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Abstlact : Trivalent lanthanide ions display fascinating optical properties. The discovery of the corresponding elements 
and their fist industrial uses were intimately linked to their optical properties. This relationship has been kept alive until 
today when many high-technology applications of lanthanide-containing materials such as energy -saving lighting devices, 
displays, optical fibers and amplifiers, lasers, responsive luminescent stains for biomedical analyses and in cellulo sensing 
and imaging heavily rely on the brilliant and pure-color emission of lanthanide ions. In this review we first outlined the 
basics of lanthanide luminescence with emphasis on f-f transitions, the sensitization mechanisms, and the assessment of 
the luminescence efficiency of lanthanide-containing emissive molecular edifices. Emphasis was then put on two fast de- 
veloping aspects of lanthanide luminescence: materials for telecommunications and light emitting diodes, and biomedical 
imaging and sensing. Recent advances in NIR-emitting materials for plastic amplifiers and waveguides were described, to- 
gether with the main solutions brought by researchers to minimize non-radiative deactivation of excited states. The dem- 
onstration in 1999 that erbium tris(8-hydroxyquinolinate) displayed a bright green emission suitable for orgenic light emit- 
ting diodes (OLEDs) was followed by realizing that in OLEDs, 25% of the excitation energy leads to singlet states and 
75% to triplet states. Since lanthanide ions are good triplet quenchers, they now also play a key role in the development 
of these lighting devices. Luminescence analyses of biological molecules are among the most sensitive analytical techniques 
known. The long lifetime of the lanthanide excited states allows time-resolved spectroscopy to be used, suppressing the 
sample autofluorescence and reaching very low detection limits. Not only visible lanthanide sensors are now ubiquitously 
provided in medical diagnosis and in cell imaging, but the feasibility of using NIR emission of ions such as Ybm is now 
being tested because of deeper penetration in biological tissues 
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According to the International Union of Pure and 
Applied Chemistry ( IUPAC ) recommendations 
(1968), Zmthmides include elements 58 (Ce) to 71 
(Lu), while the whole series from La (57) to Lu (71) 
should be called lmthmoids; when Sc (21) and Y (39) 
are added to the latter, then the resulting 17 elements 
should be termed rare earths. In practice, however, 
lmthmoids is rarely used, to the benefit of lantha- 

nides. The fascinating story of lanthanide elements 
started at the end of the 18th century when Carl Axel 
Arrhenius, an artillery lieutenant of the Swedish army, 
found a curious black mineral in a feldspath quarry 
near Ytterby in 1787‘1s21. The latter is located on a 
small island (Vaxholm) governing the entrance of 
Stockholm harbor. The mineral was called “Ytterby’s 
tungsten” because in Swedish “ t u g  sten” means 
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"heavy stone" and its analysis in 1788 by Geier B R, 
a mineralogist located in Stockholm, revealed a new 
mineral. Due to vacancies at the chemistry department 
of Stockholm University, chemical analysis was only 
carried out in 1794 by Johan Cadolin, a professor at 
Abo (today Turku, Finland) University, who identified 
a new element which he named yttrium".41. The next 
15 rare earth elements were discovered between 1803 
(Ce) and 1907 (Lu) by outstanding scientists (Berzelius 
J J ,  Mosander C C, Galissard de Marignac J C, Cleve 
P T, Lecoq de Boisbaudran P E, DemarGay E A, Ur- 
bain G among others) while the last one, artificial Pm, 
had to wait its synthesis until 1947. 

The first industrial application of a lanthanide ele- 
ment was proposed in 1891 by the extraordinary scien- 
tist and entrepreneur Carl Auer von Welsbach, who 
studied chemistry in Vienna and then in Heidelberg 
with Bunsen R W. Just after completing his PhD de- 
gree, he discovered two lanthanide elements in 1885, Pr 
and Nd. The same year he filed a patent for electric 
bulbs containing 0 s  and W filaments. But electricity 
was not readily available in those times and, as an al- 
ternative, Auer von Welsbach proposed the so-called 
Auer muntle for gas lighting in 1891. The mantle is 
made up of 99% thorium oxide and 1% cerium oxide; 
more than five billions were sold until 1935 and the 
company founded by Auer von Welsbach, Treibacher 
Chemische Werke, which also manufactured flint 
stones and Mishmetal (an alloy of 30% iron and 70% 
of a mixture of La, Ce, Nd, and Sm), is still producing 
rare earth materials nowadays. The other company 
founded in 1906 by Auer von Welsbach for the pro- 
duction of light bulbs, Osram, developed into a large 
multinational business which presently employs over 
38000 collaborators. 

The lanthanides are unique among the elements, 
except for the actinides, in resembling each other so 
markedly"."]. This is easily edained by the electron- 
ic configuration of the atoms and their derived ions, 
which essentially exist in the trivalent state Lnm 
([ Xe]4F,  n -0 - 14) in aqueous solutions. The shiel- 
ding of the 4f orbitals by the filled 5p66sz sub-shells 
results in special spectroscopic properties with parity- 
forbidden 4 f4 f  transitions having very low molar ab- 
sorption coefficients ( < 10 M I a m -  I, but very often 

1 M I a m -  ) and characteristic narrow-line emis- 
sion, mostly in the visible and near infrared rang% Lu- 
minescence has been instrumental in the discovery of 
several lanthanide elements and in turn, these elements 
have always played a prominent role in lighting and 
light conversion technologies (Auer mantles, incandes- 
cent lamps, lasers) and more recently in cathode-ray"' 

and plasma'*' displays, and light-emitting diodes'". 
In the 1980's, it was realized that the peculiar 

luminescent properties of the lanthanide ions could be 
of great help in the analysis of environmental and bio- 
logical samples and this led to most interesting 
developments which have stirred a vast interest for 
the coordination chemistry of these ions. Presently, 
attention focuses on several applications of lumines- 
cent lanthanide ions"2.1'1: ( 1 )  their continuing use in 
lighting industry for the engineering of lamp and dis- 
play phosphors"], (2) their ability to provide elec- 
troluminescent materials for organic light-emitting di- 
odes as well as optical fibers and amplifiers for tele- 
communication~"~~, (3) their potential in the design of 
luminescent liquid crystals"'], and (4) their capcity 
to yield functional com$exes for biological as- 
says116. 171 and medical imaging purposes"*'. 

After a short summary of lanthanide luminescent 
properties, the present feature article focuses on two 
applications of trivalent lanthanide luminescence which 
sustain a particularly large development, materials for 
telecommunications, and luminescent probes for bio- 
analyses. This contribution however does not intend to 
provide a full coverage of the relevant bibliography. 

[ l O . I I I  

1 Lanthanide Luminescence 
The spectroscopic properties of trivalent lantha- 

nide ions are fascinating in that their [ Xe] 4f" elec- 
tronic configuration generates numerous electronic lev- 
els, up to 3432 for Gdm for instance, as one easily 
calculates from the combinatorial formula (1  ) where I 
is 3 for f-electrons. 

(1 1 (41 + 2)! 
n! (41 + 2  - n)!  
The trivalent lanthanide ions may be implied in three 
types of electronic transitions: 

(1) Charge transfer  transition^"^. 'O' 

Both ligand-to-metal (LM CT) and metal-to-lig- 
and (MLCT) transitions are allowed by Laporte's se- 
lection rule. Their energy is usually very large, SO that 
they appear in the UV above 40000 m- I (X < 250 
nm), except for the ions which may be relatively easy 

m either reduced to their + 2  state (Smm, Eu', Tm , 
Ybm), or oxidized to their +4 state (Gem, Prm,  Tbm) .  
In these cases, the broad charge transfer transitions 
may occur at energies as low as 30000 cm- ' (A i=. 330 
nm). For the other ions, any assigrunent of LMCT 
transition below 40000 cm- '  must be considered as 
being dubious. From a practical viewpoint, LMCT 
transitions are used in lamp phosphors to pump ener- 
gy into Eum or Tb', for instance, 

(2) 4f-5 d transit ions ['I 
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They correspond to the promotion of a 4f elec- 
tron into the 5d sub-shell and are also allowed by the 
parity rule. resulting in sizable oscillator strengths 
with absorption coefficients in the range lo2 - 
1 O 3  M ' -cm- I ,  that is, comparable to those of the 
charge transfer transitions. Their energy depnds large- 
ly upon the metal environment because 5d orbitals are 
external and they interact directly with lignd orbitals; 
however, these transitions are also quite energetic and 
only those of Cem, Prm and Tbm are commonly ob- 
served below 45000 cm- ' ( A  <220 nm). 

(3) f-f transitions 
The sharp f-f transitions, involve a rearrangement 

of the electrons in the 4f sub-shell and are therefore 
polarity forbidden, which edains their faint intensi- 
ties. These transitions are quite narrow and the bary 
centcr of tlic ligand-field sflit bands is fairly insensi- 
tive to the metal ion environment. As a consequence, 
they are easily recognizable and therefore lanthanide i- 
ons arc ideal candidates for optical probes. 

Most of the trivalent lanthanide ions are lumines- 
cent (Fig. I), either fluorescent (Prm,  Nd' , Horn, Erm, 
Ybm) or phosphorescent (Sm", Eum, Gdm,  Tb', 
D y m ,  Tmm).  Some ions, such as Prm, present both 
fluorescent (i.e. with A S  = 0) and phosphorescent (AS 
> O )  transitions. The emission of the Ln' ions covers 

the entire spectrum (0.3 - 3  pm), from UV(Gdm) to 
visible (e.g., blue Tm', green Tbm,  orange Smm, or 
red Eu'), and near-infrared (NIR) spxtral ranges (e.g., 
Pr', Nd', Er', Yb', see Fig. 2)[221. The Stokes' 
shifts are very small when the ions are excited through 
f-f transitions since the rearrangement of the electrons 
in the 4f sub-shell does not lead to much change in 
the chemical bond lengths, contrary to what is ob- 
served with organic compounds or d-transition metal 

Gd Tb Dy Ho Er Tm Yb 
111 __ 

Ic 

I'r Nd Sm Eu - - 
- 30 

- 20 
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i - _ - _  - 
- _ _ _ = : _ _ _ _ _ _ _ - _  

Fig. 1 Partial energy diagrams of lanthanide trivalent ions (ex- 
cept La, Ce, Pm, Lu). Labels are given for ground states 
and for one of the most luminescent excited states 
(with a few excepions, several excited states are usually 
luminescent for a given ion) 
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Fig. 2 Partial energy diagrams of NIR-emitting trivalent lan- 
thanide ions. Energies are for aquo-ions[22' 

ions. Two ions, La' and Lu', have no f-f transitions 
and are not luminescent, while Cem disfiays an intense 
d-f emission which can be tuned from 290 to 500 nm. 
Ions in other oxidation states are also luminescent, 
e.g., Smn (sharp-band emission), Eu" and Yb" (broad 
band emission), but here we restrict ourselves to tri- 
valent ions. 

1.1 Sensitization processes 

To overcome the problem of weak f-f oscillator 
strengths when exciting the luminescent lanthanide 
ions, energy is often transferred from the surroundings 
of the metal ion (either an inorganic matrix or an or- 
ganic ligand) in a three-step mechanism: absorption of 
light by the surroundings, transfer onto the lanthanide 
ion, and emission of light. The overall process is quite 
complex and involves several mechanisms and energy 
levels. Its optimization is crucial to the overall lumi- 
nescence yield that can be obtained. In addition to 
providing an efficient path for the excitation of lantha- 
nide ions, this sensitization process has also the ad- 
vantage that now the "Stokes' shifts" are very large, 
which allows an easy spectral sepuation of the remai- 
ning matrix luminescence from the metal ion emission. 
Modeling of this complex process is now at hand for 
coordination compounds . It imp lies (1 ) calculation of 
the ligand excited singlet and triplet states, (2) deter- 
mination of which levels are likely to be implied using 
selection rules and energy -match criteria, (3)  identif- 
ying the oprating mechanisms (exchange, dipole-dipole, 
dipole-multipole), (4) writing the rate equation for all 
likely energy migration paths, and ( 5 )  solving these 
equations 

The main energy transfer and de-activation paths 
are sketched on Fig. 3 for the special case of a molec- 
ular lanthanide-containing complex. Althougb very of- 
ten the 's* ( l i ~ d ) - ~ T '  (ligand)4f* path is predomi- 
nant, particularly for Eum and Tb', this is by 
no means the only energy conduit within the molecule 

[23 -251 
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Fig. 3 Schematic energy diagram showing the main energy 
transfer paths and de-activation processes 

and there are several examples of IS' (ligand)df* di- 
rect transfersC2", of sensitization through either d- 
transition metal levels, e. g., Crm (*E)-Eu(~D,)'~'~, or 
'MLCT'28', e.g., R U I ' ( ~ M L C T ) - Y ~ ~  (2Fsn)[291, or of 
excitation of a given Lnm ion by another one, one 
classical example being the sensitization of Erm 
through Ybm or Cem ''O1. Implication of 4f'- ' 5d' and 
intraligand charge transfer states (ILCT) in the energy 
transfer process has also been invokedL3' - 3 3 1 .  In some 
instances, generation of the ligand 3T* state goes 
through an intramolecular electron-transfer step made 
possible thanks to coordination of the 4f-element[341. 

One point to be stressed here is the role of LM- 
CT states which are only of importance for easily re- 
ducible Lnm ions: when they lie at high energy enough 
(typcally > 24000 cm- for Eum complexes), they 
may act as antennae and transfer energy onto the met- 
al ion; on the other hand, when their energy is low, 
they are very efficient quenchers of the Lnm lumines- 

. Since the latter process is thermally acti- 
vated, a drop in the lifetime of the quenched Lnm 
state with increasing tempxature is diagnostic of its 
presence. Generally speaking, back energy transfer 
from the excited metal ion onto the l i p d ,  an undesir- 
able process, is also inducing a drop in lifetime with 
increasing temperature, as are vibration quenching 
mechanisms. 

cmce[J5~361 

1.2 Assessing the luminescence efficiency 

The synthetic chemist has to meet several re- 
quirements in order to come up with a highfy lumi- 
nescent molecule or material which, of course, depnd 

on the searched for property. In the case of fiotolu- 
minescence, the parameter of interest is the product of 
the overall quantum yield Qkn by the overlap integral 
between the absorption spctrum A ( h )  of the lantha- 
nide compound and the emission spectrum E,,(h) of 
the excitation source: 

where the integration is made on the spectral range in 
which the excitation is effective (i.e., taking into ac- 
count the slit function of the spectrometer, S(X)).  For 
comparison purposes between compounds, this overall 
efficiency can be approximated by the product 
of Qkn by the molar absorbance at the excitation 
wavelength, eA: 

In the case of sensitization through the ligand levels, 
the overall quantum yield of a lanthanide-containing 
molecular edifice is given by 

@Iu, = Q Z n  xlA(X) * Eexc(x) ' S(X) (2 a) 

@ i u m Z Q L  E A  (2b) 

whereby Qi' and QZ are the overall and intrinsic 
quantum yields resulting from indirect and direct exci- 
tation, respectively, while qsens represents the efficacy 
with which electromagnetic energy is transferred from 
the surroundings onto the metal ion; T , ~ ~  is the experi- 
mental lifetime of the metal excited state (measured 
upon direct excitation) and 7, is its radiative lifetime. 
The intrinsic quantum yield Q: essentially depends 
on the energy gap between the lowest lying excite1 
(emissive) state of the metal ion and the highest SI o- 
level of its ground multidet. The smaller this gap the 
easier is its closing by non-radiative de-actiJation 
processes, for instance via vibrations of bound lig- 
ands, particularly those with high energy vibrators 
such as 0 - H, N - H, or C - H. The latter phenome- 
non is more important if the energy difference AE be- 
tween the emitting level and the highest spin-orbit 
sub-level of the Lnm ground state is small; this is the 
so-called "energy gap law"; as a first approximation, 
one may say that radiative de-excitation will compete 
efficiently with multi-phonon quenching processes if 
AE is equal to or larger than six quanta of the highest 
energy vibration present in the system. 

If only one, sirnoified energy transfer scheme is 
taken into account, namely IS* - + ' T I  +4f* , Eq.(3) 
can be developd as follows: 

with q,,, representing the efficacy of the intersystem 
crossing process and vet the effectiveness of the 'T -+  
4f* transfer. When excitation of 3T' leads to a rela- 
tively large expansion of the Ln-L distance, energy 

Qkn = ~ i s c  vet * QE (4 1 
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transfer occurs as long as the higher vibrational levels 
of the triflet state are populated, that is the transfer 
stops when the lowest vibrational level is reached and 
triplet state phosphorescence takes over. On the other 
hand, if the Ln-L expansion is small, transfer is feasi- 
ble long as the triplet state is populated. If the rate 
constant of the transfer is large with respct to both 
radiative and non-radiative de-activation of ’T* , the 
transfer then becomes very efficient (v,,,, = 1, Q. 
(3)) .  In order to compare the ability of chromophores 
to sensitize Lnm luminescence, both the overall and 
intrinsic quantum yields have to be determined experi- 
mentally. If general procedures for measuring Qkn are 
well known for both and solid state sam- 
plest3*’, measurement of Q: is not alway easy in 
view of the very small absorption coefficients of the 
f-f transitions. This quantity can in princifle be esti- 
mated differently, from the radiative lifetime. The lat- 
ter is related to Einstein’s expression for the rate of 
spontaneous emission A from an initial state I ‘ P J >  
characterized by a J quantum number to a final state 

[U 9 . p ,+n3  . P,,] ( 5 )  

where ko is the energy of the transition, n the refractive 
index, h is Planck’s constant (6.63 ~ 1 0 . ’ ~  erg * s), and 
Ped and P,, are the oscillator strengths of the electric 
dipole and magnetic dipole contributions to the transi- 
tions. According to Judd-Ofelt theory: 

with a, representing the Judd-Ofelt parameters 140* 41 

and Uk doubly reduced matrix elements which are tab- 
~ l a t e d ‘ ~ ~ ’ .  The magnetic diple contribution can be cal- 
culated from: 

P,, = e2 c a, I < J 1 1  U x  I( J’ > I ’ (6 )  
h =L. 4 ,6  

where L +2S is the spin-orbit operator which can be 
evaluated according to published methods[431, and e, 
m, c have their usual meaning. Then if the excited 
state I ?J> relaxes to several different states I WJ >, 
the radiative lifetime rrad is equal to: 

The radiative lifetime can therefore be estimated from 
the spectral intensity with the help of Eqs. (5) - (8). 
Except for the special case of Eum for which a con- 
venient simplified equation can be derived because one 
transition 5D0 +’F, has a pure magnetic origin[441, 
this calculation is not trivial and large errors can occur, 

including those pertaining to the hypotheses made. In 
particular it has been assumed that the emitting and 
receiving levels are really (2J + 1 )-fold degenerate or, if 
split by crystal field effects, that all the sublevels are 
equally populated. This is obviously not true and in 
the case of Ern this may lead to errors up to 20%. If 
the absorption spectrum corresponding to an emission 
spectrum is known however, which may be the case 
when the luminescence transitions terminate onto the 
ground level, the radiative lifetime is equal to Eq.(9) 
(Eqs. (5) - (9) are given within the frame of the cgs- 
esu unit system. Oscillator strengths are therefore ex- 
pressed in esu’ qcm’ = debye’ while a, parameters are 
in cm’): 

c is the speed of light in varmo (in cm -s ’), Go is the 
energy of the transition in cm- I ,  n is the refractive in- 
dex of the medium, N ,  is Avo@o‘s number, &&) is 
the absorption spectrum of transition in M ’ -cm ’ vs. 
wavenumbers‘441. In the case of Eum the simplified e- 
quation is: 

(10) 
k _ _ - A  1 3 ‘tot 

M D , o n  (-1 
71 I , ,  

in which A MD,O = 14.65 s .  ’ is the spontaneous emis- 
sion probability of the 5D,47F ,  transition and I,,,/ 
IMD the ratio of the integrated total emission from the 
5D047F ,  transitions (J=O - 6 )  to the area of the ’Do 
+’F, transition. The intrinsic quantum yield is then 
simply equal to the ratio of the observed lifetime to 
the radiative lifetime calculated with &.(lo): 
QEU =7,bs 

Eu 
7 1  

It is to be stressed here that the radiative lifetime is 
associated with a given excited electronic level and 
contrary to what is often believed, it differs from one 
compound to another. 

1 3  Designing molecular luminescent edifices 

In designing a convenient chemical environment 
for a luminescent lanthanide ion, the chemists have to 
take into account three main requirements. The first 
one is a chemical constraint in that the coordination 
cavity should provide enough donor atoms to saturate 
the coordination number requirement of the Lnm ion 
as well as a large bonding strength ensuring a good 
thermodynamic stability[451 and, possibly also kinetic 
inertness. The second requirement pertains to the effi- 
ciency of the sensitization process, i.e., the energy 
level scheme of the ligands should be such that it 
maximizes the energy transfer path (T,,,). This aspect 
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is fairly well mastered nowadays'13,461. The third re- 
quirement deals with preventing non-radiative de-acti- 
vation processes. This is by far a more delicate prob- 
lem, which is particularly acute for NIR-emitting ions, 
since it means eliminating high energy vibrations from 
the first AND second coordination spheres; for in- 
stance, a recent estimate led to the conclusion that in 
the case of Erm luminescence, the chemical environ- 
ment of the emitting ion should be devoid of C-H vi- 
brators up to distances ranging between 2.0 and 3.0 
nm for the radiative rate constant to be larger than the 
non-radiative oner4'] . Finally there might be additional 
prerequisites depending on the specific system de- 
signed, for instance with respect to its stability in bio- 
logical fluids if an analytical sensor is tailored for bio- 
analyses. In the latter case, a quantum yield of about 
10 % (Eu - , Tb-probes) is needed to yield sensitive 
enough analyses and the corresponding complex 
should have an excitation wavelength close to one of 
the readily available laser lines or newly developed 
light emitting diodes. 

To meet these requirements , several imaginative 
synthetic strategies have been developed during the 
last decades, which include (1) linear polydentate and 
multifunctional ligands such as polyaminocarboxy- 
lates [ 48.491 , P-d~ketonates'~~', and acyclic Schiff base 
 derivative^'^^', (2 ) macrocyclic receptors'521 among 
which p o r p h y r i n ~ ' ~ ~ , ~ ~ ' ,  derivatized ~alixarenes'~~', 
and pendant-arm fitted c y c l e n ~ ~ ~ ~ ~  are the most inves- 
tigted, and ( 3 )  podates and self-assembled struc- 
tures I 5 5 . 5 6 ;  

2 Materials for Telecommunications 
and Light-Emitting Diodes 
This field has seen a tremendous upurge of inter- 

est with the development of optical fibers for tele- 
communications and of light emitting diodes for eco- 
nomical lighting, a welcome effort in view of the 
worldwide energy crisis. 

2.1 Amplifels and waveguides for telecom 
munications 

In optical systems for telecommunications, light 
carries information between several users. Optical 
links consisting in single-mode silica optical fibers 
have the ability of providing high-bandwidth and 
long-distance communication. The manipulation of the 
optical signals on a local scale requires splitters, cou- 
p lers , mult igexers, de-multip lexers , and amplifiers . 
These devices are easy to make and can be integrated 
on one single &mar substrate with a technology called 
integrated optics, a basic element of which is the pla- 

r s7,46 1 

nar optical waveguide. It consists in a high refractive 
index guiding core layer of typical dimension 2 um x 1 
pm, sandwiched between two lower- index cladding 
layers. The optical signal travels in the guiding layer 
and total internal reflection at the interface between 
the core and cladding maintains it in the waveguide. 

Plastic optical fibers have clear technical advanta- 
ges over glass fibers: a better flexibility and a large 
core diameter enabling efficient coupling. If the guiding 
layer of an optical fiber is doped with an active ele- 
ment, optical gain results upon adequate pumping. 
Typical low-cost plastic optical fibers of 100 m 
length have an attenuation of 100 dB .km-' and a 
bandwidth around 5.1 GHz. More importantly, fluori- 
nated fibers are at hand, with optical transmission ex- 
tending in the NIR rangers7]. This has trigered a large 
number of projects aiming at synthesizing polymers 
containing highly luminescent lanthanide complexes, 
mostly P-diketonates, and displaying large optical 

For glass fibers for which direct laser excitation 
of the Lnm ions is used, the optical gain is calculated 
as follows. Assuming that the population of the 
ground state (N , )  of the emitting 4f ion decays rapid- 
ly to the frst excited state ( N J ,  the rate equations are 
those of a two-level system, and further assuming 
steady state, one gets: 

gins. 

R - N and N ,  =- - N with we N ,  =- 
W e  + R  W e  + R  

where W e  is the Lnm decay rate, N the Lnm concen- 
tration, P the pump power in the waveguide, ua the 
absorption cross section, A the excitation wavelength, 
and 01 the waveguide core cross section. The differen- 
tial optical gin (OG, in dB Scm-') is given by: 

OG = 10 x ''log- = 10 x lolog(ekx) with I 
10  

k =u, . ( N ,  - N J  * OL (13) 
in which I, is the light intensity at the beginning of 
the waveguide and I the intensity along the 
waveguide, k is the optical gain factor, u, the emission 
cross section, and 01 the fraction of incident light con- 
fined in the core of the waveguide. The threshold 
power, that is the power at which k becomes positive 
is often much higher for plastic fibers than Erm -doped 
glasses or alumina amplifiers. This can be traced back 
to the very small quantum yield of Erm in organic 
media. But this threshold power can be dramatically 
reduced if excitation is made in the ligand levels for 
which the absorption cross section is much larger 
-103-fold) Taking the ligand-to-Lnm ion energy 
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transfer into consideration, calculation of the gain pro- 
ceeds a5 follows: 

uI PA 
(14) 

dN1 
__ =R,N, - W,,N, - W,,,,N,N, with R ,  = ~ 

dt hca 

!!N: = - W,N,  f W,,,N,N, 
dt 

in which N ,  and N ,  are the population fractions of the 
excited states of the ligand and Lnm ion, respectively, 
while N ,  and N ,  are the corresponding values for the 
ground states, W,, and W ,  are the ligand radiative and 
nonradiative (transfer) decay rates, respectively, while 
u, is the ligand absorption cross section. The main 
problem for lanthanide-containing NIR optical fibers 
is the minimization of nonradiative deactivation of the 
excited states. Several groups, including industrial la- 
boratories, have devoted large efforts to elaborate 
strategies addressing this problem's8-b"1 : 

(1) Supression of vibrational deactivation (inclu- 
ding the one induced by water molecules). This prob- 
lem is usually dealt with by adding long perfluorinated 
lateral chains on p-diketonates, by deuterating the C- 
H bridge and by working in deuterated solvents. The 
longer the perfluorinated chain, the less water mole- 
cules pcnetrate into the inner coordination sphere. 
They are also expelled by coordination of strong do- 
nors such as dmso. 

( 2 )  Inhibition of energy migration between lumi- 
nescent centers and of up -conversion processes. Dif- 
fusion of Lnm chelates in solution induces collisions 
between molecules, leading to energy transfer via 
cruss-relaxation and excitation migration. Migration of 
energy by hopping onto a nei@boring ion does not 
quench luminescence by itself, but it enhances the 
probability of quenching by permitting the energy to 
finally migrate onto a site where more rapid nonradi- 
ative decay takes place. The only way of avoiding 
this "concentration quenching is to keep luminescent 
centers far a p t  so that the probability of transfer is 
reduced. This can be done either by having large com- 
plexes which possess long fluorinated alkyl chains, or 
by dispersing them into polymer matrices. 

Up-conversion and excited state absorption 
(ESA) are the main gain-limiting factors in Erm -doped 
danar optical amplifiers, either glass- or polymer- 
based. Up-conversion increases 5 - 10 fold the pump 
power required to achieve population inversion. The 
ESA cross section is strongly material dependent and 
this phenomenon also increases the pump power n,ee- 
ded, so that when both gain-limiting factors are pres- 
ent, pump powers of 10 - 100 mW are required, 
which considerably increases the cost of optical am- 
plifiers. It is hoped that the introduction of sensitizers 

such as ybm, Ag' or silicon nanocrystals into inorgan- 
ic optical fibers will help solving this problem. Organ- 
ic chelates in polymer fibers may also be an altema- 
tive[6'1. 

(3) Optimization of the sensitization ability of 
the ligand and of the emission intensity; q,cns for p- 
diketonates is often between 20% and 30% only but 
is larger with unsymmetrical ligmds compared with 
symmetrical ones. Adding a second ligand to form a 
ternary complex, or a dye to transfer energy on the 
metal ion, improves the sensitization, although it is 
difficult to go beyond a factor of two, possibly three. 

(4) Choice of an adequate host medium and de- 
fect-free fabrication of the waveguide. The ideal host 
should disperse the luminescent centers sufficiently to 
avoid concentration quenching while simultaneously 
allowing hi@ enough concentration of these centers 
and minimizing optical losses. The latter originate 
from several sources: scattering is a major one and ari- 
ses from imperfections in the waveguide, such as 
rough sidewalls or defects in the core material. Anoth- 
er loss mechanism is the mismatch between the device 
waveguide mode and the incident light source mode. 
Finally, in a waveguide doped with a chromophoric 
organic complex, absorption of both the chromop hore 
and the polymer backbone also contributes to the 
loss. The host material should not modify the com- 
plex, or at least not the inner coordination sphere of 
the luminescent ion, and not provide nonradiative de- 
activation paths, henceforth the many fluorinated pol- 
ymers and hnctionalized zeolites which have been 
tested. 

2 2  O@c light emitting diodes (OLEDS)"~' 
A landmark in the development of OLEDs is the 

finding in 1987 of the bright green emission of alumi- 
num tris(8-hydroxyquinolinate), [ A1(8-Q), 1,  in thin 
organic layrs'62'. This device has a luminance of 1000 
cd *In- '  with a driving voltage below 10 V and an ex- 
ternal quantum efficiency QEL of 1 photon per 100 
electrons injected. For these devices, the external 
quantum efficiency is defined as: 

(16) 
where q, is the fraction of emitted photons coupled 
out of the device and vr is the fraction of injected 
charge carriers that form excitons, while QIrL is the 
photoluminescence quantum yield. 

In 1999, G i l h  and Curry demonstrated that tris 
(8-hydroxyquinolinate) [ Er(8-Q), ] dis#ays a broad 
emission band at room temperature in the range of 
380 -750 nm, with a maximum at 600 nm, which is 
red-shifted by about 80 nm with respect to group Ill 

QEL = 7, x 7, x Qm. 
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(e.g., Al') quinolinates. In addition, a bright I .54 nm 
emission is seen upon excitation with an argon laser at 
457 nm the intensity of which varies linearly with the 
excitation power in the range 1 - 100 mW[h31. Pres- 
ently, electroluminescent devices can also be made of 
a single layer of a IT-conjugated polymer, such as 
poly (phenylene-vinylene), P W ,  between two elec- 
trodes'"!. 

Thin film OLEDs consist in multiple organic and/ 
or metallic l a y s  on an indium-tin oxide (ITO) covered 
glass deposited by various known methods, plasma 
depsit ion, thermal evaporation, Langmuir-Blodgett 
depsition, or spin-coating from solutions. It is impr- 
tant that the layers are chemically stable and highly 
transpent to the emitted light. A device with a triple 
active layer is sketched on Fig. 4: a voltage bias is app 
lied to the I T 0  electrodes and electrons and holes are 
injected in the electron- and hole-transport layrs by 
the cathode and anode, respectively. The voltage bias 
is not large, but since the layers are very thin (typi- 
cally a few nm thick), the electric field is in the range 
of 10' - lo7 V ' cm- ' .  Therefore, the injected charges 
migrate iiminst each other, meet and recombine in the 
emissive layer. After charge reconibination, the hole- 
transporting layer should also block the migration of 
excitons from the emitting layer, that is, it should 
have hi&er exciton energy than the emissive layer. 
Among potential materials are poly -( N-vinylcarba- 
zole) (PVK) and N,N-diphenyl-N,N-bis (3-methyl- 
pheny1)-[ 1 ,1  '-biphenyl] 4 , 4 '  diarnine (TPD). Elec- 
tron-transporting materials widely used are 2-(4-bi- 
p heny 1)-5 -(4-tert-buty Ip heny 1)-1,3,4-oxadiazole or the 
tris(8 -hy droxy quino1inate)aluminum complex. 

In OLEDs, 25% of the excitation energy leads to 
singlet states and 75% to triplet states. As a conse- 
quence, it is desirable that the luminescent centers are 
good triflet quenchers, which is the case of some tran- 

Protective layer 

Emissive layer =loo nm 
Ifole transport / i. + + + + + + 

Proieciive Anode layer BI Glass 

....................... e. transportl Cathode I 

,"........I .. 

Charee 2.5-20 v 
recombination 

Fig. 4 Scheme of an organic light emitting diode (OLED) 

sition metal ions and of lanthanide ions. Amazingly, 
egoitation of the triplet state energy was ignored until 
1998[h41 but is now a key goal in the development of 
these lighting devices. A major challenge in OLEDs is 
the design of efficient, white-emitting diodes and a re- 
cent example demonstrated the feasibility of a lantha- 
nide-based device using up -conversion to produce 
simultaneous emission of Tmm at 475 nm, Era at 525, 
550, and 675 run, as well as of Eum at 590 and 620 
nm, upon excitation at 980 nm. The device consists in 
a sol-gel derived thin film made of Ln ' -doped lantha- 
num fluoride nanoparticles (Ln = Eu, Er, Tm, Yb); the 
Ybm ions serving as Erm sensitizer'6s1. Combining 
Eum and Tb' luminescence of ternary P-dlketonate 
complexes with substrate luminescence from tetraphe- 
nyldiamine also generates white light'66'. Another ap- 
proach is the doping of2.5% of dendritic Eum diketo- 
nates such as [ Eu(TCPD),(Phen)] (Fig. 5) into 4,4'- 
N, N'-dicarbazole biphenyl (CBP ). The latter is 
known for being an excellent host for phosphorescent 
dopants in view of its hi&-energy triplet state ( =  
21000 cm- ' ) and its ambipolar charge-transporting 
ability. The resulting thin film has been inserted into 
an electroluminescent device of composition ITO/ 
NPBKBP: [ Eu(TCPD), (Phen)] /BCP/Mg:Al, where 
NPB is (N,N'-bis(1 -naphtyI)-N,N'-diphenyl-l , I  '-bi- 
phenyl4,4'-diamine) and functions as hole transport- 
er, while BCP is 2,9-dimethy14,7-diphenyI, 1 , l O -  
phenanthroline and serves as a hole blocker. External 
quantum yields around 1% are achieved with a cur- 
rent density of 50 mA acm-' at a driving voltage of 
16 VI6']. The suitability of coordination complexes of 
d- and f-transition elements as triplet emitters in 
OLEDs has recently been discussed and more infor- 
mation can be found in this comprehensive review ar- 
ticle"'. 

Fig. 5 [ Eu(TCPD), (Phen)] dendrimeric complex used for 
electroluminescent white-light emissiot~'~'' 
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3 Lanthanide Luminescence for Bio- 
medical Imaging and Sensing 

Interaction between lanthanides and biological 
tissues or organs has been studied for almost one hun- 
dred years. For instance, the inhibitory effect of lan- 
thanide ions on the beating of perfused frog hearts has 
been described in 1910 already'681. In the 1960's 
through the 1980's, attention was devoted to the fact 
that Ln' ions easily replace Ca' ions owing to their 
similar ionic radii, water exchange rates and coordina- 
tion numbers'691. Lanthanide ions were used either as 
luminescent structural probes for large biological mole- 
cules'701 or for the study of cellular calcium fluxes. In 
fact , simple lanthanide compounds mainly interact 
with cell membranes, which results in perturbations in 
the cellular transport of metal ions. This phenomenon 
and the effects of lanthanides on the cellular metabo- 
lism have been investigated in details for cardiac, nerv- 
ous, and adrenal tissues, as well as for smooth mus- 
cles, skeletal muscles, platelets, mast cells, erythro- 
cytes, leukocytes, and amphibian bladder and skin, 
among others. In parallel, extensive toxicological stud- 
ies have been undertaken[681. 

Luminescence and radioactive analyses of biologi- 
cal materials are among the most sensitive analytical 
techniques known. At the end of the 1 9 8 0 ' ~ ~  a re- 
search team in Turku (Finland) proposed to take ad- 
vantage of the long excited states of the lanthanide 
ions to develop time-resolved luminescence immuno- 
assays (TRL-IA). Because the autofluorescence of the 
samples can be avoided in this way, and because the 
overall time needed to perform one measurement is 
very short (1 - 2 ms) allowing the accumulation of 
thousands of measurements within minutes, TRL-IA 
rap idly became extremely popular. Indeed, they com- 
pete efficiently with radio-tracer methods while not 
having their drawback, that is the cumbersome e m -  
nation of radioactive wastesi7']. This fact and the 
body of works at hand on the interaction between 
lanthanides and biological materials led to the rapid 
development of analytical sensors'721 and cell imaging 
s ta in~"~ ' .  

Until recently, molecular probes for luminescence 
sensing or imaging applications were mostly based on 
heterocyclic aromatic dyes, e. g., rhodamine. These 
sensors, of which hundreds are commercially available, 
rely on fluorescence and their main advantages lie in 
large molar absorption coefficients and quantum 
yields, as well as in their being relatively easy to con- 
jugate with biomolec~les"~~. On the other hand, these 
luminescent stains are often prone to interferences 

from both the autofluorescence of the analyzed sam- 
ple and scattered light. In addition, they have short- 
lived excited states with lifetime in the nanosecond 
range, and display broad emission bands with small 
Stokes' shifts, in addition to being sensitive to photo- 
bleaching. To remedy to some of these drawbacks, au- 
thors have turned either to quantum dots or to metal 
complexes"']. Semi-conductor quantum dots"61 (e.g., 
CdSe, InN) have very large absorption coefficients 
( > lo6 M '.ern- ' ) and their emission bandwidth de- 
pends on the particle size, that is it can be tuned. 
M eta1 coordination compunds, particularly lanthanide 
complexes , have three advantages : easily recognizable, 
line-like emission spectra, long lifetimes, and relative 
insensitivity to photo-bleaching. As mentioned above, 
synthetic chemists have learned how to design ade- 
quate molecular assemblies for hosting these ions and 
also for coupling the resulting complexes to biomole- 

. In addition to luminescent immunoassays, 
two lines of research are particularly active presently, 
the search for near-infrared sensors and the design of 
luminescent stains for specific in cellulo sensing and 

cules [ 1 6 7 7  1 

imaging. 

3.1 Going into nearinfmd 
Although bioanalyses and bio-imaging have been 

the driving force of many investigations during the 
last decade, very few systems have made it up to real 
applications at least as far as NIR luminescence is 
concerned"']. There are two major apflications for 
which NIR probes are being searched for: luminescent 
immunoassays and diagposis of tumors (cell imaging). 
Since Ybm is the NIR-emitting ion having usually the 
best quantum yield, most of the biomedical applica- 
tions published to date use this ion. The incentive for 
designing NIR-emitting probes rather than visible- 
emitting ones is the fact that the former may be more 
easily excited by visible light, instead of UV-light 
which may damage biological molecules, in addition to 
biological tissues being optically transparent in the 
range 0.7 - 1 

The possibility of using Ybm luminescence for 
the diagnosis of tumors has been described in 1989 al- 
ready for porphyrinate complexes. Porphyrins have 
the ability to accumulate in cancer cells or, more gen- 
erally, in fast growing tissues, so that they are pres- 
ently being explored in a number of medical applica- 
tions ranging from cancer therapy (the best known 
application), to cardiology, ophthalmology, or derma- 

. Haemat op orp hy rins accumulate more ef- 
ficiently in malignant tumor than porphyrins and are 
therefore privileged targets for photodynamic treat- 

tology [79,801 
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ment of cancer, On the other hand, they have two 
disadvantages: (1) a high phototoxicity, which requires 
protection of patients from the action of ligfit on the 
skin, and (2) a low contrast of tumors caused by the 
masking effect of the background fluorescence. These 
disadvantages can be overcome, at least in principle, 
by tht: use of the 1 pm emission line of Ybm, since 
the luminescence of the latter is distinct from the 
emission of the ligbnd. Haematoporphyrins initially 
provided for the diagnosis of malignant tumors are 
sketched on Fig. 6‘81 .821 .  The poorly soluble Ybm 
complexes were introduced into phosphatidylcholine 
liposomes and metal ion luminescence was monitored 
from sarcoma-implanted mice. Both the central and 
peripheral regions of the tumors were imaged, as well 
as the surrounding healthy skin, which allowed the 
calculation of a contrast ratio ys from the total emis- 
sion areas S (emission from tumor) and S,(emission 
from healthy skin): 

s -  s, 
Y, = --s- (17) 

The complexes [ Yb(la)] + and [ Yb(lc)] 3- yield 
a contrast value ys = 10 * 2 ,  while the two other com- 
plexes are more efficient, with ys values equal to 19 * 
4, and 45 * 9 for [ Yb(1b)l and [ Y b ( l d ) I 3 - ,  re- 
spectively. In addition to the lower phototoxicity of 
the lanthanidoporphyrinates these contrast data com- 
pare most favorably with those obtained with por- 
phyrins alone (1 . I  - 1.2). The affinity of porphyrin 
for cancer cells increases when metalloporphyrin-albu- 
min conjugates are used and therefore, [ Yb (H, lc )  
(im),] (see Fig. 6 ,  im is imidazole) has been conjuga- 
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Haematoporphyrins used for cancer cell imaging Fig. 6 

ted, in two steps, with bovine serum albumin (BSA) 
which contains free amino groups from lysine residues 
located at its surface. The number of porphyrin mole- 
cules per protein was in the range 5.4 -6 .6 .  With re- 
spect to [ Yb ( H , l c )  (im), ] , which has a quantum 
yield of 0.6% in water at pH 9.2, the fluorescence of 
the BSA conjugate is three-fold larger[*”. 

One of the few present practical applications of 
NIR-emitting probes is the elegant technology pro- 
posed by a group from Leiden University who devel- 
oped a luminescent reporter for the sensitive detection 
of antigens in tissue sections or on cell membranes. 
The method does not rely on NIR luminescence but, 
rather, on NIR excitation followed by up-conversion. 
It consists in microcrystals (0.2 - 0.4 pm) made of 
yttrium oxysulfide, fluoride, silicate, or gallate doped 
with two different lanthanides and exhibiting strong 
emission in the visible (blue, green, and red). The mi- 
croparticles are surface-labeled with avidin or antibod- 
ies and can bind specifically to antigens on intact cells 
or in tissue sections. The phosphor microparticles ex- 
hibit visible luminescence by up-converting infrared to 
visible light. The method is termed up-converting 
phosphor technology (UPT) and has been tested on 
the prostate-specific antigen in tissue sections and the 
CD4 membrane antigen on human  lymphocyte^'^^'. 
The same technology has now been applied to a com- 
petitive homogeneous immunoassay for 17-estradiol in 
serum, using a small-molecular dye as an acceptor. 
Sensitized acceptor emission was measured at 600 nm 
under continuous laser diode excitation at 980 nm 
with lower limits of detection < 1 nmol * L - ’ .  This 
novel principle has unique advantages compared to 
present homogeneous luminescence-based methods 
and leads to attractive assay systems for clinical diag- 
nostics and high-throughput screening approaches‘”]. 

Several st rat egies have been proposed for encap - 
sulating NIR-emitting Lnm ions which have been re- 
cently reviewed by the authors1461. In our laboratory, 
the approach makes use of podands fitted with 
8-hydroxyquinoline pendant arms, for instance the 
tetrapodal lignd H, 2 (Fig. 7). The spacer bears an 
amide coupling function and its length is chosen to a- 
chieve a tight coordination around the Lnm ion, satura- 
ting its first coordination sphere. The ligand interacts 
fairly strongly with trivalent lanthanide ions in water 
yielding 1 :1 podates with pLn values in the range of 
15 - 16 (The pLn values are defined as - log,, 
[Ln], at pH 7.4 and for[ Ln],,, = M and 
[ L] tot = 10 M [*’I ). Several species are in equilibri- 
um but fortunately, the 1:l [ Ln(H,da)]’. species is 
largely dominant in the pH range 6 - 8 .  The Ndm and 
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Ybm podates are quite luminescent and hydration 
numbers calculated from lifetimes in water and deuter- 
ated water are very small, indicating a well protective 
cavity induced by the coordinated podand. Improve- 
ment in the photophysical properties is achieved by 
methylating the secondary amine groups in podand 
H,2b, which again points to the importance of high- 
energy vibrators in the second coordination sphere. 
The quantum yield obtained for Ybm is so far one of 
the largest reported for a molecular compound in 
aqueous solution, 0.37%. It is 4- and 15-fold larger 
than the quantum yields found for complexes with flu- 
o re~on[*~ '  and tropolonate'881, for instance. The overall 
luminescence efficiency of the [ Yb (H,2b)] 3- podate, 
E * Qkn, reaches 70 M ' - cm- for an excitation at 344 
nm and excitation up to 580 nm is possible. The po- 
date [ Yb (H,2b)] ' has been successfully introduced 
into a glass matrix using a two-step sol-gel method and 
thin films of this m a t e d  display even better photo- 
physical properties than the aqueous solutions, with 
an average quantum yield of 0.45%, which is encoura- 
gmg with respect to potential applications[X91. 

Following a slightly different strategy, we have 
designed a tripodal ligand, H, 3 (Fig. 7), consisting in 
a triamine anchor bearing three 8-hydroxyquinoline 
units which are tailored to behave as tridentate recep- 
tors. As for the tetrapodal ligands, highly stable and 

SO,H 

SO,H 

I-I,2a R=H SO,H 

water soluble 1:1 complexes are formed and the three 
Ndm,  Erm, and Ybm chelates display sizeable metal- 
centered NIR luminescence in aqueous solutions at 
pH 7.4, but the quantum yields are somewhat smaller 
than for the podates with ligand H,2b. On the other 
hand, cytotoxicity studies on several cell lines have 
shown the Ybm chelate to be non-toxic, opening the 
way for applications in cell sensing and/or imaging""'. 
Further improvement of the photophysical properties 
will have to go through fluorination of the ligands, or 
to the use of iminodiphosphinate "shell" ligands'9''. 

The NIR-emitting Lnm ions have the tendency to 
display relatively short excited state lifetimes (in the 
microsecond range). Although time-resolved lumines- 
cence is still feasible, longer lifetimes would lead to 
simpler instrumentation. Therefore we have also at- 
tempted to lengthen the apparent lifetimc of the emit- 
ting state by feeding it with a long-lived species such 
as Crm. The corresponding bimetallic edifice is 
sketched on Fig. 8 along with the formula of the cor- 
responding pentadentate ligand 4. Under stoichiomet- 
ric conditions, the ligand self-assembles with equiva- 
lent quantities of Crm and Ybm ions to yield a stable 
triple-stranded helicate in which the two metal ions 
are separated by 0.93 nm. Excitation of the Crm ion 
through the ligand states results in a directional energy 
transfer populating the Yb' (2 F,, ) level which emits 

H,2b R=Me 
Er, 3 

Fig. 7 Tetra- and tri-podal liginds fitted with 8-hydroxyquinoline sensitizing groups 

'"i 4 

Fig. 8 Ditopic pentadentate l i p d  for self assembly of 3 d 4 f  edifices (left) and structure and photophysical parameters of Crm -Ybm 
complex (right) 
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its characteristic light with an apparent lifetime equal 
to that of the Cr('E) level (2 ms at 10 K). The yield 
of the directional transfer amounts to 45% for Ybm 
while it is much larger for Ndm, 87% '92,931. 

3.2 In cellulo sensing and imaging 
In view of the large success sustained by time- 

rcsolvcd luminescent immunoassays'", 941 and DNA 
labellingrYS1, a logical expansion is to try to use similar 
lanthanide-tagged labels for in celZuZo analyses and cell 
imaging. While in vitro experiments are easily feasible, 
in vh,o analyses may be more difficult to implement, 
unless near-IR emitting probes are used (see above 
scction) or convenient two-photon excitation of Eum 
and Tbm p r ~ b e s ' ~ ' ' ~ ~ '  can be achieved. These aspects 
start to be investigated and published results to date 
are encouraging. 

To our knowledge, the first experiments of stai- 
ning cells with lanthanide complexes date back to 1969 
when Scaff W L et al. treated bacterial smears (E. Coli 
cell walls) with aqueous ethanolic solutions of europi- 
um thenoyltrifluoroacetonate (tta) 1 mM and observed 
the red emission of Eum under mercury lamp excita- 
tion at 365 In another earlier work, clinically 
relevant concentrations of adriamycin were found to 
quench Tb"' luminescence from GH31B6 pituitary 
tumor cells incubated with 50 FM terbium chloride. 
Comparison with the quenching by cis-platin sugges- 
ted that, in the plasma membrane of tumorigenic cells, 
adriamycin and cisplatin receptor sites are associated 
with the same calcium-binding protein[991. The useful- 
ness of lanthanide probes for eliminating the autofluo- 
rescence background by time-resolved detection was 
demonstrated with a Tb' conjugte, formed from a di- 
et hy lenetriaminep ent aacet ate (dtpa) chelate sequential- 
ly reacted with 4-aminosalicylate and dioleoylphos- 
phatidylethanolamine. This probe has been used suc- 
cessfully as a membrane-staining agent for morpholog- 
ical studies of 3T3 cultured cells[1001. Thermal irnagtng 
is also feasible. For instance, metabolic heat signals 
generated by lignd-receptor interactions in Chinese 
hamster ovary (CHO) cells have been evidenced with 
a europium thenoyltrifluoroacetonate sensor, the 
phosphorescence of which decreases with increasing 
temperature. Heat wave could be recorded and fol- 
lowed at about 1 s intervalsL101J. 

The group of Bornhop D J has come up with an 
extensive work based on l i w d  H,5 (Fig. 9), the Tbm 
complex of which has superior properties for use as 
an abnormal tissue marker. The chelate has low toxici- 
ty, attractive luminescent properties, rapid pharmoki- 
netics , and relatively high water solubility . It can be 

[18,731 
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Fig. 9 Ligmds used for cell imaging 

quantified at the picomolar level in tissues and shows 
significant difference in affrnity for adenocarcinoma 
cells HT-29 versus normal epithelial cells (1EC-6), or 
for the imaging of C6 glioblastoma (brain cancer) cells 
over-expressed with respect to their peripheral benzo- 
diazep ine receptors 

In cellulo sensing is crucial to many biological 
studies, including unraveling the mechanism of cell ap - 
optosis. Nagano T and collaborators have derivatized 
diethylenetriamine-pentaaceticacid ( dtpa ) bisamide 
with a zinc binding unit, N,N,N',N'-tetrakis(2-pyri- 
dylmethy1)ethylenediamine (TPEN) and have shown 
the Tb' luminescence of the resulting chelate showing 
a remarkable increase upon addition of Zn" in HEPES 
buffer"051, The Eum complex with dtpa monoamide 
monosubstituted with 2-N, N-bis (2-pyridylmethy1)- 
aminomethylquinolin (H,6, see Fig. 9 )  also display 
tunable luminescence with high selectivity for Zn" and 
its usefulness for monitoring zinc concentration chan- 
ges in human cervical adenocarcinoma (HeLa) cells has 
been demonstrated"061. A leader in the field is Dur- 
ham-based David Parker's group who has proposed 
an extensive series of luminescent lanthanide chelates 
with derivatized cyclens, both as responsive sensors 

and for pH, PO, and selective anions analysis 
as stains for cell imaging7']. Several of the latter in 
cellulo probes have quantum yields in the range 5% - 
10% in water and can be excited at the beginning of 

[ 102 - 1041 
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the visible range ( > 340 nm). An example is the bi- 
functional anionic coinplcx 1 Eu(7) 1 ' -  (Fig. 9 )  in 
which the azathiaxanthone acts as chromophoric an- 
tenna while the sulfonamide substituent binds the 
metal in a pf I-dependent manner, being coordinated at 
high pH and unbound at low pH. In the latter case, 
thc free coordination position is occupied by a water 
molecule which partly qiienches the Eu lumincs- 
cence. Mouse skin fibroblasts NIH-3T3 cclls uptakc 
thc coinplcx which localizes in the nucleolus, allowing 
its staining I o x ' .  

Recently, an elegmt method has been proposed 
for thc dctcction of singlct oxygcn based on a europi- 
um coinplcx with a tcrpyridinc fittcd with four car- 
boxylic acid groups and a methyl-9-anthryl chromo- 
phoric nntcnna. Rcaction with ' A  0, results in the 
rapid formation ( k  = 1 x 10"' M ' s ' of an en- 
dopcroxidc accompanicd by a largc increase in thc 
quantum yicld. Thc watcr-solublc probe is casily 
transfcrablc into HcLa cclls by incubation with tctra- 
met hy Ip y ridinioporp hy rine tetra ( p -toluenesulfonate) 
and time-dependent generation of singlet oxygcn into 
the cells can bc tnonitorcd in timc-rcsolvcd inodc'"'''' . 

I n  our gro~ip, wc have hccn desigiing ditopic 
hexadentatc ligands which self-asscmblc with lantha- 
nidc ions to yield homo- or hetcro-bimetallic helicates 

with 2:3 Ln:L stoichioinctry'ss.5b1, with thc ultimatc 
goal of synthesizing hi-functional luminescent 
probes'"" ' .  For instance, unsubstituted lipnd H , 8  
(Fig. 9)  leads to highly stablc cdificcs in water (lob$?3 
=26 for Eu) with a quantum yield of25%('Thc rc- 

ported value of 1.3% is in gross error and has bccti 
rc-dctcrmincd recently in the authors' lahoratorics by 
two independent experimental tcchniqucsi " I '  ). To cn- 
hancc solubility of thc neutral hclicatcs and, possibly 
to ease their uptakc in biological cclls, a polyoxycth- 
ylenc arm has been grafted on the 4 position of the 
pyridine moieties H,9. Similarly to H,8, this new lig- 
and yields stable helicates (logPz3 in the rangc of 26 - 
30) and good sensitization of Eu"' luminescence is rc- 
fleeted in a quantum yicld amounting to 18% at 
physiological pH and a lifetime of thc 5D,, level of 2.4 
ms. The helicate permeates readily into HeLa cells and 
stains their cytoplasm in a concentration-dependen1 
manner (Fig. 10). Excitation up to 405 nm (a wave- 
length routinely cniploycd in confocal microscopy) is 
fcasiblc and thc coinplcx displays no cytotoxicity up 
to a conccntration of 500 p , ~  ' I " ' .  TIIC Iignd also 
sensitizes other Ln" ions, which opens the way for 
the development of a wide series of cell markers. 

Fig. 10 Staining of Hela cclls with[. Eu2(9), 1 .  Thc cclls were incubated in the presence of different concentrations o f  the complex in 
l<I'M1-1640 for 6 h at 37 ' Y : ,  Thc irnagcs wcrc takcn using a Zeiss I S M  SO0 MFTA confocal microscope (objective: Plan- 
Apochroinat, 6311 3 0  oil ; Eu"' luininescence excited at 405 nm and detected after filtration with an LP 505 fillcr). Scalc bar: 
17 kin. 
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4 Conclusion 
In this short overview of selected current trends 

in lanthanide luminescence, we have tried to exemplify 
the new possibilities offered by lanthanides in fields 
as far apart as materials science and medical diagnosis. 
There are numerous themes which have not been 
evoked here, luminescent thermotropic liquid crys- 
tals[ll? 114 , IC l  , ion~gels" '~ ' ,  nanomaterials"'6J, nano- 
capsules""], long-persistence phosphors""], or non- 
linear optical proper tie^"'^], for instance. AS far as 
biological analyses and medical diagnosis are con- 
cerned, designing systems allowing multiphoton exci- 
tation (particularly two-photon absorption) and pre- 
venting de-activation processes are the main challen- 
ges prcsently. The wide choice of luminescence prop- 
erties displayed by lanthanide ions, as well as the 
well-mastered introduction of these ions into a wealth 
of different molecular and extended structures such as 

and microp orous materi- coordination polymers 
, is a fantastic playground for scientists and en- 

gineers. The lanthanides will be key elements in help- 
ing scientists to meet all the future technological chal- 
lenges, including solving the energy problem. They 
will also boost our capability to monitor biological 
processes essential to life and help physicians curing 
major diseases such as cancer. We hope that this re- 
view will encourage young investigators to join the 
growing community who is already exploiting the f a -  
cinating properties of lanthanides for offering a better 
living to the inhabitants of planet earth. 
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