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Orthogonal luminescence properties of a single rare-earth

activator ion doped upconversion nanoparticles

LING Xiao, MEI Qing-song’
(School of Food and Biological Engineering, Hefei University of Technology, Hefei 230009, China)
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Abstract: Upconversion luminescence nanomaterials have attracted widespread attention owing to their spe-
cial optical properties, while most of them emit single color luminescence. In order to achieve multicolor or-
thogonal upconversion luminescence and avoid the synthesis complexity and interference between multiple
dopant ions, herein, we reported a novel orthogonal emissive upconversion nanoparticle, NaErF,;:Yb(19.5%)/
Tm(0.5%)@NaYF,:Yb(10%)@NaNdF,:Yb(10%), through thermal decomposition strategy step by step. This
novel nanoparticle can give out green luminescence and red luminescence by the energy level transition of
Er*" from *H,5,'S3,—"1;5,, and *Fg,—I;s,, under the excitation light of 980 nm and 808 nm, respectively.
The particles demonstrated uniform size, stable structure and excellent dispersibility. Under the excitation of
980 nm, the emission intensity at 650 nm of red luminescence was approximately 9.46 times more than the
emission intensity at 540 nm. Under the excitation of 808 nm, the emission intensity at 540 nm of green lu-
minescence was about 5.39 times more than the emission intensity at 650 nm.

Key words: upconversion nanoparticles; single activator ion; orthogonal emission; thermal decomposition
method
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1 Introduction

As a means of energy transmission, light plays
an important role in physical, chemical and biolo-
gical applications. Due to its ultra-high spatial and
temporal resolution and accurately controlled para-
meters such as wavelength, life, intensity and fre-
quency, light has become an ideal external excita-
tion signal source!'”l. However, the visible, ultravi-
olet or near-ultraviolet light currently used in most
of biomedical applications has a limited capacity of
tissue penetration, and is strongly absorbed by many
endogenous chromophores. As a resolution to this
problem, the study of up-conversion nanoparticles
(UCNPs) has further expanded the biomedical ap-
plications of light*.,

Upconversion luminescence is an anti-stokes
effect, in which the luminescent center can continu-
ously absorb two or more low-energy excited
photons, and emit the light with higher energy than
the absorbed energy after returning to the ground
state through a non-radiation relaxation transition.
An upconversion luminescence material is usually
composed of matrix material, rare-earth activator

[10-11

and sensitizer!'"'", The doping of rare-earth ele-
ments can be single, double or multiple doping. The
luminescence efficiency of single-doped upconver-
sion luminescence materials is relatively low. In-
stead, double-doped upconversion luminescence
materials are more common. In terms of double
doping, one kind of rare-earth ion (usually Er*', Ho**
or Tm*") acts as an activator to provide a lumines-
cent center with rich energy levels, and the other
acts as a sensitizer to absorb and transfer energy to
the activator ion. The common sensitizer ion is Yb**,

whose special energy level structure can sensitize

the luminescence of other rare-earth ions, so as to
improve the luminescence performance of the ma-
terial'?. Upconversion luminescence materials can
convert near-infrared light with strong penetration
into visible or ultraviolet light, which can be better
applied in living organisms!"*'*,

In recent years, a lot of work has been done to
improve the brightness and efficiency of upconver-
sion luminescence through inert shell coating, high-
concentration activator doping, organic dye modific-
ation and other strategies. These strategies are inten-
ded to explore some high-quality UCNPs with
unique optical properties and expand their applica-
tions!">"*). Traditional UCNPs can only emit mono-
chromatic light in single exciting light. However, it
isurgent to develop a kind of luminescent nano-
particles with bidirectional regulatory signals when
studying the synergistic effect of UCNPs. In order
to achieve such bidirectional regulation, many sci-
entists have designed the UCNPs with orthogonal

nl(20-21

emissio 1 which, however, are often doped with

two or more activator ions to achieve orthogonal
emission”?!, Because the complex energy level
structure of these activator ions may lead to their
mutual interference of energy migration, the activat-
or ions need to be separated in space when synthes-
izing the UCNPs. This further complicates the syn-
thesis steps of these UCNPs.

In this work, the green luminescence generated
by the *H;y,*S3,—"1;5,, energy level transition of
the lanthanide rare-earth ion Er’* and the red lumin-
escence generated by the *Fg,—"1;5, energy level
transition” *?° was used to realize the orthogonal
luminescence of the same UCNP doped with a
single activator ion, that is, the orthogonal emission
of red and green light under the 980 nm and 808 nm

excitation respectively. Instead of studying the or-
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thogonal luminescence of the UCNPs doped with
multiple activator ions, the UCNPs with a relatively
simple core-shell-shell structure were synthesized
step by step by thermal decomposition in this work,
and their structural stability, synthesis effect and lu-

minescence condition were studied and analyzed.

2 Experiment

2.1 Experimental instruments and reagents

The experimental instruments used in this
study include: fluorescence spectrometer (LS55
PERKINELEMR), BSA124S electronic balance
(Sartorius Scientific Instrument Limited), KQ3200E
ultrasonic cleaner (Kunshan Ultrasonic Instruments
Co., Ltd.), DF-101S heat-collecting constant-tem-
perature heating magnetic stirrer (Shanghai  Xi-
angya Instrument Co., Ltd.), S10-3 constant-temper-
ature magnetic stirrer (Shanghai Sile Instrument
Co., Ltd.), TG16-WS desk-type high-speed centri-
fuge (Hunan Xiangyi Laboratory Instrument Devel-
opment Co., Ltd.), JEM-1400flash transmission
electron microscope (JEOL), and X'pert PRO MPD
X-ray diffractometer (PANalytical B.V.).

The reagents used in this study include: oleic
acid (OA) (Sigma-Aldrich), ODE (Sigma-Aldrich),
NaOH (SINOPHARM Shanghai Chemical Reagent
Co., Ltd.), NH,F (SINOPHARM Shanghai Chemic-
al Reagent Co., Ltd.), CH;COOH (SINOPHARM
Shanghai Chemical Reagent Co., Ltd.), CgHi,
(SINOPHARM Shanghai Chemical Reagent Co.,
Ltd.), CH;CH,OH (SINOPHARM Shanghai Chem-
ical Reagent Co., Ltd.), Y,0; (Shanghai Aladdin
Biochemical Technology), Yb,0; (Shanghai Alad-
din Biochemical Technology), Er,O; (Shanghai
Aladdin Biochemical Technology), Nd,O; (Shang-
hai Aladdin Biochemical Technology), and Tm,0;
(Shanghai Aladdin Biochemical Technology).

2.2 Experimental steps
2.2.1 Synthesis of rare earth acetate

The rare-carth acetate used to prepare the

UCNPs is synthesized by using the previously re-
ported method®”. 10 g Y,05, 10 g Yb,0;, 10 g
Er,03, 10 g Nd,O3 and 10 g Tm,0; is added to a
single-opening flask separately. Then, 70 mL deion-
ized water and 30 mL glacial acetic acid is added to
the flask at the same time. The flask is placed in an
oil bath at 120 °C for reaction until the reaction
solution becomes transparent. Finally, the solution is
cooled naturally to room temperature. The reaction
liquid is distilled under reduced pressure by a rotary
evaporator and then dried by an oven into solid
powder, which is just rare-earth acetate.

The preparation process of 0.1 mol/L Tm(OAc);
aqueous solution is as follows. Weigh 346.07 mg
Tm(OAc); with an electronic balance and transfer it
to a beaker. Add 5 ml ultra-pure water to the beaker.
Stir the solution with a glass rod until it is com-
pletely dissolved. Then transfer the solution from
the beaker to a 10 ml volumetric flask through a
glass rod, and rinse it for three times before joint
adding. Finally, titrate the solution with a rubber-
head dropper until it is flush with the scale line, and
mix the components evenly by vibration.

2.2.2  Synthesis of orthogonal luminescence UCNPs

Synthesis of core particles. Weigh 275.2 mg
Y(OAc);, 68.3 mg Yb(OAc); and 50 pl Tm(OAc),
(0.1 mol/L) proportional to 1 mmol NaErF,:Yb
(19.5%)/Tm(0.5%), and pour them into a two-open-
ing flask. Add 6 mL OA and 14 mL ODE and mix
and stir them. Weigh 148 mg NH,F and 100 mg Na-
OH proportional to 1 mmol NaErF,;:Yb(19.5%)/
Tm(0.5%) and pour them into a test tube. Add 6 ml
methanol and dissolve both NH4F and NaOH com-
pletely with ultrasound. Heat the two-opening flask
to 70~80 °C, vacuum it to remove water, and then
inject N, into it. Heat the flask to 150 °C and hold
for 30 min. Then stop heating and cool it to room
temperature. Transfer the methanol solution with ul-
trasonically dissolved NH4F and NaOH to the flask.
Keep the solution at about 50 °C and stir it for

30 min. Then heat it to about 65 °C for methanol re-
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moval. Finally, vacuum the flask, inject N, into it,
and heat it to 300 °C for 60 min. Remove the heater.
Cool the flask to room temperature. Take out the
particle solution, centrifuge it and rinse it with eth-
anol for three times. Finally, disperse the centri-
fuged particles into 9 ml cyclohexane for later use.

Synthesis of core-shell particles. Take a new
two-opening flask. Weigh 359.2 mg Y(OAc); and
52.5 mg Yb(OAc); proportional to 1.5 mmol
NaYF4:Yb (10%), and pour them into the flask. Add
6 mL OA and 14 mL ODE and mix and stir them.
Heat the flask to 70~80 °C, vacuum it to remove wa-
ter until no bubbles come out, and then inject N, in-
to it. Heat the flask to 150 °C and hold for 30 min.
Weigh 222 mg NH,F and 150 mg NaOH propor-
tional to 1.5 mmol NaYF,;:Yb (10%) and pour them
into a test tube. Add 9 mL methanol and dissolve
both NH,4F and NaOH completely with ultrasound.
After 30 min of reaction, stop heating the flask and
cool it to room temperature. Add the 9 mL cyclo-
hexane particle solution prepared in the previous
step to the flask. Transfer the methanol solution
with ultrasonically dissolved NH4F and NaOH to
the flask. Heat the solution to 50 °C, hold for 30 min,
and then heat it to about 65 “C for methanol remov-
al. Vacuum the flask, inject N, into it, and heat it to
300 °C for 2 h. Remove the heater. Cool the flask to
room temperature. Take out the particle solution,
centrifuge it and rinse it with ethanol for three times.
Finally, disperse the centrifuged particles into 9 mL
cyclohexane for later use.

Synthesis of core-shell-shell particles. Weigh
289.2 mg Nd(OAc); and 35.0 mg Yb(OAc); propor-
tional to 1 mmol NaNdF4:Yb (10%), and pour them
into the flask. Add 6 mL OA and 14 mL ODE and
mix and stir them. Heat the two-opening flask to
70~80 C, vacuum it to remove water until no
bubbles come out, and then inject N, into it. Heat
the flask to 150 °C and hold for 30 min. Weigh
148 mg NH4F and 100 mg NaOH proportional to

1 mmol NaNdF,Yb (10%) and pour them into a test
tube. Add 6 mL methanol and dissolve both NH,F
and NaOH completely with ultrasound. After 30 min
of reaction, stop heating the flask and cool it to
room temperature. Add the 9 mL cyclohexane
particle solution prepared in the previous step to the
flask. Transfer the methanol solution with ultrason-
ically dissolved NH4F and NaOH to the flask. Heat
the solution to 50 °C, hold for 30 min, and then heat
it to about 65 °C for methanol removal. Vacuum the
flask, inject N, into it, and heat it to 300 °C for 3 h.
Remove the heater. Cool the flask to room temperat-
ure. Take out the particle solution, centrifuge it and
rinse it with ethanol for three times. Finally, dis-

perse the centrifuged particles into cyclohexane.

3 Structural characterization of nano-
particles

3.1 X-ray diffraction patterns of nanoparticles
We first studied the crystalline phase of the
particles obtained at each of the above three syn-
thesis steps. From the X-ray diffraction patterns of
core, core-shell and core-shell-shell particles shown
in Fig. 1, it can be seen that the particles obtained in
each layer have a hexagonal phase and fit very well
the X-ray diffraction pattern of hexagonal crystal il-
lustrated in standard card (JCPDS 16-0344).

Core@Shell@Shell

e M A

Core@Shell

e

Core

Intensity/(a.u.)

I,

A P

10 20 30 40 50 60 70 80
20/(°)

Fig. 1 X-ray diffraction patterns of the core NPs,
core@shell NPs and core@shell@shell NPs.
Bl 1 L BT, e 3 RREsiaaoR SR XRD fis il
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3.2 Morphology of nanoparticles

The morphology analysis of each layer of
particles shows that the particles obtained by this
method have uniform morphology and good dispers-
ibility. The Fig. 2 shows the field emission TEM
images of core, core-shell and core-shell-shell

particles.

Fig.2 The TEM images of (a) core NaErF,;:Yb/Tm NPs,
(b) core@shell NaErF,:Yb/Tm@NaYF,:Yb NPs,
and (c) core@shell@shell NaErF,:Yb/Tm@NaYF,:
Yb@NaNdF,:Yb NPs.

Kl 2 (a) NaErF,:Yb/Tm, (b) NaErF,Yb/Tm@NaYF,:Yb,
(c) NaErF4Yb/Tm@NaYF,:Yb@NaNdF,:Yb 3 Fl A
[ECEEAR S Tk e iR K

It can be seen that the first synthesis layer is
composed of uniform hexagonal particles, and the
second synthesis layer is formed by uniformly wrap-

ping the first layer with an additional layer.

However, after being wrapped with the last layer,
the particles present a dumbbell-like structure. This
is because of the lattice mismatch between NaYF,
and NaNdF, matrices. The lattice distortion in-
creases the interface stress, causing the outermost
layer to grow not isotropically, but longitudinally
along both ends of the particle. As a result, the syn-
thesized particles present a dumbbell-like structure.

4 Luminescent properties of nano-
particles

The test of luminescence spectra of a nano-
particle at different excitation wavelengths shows
that the spectra signatures of the particle excited at
980 nm and 808 nm laser wavelengths are com-
pletely different. It can be seen from Fig. 3 that the
intensity of red emission peak (650 nm) of the
particle under 980 nm excitation is significantly
higher than that of green emission peak (540 nm),
while the intensity of green emission peak of the
particle under 808 nm excitation is significantly
higher than that of red emission peak. The colors of
the cyclohexane solution of the particle in different
exciting light also coincide with its luminescent
spectra. The particle emits red light under 980 nm
excitation, and green light under 808 nm excitation.
This is because when the synthesized NaErF,:
Yb/Tm@NaYF,: Yb@NaNdF,: YD particle is excited
at 980 nm, both Er and YD ions in the core can ab-
sorb the exciting light so that all the Er ions are in
the excited state. However, cross relaxation (‘F,, +
;12 =2 *Fy;p) can occur easily between the Er ions
doped at high concentration (80%), thus greatly in-
creasing the odds of red light emission. In case of
808 nm excitation, most of the excitation energy is
absorbed by the Nd ions in the shell due to the weak
absorption by Er ions at 808 nm, and then trans-
ferred to the activator Er ions in the core through the

energy of Yb ions. This long-distance energy trans-
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fer greatly reduces the number of excited Er ions
and the possibility of cross relaxation, so that the lu-
minescence of Er ions is dominated by normal green

light emission.

——980 nm 2 W
20 . 808 nm 4
100 + n
ER
S P
z 60 .
) Vo
= b
= 40t [
20t .

500 600
Wavelength/nm

Fig. 3 Fluorescence spectra of NPs under different excita-
tion wavelengths. The inset shows the correspond-
ing fluorescence photo excited by 980 nm and 808

nm laser.
IRV NE - ¥4 8 S NP N R 8 v oy 1 S R )
980 nm A1 808 nm AR A T 1 ALY .

We have found in the study that the synthesis
time of the outermost layer of a nanoparticle has a
greater influence on its luminescence performance
(Fig. 4 color online). As can be seen from Fig. 4(a),
the light intensity of the 650 nm main peak of the
particle under 980 nm excitation does not change
much after 1.5 h. As can be seen from Fig. 4(b), the
light intensity of the 540 nm main peak of the
particle under 808 nm excitation does not change
much after 1 h. It can be seen from Fig. 4(c) that,
with the increase of time, the red-green light intens-
ity ratio under 980 nm excitation decreases slightly
within 1~2.5 h, but then increases after 2.5 h. At the
same time, the green-red light intensity ratio under
808 nm excitation gradually increases within 1~2.5 h,
but gradually becomes stable after 2.5 h. Therefore,
the synthesis time of the outermost layer is selected
to be 3 h. By the end of 3 h, a UCNP can achieve
significant red (980 nm excitation) and green lumin-

escence (808 nm excitation).

300

@

393 N
(=3 W
(=] (=
T T

Intensity/(a.u.)
5
(=}

100 -
50
0 | L

500 600 700
Wavelength/nm

120
100
80

60

Intensity/(a.u.)

40

20

600
Wavelength/nm

(© .
I\-
\-\
S:D ./
./

e

2+ [}

—m— 980 nm 2 W //I;
—o— 808 nm 4 W 1,//

1.0h 1.5h 20h 25h 3.0h
Time/min

Fig. 4 The luminescence spectrum variations of NPs un-
der (a) 980 nm excitation and (b) 808 nm excitation .
(c) The luminescence ratio variations of NPs with
different synthesis time at different excitation
wavelengths (/ and [, represent the luminescence
peak intensities at 650 nm and 540 nm, respect-
ively).
4 7£(a)980 nm F1(b)808 nm WOIGHE T (49K ks
TG . () AR P T 2K FOkLEE
If (] A2 A 1) 2 1 HL AR A4 AR A AT (1A 1 5350 3 e
650 nm 1 540 nm A &OLIETREE) .

Assuming that the structure ratio of NaErFy:
Yb/Tm(19.5%/0.5%)@NaYF,.Yb(10%)@NaNdF,:

Yb remains unchanged, we have studied in depth
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the luminescence changes of the particles doped
with the sensitizer ions with different molar weights
in the middle and outer layers. By changing the mol-
ar weight of crystals in the middle and outer layers,
we compared the fluorescence spectra and red-green
light intensity ratios of the particles under the 980 nm
and 808 nm excitation respectively (/ represents the
peak intensity at 650 nm, and /;, represents the peak
intensity at 540 nm), as shown in Fig. 5. The results
show that under the 980 nm excitation, the differ-

ence factor of red peak intensities between the two

140 (@) —l@l@!
- l@l@15
1200 L @ls@l
~a0l - 1@1.5@1.5
3100} @@
£
S, 80t
£ 60}
k=
40}
20 i RN

0 L L Z L
450 500 550 600 650 700 750

Wavelength/nm

doping ratios |@1.5@1 and 1@1.5@1.5 (where the
numbers represent the molar weights of the core, in-
ner shell and outer shell, respectively) is relatively
high and more than 9. Under the 808 nm excitation,
the difference factor of green peak intensities
between the two doping ratios 1@l@1.5 and
l@1.5@]1 is more than 5. Based on the above ana-
lysis, the optimal orthogonal emission of red and
green light can be achieved under the condition of

l@1.5@]1, so the particles with this doping ratio are

selected.

120

(b) —l@l@!1
100 L - l@l@l.5
B e 1@l.5@l

= s} : —— l@L5@1.5
S ;
2 60} g
E 40t '

20} {

0 N P N \. P S, A s N
450 500 550 600 650 700 750
Wavelength/nm

10
(©

—u— 980 nm 2 W
--o-808 nm4 W

1@l@l

[@l@l5 1@ls@l l@ls@ls

Fig. 5 The luminescence spectrum variations of NPs with different molar weights in the middle and outer layers under (a) 980

nm excitation, and (b) 808 nm excitation. (c) The luminescence ratio variations of the corresponding NPs under differ-

ent excitation wavelengths (/ and /, represent the luminescence intensities at 650 nm and 540 nm, respectively).

K5 7£(a)980 nm F1(b)808 nm A& T Y HH A] 2 FNAMNZE AN R EE 7R f2: B 4R K ks o Y B i AR fb L . (o) ¥R AY 9 6 HL 1)
SRR (1 F 1y A3 HIZ7RTE 650 nm 1 540 nm ALY &SGR EE) .

5 Conclusion

In this study, a multicolor orthogonal up-con-
version luminescence nanoparticle doped with a
single activator ion was innovatively designed. This

nanoparticle could achieve orthogonal red and green

luminescence in the 980 nm and 808 nm excitation
light respectively, while its separate luminescence
would not be affected. Under the 980 nm excitation,
the emission intensity at 650 nm red luminescence
was approximately 9.46 times that at 540 nm. Un-

der the 808 nm excitation, the emission intensity at
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540 nm green luminescence was about 5.39 times
that at 650 nm. This particle was prepared by
thermal decomposition, a synthesis method with a
simple process. The particles synthesized with this
method were uniform in size, stable in structure and

good in dispersibility. Through this systematic
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study, we have innovatively proposed and verified
the transition probabilities of different levels of rare
earth ions induced by different excitation light ener-
gies, so as to realize the orthogonal emission of a
single rare-earth activator ion and provide a new

idea for the regulation of UCNP luminance.
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