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A general nonaqueous route has been applied for the preparation of lanthanide ordered nanocrystalline
hybrid structures. In a simple one-pot reaction process, Ln(lll) isopropoxides-(Ga, Sm, Nd) were
dissolved in benzyl alcohol and reacted in an autoclave between 250 ari€ 308is approach leads to
crystalline lanthanide oxide layers regularly separated from each other by organic layers of intercalated
benzoate molecules. They display good thermal stability for temperature up f&€40Be gadolinium-
based nanohybrids showed outstanding optical emission properties when doped with terbium(lll) and
europium(lll).

Introduction and uncontrolled particle shape. Only a few examples of
direct formation of rare earth oxide nanoparticles have been
published?® and their optical properties studiéd.
Ordered organic/inorganic hybrids are multifunctional

materials offering a large variety of physical properfiei

fact, they depend not only on both the inorganic and organic
components but also on the interface between the two
phases! Furthermore, the organic component can be easily
modified in order to precisely tune the global properties of
the final material. Many examples of such ordered nano-
hybrids exist in the literature and were well summarized in

Rare earth metal oxides have wide applications in today’s
life. Their intrinsic dielectric properties make them good
candidates for multilayered capacitors, ferroelectric memo-
ries, or complementary metal oxide semiconductor- (CMOS-)
based devices? Because of their thermal stability and
surface reactivity, they find applications in heterogeneous
catalysis® However they are mostly known for their emission
properties; in fact lanthanides show intense emission under

UV excitation when diluted in an appropriate host network

(mostly other rare earth oxides such as yttrium, lanthanum, some reviews of Sanchez and co-workér& For example,

or gadolinium)> Such emission can be tuned simply by the incorporation of a wide range of chemical species in

changing th_e rare earth_ qatlon. Ind_eed, one can find thosevanadium pentoxide xerogels was studiédir vanadium
phosphors in our televisions, luminescent lamps, or flat

screens oxide nanotubes (VONTSs) were synthesized by a sajel
' . . reaction of a vanadium(V) alkoxide or vanadium pentoxide
At the nanoscale, rare earth oxides show improved prop- with a primary amine or a—a-diamine, followed by hydro-
erties, for example, enhanced catalytic properties becausqh ermal treatmerié 14 '

of t?}ew Ialrger surfac;a gv?llaplel, Iorbn:aw é\ppllcatlon fllelde In the past few years it has been shown that nonaqueous
such as fuminescent biological 1abels. Few examples o sol—gel reactions of benzyl alcohol with different metal oxide

chemical syqthess of rare e_ar_th nanoparticles have beerbrecursors (alkoxides, chlorides, acetylacetonates, etc.) allow
recently published. In the majority of the cases, to form the

pure oxide phase, a thermal treatment is needed after precip- (s Feldmann, CAdv. Funct. Mater.2003 13, 101.

itation of hydroxide precursors hence, the powders syn- Egg Fipl?ski, L.;O| Z:Zwagzke‘_M.;T Migta_,I V\Scjli?e Shtate SJEOO% gbésizz?'
H H H H H H a uignara, A.; Gacoin, 1.; Bol ot, J.- em. ater. .
thesized in this way are characterized by large polydispersity 1090. (b) Bazzi, R.. Flores, M. A.: Louis, C.. Lebbou, K.: Zhang, W.:
Dujardin, C.; Roux, S.; Mercier, B.; Ledoux, G.; Bernstein, E.; Perriat,
P.; Tillement, O.J. Colloid Interface Sci2004 273 191.
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the controlled and straightforward synthesis of various For TEM measurements, one or more drops of the solution of
crystalline metal oxide nanoparticl&sin one “exceptional” nanohybrids in ethanol were deposited on the amorphous carbon
case it was found that the reaction of benzyl alcohol with film. A Philips CM20 microscope operating at 200 kV was used.
yttrium(lll) isopropoxide leads to an unusual ordered hybrid ~ Fourier transform infrared spectroscopy (FT-IR, Mattson 5000)
nanostructured material that consists of very thin layers of s caried out in the range of 406050 cn* in transmission
yttrium oxide (~0.6 nm) regularly separated from each other modg. The pellets were prepared by ad_dngng of the nano-

by organic layers of intercalated benzoate molectfiesom hybrid powder to 200 mg of KBr. The mixture was then carefully

: . ) mixed and compressed at a pressure of 10 kPa in order to form
the study of the formation mechanism, it was found that & y3nsparent pellets.

Cannizzaro-like reaction forming the benzoate species, For evaluation of the formation mechanism, the reaction solution
catalyzed by the newly formed yttrium oxide, takes place at obtained by centrifugation of the solid material was subjected to
its surface, blocking further grow and thus forming the hybrid NMR analysis on a Varian Inova 500 MHz instrument at room
structure. The ability to catalyze this Cannizzaro-like reaction temperature.

is the key to the formation of the ordered nanohybrid struc- The thermal behavior of the nanopowders was investigated with
ture. In the present work we prove that similar reactions take @ thermoanalyzer (Netzsch STA 409C/CD) apparatus. All samples
place at the surface of lanthanide oxides and lead to theWere recorded ata scan rate of“Mmin " from room temperature
formation of similar nanohybrids characterized by nearly t0 800°C t_m(_jer ar or argon atmosphere.

identical structural and thermal stability properties. Finally, The emission and excitation spectra were recorded between 14

h tstandi tical ties in the visibl . fth and 300 K on a modular double-grating excitation spectrofluorom-
€ outstanaing optical properties in the visible region orthe ..\ -+ - Triax 320 emission monochromator (Fluorolog-3, Jobin

gadolinium-based nanohybrids doped with Eu(lll) and Tb(Ill) yyon_spex) coupled to a R928 Hamamatsu photomultiplier. The
and in the infrared region of neodymium-based nanohybrids excitation source was a 450 W Xe arc lamp. All the spectra, cor-
are investigated. rected for optics and detection spectral response, were measured
in the front-face acquisition mode. Photoluminescence quantum
Experimental Details yield measurements were performed with the setup described above.
The near-IR emission was recorded on & K&muRFS100/S FT
spectrometer (Nd:YAG laser excitation, 1064 nm). The lifetime
measurements were acquired with the setup described for the
luminescence spectra by use of a pulsed-Kg lamp (6us pulse
at half width and 26-30 us tail).
The absolute emission quantum yields) (vere measured at
room temperature via the technique for powder samples described
by Brilland De Jager-Veenis, through the following expression:

The synthesis procedures were carried out in a glovebex (O
and HO < 0.1 ppm). In a typical synthesis of the nanohybrids,
yttrium(lll) isopropoxide [Strem; ¥O(OGsH7)13; 500 mg, 0.407
mmol], neodymium(lll) isopropoxide [Strem; Nd(Q&)s; 400 mg,
1.244 mmol], samarium(lll) isopropoxide [Strem; SB{OCsH7)13;

400 mg, 0.260 mmol], or gadolinium(lll) isopropoxide [synthesized
following published method? 200 mg of Gd(OgH-)3 0.598 mmol)
was added to anhydrous benzyl alcohol (Aldrich; 20 mL, 193 mmaol;
or 15 mL, 145 mmol in the case of gadolinium). In the case of the _ (1 - rst)(/-\:)

st

Eu(lll)- and Tb(lll)-doped nanocomposites, 5 mol % lanthanide- 1—r p: ¢
(1) isopropoxide was replaced by anhydrous europium(lil) or ] ) ]
terbium(lll) chloride. The reaction mixture was transferred into a Wherersandry are the diffuse reflectance (with respect to a fixed
Teflon cup of 45 mL inner volume, slid into a steel autoclave, and Wavelength) of the standard phosphor and of the hybrid, respec-
carefully sealed (reaction temperature 280). For higher temper-  {ively, andgsis the quantum yield of the standard phosphor. The
ature reactions, a glass beaker was used instead of the Teflon cup!€MsA«andAq represent the area under the hybrid and the standard
The autoclave was taken out of the glovebox and heated in a furnace®nosphor emission spectra, respectively. Diffuse reflectance and
at 250 or 300°C for 2 days. The resulting milky suspensions were emission spectra were acquired with the experimental setup afore-
centrifuged, and the precipitates were thoroughly washed with Mentioned to detect photoluminescence. To have absolute intensity
ethanol and dichloromethane and subsequently dried in airgg80 ~ Values, BaS@was used as reflecting standarc{ 91%). The same
Carbon, hydrogen, and nitrogen elemental analysis (CHN) and experiment.al F:onditions, namely, position of the hybrids/standard
atomic absorption elemental analysis were performed in order to holder, excitation and detection monochromator slits (0.3 mm), and
determine the stoichiometry of the different samples and the Th OPtical alignment, were fixed. To prevent insufficient absorption
and Eu doping efficiency. CHN results are shown in the Supporting ©f the exciting radiation, a powder layer around 3 mm was used

X

Information. The determined ratios Th/Gd0.033 and Eu/Ga= and utmost care was taken in order to ensure that only the sample
0.037 were only slightly lower than the nominal value of (Eu,Th)/ Was illuminated, to diminish the quantity of light scattered by the
Gd = 0.050, demonstrating good doping efficiency. front sample holder. The standard phosphor used was sodium sali-

The X-ray powder diffraction (XRD) diagrams of all samples cylate (Merck P.A.), whose emission spectra are formed by a large

were measured in transmission mode (Qoridiation) on a STOE ~ broad band peaking around 425 nm, with a conspardlue (60%)
STADI MP equipped with IP-PSD image plate detector. for excitation wavelengths between 220 and 380 nm. Four measure-

ments were carried out, so that the preserte@lue corresponds
(15) (a) Niederberger, M.: Bartl, M. H.; Stucky, G. D. Am. Chem. Soc. to the arithmetic mean value. The errors in the quantum yield values

2002 124, 13642. (b) Pinna, N.; Garnweitner, G.; Antonietti, M.;  associated with this technique were estimated within 19%.
Niederberger, MAdv. Mater. 2004 16, 2196. (c) Niederberger, M.;
Pinna, N.; Polleux, J.; Antonietti, MAngew. Chem., Int. EQ2004

43, 2270. (d) Pinna, N.; Neri, G.; Antonietti, M.; Niederberger, M. Results and Discussion
Angew. Chem., Int. E®R004 43, 4345. (e) Pinna, N.; Grancharov, . . .
S.; Beato, P.; Bonville, P.; Antonietti, M.; Niederberger, @hem. Structural Characterization. The reaction of lanthanide

Mater. 2005 17, 3044. (f) Pinna, N.; Antonietti, M.; Niederberger,  jsopropoxides in benzyl alcohol results in the direct formation
M. Colloids Surf., A2004 250, 211.

(16) Pinna, N.; Garnweitner, G.; Beato, P.; Niederberger, M.; Antonietti,
M. Small2005 1, 112. (18) Brill, A.; De Jager-Veenis, A. WJ. Electrochem. Socl976 123
(17) Mehrotra, R. C.; Batwara, J. Nnorg. Chem.197Q 9, 2505. 396.
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Figure 1. XRD patterns of the nanohybrids samples: yttriur),(neodymium- {--), samarium- (---) (synthesized at 30Q), and gadolinium-{ — —)
based nanohybrids. (a) Small-angle region; (b) wide-angle region in which the reflections due to the mesostructure are indicated by asterisks.

of lamellar inorganie-organic nanohybrids based onAa- Gd0O343-1014), a second broad peak arouAid~237° that
type oxides. At the end of the reaction, for each lanthanide could be attributed to the 400 reflection, and a last main
precursor, thin crystalline powders, white (in the case of broad reflection (2 ~ 56°) attributed to the 440. However,
gadolinium or yttrium)® light yellow (samarium), or pale  the shape of the 222 reflection is not always symmetric or
blue (neodymium), are obtained. presents a splitting, which could denote that in fact the struc-

X-ray diffraction provides complex patterns containing full ture is not cubic but monoclinic (JCPDS: ,0; 44-399,
information about the mesostructural order and the crystalline Nd,Oz 28-671, Sra0; 42-1464, and G#D; 43-1015). This
one; for this reason a detailed study is needed. hypothesis is difficult to demonstrate by XRD or other dif-

Figure 1a shows the low-angle part of the diffraction fraction techniques, in fact, since the inorganic layers are
patterns (& < 26 < 30°) where the reflections observed are extremely thin {0.6 nm) the diffractions observed are broad
due to the mesocrystalline order. The first most intense peakand do not permit a clear identification. Furthermore, in the
observed for a diffraction angle §Zor the cobalt radiation)  same 2 region there is the sixth order of the mesotructure
of around 5.5 corresponds to a distance of 1.8 nm, hence (26 ~ 35°) that overlaps with the diffractions of the inorganic
to the 100 reflection of the lamellar structure. The higher layers. To make the text more readable, from now on we
orders up to the fifth could be clearly assigned on the samewill use the Miller indices of cubic structure to refer to the
figure. Even higher orders are visible on the wide-angle part diffractions of the inorganic layers.

of the pattern (Figure 1b), especially the sixth t-2 35°, Figure 2 panels a and d show transmission electron micros-
which is as intense and overlaps with the near reflections copy (TEM) studies of neodymium and gadolinium nano-
due to the crystalline inorganic layers (zoné€ 3020 < 4(°). hybrids, respectively. Similar to the case of the yttritfm,

The extinction of the third order is typical for lamellar struc-  the samples consist of a lamellar structure oriented in the
ture where the thickness of one layer is double that of the same direction. The oxidic part (i.e., the one that scatters
other. This is exactly what happens in our system where thestrongly the incident electrons) is seen as dark layers. In con-
inorganic layer is twice as thin as the organic one. This high trast, the organic material stays practically invisible between
number of reflections, due to the lamellar periodicity, denotes those layers.

the high order and the monodispersity in term of organic  the Fourier transforms of these images (Figure 2b,e) give
and inorganic layer thicknesses. Surprisingly, the position \jse tq pairs of spots that can be attributed to the reflections
of these reflections is the same for each sample. Hence, the,t the mesostructure. Their selected area electron diffractions
thickness of the inorganic and organic layers is constant and(SAED) are more complex to analyze but contain information

does not vary with regard to the nature of the oxide. g the mesostructure, crystal structure and growth orientation
Infqrmatlon reggrdmg the cry_stal structure of the inorganic ¢ tne inorganic layers (Figure 2c.f). The series of spots at
layer is found mainly in the regions 36< 26 < 40° and 2 low angle (indicated by an ellipsoid) are the ones due to the

~ 55° (Figure 1b). Each oxide is characterized by a first gcattering of the lamellar structure. The first order is nearly
broad peak @ ~ 33", which could correspond to the 222 41y enclosed in the incident beam and almost not visible.

reflectior.1 of the cubic structure of theseda-type oxides  The high lamellar order is again proved by the many orders
(JCPDS: ¥%0;41-1105, NdO; 21-579, SmO; 15-813, and of the reflections present (up to seven in the case of

(19) Even though the ytrium-based b — neodymium, Figure 2c). In the same SAED, perpendicular
ven though the yttrium-based nanohybrid was already stdglied,
is presented in the text as comparison due to its structural similarities to the lamellar order, some broad spots noted as 222 and

with the lanthanide cases. 440 are present. They are responsible for the diffraction of




4496 Chem. Mater., Vol. 18, No. 18, 2006 Karmaoui et al.

\ 440

1222

222

440

Figure 2. TEM images of the neodymium- (a) and gadolinium- (d) based nanohybrids synthesized®&t ZB@ir respective Fourier transforms (b and e),
and their SAED (c and f) are also shown.

the inorganic layers. From the angle between those reflections The temperature stability of the nanohybrids was studied
and since the 440 is exactly perpendicular to the lamellar by thermogravimetric analysis (TGA) coupled with dif-
order, it is deduced that the main facets exposed of theferential thermal analysis (DTA) under air. Figure S1 (Sup-
inorganic layers are thg001}. porting Information) shows the results for each sample. They
The case of samarium is slightly different (Figure 3); in show the same global behavior: before £@the weight
fact, for a synthesis at 258C it shows mainly very thin loss is principally due to molecules adsorbed at the surface,
(<2 nm) monocrystalline Sg; platelets (Figure 3a) and like benzyl alcohol, which is known to start to desorb at
at the same time some lamellar nanohybrids, as is the casaround 150°C.2° In fact, no peak in the DTA is observed
for the other rare earth examples (Figure 3b). The plateletsbetween 150 and 40TC. The main weight loss takes place
formed at this temperature have a tendency to stack, butbetween 400 and 500C; it is accompanied by a sharp
many free platelets were also observed. To achieve a high-exothermic peak in the DTA, which is attributed to the
quality nanohybrid, as in the case of yttrium, gadolinium, combustion of the intercalated organic molecules. At higher
or neodymium, the reaction temperature had to be increasedemperature the recrystallization and growth takes place.
to 300 °C (Figure 3c). In this case the obtained organic/ Once more the nanohybrid structures show, as already seen
inorganic hybrid is formed of nanoparticles that ai25 nm by XRD and TEM studies, similar characteristics and
in width and 56-80 nm in length. Each particle shows well- behavior. It is surprising that those hybrid structures that are
defined lamellar structure. The SAED of such a zone (Fig- built up only because oft—x interactions (see below) are
ure 3d) presents many rings containing information about stable at temperature as high as 4@0
the high lamellar order; in fact, up to seven orders are present. The nature of the organic layer forming the yttrium oxide
Few additional rings are due to the diffraction of the inor- nanohybrid was extensively studied in our previous arcle
ganic part. To avoid confusion with the ones due to the meso- by vibrational spectroscopy add and*3C solid-state NMR.
structure, on the figure they are noted with the usual Miller  priefly, it was found that benzoate species forming a
indices in black boxes. In the case of samarium, rings insteadpyigge-like bond with the yttria layer were the only species
of spots are observed because the nanohybrid particles argresent between the inorganic layer, and thus they were
oriented randomly on the carbon film. The reason for the responsible of the formation of the nanohybrid structure.
slightly different behavior of the samarium-based nanohybrid Fyrthermore, the reaction mixture was carefully investigated

is not known yet, but it could be due to a higher stability of after synthesis in order to understand how the benzoate
the precursor alkoxide or to a higher temperature required

by the samarium in order to catalyze the Cannizzaro reaction(zo) Niederberger, M. Bartl, M. H.. Stucky, G. [Them. Mater2002
that leads to the benzoate complex formation (see below). 14, 4364.
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Figure 3. TEM images of the samarium nanohybrid synthesized at°25(, b) and at 300C (c). (d) SAED of the sample in panel ¢, where the Miller
indices of the lamellar order (unboxed numbers) and crystal structure (black boxed numbers) are shown.

species could be formed and why they could control so pre- a) R
cisely the growth, and thus the thickness, of the inorganic
layer. We proposed that a hydride transfer reaction catalyzed
by the yttrium oxide nanostructure is responsible for the
formation of benzoate molecules directly coordinated to the
metal centers. A critical size/thickness of the yttria layer is

Intensity / a. u.

the condition required for such a catalyzed reaction. From é;'

the structural characterization presented above, it seems that &

the same reaction is taking place also in the case of the *#D
2 £

lanthanide samples studied in the present work. Hence, the
neodymium, samarium, and gadolinium oxide thin layers
could catalyze the Cannizzaro-like reaction responsible for ; J/\J

i 1 imi PR PR B B 4 — ey P 1
the fOI’mE.ltIOI"] of benzpate speci’éé. Th'eref(')re, similar 240 300 360 420 480 540 600 450 500 550 600 650 700
characterization techniques were used in this present work

. . . . Wavelength / nm
in order to prove this hypothesis. First of all, FT-IR tra _ L .
order to prove this nypothesis stota Spec Figure 4. Room-temperature (a) excitation and (b) emission spectra of

of each nanohybrid were acquired and compared (Se€gadolinium/europium-based nanohybrid monitored around 625 nm excited
Supporting Information, Figure S4). The obtained spectra at (1) 285 and (2) 395 nm, respectively.

are very similar. The region between 1700 and 1300cm
(i.e., the region characteristic of the symmetric and asym-
metric carboxylic stretching frequencies) could be nearly
superposed, proving that indeed only benzoate species for
the organic layers. The typical signature of oxidic bonds is
present in the small-wavenumber region600 cnrt and
below). Second, the reaction mixtures were studied®gy
and'H NMR and the same organic species as in the case of
the yttrium were found, proving that in fact the formation
of the nanohybrid structures follows the same reaction
scheme.

Optical Properties. The doping of yttrium and gadolinium
oxidic matrixes with EUi and TH' luminescent cations gives
hem interesting emission propertfdSor an excitation wave-
ength within the UV (typically around 260 nm), a charge-
transfer process related to the excitation of an electron from
the oxygen 2p orbital to the #{EU") or 4f (Tb'"') config-
urations takes plack.

A subsequent radiative deexcitation leads to sharp emission
in the red and green regions of the visible spectrum. Fig-
ure 4a shows the excitation spectrum monitored within the
’F, manifold of the gadolinium nanohybrids doped with 5%

(21) Haffad, D.; Kameswari, U.; Bettahar, M. M.; Chambellan, A.; Lavalley, europium. The spectrum pre;ents mam_ly a t.)rO{:ld band
J. C.J. Catal. 1997, 172, 85. centered at 285 nm and a series of low-intensity intfa-4f
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Figure 5. Low-temperature (14 K) emission spectra of gadolinium/
europium-based nanohybrid excited at (1) 285 and (2) 395 nm.
Figure 6. Room-temperature (a) excitation and (b) emission spectra of

lines. This band (285 nm) is red-shifted compared to the one gadolinium/terbium-based nanohybrid monitored around 544 nm and excited
expected for the charge-transfer process related to theat 288 nm. (Inset) Room-temperature emission spectrum excited at 420 nm.
excitation of an electron from the 2p oxygen orbital to the present at the surface, and thus they are coordinated to the
4f6 orbital (260 nmy: Such band is likely due to the excitation ~benzoate molecules. Hence, i — "Fo-4 emission lines
of the phenyl rings of the benzoate molecules between thereflect the complex local structure of the 'Egations that
layers and then further transferred to the'Ezenters. The  in fact consists of two different coordinations: a classical
presence of such a band in the excitation spectrum demon-oxidic one (Eu-O—Ln) and a benzoate bridged-like complex
strates that the benzoate complex plays an important role in(Eu—O—C). Since the relative contribution of the tiDo
the emission characteristic of the nanohybrids. Moreover, — “Fo emission lines depends on the excitation path, the low-
this transfer proves that the coordination of thd'Eations energy component is attributed to 'Ewatoms that are in
is more complex than in the cubic or monoclinic structure. contact with the surface of the oxide layer and hence pref-
The excitation spectrum in Figure 4a also displays a lower- erentially excited via the benzoate molecules.
intensity band between 350 and 450 nm, whose origin will  The luminescence features of the same oxide doped with
be discussed in more detail for the'Mbased nanohybrids.  terbium instead of europium are presented in Figure 6. The
Figure 4b shows the emission spectra via excitation into excitation spectrum monitored within the Tiemission lines
the phenyl rings of the benzoate molecules (285 nm) andis formed of two main bands in the UV at around 285 and
into the maximum of the lower-intensity excitation band (that 320 nm superimposed on a series of B" straight lines.
coincides with théL g level, 395 nm). For excitation viathe The UV band may be ascribed to the phenyl rings of the
benzoate complex, the emission spectrum presents the typicabenzoate molecules, similarly to the previous discussion on
EU" intra-4# 5D, — "Fo_, electronic transitions. No emission  the EU'-based nanohybrids. When the hybrids are excited
arising from the ligands could be detected, reinforcing the into this UV band or directly into the intra-#fevels, the
energy transfer between the benzoate complex and tHe Eu typical Th" °Ds — Fe3 transitions in the green part of the
ions. When the nanohybrids are excited at 395 nm, a largeVisible spectrum are observed (Figure 6b). When the hybrids
broad band is observed between 400 and 700 nm, superare excited at 420 nm, a large broad band centered at 550 nm
imposed on th&D, — "Fy_4 transitions. The changes in the appears and no sign of intra24ihes could be detected. Such
excitation wavelength induce variations in the number, emission band may arise from phenyl rings of the benzoate
energy, and full width at half-maximum of the components molecules whose emitting levels overlap the''Téxcited
of the 3Dy — "Fo—4 transitions. To get further insight into  states. Thus, the excitation spectrum in Figure 6a shows the
the EW' local coordination, higher-resolution spectra were excitation contributions of both emissions (Tand benzoate
scanned for Eliintra-4f levels (395 nm) and indirect excita- molecules).
tion via benzoate molecules (285 nm) at low temperature. The emission band arising from phenyl rings of the
As Figure 5 evidences, there are two clearly componentsbenzoate molecules is also present in the emission and
for the nondegeneraté®, — ’F, line. Furthermore, theD, excitation spectra of the other lanthanide- (Sand Nd')
— 7F, transition presents at least 5 Starks components; thebased hybrids, as Figure 7 demonstrates. For the former
maximum splitting allowed for a single Bulocal environ- hybrids no sign of the Sthintra-4f lines could be observed,
ment is 3 (2 + 1). These observations clearly point out the whereas for the neodymium-based hybrid a seriestsetf-
presence of more than one local'Esite. By comparison  absorptions and thés, — “lg; transition are detected. Upon
of the Dy — "Fy_4 emissions with the data availalfethe exciting the sample within ths,, manifold, the typical N
emissions observed agree well with the europium diluted in near-infrared emission (NIR) around 1310 nm was observed,
the LnyOs-type monoclinic structure. However in the present Which is the Il low-loss window of commercial silica-based
case the oxide layers composing the nanohybrids are so thiriransmission fibers used in telecommunications (inset of
(~0.6 nm) that almost all the europium atoms should be Figure 7).
The room-temperature excitation spectrum monitored
around 800 nm displays the typical energy transfer band in

(22) Bihari, B.; Eilers, H.; Tissue, B. Ml. Lumin.1997, 75, 1.
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// hydroxyl surface groups are controlled. There are very few
results concerning the determination of the absolute quantum
\ 12 yields in lanthanide-based organic/inorganic hybrids. The
: guantum yield obtained here for the gadolinium-based nano-
/Y hybrid containing El is similar to the maximum values
/ found for organic/inorganic hybrids incorporating Eu¢(cF
120013001200 7500 SOs)3 (13% + 1%Y3 and Eu(ntagopy [where nta is 1-(2-
Wavelength (nm) naphthyl)-4,4,4-trifluoro-1,3-butanedionate and bpy is-2,2
bipyridine] (15.0%+ 1.5%)2* Concerning other lanthanide
ions, a maximum quantum yield value of 11% for3Ge
based organic/inorganic hybrids was also repofted.

Intensity /a.u.

Intensity /a.u.

R Fo=lan Conclusion
1 1 1 1 /|
350 400 450 500 550 600700 800 900 1000 The successful nonaqueous -sgkl reaction between
Wavelength (nm) lanthanide alkoxides and benzyl alcohol is shown to be a
Figure 7. Room-temperature emission spectra of neodymium)- ¢nd general route to the formation of organic/inorganic ordered
samarium- {--) based nanohybrids excited at 350 nm. (Inset)' Nuear- hybrid structures. The synthesis leads to the formation of

infrared emission (excited at 1064 nm). . . . .
crystalline thin layers of lanthanide oxides equally spaced

, , , by an organic layer formed by benzoate molecules, and the
the UV region and the band ascribed to the phenyl rings of periodic lamellar structure is kept together by simplex

the benzoate molecules (arlﬁu_nd 420 nm). Those bands argyeractions between the phenyl rings; surprisingly, the hybrid
superimposed on intra-#Nd I'mﬁls (QOt sholxvn). , structures are stable at temperature up to 400
The decay curves of th, (Eu"), °Ds (Tb"), and*Fs By doping the gadolinium-based nanohybrids with"Eu
(Nd") were monitored within the lanthanide-emitting lines - "rwi it was possible to obtain phosphors showing a
gégn exm_tre;]tlog within the b?nzoﬁa te'Nilg mplgxh bsng (around strong emission in the red and green part of the visible spec-
.nm). e decay curves for the ased hybrid were trum, respectively. Since the doped nanohybrids are excited
monitored at 1Af K_(the room-temperature “f?'me lies beyond ;, the organic subphase, where the excitation of the phenyl
the detectlon I.|m|ts of our ngpme_nf\,;(r s); whereas rings composing the organic layers is effectively transferred
for the remaining nanohybrids the lifetime values refer to to the emitting atoms, the energy needed for the excitation
roo"m-tempgratu(;ep easure mlents. Al th'ta. dle(f:ayst_curves ?r%f the luminescent centers is substantially lower than that
well reproduced by a single-exponential function (no needed in their corresponding pure inorganic oxides. Further-

shown), revealing lifetime values of 0.640 0.002 fDy), Lo e : :
more, the intrinsic emission properties of the neodymium-
0.848 0.008 (D), and 0.00&k 0.001 ms {Fsz). For the based nanohybrid in the IR are compatible with the require-

i i - i i i l 5 . - . . . .
gadolinium-based hyb_nd contammg_ Euthe PO .dec_ays ments of transmission fibers used in telecommunications.
curves were also monitored under direct excitation into the . . ) .

Finally, the general simple route permits one to simply

intra-4# levels fLe, 395 nm). A smallefD, lifetime was . ; . o
. . s . o . tune the optical properties of the final material just by chang-
estimated in comparison with those found for excitation via . . . .
ing the amount and kind of lanthanide alkoxide.

the phenyl rings of the benzoate molecules. The variation | t sten the effect of codopi dth dificati

of the lifetime values with changes in the excitation wave- N ahext step e etiect ot codoping and the modication

length is compatible with the presence of more than orlé Eu of the organic layer will be investigated in order to be able
to tune more accurately the physical properties (e.g., mag-

local environment, as unequivocally pointed out by the lumi- . . ) .
nescence spectra. netic, electric, and optical) of these ordered hybrid structures.

From the above luminescence features, the energy transfer
mechanisms between the phenyl rings of the benzoate mol- Acknowledgment. S. S. Nobre is warmly acknowledged for
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higher intensity band of the phenyl rings of the benzoate
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the absolute emission quantum yield of the gadolinium-basedhyb“ds gynthesaed at 30T. This material is available free of
hybrid containing EUll was calculated under excitation via charge via the Internet at http://pubs.acs.org.
the phenyl rings of the benzoate molecules (284 nm). A
quantum yield of 16%t 2% was estimated. As observed in
many other works dealing with luminescence of nanoparticles (23) SaFerreira, R, A.; Carlos, L. D.. Gqabves, R. R.. Ribeiro, S. J. L.
or nanostructured materials, the quantum yield is in many Bermudez, V. de ZChem. Mater2001, 13, 2991, o
cases reduced by defects and hydroxyl groups at the oxide(24) Fu, L.; SaFerreira, R. A; Silva, N. J. O.; Fernandes, J. A.; Ribeiro-
interface. Thus, higher values could probably be achieved if gféﬁﬁ.%o%ofg'v;fi%s* Bermudez, V. de Z; Carlos, L..DMater.
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