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Redox Luminescence Switch Based on Energy Transfer in CePO:Tb*"

Nanowires™*
Qing Li and Vivian Wing-Wah Yam*

Nanometer-scale devices, as the next generation of optoelec-
tronics as well as biological and chemical sensors, have
attracted much attention and been a subject of rapid
development recently."! Among these devices, fluorescent
molecular switches have been attracting great interest
because of their outstanding selectivity and the high sensi-
tivity of their luminescence signals, which allow for detection
and monitoring at the level of single molecules in solution,™
as well as for the real-time visualization of cellular events.”! In
addition, the luminescence can be switched on and off easily
and rapidly.”) Recently, much effort has been devoted to
molecular switches whose emission properties are influenced
by redox processes. Such redox-luminescent switches have
been mainly studied by using metal complexes with metal-
centered redox couples, in which the communication between
the redox-active site (usually a transition-metal complex) and
the light-emitting fragment (fluorophore) can switch the light
emission on or off.”) Also, organic-based redox switches have
been reported that use, for example, a purely organic couple
(quinone/hydroquinone)! or tetrathiafulvalene (TTF) as a
redox center and free-base porphyrin as a fluorophore.”
There have also been reports that the redox reaction directly
modifies the light-emitting properties of the chromophores in
a system that contains 10,10’-dimethylbiacridan, 10-methyl-
acridinium, and acridinium units.”! However, to the best of
our knowledge, the use of rare-earth-metal-centered redox
couples as triggers for luminescence switching has not yet
been demonstrated. Herein, we describe a facile room-
temperature synthetic route to Tb*"-doped CePO, nanowires.
The optical properties of the resulting nanowires were
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studied, and an interesting enhancement of the energy
transfer (ET) induced green emission of the nanowires was
observed. Furthermore, a luminescent molecular switch based
on the reversible switching of the Ce*"/Ce*" redox couple has
been designed and is also described.

Reaction of cerium(III) nitrate and terbium(III) chloride
with sodium dihydrogenphosphate in aqueous solution at
room temperature in the presence of P-cyclodextrin gave
CePO,:Tb*" nanowires in good yield. The chemical reaction
involved in the synthesis can be formulated as shown in
Equation (1).

Ce* + Tb* + H,PO,~ — CePO, : Tb* | + 2H* (1)

Although a number of synthetic methodologies have been
developed to fabricate 1D lanthanide phosphates” they
often required relatively high reaction temperatures (100-
240°C), special equipment, or multiple reaction steps. Our
method provides a facile and low-cost room-temperature
route for the synthesis of Tb*"-doped CePO, wires of high
quality in high yield.

The crystal structure of the product was examined by
using X-ray diffraction (XRD). All the diffraction peaks can
be well assigned to a hexagonal phase known from bulk
CePO, (JCPDS card, no. 34-1380; see Supporting Informa-
tion). XRD analyses show slight shifts in the position of the
diffraction peaks. The relatively broad XRD peaks reveal the
small size of the crystals, and according to the Scherrer
diffraction formula the average particle size is approximately
5 nm. The chemical stoichiometry of the as-prepared nano-
wires was investigated with energy-dispersive X-ray spec-
trometry (EDX; see Supporting Information), which revealed
a molar ratio of Ce, Tb, P, and O close to that employed in the
synthesis. This result demonstrates the successful doping of
Tb*" in the lattice of CePO,. In addition, the X-ray photo-
electron spectroscopy (XPS) data of the as-prepared
CePO,:Tb*" sample is in accordance with that reported,!”
which further confirms the elemental composition of the
CePO,:Tb*" nanowires.

The morphology and size of the samples was investigated
by using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Figure 1a depicts the
field-emission (FE)SEM image, which reveals the chrysan-
themum-like architecture of the CePO,:Tb*" crystals. The
crystals consist of nanowires as observed from a high-
magnification FESEM image (Figure 1b). A typical TEM
image of the sample reveals that the as-prepared CePO,:Tb*"
wires (Figure 1c) are bent and tangle with each other to form
chrysanthemume-like clusters with a uniform size distribution
with fibrillar crystallites radiating from the center. From the
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Figure 1. Morphology studies of the CePO,:Tb*" nanowires synthe-
sized at room temperature: a) FESEM image; b) high-magnification
FESEM image; c) typical TEM image; d) high-magnification TEM
image; e) corresponding electron diffraction patterns; and f) high-
resolution TEM image.

enlarged image of the wires (Figure 1d), it can be seen that
they have a width of about 5 nm and a length of 150-250 nm.
Figure 1e shows the selected-area electron diffraction
(SAED) patterns obtained by focusing an electron beam
onto the wires. From this pattern, the reflections of (100),
(101), (110), (200), and (102) planes were clearly seen,
indicating that the products are crystalline CePO,:Tb*"
nanowires with a hexagonal structural feature, in agreement
with the result from XRD measurements. The morphology
and microstructure of the as-synthesized products was further
investigated in detail by high-resolution (HR)TEM. A
representative HRTEM image of randomly selected nano-
wires (Figure 1 f) shows that they are well crystallized without
visible defects and dislocations. The calculated interplanar
distance is about 0.64 nm, corresponding to the separation of
(001) crystal planes. This observation indicates that some of
the CePO,:Tb*" nanowires are structurally uniform single
crystals with a preferential growth direction of [001] (c axis).
Compared to the XRD results, as the (100) diffraction peak
does not show any changes in intensity the nanowires may
exhibit multiple elongation directions.

The growth process of these nanowires was investigated
by FESEM, TEM, and XRD techniques. On the basis of the
experimental results, the growth of the CePO,:Tb*" nano-
wires can be divided into three distinctive stages (see
Supporting Information). By this route, f-cyclodextrin was
found to be the key factor in the anisotropic growth of
CePO,:Tb** nanowires while the pH value of the initial
mixture had a significant effect on the shape and size of the
resultant nanocrystals (see Supporting Information).

UV/Vis absorption spectra of the crystalline CePO,:Tb*"
nanowires show two peaks with maxima at 256 and 273 nm
(Figure 2a), consistent with the reported data for 4f-5d
electronic transitions for Ce**.'"! The two bands are over-
lapped as the excited state is strongly split by the crystal
field."? Figure 2b shows the room-temperature emission
spectrum of a dilute colloidal solution of the CePO,:Tb*"
nanowires in ethanol (prepared by ultrasonication to give a
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Figure 2. a) UV/Vis absorption and b) room-temperature emission
(Aex=256 nm) spectra of a dilute colloidal dispersion of CePO,:Tb*"
nanowires in ethanol. The inset shows the green (Tb*") luminescence
from the sample recorded with a digital camera.

transparent and scatter-free solution) upon excitation at
256 nm. It consists of four main peaks between 450 and
650 nm, which correspond to the °D,~'F, transitions of Tb*"
(°D,~'F; at 489 nm; °D,—Fs at 543 nm; °D,~'F, at 585 nm;
D,~'F, at 621 nm)."®! Owing to the high concentration of
Ce** in the nanowires, the excited state of Ce’ is not
completely quenched by energy transfer to Tb*" and thus its
emission (d—f radiative transition) can be seen as a weak
broad band between 300 and 400 nm. In addition, an
emission peak at 414 nm arising from the *D;-'F; transition
for Tb*" is observed.!"” Thus, excitation into the Ce** band at
256 nm (where Tb® absorption is negligible)!'"! yields the
emission typical of both Ce*™ and Tb*". This result indicates
that an incomplete energy transfer from Ce*" to Tb** occurs
in the CePO,:Tb*" nanowires, as observed for the bulk
powder materials.'"”! According to those reports, efficient
energy transfer from the broad emitter (i.e. Ce’") to the
narrow-line emitter (i.e. Tb*") is possible only between
nearest neighbors in the crystal lattice and when there is
optimal spectral overlap.!”l In the case of Tb**-doped CePO,
nanowires, the energy levels of Tb*" (4f") are suitable to
accept energy from the excited state of Ce™" following the
allowed f-d transition upon its excitation with UV light.!'¥
The energy-transfer process between Ce** and Tb*' is
schematically depicted in Figure 3. First, Ce*" ions are excited
by UV irradiation; then, energy transfer takes place from the
D), state of Ce’ to the acceptor energy states of Tb*", which
decay nonradiatively to the °D, and °Dj states followed by
radiative decay to various lower levels of 'F, (J =0-6).") As a
result, the as-prepared CePO,:Tb*" nanowires show a strong
green emission (Figure 2b, inset). The total photolumines-
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Figure 3. Energy-level diagram of CePO,:Tb*" with radiative transitions
and energy-transfer processes. Dashed arrows: excitation; wavy
arrows: nonradiative decay; solid arrows: radiative decay.

cence quantum yield of the nanowires is around 24 % . In such
energy-transfer process, the Ce*" ion acts as the sensitizer
while Tb*" acts as the acceptor. The emission intensity
increases with an increase in Tb** concentration up to 10 %,
beyond which the emission tends to be quenched (see
Supporting Information). The optimum concentration of
Tb*" was found to be 10 mol %.

The luminescence switching behavior was tested by
measuring the emission intensity of Tb*" at 543 nm after
performing oxidation and reduction of the Ce species.
Ascorbic acid is well known to serve as a reducing reagent
for Ce*", while KMnO, has been successfully employed for
the oxidation of Ce*" at room temperature.'”) We found that
adding an increasing amount of KMnO, to the as-prepared
CePO,:Tb* nanowires causes the emission intensity (I,,,) at
543 nm (A, =256 nm) to decrease gradually until it is totally
quenched (off state).

Subsequent reduction of Ce*" by adding aqueous ascorbic
acid to the oxidized solution induced an increase in the
luminescence (on state). The redox luminescence switching
behavior of CePO,:Tb* nanowires is illustrated in Figure 4 a.
Corresponding photographs with and without UV irradiation
are shown in Figure 4b. The chemical equations involved in
these processes are shown in Equations (2) and (3).

3Ce’ +MnO,” +2H,0 — 3Ce*" + MnO, +4 OH" @
2Ce** 4 CgHzO4 — 2Ce™ + CHgOq +2H* 3)

The process is reversible, which means that the lumines-
cence can be switched off and on by the alternate addition of
KMnO, and ascorbic acid to the colloidal dispersion of
CePO,:Tb*". This behavior is in accordance with other kinds
of redox switches,”” in which the luminescence is quenched
(off) when the system is in the oxidized form while it is
restored (on) in the reduced form.

To demonstrate the reversible switching of the
CePO,:Tb*" nanowires, five repeated cycles of oxidation
and reduction were performed by the alternate addition of
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Figure 4. a) lllustration of the redox luminescence switch based on the
CePO,:Tb*" nanowires. b) Photographs of samples of CePO,:Tb*"
(left), CePO,:Tb*" + KMnO, (middle), and CePO,:Tb** + KMnO, +
ascorbic acid (right) impregnated on filter paper with(top) and without
(bottom) UV irradiation.

KMnO, and ascorbic acid. The result demonstrates that the
nanowires can be reversibly switched off and on with only a
slight degradation of the luminescence intensity in the system
(Figure 4b). After the oxidation/reduction sequence Ce*'—
Ce*"—Ce*, no obvious morphological changes of the nano-
wires was observed by FESEM. The variations in intensity of
the strong energy-transfer-sensitized green luminescence are
easily visible to the naked eye. These phenomena show the
good dispersibility in ethanol of the samples and demonstrate
that the system is efficient and versatile and that it may be
used as a biological label and probes.

In conclusion, crystalline CePO,:Tb*" nanowires were
successfully prepared on a large scale through a facile room-
temperature route. This environmentally benign methodol-
ogy may be extended to the synthesis of other kinds of rare-
earth nanoscale materials with or without dopants. The
resulting 1D CePO,:Tb*" nanostructures show photolumi-
nescence properties with an enhanced green Tb emission,
which was used as a basis to develop a new redox switch that
shows a sensitive and prompt response to redox reagents.
Owing to its biocompatibility and low toxicity, the system may
find applications in biomedical diagnostics and analyses.

Experimental Section

All chemicals were of analytical grade and were used without further
purification. Doubly deionized water was used throughout. In a
typical procedure, Ce(NO;);6H,O (0.039g, 0.09 mmol) and
TbCl;-:6 H,0O (0.0037 g, 0.01 mmol) were added in a glass beaker
(100 mL capacity) containing deionized water (20 mL) and B-cyclo-
dextrin (0.02 g, 0.018 mmol). The mixture was stirred at room
temperature for 30 min until a clear solution was obtained.
NaH,PO,-H,O (0.0276 g, 0.2 mmol) was then added to the reaction
mixture, during which the clear solution immediately turned turbid.
The mixture was stirred for another 3 h, during which time a white
precipitate formed. The solid was collected by centrifugation, washed
successively with deionized water and ethanol several times, and dried
in air. The final products (over 95 % yield, according to the amount of
Ce(NO;);6H,0 used) were collected for identification and charac-
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terization. Details of the XRD, FESEM, TEM, XPS, UV/Vis, and PL
apparatus are described in the Supporting Information.
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