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We herein reports the solid-state synthesis of pure and doped lanthanide oxides by using polymeric
materials (chitosan and polystyrene-co-poly(4-vinylpyridine), PS-co-P4VP) as a solid template.
Lanthanide nanomaterials are prepared in two-step methodology combining both solution and solid pro-
cedures. The first involves the synthesis of macromolecular complexes Chitosan-[M(NO3)s//M'(NO3);] and
PS-co-P4VP-[M(NO3);3//M’(NOs3)3] (M = La, Pr; M’ = Eu); and the second consists in the pyrolysis at 800 °C
of the as-prepared solid macromolecular complexes. The pyrolytic products were characterized by X-ray
diffraction, SEM-EDS, TEM, and HR-TEM. Whereas similar particle size distribution in average (ca. 25 nm)
was observed with both polymer templates, a higher degree of crystallinity was obtained by using PS-co-
P4VP. Importantly, the emission luminescent intensity of the doped pyrolytic oxides, La;03//Eu,03 and
PrO; g3//Eu,03, is not quenched despite the presence of dopant. Thus, the as-prepared doped oxides exhi-
bit an enhanced Eu?* emission originated from the Dy — ’F, (n=1, 2, 3, 4) transitions, which is more
intense for the PS-co-P4VP template. This synthetic methodology base on the pyrolysis of polymeric com-
plexes can be considered as a general and straightforward methodology leading to pure and Eu**-doped
nanostructured lanthanide oxide.
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1. Introduction precipitation/co-precipitation route, the sol-gel route, the
Hydrothermal/Solvothermal route, and the thermal decomposition

Nanostructured metal oxides materials have attracted enor- route, among others [2,5]. Although some very specific solid state

mous scientific and technological interest in multidisciplinary
research field [1]. In this regard, lanthanide oxides have received
special attention due to their unique optical and magnetic proper-
ties arising from the electron configurations of the 4f orbitals [2,3].
For most of practical applications like in laser amplifiers, a high
crystallinity of these lanthanide materials is required, which often
needs of their inclusion into a solid matrices [2-5]. This inclusion is
often problematic when the lanthanide material was prepared
from solution synthetic methodologies which require additional
synthetic steps including the evaporation of the generated solution
of nanoparticles and the subsequent formation of super lattices
[6-8]. Thus, the development of new methods to produce nanopar-
ticles directly in solid-state is of pivotal importance [9]. The
main synthetic pathways to lanthanide oxides are the
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thermal preparation methods have been reported [9,10], to date,
there is a lack of general routes to nanostructured rare earth metal
oxides [10]. On the other hand, the most usual synthetic route to
doped lanthanide materials is the co-precipitation method
[11-13]. Thus, we herein report a general method to prepare lan-
thanide metal oxides, pure and doped. This method is based on
the solid-state pyrolysis of the macromolecular complexes of gen-
eral formula (polymer)-[M(NO3)3//M'(NO3)3] (polymer = Chitosan
or PS-co-P4VP; M’ = Eu**; and M = lanthanide. See Scheme S1 in
the Supp. Info.).

2. Material and methods

2.1. Synthesis of pure and Eu*3-doped nanostructured lanthanide
materials

The macromolecular complexes Chitosan-[M(NOs)s//M’'(NOs3)s]
and  PS-co-P4VP-[M(NOs)3//M'(NOs);] (M=La, Pr; M =Euy;
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PS-co-P4VP = poly(4-vinylpyridine)-co-polystyrene) were prepared
according to a previous synthetic methodology described by us
[14,15]. In a typical synthesis, the lanthanide salts and the poly-
mers (chitosan or PS-co-P4VP) are placed into a Schlenk tube with
CH,Cl,, and the mixture was stirred for 10 days. Then, the solvent
was removed under vacuum and the macromolecular complexes
are obtained as solids in very high yields (ca. 90%).

In a second step, the solid macromolecular complexes, Chitosan-
[M(NOg)g//M’(NOg)g] and PS-CO-P4VP[M(N03)3//M/(NO3)3], were
pyrolized at 800 °C under air atmosphere by using a temperature
ramp (heating rate=10°C/min, time=5h, furnace Wisd
WiseTherm FHP-12, Daihan Scientific, Co. Ltd). The pyrolyzed sam-
ples were characterized by SEM (JSM-6380LV, Jeol Ltd. Micro-
scope), HR-TEM (JEOL 2011, Ltd. Microscope. XRD using a
Siemens D-5000 diffractometer with a Cu-Ko radiation of (40 kV,
30 mA)), and a graphite monochromator (A = 1.540598 A). Fluores-
cence spectroscopy was performed using a Jasco FP-8200 fluorime-
ter with a solid-state accessory. ICP-mass analysis were performed
in a Perkin-Elmer Elan 9000 (detection limit 0.0003%).

3. Results and discussion

Both polymeric templates, chitosan (having -NH, and -OH
groups in the repeat unit), and PS-co-P4VP (having randomly dis-
tributed pyridine groups along the chains), ensure the homoge-
neous distribution of metal salts along the polymeric chains. The
structure of the pyrolytic products (pure and doped) was con-
firmed by X-ray diffractions (XRD) patterns (Fig. 1 and S1 in Sup.
Info.). The XRD patterns of the as-prepared pure La,O; and
PrO; g3 from both PS-co-P4VP and chitosan, were consistent with
the presence of the standard structures of the BCC and FCC lattices
of the La,03 and PrO, g3 respectively. However, according to the
broadness of the peaks obtained from both polymeric templates,
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it is clear that more crystalline phases were obtained from PS-co-
P4VP.

Similar behavior was observed from the XRD patterns of the as-
prepared doped La,05; and PrOq g3 (Fig. S1 in Sup. Info.). Whilst
more crystalline phases were also achieved from PS-co-P4VP, we
observed that the XRD reflections of the doped oxides were slightly
shifted to lower angles (20) compared to reflections of pure oxides
due to the incorporation of larger Eu*® ions into the lattices of
L3203 and Pl'01_33.

SEM images of pure (Fig. 2) and Eu*3-doped La,03 and PrO; g3
materials (Fig. S2 in Supp. Info.), showed a very similar porous
structure for all the as-prepared oxides independently of the solid
polymeric templated used in their preparation. The EDX spectrum
of pure and doped La,05 and PrO, g3 materials (Fig. 2 and S2 in Sup.
Info), showed no elements other than La, Pr and O for pure mate-
rials, and also Eu in doped oxides, which supports the purity of
the as-prepared materials.

HR-TEM and the SAED patterns of the pure and doped PrO g3
prepared from both Chitosan and PS-co-4-PVP are showed in
Fig. 3 and S3 in the Sup. Info. The calculated interference fringe
spacing of both pure and doped PrO;g; materials was approxi-
mately 0.32 nm, being consistent with the interplanar distance of
the (111) plane in the face-centered cubic structure of PrO;gs3
[16]. Similarly, the HR-TEM of both pure and doped La,03 materi-
als, did not show significant differences in the interference fringe
spacing (we observed interplanar distance of ca. 0.310, which cor-
responds to the (0 0 2) plane of La,03 [17]). Thus, although minor
changes could be observed between the pure and doped oxides
in the XRD patters, those differences are negligible by HR-TEM.
Moreover, no differences in morphology were observed (by HR-
TEM) between the materials prepared from PS-co-4-PVP or chi-
tosan. The SAED patterns for both pure and Eu-doped oxides (see
HR-TEM and SAED pattern of doped La,03 prepared from chitosan
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Fig. 1. XRD patterns of pure La;05 and PrO; g3 obtained from the pyrolysis of the corresponding PS-co-P4VP and Quitosan polymeric templates (note that, for clarity, only the
more intense peaks of each phase were indexed. Not indexed peaks were also assigned to the pure phases of La,03 and PrO; g3 and not to impurities).
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Fig. 2. SEM (up) and EDX (down) of pure La,0s: (a,c) from PS-co-P4VP. (b,d) from Chitosan. SEM (up) and EDX (down) of doped La,0s: (e,g) from PS-co-P4VP. (fh) from

Chitosan.

Fig. 3. HR-TEM and SAED patterns of pure PrO; g3 obtained from PS-co-P4VP (a,b) and Chitosan (c,d).

in Fig. S4 in the Sup. Info), showed a high degree of crystallinity and
well-defined crystallographic planes corresponding to the BCC and
FCC lattices, that were previously observed by XRD for both
systems.

The concentration of Eu*® in the as-prepared La,0; and PrO; g3
materials was measured by ICP-mass spectroscopy, revealing
higher Eu*? contents in materials prepared from chitosan (0.18%
Eu in doped La;03 and 0.23% Eu in doped PrO; g3) than in those
of PS-co-4-PVP (0.1% Eu in doped La,03 and 0.03% Eu in doped
PrO; g3). This lower Eu content explains the similarity of the XRD
patterns of pure and doped materials when those were prepared
from the PS-co-4-PVP template, evidencing the higher capacity of
the chitosan (having -NH, and -OH groups in the repeat unit) to
create macromolecular complexes.
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Fig. 4.

Fig. 4 shows the emission spectra of doped La,05; and PrO; g3
prepared from both Chitosan (i.e. with higher Eu*? content) and
PS-co-P4VP. The characteristic europium °Dy — ’F, transitions
were clearly seen in all doped-oxides. Importantly, due to the
nanostructured nature of the as-prepared oxides as well as the
matrix effect (i.e. PS-co-P4VP or chitosan), a clear increasing of
the luminescence intensity was observed for the doped oxides pre-
pared from PS-co-P4VP. Importantly, the increasing of the emission
intensity related to the Dy — ’F, transition of the doped PrO; g3
prepared from PS-co-P4VP, was not observed when chitosan was
used as a solid template. This observation can be explained by
changes in both the surface effect and particle size, which indeed
are affected by different polymer solid template employed in their
synthesis [18,19]. Additionally, the observed red shifting of the
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Emission spectra of Eu+3 doped La,03 (a) and PrO g3 (b) materials, obtained from Chitosan and PS-co-P4VP.
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emission for the PrO;gs3//Eu,05 with respect to those of
La,03//Eu,03, can be due to the charge transfer character of the
emission in this as-prepared PrO; g3//Eu,05 material [19].

4. Conclusions

In summary, pure and Eu-doped La,;03 and PrO; g3 have been
successfully synthesized by the pyrolysis of the precursors
Chitosan-[M(NO3)3//M'(NO3);] and  PS-co-P4VP-[M(NOs)s//M’
(NO3);] at 800°C. The Eu®" emissions originated from the
5Dy - ’F, (n=1, 2, 3, 4) transitions show a dependence on the nat-
ure of the polymeric solid template used in the synthesis. Thus, a
higher emission intensity was observed using PS-co-4-P4VP as a
polymeric precursor. Using PS-co-P4VP, the average particle size
of the as prepared materials is of 25 nm, obtaining higher degree
of crystallinity than those prepared from chitosan. This synthetic
methodology can be used as a general pathway to prepare nanos-
tructured doped lanthanide oxide materials that can be easily
incorporated to a solid matrix to give solid state devices with
potential applications in lasers and amplifiers [4].
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