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We report the energy-transfer mechanisms and emission quantum yield measurements
of sol—gel-derived Eu®*-based nanohybrids. The matrix of these materials, classified as
diureasils and termed U(2000) and U(600), includes urea cross-links between a siliceous
backbone and polyether-based segments of two molecular weights, 2000 and 600, respectively.
These materials are full-color emitters in which the Eus* 5Dy — "Fo_4 lines merge with the
broad green-blue emission of the nanoscopic matrix’s backbone. The excitation spectra show
the presence of a large broad band (~27000—29000 cm™1') undoubtedly assigned to a ligand-
to-metal charge-transfer state. Emission quantum yields range from 2% to 13.0% depending
on the polymer molecular weight and Eu®* concentration. Energy transfer between the hybrid
hosts and the cations arises from two different and independent processes: the charge-
transfer band and energy transfer from the hybrid’'s emitting centers. The activation of the
latter mechanisms induces a decrease in the emission quantum yields (relative to undoped
nanohybrids) and permits a fine-tuning of the emission chromaticity across the Comission
Internacionalle d’Eclairage diagram, e.g., (X, y) color coordinates from (0.21, 0.24) to (0.39,
0.36). Moreover, that activation depends noticeably on the ion local coordination. For the
diureasils with longer polymer chains, energy transfer occurs as the Eu®" coordination
involves the carbonyl-type oxygen atoms of the urea bridges, which are located near the
hybrid’s host emitting centers. On the contrary, in the U(600)-based diureasils, the Eu3*
ions are coordinated to the polymer chains, and therefore, the distance between the hybrid’s
emitting centers and the metal ions is large enough to allow efficient energy-transfer
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mechanisms.

I. Introduction

There is a growing interest in the development of new
full-color emitting materials that combine good mechan-
ical, thermal, and chemical stability in air with high
room-temperature emission quantum yields.1~* Organic/
inorganic hybrid materials processed by the sol—gel
method are considered to be good candidates to as-
semble such properties, lending themselves to applica-
tions in displays and lighting devices.#=% It has been
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demonstrated that some of the hybrid frameworks
recently proposed are luminescent prior to the incorpo-
ration of emitting centers (organic dyes and lanthanide
ions), a feature that has been poorly explored.#7=12 In
fact, most of the research has been focused on the
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photoluminescence features of lanthanide-based hybrid
matrixes,”?13-23 seeking essentially to take advantage
of the high chromaticity and long-lived excited-states
characteristic of the metal ions.

The main interest of the organic/inorganic hybrid
concept basically derives from the possibility of tailoring
the properties of novel multifunctional advanced ma-
terials through the combination at the nanosize level
of the organic and inorganic components in a single
material.>® This is, for instance, well illustrated by the
series of recent reports on multifunctional host nano-
hybrids, termed diureasils, based on a siloxane back-
bone covalently bonded to poly(oxyethylene), POE,
chains (of variable molecular weight) by means of urea
cross-links.”9713.19722 The emission of the diureasils
presents a blue component originated from electron—
hole recombinations in the NH groups of the urea
linkages and a purple-blue one assigned to electron—
hole recombinations occurring in the siliceous nano-
domains.?»1012 The energy of this latter emission strongly
depends on the excitation wavelength,®19 making the
tunability of the host emission color across the Comis-
sion Internacionalle d’Eclairage, CIE, diagram possible.1%
The variation of the polymer chain length also results
in a shift of the energetic spectral emitting region, thus
allowing again the color emission to be tuned.1op

Upon the incorporation of lanthanide ions in the
diureasil host, namely, Eus* 71319721 Th3+ 17 and Nd3*,22
the luminescence spectrum is substantially altered,
showing the intrinsic hybrid's broad band emission
superposed on the characteristic intra-4f sharp lines.
Moreover, the energy and relative intensity of the
backbone luminescence with respect to the Eu3" lines
depend on the lanthanide concentration and therefore
on the ion local coordination.’®?® For instance, the
nature of the Eu3" first coordination shell in these
nanocomposites varies both with the salt concentration
and with the polymer molecular weight.2®2° In the
diureasils containing long organic segments, the Eu3"
ions interact mainly with the carbonyl-type oxygen
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atoms of the urea cross-links, located at the organic—
inorganic interface, as long as the saturation of these
groups is not attained. On the contrary, in the diureasils
with shorter polymer chains, the lanthanide ions are
unable to disrupt the characteristic strong and ordered
hydrogen-bonded urea—urea structures, and therefore,
the preferential coordination sites are the ether oxygen
atoms of the polymer chains.2® However, at high salt
concentration, besides the coordination to the polymer
ether oxygen atoms, a distinct cation local site environ-
ment involving the interaction with the urea carbonyl
oxygen atoms at the siloxane—POE interface is de-
tected.?°

In these nanocomposites energy-transfer mechanisms
between the hybrid host and the metallic ions have not
been studied yet, despite their potential relevant im-
plications for the observed overall emission features. In
fact, even for other classes of polymer-based materials
modified by lanthanide salts, this subject has been
discussed in few reports. We can emphasize, for in-
stance, the study of the energy-transfer mechanisms
from semiconducting blue-emitting conjugated polymers
to Eudt B-diketonate complexes.23a

In lanthanide coordination compounds the so-called
antenna effect (i.e., absorption of ultraviolet light by the
ligand cage-type hosts, intramolecular energy transfer
to the luminescent center, and subsequent enhanced
emission) is the base of efficient ultraviolet/visible (UV/
vis) conversion.?* In addition, ligand-to-metal charge-
transfer (LMCT) states may also appear due to the
active ion—first ligand interactions. These states usually
play the role of nonradiative channels, contributing to
depopulate the ion excited sates at room temper-
ature.?5-28 An unequivocal assignment and detection of
these LMCT states have been performed only in a few
lanthanide compounds, due to the general difficulty in
detecting these states by absorption and emission
spectroscopy.24b28

In the present work we aim at gaining a deeper
understanding of the Eu3*-based diureasil emission
properties. The existence of energy transfer between the
hybrid hosts and the lanthanide ions is clearly demon-
strated using essentially experimental emission quan-
tum yields and photoluminescence excitation spectros-
copy. The influence of the cation local coordination on
this energy-transfer process is also discussed. Finally,
solid arguments that corroborate our earlier assump-
tion!% indicating the presence of LMCT sates in the
Eud'-based diureasils are presented.

1. Experimental Section
Synthesis. The sol—gel-derived organic/inorganic nanohy-

brids investigated in this work were synthesized using a
procedure already described.”'® The sol—gel reaction can be
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summarized in two main steps. Step 1 corresponds to the
formation of urea linkages between the terminal amine groups
of two double functional diamines (commercially designated
as Jeffamine ED-2001 and Jeffamine ED-600, Fluka) and the
isocyanate group of an alkoxysilane precursor (3-isocyanato-
propyltriethoxysilane, ICPTES, Fluka). This step leads to the
formation of the nonhydrolyzed precursor hybrids. In the
second stage, the addition of a mixture of water and ethanol
leads to hydrolysis and condensation reactions, transforming
the precursor into the final xerogels. The structure is repre-
sented at the top of Figure 1.

Europium and gadolinium trifluoromethanesulfonate (Al-
drich), Eu(CF3S0O3); and Gd(CF3;SO3)s, were incorporated in
this second step, by dissolving them in the water and ethanol
mixture (molar ratio 1 ICPTES:4 CH3CH,0OH:1.5 H;0). The
doped nanohybrids have been designated as U(Y),Ln(CF3SOs)s
(Ln = Eu, Gd), where Y is related to the Jeffamine molecular
weight (600 and 2000, respectively; 8.5 and 40.5 polymer
repeat units, respectively) and n = [O]/[Eu] represents the
number of ether-type oxygen atoms of PEO per Ln3" cation.
U(600),Eu(CF3S03); and U(2000),Eu(CF3S03)s were synthe-
sized with 20 = n =< 200 and 40 = n =< 400, respectively,
corresponding to a variation of the Eu®" content versus the
total mass between 4.79% and 0.58% for U(600),Eu(CF3;SOs)3
and between 4.96% and 0.60% for U(2000),Eu(CF3;SO3)s. Two
U(Y)s0Gd(CF3S0s)3, Y = 2000 and 600, diureasils were pre-
pared.

Methods. Room-temperature emission, excitation, and dif-
fuse reflectance spectra were recorded under a 450 W Xe arc
lamp excitation with a SPEX Fluorolog F2121 spectrofluorim-
eter coupled to a Hamamatsu R928 photomultiplier. All the
spectra were corrected for optics and detection spectral
response.

The absolute emission quantum yield, ¢, was measured at
room temperature by the experimental technique described
by Wrighton et al.,?° and it was calculated by the following
expression:

¢ =ARs —Ry) @)

where A is the area under the hybrid’'s emission spectra, and
Rs and Ry are the diffuse reflectances, with respect to a fixed
wavelength, of the diureasils and of the reflecting standard,
respectively. As a standard we used KBr, previously stored in
an oven at 353 K. In the experimental method, the powder
size and packing fraction are crucial factors, since the Rs and
Ru intensities depend on them. Taking this point into account,
the diffuse reflectance was first measured at a wavelength not
absorbed by the nanohybrids. The diureasils were thoroughly
ground until Ry totally overlapped Rs, indicating similar
powder sizes and packing fractions. Diffuse reflectance and
emission spectra were detected at a 24.5° angle, relative to
the incident light. The same experimental conditions were
fixed for all the measurements. The errors in the quantum
yields associated with this technique are estimated within
10%.%0

I11. Results and Discussion

Excitation Spectra. Figure 1 shows the excitation
spectra for the U(600)200EU(CF3SO3); diureasil moni-
tored along the hybrid's backbone emission. A broad
band is observed in the region between 300 and 500 nm.
As the detection wavelength increases, the spectrum
maximum intensity shifts to lower energies and the
broad band full width at half-maximum (fwhm) in-
creases from 3000 to 6000 cm~1. Moreover, for detection
wavelengths higher than 435 nm, another band cen-
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Figure 1. Undoped deureasil structure,a+c=25and b =
8.5 and 40.5 for U(600) and U(2000), respectively (top).
Excitation spectra for the U(600)200EU(CFsSO3); diureasil
monitored at (1) 410, (2) 435, (3) 485, (4) 510, and (5) 550 nm.
The inset shows the excitation spectra maximum intensity
position versus the respective detection energy along the
hybrid's emission band for U(600)200EU(CF3S0O3)s. The solid
square represents the excitation of the hybrid backbone
detected at the strongest ’F; line, 616 nm. The solid line
corresponds to the data linear fit.

tered at ~420 nm (marked with an asterisk in Figure
1) is detected. Its relative intensity with respect to the
excitation maximum intensity increases with the in-
crease of the monitored wavelength. The energy of this
band does not depend on the detection wavelength,
contrary to the more intense one for which a linear
relation between the maximum intensity position and
the respective detection energy is observed (inset of
Figure 1). This behavior is maintained until the detec-
tion wavelength reaches ~610—615 nm, as we will show
later.

The previous results establish the presence of two
emitting centers, similarly to what we have already
observed and reported for the undoped hosts.9.10.12 |n
the U(2000) and U(600) hosts, the respective 14 K
excitation spectra display a large broad band between
315 and 450 nm, where two components were also
clearly distinguished.®1% The less energetic band and
the more energetic one were assigned to the preferential
excitation of the NH groups and siliceous domains,
respectively.9210.12 | jkewise to what we have reported
for the undoped hosts,%12 the dependence of the more
energetic excitation peak on the detection wavelength,
contrary to what is observed for the 420 nm band
(Figure 1), corroborates the above attribution.

The excitation spectra monitored at the strongest °Dg
— 7F, Eud* emission line, for U(600),Eu(CF3S03)s, 20
< n = 200, and for U(2000),Eu(CF3S03)3, 40 < n < 400,
are plotted in parts a and b, respectively, of Figure 2.
The main large broad band, centered at ~340 and ~365
nm for the diureasils with shorter and longer polymer



2994 Chem. Mater., Vol. 13, No. 9, 2001

T T M T

A n=20

n=200

Intensity (arb. units)

n=400

300 370 440 510 580
Wavelength (nm)

Figure 2. Excitation spectra for (a) U(600),Eu(CF3;SO3); and
(b) U(2000),Eu(CF3S03)s. Overlapping the U(2000)g,Eu(CFs-
S03); excitation spectra is plotted the respective spectrum
detected at 700 nm (dashed line). (1), (2), (3), (4), (5), (6), and
(7) correspond to "Fo — 5Hy, 5Da, 5Gj, 5L, °Ds, °D», and °Dj.

chains, respectively, was already observed at 14 K in
the latter nanohybrids and was ascribed to a LMCT
transition resulting from the interaction between the
ion and the first ligands.% At higher wavelengths, 420—
540 nm, a second broad band is also detected. These two
bands overlap a series of sharp lines assigned to intra-
415 transitions between the "Fy and the 5Hy, °Gj, 5L,
and °D3—; levels.

The band detected at higher wavelengths, although
present in the U(600),Eu(CF3SO3)s diureasils, has a
greater contribution to the U(2000),Eu(CF3S0O3)3 spec-
tra. Its respective maximum intensity position follows
the linear relation found for the excitation spectra
monitored along the hybrid’'s emission (inset of Figure
1) within the respective europium concentration. On the
contrary, the energy of the LMCT band is blue-shifted
relative to the hybrid’s backbone excitation spectra. To
verify whether the nature of this band is also related
to charge-transfer processes, two experiments were
done: (i) another Eu3" transition was monitored, the
5Dy — 7F4 line at 700 nm, (ii) the excitation spectra of
the Gd3*-based nanohybrids were recorded under the
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same previous experimental conditions used for the
diureasils modified by Eu(CF3S03)s. The Gd3* excitation
spectrum is a useful tool, since the energetic difference
between the first excited state and the fundamental
levels is too high to allow the detection of a charge-
transfer state in the UV/vis range. By doing this, we
expect to measure in the Gd3* excitation spectra only
the contributions that are not related to the charge-
transfer processes. The excitation spectrum monitored
at 700 nm is plotted in Figure 2b for U(2000)g,Eu(CF3-
S0O3)3, together with the one detected at 616 nm, for an
easier comparison. No changes are observed in the
energy and fwhm of the LMCT band. In addition, the
intensity of the band observed at longer wavelengths is
approximately half-reduced. For both Gd3*-based di-
ureasil series, the presence of the LMCT states was not
detected and only the less intense band could be
discerned. These results clearly assigned this band to
excitation levels of the hybrid nanoscopic matrix. First,
the detection of this band in the Gd3* excitation spectra
immediately excludes any connection with charge-
transfer mechanisms. Second, the observed decrease in
its intensity, with respect to the LMCT band, should
not happen if both bands have the same origin. The
emission spectra (see the next section) corroborate the
above assignment of that band to the hybrid’s emitting
centers. As the emission of these centers overlaps the
Eu®t luminescence (Figure 3a), emission arising from
the diureasil backbone is detected, when the Eu3™ lines
are monitored.

The U(600),Eu(CF3S03)3; nanohybrids always present
a LMCT band at higher energy than those displayed
by the U(2000),Eu(CF3SO3); hybrids, for the whole
concentration range studied here. It is known that a
shift of the LMCT transition frequencies toward the
high-energy region of the spectrum is related to an
increase of the effective charge of the lanthanide cation
and, thus, to a decrease of the tendency of the first-shell
ligands to bond covalently to the metal ion.3! Therefore,
this suggests that the Eu3" ions experience a more
covalent environment in the U(2000),Eu(CF3SOs3);3
samples than in the U(600),Eu(CF3S0O3)3 samples. This
fact is mainly induced by alterations in the type of
ligands present in the first coordination shell.?? In
U(2000),Eu(CF3S03)3, 40 < n < 400, the Eu®" is
coordinated to the urea carbonyl oxygen atoms.1® In
U(600),Eu(CF3S03)3 ether-type oxygen atoms of the
polymer surround the ion for n > 40, and only for higher
Eu3* concentrations, n = 20, the coordination to the
oxygen atoms of the urea groups was observed together
with the presence of the Eu®" located in the polymer
chains.?® The oxygen atoms of the carbonyl groups are
known to have a greater tendency to bond covalently to
the Eu®* ions, when compared with the ether oxygen
atoms.®? In this way, a more energetic LMCT band is
expected in the case of the U(600),Eu(CF3;S0O3)s di-
ureasils. The number of ligands present in the Eu3* first
coordination shell also depends on the concentration of
the Eu®™ in the nanocomposites, so changes in the
energy of the LMCT states by varying the Eu3* content,
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Figure 3. Emission spectra of (a) U(600),Eu(CF3;S03); and
(b) U(600)200EU(CF3S0O3)3 recorded under the excitations men-
tioned. (1), (2), (3), (4), and (5) correspond to Do — 5Fo—4. The
asterisk marks the ’Fo — 5L¢ self-absorption.

inside each xerogel series, are also expected as one can
observe recalling Figure 2. For the U(600),Eu(CF3sSO3)3
xerogels the energy of the LMCT states is always
centered at ~340 nm, indicating that possible changes
in the first neighbor number, for 40 < n < 200, or the
presence of another ion local coordination site, for n <
20, does not seem to affect significantly the covalency
degree of the first coordination shell. However, the
doped nanohybrids with longer polymer chains show a
displacement in the energy of the LMCT band ascribed
to variations in the chemical nature of the first
neighbors.1%

Emission Spectra. Figure 3a presents the emission
spectra for the entire series of U(600),Eu(CF3SO3);
diureasils, excited at 375 nm. The spectra are composed
of a large broad band in the green-blue spectral region,
already observed in the undoped nanohybrids,”°~1? that
overlaps a series of Eu®" intra-4f® yellow-red sharp lines,
assigned to transitions between the °Dg and the "Fo—4
levels. The large broad band results from the overlap
of two distinct emissions assigned to electron—hole
recombinations in the NH groups of the urea bridges
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and in the siliceous domains of the inorganic backbone.!2
The maximum intensity energetic position of the broad
band and its relative intensity with respect to the cation
lines strongly depend on the amount of Eu3* incorpo-
rated, Figure 3a. For U(600),Eu(CF3SO3)3, the larger
overlap between the hybrid’s backbone emission and the
Eus* lines is detected for n = 200 and 60, in agreement
with the increase of the hybrid backbone intensity
observed in the excitation spectra monitored around the
Eudt lines (Figure 2a). A red shift of the maximum
intensity energetic position with the increase of the
excitation wavelength is observed, exemplified in Figure
3b for U(600)200EU(CF3S0O3)s.

The emission of the U(600),Eu(CF3S0O3)s diureasils
appears to be white to the naked eyes, as shown in the
CIE (x, y) chromaticity diagram of Figure 4a for two
typical samples, n = 20 and 200. The color coordinates
of the remaining compositions are very similar to the
ones of U(600)200EU(CF3S0O3)s. The ability to tune the
hybrid’s emission to colors across the chromaticity
diagram is readily achieved by changing either the
amount of Eu3" incorporated in the diureasil host
and/or the excitation wavelength, Figure 4a. The
U(2000),Eu(CF3S03); emission spectra are also com-
posed of the convolution of the hybrid's and Eus*t
emission, presenting the same luminescence properties
mentioned above for the U(600),Eu(CF3;SO3)3 diureasils,
despite a red shift of the hybrid’'s backbone emission.t®
As the energy of the Eu3" emission lines and their
relative intensity, with respect to the host emission,
depend on the polymer molecular weight, the emission
color of the diureasils can also be fine controlled by
altering the molecular weight of the polymer chains. For
instance, the (x, y) color coordinates of the two U(Y)4Eu-
(CF3S03); nanocomposites, excitation wavelength of 395
nm, are (0.23, 0.23) and (0.39, 0.36), for Y = 600 and
2000, respectively (Figure 4b).

Absolute Emission Quantum Yield Measure-
ments and Quantum Efficiency of the °D, State.
The emission quantum yields were measured for several
excitation wavelengths corresponding to (i) the maxi-
mum intensity of the hybrid’s backbone excitation
spectra, (ii) around the maximum intensity of the LMCT
band, and (iii) three wavelengths related to direct
excitation of Eu3* levels, namely, 395 nm (°Lg), 420 nm
(°D3), and 465 nm (°D,). Figure 5a presents the values
obtained for U(Y)200EU(CF3S03)3, Y = 600 and 2000 (and
respective errors bars), as a function of the excitation
wavelength. For both diureasil series, and indepen-
dently of the Eu3* concentration, ¢ presents the same
trend; that is, when the excitation wavelength varies
between 340 and 500 nm, a maximum value is mea-
sured around 395 nm. This wavelength maximizes the
emission quantum yields because it corresponds to the
greater overlap between the excitation spectra of the
two hybrid's emitting centers (see Figure 1). In the
doped U(2000) samples ¢ undergoes a decrease from
13.0%, n = 400, to 1.4%, n = 40. In these nanohybrids,
excluding n = 400, lower quantum yield values were
measured, when compared to the undoped nanocom-
posite that presents ¢ ~ 9.0%.12 The quantum yield
values for U(600),Eu(CF3S0O3)3, n = 40, are similar to
the one found for the undoped host, 7.0%,'? within the
experimental error. However, the more concentrated
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Figure 4. CIE chromaticity diagram showing the (x, y) color
coordinates (calculated for the 2° standard observer) for (a)
U(600),Eu(CF3SO3)3, n = 20 (open triangles), 200 (solid
diamonds), and (b) U(Y)sEu(CF3S03)s, Y = 2000, 600, open
and solid circles, respectively. The lines through the data are
drawn as guides to the eyes indicating changes in the (X, y)
coordinates as the excitation wavelength increases from 330
to 465 nm. The equienergy white point (0.33, 0.33) is marked
with a times sign.

sample, n = 20, presents a lower value, ¢ ~ 2.6%. All
these results (obtained at a 395 nm excitation wave-
length) are shown in Figure 5b. There are few results
concerning the determination of the absolute quantum
yields in lanthanide-based organic/inorganic materials.23
The diureasil’'s quantum yields, although smaller than
those reported for semiconducting conjugated polymers
doped with Eus* S-diketonate complexes, 17—27%,2%2
are similar to those of the Ce®*-based organic/inorganic
hybrids, 4.6—11%.2%°

The decrease in the emission quantum yields observed
for both nanohybrid series as the Eu3* amount incor-
porated in the diureasil host increases (Figure 5b) is a
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Figure 5. ¢ values for (a) U(2000),00EU(CF3SO3); (open
circles) and U(600)00EU(CF3SOs3); (solid circles), excitation
wavelengths between 340 and 500 nm, and (b) U(2000),Eu-
(CF3S03);5 (open circles) and U(600),Eu(CF3;SOg)s (solid circles).
Lines are drawn as guides to the eyes.

0.0

clear evidence of energy transfer between the emitting
centers of the matrix (donors) and the metal ions
(acceptors).®® Moreover, the results obtained for the
emission quantum yields demonstrate that the energy-
transfer processes strongly depend of the Eu®* local
coordination. In the U(2000),Eu(CF3SO3); diureasils as
the Eud* ions interact mainly with the carbonyl-type
oxygen atoms of the urea cross-links, located near the
hybrid’'s emitting centers, the energy-transfer processes
are active, except in the less concentrated sample, n =
400. As the ion concentration increases from n = 200
to n = 40, more ions are located near the hybrid’s
emitting centers, which means that there are a higher
number of emitting centers transferring energy to the
Eus*, thus contributing to a continuous decrease of the
emission quantum yields. On the contrary, in the
U(600),Eu(CF3S03)s3, 40 < n < 200, nanohybrids, the
EuT ions are coordinated to the ether oxygen atoms of
the polymer chains and the distance between the
hybrid’'s emitting centers and the metal ions is large
enough to allow efficient energy transfer. However, for
high salt concentration, n < 20, a distinct cation local

(33) Reisfeld, R.; Jgrgenson, C. K. In Handbook on the Physics and
Chemistry of Rare Earths; Gschneider, K. A., Jr., Eyring L., Eds;
Elsevier Science Publishers: Amsterdam, 1987; Vol. 9, p 61.
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site environment involving the interaction with the urea
carbonyl oxygen atoms is detected, besides the coordina-
tion to the polymer ether oxygen atoms. Therefore, the
energy-transfer processes between the hybrid's back-
bone and the Eu®" ions are activated with the corre-
sponding decrease of the absolute emission quantum
yield (Figure 5b). The control of the energy-transfer
mechanism activation by changing the ion coordination
local site, that is, by changing the polymer molecular
weight and/or the Eu®* concentration, allows a fine-
tuning of the chromaticity of the diureasil emission. For
instance, comparing a sample where the energy-transfer
mechanisms are inactive, U(600)4,Eu(CF3S03)3, with
other nanohybrids where those processes are very
efficient, U(2000)40Eu(CF3SO3)3, we observe that the (x,
y) color coordinates of the latter diureasil are shifted to
the red region of the CIE diagram, Figure 4b. This is a
direct consequence of a decrease in the blue-green
hybrid host emission, with respect to the yellow-red
intra-4f% lines, due the activation of the energy-transfer
mechanisms discussed above.

All the presented emission quantum yield results are
related to the global white light emission that corre-
sponds to the overlap of the hybrid’'s and ion emission.
This is justified since the Eu3" contribution to the global
white light emission is small, when compared with the
large emission band of the hybrid’s backbone. However,
we can estimate the efficiency, q, of the °Dy Eu3* excited
state. Assuming that only nonradiative and radiative
processes are essentially involved in the depopulation
of the 5Dy state, q can be defined as

K
q=r—" 2)
K, + K,

where k, and knr are the radiative and nonradiative
probabilities, respectively. The emission intensity, I,
taken as the integrated intensity of the Dy — "Fo_4
emission lines can be expressed by

lij =Awij Ay N; 3

where i and j represent the initial (°Do) and final ("Fo-4)
levels, respectively, Awi—; is the transition energy, Ai—;
corresponds to Einstein’s coefficient of spontaneous
emission, and N; is the population of the 5Dy emitting
level. The radiative contribution, k., may be calculated
from the relative intensities of the °Dy — "Fo_4 lines.
Since the 5Dy — 7F; transition can be considered as a
reference, due to its dipolar magnetic nature, k; can be
calculated as

 — Aog-1Eo1 4 Sy @
=
So-1 FoEq-;

where Agp-; is Einstein’s coefficient of spontaneous
emission between the 5Dy and the “F; levels, which is
usually referenced as equal to 50 s~1,3* and Eq—; and
So-j are the energy and the integrated intensity of the
5Dy — 7F; transition, respectively. The parameter knr
can be calculated by the 5Dy experimental decay time,
Texp, CONsidering that (texp) ™t = kr + Knr.

(34) Hazenkamp, M. F.; Blasse, G. Chem. Mater. 1990, 2, 105.
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These results have already been reported for the
U(2000),,Eu(CF3S03)3 nanocomposites, 40 < n < 400.1%
In the case of U(600),Eu(CF3S03)3, we restricted our
calculations to the nanohybrids with n > 40 because for
higher salt concentrations two Eu3* different coordina-
tion sites are observed and we cannot individualize the
two contributions, both in the emission spectra and in
the experimental decay. We found quantum efficiency
values, q ~ 13%, similar to the ones calculated for the
diureasil series with longer polymer chains, in the same
concentration range.1%®

By analyzing the relative energy of the LMCT states
between the U(2000),Eu(CF3S0O3); and the U(600),Eu-
(CF3S03); nanohybrids, we could expect a greater g
value for the latter system, since it is known that lower-
lying charge-transfer states contribute in a more ef-
ficient way to the nonradiative depopulation of the °Dg
level.?® Generally, high q values (80—90%) are only
found in the case of LMCT positions above 40000 cm™2.
Since we are in the presence of LMCT states positioned
at considerably lower energies (27000—29000 cm~1), an
important overlap with the ion levels clearly contributes
to the effective depopulation of the 5Dy level in the
diureasils.

Energy Transfer between the Emitting Centers
of the Nanoscopic Matrix and the Eu®* lons. The
efficiency of the energy transfer, », between two species—
the donor and the acceptor—can be evaluated by mea-
suring the absolute emission quantum yield in the
presence, ¢, and absence, ¢o, of the acceptor3?

n=1-2 ©)

We estimate the efficiency of the energy transfer for
all the nanohybrids of both series where a decrease in
the quantum yield value was observed, with respect to
the value measured for the corresponding undoped
xerogel. Thus, whereas for the U(2000),Eu(CF3SO3)3
series the n = 400 sample is the only one where energy-
transfer processes seem to be unimportant (as clearly
expressed by the increase of the emission quantum
yield, with respect to the undoped host), for the
U(600),Eu(CF3S03)3 nanohybrids the energy-transfer
mechanisms are activated only for n = 20 (Figure 5b).
In U(2000),Eu(CF3S03)3 the efficiency of the energy
transfer ranges from 27%, n = 200, to 84%, n = 40. The
value found in U(600)2Eu(CF3S0O3); is 63%. These
results, calculated for an excitation wavelength of 395
nm, are independent of the excitation wavelength.

Parts a and b of Figure 6 show a schematic illustra-
tion of the LMCT states, hybrid’s host emitting centers,
and Eud* levels for U(2000),Eu(CF3SOz3)s and U(600),Eu-
(CF3SO0g)3, respectively. For the LMCT band and the
hybrid's host emitting levels the diagram depicts the
lower and the higher energy limits obtained for the
different excitation wavelengths (300—420 nm) and for
the Eu3' content where energy transfer between the
host and the cations occurs. We notice that the energy
range of the emitting siliceous nanodomains represented
in Figure 6 depends on the Eu®* concentration incor-
porated in the diureasil matrix in such a way that an
increase in the siliceous network dimension results in
a decrease of the corresponding energy gap.®2! Accord-
ingly, Figure 7 illustrates for U(2000),Eu(CF3SOs3)3, 40
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Figure 6. Schematic illustration of the energy diagram for
(a) U(2000)nEu(CF3S03)3, 40 < n < 200, and (b) U(600)EuU-
(CF3S03)s. For the hybrid's levels the black and gray lines
correspond to the siliceous and NH group emitting centers,
respectively. The solid and dotted lines indicate radiative and
nonradiative processes, respectively. The dashed lines exem-
plify possible energy-transfer paths between the host and the
Eu®t ions and between the LMCT states and the 4f¢ levels.

< n < 400, the decrease observed in the energy of the
siliceous emitting centers as the radius of the nan-
odomains increases. The emission energies of the sili-
ceous regions were obtained by an iterative least-
squares curve-fitting procedure reported previously,®
whereas the nanodomain sizes were calculated on the
basis of small-angle X-ray scattering results.

IV. Conclusions

The energy-transfer processes and the measurements
of the absolute emission quantum yields in two series
of Eud*-based white light emitting hybrids whose host
matrix is composed of siliceous hanodomais covalently
bonded to polyether chains via urea cross-linkages were
described. The energy-transfer mechanisms between the
nanoscopic hosts and the cations arise from two different
and independent processes: a charge-transfer band,
resulting from the interaction between the Eu®* and the
first ligands, and energy transfer from the hybrid’'s
backbone emitting centers (siloxane nanoregions and
NH groups of the urea bridges). The energy-transfer
processes and, therefore, the absolute emission quantum
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Figure 7. Variation of the fitted emission energy of the
siliceous regions (excited at 375 nm) for U(2000),Eu(CF3S03)s,
40 < n =< 400, with the respective nanodomain size. The line
is drawn as a guide to the eyes.

yields strongly depend on the Eu®* local coordination.
In the diureasils where the Eu®" ions interact with the
carbonyl-type oxygen atoms of the urea cross-links
(located near the hybrid's emitting centers), the energy-
transfer processes are active, with the corresponding
decrease of the absolute emission quantum yields,
relative to the undoped xerogel. On the contrary, when
the Eudt ions are coordinated to the polymer chains,
the distance between the hybrid’s emitting centers and
the metal ions is large enough to allow efficient energy
transfer and thus the quantum yields are unchanged.

The Eu®t-based siloxane/POE nanohybrids are ver-
satile and promising full-color emitters in which the
overall emission characteristics are essentially deter-
mined by the tuning of the energy-transfer process
between the different components of the nanohybrids,
i.e., the siliceous nanodomains, the urea linkages, the
POE chains, and the lanthanide centers. This tuning is
easily achieved using both chemical—through the con-
trol of the molecular weight of the polyether segments
and of the amount of Eud™ incorporated into the nano-
scopic matrix—and physical—variation of the excitation
energy—approaches. Therefore, the most remarkable
aspect of these nanocomposites is the possibility to tune
the relative influence of the mentioned energy-transfer
processes and to get nanostructured materials with
potential use in silicon-compatible display technologies
requiring fine control of an efficient white light emis-
sion. Furthermore, the incorporation of europium salts
with ligands that sensitize the Eu3* emission (efficient
UV/vis conversion) may induce better performance
concerning the nanohybrid’s absolute quantum yields.
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