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The modelling of the local structure of sol–gel derived Eu3z-based organic/inorganic hybrids is reported, based

on Small-Angle X-ray Scattering (SAXS), photoluminescence and mid-infrared spectroscopy. The hybrid matrix

of these organically modified silicates, classed as di-ureasils and termed U(2000) and U(600), is formed by

poly(oxyethylene) (POE) chains of variable length grafted to siloxane domains by means of urea cross-linkages.

Europium triflate, Eu(CF3SO3)3, was incorporated in the two di-ureasil matrices with compositions 400¢n¢10,

n is the molar ratio of ether oxygens per Eu3z. The SAXS data for undoped hybrids (n~‘) show the presence

of a well-defined peak attributed to the existence of a liquid-like spatial correlation of siloxane rich domains

embedded in the polymer matrix and located at the ends of the organic segments. The obtained siloxane

particle gyration radius Rg1 is around 5 Å (error within 10%), whereas the interparticle distance d is 25¡2 Å

and 40¡2 Å, for U(600) and U(2000), respectively. For the Eu3z-based nanocomposites the formation of a

two-level hierarchical local structure is discerned. The primary level is constituted by strongly spatially

correlated siloxane particles of gyration radius Rg1 (4–6 and 3–8 Å, errors within 5%, for U(600)nEu(CF3SO3)3,

200¢n¢40, and U(2000)nEu(CF3SO3)3, 400¢n¢40, respectively) forming large clusters of gyration radius Rg2

(#75¡10 Å). The local coordination of Eu3z in both di-ureasil series is described combining the SAXS,

photoluminescence and mid-infrared results. In the di-ureasils containing long polymer chains,

U(2000)nEu(CF3SO3)3, the cations interact exclusively with the carbonyl oxygens atoms of the urea bridges at

the siloxane–POE interface. In the hybrids containing shorter chains, U(600)nEu(CF3SO3)3 with n ranging from

200 to 60, the Eu3z ions interact solely with the ether-type oxygens of the polymer chains. Nevertheless, in this

latter family of hybrids a distinct Eu3z local site environment involving the urea cross-linkages is detected

when the europium content is increased up to n~40.

Introduction

In recent years, the sol–gel method has successfully led to the
production of a significant number of novel organic/inorganic
frameworks with tuneable design and suitable properties.1–4

The combination of the appropriate processing conditions with
the adequate choice of the organic and inorganic components
dictates the morphology, molecular structure and features of
the xerogels. The intense activity in this domain of research is
due to the extraordinary implications that derive from the
possibility of tailoring multi-functional advanced compounds
by mixing, at the nanosize level, in a single material organic and
inorganic components.1–4 The synergy of that combination and
the particular role of the inner organic/inorganic interfaces
enlarge the scope of application of nanohybrid materials in
areas such as electrochemistry, biology, mechanics, ceramics,
electronics and optics.2–6

The hybrid concept seems to be particularly well adapted for
the production of photonic materials with potential optical and
electro-optical applications, such as, for instance, hybrid layers
for optical data storage, optical waveguides, stable non-linear
optical materials, sensors or gel-glass dispersed liquid crystals,
electrochromic hybrids for smart windows, solid state lasers,
and screen displays.2–6 In the quest for the development of
technological applications using hybrid materials two main

strategies have been essentially adopted. The first one involves
the synthesis of stable and efficient white light photolumines-
cent organic/inorganic hybrids lacking activator metal ions.7–13

These hybrids show a potential technological relevance as full
colour displays, which is unquestionably one of the main
challenging tasks for the next generation of flat panel display
systems and lighting technologies. The second one has been
focused on the development of suitable hybrid cages capable of
encapsulating luminescent centres (organic dyes and lanthanide
ions), protecting them from quenching processes. The host
structure should also lead itself to an enhancement of light
absorption through the so-called antenna effect.14 These
lanthanide-based hybrid hosts combine the mechanical resis-
tance, thermal stability, optical quality and amorphous
character of the siliceous skeleton with the optical features of
the active luminescent species (namely the high chromaticity
and long-excited lifetime characteristic of the lanthanide ions),
and, therefore, they have attracted substantial interest.15–18

Among the various organic/inorganic hosts that have been
proposed in the last years, the family of extremely versatile
compounds classed as di-ureasils, in which polyether-based
chains of variable length are grafted on both ends to a siliceous
backbone through urea functionalities, is noteworthy.9–13,19–27

The incorporation of Eu3z 9,20–26 or Tb3z 27 ions into the
di-ureasils has led to the synthesis of sol–gel derived
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multi-wavelength phosphors where an intrinsic hybrid’s
network green-blue band is superposed on the typical
intra-4f Eu3z and Tb3z lines. As the relative intensity between
the broad band and these lines depends on the excitation
wavelength and on the amount of lanthanide ions incorpo-
rated,9,23–26 the colour emitted by the doped di-ureasils may be
readily tuned across the CIE (Commission Internationale
d’Eclairage) chromaticity diagram.25

The Small-Angle X-ray Scattering (SAXS) technique is
particularly adequate for studying the structure of hybrid
materials because of their disordered nature and of the contrast
of electronic densities between the organic and inorganic
phases.28–34 In recent works,11,28,34 the structure of the undoped
di-ureasil xerogels has been investigated by SAXS. According
to the structural model proposed for these systems,11,28,34 the
hybrids are constituted by dispersed and spatially correlated
siloxane clusters, chemically cross-linked to the ends of the
polymeric chains. However, the effects of lanthanide doping on
the structure of these nanocomposites are not known, making
difficult the optimisation of the emission properties of the
resulting multi-wavelength hybrid phosphors. A more detailed
picture of the local structure of these di-ureasil hybrids is thus
essential even though we possess arguments indicating that the
local structure of both organic and inorganic phases determines
the detected emission features. We can mention, for instance,
that the energy range of the broader band emission depends on
the siloxane domain sizes,11–13 on the excitation wavelength,
and on the amount of Eu3z ions incorporated.9,23–26

In the present study, we use SAXS, photoluminescence,
and mid-infrared spectroscopy to analyse urea cross-linked
siloxane–poly(ethylene oxide) (POE) hybrids in which different
amounts of europium triflate, Eu(CF3SO3)3, are incorporated.
This work aims to establish a structural local model for the
di-ureasil nanocomposites and determine the structural modi-
fications produced as the Eu3z content and the length of the
polymer chains are varied. The ultimate goal of the present
study is to relate these changes to the overall luminescence
features of the hybrids.

Experimental

Sample preparation

The synthesis of the Eu3z-based xerogels has already been
described in detail elsewhere.9,20,22 The covalent bonds between
the alkoxysilane precursor (3-isocyanatopropyltriethoxysilane,
ICPTES, Fluka) and the oligopolyoxyethylene segment are
formed by reacting the isocyanate group of the former com-
pound with the terminal amine groups of doubly functional
amines (chemically a,v-diaminepoly(oxyethylene-co-oxypro-
pylene) and commercially Jeffamine-ED1, Fluka) in tetra-
hydrofuran. Two Jeffamines with two distinct POE average
molecular weights (600 and 2000 g mol21, corresponding to
approximately 8.5 and 40.5 OCH2CH2 repeat units, respec-
tively) were used. Urea cross-linked organic–inorganic pre-
cursors were thus obtained.22 Eu(CF3SO3)3 (Aldrich) was
incorporated in the sol–gel step by dissolving it in ethanol and
water (molar proportion 1 ICPTES : 4 CH3CH2OH : 1.5H2O).
Both solvents are used to start the hydrolysis and condensation
reactions, which lead to the formation of monolithic gels. The
doped siloxane–POE hybrids have been designated U(600)nEu-
(CF3SO3)3 and U(2000)nEu(CF3SO3)3, where n~O/Eu repre-
sents the number of ether-type oxygens of POE per Eu3z

cation. Samples with n~‘, 400, 200, 100, 80, 60, and 40 were
prepared. For the sake of clarity for U(600)400Eu(CF3SO3)3 the
Eu3z mass concentration (relatively to the hybrid’s total mass)
is 0.3%, corresponding to 94 Si atoms (or urea groups) per
Eu3z incorporated, (0.6% and 20, respectively, for U(2000)400-
Eu(CF3SO3)3). In the case of the samples with n~40 the Eu3z

mass concentration is 2.6% and 5.0%, for the U(600) and

U(2000) nanohybrids, respectively (9 and 2 urea groups per
Eu3z ion). A salt-rich U(600)10Eu(CF3SO3)3 nanocomposite
(Eu3z mass concentration of 12.5%, 0.5 urea groups per Eu3z

ion) was also synthesised as its infrared analysis enabled us
to better illustrate the changes that occur in the Eu3z-first
coordination shell when the europium content is increased up
to n~40.

Techniques

X-Ray scattering measurements were performed using the
synchrotron SAXS beamline of the National Synchrotron
Light Laboratory (LNLS, Campinas, Brazil). The SAXS
beamline is equipped with an asymmetrically cut and bent
silicon (111) monochromator that yields a monochromatic (l~
1.608 Å) and horizontally focused beam. A vertical position-
sensitive X-ray detector and a multichannel analyser were used
to record the SAXS intensity, I(q), as a function of the modulus
of the scattering vector q, q~(4p/l) sin (e/2), e being the
scattering angle. Each SAXS spectrum corresponds to a data
collection time of 300 s. Due to the small size of the incident
beam cross section at the detection plane no mathematical
desmearing of the experimental SAXS intensity function was
needed.35 The relative error for SAXS intensity, DI(q)/I(q), was
determined as the statistical error in the number of photons
N collected during 300 s, DI(q)/I(q)~2/dN. This statistical
error was only significant for low scattering intensities, which
are usually found in the high q-range (qw0.4 Å21). The
parasitic scattering from air, slits and windows was subtracted
from the total intensity. This scattering intensity was much
weaker than that produced by the samples except over the
asymptotic high q range.

The room temperature photoluminescence spectra were
recorded under continuous Xe arc lamp (450 W) excitation
with a SPEX Fluorolog F212I spectrofluorimeter coupled to a
Hamamatsu R928 photomultiplier. All the spectra were
corrected for optics and detection spectral response. At 14 K,
a 0.25 m excitation KRATOS GM-252 monochromator and a
1 m 1704 SPEX Czerny-Turner spectrometer were used. The
time-resolved spectra (14 K) were recorded using a pulsed Xe
arc lamp (5 mJ pulse21, 3 ms bandwidth) and a phosphorimeter
(SPEX 1934 C).

Mid-infrared spectra were acquired at room temperature
using a Unicam FT-IR system. The spectra were collected over
the range 4000–400 cm21 by averaging 60 scans at a maximum
resolution of 1 cm21. Solid samples (2 mg) were finely ground
and analysed by dispersing them in approximately 175 mg of
dried spectroscopic grade potassium bromide (KBr, Merck) by
the pressed-disc technique. Prior to recording the spectra under
ambient conditions the discs were vacuum-dried at about
323 K for more than two weeks in order to reduce the levels of
adsorbed water. In order to evaluate complex band envelopes
and to identify underlying component bands of the spectra, an
iterative least-squares curve-fitting procedure was used exten-
sively throughout this study.

Method of SAXS analysis

Dilute systems of isolated particles. The simplest structural
model for a set of colloidal isolated particles embedded in a
homogeneous matrix is a ‘‘two electronic density’’ model
composed of spherical objects spatially distributed at random.
For this model SAXS intensity is defined by the square of the
known form factor, Q(q), of the sphere.35 For a dilute system of
particles, the scattering intensity has asymptotic behaviour at
low q given by the Guinier law, I(q)~I(0) exp(2q2Rg2/3),
where Rg is the radius of gyration of the particles.35 In the case
of spherical particles, Rg~(3/5)1/2 R, R being the particle
radius. At high q, Q(q) exhibits oscillatory behaviour. In real
materials the particles are often not perfectly spherical and/or

3250 J. Mater. Chem., 2001, 11, 3249–3257



do not all have exactly the same radius. In these cases the
oscillations at high q are smeared out. Beaucage et al.31 have
proposed an equation for the intensity scattered by non-
interacting nearly spherical particles with approximately the
same size which exhibit both Guinier and Porod36 asymptotic
behaviour. This equation is given by:

I(q)~G exp (2q2Rg2/3)zB[erf(qRg/6)3)/q]4 (1)

The first term is a Gaussian decay in scattering intensity at
small q, which depends on the particle radius of gyration Rg
(Guinier law). In the high q range, Porod’s law36 applies:

I(q)~B/q4 (2)

where

B~2p(rp2rm)2 S (3)

S is the interface area between the two phases per unit volume
and rp and rm are the average electron densities of the particles
and the matrix, respectively.36 The constant G is given by:31

G~NV2
0 (rp2rm)2 (4)

where N is the number of particles per unit volume and V0 the
particle volume. From eqn. (3) and (4) we can deduce the
relation between B and G in the case of spherical particles,
B/G~81/(50Rg4).

The proposed two-phase model (siloxane spheres embedded
in a homogeneous polymeric matrix) can safely be applied
provided the siloxane particles are isolated and compact, have
a nearly isodiametric shape and all have a similar size. The
consistency of the model has to be verified by an analysis of the
quality of the agreement between the theoretical and experi-
mental SAXS curves. It should be pointed out that a similar
multiple scale structure model based on identical spherical
particles embedded in a homogeneous matrix has been suc-
cessfully applied by Beaucage et al.31 to experimental SAXS
data of similar siloxane–polymer nanocomposites. Obviously,
unacceptable fittings of the theoretical curves to experimental
data would indicate that the real structure of the hybrids
deviates significantly from the proposed model.

Concentrated systems of particles. The SAXS function, I(q),
corresponding to an isotropic structure model consisting of a
dense set of spherical colloidal particles of approximately the
same size with short range spatial correlation embedded in a
homogeneous matrix, is given by:31,36

I(q)~NP(q) S(q) (5)

P(q) is a function only of the form factor of the particle—whose
q-dependence is described by eqn. (1)—and S(q) is the struc-
ture function accounting for short range spatial correlations
between them. Beaucage et al.31 proposed the following semi-
empirical function for S(q) based on Born–Green theory:

S(q)~1/1zkh(q) (6)

where h(q), the form factor for structural correlation occurring
between particles, is given by:

h(q)~3[sin(qd)2qdcos(qd)]/(qd)3 (7)

where d is the average interparticle distance and k is a packing
factor equal to 8 times the ratio of the average ‘‘hard-core’’
volume of a sphere, V0, per the average volume available to a
sphere, V1. Eqn. (5), with P(q) and S(q) defined by eqn. (1) and
(6), respectively, applies to systems composed of spheres

consisting of a hard core and an external shell with an average
radius R’~d/2. This model seems to be suited, as a first appro-
ximation, to our siloxane particles (the hard core) surrounded
by soft (polymeric) shells.

Two-level structure. The total scattering intensity produced
by a two-level structure can be described, under certain
assumptions,31 as additive contributions from the individual
levels. Small volumes (clusters or islands), each of them
composed of a dense set of particles, embedded in a low-density
matrix give a contribution to the total intensity at very small q.
This contribution to SAXS intensity from the second level
could also be described by eqn. (1) but, due to the limitation
imposed by the minimum accessible q-value, only the asymp-
totic Porod range can be observed.

Results

SAXS

The SAXS spectra of U(600)nEu(CF3SO3)3 (200¢n¢40) and
U(2000)nEu(CF3SO3)3 (400¢n¢40) samples are shown in
Figs. 1 and 2, respectively. The spectra of the undoped hybrids
(n~‘) are also presented. We divide all scattering patterns
corresponding to the doped samples into two regimes: i)
a decreasing intensity at low q-range (q¡0.15 Å21 and
q¡0.07 Å21, for the U(600) and U(2000) Eu3z-based hybrids,
respectively) and ii) a peak located at higher q-range
(qw0.15 Å21 for U(600)n and qw0.07 Å21 for U(2000)n).
The presence of these two regimes has already been observed
in other silica–polymer hybrids and nanocomposites31 and is
characteristic of the existence of a hierarchical structure con-
sisting of two structural levels. In the following, the structural
parameters determined from SAXS results referring to the first
(small) and second (large) structural level will be labeled as (1)
and (2), respectively.

For the peak region at larger q, the fittings of the theoretical
function I(q), given by eqn. (5), to the experimental data are

Fig. 1 Experimental SAXS curves corresponding to U(600) nanocom-
posites with different n~[Eu]/[O] ratios. The curves are vertically
displaced for clarity. Continuous lines represent the results of fitting of
eqn. (5) to experimental curves.
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displayed by the continuous lines in Figs. 1 and 2. While for the
doped samples eqn. (5) agrees with the experimental observa-
tions, within ¡5%, for the non-doped hybrids the agreement is
around ¡10%.

The structural parameters included in eqn. (1), (6) and (7)
were determined, from the fitting procedure, for different Eu3z

doping concentrations. The gyration radius of the primary
particles Rg1, the interparticle distance d, the packing factor k,
and the constant G, corresponding to the first structural level,

are plotted in Figs. 3a and b, for U(600)nEu(CF3SO3)3 and
U(2000)nEu(CF3SO3)3 hybrids, respectively.

For the U(600)nEu(CF3SO3)3 samples two regimes can be
distinguished: i) for n¢80, Rg1 and k remain essentially con-
stant at increasing europium content, whereas a decrease of d
and G is observed; ii) at high europium concentration (n~40),
an increase of the particle radius Rg1 and the constant G
occurs, the interparticle distance d and the packing factor k
remaining constant.

The hybrids containing longer polymer chains, U(2000)n-
Eu(CF3SO3)3, exhibit quite different behaviour: i) for n¢80, an
increase in Rg1 and G occurs at increasing doping level,
whereas the correlation radius d remains constant. Further-
more, the presence of europium ions leads to a decrease of the
packing factor k; ii) in the case of the most concentrated sample
(i.e., n~40) a strong diminution of Rg1, d, and G is discerned.

The second structural level contributes mainly to the
scattering function in the very low q range, q¡0.15 Å21 and
q¡0.07 Å21, for U(600)nEu(CF3SO3)3 and U(2000)nEu(CF3-
SO3)3, respectively. The intensity produced by the second level
structure should also be described by eqn. (1), the term Rg
corresponding in this case to the gyration radius of the clusters
in which the siloxane primary particles are located. For all
experimental scattering functions, the absence of a trend
toward a constant value for decreasing q (characteristic of a
Gaussian function) impedes the determination of this average
size using Guinier’s law. In spite of that, the maximum in the
modulus of the slope in Guinier’s plots, ln(I) versus q2, was used
to calculate a value that provides a minimum limit for the
cluster sizes. A gyration radius Rg2~75¡10 Å was obtained
for all samples.

Photoluminescence

The room temperature emission spectra of the U(600)n-
Eu(CF3SO3)3 hybrid phosphors with n~200, 80 and 40 are
reproduced in Fig. 4a. The photoluminescence features of the
U(2000)nEu(CF3SO3)3 nanocomposites are similar and have
been previously reported.9,20,23–25 The narrow lines are
assigned to Eu3z transitions between the first excited state,
5D0, and the 7F0–4 levels of the ground septet. The 5D0A7F5,6

transitions are not experimentally detected. In the case of
the hybrid that incorporates the largest amount of Eu3z,
U(600)40Eu(CF3SO3)3, the intra-4f6 5D0A7F0 transition shifts
towards the blue when the excitation wavelength changes from
350 (charge transfer band) to 395 nm (5L6 level), Fig. 4b. This
effect is not discerned in any other of the U(600)nEu(CF3SO3)3

hybrids investigated here, as Fig. 4b shows for the nanocom-
posite with n~200, and also in the di-ureasils with longer
polymer chains, n between 400 and 20.23–25

The broad band seen in Fig. 4a has already been observed in
the emission spectra of the undoped di-ureasils9,11–13 and in
those of similar hybrids.7,8 Regarding the undoped di-ureasils,
it has been recently demonstrated that this broad emission may
be expressed by the convolution of a blue emission from the
NH groups of the urea bridges with a purplish-blue component
originated from electron–hole recombinations in the siliceous
domains.12,13 The time-resolved spectra of the Eu3z-based
U(600) and U(2000) di-ureasil hybrids also display two emis-
sions with different intrinsic time scales, as Fig. 5a shows for
the U(2000)80Eu(CF3SO3)3 and U(600)200Eu(CF3SO3)3 nano-
hybrids. We note that the incorporation of the europium salt
leads to the shift towards lower energies of the two emissions
mentioned above for the undoped gels. Therefore, the blue and
the purplish-blue components are termed in the Eu3z-contain-
ing di-ureasils as green and blue/purplish-blue, respectively.
While for a delay time of 0.08 ms the hybrid spectra unambi-
guously exhibit these two bands, only the single green
component is detected for longer delay times (5 ms), Fig. 5b.
It should be stressed again that for the diamines and the

Fig. 2 Experimental SAXS curves corresponding to U(2000) nano-
composites with different n~[Eu]/[O] ratios. The curves are vertically
displaced for clarity. Continuous lines represent the results of fitting of
eqn. (5) to experimental curves.

Fig. 3 Siloxane primary particle gyration radius Rg1, interparticle
distance d, packing factor k and constant G for the U(600)n-
Eu(CF3SO3)3 (a) and U(2000)nEu(CF3SO3)3 (b) nanocomposites. Lines
are drawn as guides to the eyes.
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non-hydrolyzed precursors there is no evidence of the presence
of this band that clearly appears for both the undoped and the
Eu3z-based di-ureasils. The 14 K green and blue/purplish-blue
band lifetimes in the doped xerogels are of the same order of

magnitude as those found in the undoped di-ureasils (#100
and #1 ms, respectively, errors within 3–5%).13

In silicon-based nanostructured materials the dimensional
hierarchy of the backbone determines the emission energy in
such a way that an increase in the siliceous network dimension
results in a decrease of the corresponding energy gap.37

Accordingly, the calculated energy of the siloxane-domain-
connected blue/purplish-blue luminescence will be related next
with the SAXS-determined siloxane particle radius.

For U(600)nEu(CF3SO3)3 the deconvolution curve-fitting
procedure of the broad emission (300 K) reveals, for excitation
wavelengths between 330 (3.76 eV) and 395 nm (3.14 eV), the
presence of two unshaped Gaussian emissions (the green and
the siloxane-domain-connected blue/purplish-blue). However,
for excitation wavelengths greater than 395 nm, the room-
temperature luminescence spectra were fitted just to the green
component. In contrast, for U(2000)nEu(CF3SO3)3 nano-
hybrids, 400¢n¢80, two bands could be fitted for excitation
wavelengths between 330 and 420 nm.24 The iterative least-
squares curve-fitting procedure adopted is exactly the same as
that reported elsewhere for the undoped di-ureasils.11 The
energy of the green component is fitted around 2.4–2.6 eV, for
both di-ureasils series, whereas the values found for the blue/
purplish-blue band are approximately equal to 2.5–3.0 eV,
U(2000)nEu(CF3SO3)3, and 2.8–3.0 eV, U(600)nEu(CF3SO3)3.
For each excitation used the variation of the emission energy of
the two bands with the amount of Eu3z incorporated follows
approximately the same trend, as Fig. 6 shows for the blue/
purplish-blue emission excited near the upper and lower limits
of the excitation energy range used (3.14 and 3.40 eV).

FTIR spectroscopy

The CO stretching spectral region (nCO) is considered to be
one of the most reliable tools to detect cation complexation
effects in polymer electrolytes. Bonding of the ether oxygen
atoms of the polymer chains to the metal ions is known to
induce a redshift of the strong band at 1110 cm21, attributed
to the CO stretching vibration of uncoordinated polyether

Fig. 5 (a) Time-resolved spectra (0.08 ms delay-time) for U(2000)80-
Eu(CF3SO3)3 (dot line) and U(600)200Eu(CF3SO3)3 (solid line), excited
at 365 and 375 nm, respectively. (b) Time-resolved spectra for
U(600)200Eu(CF3SO3)3 obtained at delay-times between 0.08 and
5.00 ms. All the spectra were recorded at 14 K with a 10 ms acquisition
window.

Fig. 6 Fitted energy of the siloxane-domain-connected blue/purplish-
blue emission—excited at 3.14 (full circles and full triangles) and
3.40 eV (open circles and open triangles)—for the U(600)nEu(CF3SO3)3

and the U(2000)nEu(CF3SO3)3 nanocomposites, respectively. Lines are
drawn as guides to the eyes.

Fig. 4 (a) Emission spectra (300 K) of U(600)nEu(CF3SO3)3 hybrid
phosphors (n~200, 80 and 40) excited around the maximum of the
excitation spectra monitored at the 7F2 level (350 nm for n~200 and
395 nm for the other two samples). (1), (2), (3), (4), (5): 5D0A7F0,1,2,3,4.
(b) The 14 K 5D0A7F0 transition of U(600)nEu(CF3SO3)3 (n~200 and
40) excited at 350 (charge transfer band), solid line, and 395 nm (5L6),
dot line with full circles.

J. Mater. Chem., 2001, 11, 3249–3257 3253



chains.10,38 The magnitude of the shift depends on the strength
of the cation/polyether interaction. Comparison of the room
temperature mid-infrared spectra of the U(600)nEu(CF3SO3)3

compounds (Figs. 7b–d) with the spectrum of U(600) (Fig. 7a)
allows one to immediately conclude that in the salt-rich sample
with n~10 (Fig. 7d) the nCO region is not modified by the
presence of Eu(CF3SO3)3. However, the incorporation of the
guest salt into the host hybrid in xerogels with compositions
n~200 and 60 (Figs. 7b and c, respectively) deeply affects that
region. The most significant spectral change is probably the
disappearance of the very intense CO stretching band due to
uncoordinated polyether chains, located at 1110 and 1109 cm21

in the spectra of U(600)10 and U(600)10Eu(CF3SO3)3 (Figs. 7a
and d, respectively). Also noteworthy in both spectra is the
presence of a prominent feature situated at about 1154 cm21

(Figs. 7b and c). In addition, the U(600)200Eu(CF3SO3)3 nano-
composite produces an intense band centred at 1022 cm21 and
a shoulder at higher wavenumbers (Fig. 7b). As for the spec-
trum of U(600)60Eu(CF3SO3)3, it displays a strong, sharp band
centred at 1029 cm21 and a broader one, also intense, at
1066 cm21 (Fig. 7c).

Another very useful spectral region to study the interactions
between the heteroatoms of the polyether chains and metal
cations is that including the absorption bands originating from
a mixture of skeletal stretching and CH2 rocking vibration
modes.39,40 In this range of frequencies (1000–800 cm21) the
changes observed are indicative of modifications in the local
structure of the polymer backbone. Figs. 7a and d clearly show
that in this region the dominating feature of the spectra of
U(600) and U(600)10Eu(CF3SO3)3 is a medium intensity band
located at 950 and 948 cm21, respectively, and a shoulder at
921 and 929 cm21, respectively. Both events are due to the
coupled vibration of CC stretching and CH2 rocking
modes.39,40 Two very weak bands at 879 and 850 cm21, attri-
buted to the coupled vibration of CO stretching and CH2

rocking modes,39,40 are also present. In the spectra of
U(600)200Eu(CF3SO3)3 (Fig. 7b) and U(600)60Eu(CF3SO3)3

(Fig. 7c) the 921 cm21 shoulder is transformed into a
medium intensity band at 918 cm21, whereas the 950 cm21

band appears as a shoulder at 941 cm21. As for the pair of

weak 879 and 850 cm21 bands of U(600)10, it may be
immediately recognized from the analysis of Figs. 7b and c
that their frequency is not affected by the inclusion of the guest
triflate salt. While the higher frequency feature undergoes a
slight upshift to 881 cm21, the other peak is shifted to appro-
ximately 847 cm21. Both bands become, however, considerably
better defined in the spectra of U(600)200Eu(CF3SO3)3 (Fig. 7b)
and U(600)60Eu(CF3SO3)3 (Fig. 7c).

We have stressed in earlier works that the urea Amide I and
Amide II bands yield rich information, not only about the
magnitude of hydrogen bonding in the undoped and Eu3z-
doped di-ureasils, but also about the presence (or not) of
coordination of the lanthanide ions to the carbonyl oxygen
atoms of the urea cross-links.22,23,26 The Amide I mode is a
highly complex vibration which involves the contribution of
the CLO stretching, the C–N stretching and the C–C–N
deformation vibrations.40 We have reported that the Amide I
contour of U(600) comprises three distinct components at 1715
(shoulder), 1671 (shoulder) and 1641 cm21 (strong band)10

(Fig. 7a). The latter event has been unambiguously ascribed to
the formation of strong and ordered self-associated urea–urea
structures which are dominant in this hybrid, because of the
existence of an extremely high number of urea moieties, which
is in turn a consequence of the reduced number of (OCH2CH2)
repeat units in the organic segments.10 The pair of shoulders
has been associated with the presence of a minor number of less
ordered urea–polyether structures.10 The Amide II mode is a
mixed contribution of the N–H in-plane bending, the C–N
stretching and the C–C stretching vibrations.40 In the spectrum
of U(600) (Fig. 7a) the Amide II band is a single, very intense
event seen at 1565 cm21. It may be readily inferred from the
spectra depicted in Figs. 7b and c that the frequency and
relative intensity of the urea characteristic Amide I and Amide
II features of U(600) remain essentially unchanged upon
addition of the guest lanthanide salt in compounds with
n~200 and 60. Fig. 7d unequivocally demonstrates that the
same spectral region is, however, deeply disturbed at high salt
concentration, i.e., n~10.

Discussion

The peak seen in the SAXS patterns of the undoped U(600) and
U(2000) nanocomposites (Figs. 1 and 2) has already been
observed in similar siloxane–POE hybrid materials prepared
using nucleophilic catalysis.28,29 It has been attributed to an
interference effect in the X-ray scattering amplitude produced
by the existence of a spatial correlation between siloxane
particles embedded in the polymeric phase and located at the
polymer chain ends. For the undoped U(600) and U(2000)
hybrids, the good agreement found between the theoretical
function, I(q), of eqn. (5), and the experimental SAXS spectra
in the peak region (Figs. 1 and 2) confirms the validity of the
structural model already proposed for such materials.11,28,29

Since the photoluminescence results indicate the absence of
an Eu3z-rich phase (the formation of this phase would lead to
a strong reduction of the 5D0 lifetime, due to the non-radiative
contribution of ion–ion interactions, and a significant number
of new Stark components for the 7F1–4 levels), we have assumed
that the Eu3z atoms are dispersed in one of the homogeneous
phases of the two electron density model proposed for the
undoped system. Under this assumption, the effect on SAXS
intensity comes from the variation in the average electron
density contrast, Dr~rp2rm, produced by the addition of
Eu3z atoms. In addition, the dispersed lanthanide atoms yield
a constant and weak intensity background.

The strong decreasing intensity observed at low q for doped
samples (Figs. 1 and 2), which is superposed to the peaked
intensity at higher q, is expected for a hierarchical structure
consisting of two levels (see method of SAXS analysis).

Fig. 7 Room temperature infrared spectra of U(600)nEu(CF3SO3)3 di-
ureasils: (a) n~‘, (b) n~200, (c) n~60 and (d) n~10.
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This reveals that the incorporation of Eu(CF3SO3)3 into the
di-ureasils promotes the formation of clusters of average radius
Rg2, constituted of the spatially correlated primary siloxane
particles of average radius Rg1 separated by the average
distance d. This model is illustrated in Fig. 8a and suggests
that the incorporation of the triflate salt induces a partial
nanophase separation of siloxane particles.

Siloxane–POE600 composites, U(600)nEu(CF3SO3)3

In hybrids containing polymer chains of low molecular weight,
i.e., materials of the U(600)nEu(CF3SO3)3 family, and at low or
medium doping level (n¢80) the observed decrease of G with
doping while the siloxane particle radius Rg1 remains constant
(Fig. 3a) can be attributed to the decrease of the electronic
density contrast (rp2rm), eqn. (4). This is a consequence of
filling the open space between polymeric chains by increasing
the amount of Eu3z ions interacting with the ether-type
oxygens. This preferential interaction of europium ions with
the ether oxygens of the polymer chains is confirmed by the
observed decrease in the siloxane interparticle distance, d, with
increasing europium content. This effect has already been
reported for lithium and europium-doped hybrids28,29,34 and
has been associated to the shrinkage of the polymer structure
as a consequence of an increase in the degree of cross-linking,
O–Eu3z–O, between polymer chains. However, this contrac-
tion of the polymer structure is small and consequently the
packing factor, k, remains constant (around 4.7) over the Eu3z

concentration range. The observed constancy of the siloxane
particle radius Rg1 with increasing doping (from n~200 to

n~80) is coherent with the preferential coordination of Eu3z

ions with the ether oxygens of the POE segments.
At n~40 the observed increase of the primary particle radius

Rg1, whereas the interparticle distance d remains constant
(Fig. 3a), reveals that surrounding of the siloxane particles
by Eu3z ions occurs. The interaction of europium ions with
the oxygens of carbonyl groups of the urea bridges at the
siloxane–polymer interface has already been evidenced in such
materials.22–26 As a matter of fact, the adsorption of the cations
at the siloxane particles surface surrounding the carbonyl
groups leads to an increase of Rg1, without modifying the
distance between particles, as illustrated in Fig. 8b. The
surrounding of siloxane particles by Eu3z ions also leads to
the increase of the constant G (Fig. 3a), which derives both
from the increase of the electronic density close to the inorganic
particles and from the increase of Rg1, eqn. (4). The coordina-
tion of cations near the siloxane particles surface at high
europium contents can be explained by the lower number of
‘‘free’’ ether-type oxygens available to interact with europium
ions in the polymeric phase.

All these interpretations are corroborated by the photo-
luminescence and FTIR results. The fitted energy of the
siloxane-related blue/purplish-blue band remains constant
between n~200 and 80 and decreases for the most concen-
trated sample, n~40, showing the expected relation between
the increase of the primary siloxane particle radius and the
decrease of the energy gap of the corresponding purplish-
blue band, Figs. 3b and 7. Moreover, in U(600)40Eu(CF3SO3)3

a structured profile of the 5D0A7F0 transition is clearly
detected as the excitation wavelength changes from 350 to
395 nm (Figs. 4b and c). Since this line corresponds to a
transition between two non-degenerate states, the blue shift
detected is certainly associated with the presence of Eu3z sites
subject to distinct effective local fields. Therefore, this result is a
strong indication that in the case of the U(600) hybrid host the
incorporation of larger amounts of Eu3z ions induces two
different local site coordinations, in contrast to the
U(2000)nEu(CF3SO3)3 di-ureasils (400¢n¢20) where there is
no evidence of distinct Eu3z local coordination sites.23–25

The exclusive role of the ether oxygen atoms of the polymer
segments of U(600) in the complexation of the lanthanide ions
and the non-participation of the carbonyl oxygen atoms of the
cross-links in this process for materials with compositions
greater than 40 (in the present study, n~200 and 60) is in full
agreement with several pieces of evidence found in the infrared
spectra discussed previously: (1) the absence in both cases of
the 1100 cm21 absorption band, characteristic of uncomplexed
polyether moieties, and the presence of a strong component
around 1066–1069 cm21, assigned to coordinated polymer
segments; (2) the contour of the Amide I and Amide II
envelopes, which remains unchanged after the addition of salt
to U(600), clearly indicating that the extent and strength of
hydrogen bonding throughout the hybrid host material
remains essentially unaffected in the presence of Eu(CF3SO3)3

within this range of salt concentration. The latter experimental
observation also implies that in both samples the cations are
unable to disrupt the strong and ordered hydrogen-bonded
network of U(600) involving the urea N–H groups and the
oxygen atoms of the urea carbonyl groups and those of the
polyether chains.10 As bonding to the urea linkages is not
permitted, it becomes compulsory for the Eu3z ions to interact
with the ether oxygens of the polymer chains. Similar findings
have been also discerned in the FTIR spectra of U(600)-based
di-ureasils doped with Eu(ClO4)3 at compositions n~232 and
62, thus very close to the ones investigated here.26

The inclusion of U(600)10Eu(CF3SO3)3 in the present study
has enabled us to clearly illustrate that the opposite situation
occurs at high salt content. In this particular case, no spectral
evidence of the involvement of the polymer chains in the
complexation of the lanthanide ions has been found. On the

Fig. 8 (a) Schematic picture of the proposed model of a two level
hierarchical structure. Small spatially correlated siloxane particles of
radius Rg1 form clusters of radius Rg2wRg1. Note that the polymer
chains are in a folded state inside the clusters and in a nearly extended
state between them. (b) Schematic model of Eu3z adsorption at the
siloxane–polymer interface for the di-ureasil nanocomposites.
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contrary, we have reported the presence of a series of charac-
teristic spectral features that are consistent with bonding of the
cations to the urea carbonyl oxygen atoms. These results
suggest that at high Eu(CF3SO3)3 concentration the hydrogen-
bonded urea–urea structures of U(600) are easily destroyed,
rendering the coordinating urea groups completely free. Under
such conditions the carbonyl oxygen atoms ensure the coordi-
nation of the cations, leaving the polymer chains completely
excluded from this process.

Siloxane–POE2000 composites, U(2000)nEu(CF3SO3)3

The behaviour as a function of doping of the hybrids contain-
ing polymer chains of higher molecular weight, U(2000)nEu-
(CF3SO3)3, is exactly the opposite of that observed for the
U(600)nEu(CF3SO3)3 ones.

At low and medium doping levels (n¢80) the preferential
coordination sites for the cations are the oxygens of carbonyl
groups located in the urea bridges at the siloxane–polymer
interface (Fig. 8b). This is supported by the observed increase
of the primary particle radius Rg1 at increasing doping level up
to a composition of n~80, whereas the interparticle distance
d remains constant (Fig. 3b). This is also confirmed by the
observed increase of G in the same doping range (Fig. 3b), as a
consequence of the increase of both the electronic density
contrast between siloxane particles and the POE matrix and of
the increase of the particle radius Rg1. Furthermore, this
interpretation is also coherent with the strong diminution of the
value of the packing factor k upon doping (Fig. 3b), which is
very likely due to the increasing electrostatic repulsion between
siloxane particles surrounded by Eu3z ions. Therefore, all
these results confirm that, at low and medium doping level, the
cations interact preferentially with the carbonyl oxygen atoms
in hybrids containing long polymer chains, as already sug-
gested by mid-infrared22,23 and photoluminescence23–25 spec-
troscopic studies carried out previously.

Different behaviour is observed at high Eu3z concentration
(i.e., n~40): the decreasing trend of the particle radius Rg1

(Fig. 3b) reveals that polycondensation reactions between
silicon species located at chain ends are inhibited during
gelation. The hypothesis of this being induced by the increase
of polymer chains rigidity due to their interaction with Eu3z

ions (e.g. coordination of the cations with the ether oxygens of
POE) is completely discarded both by the photolumines-
cence23–25 and FTIR22,23 data and also by the smooth variation
of the glass transition temperature.22 In fact, when the emission
spectra of the U(2000)-based hybrids are compared as the
Eu3z amount increases from n~400 to 40 no trace of a distinct
Eu3z local environment could be discerned. In addition, for
U(2000)40Eu(CF3SO3)3 the energy of the 5D0A7F0 line (with
respect to the value reported for the free ion case) was nicely
predicted considering a Eu3z-first coordination shell involving
two carbonyl oxygens, four oxygen atoms from the SO3

groups, and five water molecules.25

All the results presented above indicate that the diminution
of the particle radius Rg1—and as a consequence of d
(Fig. 3b)—observed in the U(2000)40Eu(CF3SO3)3 hybrid
may be related to the decrease of the number of carbonyl
groups from the urea cross-linkages available for coordination
per each Eu3z incorporated. This number decreases from 4 to 2
as the Eu3z concentration increases from n~80 to 40.24,25

Therefore, for such latter europium content, all of the
carbonyl-type oxygens present in the hybrid interact with an
Eu3z cation. Normally, in this case, the two carbonyl oxygen
atoms interacting with each Eu3z ion should be located in two
different polymer chains, thus leading to the formation of
–CLO–Eu3z–OLC– cross-links between the two chains, at the
inorganic–POE interface. This effect inhibits the polyconden-
sation reactions due to the reduced mobility in the sol of the
entities constituted of double chains and the silicon species

located at their ends. Since the cross-links are situated near the
inorganic phase–polymer interface, this process does not affect
the mobility of each POE chain. The resulting diminution in
siloxane particle size is responsible for the diminution of the
constant G, Fig. 3b and eqn. (4). Again we found the expected
trend between the increase (decrease) of the primary siloxane
particle radius and the decrease (increase) of the energy gap of
the corresponding blue/purplish-blue band, Figs. 3b and 7.

Conclusions

The local structure of sol–gel derived Eu3z-based nanohybrids,
in which a siliceous skeleton is grafted onto poly(oxyethylene)
chains of variable length through urea bridges, was modelled
using the results of a number of experimental techniques.

The incorporation of europium ions into the nanohybrid
hosts promotes the formation of a two-level structure in which
the primary level is composed of rather close-packed siloxane
nanoparticles. Clusters of these particles form the second level.
Considering the covalent nature of the siloxane particles–
polymer chains bonds, we conclude that polymer chains in a
strongly folded state connect the siloxane particles inside each
cluster, resulting in a strong spatial correlation between
particles. In contrast, polymer chains in a nearly extended
(unfolded) conformation link siloxane particles located in
different clusters (Fig. 8a).

The nature of the Eu3z first coordination shell varies both
with the salt concentration and with the number of oxyethylene
repeat units. In di-ureasils containing long organic segments,
U(2000)nEu(CF3SO3)3, and at compositions n between 400 and
40, the Eu3z ions interact mainly with the carbonyl-type
oxygens of the urea cross-links located at the organic/inorganic
interface. In contrast, in the U(600)nEu(CF3SO3)3 di-ureasils,
n¢60, as the Eu3z ions are unable to disrupt the strong and
ordered hydrogen-bonded urea–urea structures the preferential
coordination sites are the ether-type oxygens of the polymer
chains. However, for high-salt concentration hybrids, n¡40,
besides the coordination to the polymer ether oxygens a distinct
cation local site environment involving the interaction with the
urea carbonyl oxygens atoms at the siloxane–POE interface is
detected. For n~10 the hydrogen-bonded urea–urea structures
of the U(600) network are probably destroyed by the larger
amount of salt present, and, therefore, the carbonyl oxygens
of the urea cross-links are the only active coordinating groups.
We should remember that in these hybrids only at composi-
tions lower than approximately 4 there is one urea group per
each incorporated Eu3z ion. This ability to tune the Eu3z

coordination between the carbonyl oxygens of the urea groups
and the ether oxygen atoms of the poly(oxyethylene) chains—
controlling both the salt concentration and the polymer mole-
cular weight—illustrates one of the most interesting features of
these materials and opens new prospects into their potential
fields of application.
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13 L. D. Carlos, R. A. Sá Ferreira, V. de Zea Bermudez and
S. J. L. Ribeiro, Adv. Funct. Mater., 2001, 2, 111.
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