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ABSTRACT

A short chain di-urea cross-linked poly(oxyethylene) (POE)/siloxane hybrid host (di-ureasil), designated
as d-U(600), was doped with the Nas[Eu(dipic)s]-xH,0 (where dipic?- is the dipicolinate ion) complex.
The resulting material is non-porous, semi-crystalline and thermally stable up to 145 °C. Because of the
presence of the bulky dipic?- ligands, the addition of the complex to d-U(600) leads to the partial destruc-
tion of the hydrogen-bonded POE/urea aggregates of the hybrid matrix and to the formation of extra
urea/urea aggregates. The incorporation of the complex into d-U(600) accounts for an increase of both
the Dy lifetime and quantum efficiency values (1.950 +0.007 ms and 0.50, respectively) with respect to
those of the isolated complex (1.7 ms and 0.46, respectively). The addition of the complex also contributes
to an enhancement of the absolute emission quantum yield value, whose maximum value (0.66 excited at
280 nm) is the highest value reported for organic-inorganic hybrids modified by lanthanide complexes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The lanthanide (Ln) ions possess characteristic 4f open-shell
configurations, +3 being the most stable oxidation state, and exhibit
a close chemical resemblance across the periodic series due to the
small and regular decrease in their ionic radii. The Ln3* ions are
attractive from the optical standpoint, owing to the shielding of the
4f electrons from interaction with the chemical environment pro-
vided by the filled 5s2 and 5p® sub-shells. The emission bands, that
range from the ultraviolet (UV) to the near infrared (NIR) spectral
regions, are quasi monochromatic and long-lived. Large pseudo-
Stokes shifts are observed and high luminescence quantum yields
may be obtained. However, because the parity and spin-forbidden
4f-4f transitions have low molar absorption coefficients that may
severely limit the light output, the direct photoexcitation of Ln3*
ions is not very efficient.

A significant enhancement of the Ln3* luminescence inten-
sity may be achieved through the design of lanthanide complexes
comprising sensitizing ligands, i.e., molecules able to absorb the
excitation energy and transfer it to Ln3* ions, which in turn
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undergo the typical radiative emitting process. This process is
known as antenna effect [1]. A further advantage of these lig-
ands is that they act as protecting cages, shielding the Ln3* ions
from deleterious quenching processes. Such complexes emit in
the near-UV (Ce3* and Gd3*), visible (vis) (blue, Tm3*; green,
Tb3* and Er3*; yellow, Dy3*; orange, Sm3*; red, Eu3*) and NIR
(Nd3*, Er3*, Tm3* and Yb3*) spectral regions and thus are of
great interest for a wide range of photonic applications [2].
In these compounds the Ln3* species (hard acids) are strongly
bonded to organic molecules bearing adequate donor species
(hard bases), typically oxygen and/or nitrogen atoms. Calixarenes,
[3-diketones, cryptands, podands and heterocyclic and aromatic
carboxylic acids have been extensively explored in this context.
The pyridinecarboxylate (typically named picolinate (pic™))-based
molecules, which are based on the latter class of ligands, are
particularly interesting owing to their chemical stability and pho-
tophysical properties [3-5]. These attractive features explain the
significant number of systematic studies carried out on lan-
thanide dipicolinates [4-11]. Complexes formed between Eu3*
and pyridine-2,6-dicarboxylic acid (or dipicolinic acid (H,dipic))
have been proposed for applications in biological systems and
immunoassays [12-14].

The incorporation of lanthanide complexes into sol-gel derived
organic/inorganic hybrid frameworks [15] represents a suitable
strategy that has been adopted in recent years to produce mate-
rials with improved luminescence properties [16,17]. A few hybrid
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materials incorporating lanthanide dipicolinate complexes have
been investigated by several authors [18-20].

In the present paper we report for the first time the ther-
mal behaviour, morphology and optical features of a hybrid
sample based on a low molecular weight di-urea cross-linked
poly(oxyethylene) (POE)/siloxane hybrid matrix (di-ureasil) com-
prising POE segments with about 8.5 oxyethylene repeat units
(designated as d-U(600)) and Nas[Eu(dipic)3]-xH,0, a complex in
which the Eu3* coordination sphere includes dipicolinate ligands.
The properties of di-ureasil structures [21,22] doped with lan-
thanide ions have been widely explored [23]. So far, the ligands of
the few Eu3*-based complexes that have been added to [24-29]
or formed within [30] di-ureasil matrices belong to the classes
of heterocyclic compounds [24,25,30], 3-diketonates [24-29] and
phosphine oxides [27].

We will use here an attractive synthesis strategy that we have
explored recently in the context of our investigation of the di-
ureasils [26,29]. It relies on the addition of lanthanide complexes to
these POE/siloxane hybrid networks whose available cation coor-
dinating sites — the carbonyl oxygen atoms of the urea cross-links
and/or the ether oxygen atoms of the POE chains - enable in situ
formation of new complexes devoid of water ligands and improved
optical features.

2. Experimental
2.1. Materials

Europium nitrate (Eu(NO3)3-6H,0), pyridine-2,6-dicarboxylic
acid (Hadipic, Aldrich, 99,99%) and 3-isocyanatepropyltriethoxy-
silane (ICPTES, Fluka) and sodium hydroxide (NaOH, PA Pronalab)
were used as received. The 0,0’-bis-(2-aminopropyl) polypropy-
lene glycol-block-polyethylene glycol-block-polypropylene glycol
employed, commercially designated as Jeffamine ED-600% (Fluka,
average molecular weight 600gmol-!), ethanol (CH;CH,OH,
Merck, PA grade) and tetrahydrofuran (THF, Merck, puriss. PA grade)
were stored over molecular sieves. High purity distilled water was
used in all the experiments.

2.2. Synthesis

2.2.1. Synthesis of Nas[Eu(dipic)3]-xH,0
The europium dipicolinate complex was prepared according to
a procedure reported elsewhere [10].

2.2.2. Synthesis of the di-ureasil samples

A xerogel with a concentration of Eu:Si=1:146 (g/g) was syn-
thesized using a method described in detail previously [29]. The
sample was obtained as a transparent, flexible monolith with an
orange-like hue. In agreement with the terminology used in pre-
vious papers [22], the hybrid matrix of the material obtained has
been designated as d-U(600), where d indicates di, U denotes the
urea group and 600 corresponds to the average molecular weight
of the starting organic precursors. The doped sample will be hence-
forth described by the d-U(600)@Eu notation. A non-doped sample
(d-U(600)) was also obtained.

2.3. Characterization

The Fourier Transform infrared (FT-IR) spectrum of the doped
di-ureasil sample was acquired at room temperature on a Uni-
cam FT-IR spectrophotometer. The spectra were collected in the
4000-500cm~! range by averaging 120 scans at a resolution of
4cm~1. About 2mg of each sample was mixed with potassium
bromide (Merck, spectroscopic grade) finely ground and pressed

into pellets. The xerogel pellet was kept at 80 °C under vacuum to
minimize the levels of absorbed water.

The thermal characteristics of the sample were determined by
means of differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA). For the DSC experiment a disk section of
the xerogel with a mass of approximately 10 mg was placed in a
30 wl aluminium can and stored in a desiccator over phosphorous
pentoxide (P,05) for 1 week at room temperature under vacuum.
After this drying treatment the can was hermetically sealed and
the thermogram was recorded using a DSC131 Setaram differential
scanning calorimeter. The sample was heated at 10°Cmin~! from
2510 190°C. For the TGA experiments the xerogel was first stored in
a desiccator over P, 0s. It was subsequently transferred to an open
platinum crucible and analyzed from 25 to 800 °C using a TA Instru-
ments Q50 thermobalance at a heating rate of 10°C min~. In both
experiments the purge gas used was high purity nitrogen supplied
at a constant 30 (DSC)/20 (TGA) cm3 min~! flow rate.

To evaluate the morphology of the xerogel film, scanning
electronic microscopy (SEM) micrographs were obtained using a
SEM/ESEM-FEI Quanta 400 scanning electron microscope at high
acceleration voltage (20 kV). A small portion of the sample was cut,
fixed on an aluminium stub with carbon tape and then coated with
Au/Pd.

X-ray diffraction (XRD) measurements were performed at
room temperature with a PANalytical X'Pert Pro equipped with
a X'Celerator detector using monochromated CuKk, radiation
(A=1.541A) over the 20 range between 10° and 70°. The xerogel
sample, analyzed as a film, was not submitted to any thermal pre-
treatment.

The photoluminescence features were recorded at room temper-
ature with a modular double grating excitation spectrofluorimeter
with a TRIAX 320 emission monochromator (Fluorolog-3, Jobin
Yvon-Spex) coupled to a R928 Hamamatsu photomultiplier, using
the front face acquisition mode. The excitation source was a 450 W
Xe arc lamp. The emission spectra were corrected for detection
and optical spectral response of the spectrofluorimeter and the
excitation spectra were weighted for the spectral distribution of
the lamp intensity using a photodiode reference detector. The life-
time measurements were acquired with the setup described for the
luminescence spectra using a pulsed Xe-Hg lamp (6 s pulse at half
width and 20-30 s tail).

The absolute emission quantum yields were measured at room
temperature using a quantum yield measurement system C9920-02
from Hamamatsu with a 150 W Xe lamp coupled to a monochroma-
tor for wavelength discrimination, an integrating sphere as sample
chamber and a multichannel analyzer for signal detection. Three
measurements were made for each sample so that the average value
is reported. The method is accurate to within 10%.

3. Results and discussion

In an attempt to elucidate the role played by the complex on
the hydrogen-bonded array of d-U(600) we inspected the “amide
I” region of the non-doped and doped xerogels. Classical deconvo-
lution techniques of the 1750-1600cm~"! interval [31] allowed us
to resolve the “amide I” band profile of d-U(600) and d-U(600)@Eu
hybrid into five and four components, respectively (Fig. 1). The spec-
tral data indicate that the addition of an extremely small amount of
Nas[Eu(dipic)3]-xH,0 to d-U(600) affects the global profile of the
“amide I” band. The intensity maximum of the “amide I” envelope
is shifted from approximately 1653 to 1645 cm™", a proof that the
hydrogen bonds in the doped sample are globally stronger than
those in the non-doped host matrix. Doping results in considerable
band redistribution, meaning that the proportion of hydrogen-
bonded aggregates in the material suffers marked changes. Upon
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Fig. 1. Curve fitting results of the FT-IR spectra of d-U(600) (a) and d-U(600)@Eu
(b).

incorporation of Nas[Eu(dipic)s3]-xH,0 into the d-U(600) frame-
work the 1707 cm~! band (Fig. 1(a)), attributed to the presence of
weak hydrogen-bonded POE/urea aggregates [22,32-34] vanishes
(Fig. 1(b)), revealing that the most disordered hydrogen-bonded
aggregates of d-U(600) are completely destroyed. Concomitantly
the amount of stronger aggregates increases. The absence of a band
at 1750cm~! band in the “amide I” region of the doped material
(Fig. 1(b)), associated with urea groups free from any interaction
[22,32-34], suggests that all the cross-links of the d-U(600)@Eu
sample are involved in hydrogen bonding interactions, similarly
to the situation observed in the non-doped matrix. Given the
extremely low concentration of the complex in the doped sam-
ple examined (cf. Section 2.2) and considering the bulkiness of the
dipic?~ ligand, we may venture that the rupture of the hydrogen
bonds observed appears to be solely a consequence of the exis-
tence of severe steric constraints [35,36]. Thus, one of the most
critical points that will remain unconfirmed in the present work is
the coordination of the Eu3* jons to the urea carbonyl groups in the
europium complex. In lanthanide complex-doped di-ureasils the
coordination of the lanthanide ions to the carbonyl oxygen atoms
of the urea cross-links of the hybrid matrix may be easily moni-
tored in the “amide I” region through the detection of a new event
that emerges typically around 1620 cm~! [24,25]. In the “amide I”
region of d-U(600)@Eu this Eu3* coordination-sensitive feature is
not detected (Fig. 1(b)). It is very likely, however, that the concen-
tration of Eu3* is too low to yield a detectable band by FT-IR.

The XRD patterns of the d-U(600)@Eu hybrid are reproduced in
Fig. 2. The diffractogram of the hybrid displays the characteristic
broad, Gaussian band centred around 21°, associated with ordering
within the siliceous domains [37]. In addition, several Bragg peaks
are distinctly seen in this diffractogram. As these peaks do not cor-
respond to those of the free complex (not shown), the nature of the
new crystalline phase formed in the hybrid medium will remain
unknown.

Intensity (a. u.)

I . T % T = T v T Y T ¥ T " 1
5 10 15 20 25 30 35 40
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Fig. 2. XRD patterns of the Nas[Eu(dipic);]-xH,O complex (a) and of the d-
U(600)@Eu hybrid (b).

The DSC curve of the d-U(600)@Eu hybrid material (not shown)
reveals that this sample is entirely amorphous within the range of
temperatures examined. On the basis of the conclusions drawn from
the XRD data, we may deduce that the new crystalline phase formed
within the amorphous hybrid d-U(600) structure upon addition of
the complex has a melting temperature higher than the maximum
temperature examined by DSC. The d-U(600)@Eu hybrid starts to
decompose at about 145 °C (Fig. 3). The thermal degradation takes
place in only two stages.

The SEM micrograph reproduced in Fig. 4 demonstrates that the
doped hybrid sample displays a non-porous texture. The morphol-
ogy of this sample is composed of a homogeneous, smooth surface
of the hybrid host material in which complex-containing spherical
particles with an average diameter of 1.34-0.67 wm are uniformly
dispersed, as confirmed by an EDX probe. This type of morphology
is similar to that reported very recently for dextrin microparticles
incorporating [Eu(dipic)3]3~ ions [38].

The excitation spectrum of the d-U(600)@Eu was monitored
within the °Dy — 7F, transition (Fig. 5). This spectrum displays a
large broad band ascribed to the overlap between the 7 — 7* tran-
sitions of the organic ligands [9] with the hybrid host excited states
as we will discuss next. Fig. 5 also shows the typical excitation spec-
trum monitored within the hybrid host intrinsic emission, which is
formed of a broad band between 280 and 450 nm, attributed to
donor-acceptor pairs recombination occurring in the siliceous and
urea-cross-linkages, respectively [37-42]. The overlap between the
hybrids’ broad band and the excitation spectrum monitored within
the Eu3* emission lines (Fig. 5) indicates the existence of hybrid-to-
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Fig. 3. TGA curve of the d-U(600)@Eu hybrid.
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Fig. 4. SEM image of the d-U(600)@Eu hybrid.

Eu3* energy transfer. The negligible intensity of the Eu3* intra-4f5
lines in the excitation spectrum monitored within the Eu3* emis-
sion lines (Fig. 5) points out that the Eu3* sensitization process is
more efficient than direct excitation into the 4f lines.

Fig. 6 displays the Eu3* emission features of the d-U(600)@Eu
hybrid under UV excitation. The spectrum shows a series of lines
ascribed to the 3Dy — “Fy_4 transitions and a low-relative inten-
sity broad band whose peak position deviates to the red as the
excitation wavelength increases (280-420nm) (inset in Fig. 6).
Such broad band was already detected for the non-doped d-(600)
di-ureasil [37,39-42], and other analogous hybrids, such as the di-
urethanesils [25,39] and the mono- [43] and di-amidosils [44]. Its
origin has been ascribed to the overlap of two distinct emissions
mediated by donor-acceptor pair transitions that occur within the
urea, urethane or amide, respectively, cross-linkages and within the
siliceous skeleton, due to the presence of oxygen related defects,
*0—0-Si=(C0;) [37-42].

The experimental values for the intensity parameters (£2,, §24)
for the hybrid were determined from the emission spectrum fol-
lowing a methodology detailed elsewhere [24,27,45]. The obtained
values for £2, and £24 are 5.80 x 1020 and 1.48 x 10-20 cm?, respec-
tively. The values obtained for £2, suggest that Eu3* is in a less
polarisable chemical environment when compared with efficient
systems including [3-diketonate ligands [24,27,45,46]. The value of
§2, for the hybrid reflects, not only the hypersensitive behaviour
of the ®°Dy — ’F, transition, but also that it is in a low polarisable

Normalised Intensity

240 280 320 360 400 440
Wavelength (nm)

Fig. 5. Excitation spectra of the d-U(600)@Eu hybrid monitored at (1) 460 nm and
(2) 615.0 nm. The shadow region assigns the overlap between the two spectra.
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Fig. 6. Emission spectrum of the d-U(600)@Eu hybrid excited at 280 nm. The inset
shows the emission spectra excited at (1) 280 nm, (2)330 nm, (3) 360 nm, (4) 380 nm,
and (5) 420 nm.

chemical environment in comparison to the situation found in the
complex, which displays a higher £2; value (6.125 x 10720 cm?) [9].

The 5Dy emission decay curve was monitored within the
5D — ’F4 transition excited at 280nm (Fig. 7). For time val-
ues below 1.00 ms the emission decay curve displays a rise time
behaviour (inset in Fig. 7) followed by a single exponential func-
tion characterized by a lifetime value of 1.950 4+ 0.007 ms. This value
is higher than that found for the isolated complex, suggesting an
effective interaction between the hybrid host and the complex. The
higher value found for the hybrid material relatively to that of the
isolated complex (1.7 ms) [9] may be further interpreted through
the estimation of the >Dy radiative (A;) and non-radiative (Ap,) tran-
sition probabilities, and the quantum efficiency (q) [q=Ar/Ar+Anr]
based on the emission spectrum and °Dy lifetime (771 =A; +Anr)
[17]. The radiative contribution is calculated from the relative inten-
sities of the °Dg — 7Fg_4 transitions (the Do — ’Fsg branching
ratios are neglected due to their poor relative intensity with respect
to that of the remaining Dy — ”Fg_4 lines). The °Dy — 7F; transition
does not depend on the local ligand field and thus may be used as a
reference for the whole spectrum. An effective refractive index of 1.5
was used leading to Ag;~50s~1, where Ag; stands for the Einstein’s
coefficient of spontaneous emission between the °Dg and the ”F,
Stark levels. The estimated values for Ay, Apr and g are 0.256 ms™!,
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Fig. 7. Emission decay curve of the d-U(600)@Eu hybrid excited at 280 nm and
monitored at 615 nm. The solid line corresponds to the data best fit using a sin-
gle exponential function (R>0.99). The inset shows a magnification of the emission
decay curve in the time interval 0.00-5.00 ms plotted in semi-log scale.
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0.256ms~! and 0.50, respectively. Comparing these values with
those previously reported for the isolated complex (A, =0.276 ms™!,
Anr=0.312ms~! and q=0.46) [9] we may conclude that the complex
incorporation into the d-U(600) host leads to an increase in the q
value, essentially, due to an increase in the A; value.

The absolute emission quantum yield (¢) for the d-U(600)@Eu
hybrid was measured under 280 and 370 nm excitation wave-
lengths being 0.66 and 0.15, respectively. Both values are higher that
the quantum yield known for the isolated complex (0.06 excited
at 370nm) [9], reinforcing that its incorporation into the hybrid
network enhances the overall emission features. In particular, we
should give emphasis that the increase of the measured absolute
emission quantum yield values for the hybrid, when compared with
the values obtained for the isolated complex, may be attributed to
the effective interaction between the hybrid host and the complex
[26,29] and to the contribution of the hybrids’ intrinsic emission to
the overall photoluminescence features (Fig. 6). Moreover, we stress
the maximum quantum yield value (0.66 under 280 nm excitation
wavelength) is the highest value reported for organic-inorganic
hybrids modified by lanthanide complexes [17]. We should note
that, although by definition q > ¢, the observation of a lower g value
(0.50) relatively to the ¢ value (0.66) under the same excitation
wavelength (280 nm) results from the contribution of the hybrids’
intrinsic emission to the overall luminescence features.

4. Conclusion

A europium dipicolinate complex was added to the short chain
d-U(600) di-ureasil POE/siloxane hybrid structure prepared by the
sol-gel method. The addition of the Nasz[Eu(dipic)3]-xH,O com-
plex to d-U(600) has major consequences in terms of hydrogen
bonding interactions, leading to a significant breakdown of the
most disordered hydrogen-bonded aggregates of d-U(600) and
to the concomitant formation of stronger aggregates. This effect
was associated with the bulkiness of the ligands. The hybrid
sample is thermally stable up to 145°C and has a non-porous tex-
ture, being composed of a homogeneous, smooth surface of the
hybrid host material and 1.34-0.67 wm-diameter spherical par-
ticles of complex. In spite of the low complex concentration, a
crystalline phase of unknown nature is formed in the doped xero-
gel. Upon incorporation of Nas[Eu(dipic)s |- xH, O into the di-ureasil
matrix, an increase of both the 5Dg lifetime and quantum effi-
ciency values (1.950 + 0.007 ms and 0.50, respectively) with respect
to those of the isolated complex (1.7 ms and 0.46, respectively)
results. The complex incorporation also contributes to enhance the
absolute emission quantum yield value, whose maximum value
(0.66 excited at 280 nm) is the highest value reported so far for
lanthanide-containing organic-inorganic hybrids. This quantum
yield enhancement can be attributed to the effective interaction
occurring between the hybrid host and the complex and to the
contribution of the hybrids’ intrinsic emission to the overall photo-
luminescence features.
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