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White light emission of Eu31-based hybrid xerogels
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The luminescence spectra and extended x-ray-absorption fine-structure~EXAFS! measurements of a series
of Eu31-based organic/inorganic xerogels were reported and related to the local coordination of the lanthanide
cations. The hybrid matrix of these organically modified silicates, classed asU(2000) ureasils, is a siliceous
network to which short organic chains containing oxyethylene units are covalently grafted by means of urea
bridges. The luminescent centers were incorporated as europium triflate, Eu~CF3SO3!3, and europium bromide,
EuBr3, with concentrations 200>n>20 andn580, 40, and 30, respectively—wheren is the number of ether
oxygens in the polymer chains per Eu31 cation. EXAFS measurements were carried out in some of the
U(2000)nEu~CF3SO3!3 xerogels~n5200, 80, 60, and 40!. The obtained coordination numbersN ranging from
12.8,n5200, to 9.7,n540, whereas the average Eu31 first neighbors distanceR is 2.48–2.49 Å. The emission
spectra of these multiwavelength phosphors superpose a broad green-blue band to a series of yellow-red
narrow 5D0→7F0 – 4 Eu31 lines and to the eye the hybrids appeared to be white, even at room temperature. The
ability to tune the emission of the xerogels to colors across the chromaticity diagram is achieved by changing
the excitation wavelength and the amount of salt incorporated in the hybrid host. The local environment of
Eu31 is described as a continuous distribution of closely similar low-symmetry network sites. The cations are
coordinated by the carbonyl groups of the urea moieties, water molecules, and, forU(2000)nEu~CF3SO3!3, by
the SO3 end groups of the triflate anions. No spectral evidences have been found for the coordination by the
ether oxygens of the polyether chains. A mean radius for the first coordination shell of Eu31 is calculated on
the basis of the emission energy assignments. The results obtained forU(2000)nEu~CF3SO3!3, 2.4 Å for 90
>n>40 and 2.6 and 2.5 Å forn530 and 20, respectively, are in good agreement with the values calculated
from EXAFS measurements. The energy of the intraconfigurational charge-transfer transitions, the redshift of
the 5D0→7F0 line, with respect to the value calculated for gaseous Eu31, and the hypersensitive ratio between
the 5D0→7F2 and 5D0→7F1 transitions, point out a rather low covalency nature of the Eu31 first coordination
shell in these xerogels, comparing to the case of analogous polymer electrolytes modified by europium bro-
mide. @S0163-1829~99!03138-0#
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I. INTRODUCTION

Solid thin polymer ion conductor films involving com
plexes of macromolecules and various ionic salts, i.e., p
mer electrolytes, have been the focus of considerable sc
tific interest during the last two decades.1–3 The main driving
force in this research was initially originated by the possib
ity of using these materials, essentially incorporati
monovalent lithium salts in poly~oxyethylene!, POE, in a
variety of electrochemical and electrochromic displays, s
as rechargeable high-energy-density batteries, proton
change polymer electrolytes, membrane fuel cells,
variable-transmission ‘‘smart’’ windows.1–3

In spite of the tremendous quantity of physical and che
cal characterization measurements carried out during the
20 years, progress on the understanding of the microsc
dynamics and ionic transport features of these materials h
been severely restricted by the lack of structural data. In f
only very recently was substantial progress in the analysi
the x-ray-diffraction patterns of salt-rich polymer electrolyt
PRB 600163-1829/99/60~14!/10042~12!/$15.00
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reported.4 The difficulties encountered in determining the
crystal structures by single-crystal methods were, th
solved and, consequently, the crystal structure of so
polymer-in-salt complexes have been established.4 However,
regarding the amorphous regions of polymer electrolytes
which the charge transport processes predomina
occur,1–3 both the local interactions between the ions and
polymer chains and the local polymer segmental motion
which are critical for long-range charge transport—a
poorly known. Both vibrational and electronic spectrosco
techniques are relevant tools for gaining some insight ab
the structural molecular characteristics of those amorph
regions. These techniques have been frequently used in
ous polymer-salt complexes to investigate several aspec
their molecular characteristics, such as, for instance, the c
formation of the polymer chains,5–7 the anionic and cationic
environments,8–24 the vibrational modes of polymer-catio
coordination,9–11,24 and ether oxygen-metal ion stretchin
motions.10,11,22

In the case of polymer electrolytes incorporating la
10 042 ©1999 The American Physical Society
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thanide salts, since the first initial reports indicating th
trivalent cations were also soluble in POE and poly~oxypro-
pylene!, POP,13,14several papers have been published dur
this decade showing that the ion-polymer chain interacti
can be investigated using the cation emission features,14–24

and the active vibrational modes of the anions.6,8–12,22,24In
particular, for POE electrolytes incorporating EuBr3 the ob-
served emission energies have previously been used fo
termining the average Eu31 nearest ligands distance,16,19 the
associated local symmetry group,15,19 and the number of
nearest oxygens.23 Moreover, for these europium-based pol
mer electrolytes a structural model of chains of interact
coordination shells~characterized by the luminescent cen
and by its nearest ligands oxygens! was derived, allowing the
determination of the interaction energy between adjacent
ordination shells.23

The narrow room-temperature luminescence character
of this encapsulation of lanthanide centers into the oxyg
lined helical turns of POE combined with the advantages
processable ionically plastic films of variable thickness a
large surface areas, opens up new areas of possible tec
logical applications for these materials.25 On the other hand
the synthesis of these lanthanide-based polymer electro
is in accordance with the new trends in the field of lumin
cent materials where ligands protecting organic cage-t
hosts kinetically inerts, e.g., macrocyclic ligands such as,
instance, cyclams, crown ethers, and cryptands, are use
efficient lanthanide coordinated sites.26,27 The main prospec
of this strategy involves the synthesis of stable supramole
lar structures with high luminescence efficiencies employ
the so-calledantenna effect, e.g., absorption of ultraviole
light by the ligand cage-type hosts, an efficient intermole
lar energy transfer to the luminescent center and a su
quent high efficient emission.27

In the quest for the development of technological appli
tions using POE-based cage-type Eu31 electrolytes two very
severe drawbacks were immediately recognized. The elec
lytes present a strong tendency to crystallize, which redu
optical quality, and show a high hygroscopic charac
which enhances the quenching of Eu31 emission by deacti-
vations via O-H oscillators and makes compulsory handl
in an inert atmosphere. In order to suppress problems rel
to crystallization of the electrolytes a large variety of po
mer host structures have been investigated, including p
mers with comb-branched backbones, cross-linked netwo
block polymers, etc.1–3 Two other methods employed fo
decreasing the crystalline nature of POE-based electrol
~and, consequently, improving their ionic transport prop
ties! are the incorporation in the polymer matrix of sma
amounts of plasticizers1–3 and the use of large plasticizin
anions as, for instance,~bis!trifluoromethanesulfonate imid
~TFSI!.28 In this case, the hygroscopic character of the m
terials is also reduced due to the bulkiness, flexibility, a
charge delocalization of the anion. For lanthanide-ba
polymer electrolytes the luminescence features of
EuTFSI3 salt incorporated in poly~propylene glycol!, PPG,
and in low-molecular-weight POE oligomers have been
cently reported.24

A different route in order to overcome both the crysta
zation character and the high hygroscopic tendency
lanthanide-based POE electrolytes can be achieved by
t
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sol-gel synthesis of similar luminescent polymers based
organic/inorganic hybrid materials.29–33

In recent years the use of the sol-gel approach for
synthesis of a wide range of novel materials has attrac
considerable scientific interest.34 In particular, the advan-
tages of the rich chemistry of silicon-based networks ha
been employed to synthesize amorphous and transparen
brid organic/inorganic structures incorporating lanthan

salts.35–38 The hybrid nature of these matrices improves t
lanthanide cation emission and the mechanical stability
the sample, comparing to the conventional silica g

hosts.35–38 Furthermore, due to the presence of a siliceo
backbone skeleton some of the organic/inorganic gels th
selves are luminescent between 14 K and ro
temperature.38–43 In spite of the potential technological re
evance of that emission in several optics and electro-op
devices, such as, for instance, hybrid layers for optical d
storage, optical waveguides, stable nonlinear optical ma
als, sensors or gel glasses dispersed liquid crystals, ele
chromics hybrids for smart windows,35,39 only a limited
number of works has been focused on these light-emis
features.38–43

The relevance of the sol-gel method for the synthesis o
different family of europium-based hybrid materials, class
as ureasils, based on a siliceous backbone to which oxy
ylene units are covalently grafted by means of urea linka
was recently shown by our two groups.29–32 These organi-
cally modified silicates are obtained as transparent ela
meric and essentially amorphous thin monoliths—therma
stable up to about 200 °C—and, besides the observed
crease in its crystalline nature and hygroscopic propens
they clearly present several marked emissions advant
relatively to the analogous Eu31-based polymer electrolytes
In fact, the ureasil hybrids are room-temperature white lig
phosphors ~multiwavelength emitters! combining narrow
yellow-red Eu31 luminescence with broad green-blu
emission.29–32The white light phosphor nature of these ur
cross-linked organically modified silicates has already b
reported for the undoped ureasil host, i.e., on the absenc
any activator metal ion.29,30,42,43

The achievement of full color displays is one of the ma
challenging tasks on the field of luminescent materials.
interesting class of stable and efficient white photolumin
cent silicate materials prepared from an alkoxysilane~similar
to the precursor used in the synthesis of the ureasils! and a
variety of organic carboxylic acids through a sol-gel rou
has been recently reported.40 When heated above'400 °C,
besides a short-lived luminescence (<10 ns), these hybrids
display a bright phosphorescence with a lifetime of seve
seconds at room temperature.40 We must also emphasize th
set of white light emission complexes based on light emitt
diodes~LED’s! involving blends of conjugated polymers,44

multilayer organic dye LED’s,45 and the III-nitride technol-
ogy associated with conjugated polymers.46 In the latter sys-
tems, as, for instance, the case of InGaN/conjugated poly
hybrid LED’s,46 the blue-light from the InGaN pump is to
tally ~or partially! absorbed and re-emitted as light of a d
ferent color by using thicker polymer films. The ability t
control the color with the InGaN/conjugated polymer hybr
LED’s is achieved by varying the thickness of the conjuga
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10 044 PRB 60L. D. CARLOS et al.
polymer film and by a prudent choice of the polym
materials.46

The present paper gives a detailed description of the
minescence features of white light Eu31-based hybrids and
attempts to determine the local coordination of a lanthan
ion in organic/inorganic xerogels combining the cation lum
nescence characteristics with its extended x-ray-absorp
fine-structure~EXAFS! features. For polymer electrolyte
and organic/inorganic hybrids incorporating lanthanide c
ions this analysis, to the best of our knowledge, has not b
done yet. Even for other classes of materials modified
europium salts a limited number of reports have been d
up to now dealing with EXAFS studies and with the analy
of the local cation coordination combining EXAFS and l
minescence properties.47,48

The remainder of the article is organized into four ad
tional sections. In Sec. II we describe the ureasils synth
and the experimental procedures associated both with
EXAFS and luminescence measurements. The analysi
the EXAFS data for determining the coordination numb
and the average Eu31 first oxygen neighbors distance, as we
as the luminescence spectra~excitation and emission modes!
of the Eu31-based hybrids are presented in Sec. III. In p
ticular, we illustrate an interesting approach to obtain
room-temperature white light emitters by using t
Eu31-based ureasils hybrids in which the ability to tune t
emission to colors across the~Commission Internationale d
L’Eclairae! ~CIE! ~1931! chromaticity diagram is achieve
either by changing the amount of europium salt incorpora
in the ureasil host or the excitation wavelength. In Sec.
we show that the local environment of Eu31 consists of a
continuous distribution of closely similar low-symmetry ne
work sites in which the Eu31 cations are coordinated by th
carbonyl groups of the urea moieties, water molecules a
for U(2000)nEu~CF3SO3!3, by the oxygen ligands of the tri
flate anions. For the xerogel in which there are four availa
carbonyl oxygens for each incorporated Eu31,
U(2000)80Eu~CF3SO3!3, a possible local charge distributio
around the cations is suggested. Furthermore, we dem
strate that the covalency nature of the first coordination s
of the hybrids reported here is low, comparing with ana
gous POE electrolytes modified by EuBr3, and based on the
energy levels assignment, we evaluate a mean radius fo
Eu31 nearest ligands distribution. Finally, the concluding
marks are presented in Sec. V.

II. EXPERIMENT

A. Materials

The synthesis of the Eu31-based xerogels discussed in th
work has been described in detail elsewhere.29,30,49The sol-
gel hybrids contain short highly solvating (OCH2CH2) units
('40.5) covalently grafted onto a siliceous network
means of urea bridges and have been designated as ur
~ureasilicates!.50 The oxyethylene segment is present in do
bly functional amines—chemically a,v-diamine-
poly~oxyethylene-co-oxypropylene!. The bond between the
alkoxysilane precursor and the polyether chains is formed
the reaction of the terminal amino groups of the diam
with the isocyanate group of the precursor used~3-
isocyanatepropyltriethoxysilane, Fluka! which leads to the
-
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formation of urea bonds~ureapropyltriethoxysilane, UPTES
precursor!. The diamine used in this study is commercia
designated as Jeffamine ED-2001~Fluka!. The Eu31-doped
ureasils, obtained by the addition of Eu~CF3SO3!3 ~Aldrich!
and EuBr3 ~Alpha! to the urea crosslinked hybrid, have be
identified byU(2000)nEuX3, X5CF3SO3 and Br, whereU
originates from the word ‘‘urea,’’ 2000 indirectly indicate
the length of the oligopolyoxyethylene chains andn5O/Eu
represents the number of (OCH2CH2) monomer units per
Eu31 cation. For theU(2000)nEu~CF3SO3!3 ureasilsn varies
between 200 and 20, whereas for theU(2000)nEuBr3 hy-
brids the salt concentrations investigated aren580, 40, and
30.

B. Measurements

X-ray-absorption experiments were conducted on the E
AFS station at the LNLS~National Synchrotron Light
Laboratory-Brazil! ring operating at 1.37 GeV and 100 m
of nominal current with the beam monochromatized by
Si~111! double-crystal. Spectra were recorded at the EuLIII
edge~6977 eV! in the transmission mode with air filled ion
ization chambers in the detection. Bulk samples were u
with thickness adjusted in order to obtain a reasonable
sorption coefficient. In the approximation of simple scatt
ing and plane waves, the EXAFS results can be interpre
with the following equation:

x~k!5(
j

Nj

kRj
2 F j~k,p!exp~22s j

2k2!

3expS 2
2Rj

l D sin@2kRj1f j~k!#, ~1!

wherek is the wavevector of the photoelectrons,F j (k,p) is
the amplitude of the backscattering of each of theNj neigh-
boring equivalent atoms localized at a mean bond dista
Rj of the absorber atom,s j is the Debye-Waller factor,l(k)
is the mean free path of the photoelectrons, andf j (k) is the
phase shift including the absorber atom~in this case Eu31!
and the backscattering atoms~in this case oxygens!.

The EXAFS oscillationsx(k) have been analyzed by con
ventional methods including normalization, background
moval and Fourier transform of the EXAFS spectra. To d
termine the structural parametersR, N, ands j the Fourier
transform method was used.51 The data were analyzed usin
the available simulations programs on Macinto
computer.52 To obtain Fourier transforms, EXAFS spect
were multiplied by the factork2 and a Kaiser apodization
window was used between 3 and 10 Å21, with t52.5. Poly-
crystalline Eu2O3 powder was used as reference during sim
lations for the first coordination sphere around the europi
atom ~six oxygen atoms at a mean distance of 2.371 Å!.

Luminescence spectra were recorded in the tempera
range of 14–300 K with a resolution of 0.05 nm. The lum
nescence was excited by a 1000 W xenon arc lamp~Kratos
LH151N/1S! and recorded using a 0.25-m monochroma
~Kratos GM-252!—fitted with a 1180-grooves/mm grating—
and a 1-m Czerny-Turner spectrometer~1704 Spex!—fitted
with a 1200-grooves/mm grating—coupled to a photomu
plier ~Hamamatsu R928!. All the spectra were corrected fo
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FIG. 1. Radial structural functions around Eu31 for standard
Eu2O3 ~dashed line! and for U(2000)nEu~CF3SO3!3, n5200 ~dot
line! and n540 ~full line!. Inset shows the radial structural func
tions for U(2000)80Eu~CF3SO3!3 ~dotted line! and
U(2000)60Eu~CF3SO3!3 ~solid line!.
the detector response. The experimental setup used has
described in detail previously.18

III. RESULTS

A. Extended x-ray-absorption fine structure

After carrying out routine procedures for data normaliz
tion and extraction of the EXAFS signal from experimen
absorption spectra the pseudoradial distribution functi
were obtained by Fourier analysis. Figure 1 shows the mo
lus of the Fourier transforms thus obtained for the hybr
and also for the standard Eu2O3. The main observation con
cerns the presence of only one strong peak in the Fou
transforms of the hybrids, meaning that order exists for th
systems only for the first Eu31 ions neighbors range.

In order to obtain quantitative results and to interpret
amplitude variations observed in the first peak of the Fou
transforms a simulation of the EXAFS spectra was p
formed. The first coordination sphere of Eu31 was character-
ized by fitting filtered EXAFS spectra with Eq.~1!, using
phase and amplitude functions obtained from the stand
Eu2O3 spectrum. Figure 2 shows experimental and calcula
spectra. Good fits were obtained for all samples. The EXA
results are summarized in Table I. These results sugge
decrease in the coordination number with the increase in
relative Eu31 concentration betweenn5200 andn540. Fur-
thermore, the decrease of the Debye-Waller disorder fa
FIG. 2. k2-weighted Fourier-
filtered EXAFS of the Eu31 first
coordination shell ~circles! and
best fit ~solid line! for
U(2000)nEu~CF3SO3!3, n5200,
80, 60, and 40.



th

or

s

on
e
e

xi

he um

on
is

an-
the

-
duc-
bor
-

tive
re-

or
on-
een

tes
a-

le
the

ob-
ped

th

e

10 046 PRB 60L. D. CARLOS et al.
in this salt concentration range indicates the tendency of
dispersion of the Eu-O distances to decrease.

B. Photoluminescence spectra

Figure 3 shows the excitation spectrum f
U(2000)20Eu~CF3SO3!3 (lemiss.5617 nm) at 14 K. The sharp
lines were assigned to intra-4f 6 transitions between the7F0
and the 5D1 – 3, 5L6 levels, whereas the broad band is a
cribed to intraconfigurational ligands-to-Eu31 charge-transfer
transitions~CTT!. This band lies in the same energy regi
of the 7F0→5L6 and 7F0→5D3 transitions. As temperatur
rises from 14–300 K, the line intensity is generally reduc
by '40%.

With the increase of the Eu~CF3SO3!3 content fromn
5200 ton520 we notice drastic changes on the CTT ma
mum position. While for 200>n>80 and for 40>n>20 the
CTT maximum shifts towards the low-energy region of t
spectrum, for salt concentration betweenn580 andn540

FIG. 3. Excitation spectrum (lemiss.5617 nm! for
U(2000)20Eu~CF3SO3!3 at 14 K. Inset shows the CTT waveleng
region for U(2000)nEu~CF3SO3!3, n580, 60, and 40.~1!: CTT;
~2!, ~3!, ~4!: 7F0→5L6 , 5D3 , 5D2 ; ~5!: 7F0→5D1 .

TABLE I. Room-temperature EXAFS simulation at the EuLIII

edge.N is the first-neighbors number,R ~Å! the Eu-O mean dis-
tance andDs (Å 2) the Debye-Waller factor.

N(61) R(60.05) Ds2(60.0005)

U(2000)200Eu~CF3SO3!3 12.8 2.48 0.0072
U(2000)80Eu~CF3SO3!3 11.2 2.48 0.0068
U(2000)60Eu~CF3SO3!3 11.8 2.48 0.0055
U(2000)40Eu~CF3SO3!3 9.7 2.49 0.0050
e

-

d

-

the opposite trend is observed, that is, the CTT maxim
shifts towards the high-energy region of the spectrum~inset
of Fig. 3!.

It is known that a shift of the charge-transfer transiti
frequencies toward the high-energy region of the spectrum
related to an increase of the effective charge of the l
thanide cation,53 and thus to a decrease of the tendency of
first ligands to bond covalently to the metal ion~see, for
instance, Ref. 54!. This behavior may be induced by an in
crease on the cation first ligands distances and/or by a re
tion in the number and in the effective charge of the neigh
ligands. The EXAFS results~Table I! suggest that the reduc
tion in the number of oxygen ligands betweenn580 andn
540 may account for the mentioned increase on the effec
valence of the europium ions and therefore for the cor
sponding decrease on the covalency nature of the Eu31 first
coordination shell.

Figure 4 shows the 14 K emission spectra (lexc.5375 nm)
for the xerogels U(2000)90Eu~CF3SO3!3 and
U(2000)80EuBr3 recorded at the excitation wavelength f
which the europium integrated relative intensities are str
ger. The narrow lines were assigned to transitions betw
the first excited state,5D0 , and the 7F0 – 4 levels of the
ground multiplet. Luminescence from higher excited sta
such 5D1 is not detected indicating very efficient nonradi
tive relaxation to the5D0 level. The observed intra-4f 6 tran-
sitions are mainly of electric dipole~ED! nature except the
5D0→7F1 lines which have a predominant magnetic dipo
~MD! character. As temperature rises from 14–300 K
line intensity is generally reduced by'50– 60%, inset of
Fig. 4~a!.

The broad green-blue band seen in Fig. 4, already
served in the luminescence spectra of the undo

FIG. 4. Emission spectra (lexc.5375 nm! for
U(2000)90Eu~CF3SO3!3 ~a! and U(2000)80EuBr3 ~b! at 14 K. ~1!,
~2!, ~3!, ~4!, ~5!: 5D0→7F0,1,2,3,4. Inset shows the reduction of th
integrated intensity observed in U(2000)85Eu~CF3SO3!3

(lexc.5375 nm) when the temperature rises from 14–300 K.
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ureasil,29,30,32,42,43may be ascribed to electron-hole radiati
recombinations occurring in the inorganic siliceous ba
bone. In fact, as is the case of other silicon-based mate
mentioned in the literature,55–57 electron-hole recombina
tions involving strongly correlated electron-hole excit
states or radiative tunneling between localized states of
electrons and holes may be the mechanisms which acc
for the observed broad band emission. However, attendin
the long lifetimes reported for that emission,'1022 s,42 we
cannot discarded an eventual contribution from the N
groups of the urea cross linkages, as the emission spect
the diamine and the UPTES precursors show.

The relative intensity and the energy range of the bro
green-blue emission strongly depend on the amount of
flate salt incorporated in the hybrid matrix, as the 14 K em
sion spectra forU(2000)80Eu~CF3SO3!3 (lexc.5375 nm),
U(2000)70Eu~CF3SO3!3 (lexc.5395 nm), and
U(2000)20Eu~CF3SO3!3 (lexc.5365 nm) show, Fig. 5~a!.
These excitation wavelengths correspond to the values
which the europium integrated relative intensities are str
ger. In addition, as the excitation wavelength increases f
350–468 nm, the intensity of the broad emission increa
relatively to the Eu31 lines, and there is a shift towards th
low-energy regions of the spectrum, Fig. 5~b!, also already
reported for the undoped ureasil hybrid.42,43

A set of real time frames showing the ureasil white lig
emission is displayed in Fig. 6 forU(2000)80EU(CF3SO3)3
at 14 K. These pictures were extracted from a split video fi
recorded during 1 s after the laser beam~Ar ion! was turned
off. The long-lived luminescence of any other phosphors
be thus visualized in real time by using the same proced
The ureasil white light emission is achieved by a mechan
which is completely different than the one characteristic
multiwavelength com-

FIG. 5. ~a! Emission spectra forU(2000)nEu~CF3SO3!3, n
580 (lexc.5375 nm), 70 (lexc.5395 nm), and 20 (lexc.5365 nm!
at 14 K. ~b! Emission spectra forU(2000)90Eu~CF3SO3!3 at 14 K
recorded for several excitation wavelengths:~1!, ~2!, ~3!, ~4!, ~5!,
~6!: 350, 365, 375, 420, 468, and 482 nm.
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plexes based on light emitting diodes.44–46 As nondetectable
absorption of the broad green-blue component by the E31

luminescent centers is observed, the ureasils luminesc
spectra superpose that broad green-blue band to a seri
yellow-red narrow Eu31 lines and to the eye the hybrid
appeared to be white, even at room temperature. This
sence of self-absorption by the lanthanide cation is, as
mentioned for InGaN/conjugated polymer hybrid LED’s,46 a
critical advantage. On the other hand, the ability to tune
ureasils emission to colors across the~CIE! ~1931! chroma-
ticity diagram is readily achieved either by changing t
amount of europium salt incorporated in the ureasil host
the excitation wavelength, Figs. 5~a! and~b!. Moreover, any
sign of luminescence degradation is detected~both in the
undoped and doped hybrids! under a prolonged irradiation
by the photoexcitation conditions used. All these features
turn, stress the remarkable potential of this interesting c
of multiwavelength hybrid phosphors.

When compared with the emission spectra of the undo
ureasils,29,30,42,43the green-blue emission band is shifted t
wards lower energies. The deconvolution of the undoped
brid light emission displays, for excitation wavelengths b
tween 350 and 400 nm~3.10–3.54 eV!, two unshaped
Gaussian bands, in the blue ('2.6 eV) and in the purplish-
blue ('2.8– 2.9 eV) regions.42,43 Due to a different time de-
pendence, these two bands are distinctly observed by ti
resolved spectroscopy.42 In the case of the doped hybrid
with concentrations 90>n>20, the deconvolution curve
fitting procedure of the broad emission reveals, for excitat
wavelengths between 350 and 420 nm~2.95 and 3.54 eV!,

FIG. 6. A set of real-time frames illustrating the white ligh
emission ofU(2000)80Eu(CF3SO3)3 at 14 K under UV excitation
~331.1 and 351.4 nm! and during 1 s after the laser beam~100 mW!
was turned off.
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also the presence of two bands, in the green and in the b
purplish-blue spectral regions. However, for excitati
wavelengths between 468 and 482 nm~2.65 and 2.57 eV!,
the luminescence spectra were fitted just to the green c
ponent, with the exception ofU(2000)80Eu~CF3SO3!3 in
which the two bands are distinctly present. The curve-fitt
procedure adopted is exactly the same that have been
ported elsewhere for the undoped ureasils.42,43 For that con-
centration range (90>n>20) and for excitation wavelength
between 350 and 482 nm the energy of the green compo
is fitted around 2.2–2.5 eV, 2.0 eV forn580, whereas the
values found for the blue/purplish-blue band are appro
mately equal to 2.5–2.9 eV, 2.3 eV forn580. Comparing
with the spectra of the undoped ureasil the energy of th
two bands is redshifted by'0.1– 0.3 eV for all the ureasils
samples investigated here, except forn580 where this dif-
ference is'0.5– 0.7 eV.

In the next section, we will relate the emission featu
and the EXAFS data discussed above to the local coord
tion of Eu31 in the ureasil hybrids.

IV. LOCAL COORDINATION OF Eu 31

The number of Stark components identified for the7F0,1,2
levels in U(2000)nEu~CF3SO3!3 hybrids is 1, 3, and 4, re
spectively~Fig. 4!. While in the 7F1 manifold the three Stark
levels are well defined, there is some uncertainly in the id
tification and energy assignment of the lower-energy s
component of the7F2 level. The weak intensity of the5D0
→7F3 does not allow an accurate energy assignment of
7F3 Stark components and for the7F4 state at least five spli
components are distinctly detected. As Figs. 5~a! and ~b!
show, these number of Stark levels does not vary either w
the excitation wavelength or cation concentration.

FIG. 7. The local-field splitting of the5D0→7F022 transitions
in U(2000)40Eu~CF3SO3!3, U(2000)40EuBr3, and POE40EuBr3.
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Figure 7 compares theJ-degeneracy splitting of the
7F0,1,2 levels in U(2000)40Eu~CF3SO3!3, U(2000)40EuBr3,
and POE40EuBr3. The relative intensity of the5D0→7F0,1

transitions is approximately an order of magnitude sma
for the Eu31-based POE electrolyte. When the5D0→7F0

transition is allowed by the local symmetry group, its inte
sity can be, in general, explained byJ-mixing effects involv-
ing the mixing of the7F0 and 7F2 levels, through the effec-
tive ligand-field Hamiltonian.58 The increase observed in th
ratio between the5D0→7F0 and the5D0→7F2 transitions,
from 0.004–0.009 in POE-based electrolytes to 0.018–0.
in the ureasils, indicates that theJ-mixing effects are much
more relevant in the latter host.

In what concerns the splitting of the7F2 level, while in
the U(2000)40EuBr3 and POE40EuBr3 samples five different
Stark components are identified~full J-splitting degeneracy!,
in the U(2000)40Eu~CF3SO3!3 ureasil only four components
could be detected. The higher-energy split level observe
the EuBr3-based films at about 613 nm is not observed in a
of the different concentrations ofU(2000)nEu~CF3SO3!3
studied.

The presence of the 5D0→7F0,3 transitions, the
J-degeneracy splitting and the observation of the same n
ber of local-field split components over the entire range
excitation wavelength used, indicate only one low-symme
environment for the Eu31 cations in the hybrid materials re
ported here. However, we should stress that the calcul
values of the5D0→7F0 full width at half maximum inten-
sity, between 19 and 31 cm21, point out that the Eu31 cations
are accommodated in a continuous distribution of clos
similar network sites. This distribution is normally observ
for Eu31-based oxide glasses and has been also reporte
other polymer-based materials modified by europiu
salts.17,22

The previously reported local coordination of Eu31 in
POE and POP electrolytes is approximately aC2v site
symmetry.15,18,19 This same local geometry has also be
proposed for EuCl3 incorporated in POE oligomers.22 How-
ever, for theU(2000)nEu~CF3SO3!3 hybrids theJ-splitting
degeneracy of the7F2 level and the overall broad envelop
of the 5D0→7F2 transition strongly suggest that the Eu31

site symmetry must be of higher order thanC2v . The coor-
dination established between the cations and the oxygen
the triflate anions, recently discussed in a Fourier transfo
infrared ~FTIR! study,59 may account for the increase of th
local site symmetry of theU(2000)nEu~CF3SO3!3 hybrids,
when compared toU(2000)nEuBr3 and POEnEuBr3. In the
range ofn investigated for bothU(2000)nEu~CF3SO3!3 and
U(2000)nEuBr3 hybrids, the FTIR results clearly indicat
that the europium ions are coordinated by the carbonyl o
gens of the urea moieties and no spectral evidences h
been found for the coordination by the ether oxygens of
polyether chains,59 unlike the situation observed in
Eu31-based POE and POP electrolytes.

Accordingly to the cation coordination to the urea bridg
is convenient to express the salt concentration also in te
of the number of available carbonyl oxygens per incorp
rated Eu31 cation. Representing the salt concentration by t
number of accessible carbonyl oxygens the hybrid struc
of n580 corresponds to a particular situation in which the
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are four available carbonyl oxygens for each incorpora
europium ion. For salt concentration greater thann520, for
which the ratio between the number of carbonyl oxygens
the incorporated Eu31 is 1:1, all the urea bridges are coord
nated to one cation and, consequently, there are some31

ions which are coordinated to the ether oxygens of the p
mer chains~as the FTIR analysis shows, Ref. 59!.

Taking into account the coordination number in t
U(2000)nEu~CF3SO3!3 hybrids determined by EXAFS
~Table I!, the infrared results mentioned above and at last
photoluminescence indication that the cation site symm
group in these hybrids must be of higher order thanC2v , we
are able to suggest a possible local charge distribu
around Eu31 for the case of theU(2000)80Eu~CF3SO3!3 xe-
rogel. For this salt concentration the FTIR results regard
the triflate spectral region indicate that one of the three av
able triflate ion is ‘‘free’’ ~that is, this ion do not participate
in ion pairing or aggregate formation!.30,32,59Moreover, the
oxygens atoms of the remaining two SO3 end groups are
bonded in two different fashions.59 One is unequivocally in a
tridentate coordination, whereas the other is involved in
mono- or bidentate coordination.59 Thus as for this salt con
centration the coordination number is around 11~Table I!
and there are four available carbonyl oxygens for each in
porated europium ion, the Eu31 first coordination shell can
be formed by those four carbonyl oxygens, by five oxyge
from the SO3 end groups of the triflate anion~four if we
consider the monodentate configuration! and by two ~or
three! water molecules.

We will test next this hypothesis for the local structure
the U(2000)80Eu~CF3SO3!3 xerogel by expressing its5D0
→7F0 observed energy in terms of a recent description
lated to the so-callednephelauxetic effect.60

A. Covalency of the Eu31 first coordination shell

The energy of5D0→7F0 is usually related to the nephe
lauxetic effect, which has been ascribed by Jørgensen16,61,62

to the influence of covalency contributions of the first ligan
shell to the reduction of the Eu31 attractive potential, pro-
voking a diminution of the interelectronic electrostatic a
spin-orbit parameters, relative to their free ion values.

Recently the redshift observed in the5D0→7F0 energy
for a series of Eu31 complexes, with respect to the valu
calculated for gaseous Eu31 (17 374 cm21),63 was related
with the nephelauxetic effect by means of a phenomenol
cal equation:

DE[E~5D0→7F0!complex2E~5D0→7F0!gaseous

5CN@n1•d11n2•d21¯1nj •d j # ~2!

in which CN is the total number of Eu31 first ligands,nj is
the number of atoms of typej in the first coordination shell
and d j is an adjusted parameter, which measures the
dency of a particular atom to bond covalently with the Eu31

cation.60 The results obtained using Eq.~2! show that the
ability to produce a nephelauxetic effect in Eu31 complexes,
and consequently to reduce its5D0→7F0 energy and the
covalency of the bonds which form the Eu31 first coordina-
tion shell, depends on the ligand coordination number and
the particular characteristics of their chemical environme
d
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Despite its phenomenological nature, the main results of
model nicely agree with a series ofa priori arguments re-
lated with the role on covalency and local polarization
duced by different local environments. In particular, it is r
alistic to consider, as the model points out, that the Eu31

coordination to different types of oxygen-based enviro
ments~such as, for instance, oxygens of water molecules
ether oxygen ligands!, as well as changes on the total coo
dination number may cause different degrees of covale
and local polarization in the lanthanide first coordinati
shell.

Considering the Eu31 environment proposed above fo
U(2000)80Eu~CF3SO3!3, that is an 11-fold coordination in
volving four carbonyl oxygens, five~or four! oxygen atoms
from the triflate anions—coexistence of tri- and bidenta
~monodentate! coordinations for the two coordinated SO3

end groups!, and two~or three! water molecules,—the pre
dicted 5D0→7F0 energy shift derived from Eq.~2!, 2122.0
cm21 ~or 2120.6 cm21 in the monodentate case!, agrees
well with the experimental value,2122.2 cm21. This calcu-
lation was performed using thed j presented in Table 2 o
Ref. 60 for carbonyl and nitrate oxygens, as thed j value for
the SO3 group is unknown. We should stress that despite
tendency of the SO3 group to bond covalently with the Eu31

cation is considered similar to the one associated with
NO3 oxygens, the difference between the predicted and
culated values is within the correlation uncertainty repor
for the d j andCN coefficients,63 cm21.60

In this context, we note that the predicted5D0→7F0 en-
ergy shift derived from Eq.~2! for POE12EuBr3, in which the
coordination number was estimated based on two indep
dent methods as 10–11 ether oxygens,23 agrees, also, very
well with the experimental values. The observed result
2105.8 cm21 and the predicted one is2105.6 cm21, for ten
nearest ligands.

The ratio between the integrated intensity of the5D0
→7F2 and the5D0→7F1 transitions,I 0 – 2/I 0 – 1, is used in
lanthanide-based systems as a probe of changes on the n
of the cation local surroundings.54,58,61,62,64 For the
U(2000)nEu~CF3SO3!3, the values obtained forI 0 – 2/I 0 – 1
ranging from 5.37,n580, to 2.88,n530. For the three
analogousU(2000)nEuBr3 xerogelsI 0 – 2/I 0 – 1 is found to be
3.63 (n580), 4.22 (n540), and 2.95 (n530). With the
exception of then580 salt concentration, for which the eu
ropium triflate-based ureasilI 0 – 2/I 0 – 1 ratio is approximately
1.5 times greater than the one calculated
U(2000)-EuBr3, the hypersensitive ratio values are simil
for the two series of hybrids. However, comparing these v
ues with the ones found for the POEnEuBr3 and POPnEuBr3
electrolytes15,18,19we noted that they are consistently grea
~at least by a factor of 2! for the latter materials, in accor
dance with the lower relative intensity of the5D0→7F1 tran-
sition in POE-based electrolytes, see Fig. 7.

The increase of theI 0 – 2/I 0 – 1 ratio was ascribed previ
ously to an increase of the covalency and of the polariza
of the local vicinities of the Eu31 cations ~short-range
effects!.54,58,62 Based on these relations, the observed
crease in theI 0 – 2/I 0 – 1 ratio for the ureasil hybrids, when
compared to the values found for the Eu31 POE- and POP-
based electrolytes, may thus be related to a decrease o
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covalency of the Eu31 first coordination shell in the forme
materials. The fact that in the ureasil hybrids the europi
cations are coordinated by the carbonyl groups of the u
bridges—and, in the case ofU(2000)-Eu~CF3SO3!3 by oxy-
gens of the SO3 end group of the triflate anions—may induc
a rather low covalency in the Eu31 local environments than
the ones characteristic of vicinities of POE-POP-based e
trolytes, formed by Eu31-ether oxygens bonds. This sugge
tion is in agreement with the results obtained above reg
ing the redshift of the5D0→7F0 energy treated in terms o
the phenomenologicald j covalent parameters, Eq.~2!. In
fact, as we see from Fig. 7, the value obtained for t
redshift is lower for the U(2000)40Eu~CF3SO3!3 and
U(2000)40EuBr3 hybrids, 2113.3 and2122.2 cm21, re-
spectively, than for the POE40EuBr3 electrolyte, 2128.2
cm21. Therefore on the basis of the arguments discus
above the5D0→7F0 energy will decrease from its free-io
value with increasing Eu31-ligand covalency and, thus, th
Eu31-ether oxygens bonds involved in the first coordinati
shell in POE40EuBr3 have a more effective covalent natu
than the Eu31-carbonyl oxygens and Eu31-SO3 bonds asso-
ciated with the ureasils. This is exactly the conclusion
rived from the comparison between theI 0 – 2/I 0 – 1 ratios
found for the ureasil hybrids and for the Eu31 POE- and
POP-based electrolytes.

Another argument which corroborate the assertion o
more effective covalent nature of the Eu31 local environ-
ments in POE- and POP-based electrolytes is the energ
the intraconfigurational ligands-to-Eu31 charge-transfer tran
sitions. In these electrolytes the7F0→5L6 transition is su-
perposed to the maximum position of the CTT at arou
390–395 nm14,18 and therefore its energy is lower then th
maximum value observed in theU(2000)nEu~CF3SO3!3 hy-
brids ~n580, inset of Fig. 3!, for which this energy differ-
ence is'500– 600 cm21. As we have mentioned in the dis
cussion of the excitation spectra, Sec. III, a decrease of
CTT maximum energy is related to a decrease of the ca
effective charge, which corresponds to an increase of
covalency nature of the Eu31 first coordination shell. We
notice that the increase of the tendency of the first ligand
bond covalently to the metal ion in POE- and POP-ba
electrolytes with 100>n>20 may be induced by an increas
in the number of Eu31 first ligands or in their effective
charge. This is entirely compatible with the results found
the coordination number in POE- and POP-based electrol
which point out a number of first neighbors around 10–
for n512,23 whereas in the ureasil hybrids this number
observed for samples with much lower salt concentrationn
>60. On the other hand, the hypothesis of a lower aver
cation first ligands distance, which, as we have mentione
Sec. III, may also account for the increase of covalency
totally discarded as the calculated average radius for
POE- and POP-based electrolytes is approximately the s
than the ones reported here~2.4–2.5 Å!.16 Relating the hy-
persensitiveI 0 – 2/I 0 – 1 ratio with the local polarization of the
Eu31 first coordination shell,58,62 we may also infer that the
Eu31 ion is in a highly polarizable chemical environment
POE- and POP-based electrolytes than in the analogous
sil hybrids.
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Using the same arguments, the maximumI 0 – 2/I 0 – 1 value
and the CTT minimum energy observed forn580 in the
U(2000)nEu~CF3SO3!3 hybrids, may indicate a greater de
gree of covalency for the Eu31 first coordination shell in this
salt concentration. The existence in this salt concentratio
four available carbonyl oxygens per each incorporated ca
is certainly the main reason which account for the grea
tendency of the first ligands to bond covalently to the me
ion.

In the context of this discussion, we must emphasize t
the hypersensitiveI 0 – 2/I 0 – 1 ratio may also be related with
the odd parity ligand-field parameters,Bk,q ~k odd!, in such a
way that the intensity of the5D0→7F2 transition increases
with increasing the distortion~on average! of the local-field
around the Eu31 cations. Therefore a greaterI 0 – 2/I 0 – 1 ratio
may correspond to a more distorted~or asymmetry! local
cation environment.22,24,54,64The intensity of the hypersens
tive 5D0→7F2 transition and, consequently, the variation
the I 0 – 2/I 0 – 1 ratio depend thus on the balance between
contributions of the odd parityBk,q parameters and of the
covalency degree of the Eu31 first ligand oxygens bonds
which induce the admixture of the 4f 55d states into 4f 6

levels. However, from the results presented above and
tending to some theoretical results obtained in the last ye
that pointed out the significant amount of mixing betwe
the f electrons and the extended states of the host lattic66

we believe that the contribution of the covalency degree
the Eu31 first coordination shell must be dominant to accou
for the differentI 0 – 2/I 0 – 1 ratios observed in the ureasils an
in the POE- and POP-based electrolytes.

B. A mean radius for the Eu31 first coordination shell

The measured energetic configuration of Eu31 in
U(2000)nEu~CF3SO3!3 andU(2000)nEuBr3 was modeled in
terms of a superposition of a free ion Hamiltonian and
local-field perturbation representing the ion’s nearest liga
interaction potential. The free ion Hamiltonian~the only term
treated in this work! includes the electrostatic, the spin orb
and other less relevant terms, each of which is character
by a set of phenomenological parameters simulating
barycenters of the observed transitions. Due to the sm
number of levels observed, only the electrostatic and sp
orbit interactions, phenomenologically expressed by
Slater integralsFk (k52,4,6) and the spin-orbit coupling
parameterz, respectively, were considered here, withF4,6

calculated from the hydrogenic ratiosF4/F2, F6/F2. This
enabled writing the free ion contribution in terms of only th
two parametersF2 and z, which were then determined b
adjusting the observed barycenters to the eigenvalues o
7F0 – 4 free ion Eu31 matrices. Using a microscopic mode
originally proposed by Morrison65,67 for the calculation of
the observed decrease in the shiftsDFk andDz ~differences
betweenFk andz in a complex and their corresponding fre
ion values!, Carlos and Videira16 defined a mean radiu
specifying an average lanthanide-nearest ligands distanc

R̄5
1

2 (
k54,6

F ~k11!rk
2

~\/mc!2 UDzobs

DFobs
k UG1/~2k22!

5
1

2 H F 5r4
2

~\/mc!2 UDzobs

DFobs
4 UG1/6

1F 7r6
2

~\/mc!2 UDzobs

DFobs
6 UG1/10J ,

~3!
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where empirically determined values were used forDF4,6

and Dz, and wherer4,6 are corrections to the Hartree-Foc
expectation values of the 4f electrons radial distances.67

Here we call attention to the fact that the exponents p
sented in Eqs.~5! and~6! of Ref. 16,22k12 and22, 26,
and 210, respectively, should be replaced by the corr
ones, 1/(2k22) and 1

2 , 1
6 , and 1

10 .
For theU(2000)nEu~CF3SO3!3 hybrids,n between 90 and

40, the results obtained,R̄52.4 Å, are quite similar. How-
ever, for the high-salt concentration region,n520 and 30,R̄
rises to 2.6 Å forn530 and decreases to 2.5 Å forn520.
There is a very good agreement~within 5%! between these
results and the EXAFS determination of the europium fi
ligands distances. On the other hand, in the case
U(2000)nEuBr3, R̄ is 2.6 Å for n580 and 30, and 2.4 Å for
n540.

V. CONCLUDING REMARKS

We have demonstrated an approach to obtaining ro
temperature white light emission by using a class
Eu31-based hybrid xerogels,U(2000)nEu~CF3SO3!3, 200
>n>20, andU(2000)nEuBr3, n580, 40, and 30. The lu-
minescence spectra of these multiwavelength phosp
combine a broad green-blue band~related to radiative recom
binations occurring in the ureasil backbone! with sharp
yellow-red intra-4f 6 5D0→7F0 – 4 transitions. Nondetectabl
absorption of the broad green-blue component by the E31

luminescent centers is observed and to the eye all the hy
films appeared to be white, even at room temperature. C
tunability across the~CIE! ~1931! chromaticity diagram was
easily obtained changing both the salt concentration and
excitation wavelength.

Extended x-ray-absorption fine-structure measurem
were carried out in some of theU(2000)nEu~CF3SO3!3 xe-
rogels~n5200, 80, 60, and 40!. The obtained coordination
numbers N ranging from 12.8,n5200, to 9.7, n540,
whereas the average Eu31 first neighbors distanceR is 2.48–
2.49 Å.

The presence of the 5D0→7F0,3 transitions, the
J-degeneracy splitting detected for the7F0 – 2 levels, the ob-
servation of this same number of local-field split compone
over the entire range of excitation wavelength used, and
5D0→7F0 full width at half maximum intensity
(19– 31 cm21), indicate that the local environment of Eu31

consist of a continuous distribution of closely similar low
symmetry network sites. In bothU(2000)nEu~CF3SO3!3 and
U(2000)nEuBr3 hybrids the Eu31 cations are coordinated b
the carbonyl groups of the urea moieties. However, for
former family of xerogels the coordination between the c
ions and the oxygen ligands of the SO3 end group of the
triflate anions induces a rather high local site symmetry
h

-

t

t
of

m
f

rs

rid
or

he

ts

s
e

e
-

-

brids, when compared to theU(2000)nEuBr3 and the
POEnEuBr3 materials.

In accordance with the local-field splitting of the7F1,2
levels, the coordination number determined by EXAFS, a
the redshift of the5D0→7F0 transition~with respect to the
value calculated for the gaseous case! a possible local charge
distribution around the cations is suggested for
U(2000)80Eu~CF3SO3!3 hybrid, in which there are four
available carbonyl oxygens for each incorporated europ
ion. The Eu31 first coordination shell is depicted as bein
formed by four carbonyl oxygens, five~or four! oxygen at-
oms from the SO3 end groups of the triflate anions and tw
~or three! water molecules.

The tendency of the first ligands to bond covalently to t
metal cations are discussed in terms of the energy of
intraconfigurational charge-transfer transitions, of the r
shift of the 5D0→7F0 line, and of the hypersensitive rati
between the 5D0→7F2 and 5D0→7F1 transitions. This
analysis points out a rather low covalency nature of the E31

first coordination shell in the ureasils xerogels, comparing
the case of analogous polymer electrolytes modified by
ropium bromide. On the other hand, the maximumI 0 – 2/I 0 – 1
value and the minimum CTT energy observed f
U(2000)80Eu~CF3SO3!3 suggest a greater degree of cov
lency for the Eu31 first coordination shell. The existence i
this salt concentration of four available carbonyl oxygens
each incorporated europium ion is certainly the main rea
which account for the greater tendency of the first ligands
bond covalently to the metal ion in that salt concentration

The barycenters of the emission transition energies
U(2000)nEu~CF3SO3!3 were modeled by a free ion Hamil
tonian written in terms of the electrostatic and spin-orbit p
rameters,F2 and z. A microscopic model was used for de
fining a mean radius for the first coordination shell of Eu31

in the ureasils, in terms of the empirically determined fr
ion parametersF2,4,6 andz. The results obtained for the av
erage Eu31 first neighbors distance, approximately 2.4 Å f
40>n>90 and 2.6 and 2.5 Å forn530 and 20, respectively
are in very good agreement with the values calculated fr
EXAFS measurements.
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