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Liquid-Phase Synthesis of Colloids and
Redispersible Powders of Strongly Luminescing
LaPO,:Ce,Tb Nanocrystals**

Karsten Riwotzki, Heike Meyssamy,
Heimo Schnablegger, Andreas Kornowski, and
Markus Haase*

An increasing number of nanocrystalline materials have
been synthesized in high-boiling coordinating solvents, since
binding of the solvent molecules to the particle surface leads
to colloidal solutions of well-separated particles.'! If process
parameters such as concentration and temperature are
properly adjusted® and, most importantly, a suitable solvent
for the reaction is found, colloidal solutions of highly
crystalline nanoparticles with very narrow particle size
distributions are the result. Examples for this method are
the synthesis of high-quality cadmium chalcogenide nano-
clusters!'? and TiO, nanoclusters!'! in trioctylphosphine oxide
(TOPO) and the preparation of InPl'“dl and InAs nano-
clusters!'! in trioctylphosphane (TOP). Similarly, ZnSe,!"
Fe,0;, Mn;0,, and Cu,O nanoclusters!'¢l have been prepared
in long-chain alkylamines. Our synthesis of LaPO,:Eu and
CePO,:Tb in tris-ethylhexylphosphatel' shows that the
method is also applicable to doped nanoparticles.

Oxide materials form the active material of most solid-state
lasers and are technologically important as phosphors in
cathode ray tubes, X-ray detectors, and in lighting applica-
tions.}! The latter group includes the mixed phosphate
Lay40Ce45Tby1sPO,, which is used in luminescent lamps as
highly efficient emitter of green light.”] The material is
chemically very stable, even in the presence of the mercury
plasma discharge inside the lamp, and has an overall
luminescence quantum yield of 93 % .5 Redispersible nano-
particles of Lag, Ce45Tb,;sPO, may therefore form a stable
and efficient substitute for organic laser dyes in various
applications. In fact, semiconductor nanoparticles such as
CdSe have successfully been applied, for instance, as lumi-
nescing labels for biomolecules® and as light-emitting mo-
lecular substances in electroluminescent devices.[’]

Herein we present an improved synthesis that yields more
than 10 grams of the ternary system La 4, Ce4sTby;sPO, in a
simple one-pot reaction which does not involve rapid mixing
of dissolved compounds. Rapid mixing at elevated temper-
atures is often applied to separate nucleation and growth of
the nanoparticles,® but becomes increasingly difficult with
larger amounts of reactants. Nevertheless, our procedure
yields a remarkably narrow particle size distribution even on
this preparative scale. This is shown by transmission electron
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micrographs (TEMs, Philips CM 300 UT electron microscope)
given in Figure 1. The TEM images further show that the
nanoparticles have a mean diameter of 5 to 6 nm and that
their shape varies from almost spherical to ellipsoidal with

10 nm by

Figure 1. a) TEM image of LaPO,:Ce,Tb nanoparticles. b) High-resolution
TEM image of the particles.

aspect ratios of up to two. Many particles display well-defined
edges, indicating faceting of these crystallites. High crystal-
linity is also inferred from the high-resolution TEM images of
the material (Figure 1b) showing lattice fringes for most
particles and from the powder X-ray diffraction (XRD) data
given in Figure 2. Figure 2 displays not only the measured

15 25 35 45 55 65 75

20/° —»
Figure 2. X-ray powder diffraction data (+), Rietveld fit (solid line

through data points), and difference curve (solid line below data points)
of LaPO,:Ce,Tb nanoparticles.

XRD pattern (for clarity, only every second data point (+) is
given), but also a simulation of the XRD pattern based on the
Rietveld method® (line through data points) and the differ-
ence curve between the XRD data and the Rietveld fit. The
numerical values used in the Rietveld simulation (Table 1)
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Table 1. Results of the Rietveld fit given in Figure2 and unit cell
parameters of the LaPO,:Ce,Tb nanoparticles as well as of bulk CePO,
and LaPO,.

Nanoparticles

P12,/n1 (14)

Bulk LaPO,
P12,/nl1 (14)

Bulk CePO,
P12,/n1 (14)

space group (no.)

a[A] 6.80 6.83 6.80
b[A] 7.03 7.07 7.02
c[A] 6.47 6.50 6.47
al] 90 90 90
B1°] 103.9 103.3 103.5
7[°] 90 90 90
(Dy) [A] 57 00 00

reveal that the observed XRD pattern is well in accord with a
nanocrystalline monazite phase. The fit yields a volume-
averaged mean domain size of 5.7 nm which is roughly
consistent with the particle size observed in the high-
resolution TEM images and shows that the dimensions of
the unit cell are similar to those of bulk LaPO, and bulk
CePO,.

Powders of the nanocrystals are easily redispersed in polar
solvents. The agglomeration of particles in these solutions was
investigated by small-angle X-ray scattering (SAXS) experi-
ments (Kratky compact camera). Figure 3 a shows the scatter-
ing curve of a colloidal solution containing 0.2 wt% of
nanoparticles and a small amount of tetra-n-butylammonium
hydroxide in 2-propanol. By assuming the scatterers to be
homogeneous spheres, the size distribution can be calculated

a) 3_'_
toe:
e ]
1]
] i
o i
b)
f
Dv(R)

R/nm —»

Figure 3. a) Small-angle X-ray scattering (SAXS) curve of a colloidal
solution containing 0.2 wt % of LaPO,:Ce,Tb nanoparticles in 2-propanol.
The length of the so-called scattering vector q is related to the scattering
angle 6, that is, the angle between the directions of incidence and detection,
by g=(4n/ly)sin(0/2). Cuyg, radiation was used (4,=0.154nm).
b) Normalized particle size distribution deduced from the scattering curve
by assuming spherical scatterers of radius R.
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from the scattering curve by means of the indirect trans-
formation method!'”! (ITP-software, University of Graz,
Austria). The resulting distribution curve (Figure 3b) shows
that most scatterers (90% by volume or 98% by number)
have diameters 2R below about 8 nm, indicating well-sepa-
rated particles. The weak additional peak in the distribution
curve at about 2R~ 10 nm proves that the size of agglomer-
ates is restricted to values below about 15 nm. The position
and the width (at half-maximum) of the main peak indicates
particle diameters in the range of 2R =4.8 £ 1.5 nm, that is a
broader size distribution and a slightly smaller mean particle
size than expected from the TEM images. This deviation is
very likely caused by the nonspherical shape of many particles
which was not accounted for in the calculation of the
distribution curve. The high degree of deagglomeration may
indicate partial capping of the particle surface by ethyl-
hexanol or ethylhexylphosphate moieties, similar to TOP/
TOPO-capped semiconductor nanoparticles.'**! The compo-
sition and the properties of the surface of the nanoparticles,
however, have not been investigated yet.

The optical properties of LaPO,:Ce,Tb colloids are similar
to those of CePO,:Tb nanoparticles!'" and are determined by
transitions between f-electron and d-electron states of cerium
and between different f-electron states of terbium, as
schematically depicted in Figure 4. Upon UV excitation,

07 —
1 5d "Dgja
via Ce®
30 1
T | 4f °D,
20 1 MVexe, Ce® emission 47 °p,
E/103cmt |
10 1 Tb* emission
4 9
af sz 5 4af F,
014f Fsr CeS+ Tb3+ 6

Figure 4. Energy level scheme of LaPO,:Ce,Tb with optical transitions and
energy transfer processes as indicated. For simplicity, relaxation of the
excited Ce?* state to the lowest vibrational level is not shown in the figure.

colloidal solutions as well as powders of LaPO,:Ce,Tb
nanoparticles exhibit strong yellowish-green luminescence
(Figure 5) due to transitions between the excited °D, state and
the 'F; (/=0-6) ground states of terbium.’! The lumines-
cence spectrum shows no significant differences to the
spectrum of the bulk material. In fact, particle size effects
on the luminescence are expected to be weak, since transi-
tions of the well-shielded f electrons are mainly affected by
the local symmetry of the crystal site. In addition to the
terbium lines, the luminescence spectrum shows a rather
broad emission between about 300 and 400 nm which is
caused by the 5d —4f emission of cerium. The cerium emission
consists of two transitions from the lowest component of the
2D state to the spin-orbit components of the ground state, 2F,,
and ’Fs,. In contrast to the f electrons of terbium, the d
electrons of cerium couple strongly to the lattice phonons
resulting in broad overlapping bands and a significant Stokes
shift. The latter becomes evident by comparing the fluores-
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Figure 5. Luminescence spectrum (A..=275nm) of a dilute colloid
containing about 0.02 wt% of LaPO,:Ce, Tb nanoparticles. Inset: Lumi-
nescence decay curve of the same colloid (A.,=266nm, ..=15ns;
detection wavelength A,,, =542 nm).

cence spectrum in Figure 5 with the absorption spectrum of
the colloid given as dotted line in Figure 6. Since the spin-orbit
components of the excited cerium 5d state, ?Ds,, and ?Ds),, are
strongly split by the crystal field the absorption spectrum
shows peaks at 214, 236, 258, and 274 nm. The intensity
pattern and the position of the peaks are identical to those

50x higher concentration
7Fg-5Dg
7Fe-5Das T
. — 1

350 400 450
A/nm —»

200 250 300 350 400 450 500

A/nm —p

Figure 6. UV/Vis absorption spectrum (dotted line) and luminescence
excitation spectrum (solid line, detection wavelength A,,,=542 nm) of a
dilute colloidal solution containing about 0.02 wt% of LaPO,:Ce,Tb in
methanol. Inset: luminescence excitation spectrum (A,,=2542 nm) of a
solution of higher concentration (50 x ) displaying transitions from the
terbium °Dj ground state into excited terbium states.

observed in the reflectance and luminescence excitation
spectrum of bulk LaPO,:Ce.l'!]l These features are also
observed in the luminescence excitation spectrum of a dilute
colloidal solution of the nanoparticles (Figure 6, solid line).
The spectrum, monitored at the main terbium line at 542 nm,
is identical to the absorption spectrum, verifying energy
transfer from Ce** to Tb** .12l Upon UV excitation of the
cerium absorption band, a quantum yield of 42 % is observed
for the terbium emission of LaPO,:Ce,Tb nanoparticles
dispersed in a 1:50 mixture of N,N-dimethylformamide and
methanol. If the cerium emission is included, the total
quantum yield is 61 %, which is among the highest values
observed for uncoated nanocrystals. Higher quantum yields
have only been reported for semiconductor core —shell nano-
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particles,[') that is, if a sufficiently thick shell of a wide-band
gap material with similar lattice constants is grown onto the
semiconductor particle cores. This shell reduces luminescence
quenching at the particle surface and increases the stability of
semiconductor nanoparticles to photochemical corrosion.
However, it also complicates the synthesis of larger amounts
of material.

Since energy transfer via the particle surface remains
possible, the quantum yield of LaPO,:Ce, Tb nanoparticles
depends on the solvent and the termination of the particle
surface. Due to their large ratio of surface area to volume,
nanocrystalline systems are much more strongly influenced by
properties of the particle surface than is the case for bulk
materials. Particles in methanol containing some tetra-n-
butylammonium hydroxide, for instance, show a reduced
quantum yield upon UV excitation of the cerium band of ¢ =
17% and ¢ =24% for the terbium and the total emission,
respectively. Since the cerium emission and the terbium
emission are both reduced by the same factor (0.4), we have to
assume that the excited state of cerium is not only depleted by
energy transfer to terbium but also by a competing process
involving the solvent or the base used. In fact, the lumines-
cence quantum yield of organometallic cerium complexes!*l is
known to depend on the ligands binding to the cerium atom.
Even for cerium complexes, however, the quenching mech-
anism seems to be not very well understood.['¥! Therefore, we
are presently investigating the influence of surface modifica-
tions on the luminescence quantum yield of the particles.

In contrast to the optically allowed d-f transitions of
cerium, transitions from the terbium F, ground state into the
higher excited terbium states are spin- and parity-forbidden
and are only observed in the luminescence excitation
spectrum of rather concentrated colloidal solutions (inset of
Figure 6). The low transition probabilities of the terbium f—f
transitions are also reflected in their long luminescence
lifetime. The luminescence decay curve of the colloid (inset
of Figure 5) shows a lifetime in the range of 3—4 ms, that is a
value similar to the 3.2 ms observed for the bulk material.l''- 2]

The kinetics of the luminescence decay deviates slightly
from single-exponential behavior. This can be explained by
energy transfer from the excited state of terbium to quencher
ions as recently discussed for CePO,:Tb nanoparticles.'"] The
origin and the exact nature of these quenchers is not yet
understood. However, if energy transfer from the excited
terbium state could be reduced even higher quantum yields of
the terbium emission may be achieved.

Experimental Section

Synthesis: Tris(ethylhexyl)phosphate (300 mL) was purged with dry nitro-
gen and a solution containing LaCl; - 7H,0 (7.43 g, 20 mmol), CeCl;- 7H,0
(8.38 g, 22.5mmol), and TbCl;-6H,0 (2.80¢g, 7.5 mmol) in methanol
(100 mL) was added. Then, water and methanol were distilled off by
heating the solution to 30—40°C in vacuum. A freshly prepared solution of
crystalline phosphoric acid (4.90 g, 50 mmol) dissolved in a mixture of
trioctylamine  (65.5mL, 150 mmol) and tris(ethylhexyl)phosphate
(150 mL) was added. The clear solution was repeatedly evacuated and
purged with nitrogen in order to minimize oxidation of Ce** to Ce** at
elevated temperatures, and was subsequently heated at 200°C. During
heating, some of the phosphoric acid ester was cleaved and the boiling
point of the colloid decreased slowly. Heating was stopped when the
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temperature had dropped to about 170—175°C (after about 30 to 40 h).
After the mixture had been cooled to room temperature, a fourfold excess
of methanol was added to the transparent colloid, resulting in precipitation
of the nanocrystals. The latter were separated by centrifugation, washed
with methanol, and dried. (Yield: 10.8 g, 89 %).

Transparent and scatter-free colloidal solutions were obtained by redis-
persing the powder (50 mg) either in N,N-dimethylformamide (5 mL) at
100°C or in methanol (5 mL) containing a few drops of a 25 wt % solution
of tetra-n-butylammonium hydroxide in methanol. Before spectroscopic
measurements, both solutions were diluted with methanol or 2-propanol by
a factor of 50.

The room-temperature quantum yields of the colloids were determined by
comparing the emission of the colloidal solution with the emission of a
solution of rhodamine 6G (Lambda Physics, laser grade; in spectroscopic
grade ethanol) of identical optical density at the excitation wavelength.
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