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ABSTRACT We report upconversion multicolor tuning based on uniform

b-NaYF4:Yb=Tm=Er nanoparticles. The as-synthesized nanoparticles with

an average diameter of 25 nm are well dispersed in a wide range of nonpolar

solvents including hexane, cyclohexane, dichloromethane, and toluene.

These nanoparticles show intense upconversion emissions and the color

output can be precisely modulated by adjusting activator ratios of Tm3þ

to Er3þ. Dopant-concentration dependent emission properties of the triply

doped particle system are also investigated. In addition, we demonstrate

that these nanoparticles can be readily transferred to polar solvents such

as ethanol and water by growing a thin silica layer (10 nm) around the

particles, providing potential applications in biological labeling and imaging.

KEYWORDS energy transfer, lanthanide, multicolor tuning, NaYF4, silica

coating, upconversion

1. INTRODUCTION

The ability to manipulate color output of luminescent nanomaterials with

reference to human visual systems is extremely useful in understanding the

underlying luminescence mechanism of these nanomaterials and in explor-

ing their applications as light emitting displays, lasers, and optoelectronic

devices to multiplexed biological labeling.[1–3] A general approach to tuning

emission colors is based on controlling emission wavelength of the nano-

materials, such as quantum dots and rare-earth nanocrystals. For example,

the emission wavelength of the quantum dots depends on dot size. Smaller

quantum dots generally exhibit shorter emission wavelengths. Thus, a wide

spectrum of emission colors can be readily produced by using a set of

variable sized quantum dots.[4,5] A complementary approach to color

manipulation is to control the relative emission intensities of the nanomate-

rials by varying material compositions or dopant concentrations.[6–9] In stark

contrast to quantum dots, lanthanide-doped nanoparticles typically exhibit

large Stokes shifts and a distinct set of sharp emission bands arising from

f-f electronic transitions.[10,11] The emission colors of these lanthanide-doped

nanoparticles can be tuned by controlling either emission wavelength or
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relative emission intensities.[6,7] Despite the recent

advance in multicolor emission tuning, most of these

approaches have significant limitations imposed

by autofluorescence and optical photodamage

problems due to excitation in the ultraviolet or blue

spectral region.

Alternatively, visible emission can be generated by

near-infrared (NIR) excitation of lanthanide-doped

nanomaterials in a unique process known as upcon-

version.[12–14] Compared to conventional down-

conversion luminescent counterparts, upconversion

nanomaterials offer high photochemical stability,

large anti-Stokes shifts, and absence of autofluores-

cence in biological samples under infrared

excitation.[14] Once surface-functionalized and dis-

persed in aqueous solutions, these upconversion

nanomaterials are ideal luminescent probes in bio-

logical labeling and imaging studies.[15–20] Although

photon upconversion processes can be expected

for all lanthanides, practically useful NIR to visible

upconversion only occurs in the presence of a

limited number of lanthanide activators.[21] In parti-

cular, the most efficient upconversion nanoparticles

known to date are obtained with Er3þ and Tm3þ

as the activators, in conjunction with Yb3þ as the

sensitizer.[14] Manipulation of multicolor upconver-

sion emissions in the nanoparticles is primarily based

on controlling relative emission intensities of Er3þ

and Tm3þ through precise control of host=dopant

combination,[22–27] dopant concentration,[28–31] and

physical size of the host.[32,33]

Recently, we demonstrated a general and versatile

approach to fine-tuning the upconversion emission

colors, based upon a single host source of a-NaYF4

(or cubic phase NaYF4) nanoparticles doped with

Yb3þ, Tm3þ, and Er3þ.[29] By precise control of the

emission intensity balance through control of differ-

ent combinations of lanthanide dopants and dopant

concentration, the luminescence emission can be

tuned from visible to NIR under single-wavelength

excitation. Here, we show that the scope of the

approach can be extended to b-NaYF4 (or hexagonal

phase NaYF4) nanoparticles that are known to offer

about an order of magnitude enhancement of upcon-

version efficency relative to its cubic phase counter-

part. Multicolor emission tuning is achieved through

doping Yb=Tm=Er at controlled dopant concentra-

tions. We also report the silica coating of these

lanthanide-doped nanoparticles.

2. EXPERIMENTAL SECTION

2.1. Materials

YCl3.6H2O (99.99%), YbCl3.6H2O (99.99%),

ErCl3.6H2O (99.9%), TmCl3.6H2O (99.99%), NaOH

(98þ%), NH4F (98þ%), 1-octadecene (90%),

oleic acid (90%), tetraethyl orthosilicate (TEOS,

98%), and polyoxyethylene (5) nonylphenylether

(IGEPAL1 CO-520) were purchased from Sigma-

Aldrich and used as starting materials without further

purification.

2.2. Nanoparticle Synthesis

In a typical experiment, 2 mL solutions of RECl3
(0.2 M, RE¼Y, Yb, Er, and Tm) in methanol were

added to a 50 mL flask containing 3 mL of oleic acid

and 7 mL of 1-octadecene. The solution was heated

to 160�C for 30 min and then cooled to room tem-

perature. Subsequently, a 5 mL methanol solution

of NH4F (1.6mmol) and NaOH (1 mmol) was added

to the flask and the resulting mixture was stirred

for 30 min. After removal of the methanol by

evaporation, the solution was heated to 300�C under

argon for 1.5 h and cooled to room temperature. The

resulting nanoparticles were precipitated by addition

of ethanol, collected by centrifugation, washed with

water and ethanol for several times, and re-dispersed

in cyclohexane.

2.3. Silica Coating

In a typical experiment, 0.1 mL of CO-520 and

10 mL of cyclohexane containing 0.04-mmol NaYF4

nanoparticles were mixed and stirred for 10 min.

Then 0.4 mL of CO-520 and 0.1 mL of ammonia

(wt. 25%) were added and the container was sealed

and sonicated for 20 min to form a transparent

emulsion. To the emulsion was then added 0.04 mL

of TEOS and the resulting mixture was stirred for

2 days. Silica-coated NaYF4 nanoparticles were

precipitated by adding acetone, washed with ethanol

and water, and then stored in water.

2.4. Characterizations

X-ray diffraction (XRD) analysis was carried out on

a Siemens D5005 X-ray diffractometer with Cu Ka
radiation (k¼ 1.5406 Å). Transmission electron

microscopic measurements were carried out on a
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JEOL 2010 transmission electron microscope

operating at an acceleration voltage of 200 kV. The

luminescence spectra were obtained with a DM150i

monochromator equipped with a R928 photon

counting photomultiplier tube (PMT), in conjunction

with a 980 nm diode laser. All luminescence studies

were carried out at room temperature.

3. RESULTS AND DISCUSSION

The size and morphology of the as-prepared

NaYF4:Yb=Tm (20=0.2mol %) nanoparticles were

studies by transmission electron microscopy (TEM).

As shown in Figure 1a, the nanoparticles exhibit a

spherical shape with a uniform diameter of 25 nm.

Passivated by oleic acid ligand, the nanoparticles are

well dispersed in nonpolar solvents such as hexane,

cyclohexane, dichloromethane, and toluene. Because

of the high size-monodispersity, these nanoparticles

easily self-assembled on the copper grids upon dry-

ing, forming ordered layer lattices (Figure 1b). The

sample was further studied by XRD and all peaks in

the pattern shown in Figure 1c can be well indexed

in accordance with hexagonal phase NaYF4 crystal

(JCPDS file no. 16-0334), indicating pure hexagonal

phase of the nanoparticles. Hexagonal phase NaYF4

(space group P63=m) contains two cation sites: one

occupied by Na and the other occupied randomly

by Na and Y (Figure 1c, inset). The point symmetry

of lanthanide site in the hexagonal phase is C3h, lower

than the Oh symmetry in the cubic phase. The low

point symmetry allows intermixing of the f states of

the lanthanide dopant ions with higher electronic

configuration, which lifts the parity selection

rule and subsequently increases f-f transition

probability.[14] Thus, upconversion efficiency of the

hexagonal phase is higher than that of the cubic phase

counterpart.

Figure 2 shows room-temperature upconversion

emission spectra of the NaYF4 nanoparticles triply-

doped with Yb=Tm=Er at controlled dopant concentra-

tions. The Yb=Tm co-doped NaYF4 exhibits a blue

color emission resulting from 1D2! 3F4 (450nm),
1G4! 3H6 (475nm), and 1G4! 3F4 (650nm) transi-

tions of Tm3þ. By adding Er3þ ions into the system,

characteristic emission peaks corresponding to 2H9=2!
4I15=2 (410nm), 2H11=2,

4S3=2! 4I15=2 (525 and 540nm),

and 4F9=2! 4I15=2 (660 nm) transitions of Er3þ were

observed. By increasing the dopant concentration

FIGURE 1 TEM image showing self-assembled (a) monolayer

(Inset: histogram showing size distribution of the nanoparticles)

and (b) double layer of the as-synthesized NaYF4:Yb=Tm nano-

particles. (c) XRD pattern of the corresponding sample

(Inset: schematic presentation of hexagonal phase NaYF4 struc-

ture consisting of an ordered array of F ions with two types

of cation sites selectively occupied by Na and Y ions). Note

the triply-doped nanoparticles exhibit essentially the same

morphology, size, and crystal phase as the Yb=Tm co-doped

nanoparticles.

FIGURE 2 Room-temperature upconversion emission spectra

of NaYF4:Yb=Tm=Er (20=0.2=0–1mol %) nanoparticles dispersed

in cyclohexane solutions. The Tm3þ and Er3þ emissions

were marked by dash and solid arrows, respectively (Inset:

luminescent photos showing multicolor emissions of the samples

with varied Er3þ dopant concentrations). The samples were

excited with a 980nm diode laser operating at 600mW.
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of Er3þ, the relative intensity ratio of Er3þ to Tm3þ can

be precisely controlled, resulting in a tunable color

output. It should be mentioned that the emission

intensity ratio of Tm3þ to Er3þ is much lower than that

previously observed for Yb=Tm=Er triply-doped

cubic phase NaYF4 with the same dopant concentra-

tions.[29] We attribute the different optical properties

to the dissimilar nanocrystal structures and different

types of surface-tethered ligands, both of which have

significant impact on luminescence behavior of the

dopant ions. For example, oleic acid quenches

lanthanide luminescence more efficiently than poly-

ethylenimine due to the presence of high energy

C¼O oscillator.

The un-normalized spectra in Figure 2 clearly

indicate that the Tm3þ emission intensities decrease

rapidly with increasing Er3þ dopant concentration.

This result is primarily due to different energy transfer

(ET) processes in the triply-doped system compared

to its Yb=Tm co-doped counterpart. Figure 3a shows

proposed optical processes in the Yb=Tm=Er

triply-doped NaYF4 nanoparticles. The Tm3þ and

Er3þ are activators that produce the upconversion

emissions. Yb3þ is the sensitizer that absorbs the

NIR excitations and then transfers its energy to the

activators (Figure 3b). Due to its larger absorption

cross-section as well as efficient energy transfer to

most upconverting lanthanide ions, Yb3þ can signifi-

cantly enhance the upconversion emissions of lantha-

nide activators. In contrast to single-activator system,

the sensitizer Yb3þ will transfer its absorbed

excitation energy to both Tm3þ and Er3þ. At elevated

concentrations of Er3þ, the excitation energy absorbed

by Yb3þ is predominantly transferred to Er3þ, resulting

in suppressed emission intensities of Tm3þ.

In a previous work, Zhang and a co-worker[30]

suggested that energy transfer from Tm3þ to Er3þ

may occur, resulting in an increase in the Er3þ emis-

sion intensity and a decrease in the Tm3þ emission

intensity. However, the energy transfer between

Tm3þ and Er3þ is unlikely to occur in our particle

system. As a control experiment, we prepared a

sample of NaYF4:Yb=Er (20=1 mol%) and compared

its emission spectrum with that of NaYF4:Yb=Er=Tm

(20=1=0.2 mol%). As shown in Fig. 4, the addition

FIGURE 3 (a) Schematic illustration showing the proposed

optical processes in Yb=Tm=Er triply-doped NaYF4 nanoparticles

under 980nm excitation. (b) Energy level diagram showing the

proposedmechanismof energy transfer fromYb3þ to Tm3þ andEr3þ.

FIGURE 4 Room-temperature upconversion emission spectra

of NaYF4:Yb=Tm=Er (20=0–0.2=1mol %) nanoparticles dispersed

in cyclohexane solutions. The samples were excited with a

980nm diode laser operating at 600mW.
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of Tm3þ into the NaYF4:Yb=Er nanoparticles leads to

a decrease in the Er3þ emission intensity, which can

be attributed to partial excitation energy transfer

from Yb3þ to Tm3þ. In addition, we further investi-

gated the overall emission intensities of the samples

at different Er3þ dopant concentrations. We found

that there was no quenching effect occurred with

increasing Er3þ dopant concentrations up to 1 mol

% (Fig. 5). Thus, the possibility of energy loss

through cross-relaxation between Tm3þ and Er3þ

was further excluded. It should be noted that the

lanthanide luminescence is strongly dependent on

the dopant concentration. At higher dopant

concentrations of Tm3þ and Er3þ, significant energy

loss may occur due to enhanced cross-relaxation aris-

ing from decreased dopant-dopant interionic distance.

Stabilized by oleic acid ligands, the as-synthesized

NaYF4 nanoparticles exhibit high dispersibility

in various non-polar solvents including hexane,

cyclohexane, dichloromethane, and toluene. More

importantly, these triply doped upconversion nano-

particles can be surface-modified to provide hydro-

philic wetting properties. As a proof-of-concept

experiment, the luminescent nanoparticles dispersed

in cyclohexane were transferred into an aqueous

solution and subsequently coated with a thin layer of

silica using a reverse microemulsion method.[34–36]

Figure 6 shows a representative TEM image of the

highly uniform silica-coated nanoparticles with an

average diameter of 45 nm.

4. CONCLUSIONS

In conclusion, we have reported the synthesis of

lanthanide-doped monodisperse hexagonal-phase

NaYF4 nanoparticles. The as-synthesized nanoparti-

cles dispersed in non-polar solvents can be readily

transferred to polar solvent through silica coating.

Importantly, the simultaneous doping of two types

of activators (Tm3þ and Er3þ) into the host lattice

has no deleterious (or quenching) effects on the

upconversion emission of the nanoparticles, while

allowing for deliberate tuning of the output color.

Due to their small feature size, high dispersibility in

a wide variety of solvents as well as tunable upconver-

sion emissions, these nanoparticles should hold great

promise for practical applications ranging from multi-

plex biological labeling to solid state lighting.[37–41]
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