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Lanthanide(in)-Doped Nanoparticles That Emit
in the Near-Infrared™*

By Gerald A. Hebbink, Jan W. Stouwdam,
David N. Reinhoudt, and Frank C. J. M. van Veggel*

Luminescent nanoparticles attract a great deal of interest as
components in light-emitting diodes (LEDs),!!! displays,”?! bio-
logical assays,[3] optoelectronic devices with nanometer di-
mensions, and as a light source in zero-threshold lasers."!
The materials employed are for instance semiconductor parti-
cles such as cadmium selenide!® and indium arsenide,”’ and
lanthanide(111)-doped oxide materials. The latter are of special
interest due to their applicability in optical amplifiers and
lasers.*]

Lanthanide(i1)-doped nanoparticles have been reported
previously,'”! following procedures with high temperatures or
bombarding experiments,'!! but these methods generally
suffer from products with a low processability. Only a small
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number of redispersible nanoparticles have been reported
that are doped with lanthanide(r) ions such as Eu** and Tb*",
which emit visible light.!">"*] Processable nanoparticles doped
with near-infrared (NIR) emitting lanthanide(1r) would be of
particular interest as the active material in polymer-based
telecommunication components, polymer-based lasers, poly-
mer displays, and polymer LEDs. An advantage of nanoparti-
cles over organic complexeslm] is that the lanthanide ion is
embedded in an inorganic matrix, yielding long luminescence
lifetimes and high quantum efficiencies.

Here, we report the first redispersible lanthanide-doped
nanoparticles that emit in the NIR and we show that these
particles can easily be incorporated in polymer materials.

The colloids doped with the NIR-emitting Pr**, Nd**, Er**,
Yb**, and Er’ co-doped with Yb*" ions were prepared ac-
cording to a literature procedure.”? More details can be
found in the Experimental section. The particles were charac-
terized by transmission electron microscopy (TEM); a typical
image is shown of the LaPOy:Pr particles in Figure 1.

Fig. 1. TEM image of LaPOy4:Pr particles on a carbon-coated grid. The inset
shows the high crystallinity of the particles

The picture shows that the particles are not ideally spherical
and that the average size of the particles is about 5-7 nm.!"”)
The inset shows a magnification of some particles to illustrate
the high crystallinity. The particles seem to cluster on the
TEM grid but in solution they are present as single particles.
This has been measured before with small-angle X-ray scatter-
ing.“z]

The elemental composition of the colloidal powders was
determined by elemental analyses and by X-ray fluorescence
(XRF), the latter being an excellent technique to distinguish
between the different lanthanide ions. The elemental compo-
sitions obtained from elemental analyses and XRF are pre-
sented in Table 1. The molar ratio La**/Ln*" is in all cases
about 19:1, as was applied in the synthesis. Furthermore, the
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Table 1. Elemental composition [wt.-%] of LaPO4:Ln** particles.

La [a] Ln[a] PJ[a] C|[b] N [b] H[b]
LaPO4:Nd 41.97 2.42 12.19 6.33 1.01 2.16
LaPO4:Er 41.80 2.36 12.56 5.57 1.20 2.63
LaPOy,:Pr 43.30 2.35 12.52 6.30 1.01 2.17

[a] XRF. [b] Elemental analysis.

phosphorus content is higher than needed stoichiometrically
for LnPOy; the excess in phosphorus is present as phosphates
and phosphate esters bound to the surface of the particles.
The remaining 10 % is organic material, mainly surface alkyl
groups, tetramethylammonium salts, and traces of water. The
presence of the organic groups was confirmed by '"H NMR
spectroscopy, where broadened signals (3.3 ppm for NMe,"
and 1.2 and 0.9 ppm for surface-bound ethylhexyl moieties)
were found for these compounds. The line broadening is con-
sistent with the surface binding of the organic groups to the
particles.

The emission and excitation spectra in the visible region of
the Pr’*-doped colloids are depicted in Figure 2. The emission
spectrum in the visible was obtained by exciting the sample at
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Fig. 2. Excitation (Aem="730 nm) and emission (1exc=442 nm) spectra of La-
PO,:Pr in CD;0D ([Pr**]~107 M).

442 nm. The strongest emission peaks were observed around
490 nm, 530 nm, and 620 nm, attributed to the *Py—’Hy,
3Py—>Hs, and 'D,—H, transitions, respectively. A number of
excitation peaks were observed between 460 and 490 nm
(measured by collecting the emission at 730 nm), attributed to
the *H,—°P; (/=2,1,0), and the *H,—'D, transitions.

The emission spectrum of LaPO4:Pr in the NIR, obtained
by exciting the sample with an Ar" ion laser at 476 nm, was
collected with a Ge detector (above 850 nm) or a photomulti-
plier tube (PMT) (AgOCs) for the part below 850 nm. This
NIR emission spectrum (A), together with the emission spec-
tra of LaPO4:Nd (B) and LaPO4:Er (C) are depicted in Fig-
ure 3. The latter two were collected by exciting with the
514 nm and the 488 nm Ar" ion line, respectively. The NIR
spectrum of LaPO4:Pr (A) exhibits a number of transitions
between 800 and 1100 nm of the 'D,—’F; (J=2, 3, 4) transi-
tions and a broad peak between 1400 nm and 1550 nm attrib-
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Fig. 3. Emission spectra in the NIR of LaPO4Ln in CD;OD at 10~ M with
Ln* =Pr** (Jexc=476 nm, panel A), Nd®>" (Lexc=514 nm, panel B), and Er**
(Aexc =488 nm, panel C).

uted to the 'D,—'Gy transition. The emission spectra of La-
PO,Nd (B) and LaPO,Er (C) show the typical Nd**
transitions at 880, 1060, and 1330 nm (*F1,—*Iop, *F3n—"T1152,
and *F3»,—'T13p, respectively) and Er** transitions at 980 nm
(*Li1p—*Lisp) and 1550 nm (*I;3,—*Ls). By using these
lanthanide(mr) ions, the spectral region from 1300 nm to
1600 nm, which is of particular interest for telecommunica-
tions applications,'®! can be covered completely. The Yb*/
Er** ion combination is of great importance in Er**-doped op-
tical amplifiers where Er’* is pumped indirectly via Yb**,
which has a 10 times higher absorption cross section and a
much broader peak at 980 nm than Er**.'”] Er** luminescence
at 1536 nm was observed in LaPO, particles that were doped
with 5% Er’* and 5% Yb®" upon excitation of the charge-
transfer band around 250 nm that initially leads to excited
Yb** ions.?” The particles doped with only Er’* did not exhib-
it this broad excitation peak, which proves that upon excita-
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tion of Yb** via the charge-transfer band the energy is trans-
ferred to the Er’* centers. Particles doped with Yb** alone
had the same charge-transfer band at 250 nm, but of course
only Yb**-based luminescence at 980 nm was observed there.
Luminescence lifetimes were determined by collecting the
decay of the luminescence intensity of the strongest intensities
of the luminescence spectra after excitation with the same
Ar" ion laser lines as above. Two effects were studied, i.e., the
role of the solvent in luminescence quenching and the role of
the ion concentration on the luminescence. The first effect
was measured on the Nd**-doped particles, the latter effect
was measured on particles doped with varying Er’* concentra-
tion. The lifetimes of the Nd**-doped particles were deter-
mined in solvents with varying deuteration grade: methanol,
methanol-d;, and methanol-d,, because the higher the deu-
teration grade, the lower the quenching will be. The obtained
decay trace is clearly not mono-exponential. Because the
strongest quenching groups are located at the surface of the
particles, a fitting procedure was developed that takes into
account the distance between the surface of a particle and the
luminescent ions in the particles. A particle was subdivided
into 10 shells with equal volume, in order to give each emis-
sive ion equal weight in the fitting procedure. The rate con-
stant in an individual shell is determined by a luminescence
rate in the absence of quenchers at the surface (7g equal for
all shells) and a quenching rate that is dependent on the dis-
tance between the (center of the) shell and the particle sur-
face and a quenching constant C. The decay traces were fitted
with 10 shells according to Equation 1.
10 1

1 :]()Z

e_k"r; k;=
i=110

1

Lk + Cfyil0) 1)
1

with /, the intensity at time =¢, I, the intensity at t=0, k;=1/7;
the rate constant in shell i, which is the reciprocal of the life-
time in shell i, t the time, ki the rate constant in the absence
of surface quenching (fit parameter), C a quenching constant
(fit parameter), and f, ;(r) the quenching factor that takes into
account the distance between a shell and the surface with a
distance dependence of the quenching proportional to
1//°2'22) This function was calculated by integration of the
quenching in a shell over the whole surface of the particle.
Thus, f, (r) is large close to the edge of the particle and much
smaller close to the core. Fitting was performed by a least
squares method with the “Solver” option in Microsoft Excel.

Fitting gives a tr that represents the luminescence lifetime
in the absence of surface quenchers and a C that consists of
various contributions such as the strength of the quenching
and the size distribution of the particles that are not monodis-
perse. These fit values and the average lifetime (averaged
over all subshells) are reported in Table 2. An example of a
fitted curve is presented in Figure 4.

The decay curves of the Nd**-doped particles in methanol
with different deuteration grades gave excellent fits with a
lifetime 7r of about 90 ps for all particles and a quenching fac-
tor C that decreases with increasing deuteration grade:
3460 s in methanol, 639 s in methanol-d;, and 397 s in

Adv. Mater. 2002, 14, No. 16, August 16

© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2002  0935-9648/02/1608-1149 $ 17.50+.50/0

MATERIALS

Table 2. Luminescence lifetimes of LaPO,4:Ln.

Particle Medium Aemlhexe [nm] g [us] C[s]  Tave [us]
LaPO4:Nd CH;0H 514/880 96 3460 17
LaPO,:Nd CH;0D 514/880 89 639 39
LaPO4:Nd CD;0D 514/880 92 397 47
LaPO4Er (5%) CD;0D 488/1536 381 10 308
LaPOg4Er (2%) CD;0D 488/1536 948 5.7 732
LaPO4Er (1%) CD;0D 488/1536 1381 39 1069
LaPO4Er (0.5%) CD;OD 488/1536 2126 23 1665
LaPOy:Pr CD;0D 476/868 8.0 5600 3.8
2000+

Decay and Fit
1000

Counts

5004 Residuals

0 200 400 600
Time (us)

Fig. 4. Decay of LaPO4:Nd in CH;0D fitted with the model described in the
text.

methanol-d,. The averaged lifetimes (over the whole particle)
are: 17 us, 39 us, and 47 us, respectively. The relative decrease
in C is much higher upon deuteration of the O-H group than
of the C-H group because an O-H group quenches the ex-
cited states of lanthanide ions more efficiently than the C-H
groups.”? The effect of the concentration was investigated
with Er’*, because its luminescence is very susceptible to pro-
cesses such as cross relaxation between Er’* ions. In order
to study this, the decay of particles with different Er** concen-
tration was measured, i.e., 5 at.-%, 2 at.-%, 1 at.-%, and
0.5 at.-% of Er’* versus La>*. The decay trace of the particles
doped with 5 at.-%, 2 at.-%, 1 at.-%, and 0.5 at.-% Er’* in
methanol-d, gave excellent fits with 7g = 381, 948, 1381, and
2126 ps and with 10, 5.7, 3.9, and 2.3 s as quenching factor
C, respectively. This enhancement in 7g is due to a reduction
in the quenching by Er’* ions (cross-relaxation, self-quench-
ing, and up-conversion). An important factor in the overall
quenching is self-quenching, which results in the energy trans-
fer of one excited ion further away from the surface to ions
closer to the surface, which are more strongly quenched. This
is the reason for the reduction in C with decreasing Er’* con-
centration. The values for 7z and C of Pr’* are 8.0 us and
3600 s7!, respectively, with an average lifetime of 3.8 us, short
compared to the Nd** and Er** luminescence, but Pr’* has in
general shorter lifetimes due to a large number of possible in-
ternal transitions. The luminescence lifetimes found for Nd**
and Er** are much higher (by up to a factor of 100-1000) than
those in solution or in organic complexes."***? It should be
noted that tg reported here is not necessarily the natural
radiative lifetimes of the lanthanide ions, and quenching
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mechanisms other than surface quenching may still be pre-
sent. The real radiative lifetime of Nd** is reported to be on
the order of 250-400 s, and that of Er’* on the order of
8000-20000 ps. A simple calculation shows that the highest
luminescence quantum yield (¢r,=7Tops/Traq) for the La-
PO,:Ln particles is about 15 % for both Nd**- and Er**-doped
particles. In order to have a qualitative measure of the effi-
ciency, the luminescence of the Nd**-doped particles was com-
pared with the luminescence of Nd(NOj3); in methanol-d4 and
in DMSO-dgs. The luminescence lifetimes of that salt in
methanol-d, and DMSO-dg were reported previously by Bee-
by and Faulkner."”®! These lifetimes and that of LaPO,:Nd and
their relative luminescence intensities are reported in Table 3.
It can be seen that the (averaged) luminescence lifetime of
LaPO4:Nd is enhanced to the same extent as the luminescence
intensity. Slight differences are due to variations in the radia-
tive lifetime of Nd*" in the three different environments. So,
there is a clear advantage of using LaPOy:Ln.

Table 3. Observed luminescence lifetimes and relative intensities of Nd(NO3);
in solution and of LaPO4:Nd.

Nd* T Trel Hlep,on
CD;0D 0.48 [a] 1 1
DMSO-dj 9.02 [a] 19 16
LaPO4:Nd [b] 47 92 98

[a] From ref. [23]. [b] In CD;OD solution.

As an illustration of the processability, the LaPO4:Nd nano-
particles were incorporated in a polymer matrix on a quartz
substrate. A solution of 0.9 g poly(methylmethacrylate)
(PMMA) in 5 mL methylethylketone was mixed with a disper-
sion of 0.1 g of the dry nanoparticles (Nd**-doped) in 5 mL
methanol. Spin coating of this colloidal dispersion on the sub-
strates gave transparent films of about 1 um thickness. The
neodymium ion concentration in this layer is about 10" cm™.
The only difference in the emission spectrum with that taken in
CD;0OD solution is caused by absorption of part of the 1.33 um
transition by C—H vibrations in the polymer matrix.

In conclusion, near-infrared emitting lanthanide(r)-doped
nanoparticles were successfully made. The particles have good
processability and thus the possibility to incorporate them in
polymer-based devices. The average luminescence lifetimes of
the NIR-emitting lanthanide(ir) ions are up to 1.7 ms. These
lifetimes make them of particular interest as materials in, e.g.,
optical amplifiers and laser.

Experimental

Synthesis: Briefly, in this procedure LaCl; together with the appropriate
LnCl, (Lns* = Er’*, Nd*, or Prs*) in 19:1 molar ratio were dissolved in tris-
(ethylhexyl)phosphate. This solution was added to a solution containing ortho-
phosphoric acid and trioctylamine in tris(ethylhexyl)phosphate and heated to
200 °C for 40 h under exclusion of oxygen and moisture. After cooling down to
room temperature, methanol was added to precipitate the doped lanthanum
phosphate particles. After precipitation they were collected by centrifugation.
To remove all high boiling point organics the residue was stirred twice with
methanol and centrifuged again. Finally, the particles were dispersed in metha-
nol by addition of tetramethylammonium hydroxide.
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Measuring Techniques: Photoluminescence in the visible region was mea-
sured with an Edinburgh Instruments FS900 instrument with a 450 W Xe arc
lamp as excitation source and a red sensitive, Peltier element cooled Hamamat-
su R955 PMT. Spectra and luminescence lifetimes in the NIR were measured
by exciting the samples with a CW Ar" ion laser operating at various wave-
lengths. The continuous light was modulated with an acousto-optic modulator
and focused on the sample in 1 x 1 x 3.5 cm® quartz cuvettes (Hellma, SQ se-
ries). The emitted signal was focussed with a 20 cm lens onto a monochromator
and detected at the monochromator exit with a liquid nitrogen-cooled Ge de-
tector (Northcoast) or a PMT for the spectral region between 700-1000 nm. All
spectra were corrected for the instrument response.
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