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Nanoparticles of Th3*-doped GdPO, (Tb%* = 0, 2, 5, 7, 10,
and 20 atom-%) have been prepared at a relatively low tem-
perature of 160 °C in ethylene glycol medium. The particles
crystallize in a monoclinic structure with an average crystal-
lite size of 30-50 nm. From the luminescence study of Tbh3*-
doped GdPOy,, the magnetic dipole transition (°D,— 7Fs) at
545 nm (green) was found to be more prominent than the
electric dipole transition (°Dy— ?Fg) at 484 nm (blue). Maxi-
mum luminescence intensity and lifetime was observed for
7 atom-% Tb3*. Above 7 atom-% Tb%*, a decrease in lumi-
nescence was observed. This has been attributed to a con-

centration-quenching effect due to the cross-relaxation
among Th3* ions. The highest luminescence intensity of Th3*
was observed after excitation at 274 nm (8S;,,— %14/, of
Gd**) among various excitation wavelengths (including f-f
absorptions of Th®*). This is due to an efficient transfer of
energy from Gd3* to Th* that shows GdPO, to be a potential
host for Th3*. These nanoparticles are found to be redispersi-
ble in water and ethanol and are incorporated into polyvinyl
alcohol film homogeneously. This film showed bright green
emission.

Introduction

In recent years, nanoscience and nanotechnology have
grown explosively because of the increasing availability of
preparation methods of nanomaterials as well as advanced
tools of characterization and manipulation. In this regard,
luminescent nanomaterials doped with rare-earth ions are
of immense importance because of their technological ap-
plications in lighting, displays, X-ray photography, lasers,
and amplifiers for fiberoptic communication.!' > Phosphor
materials in nanoparticle form have many advantages over
the larger or micron-sized particles. It has been found that
phosphor materials such as Y,Os:Eu®" in nanoparticle
form have a higher luminescence of Eu’* relative to their
bulk counterparts under UV excitation (260 nm). This is
related to an increase in the band gap with a decrease in the
particle size of the host (Y3*—0?) and thereby an increase
in the absorption cross-section for nanoparticles.l®! Energy
transfer from the host (Y3*—0?) to Eu?* is greater for nano-
particles than that for the bulk. However, the peak position
of Eu** emission does not change owing to pure electronic
transitions. Due to this reason, extensive studies on nano-
particles doped with lanthanide ions have been reported.l’-81
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These nanomaterials are suitable for luminescence detection
in bioassays due to their excellent spectral characteristics
such as narrow line-shaped emission bands, large stokes
shifts, long-lived luminescence, and inherent photostability.

Phosphates of Ln* (Ln**" = Y3*, La’*, Gd**, Lu’*) are
good hosts for other activator Ln** ions because of the fol-
lowing characteristics: maximum transparency in the visible
spectral region, high thermal, chemical, and mechanical
stability, and a cutoff frequency up to 1100cm™!
(LnPO,4).P19 Li and his group!'!! prepared uniform
LnPO4xH,O (Ln = Y, La-Nd, Sm-Lu) nanocrystals that
have controlled 0D, 1D, and 2D structures and concluded
that the optical properties of these nanocrystals are strongly
dependent on their morphological properties. A variety of
methods have been developed to synthesize Tb3*-doped
LnPO,. Kémpe et al.l'?l prepared CePO,:Tb*" core and
core-shell nanoparticles by the coprecipitation method
using coordinating ligands like tributyl phosphate (TBP)
and trihexylamine in a water-free environment at 200 °C.
Stouwdam et al.['3 have also prepared surface-coated nano-
particles of LaF; and LaPO, doped with the luminescent
trivalent lanthanide ions Eu’*, Nd3*, Er**, Pr3*, Ho", and
Yb3* by chemical methods. Biihler and Feldmann!'¥ syn-
thesized luminescent LaPO,4:Ce, Tb nanoparticles with a
high quantum yield using a microwave-assisted synthesis
method with ionic liquid as the reaction media. Many ex-
tensive works on LnPO, doped with activators have been
reported in an attempt to understand particle size and
shape dependence on chemical and physical proper-
ties.l'>201 However, it is desirable to prepare nanoparticles
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of such phosphors at relatively low temperatures so that
significant reduction in both the particle aggregation and
segregation of lanthanide ions (e.g., Ln,O3, where Ln = Eu,
Tb, Dy activators) can be achieved. During low-tempera-
ture synthesis, the organic ligands can stabilize the nano-
particles at the synthesis temperature, thereby preparing
them for incorporation into polymer-/sol-gel-based lumi-
nescent and display devices.

The present study deals with the low-temperature synthe-
sis and luminescence properties of Tb3*-doped GdPO,
nanoparticles using ethylene glycol as solvent. Low-tem-
perature synthesis using ethylene glycol helps to stabilize
the nanoparticles and thereby prevent their aggregation af-
ter nucleation, without using any moisture-sensitive rea-
gents, hydrothermal conditions, and long-chain organic mo-
lecules as stabilizing ligands. These stabilized nanoparticles
are dispersible in aqueous/organic solvents (water and etha-
nol), thereby allowing for the development of polymer/sol-
gel-based luminescent materials. The dispersed particles are
incorporated into polyvinyl alcohol to get a polymer film.

Results and Discussion

XRD Study

The X-ray diffraction (XRD) patterns of as-prepared
Tb** -doped GdPO, (Tb** =2, 7, and 10 atom-%) are given
in Figure 1. The particles crystallize in a monoclinic GAPO,
structure. The average crystallite sizes were calculated using
the Debye—Scherrer equation (d = 0.94/Bcosf)) and were
found to be in the range of 33-50 nm for all Tb**-doped
samples. Here, particles are assumed to be spherical in
shape and their diameter is considered to be the crystallite
size. The unit-cell parameters were calculated using the fol-
lowing relation between Bragg diffraction spacing and mo-
noclinic cell parameters.?'! The lattice parameters for pure
GdPO, are a = 6.667(1) A, b = 6.843(1) A, ¢ = 6.335(1) A,
and its unit-cell volume is 279.87 A3. The lattice parameters
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Figure 1. XRD patterns of GAPO,:Tb** nanoparticles: (a) 2, (b) 7,
and (c) 10 atom-% Tb3*. The standard pattern of the monoclinic
phase is also included.
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for 7 atom-% Tb**-doped GdPO, are a = 6.629(1) A, b =
6.873(1) A, ¢ = 6.325(1) A, and its unit-cell volume is
279.5 A3. Figure 2 shows the plot of unit-cell volume versus
Tb3* concentration. Unit-cell volume decreases with in-
creasing Tb3* concentration due to the difference in ionic
radii of Tb3* (1.04 A) and Gd** (1.06 A).[22! These results
show the substitution of the Tb3" ions into the Gd3* sites
of GdPO,.
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Figure 2. Plot of unit-cell volume versus Tb** concentration in the
as-prepared Tb3*-doped GdPO, (Tb** = 2, 5, 7, 10, and 20 atom-
%) nanoparticles.

IR and Morphology Studies

The IR spectrum of 2 atom-% Tb-doped GdPO, nano-
particles is shown in Figure 3. Prominent peaks at 551, 572,
628, 885, 946, 1070, 1460, 1662, 2856, 2927, and 3310 cm™!
are observed. Based on (PO,)*" group symmetry, band re-
gions are defined as V,, V,, Vs, and V,, respectively.l'”-!8]
Band regions ¥, and ¥, are due to Raman active modes,
whereas V3 and v, are due to IR active modes and corre-
spond to the stretching and bending vibrations. The bend-
ing vibrations of (PO4)*", which are considered as the V4
region, have been assigned at 551, 572, and 628 cm!.[23:24]
The stretching vibrations of (PO4)*", which are referred to
as the V3 region, have been assigned at 885, 946, and
1070 cm '.2324 In previous studies on LnPO, (Ln = Gd,
Y, La),[**2 similar peaks were reported. Peaks at 1662 and
3310 cm™! correspond to bending and stretching vibrations,
respectively, for the O-H group of the ethylene glycol mole-
cule, which is used as a capping agent for nanopar-
ticles.?7-29-321 However, free O—H has a stretching frequency
at 3650 cm1.1231 The broad band at 3310 cm™! therefore in-
dicates the presence of a hydrogen bond in ethylene glycol
molecules. Water associated with GdPO, could not be dis-
tinguished because the O-H peaks due to water have been
merged with those of ethylene glycol. The wagging vi-
bration at 1266 cm™!, twisting vibration at 1155 cm™!, and
rocking vibration at 899 cm™! due to the presence of CH,
from ethylene glycol have been merged with bands of
(PO4)*. The peaks at 2856 and 2927 cm ' correspond to
the stretching vibrations of the CH, group of the ethylene
glycol molecule, whereas its bending vibration (scissoring)
is observed at 1460 cm'.[?72%32] The peak at 2362 cm™! is
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due to absorption of CO, gas from the atmosphere on the
surface of particles. The IR study suggests the presence of
ethylene glycol along with nanoparticles and thus will help
in the incorporation of nanoparticles in polar media.
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Figure 3. IR spectrum of 2 atom-% Tb**-doped GdPO,.

Figure 4 (a—c) shows the simple photographic images of
powder of 7 atom-% Tb-doped GdPO,, dispersion of pow-
der in ethanol, and its film after the incorporation of dis-
persed powder into polyvinyl alcohol. There is a homogen-
eous dispersion of powder in ethanol (Figure 4, b). Also,
Figure 4 (c) shows the homogeneity distribution of particles
in polymer after the incorporation of dispersed powder. A
TEM image of the 2 atom-% Tb3*-doped GdPO, after dis-
persion in ethanol is shown in Figure 4 (d); there are nano-
rods with a diameter of 20-30 nm and lengths of 100-
200 nm. It was further characterized by selected-area elec-
tron diffraction (SAED). The diffraction rings are clearly
visible, thereby proving the crystallinity of the samples.

(c) polymer film

(a) powder

(b) dispersion in alcohol

Figure 4. GdPO, sample doped with 7 atom-% Tb**: sample
images of (a) powder, (b) dispersion of powder in ethanol, and (c)
polyvinyl alcohol film after incorporation of dispersed powder. (d)
TEM image of powder after dispersion in ethanol. The inset shows
its selected-area electron diffraction.
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Luminescence Study

Figure 5 shows the excitation spectrum of 7 atom-%
Tb3*-doped GdPO, with a monitoring emission at 545 nm.
Here, a 495 nm filter was used. The spectrum consists of
many sharp peaks at 274, 312, 352, 368, and 378 nm. The
peak at 274 nm corresponds to the 8S,,— I, transition
of Gd**,®!1 and this peak has the highest absorption rela-
tive to the others. It indicates the occurrence of an energy-
transfer process from the Gd** to the Tb3* ion. The re-
maining peaks [ie., ‘F¢—°Ly (312nm), “F¢—°Gs
(352 nm), "Fg—°>L;o (368 nm), and "Fg— Gy (378 nm)]
correspond to the 4f-4f transitions of Tb3*.33 It is to be
noted that the second harmonic generation of 545 nm will
give approximately 273 nm. To check it, we carried out an-
other excitation spectrum of 2 atom-% Tb**-doped GdPO,
with a monitoring emission at 488 nm and a 395 nm filter
(not shown). In this case, the second harmonic generation
of 488 nm will give a peak at 244 nm, but it is not observed.
Still, the same excitation-peak position at 274 nm was ob-
tained. It confirms that the excitation peak at 274 nm is
genuine.

9.0x10*
A =545nm —
£
[
NI
~
—_ S
S 6.0x10° [ = €
< I ~ <
- ¢ E £ E 2
> PN c £ 3
D v & 38 g
< 3.0x10' G Y
(7] 5 4 O ©
- [3) a RO, m
E 2 ue T
o Gs w
S
0.0

200 250 300 350 400 450
Wavelength (nm)

Figure 5. Excitation spectrum of 7 atom-% Tb3*-doped GdPO,
monitored at 545 nm emission.

Figure 6 shows the emission spectra of 7 atom-% Tb3*-
doped GdPO, at different excitation wavelengths of 274,
312, and 352 nm. The 395 nm filter was used. Several emis-
sion lines at 489, 545, 587, and 621 nm were observed in the
spectra, and the peaks correspond to *D,— "Fg (489 nm),
°D,—"F5 (545nm), °Ds—'F4 (587 nm), and °D,—F;
(621 nm) transitions of Tb*", respectively.[!!:!1214 Maximum
emission intensity was observed after excitation at 274 nm,
followed by 320 and 350 nm. The strongest emission was
obtained at 545 nm, thus giving rise to the green emission
for Tb3*. The peaks at 489 and 545 nm correspond to the
electric-dipole- and magnetic-dipole-allowed transitions,
respectively.

To see changes in emission intensity for different concen-
trations of Tb3*, emission spectra of Tb3*-doped GdPO,
(Tb* =2, 5, 7, 10 atom-%) were recorded after excitation
at 274 nm (Figure 7). All the samples show similar spectral
patterns. To compare all samples, the integrated area for the
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Figure 6. Emission spectra of 7 atom-% Tb3*-doped GdPO, after
excitation at 274, 312, and 352 nm.

’D4— "F5 transition in the range 530-560 nm was calcu-
lated. The integrated area for the D,— ’F5 transition of
Tb3*-doped GdPO, as a function of Tb>* concentration is
shown in Figure 8. Emission intensity increases as Tb3*
concentration increases from 2 to 7 atom-% and then de-
creases with a further increase of Tb3*. The decrease in the
intensity with increasing Tb*"-ion concentration is due to
the concentration-quenching effect.’!

18000

Aexc=274 nm

\ —a—2Tb
o—5Tb

—a—7Tb
——10Tb

550 600 650
Wavelength (nm)

450 500

Figure 7. Emission spectra of 2, 5, 7, and 10 atom-% Tb3"-doped
GdPO, after excitation at 274 nm.
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Figure 8. Integrated area (intensity) under the *D,— "Fs peak (left
side) and decay lifetime (right side) for the D, level versus Tb3*
concentration in as-prepared Tb3*-doped GdPO, nanoparticles.
The samples were excited at 274, 312, and 352 nm.

Lifetime Study

Figure 9 shows the luminescent decays for the Dy level
of Tb3* at room temperature in GdPO,:Tb** (Tb3* = 2, 5,
7, 10, 20 atom-%) after excitation at 274 nm. Their In(/) ver-
sus time plots are shown in the inset of Figure 9. Here, [
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stands for luminescence intensity. It was found that each set
of data does not show a straight line. Decay data were fitted
with both monoexponential and biexponential equations.
The monoexponential decay fit is expressed as Equa-
tion (1).
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Figure 9. Decay curves for the 3Dy level of Tb3* for Tb3*-doped
GdPO, (Tb3* =2, 5, 7, 10, 20 atom-%)). The excitation wavelength
was fixed at 274 nm. The arrow indicates the variation of intensity
with Tb (atom-%). The inset shows their In(/) versus time plots.
The arrow indicates the trend of increasing Tb3* percentage con-
centrations.

1 = Iyexp(-t/t) ()

where I, and I are intensities at zero time and at time ¢,
respectively, and 7 is the lifetime for the transition. This was
carried out by considering the following assump-
tions:[1%-12:3437] (1) the homogeneous distribution of Tb3*
ions in the host matrix, and (ii) Tb** ions may be located
closer to the surface due to a strong ligand—Tb?* interac-
tion and a strong quenching effect at higher concentrations.
And the second-order exponential decay is given as Equa-
tion (2).

I = Lexp(—t/ty) + Lexp(-t/t,) 2)

where I; and I, are intensities at two different interval times
and the corresponding decay times are 7; and 7,. The
Taverage 18 Calculated using the following equation [Equa-
tion (3)]'[10,12,34—37]

Tavcragc = (Ilfl + IZTZ)/(II + 12) (3)

The possibilities of such biexponential decay
arel!0-12:34371 (4) a difference in the nonradiative probability
of decays for lanthanide ions at or near the surface and in
the core of the particles, (ii) an inhomogeneous distribution
of the dopant ions in the host material, which leads to the
variation in the local concentrations, and (iii) the transfer
of excitation energy from donor to lanthanide activators.
Of the two exponential fits, we observed a better fit with
the biexponential equation than with the monoexponential
one (Figure 10), that is, the goodness of fits of parameters
for 7 atom-% Tb-doped GdPO, with mono- and biex-
ponential equations were found to be 0.9916 and 0.9979,
respectively. As the concentration of Tb?* in Tb*"-doped
GdPO, increases above 7 atom-%, the lifetime decreases
(Figure 8). This behavior is attributed to strong quenching
because the distance between the Tb3*-Tb3* decreases.*!
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Moreover, cross-relaxation among the Tb** ions is domi-
nant over the nonradiative relaxation, which arises from the
surface or near the surface for higher-doped samples. The
lifetimes vary from 3.9 to 4.7 ms for Tb**-doped GdPO,
nanoparticles (Tb*" = 2, 5, 7, 10 atom-%).
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Figure 10. Decay curve for the Dy level of Tb** for 7 atom-%
Tb3*-doped GdPOy; the excitation wavelength is fixed at 274 nm.
The line was fit to the data using the biexponential decay equation.

Dispersion of Particles in Polar Media

The emission spectra of 7 atom-% Tb**-doped GdPO,
samples were also studied by redispersing the material in
water (Figure 11) and ethanol (not shown). In both water
and ethanol, the f-f transitions of Tb3* are easily observed,
and the intensity of the Dy— ’Fs transition is found to
be highest. The redispersion of the as-prepared Tb3*-doped
GdPO, nanoparticles in water and ethanol are due to cap-
ping by the ethylene glycol on the surface of the nanopar-
ticles, as confirmed by IR spectroscopy studies. Further, we
were able to incorporate dispersible nanoparticles into a
polymer (polyvinyl alcohol) film (about 0.5 mm thickness
and ca. 10 X 10 mm?). The film is homogeneous and shows
green luminescence after excitation at 274 nm, which is
shown in Figure 12. However, the emission intensity is less
than the powder one of Figure 6 because the amount of
Eu®* activator per volume is less for the film relative to that
for the original powder. Both the excitation spectrum (left)
and the decay for the Dy level of Tb3* (right) are shown
as insets of Figure 12. Interestingly, the decay is monoex-
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Figure 11. Emission spectra of 7 atom-% Tb3*-doped GdPO, dis-
persed in water after different excitations.
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ponential with a lifetime of 3.4 ms. Such monoexponential
decay suggests the homogeneous distribution of Tb** ions.
This film has the potential to be useful in optical devices.
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Figure 12. Emission spectra of polymer film after incorporating the
dispersed 7 atom-% Tb3*-doped GdPO, in water in polyvinyl
alcohol after excitation at 274 nm. Inset: left and right show the
corresponding excitation spectrum and luminescence decay, respec-
tively.

Conclusion

Tb3*-doped GdPO, nanoparticles were synthesized and
their luminescence properties have been investigated. For
the different excitation wavelengths, the most prominent
emission was observed at 274 nm excitation, thereby show-
ing an efficient energy transfer from Gd** to Tb**. The
luminescence intensity increases up to 7 atom-% Tb** and
then decreases as the dopant concentration of Tb** in-
creases. This has been attributed to the concentration-
quenching effect. Moreover, the as-prepared Tb3*-doped
GdPO,4 nanoparticles were redispersible in water and etha-
nol, thus making them a potential target for biological la-
beling. Such nanoparticles can be incorporated into poly-
vinyl alcohol polymer, and this film has the potential to be
useful in optical devices.

Experimental Section

Preparation: Tb3*-doped GdPO, (Tb** = 2, 5, 7, 10, and 20 atom-
%) was prepared by the coprecipitation method in ethylene glycol
at 160 °C. For the preparation of 2 atom-% Tb**, Gd,O3 (500 mg;
99.99%, Aldrich) and TbNO; (10 mg; 99.99%, Aldrich) were dis-
solved in a minimum quantity of dilute HCI to get a clear solution.
An excess amount of HCI acid was removed by evaporation with
distilled water. Chlorides of Gd3* and Tb3* thus formed were
mixed with (NH4)H,PO, (0.3340 g; 99.99%, Aldrich) dissolved in
a minimum amount of distilled water. To this, ethylene glycol
(50 mL) was added and heated for 3 h at 160 °C. The white precipi-
tates that appeared were separated by centrifugation, washed re-
peatedly with ethanol and acetone to remove excess amounts of
ethylene glycol, and dried under ambient conditions.

Characterization: X-ray diffraction (XRD) measurements were car-
ried out with a Philips powder X-ray diffractometer (model
PW 1071) with Ni-filtered Cu-K,, radiation. The lattice parameters
were calculated from the least-square fitting of the diffraction
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peaks. The crystallite size (d) was calculated from the diffraction
line width based on the Scherrer relation: d = 0.94/Bcosf, where 4 is
the wavelength of X-rays and B is the full width at half-maximum.

The infrared (IR) spectrum of the GdPO, sample was recorded
with a Bomem (MB102-Series) Fourier transform infrared spec-
trometer.

The transmission electron microscopy (TEM) images were recorded
with a JEM 2000 FX instrument (JEOL Make). A powder sample
(about 5 mg) was mixed with glycerin (10 mL) and dispersed under
ultrasonic vibration for 1 h. A drop of the dispersed particles was
put over the carbon-coated Cu grid, was evaporated using a lamp,
and was finally mounted inside the sample chamber.

The excitation and emission spectra were recorded with an Edin-
burgh Instruments (model F900) fluorescence spectrometer with a
450-W Xe lamp as the excitation source. A Nd:YAG laser-pumped
optical parametric oscillator (OPO) with a pulse width of 10 ns and
a repetition frequency of 10 Hz was used as the excitation source
for recording decay lifetimes and the intensity of decay was re-
corded using the Edinburgh Instruments fluorescence spectrometer.

Powder samples (5 mg) were mixed with methanol, spread over a
quartz plate, dried in an ambient atmosphere, and mounted inside
the sample chamber. The luminescence data was analyzed using
Origin 6.1 software.
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