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Colloidally stable sub-3 nm Eu,03 and Gd,03:Eu3* nanocrystals have been synthesized via a hot solution
phase technique. Optical properties of the nanocrystals are studied as a function of size. Both nanocrystal
compositions exhibit a new optical signature, an emission peak at 620 nm. Intensity modulation of this
peak has been observed for all nanocrystal sizes, suggesting surface-dependent or crystal-field depen-
dent effect. Photoluminescence intensity of smaller Eu;03 nanocrystals was comparable to that of the
Gd;05:Eu?* nanocrystals.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recent progress in the development of rare earth (RE) nanocrys-
talline materials has focused on new techniques to synthesize these
materials to optimize their robust optical and magnetic charac-
teristics [1-11]. Many of their physical traits, such as their small
feature size and millisecond luminescence lifetimes, have facili-
tated the excitement over these materials, making them attractive
candidates for a variety of applications, such as high resolution
video displays and luminescent probes in bio-imaging applications
[12,13]. Thus, the synthesis of monodisperse, colloidally stable, rare
earth based nanocrystals and their optical properties are perforce
sought for their implementation in bio-imaging applications and
for the fabrication of nanocrystalline thin film devices [14,15]. For
such biological applications, nanocrystals typically are suspended
in fluid environments for which colloidal stability is of prime impor-
tance. Colloidal stability suppresses nanocrystal agglomeration and
facilitates the manipulation of the surface of individual nanocrys-
tals for bio-conjugation.

Rare earth sesquioxide nanocrystals, such as europium
sesquioxide (Euy0O3) and RE-doped gadolinium or yttrium
sesquioxide (Gd,03:RE3*, Y,03:RE3*; RE=Eu, Tb, Er), have been
synthesized in a size-range of 5-100 nm through a number of meth-
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ods, including gas-phase condensation [1], sol-lyophilization [4],
flame pyrolysis [9] and colloidal synthesis [2,3,5,6,10]. The optical
properties of RE3* ion based materials originate from 4f-4f elec-
tron transitions within RE3* ions [11]. Electrons are excited into the
charge-transfer state of the Eu-O bond of sesquioxides (Eu;03 and
Gd,03:Eu3*) when excited with ultraviolet radiation (A=254nm
from a xenon lamp, for this study), and subsequently radiative decay
of these electrons from °D energy levels into ’F energy levels pro-
vide luminescence. Since the core electronic energy levels within
Eu3* ions do not change for different particle sizes, the electron
transition energies are relatively unaffected by the size of nanocrys-
tals.

The characteristic emission peak, corresponding to >Dg — ’F,
electron transition in Eu3* ions, resides near 612 nm (red) in body-
centered-cubic sesquioxides. The energy levels of Eu3* ions change
when the ions experience different crystal field environments.
The crystal field may change when the atomic arrangement varies
from its equilibrium position. Considering the very large surface-
to-volume ratio for very small nanocrystals, these materials may
experience some lattice distortion, which would lead to a variation
in the crystal field. Thus, the optical signature of the nanocrystal
may depend on the size of the nanocrystal. To date, there is no report
of a study of the optical properties of nanocrystals when their size
approaches that of a single lattice constant (ag =10.86 A for Eu,03
and ag =10.81 A for Gd,03).

Here, we report synthesis and optical properties of sub-3 nm
Eu,03; and Gd,03:Eu3* nanocrystals as a function of size. The
nanocrystal size is controlled via addition of oleic acid (OA)
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Table 1

Comparison of synthesis reaction mixture and nanocrystal size.

RE precursor (mM) Oleic acid (mM) Tri-n-octylamine (mM) Nanocrystal
size (nm)

0.50 0.00 16.0 ~1.8

0.50 0.25 16.0 ~2.4

0.50 1.00 16.0 ~3.0

during the synthesis. Photoluminescence (PL) measurements of
the sub-3nm Eu,03; and Gd,03:RE3* nanocrystals reveal a new
luminescence peak near 620nm that is not observed in larger
nanocrystals or in the bulk. For different nanocrystal sizes, we
observed intensity modulations of a new emission peak at 620 nm.
Also, photoluminescence intensity of Eu;03 nanocrystals is com-
parable to Gd,03:Eu3* nanocrystals for smaller nanocrystals sizes.

2. Experimental

Europium(IIl) chloride hexahydrate (EuCls-6H,0, 99.99%), gadolinium(III) chlo-
ride hexahydrate (GdCl;-6H,0, 99.99%), tri-n-octylamine (90.0%), sodium oleate
(95%), and oleic acid (90%) were employed for nanocrystal synthesis. The nanocrys-
tals were prepared in a two-stage synthesis as described earlier [8]. First, europium
oleate was prepared by heating a mixture of europium chloride hexahydrate and
sodium oleate at 60°C in a water—ethanol-hexane mixture for 4 h. Second, a mix-
ture of europium oleate, oleic acid, and tri-n-octylamine (refer to Table 1) was heated
to ~350°C at the rate of 5°Cmin~! in an Ar environment and was refluxed for 1h.
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Fig. 1. Nanocrystals of Eu; 03 (a) and Gd,03:Eu3* (b) of ~2.4 nm diameter. Scale bar:
12nm.

During this period, the nucleation and growth of the Eu,03 nanocrystals occurred.
For the synthesis of Gd,03:Eu3* (10%) nanocrystals, 0.45 mM gadolinium oleate and
0.05 mM europium oleate were employed, while keeping all other synthesis parame-
ters the same. The size of the nanocrystals was tuned by addition of different amount
of oleic acid. The amount of precursors used in the reaction mixture and corre-
sponding nanocrystal size is reported in Table 1. X-ray diffraction measurements
were conducted using a Scintag X1 system with a Cu K, X-ray source. Nanocrys-
tal imaging was performed on a Philips CM 20 transmission electron microscope
(TEM) operating at 200 kV. Photoluminescence measurements were performed on
nanocrystal dispersions in hexane using a Fluorolog-3 spectrophoto-fluorometer,
equipped with a 450 W xenon lamp set at its 254 nm line.
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Fig. 2. PLspectra of Eu;03 (a) and Gd,03:Eu3* (b) nanocrystals synthesized with varying amount of OA. The spectra are normalized to the peak at 612 nm and shifted vertically
for clarity. (c) The intensity variation of the new peak (620 nm) with respect to the 612 nm peak determined from the above PL spectra.
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3. Results and discussion

Synthesis of monodisperse, small size nanocrystals rely on con-
trolled nucleation and growth of oxide nuclei via appropriate
precursor and synthesis temperature selection. The pathway for
any hot solution phase metal oxide nanocrystal synthesis involv-
ing oleic acid includes formation of metal-oleate as a transition
stage [16,17]. Therefore, it is advantageous to use Eu/Gd-oleate
as Eu3*/Gd3*-precursor for controlled nucleation. In addition, the
synthesis temperature (~350°C) slightly below the decomposition
temperature of Eu/Gd-oleate (~370°C) facilitates slow nucleation
and growth of Eu,03/Gd, 03 nanocrystals leading to very small size
nanocrystals. The size of nanocrystals can also be controlled with
addition of oleic acid. The addition of oleic acid facilitated partial
redissolution of oxide nuclei and thus, conserving RE-oleate for the
nanocrystals growth. Thus, within a small size regime, increased
amount of oleic acid produced larger nanocrystals. Amount of oleic
acid used in the reaction mixture and corresponding nanocrystal
size is reported in Table 1. Fig. 1 shows Eu;03 and Gd,0s3:Eu3*
nanocrystals of 2.4 nm diameter in size.

The optical properties of the Eu3*-based materials derive from
4f-4f electron transitions within the Eu3* ions. Upon excitation of
these materials with UV light, the excited electrons decay radia-
tively from Do —’F; (J=0, 1, 2, 3, and 4) energy levels. The
characteristic red emission for Eu3*-based materials originates
from the °Dg — ’F, electric dipole transition, which is the most
sensitive of the 7F; transitions to the position and local environ-
ment of Eu3* ions within the crystal lattice. Thus, any changes in
the local crystal field surrounding the Eu3* ions will directly result
in modification of the peaks arising from °Dy — 7F, transition.

In Fig. 2a and b, we plot the size-dependent photolumines-
cence spectra for the EuyO3; and Gd,Os3:Eu3* nanocrystals. Of
substantial interest to us was the emergence of a new lumi-
nescence peak at 620nm, a characteristic which has not been
reported in other Eu3*-based rare earth sesquioxide nanostruc-
tures. The photoluminescence spectra were recorded for the Eu, O3
and Gd,03:Eu3* nanocrystals of different sizes. We attribute the
peaks at 612nm, 620nm, and 625nm to the *Dg — ’F, transi-
tion of Eu;03 and Gd,03:Eu3* nanocrystals. The observed peak
broadening for our nanocrystals is consistent with that observed
for the other nanocrystalline Eu,Os and Gd,0s:Eu3* materials
[2,4,5,8,18,19]. Comparing the spectra of our nanocrystals with
the spectra reported for nanocrystalline and bulk Eu,03 materi-
als, we easily identify the conventional peak for cubic Eu,03 at
612 nm. The peak at 625nm has been reported for cubic Eu,03
nanodisks, which the authors explained as due to the occupation
of Eu3* ions in a unique site due to ultrathin thickness (1.6 nm)
of nanodisks [20]. The presence of this spectral feature suggests
a similar size-dependent effect on the 7F; states in our nanocrys-
tals.

In addition to these luminescence characteristics, we observe a
peak at 620 nm, which is a new luminescence peak observed for
Eu,03 and Gd,0s5:Eu3* nanomaterials. In observing this peak for
the various nanocrystal sizes, we noticed a variation in the inten-
sity of the peak (620 nm) juxtaposed with the stronger primary
peak (612 nm). We monitored the intensity for both nanocrystal
types as a function of the nanocrystal size. To simplify the compar-
ison, all the spectra were normalized to the peak at 612 nm. The
ratio of intensities of the two peaks (R =Ig0 nm/ls12 nm ) iS plotted as
a function of nanocrystal size in Fig. 2c. For Eu, 03 nanocrystals, the
ratio R decreases from 0.88 to 0.70 as nanocrystal size increases.
The intensity variation of the peak as a function of nanocrystal size
is expected in Gd,03:Eu3* nanocrystals. However, the trend is dif-
ferent to that for the Eu,03 nanocrystals. Intensity modulation of
the peak with nanocrystal size could likely be due to occupation
of Eu* ion in a unique surface site, or exposure to an anisotropic
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Fig. 3. (a) Integrated PL intensity of (a) ~1.8 nm (no OA) and (b) ~2.4nm (0.25 mM
0A) Eu03 and Gd,05:Eu?* nanocrystals. The X and Y error bars for the data are
within the data point. The solid lines represent liner fit to each dataset.

crystal field induced because of strain on the surface of very small
nanocrystals.

To continue exploring the effect of nanocrystal size on the photo-
luminescence intensity of rare earth sesquioxide nanocrystals, we
investigated the relationship between the integrated PL intensity
and the absorbance of the Eu,03 and Gd,03:Eu3* nanocrystals. The
integrated PL intensity of nanocrystals was determined by integrat-
ing PL spectra over 525-725 nm wavelength range and is plotted as
a function of nanocrystal absorbance, which is shown in Fig. 3a and
b for ~1.8nm and ~2.4nm Eu;03 and Gd,03:Eu3* nanocrystals.
Low absorbance values (or low nanocrystal concentration) are con-
sidered to avoid self-quenching effects of nanocrystal suspension.
For a given absorbance, 1.8 nm and 2.4 nm Eu, 03 nanocrystals have
same integrated luminescence intensity. However, the integrated
luminescence intensity is lower for 1.8 nm Gd,053:Eu3* nanocrys-
tals than that of 2.4 nm Gd, 03 :Eu3* nanocrystals. This suggests that
luminescence intensities of Eu, 03 and Gd,03:Eu3* nanocrystals are
comparable for smaller nanocrystal sizes.

4. Conclusion

Sub-3 nm Eu, 05 and Gd, 03 :Eu3* nanocrystals were synthesized
by varying the amount of oleic acid during the synthesis. Photolu-
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minescence measurements reveal a new optical signature for these
nanocrystals, a new luminescence peak at 620 nm. Intensity mod-
ulation of the new peak was observed for different nanocrystal
size, which could be due to an anisotropic crystal field environ-
ment within the nanocrystal or to the occupation of Eu3* ions in
unique lattice sites. As the size of the Eu; O3 nanocrystals decreased,
their associated photoluminescence intensity became comparable
to that of the Gd,03:Eu3* nanocrystals.
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