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Research into lanthanide-doped organic-inorganic hybrid materials emerged in the 1990s with the
development of interesting materials for optics: high efficiency and stable solid-state lasers, new
fiber amplifiers and sensors, devices with upconversion, fast photochromic and non-linear
responses, efc. Their interest relies on the possibility of combining properties of sol-gel host
materials (shaping, tunable refractive index and mechanical properties, corrosion protection,
specific adhesion, efc.) and the well-known luminescence of lanthanide ions (Ln). The fast
development of photonic hybrids allowed the commercial exploitation of products with new or
enhanced characteristics (megajoule pulsed Nd-YAG laser, protective coatings of glasses, screens
or glasswares). However, recently, Ln-hybrid nanocomposites have found new applications in
bio-sensors, bio-analytics and even clinical imaging diagnostics. These applications make use of
the fluorescence properties of lanthanides that make luminescent hybrids ideal candidates for
time-resolved fluoroimmunoassays, DNA hybridation assays, fluorescence imaging microscopy,
or in vivo imaging. As a consequence, the goal of this review is twofold: (i) as a reminder of some
general considerations that must be taken into account to design new optically active Ln-doped
nanocomposites whatever the application field, and (ii) to show the most important advances
achieved in the past years in different areas, paying special attention to bio-medical applications.
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1. Introduction: how and why Ln-doped hybrid
materials become good candidates for advanced
optical applications

Optical communication technology is one of the marvels of
modern technological achievements. It showcases the fact
that photons are far better suited than electrons to fast
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communication. Several developments in the late 1960s and
early 1970s led to the original fiber optic system that has since
evolved into today’s high-speed networks that can transmit
information at amazing speeds. Beyond communications,
photonics are already finding new applications in aerospace,
sensing, lighting, computing and medical areas.

Photonic devices are fabricated from a variety of materials,
although semiconductors and glasses are the two major
constituents for making the core components. The lasers and
the detectors are almost exclusively made from semiconductors
and offer remarkable performance in wavelength precision and
sensitivity. Silica glasses serve as the basis for fiber-based
devices and have also been the preferred materials for planar
lightware circuits (PLCs), although new materials are needed
to fully exploit the deep potential of optical circuits. Polymers
have been used for both fiber and planar devices but
suffer from uncertainties about their long term reliability and
performance under harsh conditions.

The nature and applications of optical materials have
evolved rapidly in recent years. Their role as passive optical
elements has been augmented by so-called photonic systems.
These can have many active components—oscillators, ampli-
fiers, frequency converters, modulators, switches, routers
and so on, most of which rely, to some degree, on optical
field confinement. The design of appropriate materials for this
new technology involves progress on two separate levels. There
is a need both for the optimization of microscopic electronic
properties and for the separate control of bulk optical
parameters on the scale of optical wavelengths.

Lanthanides (Ln) included in crystalline solids are used
extensively in luminescent materials which employ practically
any kind of energy as the excitation source. In order to avoid
any decrease in luminescence efficiency, a very good homo-
geneity of the crystal lattice is required, and therefore, high
temperatures are necessary to synthesize homogeneous
Ln-doped crystals. In this sense, sol-gel technology offers
an alternative way to prepare homogeneous and highly
transparent materials at low temperatures, besides other
facilities such as easy shaping, miniaturization, high purity of
the precursors, possibility to combine organic and inorganic
components providing the tunability of properties, etc.
Nevertheless, sol-gel glasses can also present undesirable
lattice defects. One of the consequences of these lattice
defects can be a long afterglow, which is usually considered
disadvantageous for practical applications,' and may lead to
the eventual rejection of the material.

On the other hand, the oscillator strength of lanthanides is
very low in general, as a result of the fact that the transitions
are forbidden by the La Porte rule. Intensity of luminescence
can be then strongly increased by incorporating the lanthanide
ions into a complex. Such complexes could be seen as light
conversion molecular devices (LCMDs), coining the term
“antenna effect” to donate the absorption, energy transfer,
emission sequence involving distinct absorbing (the ligand)
and emitting (the lanthanide ion) components, thus over-
coming the very small absorption coefficients of the lanthanide
ions. In these lanthanide-based emitting materials, lumi-
nescence properties depend on the efficiency of energy transfer
from the absorption center (ligand) to the emission center

(central ion) and on the concentration of quenchers (OH
oscillators) surrounding the central ion. The studies of the
decay times and the respective rate constants of these processes
can lead to finding new materials with highly efficient emission
at room temperature.2

The design of efficient lanthanide complexes, as molecular
devices, became an important research goal in the 1990s.
Interest in their photophysical properties has grown consider-
ably since Lehn® proposed the chelation of lanthanide ions
with many different classes of ligands (e.g. cryptands, podands,
calixarenes, macrocyclic ligands, [-diketones, heterobiaryl
ligands, carboxylic acid derivatives, terphenyl ligands, pro-
teins, eZC.).‘F6

Most of the complexes investigated emit red or green light
(Eu’” and Tb*>" luminescence, respectively), but there are also
complexes of different Ln** ions with luminescence in other
spectral regions: near-IR (Yb*" ,Nd**, Er**), orange (Sm*"),
yellow (Dy>"), blue (Tm*"), or near-UV (Ce*", Gd**"). Unlike
lanthanide ions in oxidic glasses, efficient LCMDs may find
applications as luminescent probes in bio-medical assays and
time-resolved microscopy, fluorescent lighting and luminescent
sensors for chemical species (H*, O,, halide ions, OH™),
electroluminescent devices, UV dosimeters, or antireflection
coatings for solar cells. Besides the quantum yield of a LCMD,
other aspects, such as light output, solubility, volatility, and
photothermal and thermodynamic stabilities may be critical to
many applications.

These problems could be solved by incorporating lanthanide
chelates in inorganic—organic hybrid materials, because they
can offer multifunctionality and properties tailored from
nanometric to millimetric length scales including mesoscopic
and submicromic levels. That is why these materials could play
a significant role in the field of micro- and nanophotonic
devices (waveguides, emitting devices, quantum dot devices,
photonic band gaps and holographic materials). The organic
groups can modify the inorganic backbone by reducing the
connectivity of the network allowing thick film deposition
and lessening the processing temperature, very important for
miniaturization devices and for reducing the processing
cost. The composition and the process conditions can also be
optimized to allow better control of the optical parameters
(losses, refractive index, transmission), to reduce the proces-
sing temperature and to improve photosensitivity.

Organosilica-based inorganic-organic hybrids, synthesized
through sol-gel processes, have been successfully employed for
many purposes, such as sequestrating emitting species. It has
been widely demonstrated that sol-gel process could be used to
produce silica glasses with trapped Eu(lil) fluorescent com-
pounds. Organosilica hybrids have, as an advantage, very low
solubility in water and many polar and non-polar solvents, as
well as high thermal stability.”

During the past twenty years, optical studies performed
on organic—inorganic nanocomposites have evolved towards
different objectives: investigating the fundamental spectro-
scopy of lanthanide ions in the sol-gel environment, study of
energy transfer between lanthanide ions and chelates (or dyes)
in solid matrices, using luminescent molecules as probes for
sol-gel processing, and finally developing materials with
specific optical properties based on the properties of organic

24 | J. Mater. Chem., 2008, 18, 23-40

This journal is © The Royal Society of Chemistry 2008



or inorganic chromophores.'®'7 But in the past years, research
of these luminescent materials has also been focused on bio-
analytical and bio-medical applications.

In this review, the different synthetic strategies to prepare
lanthanide-doped hybrid materials, as well as some basic
considerations involving the efficiency and sensitization of
lanthanide luminescence, are discussed. After that, a review of
some of the most interesting devices and recent developments
on luminescent Ln-doped hybrids used for advanced photonics
and bio-medical areas will be commented.

2. Chemical strategies for the design of luminescent
lanthanide hybrid materials

The advantages of sol-gel chemistry, such as low temperature
processing and shaping, higher sample homogeneity and
purity, the easy tailoring of composition and properties
(mechanical, hydrophobicity, ezc.), and the possibility to
incorporate specific functions for particular purposes (organic
functions, complexes, etc.), provide to the chemists the most
useful tool for preparing very different types and families of
multifunctional hybrid materials incorporating lanthanides.
A key point for the design of new luminescent hybrids is
the tuning of the nature, extent, and accessibility of the inner
interfaces. As a consequence, the nature of the organic and
inorganic interface has been used to categorize hybrid
materials into two main groups: Class I and Class II hybrids.'®
Class I refers to hybrid compounds in which only hydrogen
bonds or van der Waals forces exist between organic and
inorganic constituents. In Class II hybrid materials, organic
functionalities are covalently attached to the host matrix.
The main chemical routes to designing hybrid materials
suitable for optical applications are schematized in Fig. 1. Path
A corresponds to conventional sol-gel chemistry, where hybrid
networks are obtained through the hydrolysis of metallic
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alkoxides condensed with or without organically modified
metal alkoxides and incorporating lanthanide ions as salts
or alkoxides. This strategy is simple and low-cost, and it
yields amorphous hybrid materials where lanthanide ions are
distributed within the host material according to the chemical
nature affinity. These materials, that exhibit an infinite number
of microstructures, can be transparent and easily shaped as
films or monoliths, which is important for some advanced
technologies, however, they are generally polydisperse in size
and locally heterogeneous in chemical composition.

A better control of the local structures of these hybrid
materials and their degrees of organization are important
issues, especially if tailored optical properties are sought.
Organization usually involves controlled segregation at the
nanoscopic level. The main approaches to achieve organized-
structures, as schematized in Fig. 1, are routes B and C, which
respectively provide organo- or bio-functional Ln-doped nano-
particles and Ln-doped nanostructures with periodic porosity.

The synthesis of discrete luminescent nanoparticles (path B)
has especially been explored in the past years because of their
interesting properties (optical, magnetic, efc.) resulting under
quantum confinement effects. Furthermore, the generation of
these nanoparticles with novel properties opened a land of
opportunities through functionalization with organic or even
biocompatible groups.'*>

More recently, the organization and texturing of hybrid
networks templated by organic structure-directing agents
through self-assembly approaches® (Fig. 1, route C) has
provided new materials with potential uses in optics. The
success of this strategy is clearly related to the ability that
materials scientists have to control and tune hybrid interfaces.
In this field, hybrid organic-inorganic phases are very
interesting because of the versatility they demonstrate in
building a continuous range of nanocomposites. Furthermore,
the surface properties of these mesoporous or nanostructured
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Different pathways to prepare hybrid materials suitable for optical applications: the conventional sol-gel route (Path A) leads to traditional

Ln-doped hybrids, Path B leads to Ln-containing nanoparticles (functionalized with organic or biomolecules) and Path C involves the use
of templates capable of self-assembly, giving rise to meso-organized phases where lanthanide ions can be inside the walls or in the pores

(figure adapted from ref. 35b).
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materials can be modified during the synthesis, by a “one-pot”
method  (incorporating organo-functionalized alkoxide
precursors in the synthesis), or in a post-synthesis step
(through reaction of OH surface groups with organic grafting
agents).>*° In this approach (route C) lanthanide ions can be
directly included during the synthesis of the material and will
be dispersed within the host matrix, or incorporated by
impregnation after the synthesis, where lanthanide ions will
interact with groups located at the surface (in general, specific
grafting or chelating agents). Thus, modification of functional
groups surrounding lanthanide ions provides modulation of
their optical properties in terms of emission efficiency and
wavelength and lifetimes, as will be further discussed.

3. Efficiency and sensitization of lanthanide
luminescence in Ln-doped hybrid materials

Different important aspects must be taken into account in
order to design a lanthanide-doped organic—inorganic hybrid
material for optical purposes.

Most of the lanthanide cations present luminescent pro-
perties but the elaborate procedure using organic-inorganic
hybrids severely limits the choice of the lanthanide cations.
Roughly, the emission intensity is proportional to the energy
gap between the emitting level and the level lying just below
the emitting one.>” When the gap is small, the energy gap could
be efficiently bridged by non radiative processes involving the
vibrational states of organic compounds. According to these
considerations, it first appears that the more interesting
lanthanide cations are Eu®", Gd** and Tb>* which have some
energy differences around 12 000 cm™!, 33 000 cm™' and
15 000 cm ™! respectively. However, as Gd** absorbs and emits
in the UV (at about 315 nm), its optical features correspond
to the organic part of the hybrid and this cation is not
particularly studied. In the lanthanide series, other cations
such as Yb>* (energy gap of 10 500 cm™ '), Sm*" and Dy**
(energy gap of around 7500 cm™ ') and even Er’" and Nd**
(energy gap of 5500 cm™!) are much more sensitive to local
surroundings but have been recently extensively investigated
even in cases where the quantum yield is in general quite low
and improvements in the luminescence yields are observed
after thermal treatment.

Ln** ions with the [XeJ4f" electronic configuration, have
their 4f electrons shielded from the external interactions by
filled 5s25p° levels and consequently the 4f-4f transitions are
narrow, with small intensity. As a result of the low transition
probabilities, emissions result in long-lived narrow emission
bands. Consequently, direct excitation of the lanthanide ions
is unfavorable and this problem can be solved by coupling
species that are able to participate in energy transfer processes.
This effect is called sensitization or the “antenna effect”. In
that case the excitation occurs in 3 steps: light is first absorbed
by the immediate surrounding of the lanthanide. Energy is
then transferred to the Ln cation (through the ligand triplet
state for instance) and then the Ln ion emits light.

Investigating the energy transfer in more detail reveals that
several situations could occur which correspond to a large
variation in the Ln emission. A simplified scheme of the
potential situation for the Ln and S state (Sensitizer) are

>
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<
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Vibrational states
hv
R R’ Equilibrium distance
) Sensitizer
o)
<
M Ln3+
]'Vibrational states
b)
'hy
R Equilibrium distance

Fig. 2 A simplified scheme of the potential situation of the Ln and S
state are presented in the coordinate configuration.

presented in the coordinate configuration in Fig. 2. For a
relatively large variation in the equilibrium distance (Fig. 2a)
the excitation in the vibrational levels of the sensitizer state
leads to partial energy transfer to the Ln cation from the
highest vibrational states. This energy transfer only occurs as
long as these higher vibrational S states are populated, this
means a short time and in that case S emission could be
important. This case is indeed not very favorable to the Ln
emission. On the other hand, if the equilibrium distances are
closed as presented in Fig. 2b, the energy transfer is more
favorable and transfer occurs as long as the S state is
populated and energy could be more efficiently transferred
to Ln>" cation.

In addition to the radiative relaxation, nonradiative relaxa-
tion may occur by interaction of the electronic levels of the
lanthanide ion with suitable vibrational modes of the environ-
ment.'! Transitions within a ligand field are related to acoustic
phonons and are fast and very likely to occur. The efficiency of
these processes depends on the energy gap between the ground
and excited states as previously presented, as well as the
vibrational energy of the oscillators. For example, when
solvents containing OH groups are coordinated to lanthanide
ions, efficient non-radiative deexcitation takes place through
vibronic coupling with the vibrational states of the oscillators.
Replacement of the OH oscillators (with typical energy
of 3600 cm™!) by low-frequency OD oscillators (energy of
2200 cm '), diminishes the vibronic deexcitation pathway.'
As an example, in the case of Tb>* with a large energy gap of
14 800 cm ™', the number of phonons required to fill this gap is
7 phonons for OD vibrations while it is only 4 for the OH
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groups. Therefore, with OD groups, the Tb*" lifetime from the
D, emitting level is 3.8 ms at 300 K while it is only 0.47 ms in
aqueous solution.

Other oscillators such as NH and CH with energy respec-
tively about 3300 cm ™' and 2900 cm ' should be taken into
account when such groups are located in the first coordination
sphere of the Ln cation. It should be noticed that as
multipolar-multipolar interactions are usually responsible for
such a quenching mechanism, with a predominant effect on the
dipole—dipole interaction, the energy transfer rate between
the excited metal ion state and the vibrating oscillator vary as
knr = K™, r being the distance between the Ln cation and the
vibrating oscillator.

Maas ez al.'® in a paper dedicated to Prof. R. Hoffmann on
the occasion of his 65th birthday have for instance reported
three ways to overcome the difficulties of low absorption and
thermal relaxation: (i) matrix excitation followed by energy
transfer to the lanthanide ion, (ii) ligand to metal charge
transfer followed by lanthanide f-f emission, and (iii) ligand-
centered absorption followed by energy transfer to the
lanthanide ion.

However, conventional ligands do not usually give rise to
inert complexes because the lanthanide ions are unable to form
strong coordination complexes as a result of their electronic
configuration. Depending on the solvent, this situation leads to
a competition for the coordination sites between ligands and
solvent molecules.

Modeling the mechanisms of energy transfer between
lanthanide ions was extensively described in the seventies
but in 1997, Malta®® proposed a theoretical approach to
similarly describe the energy transfer processes occurring
between ligands and lanthanides in luminescent complexes.
Energy transfer rates have therefore been determined®?* in
different cases.

Then, a theoretical approach for the intramolecular energy
transfer process involving the ligand to metal charge transfer
(LMCT) state in Ln compounds was very recently proposed.*
Expression of the selection rules is derived and energy transfer
rates calculated. It appears that the channel LMCT (see Fig. 3)
could be several orders of magnitude more important than
other channels.® Of course the emission intensity strongly
depends on the relative energy level position of the ligand to
metal charge transfer (LMCT) state in comparison to the Ln*"
excited state levels as presented Fig. 3 and according to the
relative position, the transfer rate and back transfer rate can be
estimated. Therefore, the energy levels position could be tuned
as presented in Fig. 3 from ref. 31a.

For A-type calixarenes ligands,’' the energy level position
lies above the *D; levels (J = 0 and J = 4 for Eu** and Tb>*,
respectively) and its energy could be transferred with phonon
assistance to Eu®* and Tb>" ions. However, at this high energy
level position O — Eu*" ligand to metal charge transfer
(LMCT) could occur and lead to non radiative deexcitation.*?
This prevents the energy transfer through Eu®* cations, but
not to Tb*". Indeed O-Tb*' charge transfer band is lying
about 3 eV above the O — Eu’" charge transfer band.*® The
measured efficiency of the emission could be estimated from
the quantum yield reported to be 0.2% for Eu*" and 16%
for TH*".
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Fig. 3 A simplified scheme of the sensitization of Eu** ions by the
antenna effect, in which the energy level positions of the ligand can be
tuned with R = A, B or C (redrawn from ref. 31).

When a phenyl group is added instead of a non-conjugated
organic moiety giving ligand B (Fig. 3), the lowest triplet
excited state is shifted to lower energy and both Eu** and Tb**
could be sensitized. In addition, as phenyl groups provided a
better resonance, the quantum yield values are 6% and 27% for
the Eu®* the Tb*", respectively.

Finally, replacing the phenyl group by a biphenyl unit to
give ligand C (Fig. 3) will further lower the energy level,
yielding good resonance with the Tb** energy level. In that
case, efficient transfer but also efficient back transfer occur
and the luminescence of the Tb** ion is no more sensitized as
the quantum yield is 0.01%, while the quantum yield of the
Eu®* is kept at 6.1%.

Careful measurements of the quantum yields and effort on
understanding the numerous energy transfers processes
(between lanthanides, between ligands and lanthanides or for
instance between ligand-to-Ln charge transfer states) are very
important in order to well understand the properties of
luminescent lanthanide-doped organic—inorganic hybrids.**

4. Devices and developments of lanthanide-doped
hybrid materials

4.1. Luminescence of lanthanide ions in amorphous hybrid
materials (route A)

Lanthanide-doped hybrid materials prepared by conventional
sol-gel routes (path A in Fig. 1) have extensively been
studied®*! since they present special interest for solid-state
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lasers and fiber amplifiers, as alternative materials to tradi-
tional organic dyes.

Laser dyes have been used for many years as a versatile
source of a tunable coherent optical radiation, and are still
commonly used both in lasers and in optically pumped
amplifiers.

Tunable solid-state organic lasers with dye-doped polymer
gain media have been demonstrated to yield narrow-line-
width,'*!® single-longitudinal-mode (SLM)'®!” emissions in
compact multiple-prism grating oscillator configurations. The
excellent optical homogeneity of these materials is one of the
most important features. Nevertheless, polymer gain media
exhibit limitations on the pulse repetition frequency’ and,
ultimately, on the average power of these lasers. Moreover,
most of the dye lasers are solvent-based and require pumping
of the dye solution through a resonator to slow down
photodecomposition. Therefore, encapsulation of the dye in
a solid matrix is favorable to provide ease of use and
replacement, and also for decreasing health and environmental
hazards. Costela et al. have published an interesting review of
dye-doped polymer laser gain media** and photophysical
characteristics have been investigated by Holzer et al.**

Most of the recent dye-doped emitting materials for tunable
solid-state lasers are Class II organic-inorganic hybrids
prepared by conventional sol-gel techniques in which lumi-
nescent lanthanide organic complexes are anchored to a
siloxane matrix via Si-C linkages.***® The strategy to prepare
such materials is to design new organoalkoxysilanes, which
combine a chromophore unit that can efficiently absorb the
incident light, chelating functions that can bind to the Ln>*
ions and trialkoxysilyl groups that act as the inorganic
network precursors.

For some applications, the presence of dyes is not required
or even undesirable, and lanthanides are introduced as free
jons. A complete review®’ reports a list of sol-gel derived
hybrid materials with emission properties and improved
thermal properties. Here, one-pot synthesis of different
trivalent lanthanide (Eu®*, Nd**, Sm’**, Dy**, Er’* and
Tm**)-doped hybrid siloxane-oxide materials are included. In
these nanocomposites, the dispersion of the Ln>* ions mainly
depends on the extent and nature of the oxidic part.*®

The stabilization of lanthanide ions in their low oxidation
states, such as Ce(1l1) (Fig. 4) and Eu(1l), inside amorphous
hybrid materials is also possible thanks to in situ generation of
reducing species (H,) from reaction with organo-hydro-
silanes.*>° In this case, the cleavage of the Si-H bonds at
room temperature is catalyzed by transition metal alkoxides.

However, in all these studies, the previously mentioned OH
quenching phenomena are underlined because of the low
temperature synthesis (typically <150 °C), and the radiative
lifetime of emission and the resulting luminescence intensity
are usually quite low. Despite this, optimization of the sol-gel
synthesis conditions and mild thermal treatments provide, for
instance, lifetimes of around 100 ps for Nd**-doped hybrid
materials,’! which is a reasonably good value when it is taken
into account that neodymium is one of the most sensitive
lanthanide to OH oscillators.

The choice of bulky aromatic ligands is therefore critical to
decrease OH quenching as well as to isolate the emitting
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Fig. 4 Room temperature excitation (a) and emission (b) spectra of
in situ generated Ce**-doped hybrid material (Aexe: 300 nm for the
emission) prepared from reaction between a Ce** salt and HSi(OEt);
in a mixture of other silanes.

centers. Covalent attachment between organic and inorganic
components seems beneficial for achieving high luminescence
yields for the following reasons: (i) leaching of the active
molecules is avoided, (ii) higher concentrations of doping ions
can be reached, (iii) clustering of the emitting species is
prevented and (iv) materials with better homogeneity can be
obtained. Some examples of how organic components,
synthesis conditions and post-synthesis treatments are critical
in the optical response of luminescent hybrids are detailed in
the following paragraphs.

The study performed by Trejo-Valdez et a is quite
illustrative. They prepared ORMOSIL (organically modified
silicates) films doped with Tb®* and different aromatic ligands
by aerosol-gel process. The effect of the baking temperature
on the optical response was evident: the photoluminescence
(PL) intensity at 545 nm increased with baking temperature
(from 25 to 150 °C), which is attributed to a partial elimination
of quenching species (residual solvents, water and hydroxyl
groups). When Tb** ions were incorporated without aromatic
ligands, they should be stabilized through complexation with
free methacrylic acid, being positive for the PL properties. On
the other hand, complexation of Tb** ions with aromatic
ligands improved the encapsulation and enhanced PL proper-
ties of the films, owing to an efficient intramolecular energy
transfer (IMET) process. However, films doped with different
complexes exhibit non-exponential PL decays, indicating
that terbium ions are distributed in different spectroscopic
environments. The results suggest therefore that PL properties
are conjointly influenced by the ligand to Tb** ion energy
transfer and by encapsulation effects, which strongly depend
on the ligand nature.

Potential applications of this family of optically active
ORMOSIL films doped with lanthanide complexes rely on the
design of optical waveguides as well as integrated display or
lighting devices, but further studies are still necessary to improve
the active properties of these films for commercial applications.

L 52
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Another interesting family of optically active ORMOSILs
are those prepared by Franville ez al*®>® They consist on
lanthanide (Eu**, Gd**) organic complexes covalently
attached to the sol-gel silica-based network. Four dicarboxylic
acids with different aromatic subunits (derivates of pyridine
and picolinic acid) have been chosen as ligands for Ln** ions.
In this case, the strategy of synthesis involved the grafting of
these ligands to 3-aminopropyltriethoxysilane (APTES), pro-
viding organically modified alkoxysilanes that were used as
molecular precursors for the preparation of hybrid materials.

It was shown that modification of the ligand structure
(mono- or disubstituted amides) led to different coordinating
properties and to variable absorption edges. As a result, the
absorption efficiency as well as the ability of the chelates to
transfer the absorbed energy to Ln**, and consequently the
quantum yield of the emission, changed.

Emission features upon direct excitation of the Eu** °D,
energy level showed the presence of two different site
distributions in the four hybrid compounds. Variations in
the relative emission intensities were observed according to the
nature of the organic chromophore. These variations were
discussed in relation to the ATE (absorption—transfer—emis-
sion) mechanism and to the relative energy positions of the
ligand and the lanthanide ions respectively. The main paths of
energy transfer between the excited ligand and Ln®* states are
summarized in Fig. 5. By the other hand, the effect of the silica
matrix was studied, showing an effect of broadening of the
emission peaks, whereas spectral repartitions and lifetimes
remained unchanged as compared with the corresponding
organic molecules.

Other researchers such as Jenouvrier™® obtained other
interesting optically active materials at low temperature by
incorporation of titania in the inorganic matrix. Concretely,
Tb**-SSA-doped SiO, TiO, thin films (SSA, sulfosalicylic
acid) were deposited by an original aerosol-gel process at
40 °C, and then heat-treated at 150 °C. The complexation of
Tb** jons by sulfosalicylic acid (SSA) improves their active
properties, leading to a material of high optical quality suitable
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Fig. 5 Sensitization mechanism of Eu®' luminescence in organic
complexes within an ORMOSIL. On the left side, fluorescence
quenching is observed when T, transfers its energy to a LMCT state.
The abbrevations are: A = absorption, F = fluorescence, P =
phosphorescence, ISC = inter-system crossing, ET = energy transfer,
BT = back energy transfer, LMCT = ligand-to-metal charge transfer.

for planar waveguides. Moreover, this approach can be
extended to other lanthanide elements, opening a wide range
of integrated optics applications on thermally sensitive
substrates. The introduction of several lanthanide elements
emitting in the visible region would also permit the use of these
films for color displays.

Usually, lanthanide nanoparticles in bulk monoliths aggre-
gate easily, and much research has been done in order to solve
this problem. In this sense, Ji e al.> have prepared transparent
and crack-free organic—inorganic hybrid monoliths containing
lanthanide complexed nanoparticles [Eu(TTA);Phen, where
TTA: trifluorothenoyl-acetone, Phen: 1,10-phenanthroline], by
using tetraethyl orthosilicate and a monomer, hydroethyl-
methacrylate (HEMA). In these monoliths, the nanoparticles
of complexed-lanthanide are dispersed into organic-inorganic
semi-interpenetrating networks and the resulting nanostruc-
tured hybrids exhibit high luminescence intensity and high
color purity with a half-width of less than 15 nm. Moreover,
the fluorescence lifetimes are longer than the original
lanthanide complexes. In this case, the interpenetrating
network does not destroy the energy transfer from ligands to
lanthanide ions.

Another great family of Ln-nanohybrids is the one classified
as di-ureasils. Sa Ferreira et al.>® have extensively reported
the energy transfer mechanisms and emission quantum yield
measurements of sol-gel Eu*-doped di-ureasils. Termed as
U(2000) and U(600), they include urea cross-linkings between
a silicate backbone and polyether-derived segments of two
molecular weights, 2000 and 600, respectively (see Fig. 6a).
These materials are full-color emitters in which the Eu’*
Dy — "Fy 4 red lines merge with the broad green—blue
emission of the nanoscopic matrix’s backbone. The excitation
spectra show the presence of a large broad band (~27 000—
29 000 cm ') assigned to a ligand to-metal charge transfer
state. Emission quantum yields ranged from 2% to 13.0%
depending on the polymer molecular weight and Eu®*
concentration. Energy transfer between the hybrid hosts
and the cations arises from two different and independent
processes: the charge transfer band and energy transfer from
the hybrid’s emitting centers. The activation of the latter
mechanisms induces a decrease in the emission quantum yields
(relative to undoped nanohybrids) and permits a fine-tuning
of the emission chromaticity across the CIE (Commission
Internationale d’Eclairage) diagram, e.g., (x, ») color coordi-
nates from (0.21, 0.24) to (0.39, 0.36). Moreover, that
activation depends noticeably on the local coordination. For
the di-ureasils with longer polymer chains, energy transfer
occurs as the Eu®" coordination involves the carbonyl-type
oxygen atoms of the urea bridges, which are located near the
hybrid’s host emitting centers. On the contrary, in the U(600)-
based di-ureasils, the Eu** ions are coordinated to the polymer
chains, and therefore, the distance between the hybrid’s
emitting centers and the metal ions is large enough to allow
efficient energy transfer mechanisms.

The di-urea or di-urethane cross-linked poly(ethylene oxide)
(PEO)-siloxane structures (named di-ureasils or urethanesils,
respectively) are promising hybrids for the fabrication of large
area neutron detectors,”’ as nanocomposite gel electrolytes
for dye-sensitized photoeletrochemical cells and as efficient
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Fig. 6 (a) Chemical structure of U(600) di-ureasil hybrid, (b) Eu(nta);-bpy complex and (c) chemical structure of the Ln-complex linked to the

silica matrix.

white-light room temperature emitters (quantum yield of
10-20%).°%°% These materials can be prepared through
hydrolysis and condensation of the corresponding organic—
inorganic hybrid precursors obtained from the reaction of
the terminal amine groups of PEO-containing diamines [or the
hydroxyl groups of poly(ethylene glycol) for di-urethanesils]
with the isocyanate group of 3-isocyanatopropyltriethoxy-
silane (ICPTES).>® Alternatively, di-ureasils and di-urethane-
sils can be produced via acetic acid (AA) or valeric acid
solvolysis®”-*® displaying an emission quantum yield 27-35%
higher than that calculated for the analogues synthesized via
conventional sol-gel techniques.’® Furthermore, transparent
and optically uniform di-ureasil films doped with a Eu**
complex with thenoyltrifluoroacetone and 2,2'-bipyridine
(bpy) ligands were prepared by AA solvolysis.®> The Eu**
emission, whose maximum intensity value is approximately

60% of that of Rhodamine-B, results from excitation of the
ligand levels and subsequent intramolecular energy transfer to
the 4f states. Although the organic-inorganic matrix also
seems to contribute to these energy transfer processes, the
nature of this contribution was unclear.®

The white-light photoluminescence (PL) of di-ureasils
results from a convolution of donor—acceptor pair recombina-
tions that occur in the NH groups of the urea linkages and in
0O-0-Si=(CO,) oxygen-related defects of the siliceous nano-
domains.® °®  Energy transfer between these hybrids’
emitting centers and the Eu®* ions has been quantitatively
discussed elsewhere.’*®*%° The activation of these energy
transfer mechanisms noticeably depends on the Eu** local
coordination to the carbonyl group of the urea cross-linkages.
Moreover, that activation induces a decrease in the emission
quantum yield (relative to that of the undoped nanohybrids)
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and permits a fine-tuning of the emission chromaticity across
the CIE diagram.’*6%¢7

Fu er al®® have prepared di-ureasil organic-inorganic
hybrids incorporating Eu(nta);-bpy [where nta and bpy stand
for 1-(2-naphthyl)-4,4,4-trifluoro-1,3-butanedionate and 2,2’-
bipyridine, respectively] by AA solvolysis and the conventional
hydrolysis—polycondensation sol-gel route (see Fig. 6b). An
effective interaction between the Eu(nta);-bpy complex and the
carbonyl groups of the urea linkages was demonstrated.
Moreover the dimension and the degree of condensation of
the siloxane nanodomains noticeably depends on the synthesis
route. The PL spectra of these Eu(li)-based di-ureasils
displays essentially the typical *Dy — "Fy 4 intra-4f® Eu®*
transitions. Indeed the broad emission band typical of amine-
functionalized hybrid hosts was not detected suggesting,
therefore, the activation of energy transfer channels between
the hybrid host’s emitting centers and the Eu(iil) ions. The
efficiency of these energy transfer channels depends on the
synthesis strategy adopted as the overall emission quantum
yield and the D, quantum efficiency strongly decreases for the
di-ureasil prepared through solvolysis, relative to that synthe-
sized by conventional hydrolysis (from 15 to 6% and from 60
to 46%, respectively). Furthermore, as the Eu®" first coordina-
tion shell is essentially independent of the synthesis method,
the changes detected on the hybrid host-to-ligands-to-Eu** ion
energy transfer channels should be primarily induced by the
interaction between the hybrid emitting centers (NH groups of
the urea linkages and oxygen-related defects of the siliceous
nanodomains) and the nta and bpy ligands, favoring, there-
fore, a larger non-radiative transition probability in the di-
ureasils prepared through AA solvolysis. Thus, the tuning of
the efficiency of the hybrid host-to-ligands-to-Eu®* ion energy
transfer channels with the subsequent changes in the overall
emission quantum yields might be achieved by promoting
differences in the dimensionality and structure of the siloxane
domains through the embracing of different synthesis strate-
gies. A suitable choice of ligands that better sensitize the Eu®*
emission, together with a fine control of the synthesis process
attending to the optimization of the radiative hybrid host-to-
Eu®* energy transfer efficiency, definitely endorses the design
of nanohybrids with better emission conversion performances
and higher absolute quantum yields.

One of the most important problems often encountered
upon embedding the luminescent complexes in the host matrix
is the inhomogeneous distribution of the compounds,®-”°
which leads to clustering of lanthanide ions and hence
a decrease of the luminescence intensity.”"”> To solve this
problem, Lenaerts et al.,”® have proved that a 2-substituted
imidazo[4,5-f]-1,10-phenanthroline is an easily accessible,
stable, and versatile building block for covalent attachment
of lanthanide B-diketonate complexes to a hybrid matrix. Bulk
samples and thin films were prepared with Ln(111) 2-thenoyl-
trifluoroacetonate complexes (Ln = Pr, Nd, Sm, Eu, Dy, Ho,
Er, Tm, Yb) grafted via the imidazo-[4,5-f]-1,10-phenanthro-
line moiety to the silica hybrid matrix. They are versatile
because 4-hydroxybenzaldehyde, which is used to prepare the
substituted imidazole ring, can be replaced by other function-
alized aldehydes. Additionally, the imidazole ring can be
alkylated or even quaternized.

The presence of the function imidazol in this grafting
molecule is quite important, since in previous works, these
authors used 5-amino-1,10-phenanthroline as a starting
compound’7® and, although the approach was successful,
this molecule presented a low stability.

The luminescence performance of the lanthanide complexes
in these thin films is very good, especially in the europium(Iir)
complex which is highly luminescent. Of importance here is the
observation of lanthanide-centered near-infrared luminescence
in Pr(111), Sm(11r), and Ho(1l1) complexes.

With these examples, we want to illustrate the versatility in
terms of composition and luminescent response of Ln-hybrid
nanocomposites. In general, many hybrid materials present
the paramount advantage to both facilitate integration,
miniaturization and multifunctionalization of devices, opening
a land of opportunities for ““nanophotonics”.

In particular, the exploitation of coatings with optical
properties is still strongly rising. Two recent examples of highly
stable red and green-emitting sol-gel transparent coatings have
been developed for example by the groups of Armelao’’ and
Franville (unpublished results). In both cases, they consist of
highly luminescent films of Class II organic-inorganic hybrids
activated by Tb>* (green) and Eu** (red) under UV excitation.
The structure of the trivalent lanthanide complex linked to a
silica matrix developed by Armelao is depicted in Fig. 6c.
Pictures of highly luminescent films developed by Franville
et al. are shown in Fig. 7. Both systems can find real applica-
tions in tunable light emitting OLED devices. In conclusion,
optically active hybrids containing lanthanide ions present a
very attractive field to realise applications for this century.

4.2. Luminescence of lanthanide ions as a probe in
mesostructured materials

Until now we have discussed the synthesis and potential
applications of Ln-doped hybrids where lanthanide ions are
homogeneously dispersed within the matrix. However, incor-
poration of photoactive molecules in specific regions of
mesostructured silicate films is attracting increasing interest.

Several methods of preparing these structured films are
being explored. One of the methods involves preparing
the films and then backfilling the pores with the desired
molecules.”® %

When the molecules contain alkoxysilane groups, they can
be used to functionalize the newly exposed pore surfaces.
For instance, the entrapment of lanthanide complexes into

UV Excitation

Fig. 7 Examples of transparent luminescent dip-coated films prepared
using a sol-gel technique: organic—inorganic hybrids (Class II) activated
by Tb*" (green) and Eu’" (red) (from A. C. Franville, N. Gaillard-
Capera and R. Mahiou, unpublished results, with permission).
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surface-modified mesoporous silica (MCM41, MCM48 and
SBA15) by a two-step procedure has been widely studied.3¢>
In general, a lanthanide complex interacts with its surrounding
silylating agents through weak hydrogen-bonding interactions,
and optical processes (emission intensity, wavelength and
lifetime) can be modulated depending on the lanthanide
coordination.

An alternative method exploits a one-step method
(“one-pot” synthesis) that opens the possibility of making
new types of photoactive materials.>> In this approach, all
components including the photoactive molecules and the
structure-directing agents are dissolved in the starting sol.
The dip coating”® of this sol onto a substrate produces, in a
single step, doped mesostructured films. The advantages of
using this methodology are the easier incorporation of the
doping ions within the material than in a post-synthesis
impregnation procedure. Furthermore, the one-pot method
allows higher doping levels than are achievable by backfilling,
and give access to regions other than empty pores.

The earliest works on one-pot preparations of films used
luminescent molecules to probe the film formation.”**> In
these studies, a luminescent probe was used to monitor micelle
formation and to correlate this process with changes in solvent
composition during rapid film formation. Luminescent
molecules that were preferentially located in specific parts of
the structured material (micelles, matrix walls, surfaces, efc...)
were used to know the properties of specific regions of
the films.”®’

Efforts to modify the composition of the silica framework
itself have also been reported.”® Typical studies use organically
substituted alkoxysilane precursors such as RSi(OR);, where R
is an alkyl or aryl group. These groups are chosen because of
their hydrophobic properties, not optical function. Recently,
deliberate placement of luminescent molecules in three
spatially separated regions of mesostructured films templated
by ionic surfactants was reported. These regions were defined
as the silicate matrix, the hydrophobic core of surfactant
micelles, and the intervening ionic interface between surfactant
head groups and the silica framework. Designed placement of
two or more molecules is also feasible but has not yet been
demonstrated.

Lanthanide ions have been used as probes in quantum
dots” and also can be incorporated in this type of
mesostructured materials. Some reports have described meso-
organized hybrid systems in which lanthanide ions are
complexed by chelating agents covalently linked to the silica
framework. As already mentioned, encapsulation of lantha-
nide complexes in matrices is one of the strategies to prepare
effective emitting Class II hybrid materials''"”'°° and avoid the
leaching of lanthanide ions.

In the course of studying nanostructured hybrid materials,
matrices incorporing phosphines and phosphine derivatives
bearing two or three hydrolyzable Si(OR); groups are of
interest."”! It has been demonstrated the importance of the
number of hydrolyzable Si(OR); groups for the accessibility of
phosphorus centers incorporated within the corresponding
materials.'”> With a view to preparing hybrid materials
with luminescence properties, it was taken into account the
well-known binding affinity of phosphine oxides toward

the lanthanide ions'**!'%* to prepare europium complexes with

phosphine oxides bearing one, two, or three hydrolyzable
Si(OR); groups as ligands. Indeed, among the lanthanide ions,
europium is a particularly attractive luminescent center due to
its long-lived and narrow-width emission band.'®

Embert ef al'° have shown that hydrolysis and poly-
condensation of isolated Eu*" complexes of phosphine oxides
bearing one hydrolyzable Si(OR); group afforded nanostruc-
tured hybrid materials in which Eu®* ions are well encap-
sulated. They have examined the influence of the number of
Si(OR); groups on the degree of encapsulation of Eu**. The
synthetic approach gave nanostructured hybrid materials with
improved luminescence properties since the local environment
around the emitting species is unique. Indeed, as the
complexation survives the sol-gel process, clustering of the
emitting species was thus prevented. It was shown that there
were no OH groups coordinated to Eu*" ions, which are strong
deactivators of their luminescence. The very interesting ability
of the phosphine oxides with aromatic constituents to act as
antennae in energy transfer was outlined.

Another example of the use of Eu’" as a probe in a
mesostructured material can be found in ref. 26 in which
mesostructured silica thin films functionalized with hydro-
phobic organosilylated quinizarin derivatives are prepared via
evaporation induced self-assembly (EISA). Incorporation of
Eu*" is performed by post-reacting the functionalized layers
with several europium precursors. Unambiguous location of
the quinizarin moieties inside the pores and their accessibility
to Eu’" ions are demonstrated using XRD, SAXS and
fluorescence measurements. In these systems, an energy
transfer between the grafted organic dye and the lanthanide
was observed, thus reducing the fluorescence of quinizarin.
The luminescence intensity of Eu®* can be tuned by varying
the nature of the lanthanide precursor, the mesophase and the
chelate itself. The resulting optical responses differ with respect
to concentration, lifetime and local environment of Eu®* inside
the thin films. Additionally, efficient energy transfer from Tb>*
to Eu®* and electronic coupling probed by EPR between Cu**
cations trapped in such mesoporous hybrid films give strong
evidence of the presence of several metal ions per pore.

In ref. 53 luminescence of Eu®* ions has also proved to be a
useful local probe, in particular to investigate the possible
interactions of the active species with the sol-gel matrix. The
presence of two site distributions was evidenced in the studied
hybrid compounds: most presumably, one is related to Eu**
ions without OH groups in their first coordination sphere and
the other to Eu®" ions with OH groups in their direct
environment. The relatively high emission intensities of Eu’*-
activated (EuH;) hybrid samples (i = 1-4), especially EuH, and
EuHj; (the luminescence intensity of the organic complex is
retained up to 85% in the hybrid samples), in addition to their
improved thermal stability as compared to organic molecules
(up to 300 °C in air), opens the possibility of making organic—
inorganic hybrid phosphors usable for example in display or
lighting devices while, until now, only pure inorganic
compounds were used for such applications.

Table 1 shows a summary of the functional organosilanes
that have been used to complex lanthanide ions in meso-
structured hybrid materials. It must be said that this research
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Table 1

Functional organosilanes that have been used to complex lanthanide ions in mesostructured hybrid materials

Ref. 107 and 108

=

(MeO),Si

EiO);:,SI\/\/

Ref. 109

Ref. 110

Si(OEt),

Si(OEt);

Ref. 26

T0H

S| OEt),

Sl(OEt)3

field has just emerged, and represents a great alternative not
only to understand mechanisms of structure formation but
also to develop new functional photonic devices.

4.3. Lanthanide-doped hybrid materials as sensors in biological
media

In the past 20 years, lanthanide compounds have been widely
investigated in the areas of life science, biotechnology and
clinical diagnostics. In particular, the application of lanthanide
fluorescence probes has been focused on time-resolved
fluoroimmunoassays, DNA hybridization assays and fluores-
cence imaging microscopy. The suitability of lanthanide ions
as bio-markers relies on their unique luminescence properties:
(1) high photostability, (ii) long decay rates (from upper nano-
to milli-second range) that allow time-gate detection, (iii) small

Stokes shifts, and (iv) narrow emission bands, that make these
ions very well suited for elaboration of highly luminescent and
photostable probes. These conditions, together with being
soluble in the biological media, are the most important
requirements for biological applications, as specified for
example in the article by Soini and Hemmild in 1979.!"

The use of lanthanides in these areas has arisen as an
alternative to overcome some of the limitations of traditional
fluorescent biolabels such as organic dyes or more recently
studied quantum dots. The main problems that organic dyes
give rise to are the broad spectral features, short lifetime,
photobleaching and potential toxicity to cells. However, the
combination in the same object of a multitude of organic dyes
with luminescent species, like lanthanide ions,''? as well as
their encapsulation in inorganic matrices (such as silica nano-
particles,''® gold nanoparticles''* or silver nanoparticles),'"
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Fig. 8 (a) Energy pathway in lanthanide chelates with antenna effects. (b) General structure of typical fluorescent lanthanide chelate composed of
terpyridine antenna part, polycarboxylate complexing part and emissor lanthanide ion. (c) A gadolinium chelate used as biolabel.

should constitute a promising strategy for achieving the
preparation of ultrasensitive and highly photostable lumi-
nescent probes.

In the case of the well-known semiconductor quantum dots
(CdS, CdSe, ZnS, CdSeTe...) that present a strong emission,
they show more photostability and sharper spectral peaks than
typical organic dyes. But a serious concern is to avoid aggrega-
tion and non specific adsorption of quantum dots (QDs) in the
biological medium. Therefore, numerous studies have been
devoted to solving these problems by designing versatile core—
shell architectures combining diverse functionalities and
surface modification into a single hybrid nanocomposite
as biosensing platforms''®'?° for application in in vivo
imaging, diagnostics, targeting, therapy, efc. Although an
appropriate coverage of the nanoparticles with shells can
seal the pernicious Cd>*, Se’ -containing core, QDs are not
completely innocuous, but a safe range likely exists in which
they can accomplish their task without major interference with
cell viability."!

The use of QDs seems to be restricted to fluorescent
labeling, whereas highly luminescent lanthanide-based nano-
phosphors by combining the various properties of the
lanthanide ions and/or the hybrid component should ensure
several functions, enlarging their applications field.

In the past decade, a wide range of lanthanide-containing
systems have been developed, including systems with lantha-
nide chelates, nanophosphors where the lanthanide ions are
found at the doping level and those where lanthanide ions
constitute the main component (oxides, fluorides, phosphates,
etc.). However, before these systems can be used as biolabels,
they must maintain three properties under aqueous biological
conditions: efficient fluorescence, colloidal stability, and low
non specific adsorption.!!!

Some of the most striking systems in terms of architecture
design, easy synthesis, and multifunctional applications'** are
summarized below.

Lanthanide chelates have been studied since the 1990s
as extremely promising luminescence probes for distance
measurements using luminescence resonance energy transfer
techniques. Chelated lanthanide labels offer enhancement of
the molar absorption coefficients of the lanthanides by the
donor units, as already mentioned (see Fig. 8a). Besides its
function as a donor, chelators provide a protection towards
water and dissolved oxygen coordination (assuring long-lived

123-125

emission), as well as anchoring points for other reactive
groups. In this way, they are excellent fluorescent tracers, can
be stable in aqueous media and their long lifetime avoids
reduction of the non specific background interference that
appears in environmental and biological samples.

The majority of the studies involving lanthanide(lll) com-
plexes as luminescent bio-markers have dealt with thermo-
dynamically stabilized complexes of anionic polychelating
ligands such as [-diketones, polycarboxylates (EDTA,
DTPA), aromatic amine derivates (pyridine, bipyridine,
terpyridine, phenanthroline) or macrocycles.'**”'?® A general
structure of typical fluorescent lanthanide chelates for bio-
analytical assays is shown in Fig. 8b, that consists on a
terpyridine group and complexing polycarboxylates. One
concrete example of a biolabel with gadolinium is shown
in Fig. 8c. Indeed, europium chelated with a derivate of
diethylenetriaminetetraacetic acid (DTTA) which contains an
isothiocyanate group for interaction with lysine residues is
commercially available as DELFIA®'? Europium Labeling
Kit through Perkin Elmer.

An example of how lanthanide labels works in a time-
resolved fluorescence DNA hybridization assay is shown in
Fig. 9.13° The assay is based on two DNA probes labeled
with a bidentate B-diketone on the 3-terminus and EDTA-
Eu** complex on the 5-terminus. The two DNA probes are

target DNA strand

RERRRRRRRRR RN
L L

p-diketonate-labeled DNA probe EDTA-Eu*-labeled DNA probe

excitation 340 nm long-lived emission 615 nm

Fig. 9 Principle of the homogeneous time-resolved fluorescence
DNA hybridization assay by DNA-mediated formation of an
EDTA-Eu®" B-diketonate ternary complex (modified from ref. 130).
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complementary to the contiguous regions of a target DNA.
After the hybridization of two DNA probes with the target
sequence in a homogeneous solution, f-diketone and EDTA-
Eu®* come close to each other to form a strongly fluorescent
EDTA-Eu**p-diketonate ternary complex, thus the target
DNA can be directly detected by time-resolved fluorescence
measurement. This assay format gives the detection limit of
6 pM for a target DNA.

Furthermore, dual lanthanide probes have been designed in
order to assemble different properties in a unique platform,
such as Tb*" (luminophore)/Gd** (paramagnetic contrasto-
phore) chelates.'3!

One of the recent trends in the field of lanthanide chelates
has been their inclusion in nanobeads composed of latex, '3!3
silica'*®*'3® and titania'* inorganic host materials, or plasmon-
resonant nanoparticles, PRPs (Ag)."*° The objective of these
entrapments is to develop hybrid materials with improved
thermal, mechanical and chemical stability; as well as, in
terms of luminescence, the aim to enhance lanthanide
emission, combine lanthanide luminescence with other optical
processes (surface plasmon resonance) and allow surface
modification for grafting bio-active molecules (molecular
recognition, drugs, immobilization agents, efc.). Most of
them are synthesized by covalent binding copolymerization
in oil-water microemulsions'#' since direct synthesis based on
hydrolysis and condensation of metal alkoxides in aqueous
alcohol solutions tends to agglomerate the particles by
electrostatic, van der Waals and short-range repulsive interac-
tion potentials.

The versatility of lanthanide chelates offers huge possibilities
of combination with different types of functional elements
for application in the life science field. However, chelation
chemistry is often expensive and complex, and novel and
simpler biolabels have been investigated such as lanthanide
oxide and fluoride (Ln,Os3 LnF;) nanoparticles, lanthanide-
doped nanophosphors and more complex and multifunctional
structured hybrid materials containing lanthanide nanoparti-
cles (core-shell architectures and specific functionalization).

For biological applications, the morphology of the nano-
particles is of key importance: they must be comparable in size
and chemically compatible with biomolecules such as enzymes,
proteins, antibodies, DNA, efc. Furthermore, since natural or
untreated Ln,X3 or LnX3 (X = O, F, respectively) nano-
particles are insoluble in water and easily dissolved by acids
during activation and conjugation, they can lose their optical
properties. As a consequence, protective coatings of nano-
particles containing appropriate functional groups on their
surfaces can avoid these problems and facilitate binding with
biomolecules.

Feng et al.'** synthesized nanoparticles based on Eu,Os,
Gd,03, Nd,0;, Eu:Y,03, Eu:Gd,0s5... by a gas-phase and
spray pyrolysis technique, which is a simple and highly
efficient method that allows functionalization of the particles
during the synthesis. For example, amino-functionalized silica
capped-Eu,03 nanoparticles for atrazine immunoassay with
good sensitivity, avidin-coated Eu:Gd,O; nanoparticles for the
visualization of protein micropatterns'*® and or poly-lysine-
coated Eu:Gd,O; nanoparticles for phenoxybenzoic acid
immunoassays'* have been recently studied.

Intensity (arb. unit.)

480 500 520 540 560 560 €00 620 640
Wavelength (nm)

Fig. 10 (a) Fluorescent micrograph showing the detection of
oligonucleotides using the Gd,O5:Tb@SiO,-FITC nanoparticles, and
(b) emission spectra of polysiloxane-coated Gd,O3:Tb colloids.

Another synthetic method for preparing potentially
interesting Ln-doped Y,0O;, and Gd,O3; nano-oxides as
biolabels is direct precipitation using polyols.'*>!4 Tillement
and coworkers have developed multifunctional Gd,O3 nano-
particles doped by Tb*" ions and protected by a silica shell
containing covalently linked fluorescein (Gd,O;:Tb@SiO,-
FITC, where FITC is fluorescein isothiocyanate) and coated
by biotargeting groups such as oligonucleotide (cT),, or
streptavidin (SAV).!” The use of these nanoparticles appears
to be a promising alternative to the lipid vesicles containing
gadolinium complexes (see Fig. 10).

In the same way, well-dispersed colloids of nanophosphors
such as Eu-doped YVO,""'*® capped with silica hybrid
coatings have been prepared from precipitation in aqueous
solution. These nanoparticles functionalized with guanidinium
groups act as artificial toxins and specifically target sodium
channels. They are individually detectable in live cardiac
myocytes, revealing the distribution of sodium channels. A
schematic representation of the hybrid lanthanide structure is
presented in Fig. 11, as well as its emission spectrum and wide-
field fluorescence microscopy of individual nanoparticles.

Ln**-doped phosphates have also been envisaged as
potential biolabels. For example, the use of Eu-doped apatitic
tricalcium phosphate has been examined as a biological probe
for observing the traffic of grafted biomolecules since they are
internalizable by human epithelial cells.'"* Another example
can be the LaPO4Ce/Tb nanoparticles with streptavidin
prepared by Carusso for biotin-streptavidin binding studies.'*®

Down and up-converting and near-infrared (NIR)-emitting
biolabels with a silica coating would be beneficial because
these materials can be excited at wavelengths at which
biomolecules do not absorb, and thus minimizing the loss of
excitation energy to the surrounding material.

Emission in the NIR region can minimize interferences
from, for instance, the autofluorescence of proteins. To date,
only a few reports have dealt with lanthanide-based nanopar-
ticles with near-infrared emitting lanthanides, such as neody-
mium, erbium, praseodymium, holmium, and ytterbium.'>*:!>>

Lanthanide ions exhibit efficient energy down and upcon-
version emission properties. The downconversion process is
the conversion of higher energy photons into lower energy
photons, meanwhile upconversion processes convert lower
energy photons (ie. infrared excitation light) into higher
energy photons (emission at visible wavelengths) via the
sequential absorption and energy transfer steps.
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Fig. 11 (a) Schematic representation of a Y VO,4:Eu nanoparticle functionalized with guanidinium groups, (b) emission spectrum and (c) wide-field

fluorescence microscopy of individual nanoparticles.
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There are only a reduced number of studies about
lanthanide-based biolabels that emit in the visible region by
either upconversion or downconversion processes. For
example, very small (20 nm) nanoparticles of fluorescent
Eu**-doped LaFj for intracellular labeling have been prepared
by coprecipitation with a natural biopolymer, chitosan.'>* In
the report of Holm and coworkers'>* a special mention is given
to upconverting nanophosphors of Er/Yb-Y,03, Er-Y,0O5 and
Tm/Yb-Y,0; encapsulated into a silica shell with emission
in the red (640 nm), green (550 nm) and blue (480 nm)
regions respectively. Recently, Sivakumar and coworkers have
described the preparation of nearly monodisperse (40 nm)
silica coated Ln>*-doped LaF5 nanoparticles and their biologi-
cal conjugation to FITC-avidin. A wide range of emission lines
(2 =450 to 1650 nm) by up and downconversion processes have
been achieved by doping with different lanthanide ions (Tb*",
Eu**, Nd**, Er¥, Yb*" and Tm>").!>> The upconversion
mechanism for Er**/Tm**/Yb>* ions is shown in Fig. 12.

One beautiful example of nanoprobes with near-IR persis-
tent luminescence for in vivo imaging is that presented by
Masne-de-Chermont ez al.'>* They consist of sol-gel prepared
nanoparticles of MgSiO; doped with Eu?*, Dy** and Mn**
which give persistent luminescence. Chemical modification
of the nanoparticles’ surface by appropriate biocompatible
polymers such as polyethyleneglycol led to lung or liver

targeting or to long-lasting blood circulation. These nano-
hybrids are suitable for small animal imaging because they can
be excited before injection and follow their in vivo distribution
for more than 1 h without the need for any external
illumination source. Tumor mass could also be identified on
a mouse model, as shown in Fig. 13.

Another representative example of phosphor is Sm-doped
Gd,0O; nanoparticles, with potential use in dual upconversion

Long Luminescent
Organically-modified
Eu3+ D}'1+AMHZ+'

MgSiO; NP

0
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Fig. 13 Example of persistent luminescent surface-modified nano-
particles suitable for small animal imaging. The images show in vivo
biodistristribution of carboxyl-functionalized nanoparticles (NPs) with
a preinjection of anionic liposomes (6 pmol, 100 pl) 5 min before NP
injection.
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fluorescence and magnetic resonance imaging (MRI) applica-
tions since Gd is a known MRI contrast agent.'>®

More sophisticated multifunctional systems have been
recently developed. This is the case of magnetic/luminescent
core-shell particles for their application in immunoassays
with an internal standard. Several reports can be found in
the literature, most of them based on spherical particles
containing magnetic iron oxide cores. Dosev and coworkers
have developed a system with cobalt and neodymium-doped
iron oxide and luminescent shells of europium-doped gadoli-
nium oxide (Eu:Gd,05)."” Furthermore, superparamagnetic
Fe;O4 nanoparticles have been trapped in silica spheres
including Tb**-complexes in the shell.!>

Another interesting example consists of hybrid nanoparticles
possessing magnetic response, upconversion fluorescence
and bioaffinity.!> They were prepared by coprecipitation of
NaYF,:Yb,Er up-converting phosphors (red/green fluorescence)
on superparamagnetic nanoparticles (iron oxide) and subse-
quently coated with silica and immobilized with streptavidin (see
Fig. 14). They can be use for immobilization of biotinylated
biomolecules and capture of target molecules in samples.

A last example that we find interesting to underline is the
combination of lanthanide-based phosphors with plasmon-
resonant nanoparticles used as single target molecule detec-
tors.!®® In this field, Aslan has designed highly versatile
core-shell Ag@SiO, nanocomposites which allow the
researcher to incorporate fluorescent lanthanide ions to the
outer silica shell, giving an enhancement of the fluorescent
signal and a huge increase in particle detectability.'®!

Conclusions

Research in to functional hybrid organic-inorganic materials
is being mostly supported by the growing interest of chemists,

ee®

NaF + Y (EDTA)

@ @ 400 °C, H,/N,
ferrofluid
nanoparticles
sio,

oe®

O

APS, Glutaraldehyde

Streptavidin

physicists, biologists and materials scientists to fully exploit
this opportunity for creating smart hybrid materials taking
benefit from the best of the three realms: inorganic, organic
and biological. Even bio-inspired strategies are used to
“mimic” the growth processes occurring in biomineralization
and design innovative multiscale structured hybrids are
emerging.'®® Organic-inorganic hybrid materials do not
represent only a creative alternative to designing new materials
and compounds for academic research, but also their improved
or unusual features allow the development of innovative
industrial applications.'®® Active optical applications of hybrid
nanocomposites might present the most attractive field to
realise applications for the 21st century. Indeed, the exploita-
tion of active optical properties of photoactive coatings and
systems is strongly emerging. Some hybrid products have
already entered the applied field. Examples include the one
million TV sets sold annually by Toshiba, the screens of which
are coated with hybrids made of indigo dyes embedded in a
silica—zirconia matrix,'®* organically doped sol-gel glassware
sold by Spiegelau.!®>!% Other reported examples in the past
years include hybrid materials having excellent laser efficien-
cies and good photostability,'®” very fast photochromic
response,'® very high and stable second order non-linear
optical response,'® or being original pH sensors,'” electro-
luminescent diodes '”! or hybrid liquid crystals.'”

Because of their high versatility in chemical, physical
properties and shaping, lanthanide-based hybrid nanocompo-
sites will open a land of promising applications in many fields
where their extraordinary optical and magnetic properties
could be fully exploited. Out looking for new developments we
should mention the interesting materials reporting photo-
luminescence by using a new family of microporous hybrid
organic-inorganic materials with metal-organic frame-
works.!7>17* These crystalline supramolecular structures with

NaYF, : Er, Yb

/

TEOS, H,0

NH,H,0

Streptavidin

Fig. 14 Procedure for the preparation of streptavidin immobilized upconversion fluorescent magnetic nanoparticles.
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well-defined structures and tunable location of the lanthanide
ions will provide better understanding of luminescence pro-
perties of lanthanide hybrid organic-inorganic hybrid mate-
rials.!”>!7® We also want to emphasize that luminescent
lanthanide-doped hybrid materials will find applications in
the areas of photonics, life science, biotechnology and clinical
diagnostics. More specifically new developments on: micro-
optical devices and luminescent waveguides, smart functional
windows, sensors and bio-sensors based on time-resolved
fluoroimmunoassays, DNA hybridation assays, fluorescence
imaging microscopy, CT tomography, fluorescent coatings
(with Tb**, Pr**, Eu®") for CT tomography with X-rays of low
energy, small animal in vivo imaging by using hybrid nano-
probes with near infrared luminescence'>* will appear soon.
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