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Surface sensitivity of lanthanide-doped nanocrystals has a great utility in controlling their optical properties.
Surface sensitivity can be principally promoted by energy migration. Herein, we demonstrate that cross-
relaxation between lanthanides makes nanocrystals less sensitive to environmental changes. We show that by
codoping ytterbium ions (Yb®") and neodymium ions (Nd*") in hexagonal-phase sodium yttrium fluorides,
surface sensitivity can be manipulated by energy transfer from Yb>* to Nd®*. These findings enhance our un-

derstanding of surface quenching of nanocrystals and offer new opportunities in developing highly luminous
nanoprobes for molecular sensing and biomedical applications.

1. Introduction

For lanthanide-doped nanocrystals, rich 4f energy levels result in
intense energy cross-talk between adjacent ions [1]. Energy transfer
between identical lanthanide ions is dominated by cross-relaxation and
energy migration, especially in situations involving many energy
transfer steps [2-4]. Besides the crystallinity of host lattice environment,
energy transfer processes dictate optical properties of lanthanide-doped
nanocrystals, such as brightness, lifetime, and surface sensitivity [5-16].
Surface sensitivity is a decisive factor contributing to the development of
ultrasmall, highly luminescent nanoprobes for molecular sensing
[17-21]. Previous studies have reported that energy migration in
nanoprobes can be an essential channel for surface sensitivity
enhancement. For example, the use of gadolinium ions (Gd®") as mi-
grators in organic dye-coupled nanoparticles can extend the critical
distance of Forster resonance energy transfer (FRET) to 30 nm [22].
Moreover, energy migration in nanoparticles can enable single-molecule
detection owing to enhanced energy transfer from terbium (Tb®") to
surface-tethered dye molecules [23]. Unlike energy migration,
cross-relaxation induces nonradiative dissipation of excitation energy
within a short distance. However, the effect of cross-relaxation on
nanocrystal surface sensitivity has not been investigated, even though
cross-relaxation is a common example of energy transfer for many lan-
thanides [10,12,24].

Herein, we demonstrate that cross-relaxation suppresses the surface
sensitivity of lanthanide-doped nanocrystals. Given that intense cross-
relaxation hinders interactions of excited states with the surrounding
surface environment, we hypothesize that surface modification or
different solvents will minimally affect the luminescence profiles of
nanocrystals, such as lifetime decay and photoluminescence intensity.

2. Results and discussion

To validate our hypothesis, we first prepared two types of
lanthanide-doped p-NaYF,4 nanocrystals (Fig. 1a; Supplementary Figs. 1
and 2). One is NaYF4,@NaYF4:Yb and the other is NaYF;@NaYF4:Nd.
Notably, an inert 15-nm NaYF,4 core was used to minimize the effect of
nanocrystal size on luminescence [25] (Fig. 1b and c; Supplementary
Fig. 3). Considering that the rates of cross-relaxation and energy
migration depend on interionic distances [26,27], we used two doping
concentrations of Yb®* and Nd®* (each with 4% and 40%), with aver-
aged interionic distances of 1.209 and 0.561 nm, respectively.

We first investigated the optical features of ligand-free nanocrystals
dispersed in water and oleic acid-coated nanocrystals dispersed in
cyclohexane. Notably, water molecules in contact with nanocrystal
surfaces feature an intense O-H vibrational harmonic band (at 972 nm)
which significantly quenches lanthanide luminescence (Supplementary
Fig. 4) [7,28]. On the other hand, the oleic acid coating serves as a thin
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passivation layer (~1 nm thick), and cyclohexane molecules feature
weakly vibrational harmonic bands. As expected, we observed an in-
crease in luminescence intensity and lifetime in the cyclohexane group
compared with the ligand-free group (Fig. 1d-k). Specifically,
Yb3+-doped (40%) nanocrystals showed a much greater increase in
emission lifetime (91.4% vs. 14.1%) and luminescence intensity (25.5
times vs. 3.5 times) in cyclohexane compared with their less Yb®*-doped
(4%) counterparts (Fig. 1d-g). This can be attributed to enhanced en-
ergy migration at a high Yb®" concentration, which promotes in-
teractions of excited states with the surrounding surface environment.
By comparison, Nd*-doped (40%) nanocrystals showed a much smaller
increase in emission lifetime (13.9% vs. 23.8%) and luminescence in-
tensity (1.8 times vs. 4.7 times) in cyclohexane compared with their less
Nd3+-d0ped (4%) counterparts (Fig. 1h-k). This can be ascribed to
intense cross-relaxation at a high Nd** concentration, which dissipates
excitation energy locally and hinders interactions of excited states with
the surface environment. Such observation was verified by a similar set
of experiments in which ligand-free nanocrystals were dispersed in
normal water (H,0) and deuterated water (D20) (Supplementary Figs. 4
and 5) [7]. Results confirm that highly Yb3*-doped systems promote
surface sensitivity due to enhanced energy migration, whereas highly
Nd3-doped systems reduce surface sensitivity due to enhanced
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cross-relaxation.

Although both energy migration and cross-relaxation lead to con-
centration quenching, the passivation effect of an inert shell on cross-
relaxation-induced concentration quenching is small. We first ascer-
tained the occurrence of concentration quenching in two types of
nanocrystals: NaYF4@NaYF4:Yb and NaYF4@NaYF4:Nd. As shown in
Fig. 2a, emission lifetimes of both Nd>*-doped nanocrystals and Yb>*-
doped nanocrystals decrease with increased dopant concentration x (x
= 0.1-100%), and they can be well fitted by a FRET-type quenching
model:

_r
1+ ()c/x(,)2

~

7(x) = (€8]

where 7(x) is the normalized emission lifetime and x, is the critical
doping concentration. When exceeding 8% doping (or 2% for Nd**
doping), luminescence intensity decreases after reaching a maximum,
owing to the dominant effect of concentration quenching over the in-
tensity increase in absorbance (Fig. 2b and c; Supplementary Fig. 6).
Interestingly, a second turning point occurs at around 40%, caused by
plateaued lifetimes after 40% doping and the continually increased
absorbance:
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Fig. 1. Transmission electron microscopy (TEM) characterization and spectroscopic responses of Nd>*- or Yb®>*-doped nanocrystals in water and cyclohexane. (a)
Schematic of lanthanide-doped NaYF, nanocrystals in water and cyclohexane media and major energy transfer processes in Nd**-doped and Yb®*-doped lattices. K,,,
stands for energy migration; Kcg stands for cross-relaxation. (b and ¢) TEM characterization of NaYF4@NaYF,:Yb(40%)@OA and NaYF,@NaYF4:Nd(40%)@OA
nanocrystals (OA: oleate). Nanocrystal sizes are averaged over 300 measurements. Scale bars are 50 nm. (d-g) Luminescence lifetime decay profiles (d and f) and
luminescence spectra (e and g) of purely Yb®>"-doped nanocrystals under 980 nm excitation. (h-k) Luminescence lifetime decay profiles (h and j) and luminescence
spectra (i and k) of purely Nd*>*-doped nanocrystals under 808 nm excitation (LF: ligand-free).
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where I(x) is the normalized luminescence intensity, abs.(x) is the
normalized absorbance, and k is the normalization constant. There is a
general notion that epitaxial growth of an inert NaYFy4 shell reduces
surface quenching [8,29]. To study the passivation effect, we coated a
layer of NaYF4 onto nanocrystals and measured their optical features.
The increase in emission lifetime and luminescence intensity was sig-
nificant upon shell passivation for 40% Yb>*-doped nanoparticles
(Fig. 2a and b), but only minimal for 40% Nd3+—d0ped nanoparticles
(Fig. 2a and c). Moreover, the passivation effect on 40% Nd>*-doped
nanoparticles was less than their 4% Nd>*-doped counterparts (Fig. 2c).
Short-ranged dissipation of excitation energies inhibits interactions of
excited states with the surrounding environment, leading to reduced
surface sensitivity toward the passivation.

To shed more light on energy transfer mechanisms that underlie
surface sensitivity, we performed Monte Carlo simulations of excitation
energy migration and used migration distance d,, as an indicator for
surface sensitivity: longer migration distances represent greater surface
sensitivity. Specifically, the energy migration processes in NaYF;@-
NaYF4:Yb and NaYF4@NaYF4:Nd nanocrystals are modeled as random

stopping. Our simulations reveal that at a high doping concentration
(40%), the excitation energy of Nd>" travels a much shorter migration
distance than that of Yb®*+ (Fig. 3a). Furthermore, the migration distance
of excitation energies on Yb>*-doped lattice increased with the doping
concentration (Fig. 3b). In contrast, the migration distance first
increased then decreased for Nd**-doped lattice (Fig. 3c). The shorter
migration distance for 40% Nd>'-doped lattice correlates with the
reduced surface sensitivity of 40% Nd>*-doped nanocrystals. The sup-
pression of surface sensitivity for highly doped Nd*>*-nanosystems can
be partially ascribed to the shortened migration distance of the excita-
tion energy.

To characterize the effect of the interplay between energy migration
rate k, and cross-relaxation rate k. on the surface sensitivity of Nd3t-
doped nanocrystals, we calculated the transverse probability Pygnsyerse for
excitation energy migration on Nd>*-doped lattice at different k,/kn
ratios. A larger Pygnsverse represents a higher probability for excited states
to interact with the surface environment, indicating greater surface
sensitivity. Specifically, based on transmission electron microscope
characterization, the doped shell is 3 nm thick on average. The
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Fig. 3. Cross-relaxation-controlled migration by
Monte Carlo simulation. (a) 2D representation of
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transverse probability for excitation energy to migrate beyond 3 nm can
be statistically obtained from the distribution of migration distances.
Yb3* is a typical energy migrator because of its simple two-level 4f
electronic structure with an energy gap (~10,200 cm 1) large enough to
suppress nonradiative decay in sodium yttrium fluoride crystals (Umqx =
300-400 cm_l) [1,5,11]. As Nd3* has denser electronic levels than
Yb3*, it can undergo cross-relaxation in addition to energy migration
[30,31]. Results showed that the transverse probability increased with
Yb3* doping concentration in a sigmoidal manner. By comparison, the
transverse probability reached a maximum and then decreased with
increased Nd®* doping concentration (Fig. 3d). Furthermore, the
maximum point shifted to the region of low doping concentrations when
the k. /kn ratio increased. As the k. /kn ratio approaches zero, the
transverse probability approximates that of a purely migrating system
such as the Yb%*-doped lattice. The simulation agrees with the experi-
mental observation that a migration system based on 40% Yb>*-doped
nanocrystals has greater surface sensitivity than 40% Nd>*-doped
nanocrystals (Fig. 1f-g and 1j-1k). Furthermore, the results indicate that
unlike energy migration, cross-relaxation suppresses surface sensitivity
by reducing the migration distance of excitation energy, shifting the
maximally achievable surface sensitivity to small dopant ratios.

We further investigated optical features of nanocrystal thin films
toward water desorption (Fig. 4e; Supplementary Fig. 7). Thermogra-
vimetric analysis and Fourier-transform infrared spectroscopy indicated
that thermal heating to 58 °C removed surface-adsorbed water mole-
cules (Supplementary Fig. 7) [32,33]. As expected, NaYF4:Nd/Yb
(40/40%) nanocrystals showed a larger increase in emission lifetime
(37.2% vs. 7.4%) and luminescence intensity (1.171 times vs. 1.076

[Ln3*] (atom %)

times) toward water desorption compared with NaYF4:Nd(40%) coun-
terparts (Fig. 4a-d). The improvement in surface sensitivity can be
explained by energy transfer between Nd>* and Yb®*, as evidenced by
the bi-exponential nature of the 864 nm decay on Nd** (Supplementary
Fig. 8). Because of the long lifetime of Yb>*, its excitation energy mi-
grates over a long distance before being transferred back to Nd>'.
Consequently, the 864 nm Nd>* emission is more susceptible to envi-
ronmental changes.

3. Conclusion

In this work, we found that cross-relaxation can diminish the surface
sensitivity of lanthanide-doped nanocrystals. Besides, the surface
sensitivity of nanocrystals can be manipulated by balancing the level of
energy migration and cross-relaxation. As a result, inert shell passivation
is inessential for Nd®'-sensitized luminescence, which boosts the
development of ultrasmall upconversion nanoprobes. Since many acti-
vator ions (e.g., thulium, holmium, and erbium) in upconversion pro-
cesses are also known to undergo cross-relaxation, our findings may
offer insights into the development of a general upconversion nano-
crystal platform for luminescence sensing.

4. Materials and methods
4.1. Materials

1-octadecene (90%), oleic acid (90%), yttrium acetate hydrate (Y
(CH3CO2)3-xH20;  99.9%), ytterbium acetate hydrate (Yb
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Fig. 4. The effect of Yb®>" codoping on the spectroscopic response of Nd>* emission under heating (a and b) Luminescence decay and intensity spectra of NaYF,:Nd
(40%)@OA nanocrystal thin film. (c and d) Luminescence decay and spectra of codoped NaYF4:Nd/Yb(40/40%)@OA nanocrystal thin film. (e) Schematic of heating

effect on the codoped nanosystem. The surface ligand oleate is omitted for clarity.

(CH3CO2)3-xH20;  99.9%), neodymium acetate hydrate (Nd
(CH3CO2)3-xH20; 99.9%), sodium hydroxide (NaOH; >98%), ammo-
nium fluoride (NH4F; >98%), methanol (>99%), ethanol (>99%), hy-
drochloric acid (37%) and cyclohexane (>99%) were all purchased from
Sigma-Aldrich and used as received without further treatment.

4.2. Physical measurements

Powder X-ray diffraction experiments were performed on a Bruker
D8 Advance diffractometer at a scanning rate of 2.4° min ™! in a 26 range
from 10° to 80° (Cu Ka radiation, 40 kV, 40 mA, A = 1.5418 A). The size
and morphology of the as-prepared nanocrystals were characterized
using a JEOL-3010 transmission electron microscope operating at an
acceleration voltage of 300 kV. UV-visible absorption spectra of the
nanocrystals dispersed in cyclohexane or water were acquired using an
Agilent Cary 5000 UV-Visible-NIR spectrophotometer. Luminescence
spectra were recorded with an Edinburgh FLS1000 spectrofluorometer
equipped with a Hamamatsu NIR photomultiplier detector (C9940-02),
in conjunction with either a continuous-wave 808 nm (MDL-III-808
nm) or 980 nm diode laser (MDL-III-980 nm). In particular, the pho-
toluminescence spectra of purely Yb3*-doped nanocrystals were
collected under microsecond pulsed excitation in time-resolved emission
spectrum mode to avoid spectral contamination from the excitation
source. The integrated intensity over time after pulsed excitation at
emission wavelengths between 930 and 1080 nm constitutes Yb>"
luminescence spectra. Luminescence decay curves were measured with
an Edinburgh FLS1000 spectrofluorometer in multichannel scaling
mode with a nanosecond Ekspla NT352 optical parametric oscillator
pumped by a 3.8-ns-pulsed 10 Hz Nd:YAG laser.

Thermogravimetric analysis was done with a Discovery Thermog-
ravimetric Analyzer. A few milligrams of air-dried solid nanocrystals
were spread evenly on a ceramic pan. From 300 K to 570 K, the machine
operated in ambient condition at a heating rate of 5 K/min and then
undergone isothermal heating at 570 K for 10 min, followed by cooling

from 570 K to 300 K at a rate of 20 K/min. The sample was heated again
at 5 K/min before cooling down naturally. Fourier-transform infrared
spectra were obtained using a Bruker Alpha FTIR spectrometer (with
KBr pellet). Heating of drop-casted nanocrystal thin films was performed
using a Minco Polyimide Thermofoil™ heater pasted underneath a glass
slide and driven by a power supply unit (Agilent E3646A Programmable
DC Power Supply 0-8 V, 3A/0-20V, 1.5 A) between 0 and 10 Vat 1.5 A.
Temperature variations were monitored using a FLIR ONE® digital
thermal camera.

4.3. Synthesis of NaYF4:Nd/Yb core nanocrystals

NaYF4:Nd/Yb nanocrystals were synthesized via a co-precipitation
method [34]. In a typical experiment, 1-octadecene (7.0 mL) and oleic
acid (3.0 mL) was added to an aqueous solution (2.0 mL) of Y(CH3CO3)3,
Yb(CH3CO5)3 and Nd(CH3CO3)3 in a 50-mL flask at varied proportions
with a total lanthanide content of 0.4 mmol. The mixture was heated in
an oil bath in ambient condition at 150 °C for 1 h and then cooled to 50
°C. A methanol solution (6.0 mL) of NH4F (1.6 mmol) and NaOH (1.0
mmol) was subsequently added. After stirring for 30 min at 50 °C, the
reaction was heated to 105 °C and purged by nitrogen gas for 20 min.
The mixture was then heated to 290 °C and maintained at this tem-
perature for 2 h under a nitrogen flow. After cooling to room tempera-
ture, the resulting nanocrystals were precipitated by centrifugation,
purified several times with a mixture of ethanol and cyclohexane, and
finally redispersed in 4.0 mL of cyclohexane.

4.4. Synthesis of NaYF4zNd/Yb@NaYF4:Nd/Yb core-shell nanocrystals

1-Octadecene (7.0 mL) and oleic acid (3.0 mL) were added to an
aqueous solution (2.0 mL) of Y(CH3COs)s, Yb(CH3CO3)3 and Nd
(CH3CO3)3 in a 50-mL flask at varied proportions with a total lanthanide
content of 0.4 mmol. The mixture is heated in an oil bath in ambient
condition at 150 °C for 1 h and then cooled to 80 °C. The as-synthesized
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core nanocrystals dispersed in cyclohexane were added. After 40 min,
the resultant mixture was cooled to 50 °C. A methanol solution (6.0 mL)
of NH4F (1.6 mmol) and NaOH (1.0 mmol) was subsequently added.
After stirring for 30 min at 50 °C, the reaction was heated to 105 °C and
purged by nitrogen gas for 20 min. The mixture was heated to 290 °C
and maintained at this temperature for 2 h under a nitrogen flow. After
cooling to room temperature, the resulting nanocrystals were precipi-
tated by centrifugation, purified several times with a mixture of ethanol
and cyclohexane, and finally redispersed in 4.0 mL of cyclohexane. If an
additional layer of shell is desired, the above synthesis can be repeated
with the as-synthesized core-shell nanocrystals.

4.5. Preparation of hydrophilic nanoparticles

Hydrochloric acid was used to render nanoparticles hydrophilic and
dispersible in water [35]. Nanocrystals (1.0 mL, 0.1 mmol) dispersed in
cyclohexane were mixed with 1.0 mL of ethanol in a 2-mL centrifuge
tube. Subsequently, the mixture was centrifuged for 10 min (at 16,500
rpm). The precipitate was redispersed in a mixture of ethanol (1.0 mL)
and HCl solution (1.0 mL, 0.2 M) by sonication for 10 min, after which
the solution was centrifuged for 15 min at 16,500 rpm. The precipitate
was redispersed in 2 mL ethanol and centrifuged for 25 min at 16,500
rpm. Ligand-free nanoparticles were finally redispersed in deionized
water.
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