upconversion nanoparticles offer sharp emission peaks, large
anti-Stokes shifts, long-lived excited electronic states, and high
photostability.4

In recent years, considerable efforts have been devoted to
tuning upconversion emissions over a broad spectral range for
applications in multicolor labeling and multiplexed biodetec-
tion.5 The strategies for tuning the color output of
upconversion nanoparticles typically involve manipulating
dopant/host combinations and dopant concentrations.6,7 For
example, NaYF4 nanoparticles doped with different lanthanide
activators (Er3+, Ho3+, and Tm3+) show tunable spectra
covering the visible and near-infrared region. Spectral lines
are the result of electronic transitions within enormously
complex energy levels of the lanthanide ions.8 Notably, NaYF4
and KMnF3 nanoparticles singly doped with Er3+ display
dramatically different emission profiles due to distinct energy
transfer pathways caused by different dopant−host interac-
tions.9 It is worth noting that the tunable optical emission
demonstrated in these nanoparticles is readily reproducible in
their corresponding bulk counterparts.
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Alternatively, upconversion multicolor fine-tuning can be
achieved by utilizing core−shell nanostructures. For example,
we previously showed that through use of Gd-mediated energy
migration and core−shell engineering, efficient upconversion
emission is possible for lanthanide activators (Tb3+, Eu3+, Dy3+,
and Sm3+) without long-lived intermediary energy states.10 The
core−shell structure separates the Yb/Tm pair from the
activators and eliminates deleterious cross-relaxation. The
excitation energy migrates over the Gd sublattice for a
substantial distance to the activators, which are confined in
the shell layer.10

Despite being the conduit to a wide range of activators, our
previous core−shell design suffers from limited conversion of
the migrating energy stored in Gd sublattices to radiative
activator emission.10 This can be attributed to dominant surface
quenching effects.11 In general, the energy transfer from Gd3+

to the activator competes with the energy trapping by surface
defects, unknown impurities, passivating ligands, and solvent
molecules (Scheme 1). Depending on the nature and

concentration of the activators employed, nonradiative
dissipation of absorbed excitation energy by surface quenchers
can occur. To suppress the energy migration to the surface
quenching sites, a feasible solution is to increase the doping
concentration of the activators. However, an elevated doping
level inevitably results in localized concentration quenching of
activator emissions by virtue of enhanced cross-relaxation
between the activator ions.
In this work, we describe the synthesis and characterization

of a series of Gd-based core−shell nanoparticles coated with an
optically inert layer of NaYF4. We correlate optical measure-
ments from diverse experiments within activator types (Dy3+,
Sm3+, Tb3+, and Eu3+), related experiments involving different
dopant concentrations, and all data obtained with a varied
thickness of Y3+ layer. Together, these efforts reveal the
mechanism that dictates the energy migration from the
lanthanide sensitizers to the activators. By developing the
core−shell process, we found that surface quenching of the
migrating energy can be largely suppressed (Scheme 1). This
process allows for maximized energy trapping by the activators
and thus permits enhanced upconversion emissions even for
activators at very low concentrations.

■ EXPERIMENTAL SECTION

General. Gadolinium(III) acetate hydrate (99.9%), yttrium(III)
acetate hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%),
thulium acetate hydrate (99.9%), dysprosium(III) acetate hydrate
(99.9%), samarium(III) acetate hydrate (99.9%), terbium(III) acetate
hydrate (99.9%), europium acetate hydrate (99.9%), sodium
hydroxide (NaOH, >98%), ammonium fluoride (NH4F, >98%), 1-
octadecene (90%), oleic acid (90%), dimethyl sulfoxide (DMSO),
phosphate buffered saline (PBS) were all purchased from Sigma-
Aldrich and used as received unless otherwise noted.

Physical Measurements. Low-resolution transmission electron
microscopy (TEM) measurements were carried out on a JEOL-JEM
2010F field emission transmission electron microscope operated at an
acceleration voltage of 200 kV. The energy-dispersive X-ray (EDX)
spectroscopic analysis was performed with an Oxford INCA energy
system operated at 200 kV. High-resolution TEM images were
recorded using a JEOL-JEM 3010 transmission electron microscope
operated at an acceleration voltage of 300 kV. Powder X-ray diffraction
(XRD) data were recorded on a Bruker D8 Advance diffractometer
using graphite-monochromatized CuKα radiation (λ = 1.5406 Å).
Luminescence spectra were recorded at room temperature with a
DM150i monochromator equipped with a R928 photon counting
photomultiplier tube (PMT), in conjunction with a 980 nm diode
laser. Unless otherwise specified, the emission spectra were normalized
to maximum Tm3+ emission at 450 nm. All spectra were collected
under identical experimental conditions. The decay curves were
measured with a customized ultraviolet to mid-infrared steady-state
and phosphorescence lifetime spectrometer (FSP920-C, Edinburgh)
equipped with a digital oscilloscope (TDS3052B, Tektronix) and a
tunable midband OPO laser as the excitation source (410−2400 nm,
Vibrant 355II, OPOTEK). The effective decay time τeff is calculated by

∫τ =
∞

I
I t t

1
( )deff

0 0

where I(t) denotes the luminescence intensity as a function of time t
and I0 represents the maximum intensity. Upconversion luminescence
microscopy was performed on an Olympus BX51 microscope with the
xenon lamp adapted to a 980 nm diode laser. Luminescence
micrographs were recorded with a Nikon DS-Ri1 imaging system.
Digital photographs were taken by a Nikon D700 camera.

Synthesis of NaGdF4:Yb/Tm Core Nanoparticles. Yb/Tm
codoped NaGdF4 nanoparticles were prepared according to a literature
procedure.10 Gd(CH3CO2)3 (0.067 g; 0.2 mmol), Yb(CH3CO2)3
(0.069 g; 0.196 mmol), and Tm(CH3CO2)3 (0.001 g; 0.004 mmol)
dissolved in a water solution (2 mL) were combined at room
temperature in a 50 mL two-neck round-bottom flask charged with
oleic acid (4 mL). The resulting mixture was then heated at 150 °C for
30 min to remove the water solvent, followed by the injection of 1-
octadecene (6 mL). The mixture was stirred at 150 °C for another 30
min before cooling down to 50 °C. Subsequently, a methanol solution
(5.4 mL) of NH4F (0.05 g; 1.36 mmol) and NaOH (0.04 g; 1 mmol)
was added and stirred for 30 min. The reaction mixture was then
heated at 100 °C for 30 min in vacuo to remove the methanol. After
purging with argon, the solution was heated to 290 °C and kept for 1.5
h before cooling down to room temperature. The as-prepared
nanoparticles were precipitated by addition of ethanol, collected by
centrifugation at 6000 rpm for 5 min, and washed with ethanol for
several times. The core nanoparticles are stored in cyclohexane (3 mL)
prior to being used for shell coating.

Synthesis of NaGdF4:Yb/Tm@NaGdF4:A (A = Dy, Sm, Tb, Eu)
Core−Shell Nanoparticles. The preparation of core−shell nano-
particles was developed via a modified literature procedure.10 The
presynthesized NaGdF4:Yb/Tm core nanoparticles were used as seeds
for shell modification. In a typical experiment, the shell stock solution
was first prepared by mixing water solutions (2 mL each) of
Gd(CH3CO2)3 (0.132 g; 0.396 mmol) and A(CH3CO2)3 (0.001 g;
0.004 mmol; A = Dy, Sm, Tb, Eu) in a 50 mL flask containing 4 mL of
oleic acid. The resulting mixture was heated at 150 °C for 30 min, at
which time 1-octadecene (6 mL) was added and kept for another 30

Scheme 1. Schematic Illustration of the Energy Transfer
Mechanism in the Core−Shell and NaYF4-Coated Core−
Shell−Shell Nanoparticlesa

aNIR denotes near-infrared irradiation.
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min before cooling down to 50 °C. A cyclohexane dispersion (3 mL)
of NaGdF4:Yb/Tm nanoparticle seeds was then added along with
NH4F (0.05 g; 1.36 mmol) and NaOH (0.04 g; 1 mmol). The reaction
was stirred at 50 °C for 30 min and then heated to 290 °C under an
argon atmosphere. The high-temperature heating continued for 1.5 h
before cooling down to room temperature. The resulting core−shell
nanoparticles were collected by addition of ethanol and washed with
ethanol for several times before being dispersed in cyclohexane.
Synthesis of NaGdF4@NaGdF4@NaYF4 and NaGdF4@

NaGdF4@NaGdF4 Multilayered Nanoparticles. Multilayered
core−shell nanoparticles were synthesized using a procedure similar
to the one for core−shell nanoparticles. The NaGdF4@NaGdF4 core−
shell nanoparticles were used as seeds and conformally coated with a
thin layer of NaGdF4 or NaYF4. The NaYF4 shell precursor was
prepared by mixing Y(CH3CO2)3 (0.052 g, 0.2 mmol), 3 mL of oleic
acid, and 7 mL of 1-octadecene in a 50 mL flask followed by heating at
150 °C for 60 min before cooling down to 50 °C. Note that the final-
step heat treatment was undertaken at 280 °C.
Synthesis of NaGdF4:Yb/Tm@NaYF4Core−Shell Nanopar-

ticles. The synthetic procedure for NaGdF4:Yb/Tm@NaYF4 nano-
particles was identical to that for NaGdF4:Yb/Tm@NaGdF4 nano-
particles except for the use of a shell stock solution of NaYF4 and a
final-step heat treatment at 280 °C.
Synthesis of NaGdF4:Yb/Tm@NaYF4@NaYF4:Tb Nanopar-

ticles with Multilayered NaYF4 Shells. The preparation of core−
shell nanoparticles with multilayered NaYF4 shells follows the typical
process for making NaGdF4:Yb/Tm@NaYF4 nanoparticles. For a
layer-by-layer coating process to proceed, the NaGdF4:Yb/Tm core
nanoparticles were treated with different amounts of NaYF4 precursor
(5 mL added for each layer). The outermost layer of NaYF4:Tb was
first prepared using a stock solution containing Y(CH3CO2)3 (0.045 g;
0.17 mmol), Tb(CH3CO2)3 (0.01 g; 0.03 mmol), oleic acid (3 mL),
and 1-octadecene (7 mL). The reaction was heated in a 50 mL flask at
150 °C for 60 min before cooling down to 50 °C. Subsequently,
NaGdF4:Yb/Tm nanoparticles coated with different layers of undoped
NaYF4 were added to the flask, together with a methanol solution (3
mL) of NH4F (0.03 g; 0.8 mmol) and NaOH (0.02 g; 0.5 mmol).
Note that the heat treatment for each successive coating of NaYF4
layers was all carried out at 280 °C.
Synthesis of Ligand-Free Nanoparticles. Ligand-free nano-

particles were obtained according to a modified literature procedure.12

The oleic acid-capped nanoparticles were dispersed in a hydrochloric
acid solution (1 mL; 2 M) and ultrasonicated for 5 min to remove the
surface ligands. The resulting products were collected by centrifuga-
tion at 16 500 rpm for 20 min, washed with ethanol for several times,
and redispersed in deionized water.
Cell Imaging. HepG2 cells were first seeded in culture dishes (35

mm) and cultured for 1 day (5% CO2, 37 °C) in a Dulbecco’s
modified eagle’s medium (DMEM). Subsequently, the culture medium
in was replaced by a fresh DMEM medium (1 mL) containing ligand-
free nanoparticles (100 μg). The HepG2 cells were then incubated
with the nanoparticles for 2 h (5% CO2, 37 °C). After washing with a
PBS buffer solution, the nanoparticle-treated cells were imaged under
the irradiation of a 980 nm laser.

■ RESULTS AND DISCUSSION

We began with a cyclohexane solution of presynthesized
NaGdF4:Yb/Tm (49/1%) core nanoparticles and successively
deposited two shells of NaGdF4:A (A = Dy, Sm, Tb, and Eu,
respectively; 1% each) and NaYF4 through an epitaxial growth
process (Figure 1). Notably, the layer-by-layer growth process
has also been extensively investigated by the groups of Yan,
Zhang, Wang, and van Veggel.13 The as-synthesized multishell
nanoparticles were confirmed to be single crystals with a
hexagonal phase by high-resolution TEM and XRD studies
(Figure S1). The marked enhancement in upconverted
emission intensity of activators after surface processing of
nanoparticles suggests the shell formation of NaYF4. It should

be noted that during the course of shell coating, phase
separation often occurs as a result of kinetically favored
nucleation of shell precursors in cubic form, thereby leading to
the formation of polydispersed particles. Our controls showed
that a relatively low NaYF4 precursor concentration (0.2 mmol;
10 mL) and a high heating temperature of 280 °C proved to be
effective for obtaining uniform NaYF4-coated nanoparticles
(Figure S2).
We next compared the optical property of the NaYF4-coated

nanoparticles with that of previously reported nanoparticles
without coating of NaYF4. It should be mentioned that
relatively high activator concentrations (5% Dy, 5% Sm, 15%
Tb, 15% Eu) are employed in the previous work to give rise to
strong upconverted emissions.10 However, an elevated doping
concentration typically causes quenching of activator emission
because of the enhanced cross-relaxation between activator
ions. Consequently, the activator emissions from higher energy
levels can be easily quenched in favor of the emissions resulting
from lower energy levels. To suppress the concentration
quenching effect and thus enable emissions at high energy
levels, the concentration of the activator must be restricted to
below a certain threshold. Nevertheless, a low concentration of
activator ions (e.g., 1% Tb) resulted in weak emission intensity,
particularly that in the UV region (Figure 2, left panel). In
contrast, under an identical activator doping condition, we
observed remarkably enhanced emission of Tb3+, especially the
UV emission from the 5D3 energy level, for NaYF4-coated
nanoparticles (Figure 2, right panel). Usually, the Tb emission
in the UV range is quenched at high Tb concentrations in favor
of the green emission from the 5D4 energy level. Therefore,

5D3

→
7FJ (J = 4−6) optical transitions could hardly be

spectroscopically detected. The emission enhancement in the
visible region from 405 to 635 nm for NaYF4-coated core−shell
nanoparticles doped with 1 mol % of Eu3+ was also observed.
Similarly, with the NaYF4 shell coating, we observed significant
emission enhancement for Gd-based nanoparticles doped with
a low concentration (1%) of Dy3+ and Sm3+, respectively
(Figure 2, right panel).
To identify the dominant effect responsible for the enhanced

activator emission in NaGdF4:Yb/Tm@NaGdF4:A nanopar-
ticles, we have compared the excited-state lifetimes of Gd3+ and
Tb3+ obtained before and after NaYF4 coating. As shown in
Figure 3a, a significant increase (∼1.82 times) in Gd3+ lifetime
(6P7/2) was observed when a NaYF4 shell layer was applied. In

Figure 1. Schematic presentation showing the synthetic process for
multishell nanoparticles and TEM images of the as-synthesized
nanoparticles.
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stark contrast, the activator lifetime (Tb3+:5D4) is essentially
unaltered by the NaYF4 coating (Figure 3b). The enhanced
activator emission is clearly ascribed to the suppressed trapping
of Gd3+ energy by surface ligands or solvent molecules.

To verify the effect of the activator emission enhancement by
NaYF4 layer protection, we further investigated a series of
NaGdF4:Yb/Tm@NaGdF4:A@NaGdF4 core−shell−shell
nanoparticles. The use of NaGdF4 as the outermost shell
provides selective protection to the activators, while the Gd
excitation energy can migrate through the Gd shell and
dissipate through the trapping by the surface defects or solvent
molecules. Photoluminescence study depicted in Figure 3c
showed that the Tb3+ emission in the core−shell−shell
nanoparticles was essentially not improved (also see Figure
S3). Importantly, when the Gd3+ ions in the outermost shell
were gradually replaced by optically inert Y3+, a steady
enhancement of the activator emission was observed (Figures
3d and S4). Taken together, the results conclusively suggest
that the suppression of surface quenching to the Gd3+ ions is
primarily responsible for the enhanced activator emissions.
In an attempt to probe the role of NaYF4 layer in protecting

Gd3+ excitation energy, we conducted a set of control
experiments to compare the emission intensity and decay
curves of Gd3+ emission at 310 nm (6P7/2 →

8S7/2) for
NaGdF4:Yb/Tm nanoparticles coated with NaGdF4 and
NaYF4. The corresponding emission spectra are shown in
Figure 4. It should be mentioned that Gd3+ should be more

resistant to nonradiative quenching than other lanthanide
activator ions, such as Tb3+, Eu3+, Dy3+, and Sm3+, owing to its
substantially larger energy gap (∼32 200 cm−1 from the lowest
excited state to the ground state).14 The strong luminescence
quenching of Gd3+ in the case of NaGdF4 coating is attributable
to rapid energy migration from the gadolinium sublattice to
surface quenchers.15 By comparison, the Gd3+ emission in
NaYF4-coated nanoparticles was significantly enhanced, clearly
indicating that the NaYF4 shell layer could effectively prevent
the excitation energy from trapping by the surface quenchers.
These results are also consistent with our lifetime decay analysis
in that a significantly shorter lifetime (469 μs) of Gd3+ emission
was recorded for NaGdF4-coated nanoparticles relative to that
(2624 μs) of NaYF4-coated counterparts.

Figure 2. Room-temperature emission spectra of the as-prepared
NaGdF4@NaGdF4:A (A = Dy, Sm, Tb, and Eu, respectively; 1% each)
and their corresponding NaYF4-modified (∼2.5 nm thick) nano-
particles. Note that activator emissions are highlighted with color. All
spectra were recorded under excitation of a 980 nm CW diode laser at
a power density of 10 W cm−2.

Figure 3. (a,b) Upconversion luminescence decay curves of Gd3+ and
Tb3+ emissions at 310 and 544 nm, respectively, for the Gd-based
nanoparticles (Tb3+:1%) with and without the NaYF4 coating. (c)
Emission spectra of the Gd-based nanoparticles (Tb3+:1%) obtained
with and without the NaGdF4 coating. (d) Emission spectra of the
NaGdF4-coated nanoparticles with the outmost Gd3+ layer replaced by
varied amounts of Y3+ (0, 30, 70, 100%).

Figure 4. (a) Emission spectra of NaGdF4:Yb/Tm nanoparticles
coated with NaGdF4 and NaYF4, respectively. Note that Tm

3+ (1I6 →
3S6) and Gd

3+ (6P7/2→
8S7/2) emissions are highlighted with color and

the emission spectra were normalized at 360 nm. (b) Corresponding
upconversion luminescence decay curves of Gd3+ measured at 310 nm
for NaGdF4- and NaYF4-coated core−shell nanoparticles, respectively.
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The influence of shell thickness of NaYF4 on the activator
optical emission was subsequently investigated. We observed

that the coating of an additional layer (∼2.5 nm) of NaYF4
onto the as-prepared core−shell−shell nanoparticles does not

Figure 5. Proposed energy transfer mechanisms in the core−shell−shell nanoparticles. Note that only partial energy levels of Tm3+, Gd3+, and A3+ (A
= Dy, Sm, Tb, and Eu) are shown for clarity. The optical emissions from higher-lying energy levels of Tb3+ and Eu3+ are highlighted with colored
arrows.

Figure 6. Effect of activator concentration on optical properties of the NaGdF4:Yb/Tm@NaGdF4:A and NaGdF4:Yb/Tm@NaGdF4:A@NaYF4
nanoparticles. (a) Upconversion emission spectra of the Tb3+-doped core−shell−shell nanoparticles as a function of dopant concentration. (b)
Comparative spectroscopic studies of the NaGdF4:Yb/Tm@NaGdF4:Tb (15%) with NaYF4-coated NaGdF4:Yb/Tm@NaGdF4:Tb (5%)
nanoparticles. (c) Upconversion emission spectra of the as-prepared NaGdF4:Yb/Tm@NaGdF4:Sm and NaGdF4:Yb/Tm@NaGdF4:Sm@NaYF4
nanoparticles obtained with different Sm3+ concentrations (inset: enhancement factor of the Sm3+ emission obtained by comparing the results for
samples with and without the NaYF4 coating. The activator emission intensities were calculated by integrating the spectral intensity of the emission
spectra over a wavelength range of 540−620 nm). (d) Luminescence photographs of representative samples in cyclohexane solution (2 mg mL−1)
under irradiation of a 980 nm laser.
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lead to further enhancement in activator emission (Figure S6).
This was expected as the interaction between dopant ions and
surface oscillators typically occurs within a distance of ∼3 nm.16

With a 2.5 nm thick shell of NaYF4, the interaction between the
lanthanides and surface ligands or solvent molecules in the
surrounding environment is essentially shielded (Figure S6).
These results also suggest the integrity of the NaYF4 shell
initially coated around the NaGdF4:Yb/Tm@NaGdF4:A.

13f

We next explored the underlying mechanism that accounts
for intense upconversion emission from higher-lying 5DJ excited
states of Tb3+ and Eu3+ ions (Figure 5). An important
prerequisite for the emission from higher-lying energy levels
(e.g., 5D3 of Tb

3+; 5D1,
5D2, and

5D3 of Eu
3+) is the need for

NaGdF4 host materials with intrinsic low phonon energy
(∼350 cm−1). If there are high-frequency vibrations in the host
lattices, such as TbAl3B4O12 (∼1300 cm−1) and YBO3 (∼1050
cm−1),4a,17 the activator emission from the higher-lying energy
levels would be readily quenched through multiphonon
emission process. Another important factor in satisfying intense
activator emission from higher-lying energy levels is the NaYF4
coating that provides efficient trapping of the migrating energy
in Gd sublattice. A low doping concentration of activators
typically suppresses unwanted cross-relaxation pathways (e.g.,
5D3 +

7F6 →
5D4 +

7F0 for Tb
3+ and 5D2 +

7F0 →
5D0 +

7F5 for
Eu3+) that depopulate the higher-lying energy states of the
activators. Furthermore, the NaYF4 shell also enhances
activator emission by protecting the activator ions from surface
quenching. The higher-lying excited states of Tb3+ (5D3) and
Eu3+ (5D2) are highly susceptible to high-energy surface
oscillators because of the small energy gap (∼5800 and
∼1800 cm−1, respectively) to the next lower-lying energy levels
(Figure S7).
We found that the enhancement factor varies with changes in

activator concentration (Figures 6a and S8). At high activator
concentrations, the energy transfer from Gd3+ to activator ions
dominates energy trapping processes. Thus, the excitation
energy of Gd3+ will be trapped by the activators before it
reaches surface quenching sites. Only marginal enhancement in
activator emission is therefore expected through surface
protection of nanoparticles. When the activator concentration
is substantially decreased, the number of lanthanide trapping
centers in nanoparticles becomes insufficient to capture the
excessive migrating energy preserved by the NaYF4 shell.
Importantly, the NaYF4 shell protection enables stronger
upconverted emission of Tb3+ doped at a low concentration
(5%) as opposed to that of unprotected Tb3+ at a high
concentration (15%) (Figure 6b).
For Sm3+ and Dy3+ activators, we noticed that the ability of

these two activators to trap the Gd3+ energy is quite weak,
arising from the presence of many closely spaced energy levels.
For example, a Sm3+ ion in its 4G5/2 excited state may transfer
part of its energy to a neighboring ground-state Sm3+ ion
through cross-relaxation, resulting in both ions occupying the
6F9/2 level and subsequent nonradiative relaxation to the
ground state. This effect is particularly pronounced at a high
Sm3+ concentration. Thus, the Sm3+ dopant content in
nanoparticles has to be kept very low (typically <2.5 mol %).
However, weak upconverted emission of Sm3+ still occurs in
most instances because of inefficient trapping of the migrating
energy and surface quenching effect. In our core−shell−shell
design, the surface quenching effect can be largely eliminated.
Remarkably, we observed more than 1 order of magnitude
enhancement in Sm3+ emission by coating NaGdF4:Yb/Tm@

NaGdF4:Sm nanoparticles with a layer of NaYF4 (Figure 6c).
Through the core−shell−shell engineering in nanoparticles, we
showed that a wide range of emission colors from ultraviolet to
visible can be readily achieved with different types of activators,
providing potential implications for the development of
multicolored biolabels (Figure 6d).
By analyzing available optical data on concentration

dependence, we can derive the critical distance (Rc) between
activators for maximum emission intensity according to Blasse’s
equation:18

π

=
⎛

⎝
⎜

⎞

⎠
⎟R

V

x N
2

3

4
c

c

1/3

where xc is the critical activator concentration, N is the number
of lattice sites in the unit cell that can be occupied by activator
ions, and V is the volume of the unit cell. For hexagonal
NaGdF4 (JCPDS 27-0699) with a space group of P63/m (Z =
1.5), the cell parameters are a = 6.02 Å and c = 3.60 Å, and the
volume of the unit cell is 113.02 Å3. The critical concentration
is estimated to be 15% for Tb3+ and Eu3+ and 1% for Dy3+ and
Sm3+. Using the above equation, Rc was determined to be about
0.99 nm for Tb3+ and Eu3+ and 2.43 nm for Dy3+ and Sm3+.
We also note a significant benefit of using activators doped at

low concentrations. In our previous report,10 a relatively high
activator concentration (>2.5%) is typically required to
facilitate trapping of the migrating energy in Gd sublattice.
To avoid the deleterious cross-relaxation between the Yb/Tm
and activator ions, a core−shell structure of NaGdF4@NaGdF4
is necessary to spatially confine different dopant ions for
controlled energy exchange interactions. In this work, the
realization of efficient emission at a low concentration of
activators through the NaYF4 coating should allow us to
simplify structural design of the nanoparticles. For example, we
showed that with the NaYF4 shell coating, Tb

3+ and Eu3+ ions
homogeneously doped at 1% each along with the Yb/Tm pair
in the NaGdF4 host lattice can give rise to a similar emission
profile to that of the NaYF4-coated NaGdF4:Yb/Tm@
NaGdF4:A (A = Tb or Eu) nanoparticles (Figure 7a). By
comparison, without the NaYF4 coating, we did not observe
any noticeable activator emission under identical test
conditions (Figure 7b).

Figure 7. Comparative emission spectra of (a) NaGdF4:Yb/Tm/A@
NaYF4 and (b) NaGdF4:Yb/Tm/A nanoparticles with 1% doping level
of activators.
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To further probe the distance for effective energy transfer
from Gd3+ to Tb3+, we carried out a series of layer-by-layer
coating experiments (Figure 8). We precisely controlled the

spacing (d = 0, 0.5, 1.1, 1.7 nm) between the Gd3+ embedded in
the nanoparticle core and the Tb3+ encapsulated in the NaYF4
shell using optically inert NaYF4 as an interlayer (Figure 8a).
The dependence of Tb3+ emission on the thickness of the
interlayer was shown in Figure 8b. Without the NaYF4

interlayer, we could observe intense Tb3+ emission, arising
from strong exchange interactions between the Gd3+ and Tb3+.
After coating of a NaYF4 layer of ∼1.1 nm thick (Figure 8d),
the emission intensity of Tb3+ was significantly reduced. With
further increase in the interlayer thickness, the emission of Tb3+

gradually decreases and eventually disappears when the
interlayer spacing reaches ∼1.7 nm. The suppressed Tb3+

emission in the multishelled nanoparticle largely results from
negligible diffusion of dopant ions in the solid-state host lattice,
which is consistent with a previous report.19

The use of a NaYF4 shell layer for the nanoparticles is likely
to significantly improve the signal strength and minimize the
impact of solvents, which is essential for their biological
applications. To shed light on the optical stability of NaYF4-
coated nanoparticles, we transferred the as-prepared nano-
particles into DMSO/ethanol solutions containing different
amounts of water. As shown in Figure S9, the relative emission
intensities of the NaYF4-coated nanoparticles were virtually
unchanged owing to the effective protection of activators by the
inert shell. To further highlight the versatility of these NaYF4-

coated nanoparticles in biological applications, we demon-
strated multicolor cell imaging using different combinations of
Tb3+ and Eu3+ activators incubated with HepG2 cells (Figure
S10).

■ CONCLUSIONS

The comparison of Gd-based upconversion nanoparticles and
their NaYF4-coated counterparts has enabled better under-
standing of energy migration-mediated upconversion processes.
Our results demonstrate how the interplay of lanthanide
interactions and core−shell nanostructures can be used to
control the optical properties of the upconversion nano-
particles. The NaYF4 shell can impede the migrating energy in
Gd sublattice from trapping by surface quenchers, thereby
promoting energy trapping by the activators. Alongside this, the
clearly enhanced emission for various activators (Dy3+, Sm3+,
Tb3+, and Eu3+) leads to the conclusion that efficient emissions
can be realized from activators doped homogeneously with Yb/
Tm ions through the NaYF4 shell protection, provided the
activator concentration is kept at a considerably low level.
Demonstrating both control and understanding of the energy
migration in these nanoparticles should be a key step toward
the rational design of lanthanide-based luminescent nanoma-
terials for advanced biological applications.
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