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a b s t r a c t

The incorporation of luminescent lanthanide complexes in solid matrices with controlled structural orga-
nization is of widespread interest in materials science and has witnessed important improvements with
the development of low-temperature soft chemistry solution processes, such as sol–gel. In this review,
after an introductory part concerning some relevant aspects of the electronic and coordination properties
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of lanthanides, the prominent issues related to the design and synthesis of efficient luminescent antenna
complexes, and their photophysical properties are presented. We describe the basic principles of ligands
design to yield systems featuring a coordination site for the metal cation with appended suitable chro-
mophores as sensitizers (two-component approach). When properly designed, these ligands are capable
of forming highly luminescent complexes (overall sensitization yield, �se > 0.05 in aqueous medium).
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The photophysical properties of these complexes together with the description of some emitting materials
prepared are discussed in detail. In particular we focus the attention toward those complexes emitting
in the visible region that can be used in the lighting industry (e.g. for the preparation of photo- and
electro-luminescent materials) and for biological immunoassays. Subsequently, some selected results of
our recent work concerning the synthesis of highly luminescent colour tunable films for applications in
lighting and light conversion technologies are reported. Such materials have been obtained by combining
the peculiar luminescence properties of Eu3+ and Tb3+ antenna complexes with optically transparent
inorganic matrices. The notion is to create materials with innovative properties by integrating inorganic
and organic components at nanoscale or molecular level. Due to the number of scientific publications
in this field, this work is far from providing an exhaustive review on the previously performed research
activities. For a more detailed discussion on these methodologies, the reader can refer to specific pertinent
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. Introduction

.1. Historical notes

“Lanthanons - these elements perplex us in our researches,
affle us in our speculations, and haunt us in our very dreams.
hey stretch like an unknown sea before us; mocking, mystifying
nd murmuring strange revelations and possibilities.”

Sir William Crookes spoke these well-quoted words in an
ddress to the Royal Society in February 1887, when all but three
f the lanthanide elements had been isolated [1,2].

Composed of lanthanum and the 14 elements of the lanthanide
eries, the lanthanides (from the Greek word lanthaneien meaning
lying hidden” [3]) were once called the rare-earth metals. In fact,
he scarcest of the lanthanides, thulium, is more abundant than
ither arsenic or mercury, and certainly no one thinks of these
s rare substances. The most plentiful of the lanthanides, cerium,
as an abundance of 46 ppm, greater than that of tin. If, on the
ther hand, rarity is understood not in terms of scarcity, but with
egard to difficulty in obtaining an element in its pure form, then
ndeed the lanthanides are rare [4,5]. Because their properties
re so similar, and because they are inclined to congregate in the
ame substances, the original isolation and identification of the
anthanides was an arduous task that took well over a century.
onsequently, the terms “lanthanide series” or even “lanthanides”
id not emerge for some time; in other words, scientists did not

mmediately know that they were dealing with a whole group of
etals. As is often the case with scientific discovery, the isolation

f lanthanides followed an irregular pattern, and they did not
merge in order of atomic number. Cerium was in fact discovered
ong before lanthanum itself, in the latter half of the eighteenth
entury. Not until 1875 was cerium actually extracted from an
re. It was named cerium in honor of Ceres, an asteroid between
ars and Jupiter discovered in 1801 [4,6]. There followed, a few

ecades later, the discovery of a mineral called ytterite, named
fter the town of Ytterby, Sweden, near which it was found in
787. During the next century, most of the remaining lanthanides
ere extracted from ytterite [4,6], and with the discovery of

utetium (Lu) in 1907 the naturally occurring rare earths had all
een isolated. The missing element number 61, promethium, was
ynthesized and characterized in 1947, completing the lanthanide
eries.

In the discovery of several lanthanide elements, luminescence
as been instrumental and, in turn, these elements have always

layed a prominent role in lighting and light conversion technolo-
ies such as lasers, cathode-ray and plasma displays, light-emitting
iodes, just to cite a few. More recently, it has been realized that
he peculiar luminescent properties of the lanthanide ions could
e exploited in applications ranging from biomedical to sensing
© 2009 Elsevier B.V. All rights reserved.

areas and luminescence imaging; this led to most interesting
developments in the coordination chemistry of these ions [3].

1.2. Forefront application fields of lanthanide complexes

Stable complexes of luminescent trivalent lanthanide ions have
been since long under scrutiny in view of important applications
[7], which are based on the exploitation of their magnetic [8–11]
or luminescence features [3,12–14]. With regard to magnetism,
the shift properties of paramagnetic Ln3+ complexes (Ln /= Gd)
can be exploited to enhance the well known properties of largely
employed Gd3+ based contrast agents, commonly used in mag-
netic resonance imaging (MRI) [8]. In fact, a novel class of contrast
agents based on the transfer of magnetization properties to the
bulk water signal yield highly sensitive Ln3+ based probes for
MRI. This approach, termed chemical exchange saturation trans-
fer (CEST), allows the use of different contrast agents in the same
MR-image, with each of them activated by selection of a charac-
teristic irradiation frequency [8]. In order to overcome drawbacks
associated with the low sensitivity of the MRI techniques, recent
developments even include the use of metal containing nano-
sized systems to deliver a high concentration of contrast agent
at the target tissue [15]. Another subject area where the mag-
netism of lanthanides can prove of use is that of the design of
molecular magnetic compounds [9]. These can contain rare-earth
ions coupled to d ions and organic radicals, and the proper-
ties of the devised materials may open ways to considerable
development.

When the Ln3+ complexes exhibit intense luminescence, appli-
cations ranging from biomedical [7] to sensing areas [16] and
optical imaging [11,17] become possible, which are based on the
long-lived (milliseconds timescale) excited states of the lanthanide
ions. Remarkably, the mostly studied complexes of Eu3+ and Tb3+

can exhibit quite intense visible line-like emission, as since long
known from an exceptionally extended literature. The photophys-
ical properties of near infrared (NIR) lanthanide emitters such as
Sm3+, Dy3+, Pr3+, Ho3+, Yb3+, Nd3+, and Er3+ have been less well
investigated in early times [18–22]. However, a massive inter-
est in these complexes is registered in more recent times, which
stems from their possible use in biomedical and telecommunication
fields and for various photonic applications [23–29]. Actually, given
that longer-wavelength emissions are more efficient to penetrate
the human tissue than visible light, convenient medical diagnostic
procedures can be conceived based on long-wave emitters. Sim-
ilarly, NIR luminescence from ions such as Nd3+, Yb3+ and Er3+
proves very useful when employed as optical signal amplifier in
telecommunication network [30,31]. Regarding Nd3+, since long
it has found applications within laser systems [32,33]. Similarly,
useful lasing properties are observed also for other Ln3+ centres
[34].
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Fig. 1. Type of emission and related applications of lanthanides.

Various lighting applications are conceivable by using those Ln3+

enters that emit in the vis region. These are Tb3+, Eu3+, Dy3+, and
m3+ that, coupled with suitable antennas, can be incorporated in
table and transparent inorganic hosts, among others silica layers
35,36], and will be discussed in the following in some detail.

A schematic representation of the type of emission and of some
ajor areas of application of lanthanides is evidenced in Fig. 1.
In this review we describe the basic principles of ligands

esign to yield systems featuring a coordination site for the metal
ation with appended suitable chromophores as sensitizers (two-
omponent approach). When properly designed, these ligands are
apable of forming highly luminescent (overall sensitization yield,
se > 0.05 in aqueous media) Ln3+ complexes. The photophysical
roperties of these complexes together with the description of
ome emitting materials prepared by us will be discussed in detail.
n particular we focus the attention toward those complexes emit-
ing in the visible region that can be used in the lighting industry
e.g. for the preparation of photo- and electro-luminescent materi-
ls) and for biological immunoassays.

. Electronic properties and coordination number of
anthanide complexes

The fifteen elements from lanthanum to lutetium feature
lectronic configurations ranging from [Xe]4f05d16s2 for La to
Xe]4f145d16s2 for Lu. The fourteen 4f electrons are added with
ome irregularities in the case of the atomic electronic configura-
ion, while the progression is perfectly regular from 4f1 to 4f14 in
he Ln3+ ions (Ln is the generic symbol of lanthanide elements). This
articular electronic configuration is responsible for the constancy
f lanthanide physical–chemical properties such as the oxidation
tate, the redox potentials and the ionic radii [37]. All of this results
n a very similar chemistry which makes their separation very com-
licate [38]. The Ln elements all show a stable +3 oxidation state,
hich is the net charge that strikes the best balance between the

onization energy cost and the lattice-energy or solvation-energy
tabilization of the ion. The potential for the Ln3+/Ln0 reduction is
round −2.3 V vs. NHE (normal hydrogen electrode). Among the
anthanides, departure from the +3 oxidation state occurs for those

lements that can approach the 4f0, 4f7 or 4f14 configurations. In
hese cases +2 or +4 oxidation states can be stabilized. For example
e, Pr and Nd (just past 4f0) and Tb and Dy (just past 4f7) show
he +4 oxidation state; Sm and Eu (just short of 4f7) and Yb (just
try Reviews 254 (2010) 487–505 489

short of 4f14) show the +2 oxidation state. Ce is the only rare-earth
element for which molecular precursors in the +4 oxidation state
are available [39], since for Pr, Nd, Tb and Dy the +4 oxidation state
is observed only in the solid state.

For the lanthanides, the incomplete shielding of the nucleus by
4f electrons leads to a smooth contraction from Z = 57 to 71; thus
a larger effective core charge contracts and stabilizes the 5p, 5d,
and 6s orbitals [23]. This trend is known as the lanthanide contrac-
tion and it has some chemical effects of interest. The radii of the
Ln3+ ions show a steady decrease from La3+ (1.17 Å) to Lu3+ (1.00 Å)
[40,41]. Moreover, the radius of the main group Y3+ ion (1.04 Å) falls
between those of Ho3+ and Er3+ and its chemistry closely resembles
that of the late lanthanides [39]. The 4f electrons are shielded by
the 5s2 and 5p6 orbitals and for the complexes they are scarcely
available for covalent interaction with the ligands. Hence interac-
tions are largely of electrostatic nature and the geometry of the
Ln3+ complexes is determined by steric factors rather than elec-
tronic ones [42]. As a consequence, the Ln3+ complexes of the same
ligand are all isostructural. Due to their small size, Ln3+ ions have
a high surface positive charge density so that they behave as hard
Lewis acids. Accordingly, they strongly coordinate ligands having
highly electronegative donor sites (hard Lewis bases), in the order:
F− > HO− > H2O > NO3

− > Cl− [43].
The coordination numbers of Ln3+ are in the range 3–12 depend-

ing on the steric demand of the ligand, with 8 and 9 as the most
frequently observed. Aqua ions found in crystalline compounds are
generally 9 coordinated with the tricapped trigonal prism being the
favoured structure [44]. The [Ln(H2O)n]3+ ions in aqueous solution
are either 8 or 9 coordinated but this may vary with ionic strength
and concentration [45]. The coordination number, in 1 M perchlo-
rate solution, appears to change from 9 for larger Ln3+ ions (earlier
elements of the series) to 8 for smaller ones (at the end of the series).
The elements in the middle, such as Sm3+, show either 8 or 9 water
molecules in the first coordination sphere [46,47]. Very low coor-
dination numbers, e.g. 3 or 4, have been observed with bulk ligands
such as bis(trimethylsilyl)amide or bis(isopropyl)amide [48,49].

3. Spectroscopy of antenna–lanthanide complexes

The electronic spectra of lanthanide-doped single crystals and
lanthanide salts can be interpreted within the frame of the
Russel–Saunders coupling scheme [50]. This in principle should be
strictly valid for light atoms whereas the lanthanides actually are
not, given that they display moderately large spin–orbit coupling
constants, e.g. � = 556 and 1153 cm−1 for lanthanum and lutetium
respectively [51]. The luminescence spectra show groups of nar-
row lines ascribed to transitions inside the 4f shell, that in solution
can somewhat broaden in bands. Each small line within a group
corresponds to a transition between two 2S+1LJ free ion levels (J-
manifold). Within the Russel–Saunders coupling scheme, for L = 0,
1, 2, 3, 4, 5, and 6 the spectroscopic terms are labelled S, P, D, F, G, H,
and I. In most cases, the lanthanide ions have ground states with a
well-defined value of J, with the next J state not thermally accessible
at room temperature. For the lanthanide cations we are more inter-
ested here in view of the optical applications discussed later, the
electronic ground levels are 6H5/2 (Sm3+), 7F0 (Eu3+), 8S7/2 (Gd3+),
7F6 (Tb3+), and 6H15/2 (Dy3+) [50]; to notice that electronic tran-
sitions are intraconfigurational in character and are only allowed
between (2S+1)LJ levels for �L = ±1.0 or �J = ±1.0.

Given that the Ln3+ centers cannot efficiently absorb
ε ≈ 1–10 M−1 cm−1) [52], the way of choice to sensitize their
luminescence is to employ chromophores (L) as antennas for light
absorption; for most organic chromophores in the UV region,
ε ≈ 104–105 M−1 cm−1 [51,53]. In this case, the following sensiti-
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Fig. 2. The antenna effect for sensitization of the luminescence in some lanthanide
cations (selected levels are displayed); blue arrows indicate non-radiative processes,
red arrows indicate radiative processes. As exemplified here for the Tb3+, Eu3+, and
Gd3+ centres, three cases are encountered with regard to energy transfer (en) as
regulated by the energy gap, �E, between the triplet level (T) of the chromophore (L)
and the emitting level of the cation: (a) when �E ≤ 1500 cm−1 back energy transfer
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akes place and, as a consequence, O2-effects (particularly intense in solution at
oom temperature given the long lifetime of the ligand triplet level) are observed, see
ext; (b) when �E ≥ 1500 cm−1 energy transfer is complete and (c) energy transfer
s exothermic and does not take place.

ation steps take place: (i) population of the lowest-lying singlet
xcited state (S) of the organic chromophore, (ii) subsequent
ntersystem crossing (ISC) to its triplet level (T) and (iii) energy
ransfer (en) to the Ln3+ centre. The sensitization process can
lso be performed by chromophores from the vast area of the
ransition metal complexes [23,54–59]. A reference scheme for the
ensitization process is provided in Fig. 2 [60–62].

The overall efficiency of Ln3+ sensitized emission (�se), conse-
uent to the light absorption event, is therefore regulated by the

ntersystem crossing efficiency (�ISC), the energy transfer efficiency
�en), and the intrinsic metal centred (MC) luminescence quantum
ield of the Ln3+ ion (�lum

MC), Eq. (1a):

se = �ISC�en�MC
lum (1a)

MC
lum = kr

kr + knr
(1b)

In water, in order to inhibit non-radiative deactivation via inter-
ction with OH oscillators, the 8–9 coordination positions of Ln3+

ust be conveniently shielded against the intervention of solvent
olecules [63–66], Eq. (1b); kr and knr are radiative and non-

adiative rate constants, respectively. In this regard, comparison
f luminescence results as obtained in water and deuterated water
olutions allows the assessment of water binding. For Eu3+ and Tb3+

enters, this can be done by using the following equations where q
uncertainty ±0.5) is the number of coordinated water molecules
nd lifetimes (�) are in ms [64,67].

Eu
 = 1.2 (1/�H2O − 1/�D2O − 0.25) (2a)

Tb = 4.2(1/�H2O − 1/�D2O − 0.06) (2b)

Thus, the ligand system selected for the building up of the com-
lexes must meet a number of requirements. These are related both
try Reviews 254 (2010) 487–505

to the needed structural features (complex stability and saturation
of the coordination positions) and to the fact that, for maximiz-
ing the emission intensity, each of the three steps involved in the
sensitization event must be optimized, Eq. (1a).

4. Design of luminescent lanthanide complexes

4.1. General criteria

The electronic, magnetic and photophysical properties of Ln3+

complexes strongly depend on the control of the coordination
sphere of the metal. Accordingly, particular care should be paid
to the design of ligands to optimize the property of interest. For
instance, a review that describes the basic principles for the design
of organic ligands for alkali and alkali-earth cations has been
reported by Lehn in 1973 [68]. In this review the parameters to
be considered to achieve the control over chemical, structural and
thermodynamical properties of the complex, which in the end gov-
ern its functionality, are clearly described. Among these parameters
the ligand topology (dimensionality, connectivity, shape, size, and
chirality), the binding sites (nature, electronic properties, num-
ber, shape, arrangement), the layer properties (rigidity/flexibility
and the lipophilicity/hydrophilicity ratios, thickness), the environ-
ment properties and counterions effect are particularly important.
These general rules apply to any kind of ligand, independently of
the metal cation, and are particularly important in the case of Ln3+

whose coordination is substantially based on Van der Waals elec-
trostatic interactions and is similar to that of alkali-earth cations,
in particular Ca2+.

In general, the complex formation is the result of an attraction
between a ligand and a metal cation and is associated with their
partial or total desolvation. In other words the coordination sites
of the ligand interact with the surface of the metal cation thus
replacing partially or totally the first solvation sphere. From the
thermodynamic point of view this process affords an increased
entropy because of the desolvation step, while the enthalpy varia-
tion can be either positive or negative according to the difference
between the energy of the bonds formed (ligand–cation) and the
energy of the bonds broken (ligand–solvent; cation–solvent).

In the complexation of Ln3+ in aqueous solution the dehydra-
tion step is endothermic (�H > 0) and represents an unfavourable
energy contribution to the variation in Gibbs free energy so that
the overall process is entropy driven. Therefore it is convenient to
use polydentate ligands, which, because of the chelate effect, can
overcome this difficulty and afford highly stable complexes even in
aqueous medium.

In order to increase the thermodynamic stability of the com-
plex, the Ln3+-ligand interaction has to be maximized. Indeed, due
to their hard character, Ln3+ cations show preference for hard bind-
ing sites having large electrostatic components so that anionic
ligands such as carboxylates, phosphinates, phosphonates and �-
diketonates are strongly recommended.

As it has been already stated, a luminescent Ln3+ complex is a
multicomponent system in which the active components, namely:
the metal cation, the antenna and the coordination site, are orga-
nized in a supramolecular structure. Consequently the choice of
these components and their positioning in the overall structure are
issues to be considered during the molecular design step in order
to optimize the overall sensitization efficiency.
4.2. Choice of the lanthanide

The emission properties of the lanthanide cations cover a wide
spectral range that spans from the UV (Gd3+) to the visible: orange
(Sm3+), red (Eu3+), yellow (Dy3+), green (Tb3+) and blue (Tm3+) to
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ig. 3. Energy diagram of emissive levels of some lanthanide cations and chromop
espectively, while relevant emitting states of some lanthanides are drawn in red.

he NIR (Yb3+, Nd3+ and Er3+). A simplified energy diagram of the
missive levels of Ln3+ cations emitting in the visible, together with
he energies of singlet (blue) and triplet (green) excited states of
ome commonly used chromophores are reported in Fig. 3.

The lanthanides usually possess relatively long-lived excited
tates (microseconds to milliseconds time scale), which can
ndergo energy transfer to high frequency vibrational oscillators
uch as OH, NH and, to a lower extent, CH. As a consequence, the
resence of these groups in the proximity of the metal favour ther-
al dissipation of the energy (vibronic coupling) which gives rise

o quenching of the luminescence. In particular, the lower is the
xcited state energy of the Ln3+ ion the more efficient will be the
eactivation by vibronic coupling, an effect termed “energy gap
ule” [69,70]. Thus, with Ln3+ emitting in the NIR the emission
s strongly reduced and in some circumstances it cannot even be
bserved when high frequency oscillators are present in the coor-
ination site.
.3. Choice of the antenna

The chromophore that promotes the sensitization of the lan-
hanide light emission is normally named “antenna” and is
mportant in determining the emission intensity of the Ln3+ com-

able 1
nergy levels of commonly used chromophoresa.

Chromophore Singlet
(cm−1)

2,2′-Bipyridineb

1,10-Phenanthroline 29,200
2,2′:6′ ,2′′-Terpyridineb

2,9-Dimethyl-4,7-diphenyl-1,10-phenanthrolinec

Acetophenone 28,200
1,4-Naphthoquinone
8-Hydroxyquinolined ∼27,000
7-Amino-4-methyl-2-hydroxyquinoline
(Carbostyril 124)
Tetraazatriphenyleneb 29,000
Naphthalene 32,200
2-Hydroxyisophthalamide (IAM) 24,200
1-Hydroxypyridin-2-one (1,2-HOPO)

For the solvents employed see the original works. bThe luminescence properties of 2,2
ar from being substantially rigid and close to planarity, are difficult to ascertain; on the
f their LC singlet and triplet levels is difficult because of very fast deactivation towards
bsorption data are drawn from UV absorption profiles of [Ru(bpy)3]2+ [74] and [Ru(tpy
aboratories. dThe spectroscopic properties of free 8-hydroxyquinoline are heavily affect

eak or no emission [76], while for the complexes the same comments as in footnote (b)
: singlet states and triplet states of chromophores are evidenced in blue and green

plex. In general the antenna can be any aromatic or hetero-aromatic
highly �-conjugated system characterized by high efficiency of
light absorption (high extinction coefficient �) and high efficien-
cies of intersystem crossing and energy transfer processes. Among
others, the efficiency of a chromophore to behave as sensitizer is
related to the energy of its triplet excited state (Fig. 2), which should
be at least 1850 cm−1 higher than the lowest emitting levels of
the Ln3+ cation [71]. When the energy gap is higher the energy
transferred from the triplet flows through non-radiative excited
states of the metal until it reaches the emissive levels and the
metal centred emission occurs. On the contrary a lower energy
gap strongly limits the emission quantum yield because of ther-
mal deactivation due to back energy transfer and O2-quenching
towards the chromophore triplet level (Fig. 2). The triplet energies
of commonly used chromophores are reported in Table 1. Tak-
ing into account the rules mentioned above, it is unlikely that the
same chromophore can efficiently acts as antenna for different Ln3+

cations. This is further complicated by the possible population of

non-radiative excited states, such as ligand-to-metal charge trans-
fer (LMCT), that can occur with apparently suitable ligands, thus
resulting in non luminescent Ln3+ complexes. Another important
point regards the excitation wavelength of the antenna that should
be above ca. 350 nm to facilitate the use of inexpensive excita-

Triplet �max, ε Ref.
(cm−1) (nm, M−1 cm−1)

287, ∼29,200 [74]
22,100 264, 33,900 [51]

305, ∼22,200 [75]
21,200 274, 68,500
26,000 [51]
20,200 [51]

305, – [76]
23,100 [51]

24,000 340, ∼4,000 [19]
21,200 275, ∼56,000 [51]
23,350 [77]
21,260 [78]

′-bipyridine (bpy) and 2,2′:6′ ,2′′-terpyridine (tpy) free ligands, whose structure is
other hand, for the huge amount of known complexes of these ligands, inspection
lower lying levels of MLCT, MC and LMCT nature. As an approximation, the listed

)2]2+ [75] respectively and are to be considered with some care. cResults from our
ed by photoinduced photoisomerization and solvation effects that result in a very
are likely to hold [79].



492 L. Armelao et al. / Coordination Chemistry Reviews 254 (2010) 487–505

ion th

t
i
t
o
e
a
b
t
c
c
d
1
m
l
p
i

4

g
o
a
c
(
a
(
c
c
n
t
i
w
c
l
i
t
s
m
t
l
o
a

4.5. Acyclic ligands

There are many examples of acyclic coordination sites that
have been used for the preparation of luminescent lanthanide
Fig. 4. Possible ways to posit

ion sources and to avoid the use of expensive quartz optics, for
nstance in the immunoassay applications. According to the posi-
ion and nature of the chromophore the energy transfer process can
ccur either by Förster [72] or Dexter [73] mechanisms. In order to
nsure fast energy transfer a short distance between the sensitizer
nd the Ln3+ cations is obviously advantageous; the best results can
e obtained when the antenna directly coordinates the metal cen-
re. This situation has been mainly exploited with chromophores
ontaining binding sites for the Ln3+ cation such as: aza-aromatic
ompounds (bipyridine, phenanthroline, azatriphenylene, terpyri-
ine) or phenolate aromatics [2-hydroxyisophthalamide (IAM),
-hydroxypyridin-2-one (1,2-HOPO)], Table 1. With these chro-
ophores, in order to satisfy the coordination properties of the

anthanide ion, besides the nature of the binding sites, their relative
osition in the overall structure of the ligand becomes particularly

mportant.

.4. Choice of the coordination site

The coordination site is formed by a number of donor atoms or
roups arranged in a covalently organized structure and capable
f binding the metal cation strongly. According to the dimension-
lity, the coordination site can be: monodimensional as in the
ase of acyclic ligands which can be linear (podands) or branched
polypodands); bidimensional macrocyclic ligands (coronands),
nd tridimensional in macrobicyclic and macropolycyclic ligands
cryptands). As a consequence the complexes formed can be of
helate (podates) or of inclusion (cryptates) types. The degree of
ation shielding depends on the length, flexibility and number and
ature of binding sites in the case of podates, while with cryptates
he nature and number together with the preorganization of bind-
ng sites are particularly important. The positioning of the antenna

ithin the coordination site together with its physical and chemi-
al properties are also very important for the preparation of highly
uminescent Ln3+ complexes. This point can be addressed mainly
n two ways: with the antenna subunits (i) covalently attached
hrough a suitable spacer; or (ii) integrated into the coordination

ite structure. In this latter combination, which represents also the
ost suited one, the antenna directly participates in the building of

he coordination site besides acting as sensitizer, Fig. 4. In the fol-
owing we will examine a few useful approaches based on the use
f different types of ligands and will illustrate the two-component
pproach employed by us.
e antenna within the ligand.
Fig. 5. Acyclic ligands employed for the preparation of luminescent Ln3+ complexes.
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Fig. 6. Gd3+ chelates curr

omplexes. Among them particularly interesting are branched
olypodands bearing a number of binding sites [80]. As stressed

efore in order to form stable complexes in aqueous solution, the
onor atoms of the ligand should satisfy the demand of a hard Ln3+

ation and this condition can be readily fulfilled by the presence of
ard and anionic donor sites such as carboxylates, phosphonates,
hosphinates and �-diketonates that strongly coordinate to the

ig. 7. Strongly chelating ligands used for the preparation of highly luminescent
u3+ and Tb3+ complexes.
employed as MRI agents.

highly positive metal cation. The structure of the ligand must be
sufficiently flexible so that it can envelope the spherical Ln3+ cation
as tightly as possible giving rise to a cryptate-like complex featur-
ing very high thermodynamic and kinetic stabilities and a complete
shielding of the metal centre “induced fit”. In other words, in order
to operate through an induced fit mechanism, the ligand should
feature a number of binding sites higher or equal to the coordi-
nation number of the Ln3+ cation arranged to match precisely the
coordination properties of the metal “predisposed ligand”. The sta-
bility of the complex increases with ligands having anionic binding
groups that strongly interact with the cation thus favouring the
coordination of nitrogen and/or oxygen donor atoms, contained
into the ligand structure, according to the well known “end group
effect” that is a general concept in the design of highly efficient
polypodands [80].

Most of the acyclic ligands used for the preparation of lumines-
cent Ln3+ complexes contain a number of hetero-aromatic groups
connected to various linkers that determine the architecture of the
entire molecule. Nitrogen atoms of ethylendiamine and polyamine
skeletons have been commonly used as linkers, while the hetero-
cyclic subunits (pyridine, bipyridine, bipyridine carboxylate and so
on) behave either as binding site and as antenna toward the lan-
thanide cation (Fig. 5). Tripodal structures derived from pyrazole
as tripyridylpyrazolylmethane 3 [81] and their borate analogues 4
[82] form stable and efficient luminescent complexes with Eu3+ and
Tb3+. With ligands such as 4 the hard lanthanide cations strongly
interact with the negatively charged boron and the nitrogenated
harms provide good shielding of the metal from the quenching
solvent molecules.

A review that describes a huge number of these ligands and

the emission properties of their Eu3+ and Tb3+ complexes has been
recently reported [83].

Polydentate ligands based on 2-hydroxyisophthalamide (IAM)
5a, 6a and 1-hydroxypyridin-2-one (1,2-HOPO) 5b, 6b (Fig. 5) char-
acterized by very high sensitization efficiency towards Eu3+ and
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b3+ together with exceptional stability and water solubility have
een developed by Raymond and coworkers [84].

A very important class of acyclic ligands is based on
olyaminopolycarboxylate systems in which four or more acetic
roups are covalently attached to a polyamino skeleton such
s ethylendiaminetetraacetic acid EDTA or diethylentriaminepen-
aacetic acid DTPA that form anionic Ln3+ complexes highly stable
nd soluble in aqueous medium. A huge amount of research has
een developed, since many years, on the design and synthe-
is of substituted DTPA ligands because their Gd3+ chelates find
pplication as Magnetic Resonance Imaging (MRI) agents [85]. The
urrently used Gd3+ chelates are based on linear or macrocyclic
olyaminopolycarboxylate ligands whose structures, trade names
nd thermodynamic stabilities are reported in Fig. 6.

It is worth to stress that the stabilities of these Gd3+ complexes
s so high that the risk of acute toxic effect due to the dissociation
f the complex in the living tissues is practically non-existent [86].

Because of the very high stability of Eu3+ and Tb3+ com-
lexes with DTPA they have been covalently linked to biologically
ctive molecules and have been largely used as label for bio-
ogical assays by means of Dissociation-Enhanced Lanthanide
luorescence ImmunoAssay (DELFIA) technique [87]. The covalent
nsertion into the DTPA structure of appropriate chromophores that
an promote the sensitized light emission gives rise to strongly
uminescent and stable lanthanide complexes. Ligand as 8 with a

arbostyril-124 antenna has been easily prepared starting from the
ommercially available DTPA bis-anhydride [88].

More symmetric luminescent ligands such as 7 have been pre-
ared by multistep syntheses and the luminescent properties of a
umber of lanthanide complexes have been investigated [21].

Fig. 8. Examples of pyridine, bipyridine and terpyridine based-ligands
try Reviews 254 (2010) 487–505

Again Eu3+ and Tb3+ complexes of 7 and 8 (Fig. 7) show high
luminescence quantum yields and long emission lifetimes in aque-
ous solution being the lanthanide centre perfectly shielded from
the environment. Indeed, no water molecules have been found in
the first coordination sphere of the complexed metal.

A huge variety of ligands based on pyridine, bipyridine and
terpyridine bearing a variable number of acetic groups capable
of forming stable complexes with lanthanide cations have been
reported by Mukkala research group [89], Fig. 8. In these com-
plexes the polypyridine part of the ligand plays a manifold role,
e.g. (i) structural element that determines the topology of the free
ligands and of their complexes, (ii) coordination element that pro-
vides additional nitrogen binding sites for the lanthanide cation and
(iii) sensitization element that, due to its photophysical properties,
acts as an effective antenna for the visible light emitting Ln3+ com-
plexes. Remarkably, the polypyridine part of the molecule can be
functionalized for binding to biologically active compounds thus
allowing a wide range of applications in bioanalytical assays [90].

4.6. Macrocyclic and macropolycyclic ligands

A great variety of polyoxa-, polyaza-, and polyoxapolyaza-
macrocyclic (coronands) and macrobicyclic (cryptands) com-
pounds have been used as ligands for the preparation of Ln3+

complexes. Most of these compounds can be seen as the ring closed

version of acyclic polypodands as it is clearly evidenced by struc-
tures 9a,b and 10a–d, Fig. 9, where two or three bipyridines of
the acyclic 1b (Fig. 5) are connected to a nitrogen atom through
two or three methylene bridges respectively. The bipyridine unit
behaves both as binding subunit and as antenna so that 9a,b and

used in the preparation of highly stable lanthanide complexes.
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0a–d are suitable ligands for the preparation of luminescent Ln3+

omplexes showing an enhanced kinetic stability because of the
ncreased rigidity of the system on going from ligand 1b to ligands
a and 10a.

Cryptands are the best candidates for the coordination of spher-
cal alkali and alkali-earth cations [68]. Notably, alkali cryptates
how peaks of selectivity due to the complementarity of the size
f the metal cation with the dimension of the coordinating cav-
ty (“lock and key” criterion). However the control of the ligand
opology based on the latter principle may fail in controlling the
tability and selectivity of complexation with Ln3+ ions due to the
mall variation of the cationic radii along the series. Neverthe-
ess interesting macrobicyclic ligands have been synthesized which
rovide high stability and good energy transfer for the sensitization
f Eu3+ and Tb3+. In fact Eu3+ ⊂ 10 and Tb3+ ⊂ 10 have been used
n Fluorescence Resonance Energy Transfer (FRET) immunoassays
91].

Ligands featuring an intermediate character between the highly
reorganized “lock and key” based macropolycyclic and the pre-
rganized “induced fit” systems are also useful with lanthanide
ons. Such ligands may contain a polyaza-macrocycle with pendant
dditional anionic binding sites covalently linked to the secondary
mine nitrogen atom of the ring. The stability of the complexes can

e tuned by adjusting the ring size and the number and nature of the

ateral binding arms that envelope the lanthanide cation. Among
ll the ligands known, 1,4,7,10-tetraazacyclododecane-1,4,7,10-
etraacetic acid (DOTA, 11) proved to be the best one for Ln3+ with
he highest stability constants ever observed (log KML in the range
sed cyclic ligands.

22–29), Fig. 10 [92,93]. The four nitrogens of the cyclen ring bind
cooperatively to the face of the square antiprism, corresponding
to a widely observed crystal structure for DOTA-type complexes
with Ln3+ cations, by adopting the same quadrangular conforma-
tion either in the free or complexed state [94].

Other aza-macrocycles such as 1,4,7-triazacyclononane (12) and
1,4,8,11-tetraazacyclotetradecane (cyclam, 13) bearing appended
acetic groups have been also used; although their Ln3+ com-
plexes feature several orders of magnitude lower thermodynamic
and kinetic stability constants [88,93]. The introduction of an
appropriate number of picolinate and acetic groups on the triaza-
cyclononane ring affords ligands that form lanthanide complexes
characterized by high thermodynamic stability and good water sol-
ubility, Fig. 10.

Depending on the Ln3+ cation, these complexes are interest-
ing either as contrast agents or as luminescent labels for biological
assays. For instance, the Tb3+ complex 12a of an octadentate ligand
bearing one acetic and two picolinate groups showed �se = 0.43 in
water with a luminescence lifetime � = 1.49 ms, while only moder-
ate values, �se = 0.05 and � = 0.54 ms, have been found for the Eu3+

complex under the same conditions. These results indicate that the
efficiency of the picolinate group as sensitizer is very high for Tb3+

compared to Eu3+ [95].

It has been demonstrated that the size of the chelating ring also

influences the stability of the complex. Indeed the substitution of
one acetate group of DOTA or of DTPA with a propionate residue
lowers the stability of Ln3+ complexes of at least two orders of
magnitude [96].
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olyaz

4

e

Fig. 10. Examples of p
.7. The two-component approach

Our interest in the Ln3+ sensitized light emission started sev-
ral years ago and was aimed at the design and synthesis of Ln3+

Fig. 11. Examples of ligands containing dif
a-macrocycle ligands.
complexes to be used as new luminescent probes for biologi-
cal applications. The results of these researches contributed to
show that conceptually simple two-component ligand systems can
result in remarkable performances in air-equilibrated water sol-

ferent types of light harvesting units.
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ent [21,22,97,98]. The aspects that we considered in the design of
igand were: (i) high structural simplicity, in the sense that it should
ontain only the essential elements namely: a good chromophore
nd an efficient coordination site connected by a short and flexible
pacer; (ii) high water solubility; (iii) high chemical and thermal
tability; and (iv) easy synthetic accessibility.

In turn, the Ln3+complexes of these ligands should be char-
cterized by: (i) high thermodynamic stability and high kinetic
nertness; (ii) good solubility in aqueous medium; (iii) complete
hielding of the complexed Ln3+ cation in order to minimize the
resence of solvent molecules in the first coordination sphere of
he metal and hence to reduce the deactivation associated with
ibronic coupling; and (iv) high overall sensitization quantum
ield.

Following these lines we first synthesized ligands 7 and 15
Fig. 11). These ligands contain a phenanthroline as the chro-

ophore connected by one methylene to the secondary nitrogen
tom of diethylenetriaminetetraacetic (DTTA) and 1,4,7,10-
etraazacyclododecane-1,4,7-triacetic acid (DO3A, 14) as hosting
roups, respectively. Ligands 7 and 15 show nine overall binding
ites for the Ln3+ cation and it is well known from the literature that
TTA and DO3A form very stable lanthanide complexes in aqueous

olution [86].
Of course the removal of one acetic binding site either on DTPA

r DOTA plays a negative role on the stability of the complexes
ut this is partly compensated by the antenna that contains addi-
ional binding sites, suitably positioned in order to complete the
oordination sphere of Ln3+.

Indeed Eu3+ and Tb3+ complexes of 15 are highly stable in aque-
us solution with the metal centre completely shielded (q = 0) from

he environment as evidenced by the X-ray crystal structure of the
u3+ ⊂ 15 and solution structural investigation by 1H NMR.

In Fig. 12 are reported the X-ray crystal structures of Eu3+ ⊂ 15
nd Er3+ ⊂ 15 complexes. The two structures are isomorphous and,
n both cases, the metal cation is nonacoordinated by the four nitro-

Fig. 12. X-ray structures of E
try Reviews 254 (2010) 487–505 497

gen atoms of the macrocycle, the three carboxylic groups and the
two nitrogen atoms of the phenanthroline and, as already pointed
out, there are no water molecules coordinated to the metal cation. It
is interesting to point out that because of coordination the phenan-
throline moiety is strongly distorted from planarity. By considering
the least square plane of the central ring the greater deviations are
observed for the atoms C24 and C25 from one side of the ring and
for the atom C17 from the other side. They are placed at 0.570, 0.495
and 0.395 Å from this plane respectively for the europium complex.
Slightly higher values have been observed for the Er3+ complex [97].

The presence of binding sites properly positioned on the chro-
mophore is an important requisite for the luminescence efficiency
of the Ln3+complexes. Thus, Eu3+ and Tb3+ complexes of ligands 16
and 17 (Fig. 11) having a quinoline or a naphthyl group as antenna
showed lower sensitization quantum yields. Indeed the quinoline
group contains one nitrogen atom as a potential binding site that is
however unsuitably positioned to effectively coordinate the metal.
As a consequence water molecules (q = 1.5) are present within the
coordination sphere of the metal [98].

Another interesting ligand, reported by Beeby et al. [35] and
conceptually similar to 15, is compound 18 (Fig. 11) that bears an
acetophenone residue as antenna. In this case also the carbonyl
group coordinates the metal centre and the coordination sphere
of the metal is completed by one molecule of water (q = 1). The
overall sensitization efficiencies found for Eu3+ ⊂ 18 and Tb3+ ⊂ 18
in aqueous solution are �se = 0.096 and 0.34 respectively.

4.8. Photophysical properties of Ln3+ complexes of model systems
15 and 7
System 15 features the combination of a phenanthroline (phen)
as the light antenna and a tetraazacyclodedodecane–triacetic acid
unit, DO3A, as the hosting unit for the cation. DO3A provides seven
binding sites for coordination of the Ln3+ cations, and the 1:1
DO3A:Ln3+ association constant is remarkably high, log KML = 23

u3+ ⊂ 15 and Er3+ ⊂ 15.
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Table 2
Metal centred luminescence properties for Ln3+ complexes of systems 15 and 7 in H2O and D2O solutionsa.

H2O D2O

�max
b (nm) �se � (�s) kr (s−1) knr (s−1) �se � (�s)

Eu3+ ⊂ 15 0.21 1240 169 637 1770
Tb3+ ⊂ 15 0.11 310 355 3020 320

0.55c 1510c 364c 298c

Eu3+ ⊂ 7 616 0.24 1250 0.30 1880
Tb3+ ⊂ 7 544 0.15 780 0.14 820

0.45c 2.3 × 103c

Sm3+ ⊂ 7 598 2.5 × 10−3 13.0 2.5 × 10−3 34.0

a lts are
s nd. cD
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7 allows to evaluate the energy levels of the lowest-lying singlet
(S) and triplet (T) excited states of the chromophore, as affected
by a nearby heavy and triply charged center. Fig. 15 shows the
luminescence results for 7 and Gd3+ ⊂ 7 as obtained at room tem-
Dy3+ ⊂ 7 478 5 × 10−4 1.2

At room temperature, excitation at 278/279 nm; for Sm3+ and Dy3+ complexes, resu
phere of the Ln3+ centre, uncertainty on q is ±0.5 [21,22,97]. bHighest intensity ba

92,93]. The use of phen as a light absorbing unit allows to set up
n efficient antenna–lanthanide system because: (i) the ISC step for
hen takes place with �ISC » 0.65 (presumably, not far from unit)
ithin the complex; (ii) the rate constant for the energy transfer

tep is ken ≈ 107 s−1, which compared to a deactivation rate con-
tant kT ∼ 3 × 104 s−1 for the phen T level (Fig. 2) results in �en ∼ 1;
nd (iii) the phen moiety cooperates to saturate the coordination
phere around the cation so that no water molecules are directly
ound to the Ln3+ centre, q = 0, (Eq. (2a)). A similar approach led
o the Eu3+ ⊂ 18 system where the single chromophore playing as
n antenna was acetophenone, and qEu was found to be 1. Table 2
ists some the luminescence results obtained in water solution with
ystem 15.

Good performances were likewise obtained with the water-
oluble ligand 7 which is constituted by a single phen chromophore
nd a diethylenetriamine tetraacetic unit (DTTA) hosting site that,
s expected, provides thermodynamically stable and kinetically
nert complexes. The coordination positions of the Ln3+ centre
re protected against solvent access, as shown by the comparison
f luminescence results obtained in water and deuterated water,
able 2. We provided evidence that for the 1:1 species obtained
ith ligand 7 (log KA > 7), the luminescence sensitization process

n air-equilibrated water is quite effective, resulting in �se = 0.24
nd 0.15 for the visible emitters Eu3+ ⊂ 7 and Tb3+ ⊂ 7, respectively
nd �se = 2.5 × 10−3 and 5 × 10−4 for the visible portion of the Sm3+

7 and Dy3+ ⊂ 7 emitters, respectively [21]. In the following, for
he sake of illustration we discuss some issues concerned with the
pectroscopic properties of the complexes obtained with ligand 7.

.9. Absorption and emission properties

Representative absorption spectra of 7 and Eu3+ ⊂ 7 in water
olution are shown in Fig. 13 together with the results from lumi-
escence titration of 7 upon EuCl3(H2O)6 addition. Results of the
itration experiment illustrated in insets (a) and (b) of Fig. 13 indi-
ate that a 1:1 association takes place, with an evaluated association
onstant log KML > 7 [97].

The absorption spectra of 7 and Eu3+ ⊂ 7 show a high degree
f overlap with the two peaks in the UV region at 230 and 279 nm
eing ascribed to ligand-centred transition of the phenantroline
roup; similar results were obtained for other Ln3+ ⊂ 7 complexes.
he fact that the absorption profiles of 7 and Eu3+ ⊂ 7 are iden-
ical is not a common observation because the triply charged ion
ncorporated within a complex usually affects the electronic prop-
rties of the nearby chromophore, in turn resulting in a change of its

bsorption profile. Thus, for the case of 7, it seems that coordination
f the phen unit at the Ln3+ centre does not actually imply a strong
lectronic interaction between these two units. Nevertheless, effi-
ient sensitization of the MC luminescence takes place, as revealed
oth by the titration course in Fig. 13 and by the final intense lumi-
5 × 10−4 1.1

for the Vis emission portion; no water molecules (q) are present in the coordination
egassed samples.

nescence observed for Eu3+ ⊂ 7, Table 2. In conclusion, the weak
electronic interaction between the light absorbing phen of 7 and
the light emitting Ln3+ subunits appears large enough to promote
the occurrence of ligand-to-metal energy transfer. A similar case
from the literature was that of a Eu3+ ⊂ 18 system with appended
a single acetophenone unit [35].

4.10. Ligand-centred luminescence

According to Fig. 2 and to the results described above for Eu3+ ⊂
7, light absorption via ligand-centred 1LC transitions is followed
by an intersystem crossing step (ISC), leading to population of
the lowest-lying triplet level (T) of phen origin. The observed lan-
thanide luminescence originates from subsequent ligand-to-metal
intramolecular photoinduced energy transfer processes. Fig. 14
shows the luminescence spectra of Eu3+ ⊂ 7, Tb3+ ⊂ 7, Sm3+ ⊂ 7
and Dy3+ ⊂ 7, as registered upon excitation at 279 nm.

As expected, this reference scheme does not work for the case
of Gd3+ complexes because its lowest-lying MC level is located at
32,150 cm−1 (corresponding to the 6P7/2 → 8S7/2 transition), an
energy content much higher than that of the T level of most organic
chromophores. On this basis, the luminescence study of Gd3+ ⊂
Fig. 13. Titration experiment of water solution of 7 upon EuCl3(H2O)6 addition.
Shown are (i) the absorption spectra of 7 (full line) and Eu3+ ⊂ 7 (taken at the end
of the experiment, dotted line), (ii) the enhancement of the metal centred lumines-
cence, �exc = 279 nm, upon addition of Eu3+, inset (a), (iii) the registered changes of
the emission intensity at 616 nm (filled points) and the full line resulting from the
fit of the data points according to a 1:1 stoichiometry, inset (b) Ref. [21].
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Fig. 14. Room temperature emission spectra in the Vis portion for the Ln3+ ⊂ 7 com-
plexes of the indicated cations; in air-equilibrated D2O, �exc = 279 nm. For Sm3+ ⊂ 7
and Dy3+ ⊂ 7, in the NIR portion of the emission (not shown), the luminescence
profile exhibits a maximum intensity peak at 948 and 994 nm, respectively.
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ig. 15. Fluorescence (F, room temperature) and phosphorescence (P, 77 K, pulsed
amp, 10 ms delay after flash) spectra of 7 (solid line) and Gd3+ ⊂ 7 (dashed line) in

ater solution and rigid matrix; �exc = 279 nm.

erature (fluorescence) and at 77 K (phosphorescence) and Table 3
ists luminescence data for the ligand-centred emission at both
emperatures.

With regard to the room temperature results as monitored at
he fluorescence band for 7 (�em = 3.5 × 10−3 and � = 0.9 ns) and for
d3+ ⊂ 7 (�em = 7.4 × 10−4 and � < 0.5 ns), one draws the indica-

ion that the metal centre causes an improved intersystem crossing
ithin the complex. As for the 77 K results, from the highest energy
eak of the phosphorescence profile, the T level of phenanthroline
rigin can be estimated to lay at 22,100 cm−1 for both 7 and Gd3+
7, a result consistent with findings from previous investigations
51]. As seen above, Fig. 2 compares typical energetic layouts for
he cases of Tb3+, Eu3+, and Gd3+, with highest-energy transitions
abeled 5D4 → 7F6, 5D1 → 7F0, and 6P7/2 → 8S7/2, respectively.

able 3
igand-centred luminescence properties for 7 and Gd3+ ⊂ 7 in H2O solution and rigid
atrixa.

298 K 77 K

�max (nm) �em � (ns) �max (nm) � (s)

7 370 3.5 × 10−3 0.9 498 1.7
Gd3+ ⊂ 7 380 7.4 × 10−4 <0.5 498 0.23

Fluorescence at room temperature and phosphorescence at 77 K (frozen medium)
f 7; �exc = 279 nm.
try Reviews 254 (2010) 487–505 499

4.11. Coordination features

Eu3+ ⊂ 7 and Tb3+ ⊂ 7 show a remarkably intense and long-lived
luminescence in both H2O and D2O solutions (Table 2). Comparison
of luminescence results for water and deuterated water provides
an assessment of water binding at the Eu3+ and Tb3+ centres, (Eq.
(2)). In particular, for Eu3+ ⊂ 7 and Tb3+ ⊂ 7 we found qEu = 0.02
and qTb = 0.01, respectively [21]. These results clearly indicate that
the coordination shell of system 7 effectively prevents water from
binding at the metal centres so that the OH oscillators are kept far
from the metal centres and cannot act as quenchers. Similarly, for
Sm3+ ⊂ 7 and Dy3+ ⊂ 7 no solvent molecules (q = 0) were thought
to be present within the first coordination sphere.

4.12. Oxygen effect

Comparison of luminescence intensity and lifetime data in air-
equilibrated and degassed water solutions reveals an oxygen effect
for the Tb3+ ⊂ 7 case, Table 2. This effect is due to a small energy gap,
�E, between the T ligand-centred and MC levels, Fig. 2. Because of
thermal redistribution, both forward (ligand-to-metal) and back-
ward (metal-to-ligand) energy transfer processes take place, with
rate constants, kf and kb, respectively. This allows the non-radiative
deactivation of the T level of the ligand via a triplet–singlet elec-
tron exchange energy transfer process, which is possible because
of the overlapping between the excited T state of the ligand and the
ground state vibrational levels of the oxygen molecules (see Fig. 2).
For all the complexes but those of Tb3+, no changes of lumines-
cence properties were observed for air-equilibrated and degassed
samples (Table 2). A distinctive reason for the lack of oxygen effect
is met for the case of Dy3+ ⊂ 7. The highest-energy level of Dy3+

is at ∼20,750 cm−1 (corresponding to the 4F9/2 → 6H15/2 transition)
and is close-lying to that of Tb3+, ∼20,500 cm−1 (5D4 → 7F6). In con-
trast with the Tb3+ ⊂ 7 case, the faster luminescence decay of Dy3+

⊂ 7 (1.2 �s, Table 2) forbids the establishment of an equilibrium
between the ligand (T) and Dy3+ centred levels (that decreases the
rate of the energy transfer process making it competitive with the
oxygen effect), thus preventing the luminescence quenching by O2.

4.13. Nature of the energy transfer step

As seen above, efficient phen → Ln3+ energy transfer takes place
for the complexes of Table 2. On this basis, it can be concluded that
�ISC × �en ≈ 1 [from Eq. (1), oxygen-free case for Tb3+ complexes].
This result is consistent with those from 1H NMR spectroscopy,
suggesting the involvement of the phen subunit in the coordina-
tion of the metal cation [22]. Concerning the non-radiative energy
transfer processes, Förster [72] and Dexter [73] have proposed two
different mechanisms involving coulombic and exchange inter-
actions, respectively. The former (Förster-type), dominated by
long-range dipole–dipole interactions, does not require physical
contact between the interacting partners; it is sufficient that the
excited sensitizer induces a dipole oscillation on the acceptor (A)
center. As a consequence, it can take place at large intermolec-
ular distance (up to the order of 100 Å). By contrast, electron
exchange energy transfer (Dexter-type) requires closer contact
between donor (D) and acceptor centers. In fact, the way the energy
is transferred can be visualized by a double electron substitution
process in which the excited electron on D* (donor center in an
excited state) travels to A, whereas one electron on A goes to D. This
type of interaction is effective only when the two units are close

enough to allow overlap between their electronic charge distribu-
tions, i.e. in the presence of physical contact between the sensitizer
and the accepting unit. A dipole–dipole through-space (Förster-
type) mechanism for energy transfer seems unlikely, given that the
energy transfer step involves in all cases a triplet level for the donat-
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pared with polymer-based NPs, they have a reduced tendency to
aggregation and toward dye leakage [115,116]. In addition, the
silica surface makes these NPs chemically inert and physically sta-
ble [117]. All these properties make silica NPs excellent labeling
00 L. Armelao et al. / Coordination C

ng chromophore, a phen subunit for many of the cases examined
ere. On the other hand, it is known that a very small electronic

nteraction, i.e. an interaction term H ∼ 1 cm−1, is enough to permit
he occurrence of Dexter-type through-bond energy transfer [99].
his interaction might originate via mediation by the intervening
hort sequence of bonds separating the phen chromophore and the
osting site for the Ln3+ centres.

.14. Metal centred luminescence

The Eu3+ and Tb3+ complexes are the most intense emitters
mong those of the lanthanide series, as shown for the repre-
entative cases collected in Table 2. It is interesting to examine
he influence of radiative and non-radiative processes in these
uminophores. In Table 2, values for the kr and knr rate constants,
q. (1b), are listed as obtained from the observed photophysical
arameters and available literature sources. Estimates of the pure
adiative lifetime (�r = 1/kr) can be obtained for Eu3+ complexes
ccording to an approach which compares the intensity of the
D0 → 7F1 band (593 nm, insensitive to the coordination environ-
ent) with the overall shape of the emission spectrum, (Eq. (3))

21]

r = A(0, 1)
Itot

I(0, 1)
(3)

n this equation, A(0, 1) is the spontaneous emission probability
f the 5D0 → 7F1 transition, that is evaluated 32.4 s−1 in water
35,100], and Itot/I(0, 1) is the ratio of the total integrated inten-
ity of the emission spectrum to the portion of the profile for the
D0 → 7F1 band. Thus, for the Eu3+ complexes evaluated values for
r are in the range 160–240 s−1 and those for knr are even larger
Table 2). On the basis of Eq. (1b), one draws the conclusion that
ven for the Eu3+ complexes, the most luminescent ones within the
anthanide series, the intrinsic efficiency �MC

lum cannot reach unity.
To notice that MC non-radiative processes can include both

ntrinsic and back energy transfer contributions, knr = kMC
nr + kb.

he former are related to the presence of OH oscillators, and are
herefore depressed in D2O as pointed out for the Eu3+ cases of
able 2. For Tb3+ complexes, the energy gap �E between the lig-
nd T level and the emissive MC level is usually so small that
b3+ → L back energy transfer is by far the major contribution to
he non-radiative deactivation, as noticed above for the cases of
ir-equilibrated water solution. In conclusion, also for the Tb3+

omplexes, the intrinsic luminescence quantum yield is expected
o be lower than unity.

. Sol–gel techniques for the preparation of photoemissive
aterials

The peculiar luminescence properties of the lanthanide antenna
omplexes properly coupled with suitable inorganic or poly-
eric matrices can be exploited for a variety of modern

pplications [7,17,63,101–103] ranging from diagnostic tools in
anobiomedicine to optical and photonic materials for the devel-
pment of lasers, displays and lighting devices, just to cite a few.

The possibility to combine in one material the properties
f inorganic or polymeric components with complex organic or
rganometallic units, such as chromophores, catalytically active
roups or biomolecules, has witnessed important improvements
n recent years with the development of low-temperature soft
hemistry solution processes [102–106]. Among them, sol–gel

nd hydrothermal synthesis methods have allowed the prepara-
ion of original nanosystems and nanocomposite structures with
ophisticated shapes and intriguing peculiarities. The notion is to
reate materials with new combinations of properties by integrat-
ng inorganic or organic components at nanoscale or molecular
try Reviews 254 (2010) 487–505

level. Nowadays, the incorporation of luminescent lanthanide com-
plexes in solid matrices with controlled structural organization is
of widespread interest in materials science as it affords functional
materials with a variety of optical properties.

Due to the number of scientific publications in this field, this
work is far from providing an exhaustive review on the previ-
ously performed research activities. For a more detailed discussion
on these methodologies, the reader can refer to specific perti-
nent literature. In this framework exhaustive reviews on different
strategies towards lanthanide-doped hybrid materials [106] and
Ln3+-containing siloxane-based hybrid materials [102] have been
recently reported in the literature.

In the areas of life science, biotechnology and clinical diag-
nostics, luminescent lanthanide chelates are receiving increasing
attention because of their applications as luminescent probes
for highly sensitive time resolved fluoroimmunoassay (TR-FIA),
DNA hybridization assay, fluorescence microscopy bioimaging, and
other analytical techniques [84,90,107–112]. They display spe-
cific luminescence properties that conventional organic dyes do
not show, such as sharp emission profiles, large Stokes shifts and
long luminescence lifetimes (ms scale). Indeed a typical fluores-
cence bioassay drawback is that the fluorescence detection is easily
affected by the background noise (emission lifetime ≈ ns to a
few �s) caused by biological samples and analysis instruments
[113,114]. By using luminescent lanthanide complexes non specific
background fluorescence from the specimen and cuvette materi-
als and the scattering light can be effectively eliminated due to
the very long fluorescence lifetime, usually of several hundreds
of microseconds. For practical uses, these bio-labelling reagents
should be conveniently grafted on suitable substrates, such as inor-
ganic or polymeric nanoparticles (NPs) or colloids [113]. Currently,
silica-based NPs are used in many areas of bioanalysis and, com-
Fig. 16. Schematic representation of a SiO2 nanoparticle functionalized with lumi-
nescent metal complexes.
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eagents for bioanalysis and bioimaging [115,118,119]. Through
ol–gel synthesis, a single silica particle can be functionalized
ith a large number of dye molecules, up to tens of thousands,

ig. 16.
Even though luminescence quenching phenomena within the

Ps are not completely eliminated, thanks to the large amount of
ye incorporated in a small volume, the goal of obtaining nanopar-
icles with brighter luminescence is achieved. Thus, the main
dvantage of luminophore-doped NPs concerns the capability to
riginate highly amplified optical signals compared with a single
ye molecule. Moreover, as the dye is protected by the silica matrix,
oth photobleaching and photodegradation phenomena that often
ffect conventional dyes can be minimized [120]. Furthermore,
hanks to the flexibility of silica chemistry, different types of func-
ional groups can be easily introduced on the NPs surface and,
esides single-dye doping, multiple-dye incorporation into the sil-

ca matrix is also possible. This can provide more information upon
etection. In fact, by tuning the concentrations of the different

uminophores within the NPs, excitation with a single wavelength
eads to different emission, thus permitting simultaneous and sen-
itive detection of multiple targets.

Concerning the field of optical materials, lanthanide antenna
omplexes are being intensively studied, among others, for
he development of sensors [67], light-conversion molecular-
evices, optical fiber lasers and amplifiers [33,121], and electro-

uminescent materials [122]. For most applications, such as tunable
olid-state laser or phosphor devices, mechanical strength and
hemical stability under variable temperature or moisture condi-
ions are severe requisites. Recently, lanthanide hybrid materials
btained by incorporation of lanthanide complexes in the inorganic

atrices have attracted considerable interest, and their lumines-

ence properties have been extensively studied. The main goal
f these studies was to understand how the photophysical prop-
rties of the emissive species can be affected by the interaction
ith the host structure [102,106,123]. Consequently, considerable

Fig. 17. Schematic representation of chemical grafting
try Reviews 254 (2010) 487–505 501

research activity is being carried out to improve the chemical
stability and to adapt the materials chemistry to the production
technology of the concerned application. Depending on the chemi-
cal nature of the components, materials characterized only by weak
interactions between organic and inorganic parts (such as hydro-
gen bonding, Van der Waals forces, or electrostatic forces) can be
obtained [102,106,123–125]. However inhomogeneous dispersion
of two phases and leaching of the photoactive molecules frequently
occur; in these cases the allowed concentration of complex is also
severely restricted. Alternatively, an appealing possibility is the
covalent bonding of rare-earth antenna complexes to the host net-
work [126,127] through soft sol–gel chemistry. The tuning of the
interactions between the luminescent species and the host medium
represents a fundamental aspect [128]. Indeed, the properties that
can be obtained for such materials certainly depend on the chemical
nature of their components and on their molecular level struc-
ture. Sol–gel chemistry allows the combination at the nanoscale
level of inorganic and organic components in a single hybrid
composite [104], opening thus access to an expanding area of
innovative materials and to new perspectives in materials science
[102,106,123,129–133]; moreover, a prominent advantage of the
technique is that the microstructure and shape can be controlled
by varying the sol–gel processing conditions. The use of the sol–gel
technique for the synthesis of oxide-based materials [134,135] is
thus attracting much attention. In particular, in the design of lumi-
nescent hybrid materials based on lanthanide antenna complexes,
due to its chemical stability and transparency, silicon dioxide (SiO2,
silica) is suitable as host material either for the development of
optical materials or as a substrate in biotechnology and clinical
diagnostic. The chemistry of the sol–gel process is mainly based

on hydrolysis and polycondensation of metal alkoxides to form
extended networks with an oxide skeleton. Although the utility
of sol–gel matrices as hosts for organic and organometallic com-
ponents has been well known since long, it still attracts increased
attention in basic research for designing appropriate sol compo-

of functional complexes in a sol–gel silica matrix.
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Table 4
Room temperature luminescence data in solution and in the silica films (Ln/Si = 1/400).

H2Oa ([Eu] = [Tb] = 10−5 M) D2Oa ([Eu] = [Tb] = 10−5 M) SiO2 matrixa,g

�se � (ms) �se
b � (ms) �se

b � (ms)

Eu3+ ⊂ 19 0.18 1.25 0.31 1.82 0.25 1.2
Tb3+ ⊂ 19 <0.001c d <0.001 d <0.001 d

Eu3+ ⊂ 15 0.21e 1.24e 0.30f 1.77f 0.19 1.25
Tb3+ ⊂ 15 0.11e 0.31e 0.12 0.32 0.15 1.1

(0.55)e (1.51)e

Eu3+ ⊂ 18 0.07 0.6 0.25 2.2 0.12 0.7
Tb3+ ⊂ 18 0.34 1.7 0.54 2.5 0.45 1.5
Eu3+ ⊂ 20 0.08 0.6 – – 0.08 0.6
Eu2–Tb1 – – – – – –
Eu1–Tb1 0.19 0.7h – – 0.19 0.7h

1.7i 1.7i

Eu1–Tb2 – – – – – –
Tb3+ ⊂ 20 0.31 1.6 – – 0.31 1.6

a�exc = �max; baverage values obtained with three measurements. cNegligible improvements have been recorded by removing oxygen upon bubbling with argon for 10 min;
dnot reported due to the weakness of the signal. eFrom Ref. [97]. fFrom Ref. [22]. gA 450 W Xe lamp was used as light source for the excitation of the glassy samples. The use
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derivatives – for light absorption and sensitization of the lanthanide
(Ln) emitting states, were synthesized and successively anchored
in the silica layers. Irrespective of the employed antenna, of cova-
lent linking or blending of the emissive components (host–guest
f laser as an excitation source to measure the thin films (tens of nm) quantum yie
enerate a partial deterioration of the sample during the measurement, leading to
e lamp) avoid such problem. In brackets () = degassed sample. hEu3+-centred emis

itions for development of host matrices for functional molecules
uch as lanthanide antenna complexes (guests). The luminophores,
a) in Fig. 17, can be anchored to the silica host through –OH groups
uring glass synthesis, thus yielding highly homogeneous materials
ith covalently linked complexes (Fig. 17). Actually, the grafting of

he guest molecules in/on the hosting phase is performed through
one-step process favoured by the intimate mixing of molecular

eactants in the starting solution. This allows, in principle, a fine
ontrol over luminophore dispersion and avoids undesired aggre-
ation phenomena. Alternatively, the functionalization of sol–gel
aterials can be performed as a post-synthesis step, by exploiting

he presence of residual –OH groups, (b) in Fig. 17, that can provide
eaction sites for chemical grafting of different species [136,137]
nd whose amount can be tailored depending on processing con-
itions.

For the covalent insertion of antenna complexes within the
hosen matrix, the presence of suitable grafting groups in the
hromophores represents a mandatory requisite. A proper site
or functional groups (e.g. hydroxyl, amino groups, etc.) in the
omplexes is usually represented by the antenna unit. Hence, cova-
ent linking results convenient if simple synthetic procedures to
unctionalize the emitting compounds are readily available. Alter-
atively, the possibility to stably embed different chromophores

n the same oxide matrix while keeping unaltered their emission
ehaviour represents a real advantage and performing light-
mitting devices can be prepared with wide flexibility.

To this respect, we have recently explored the possibility to
ationalize the chemical design of emissive materials based on the
mbedding of luminescent molecular components into transpar-
nt oxide layers. In particular, we have considered two aspects on
he photoluminescence performances of the final materials: (i) the
ature of the antenna (acetophenone vs. phenanthroline deriva-
ives) and coordination features at the Ln cations, i.e. the energy
f the sensitizer triplet states (see above), that affects the effi-
iency of energy transfer to the Ln3+ emitting states, and (ii) the
ole played by the nature of the chromophore incorporation, i.e.
ovalent linking vs. blending of the emissive components in the host
atrix.
Following simple fabrication procedures, we have grafted by
ol–gel different lanthanide antenna emitters to silica glassy lay-
rs in controlled combination thus gaining relevant ready colour
unabilities. This is a key aspect especially in the lighting industry,
here light-emitting devices and displays comprising rare-earth

omplexes embedded into an inorganic network are of growing
result unsuitable because the high energy power and the reduced size of the spot
stimation of the emission efficiency. On the contrary, less energetic arc lamps (i.e.

Tb3+-centred emission.

interest, especially in the form of thin layers. Among Ln elements,
Eu3+ and Tb3+ feature exclusive luminescence and well-known
properties as red (�max

em = 614 nm) and green (�max
em = 544 nm)

emitters. In the last years, we have explored the possibility to syn-
thesize highly luminescent films through incorporation of various
Eu(III) and Tb(III) complexes in SiO2 glassy films via sol–gel, using
Si(OC2H5)4 (TEOS) as the silica source and following a well estab-
lished procedure [126,127].

In a study [127,138], Eu(III) and Tb(III) antenna complexes
employing different units – phenanthroline and acetophenone
Fig. 18. Macrocyclic ligand functionalized with a bathocuproine group as light har-
vesting unit.
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Fig. 19. Colors emitted by silica layers containing

nteractions), and of antenna complexes concentration in the films,
s-deposited layers resulted homogeneous, well-adherent to the
ubstrates, transparent and crack free. Moreover, the macroscopic
ppearance of the specimen was not affected by the densifica-
ion thermal treatment, up to 200 ◦C for 5 h. In the silica layers,
n3+ complexes showed remarkable luminescence intensities, with
uantum yields up to 45% for Tb3+ ⊂ 18 (see Table 4); an
xception was observed for Tb3+ ⊂ 19 (Fig. 18), in which the
ensitization process is not successful because of the unfavor-
ble energy gap between its donor (bathocuproine) and acceptor
evels.

Basically, the luminescent complexes showed a similar pho-
oluminescence trend both in aqueous solution and in the SiO2
lassy layers, indicating that the phenanthroline derivatives (19
nd 15) and the acetophenone-based units (18), resulted to be the
ost efficient antenna systems for the Eu3+ and Tb3+ luminescence

espectively, irrespective of the chromophore amount and thermal
nnealing.

All samples, when irradiated with a UV light (� = 254 and
65 nm, 4 W tubes), presented a bright red (Eu3+) or green (Tb3+)

uminescence clearly visible at the naked eye. Furthermore,
hereas the luminescence quantum yield and lifetime are not

nfluenced by the different conditions, the difference in the
mission intensities between diluted (1 Ln3+: 400 Si) and con-
entrated (1 Ln3+: 100 Si) solid samples was clearly appreciated
lso at macroscopic level. Furthermore, antenna complexes,
imply dispersed via sol–gel and not covalently linked to the
iO2 matrix, showed a uniform distribution inside the glassy
ayers, similar to that found for the covalently linked analogues
126,127]. Irrespective of the structural difference of the employed
hromophores and their concentration in the sol–gel silica matri-
es, similar in-depth distribution features are evidenced from
econdary ion mass spectrometry (SIMS) profiles. Interestingly,
he chemical analysis (X-ray Photoelectron Spectroscopy, XPS)
ointed out, together with SIMS results, the integrity of the
omplexes and the efficacy of the employed synthesis strategy

or the realization of highly dispersed host–guest systems. We
bserved that the overall luminescence quantum yields of the
lms were high and only slightly affected by the nature of the
ost–guest chemical interactions between the matrix and the
hromophores. Consequently, whenever the synthesis of antenna
rent ratios of Eu3+ ⊂ 20 and Tb3+ ⊂ 20 complexes.

complexes suitably functionalized for the covalent linking to
the host medium is very demanding or almost impossible to be
achieved, comparable luminescent efficiencies can be obtained by
embedding the proper luminescent molecular components into
transparent host matrices. Hence, for solid-state lighting purposes,
the choice between covalent grafting vs. embedding of the com-
plexes will be driven, once identified the best sensitizer, by the
possibility of an easy functionalization procedure for the antenna
unit.

In a different study [126] concerning the possibility to develop
silica glassy layers with controlled and ready colour tunabilities,
the specific case of films incorporating both Eu and Tb antenna
derivatives is subsequently outlined. Employing a unique dipartite
ligand, consisting of DO3A acting as chelating “cage” and an ace-
tophenone unit (the antenna) functionalized with propyl-hydroxy
group [126,127], highly luminescent silica-based thin films embed-
ding Eu3+ ⊂ 20 and Tb3+ ⊂ 20 have been prepared. To modulate
the colour output, solutions containing variable Tb3+ ⊂ 20/Eu3+

⊂ 20 molar ratios were used. This approach allowed us to obtain
Eu2–Tb1, Eu1–Tb1 and Eu1–Tb2 hybrids, featuring Tb/Eu molar ratio
of 0.4, 1.0 and 2.2 respectively.

The random distribution of the chromophores into the matrix
results in a homogeneous colour output and upon changing the
ratio between metal complexes within the SiO2 host the resulting
colour changes from red (Eu), to intermediate colours (Eu2–Tb1,
Eu1–Tb1 and Eu1–Tb2), and finally to green (Tb), without eye-
appreciable colour heterogeneity (Fig. 19).

As can be seen from Table 4 each type of emitter maintains its
luminescence properties within the silica matrix. As a result, the
produced colours arise from the statistical mixing of the green and
red emissions and were shown to include degrees of pale yellow
not far from white emission.

These hybrid materials show attractive properties from both
the mechanical and chemical viewpoints, and the doping of dif-
ferent inorganic matrices with lanthanide complexes emitting in
the visible range represents a promising way to fabricate a vari-

ety of luminescent and electro-luminescent devices. Along these
lines, we are investigating the use of further blue-greenish emit-
ters to afford white-light emitting single layers obtained through
easy-manageable synthesis of photoactive materials and simple
fabrication processes.
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. Conclusions

The research in the area of luminescent lanthanide complexes
s steadily growing mainly because of their unique optical and

agnetic properties that find application in many technologically
nteresting fields ranging from lasers and white light generation
o optical fibre for telecommunication to biological Time Resolved
luoroImmunoAssays (TR-FIA). In order to correctly approach this
esearch it is necessary to know: (i) the basic principles of rare-
arth elements e.g. the electronic properties that are at the origin of
heir unique optical behaviour; (ii) the coordination features of the
n3+ cations and the aspects that allow the design of ligands whose
omplexes have to show optimized luminescent properties; (iii)
he basic concepts that rule the photophysical properties of lumi-
escent lanthanide complexes; (iv) the basic concepts necessary
o design highly stable and homogeneous materials that allow to
ransfer the results of the research to the daily life used macroscopic
evices.

Our effort in writing this paper was to give, although not exhaus-
ively, an answer to all these issues with the aim of contributing
oth to the enhancement of basic research and to the development
f new and better performing materials and devices.
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