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The highly dispersible LaF;: x%Tb*" (x = 1, 3, 5, 8, 10) nanoparticles capped with citrate ligands have
been prepared and functionalized by salicylate and S-sulfosalicylate, respectively. The structure,
morphology, photoluminescence properties, fluorescence dynamics and ligand sensitization mechanism
have been studied systemically. Monitoring the characteristic emission of the Tb*" *D, — "F; transition,
the broad absorption bands in the UV domain are obtained in the functionalized nanoparticles. Under
excitation of the @ — w* electron transition absorption of salicylate (or 5-sulfosalicylate), the enhanced
luminescence of Tb*" ions is achieved in the functionalized nanoparticles. The ligand sensitization is
potentially interpreted by a dipole — dipole sensitization mechanism. The luminescence lifetimes of Tb**
jons in the nanoparticles functionalized by aromatic carboxylates acid are longer than ones in LaF;: Tb*"
nanoparticles capped with citrate ligands.

nonradiative deactivation, but they have either limit or no
Introduction absorbance in the UV range."

Recently, most of the studies on lanthanide doped phosphors
so have been focused on inorganic luminescence composite
functionalized by organic ligands, i.e. organic ligands as
sensitizers for 4f — 4f emission of Ln*" ions are bonded onto the
surface of nanoparticles doped Ln®" ions.”? Briefly, the
excitation wavelength used is in resonance with a strong ligands
absorbance. Then excited ligands efficiently transfer its energy to
the Ln*" ions and achieve efficient emission. At the same time,
the inorganic matrix protects lanthanide ions from sources of
nonradiative deactivation and can provide high quantum yields
and superior photostability. Aromatic carboxylate, owning great
s optical absorption coefficients in the UV area, is a kind of
important sensitizer for luminescent lanthanide ions. The
researches on that aromatic carboxylates sensitize luminescence
of lanthanide ions doped in nanoparticles are rarely reported.

Herein, in this work, the water dispersible, citrate stabilized,
small-sized LaF;:Tb®" nanoparticles are prepared by a low
temperature synthesis route, and sensitized by salicylate (SA) 5-
sulfosalicylate (SSA) bonded on surface of nanoparticles,
respectively. The structure, morphologies, photoluminescence
(PL) properties and fluorescence dynamics of these nanoparticles
70 have been investigated in detail.

Fluoride is a kind of ideal host material for the luminescent
lanthanide ions (Ln®"). This is due to its low phonon energy
(~300 cm™ for LaF;) and small multi-phonon relaxation rate,
which could in principle reduce the luminescence quenching and
lead to higher luminescent efficiency and longer luminescent
lifetimes for the lanthanide ions. Furthermore, fluorides exhibit
thermal and environmental stability as well as large solubility for
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lanthanide ions. Therefore, they possess promising applications in
lighting, displays, biological labels, bioprobe and optical
amplifies.! However, fluorides doped with lanthanide ions also
have intrinsic limit that is no absorbance in the UV range in
practical application. Specially, luminescence of Ln®" originates
from electronic transitions between the 4f orbital and these
transitions are strongly forbidden by the parity selection rules,
which lead to low molar absorption coefficients (€ =1— 10 M
em™)? associated with 4f — 4f transitions and narrow absorption
band, which leads to inefficient optical excitation and low
luminescence intensity. To overcome these disadvantages,
sensitizers are usually used for efficiently absorbing and
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transferring the energy to the lanthanide ions. Sensitizers mainly
include organic sensitizers and inorganic sensitizers. The organic
sensitizers are usually employed in lanthanide complexes, which
often called the “antenna effect”. However, the lanthanide
complexes have certain shortcoming such as poor optical, thermal,
chemical stabilities and short lifetimes in practical applications. Chemicals and Materials

The inorganic sensm.zers usuall.y sensitize lumlr.lescence ;)f The rare carth oxides La,O; and Tb,O; (99.999%) were
lanthanide ions doped in nanoparticles, such as semiconductor™ hased fi Sei d Technol Parent C ¢
d date host materials,>® Ce®" ions’'" and Yb** ions'""'? as bifcas=e TOM Selence and [ecamelosy Farenw Lompany o
and vana > 75 Changchun Institute of Applied Chemistry, and other chemicals

Co-doPants of luminescence ce.nter 101.1s. The inorganic  host were purchased from Beijing Chemical Company. All chemicals
materials can protect lanthanide cations from sources of

Experimental section
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are of analytical grade reagents and used directly without further
purification.

Preparation of citrate capped-LaFs: Th® nanoparticles

The LaF5: x%Tb** (x=1, 3,5, 8, 10) nanoparticles were prepared
according to ref 2 and 15. In a typical experiment, 0.65 mmol of
La,0; and stoichiometric Tb4O; were dissolved in concentrated
HNO; firstly by stirring the mixture at about 90 °C until crystal
growed, and then 2 ml of methanol was added to form transparent
lanthanide nitrate methanol solution. An aqueous solution of 10.4
mmol of citric acid was added into 35 ml of deionized water.
Then nitrate methanol solution was added dropwise to the citric
acid aqueous solution. The appropriate amounts of NaF aqueous
solution then was added under stirring. The reaction mixture was
further stirred for 2 h at 75 °C and then allowed to cool to room
temperature. The resulted nanoparticles were precipitated by
adding ethanol and separated from the suspension by
centrifugation. The precipitates were washed by ethanol and dried
in vacuum overnight.

Preparation of surface functionalized nanoparticles

Appropriate amounts of sodium salicylate (or sodium 5-
sulfosalicylate) were added into 40 ml of deionized water. The
transparent SA (or SSA) aqueous solution was obtained under
strong stirring. The above obtained LaF;: x% Tb** x=13,5,8,
10) nanoparticles were uniformly dispersed into deionized water,
and then added into the SA (or SSA) aqueous solution. The
mixture was kept at 60 °C (65 °C for SSA) for 4 h under water
bath backflow. The resulted products were separated by
centrifugation. The as-separated products were washed by
deionized water and dried in vacuum for 24 h. The obtained
functionalized samples are labeled as SA- LaFs: x% Tb>" (x = 1,
3, 5, 8, 10) and SSA- LaFy: x% Tb> (x = 1, 3, 5, 8, 10),
respectively.

Preparation and functionalization of core - shell

nanoparticles

In order to study the sensitization mechanism, the core — shell
nanopaticles LaF;:8%Tb* @LaF,, LaF;: 8%Tb>' @ LaF;@ LaF;,
LaF5:5%Tb*> @LaF;, LaF;:10% Tb>*@LaF; and LaF;:5%Tb>' @
LaF5:5%Tb*" were prepared and functionalized by SA and SSA,
respectively. In a typical experiment, 0.65 mmol of La,O; and
stoichiometric Tb,O; were dissolved in concentrated HNO;
firstly by stirring the mixture at about 90 °C until crystal grown,
and then 2 ml of methanol was added, resulting the formation of
transparent lanthanide nitrate methanol solution. Then the
lanthanide nitrate methanol solution is added into the 35 ml of
citric acid aqueous solution. The 8.2 mmol (12.3 mmol for double
LaF; shell) of NaF aqueous solution was then added under
stirring. The reaction mixture was further stirred for 2 h at 75 °C.
Then the 1.3 mmol of lanthanide nitrate methanol solution was
added and kept at 75 °C for 2 h, and then allowed to cool to room
temperature. The resulted core-shell nanoparticles were
precipitated by adding ethanol. The precipitate was washed by
ethanol and dried in vacuum for 24 h. The obtained core — shell
nanoparticles were functionalized as described prevuiously for
the functionalization LaFs: x% Tb*" (x 1, 3, 5, 8, 10)
nanoparticles.

60

65

70

3
5

90

95

100

105

110

Characterizations

The X-ray diffraction (XRD) measurements were performed on a
D8 Focus diffractometer (Bruker) with Cu Ko radiation (A =
0.15405 nm). Fourier transform infrared (FTIR) spectra were
recorded on a Perkin-Elmer 580B IR spectrophotometer in KBr
pellets. The UV-vis absorption spectra were measured on a U-
3310 scanning spectrophotometer. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were obtained with an FEI Tecnai
G2 S-Twin transmission electron microscopy with a field
emission gun operated at 200 kV. The photoluminescence
were performed on a Hitachi F — 7000
spectrophotometer equipped with a 150 W xenon lamp as the
excitation source. The luminescence decay curves were obtained
from a Lecroy Wave Runner 6100 digital oscilloscope (1 GHz)
by using a tunable laser (pulse width = 4 ns) as excitation source
(Continuum Sunlite OPO). All measurements were performed at
room temperature.

measurements

Results and discussion
Structure

The representative XRD pattern of LaF;: 8%Tb**, SA sensitized
LaF;: 8%Tb**, SSA sensitized LaF;: 8%Tb*" (c) samples and the
standard LaF; tysonite structure (ICDD 82-0690) were shown in
Figure 1. All diffraction peaks of the samples can be readily
indexed to pure tysonite of LaF; and the impurity phases do not
appear in all samples. The structure of sensitized nanoparticles
does not change compared with ones of un-sensitized
nanoparticles. Moreover, the corresponding diffraction peaks of
the all samples were markedly broadened and partly overlapped,
indicating that the size of the as-obtained particles become very
small.
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Figure 1 XRD patterns of LaFs: 8%Tb*" (a), SA sensitized LaFs:
8%Tb*" (b), SSA sensitized LaF;: 8%Tb>" (c) samples and the
standard LaF; tysonite structure (ICDD 82-0690).

The average crystalline size of the samples can be estimated by
the Scherrer formula, D = KA/BcosO, where D is the average
particle size, A is the X-ray wavelength (0.15405 nm), B is the
full-width at half-maximum, 0 is the diffraction angle of an
observed peak, K is a constant (0.89), respectively. The estimated
average crystallite size is about 3.28 nm for LaF;: 8%Tb*"
samples, 3.32 nm for SA sensitized LaF5: 8%Tb*" samples and
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3.35 nm for SSA sensitized LaF;: 8%Tb>" samples. The phase
structures of the other concentration doped samples were
examined by XRD in the same way. The results are in agreement
with those of LaFs: 8%Tb>" and will not be shown here.

s Morphologies

The morphologies of the obtained samples were characterized by
TEM and HRTEM. The representative TEM image of LaF;:
8%Tb** sample is shown Figure 2(a). For other doping
concentrations of Tb*>" in the LaF;: x%Tb>" x=1,3,5,10) and
10 sensitized samples by SA and SSA, the results are similar to those
of LaF;: 8%Tb*" and will not be shown here. From Figure 2(a), it
can be seen that the obtained nanoparticles are roughly spherical
and monodisperse. The illustration of Figure 2(a) shows the
representative HRTEM image of LaFs: 8%Tb*" nanoparticles,
1s which clearly reveals the well-resolved diffraction fringes of the
lattices. It shows that the nanoparticles are perfect crystalline.
The lattice fringes with 0.226 nm spacing are clearly visible and
in accordance with the lattice spacing of (1 2 1) of LaF; crystal.
The Figure 2(b) shows the statistics of diameter distribution of
20 the nanoparticles for the representative of LaFs: 8%Tb*" sample.
The mean diameter of the nanoparticles is 3.25 nm (the total
particles reach to 100) and the nanoparticles size distribution is
narrow. It is approximately consistent with the results of XRD.

Frequency (%)

2.0 25 3.0 3.5 4.0 4.5
Particle Size (nm)

s Figure 2 (a) TEM images of LaF;: 8% Tb®" samples, inset:
HRTEM images of LaFs: 8% Tb*" samples, (b) histogram of
diameter distribution of the nanoparticles.

FTIR

Figure 3(a) shows the FTIR absorption spectra of NaSA and SA-
w LaFy: x%Tb*" (x =1, 3, 5, 8, 10) samples. Comparing the FTIR
spectra of functionalized samples with those free of sensitizer,
remarkable differences can be seen. The antisymmetry stretching
vibration (v,c00-) peak and the stretching vibration (v,co0-) peak
for carboxyl shift from 1578 cm™ (for SA) to 1588 cm™ and from
45 1375 cm™! (for SA) to 1408 cm’, respectively. The Av decreases
from 203 cm™ to 180 cm™, implying that the carboxyls of the
NaSA, as acid radical, coordinate with the lanthanide ions located
on the surface of nanoparticles. Furthermore, the in-plane
deformation vibration of phenolic hydroxyl (8q.4) at 1485 cm’
soand 1466 cm™ disappear. The stretching vibration of phenolic
hydroxyl (Ar-OH) shifts from 1299 cm™ to 1263 em™ (Av = 36
cm™). These changes show that the phenolic hydroxyl in the
NaSA coordinate with the lanthanide ions located on the surface
of nanoparticles, too. The coordination mode will be further
ss studied. Figure 3(b) shows the FTIR absorption spectra of NaSSA
and SSA- LaF;: x%Tb*" x=1,3,5,8, 10). The FTIR spectra of
functionalized samples and free ligands are obviously different.

For SSA- LaF;: x%Tb>" (x = 1, 3, 5, 8, 10) samples, the
absorption peak of carboxycarbonyl (C = O) at 1671 cm’

e disappears. At the same time the antisymmetry stretching
vibration (v,co00-) at 1589 cm™ and the stretching vibration
(vsc00-) at 1404 cm™ for carboxyl appear. In addition, vibration
absorption of phenolic hydroxyl (8o.) at 1477 cm™ and 1436 cm
! disappear. The stretching vibration of phenolic hydroxyl (Ar-

s OH) shifts from 1306 cm™ to 1260 cm” (Av = 46 cm™). It
overlaps with characteristic vibration of sulfonyl at 1225 cm™.
These results show that not only carboxyl but phenolic hydroxyl
coordinates with the lanthanide ions located on the surface of
nanoparticles. The absorption of sulfonyl at 1225 cm™, 1168 cm™

2 and 1036 cm™ almost do not change, which indicate that the
sulfonyl does not participate in coordination.
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Figure 3 FTIR spectra of NaSA and SA- LaF;: x%Tb*" (x =1, 3,
w0 5, 8, 10) (a), NaSSA and SSA- LaFs: x%Tb™ (x =1, 3, 5, 8, 10)
(b).

UV-Vis absorption

UV-vis absorption spectra of NaSA and SA- LaF;: x%Tb*" (x =1,
3, 5, 8, 10) are drawn in Figure 4(a). Three absorption bands
located around 204 nm, 228 nm and 295 nm can be observed,
corresponding to the m — @* transition of the salicylic ligands.
This implies that three different excitation state energies at least
exist in the salicylic ligand. In contrast to NaSA, the shapes of the
three bands are same and their locations are slightly red-shift in
10 SA- LaF;: x%Tb*" (x =1, 3, 5, 8, 10). This is because the
conjugation of ligands is decreased after coordination of SA with
rare earth ions on the surface of nanopaticles. In the Figure 4(b)
UV-vis absorption spectra of NaSSA and SSA- LaF;: x%Tb** (x
=1, 3, 5, 8, 10) are shown. The three absorption bands at 207 nm,
115 235 nm and 298 nm are corresponding to the & — n* transitions of

10.
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the sulfosalicylic ligands, implying that three different excitation
state energies exist in the sulfosalicylic ligand at least. The shapes
of the three bands are identical with those of NaSSA. The
imperceptible red-shifts are detected for the three bands in the
SSA- LaF;: x%Tb>" (x =1, 3, 5, 8, 10) samples, which can be
attributed to the variation of conjugated degree for ligands

participated coordination.
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Figure 4 UV-vis absorption spectra of NaSA and SA- LaF;:
x%Tb*" (x =1, 3, 5, 8, 10) (a), NaSSA and SSA- LaF;: x%Tb*" (x
=1,3, 5, 8, 10) (b).

Photoluminescence properties

To determine the sensitized effect for luminescence of Tb** doped
in LaF; nanoparticles by the aromatic carboxylates (SA and SSA),
the photoluminescence spectra of LaF;: x%Tb>* x=13,5,8,10)
samples with and without functionalization by the aromatic
carboxylates were measured at room temperature, as shown in
Figure 5. Figure 5(a) gives the excitation and emission spectra of
LaFy: x%Tb>" (x = 1, 3, 5, 8, 10) samples without
functionalization. The excitation spectra (left of Figure 5(a)) were
obtained by monitoring the emission of the Tb®" °D, — ’Fs
transition at 547 nm. The excitation spectra consist of the
characteristic the 4f° — 4f5d transitions and forbidden f — f
transitions within the Tb*>" 4f* configuration of the Tb>* ions. The
excitation band centered at 233 nm is attributed to the spin-
allowed (AS = 0) components of the transitions from the "F¢
ground state of the 4f* configuration to the excited-state of the
4f75d configuration of the Tb*" ions.* The excitation bands from
280 nm to 400 nm can be assigned to the transitions from the 'Fg
ground state to the different excited states.”> The shape of the
excitation spectra and peaks position in the samples with different
doping concentration are similar. Upon excitation of the "Fg —
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3D, transition at 378 nm, the obtained emission spectra are shown

o0 in right of Figure 5(a). It is obvious that the shapes of the spectra

and peaks position in the samples with different concentration of
Tb*" are similar. The emission spectra show three obvious bands
centered at 492, 547 and 587 nm, originating from the transitions
from the Dy excited state to the ’F; (J =4, 5, 6) ground states of
the Tb>" ion respectively, with the D, — "F; transition at 547 nm
as the most prominent group. The emission intensity increases
with increasing Tb®* concentration up to 8%. The quenching
concentration in small sized nanoparticles is higher than those in
the bulk materials because of the reduction of energy transfer rate
from luminescence centers to quenching centers by the interface
effect.

The excitation and emission spectra of LaF;: x%Tb*>* x=13,
5, 8, 10) nanoparticles functionalized by SA are detected at room
temperature and depicted in right of Figure 5(b). Monitoring the

s "Dy — 'Fs transition of Tb>" at 545 nm, the excitation spectra are

composed of a broad and intense excitation band from 200 nm to
375 nm, due to the m — n* electron transition of the SA ligands,
with some weak characteristic absorption bands of Tb*". This
fully proves that the Tb*" in LaF; nanoparticles is excited by the
organic ligand SA through the “antenna” effect. Upon the
excitation of m — m* electron transition of the SA ligands at 312
nm, the obtained emission spectra of the samples are shown in
right of Figure 5(b). The shape and emission peak position of the
spectra in the samples with different doping concentration of Tb**
are similar. The intense, characteristic green emission bands of
Tb** are observed, corresponding to the Dy — F; (J = 4, 5, 6)
transitions. The strongest emission at 545 nm corresponds to the
hypersensitive D, — 'Fs transition. The inset of Figure 5(b) is
luminescence photographs of SA- LaFs: 8% Tb*" nanoparticles in
aqueous solution under 254 nm UV light excitation. The
luminescence of corresponding powder nanopaticles under 254
nm UV light can also be observed (the photographs are not
shown here). All un-sensitized samples do not show any
luminescence under 254 nm UV light excitation. The results
further confirm that SA can effectively sensitize the luminescence
of Tb*" in LaF; nanoparticles.

Figure 5(c) show the excitation and emission spectra of the
functionalized LaF;: x%Tb>" (x=1, 3, 5, 8, 10) nanoparticles by
SSA. Monitoring the Tb*" characteristic emission at 545 nm at
room temperature, the excitation spectra of SSA- LaFs: x % Tb*"
(x=1,3,5, 8, 10) nanoparticles are detected and drawn in the left
of Figure 5(c). A broad excitation band ranging from 200 to 380
nm assigned to the m — n* electron transition of the SSA ligands
can be seen. This indicates that the Tb®" in LaF; nanoparticles is
excited by the SSA ligands through the “antenna” effect. Upon
excitation of © — n* electron transition of the SA ligands at 320
nm, the emission spectra clearly show strong characteristic Tb*"
emission bands in the green wavelength region (located right of
Figure 5(c)), originating from the D, — 'F, (J = 4, 5, 6)
transitions of Tb*" ions. The shape and emission peak position of
the spectra in the samples with different concentration are similar.
The inset of Figure 5(c) is luminescence photographs of SSA-
LaF;: 8% Tb** powder sample in a copper groove under 254 nm
UV light excitation. All un-sensitized samples do not show

15 luminescence under 254 nm UV light excitation. The results

farther prove that SSA can effectively sensitize the luminescence
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of Tb>" in LaF; nanoparticles. The luminescence photographs of
SSA- LaF;: 8% Tb>" nanoparticles in aqueous solution under 254
nm UV light excitation are similar to that of SA- LaFs: 8% Tb**
and will not be repeatedly shown here.

8%Tb*
10%Tb*"
5%Tb"
3%Tb™
1%Tb*
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. Wavelength (nm)
Figure 5 excitation and emission spectra of LaF5: x% Tb** (x =1,
3, 5, 8, 10) nanopaticles (a), SA-LaFs: x% Tb** x=1,3,5,8,10)
(b) and SSA- LaFs: x%Tb>" (x =1, 3, 5, 8, 10) (c). The insets are
the luminescence photographs of SA- LaF;: 8% Tb*'

so nanoparticles in aqueous solution (b) and the luminescence
photographs of SSA- LaF;: 8% Tb>* nanoparticles (c) under 254
nm UV light excitation, respectively.

The schematic energy level diagram of SA (or SSA) with Tb**
ss levels is shown in Figure 6. The energy transfer pathway in the
SA (or SSA)-LaFs: Tb®" nanoparticles generally consists of an
initial strong absorption of ultraviolet energy that excites SA (or
SSA) to the excited singlet (S;) state, followed by an energy

migration via intersystem crossing from the S; state to a SA (or

o SSA) triplet (T) state. The energy is then nonradiatively
transferred from the lowest triplet state of SA (or SSA) to a
resonance state of a coordinated Tb®>" ion, which in turn
undergoes a multiphoton relaxation and subsequent emission in
the visible region.

65

T ==
70 ? ] T1 %\%\
0 - 5D,
75 _?$__
S R — _?_"_ .
0 Fg
SA (or SSA) Tb™

so Figure 6 Schematic energy level diagram of SA (or SSA) with
Tb** levels. Sy: ground state of SA (or SSA), S;: excited singlet
state of SA (or SSA), T;: excited triplet state of SA (or SSA), °D,
and 'Fg: Tb>" ion excited and ground state energy levels,
respectively. straight arrow: radiative transition, curve arrow:
ss noradiative transition.

It is well known that the ligand sensitization is known as a short-
range effect. The occurred mechanism is referred to (I) an
electron exchange mechanism effecting only when the ligand is

o directly coordinated to the Ln*" ion or (II) a dipole — dipole
mechanism. The energy transfer efficiency (1) reducing with
increasing separation distance (R) between donor and acceptor
can be written as

s n=1/(1+R/R,)) M
where Ry is a Forster constant and the typical values are in the
range of 5 - 20 A."> The sensitization mechanism of SA and SSA
for Tb®" in LaF; nanoparticles is studied. It is can be tested by
comparing the luminescence properties of LaFs: x% Tb*" (x = 1,
10 3, 5, 8, 10) nanoparticles with and without a encapsulating LaF;
shell. The core-shell nanoparticles were prepared as described in
the experimental section, and the shell with thick about 0.4 nm
was obtained as confirmed by Cross et al.'> The representative
emission spectra of LaFsy: 8%Tb®>" core, LaFsy: 8%Tb*" core
s @LaF; shell and LaF;: 8%Tb>* core@ double LaF; shell
sensitized by SA (or SSA) were detected and shown in Figure 7,
respectively.
It is distinct that the addition of a LaF; shell decreases the
emission intensity of Tb** to about 25% of the original, implying
1o that the efficiency of the SA (or SSA) ligands sensitization
reduces due to the shell having dramatically increased the
distance of Tb®" ions located on the surface sites and the SA (or
SSA) ligands. The emission intensity of Tb** further decreases in
the double thickness LaF; shell, but the sensitization effect of SA
11s (or SSA) for Tb** ions still exist. Notably, above comparisons of
emission spectra between the core and core@shell are obtained

This journal is © The Royal Society of Chemistry [year]
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on this condition that the core and core@shell nanoparticls are of
different sizes. The shell with thick about 0.4 nm increases size of
nannoparticles and the influence of size effects on luminescence
also must be considered as well. Therefore, the luminescence of

s nanoparticles with the same size and same net Tb>* concentration
are compared. The LaF;: 10%Tb>" core @ LaF; shell, LaF;:
5%Tb*" core @ LaFs: 5%Tb*" shell and LaFs: 5%Tb*" core @
LaFj; shell nanoparticles were prepared and functionalized by SA
(or SSA).

10

SA-8%core

SA-8% core@ double LaF,
SA-8%core@LaF,

20
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25
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Figure 7 Emission spectra of SA-LaF;: 8%Tb*" core, SA-LaFs:
8%Tb>" core @LaF; shell, SA-LaF;: 8%Tb*" core@ double LaF,
shell, SSA-LaFs: 8%Tb>" core, SSA-LaF;: 8%Tb*" core @LaF,
shell and SSA-LaF;: 8%Tb*" core(@ double LaFj; shell.

40

The emission spectra of these sensitized samples were detected

and drawn in Figure 8. Compared to LaF;: 5%Tb*" core @ LaFj:
5%Tb*" shell, the SA (or SSA) sensitization for the LaFs:
10%Tb*" core @ LaFs; shell is reduced to 25% of the original one.

as This demonstrates that the Tb*>" dopant are not fully equilibrated
throughout the nanoparticles, and that a distinct core-shell
structure falls off the energy transfer efficiency from ligands to
luminescent center ions. The fact that the shell does not more
effectively block the sensitization than the observed 75%

so diminution is potentially interpreted by a dipole — dipole
sensitization mechanism as described in eq 1. The distance R in
eq 1 is measured from the center of the SA (or SSA) ring to the
center of a Tb>" at the surface and the result is about 5 A, the
addition of shell with 4 A thickness will lead to that the efficiency

ss1 fall off by a factor of 4, with Ry falling in the physically
reasonable range of 7 - 8 AL
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Figure 8 Emission spectra of LaF;: 10%Tb*" core @ LaF; shell,
LaFs: 5%Tb*" core @ LaFj: 5%Tb" shell, LaF;: 5%Tb>" core

ss and LaFs: 5%Tb" core @ LaF; shell.
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Figure 9 Fluorescent decay curves of the *D, — 'Fs transitions of
Tb*" at 545 nm ions in LaFs: 8%Tb’", SA-LaF;: 8%Tb’* and SA-
10s LaF;: 8%Tb*". The black circles are experimental data, and the
red solid lines are fitting functions.

The fluorescence decay curves of Tb*" ions at 545 nm in different
samples were measured. Figure 9 shows the representative
1o fluorescence decay curves of Tb*" ions in LaF;: 8% Tb*" capped
with citrate, SA- LaFy: 8% Tb®" and SA- LaFy: 8% Tb*,
respectively. All the decay curves are not singly exponential,
meaning that the Tb** jons locate different sites (at the core of the
nanoparticles and at or near the surface of nanoparticles,
11s respectively). All of the decay curves are well fitted by a function
as =1, exp (- ty/ t) + |, exp (- 1o/ t), where 1; and 1, are the
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slower and faster decay time constants, respectively. I; and I, are
the proportionality factor of the slower and faster components,
respectively. The fitted results for different samples are listed in
Table 1. The longest component is ascribed to the luminescence
decay of Tb® ions in the core of nanoparticles. It is main
contribution to the overall intensity. The shorter component is
ascribed to the luminescence decay of Tb** located at or near the
surface of the nanoparticles. The lifetime of Tb® in the
nanoparticles functionalized by aromatic carboxylates are longer
than those without functionalization, due to the protection of the
ligands molecules (SA or SSA) for Tb*" ions located at or near
the surface of the nanoparticles from sources of nonradiative
deactivation. The ligands are used not only as sensitizers, but also
used to shield the luminescent center ions from high energy
oscillators, such as —OH groups in citrate.

Table I. The fluorescence decay lifetime and constant of D, —
’F5 transition at 545 nm of Tb>" ions.

. Ratio

Samples Lifetime (ms) constant

T T I I,
LaFs: 1% Tb* 2.195 0419  0.56 0.44
LaFs: 3% Tb* 2273 0422 0.3 047
LaFs: 5% Tb* 2435 0.509  0.51 0.49
LaF;: 8% Tb** 2.547 0.637 0.3 0.47
LaF;: 10% Tb** 2.491 0.551 0.52 0.48
SA-LaF5: 1% Tb>* 2.385 0.550 0.67 0.33
SA-LaF5: 3% Tb** 2.460 0.554 0.63 0.37
SA-LaF5: 5% Tb** 2.566 0.590 0.61 0.39
SA-LaF5: 8% Tb** 2.604 0.641 0.63 0.37
SA-LaF;: 10% Tb> 2.580 0.560 0.60 0.40
SSA- LaF;: 1% O 2.735 0.815 0.68 0.32
SSA- LaF;: 3% b 2.819 0.858 0.66 0.34
SSA- LaF;: 5% T 2.877 0.974 0.69 0.31
SSA- LaF;: 8% T 3.453 1.713 0.66 0.34
SSA- LaF;: 10% T 3.223 1.272 0.66 0.34

» Conclusions

2.

G

S

3

In summary, LaF;:Tb*" nanoparticles functionalized by aromatic
carboxylates (SA or SSA) have been prepared. The aromatic
carboxylates (SA or SSA) can not only extend the excitation
wavelength range and greatly enhance the excitation efficiency,
but also strongly sensitize the luminescence of Tb*" ions in LaF;
matrix. The sensitization of aromatic carboxylates for Tb*" is
thought to be a short-range effect occurring via a dipole — dipole
mechanism. The inorganic LaF; shell protects the Tb*" ions from
nonradiative deactivation by high energy oscillators, such as —-OH
groups. It is expected that the organic ligands- functionalized
inorganic nanoparticles with a relatively small size have potential
applications in light converter for solar cells and bio-analytical
field.
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