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By using a facile, wet-chemical approach, luminescent
nanocrystals were prepared from nitrate and sodium tripolyphos-
phate precursors. These nanocrystals were stable and have
extremely narrow emission bands and high dispersiblility.
A novel fluorescence resonance energy-transfer (FRET) system
with CePO4:Tb

3þ nanocrystals as energy donor and Rhodamine
B (RhB) dye as energy accepter was developed. The results
showed that the FRET process occurred between CePO4:Tb

3þ

nanocrystal donor and Rhodamine B acceptor efficiently.

The use of Förster, or fluorescence resonance energy trans-
fer (FRET), as a spectroscopic technique has been in practice in
various areas, such as structural elucidation of biological mole-
cules and their interactions, in vitro assays, in vivo monitoring
in cellular research, nucleic acid analysis, signal transduction,
and light harvesting.1–5 But a major challenge is the design of an
efficient FRET system, because the rate of energy transfer is
highly dependent on many factors, such as the extent of spectral
overlap, the relative orientation of the transition dipoles, and,
most importantly, the distance between the donor and acceptor
molecules.6

In recent years, rare-earth phosphate nanocrystals have at-
tracted growing interest for use as luminescent biolabels owing
to their properties, which include long lifetimes, high quantum
yields (up to 61c=o),7 low photobleaching, expected low toxicity,
and high chemical stability.8–13 Long-lifetime donors (fluores-
cent lifetime t > 100 ns to several ms) have a number of techni-
cal advantages over conventional fluorescent dyes (t ¼ 1{5 ns).
The principal benefit arises from the ability, through time-re-
solved measurements, to eliminate background fluorescence
(from direct excitation of dyes, scattering, and autofluorescence
from cells and biomolecules), thereby dramatically improving
sensitivity. Lanthanide probes also possess many distinctions,
sharp emission bands, and large Stokes shifts, so that D/A emis-
sion can be detected far from the excitation wavelength. Togeth-
er these properties allow lanthanide probes to be coupled to a
wide range of acceptor dyes. Rhodamine derivatives, which
are usually used as an acceptor in FRET systems, are prized
for their great photostability, pH insensitivity over a broad range
(low to neutral pH), and the ability of their fluorescence charac-
teristics to be tailored for a particular application.14 As we know
that the donor and acceptor of a FRET system should be func-
tionalized to improve the differential reciprocity,15–18 which
shortens the distance between the donor and acceptor molecules.
Then, an efficient FRET system can be built. In this paper, stable,
highly, dispersible, and unfunctionalized CePO4:Tb

3þ nanocrys-
tals were prepared. The reaction between the nanocrystals and
Rhodamine B was studied. We found that the efficiency of the
energy transfer between them with CePO4:Tb

3þ nanocrystals

can be up to 50% which indicated that an efficient FRET process
occurred between them with CePO4:Tb

3þ nanocrystal as
donor and Rhodamine B (RhB) as acceptor.19 CePO4:Tb

3þ

nanocrystals were prepared by using facile, solvothermal tech-
nology. Ce(NO3)3 (4.5mL, 0.1mol L�1), Tb(NO3)3 (0.5mL,
0.1mol L�1), and sodium tripolyphosphate (TPP, 10mL,
0.1mol L�1) were added to a mixture of �-cyclodextrin (5mL,
0.01mol L�1) and water (10mL), and the solution was thorough-
ly stirred. Subsequently, the milky colloidal solution was trans-
ferred to a Teflon-lined stainless-steel autoclave with a capacity
of 30mL and heated at 90 �C for 3 h. The system was then
allowed to cool to room temperature. The final product was col-
lected by means of centrifugation, washed once with ethanol and
twice with deionized water to remove any possible remnants,
and then dried in air. Dilute colloidal solutions (5 g L�1) were
obtained by redispersing the nanocrystals in water.

Lanthanide ions have very low extinction coefficients
(�1M�1 cm�1), which make them difficult to excite directly,
so a light-harvesting antenna or sensitizer is required. The sensi-
tizer molecule absorbs incident light and transfers this energy to
the lanthanide ion. It is well known that Ce3þ can enhance the
green emission of terbium. Figure 1a is the fluorescence spectra
of CePO4:Tb

3þ nanocrystals (ex = 275 nm) which originates
from their bulk property: transitions between d and f electron
states and their local symmetry. This result indicates that an
effectual intermolecular energy transfer from Ce3þ to Tb3þ

occurs in the CePO4:Tb
3þ nanocrystals, as observed for the bulk

power material.20

The FRET process resulting from dipole–dipole interactions
is strongly dependent on the center-to-center separation distance
and it requires a nonzero integer of the spectral overlap between
donor emission and acceptor absorption.21 UV–vis absorption
spectra of RhB showed a peak at 552 nm (Figure 1b). A strong
emission of CePO4:Tb

3þ could be seen as a narrow band
between 530 and 570 nm. The degree of the overlap was great
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Figure 1. a) The fluorescence emission spectra of the CePO4:
Tb3þ nanocrystals. b) The absorption spectra of RhB.
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between the emission spectrum of CePO4:Tb
3þ and the absorp-

tion spectrum of RhB.
Fixing the amount of CePO4:Tb

3þ, the quantity of RhB was
gradually increased to observe the change of the fluorescence
spectra of CePO4:Tb

3þ/RhB complex solution. In this case, an
efficient FRET system has been built between the CePO4:
Tb3þ and RhB. The fluorescence intensity of CePO4:Tb

3þ nano-
crystals at 546 nm gradually decreased, meanwhile, while that
of RhB was enhanced (Figure 2). The results indicate that the
FRET process occurred between CePO4:Tb

3þ nanocrystal donor
and RhB acceptor efficiently. In a separate experiment, the
effect of the concentration of RhB on the efficiency of the energy
transfer was studied in detail (Figure 3). It lies above 20% for a
wide range of the concentration of RhB varied between 2 and
6� 10�6 mol L�1. Considering the efficiency of the transfer as
a function of the concentration of RhB, it increases from 8.5%
and finally reached a maximum value 50% when the concentra-
tion of RhB is increased from 0.5 to 4:5� 10�6 mol L�1. It then
saturates and the change of the efficiency of the transfer was
not obvious when the concentration of RhB is further increased
from 4.5 to 6� 10�6 mol L�1. The increase followed by the sat-
uration of the energy-transfer efficiency with increasing number
of acceptors is typical of FRET.19 As the number of acceptors is
increased, the probability of energy transfer from a donor to an
acceptor is expected to become larger until it reaches satura-
tion.22 The effecting factors on the fluorescence intensity of
the FRET system, have been studied in detail (See Supporting
Information).23 The results show that the interaction of
CePO4:Tb

3þ and RhB is mainly the result of nonelectrostatic in-
teraction and that fluorescence quenching is partially attributed
to dynamic quenching. The effect of the concentration of
CePO4:Tb

3þ on the UV spectra of the FRET system indicates
that no reaction between CePO4:Tb

3þ nanocrystals and RhB
dye happened.23

In summary, CePO4:Tb
3þ nanocrystals were prepared by

using a facile, solvothermal strategy. These nanocrystals were
stable, high-quality, dispersible and unfunctionalizing. With
CePO4:Tb

3þ nanocrystal as donor and RhB dye as accepter, an
efficient FRET system was built. Factors effecting on the
system have been studied in detail. The system can be used to
study the structural elucidation of biological molecules and their

interactions when there is no differential reciprocity between the
biological molecules. Furthermore, these luminescent nanocrys-
tals are also potential fluorescent biolabels for use in other bio-
logical and clinical applications, such as in fluorescence imaging
and for immunoassays.24,25
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Larpent, Adv. Funct. Mater. 2007, 17, 2746.
6 J. R. Lakowicz, Principles of Fluorescence Spectroscopy, 2nd ed.,

Kluwer/Plenum, New York, 1999.
7 K. Riwotzki, H. Meyssamy, H. Schnablegger, A. Kornowski, M.

Haase, Angew. Chem. 2001, 113, 574; Angew. Chem., Int. Ed.
2001, 40, 573.

8 Y.-W. Zhang, X. Sun, R. Si, L.-P. You, C.-H. Yan, J. Am. Chem.
Soc. 2005, 127, 3260.

9 S. Sivakumar, P. R. Diamente, F. C. van Veggel, Chem.—Eur. J.
2006, 12, 5878.

10 J. W. Stouwdam, F. van Veggel, Nano Lett. 2002, 2, 733.
11 L. Wang, Y. Li, Chem. Commun. 2006, 2557.
12 C.-Y. Zhang, L. W. Johnson, Anal. Chem. 2006, 78, 5532.
13 L. J. Charbonnière, N. Hildebrandt, R. F. Ziessel, H.-G.
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Figure 2. The fluorescence emission spectra of the CePO4:
Tb3þ–RhB system. Concentration of Rhodamine B: (a) 0.00
mol L�1, (b) 0:6� 10�6 mol L�1, (c) 0:8� 10�6 mol L�1, (d)
1:0� 10�6 mol L�1, (e) 1:2� 10�6 mol L�1, (f) 1:4� 10�6

mol L�1, (g) 1:6� 10�6 mol L�1, (h) 2:0� 10�6 mol L�1,
CePO4:Tb

3þ nanocrystals: 0.1 g L�1. pH: 5.00; At room temper-
ature.
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Figure 3. The effect of the concentration of RhB on the effi-
ciency of the energy transfer between CePO4:Tb

3þ nanocrystals
and RhB.
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