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Abstract

This paper is devoted to photophysical studies of selected lanthanide compounds defining their applicability. The photophysical be
three classes of compounds will be discussed: (1) lanthanide complexes with amino acids, their phosphonic analogues and peptides, (
chelates as efficient luminophores, and (3) new kinds of compound applicable in biomedical assays. The majority of the results repo
have been obtained for solutions, applying lanthanide ions as a spectroscopic probes in biologically active systems. Thus, our effort is ao
solid-state spectroscopic and structural investigations. On the other hand advances in the development of efficient luminophores basedr
light conversion in lanthanide chelates are presented—mainly the results of our group. Attention has been focused on: the radiative and nve
processes, the mechanism of the intramolecular energy transfer, the role of the charge–transfer states in this process, the electron–phong,
including the resonance effect, the multi-ion cooperative interactions, and dynamics of the excited states in chiral systems—the phenomeing
the luminescenscence efficiency. High resolution electron spectroscopy at low temperatures has been particularly useful in determinin
symmetry and the number of the sites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Interest in the photophysical properties of lanthanide com-
pounds has been observed for many years because of the pos-
sibility of their application in many different fields. Recently,
the range of the applications has become wider—from quan-
tum cutting materials to fluoroimmunoassays techniques[1–9].
Most of these applications are based on the optical proper-
ties of the lanthanide compounds, mainly efficient emission

� We apologize to the authors whose papers have been unintentionally omitted
in this report. The X-ray data which were discussed in detail in a review by
Kramer et al.[53] are not covered in this article.
∗ Corresponding author. Tel.: +48 71 3757300; fax: +48 71 3282348.

E-mail address: jl@wchuwr.chem.uni.wroc.pl (J. Legendziewicz).

in the UV to IR regions. The synthesis and developmen
new efficient phosphors and design of the best condition
appropriate applications become a challenge for scientis
the field of luminescence materials. Such applications of
thanide ions and complexes as spectroscopic structural p
in biologically important systems[10–18], in chiral recognition
of biological substrates[12], in selective hydrolysis of DNA
and RNA [19,20], in time-resolved microscopy[8], as scav
engers of free radicals[13], as solid-state materials[4,21–23],
in luminescent lighting devices[4,21,24,25], in luminescence
sensors[26–28]or electroluminescent devices[4,24,25,29–31
are increasingly important. Moreover, in the last decade
thanides were used in studies of the mechanisms of se
biological processes; energy and electron transfer, perfor
of cell membranes[13,32], apoptosis induction[13,34], and use
in medicine, in radioimmunotherapy[33], magnetic resonanc

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.06.021
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imaging[34] and others[4,12,13,33,34]. In these applications
knowledge concerning the structure and spectroscopy of well-
defined single crystals of the complexes is crucially important
for understanding the mechanisms of interactions, function of
the complexes, transport and biological activity.

In order to gain deep insight into the factors affecting
the relevant optical properties of lanthanide compounds (effi-
ciency of emission, quantum yields, photo-, thermo- and ther-
modynamic stabilities and other aspects of the luminescence
sensitisation—critically important for applications) we have
undertaken directed studies of selected lanthanide compounds
important for electroluminescence devices, biomedical assays
and employing lanthanide ions as structural probes in studies of
biologically related systems.

The review will be divided into three sections. In the first,
the state-of-art of lanthanide ions interactions with biologically
active ligands will bebriefly described and on this platform
our achievements will be presented. The second section will
be devoted to highly emitting luminophores, chelates, which
can find applications in electroluminescence devices and sen-
sors. The last section contains a review of the latest theoretical
and experimental results on the photophysical characteristics
new class of lanthanide complexes applicable in biomedical
assays.

2. Lanthanide ion interactions with amino acids,
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could be transferred more efficiently in complexes containing
racemic ligands than with chirally resolved ligands.

In our studies on monocrystals of lanthanide polynuclear
complexes and dimers we have proven that the energy trans-
fer rate (from Tb(III) to Eu(III)) is different in the racemic and
the resolved systems with glutamic acid, and transfer is more
effective for thel-form thandl [18,45], and is in accordance
with the theoretical model developed by Strek and co-worker
[46] predicting more efficient transfer in the resolved systems.
A similar trend for the energy transfer has been observed from
the relative intensities of the5D4→ 7F3/5D0→ 7F2 transitions
in thel anddl; Tb–Eu glutamic acid monocrystals.

Recently, different aspects of chirality were investigated by
Parker et al. and Riehl[14,36,49,50]. Chiroptical spectroscopic
studies of the interaction of the enantiopure lanthanide (Eu,Yb)
complexes with self-complementary dodecamer oligonu-
cleotides points at the distinctive selectivity in the binding
affinity. The differences were dependent upon the nature of the
oligonucleotide and lanthanide, e.g. Eu versus Yb[49]. Impor-
tant results were obtained by Dickins et al.[30] in structural and
NMR investigations of the ternary adducts of�-amino acids and
selected dipeptides with chiral diaqua–ytterbium complexes.
The �-amino acids bind in a bidentate manner displacing
both of the water molecules with the amine nitrogen and the
carboxylate oxygen. Peptides behave in an analogous manner.

X-ray analyses have evidently proven the coordination of
L ids.
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The ability of certain trivalent lanthanide ions to display lu
escence renders them attractive as substitutional probe

or studies of Ca(II) binding proteins and other biologic
nteresting systems because lanthanide ions are recogni
eing similar to divalent alkaline earth ions. Since the calc

ons are bound in proteins by aspartate and glutamate res
o studies of lanthanide ion interactions with amino acids
eptides is essential to understand more complicated sy

4,10,15–18,31,35,36]. The Eu(III) and Nd(III) ions are partic
larly useful in this regard.

The laser excitation spectra of Eu(III) ion have proven v
ble in providing a variety of information, including the num
f coordinated water molecules[37], estimation of the tota
harge on the ligand atoms in the first coordination sp
38], point symmetry determination and the number of m
ites[18,31,35,38–42], the chirality effect in the energy tran
er [18,43–46], chiroptical spectroscopy, chiral probes[26], the
oordination modes of amino acids and peptides under
erent conditions[47,48]. The majority of the studies ha
een devoted to solutions. In this regard the studies of
ocks[10,17,37], Richardson[16] Nieober[15], Brittain[43,44],
arnall and Sherry[47,48], Dickins and Parker[14,36,49],
iehl [50] and others[18,35,31] are very important an
ioneering.

The first example of stereoselectivity involving lanthan
omplexes was discovered by Brittain[43,44], in solutions o
spartic acid. The chirality effect in the Tb–Eu energy tran
ecomes important when polynuclear complexes are forme
tatic mechanism for this process was proposed. The e
s

as

s,

s

-

-
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n(III) ions by N and (carboxyl) oxygen atoms of amino ac
owever, these unexpected results were obtained in uniqu
itions, e.g. for a Ln(III) chelate with almost saturated coord

ion by a strong chelate ligand, with significant steric hindra
nd with almost no possibility to create bonding by two m

ons with the same amino acids or peptide molecules[30].
In an attempt to describe the factors affecting the stru

f the lanthanide complexes with amino acids, their phos
ic analogues and peptides, in the solid state, we have
-ray diffraction and various spectroscopic techniques in a

ange of temperatures from 4 to 300 K, with special emph
n the detection of the chirality influence on structure, and t
nd dimensionality of polymers and dimers. To our knowle

he photophysics of these single crystals are the only rep
ata. The intensity analysis of the f–f transitions based o
tatic model of the Judd theory[51] and the Richardson[52]
ynamic model and splitting of the levels can be related to
ymmetry of the metal centre and the character of the b
ng in the complexes. The cooperative interaction betwee

etal ions in the polynuclear polymeric and dimeric syst
anifest in the single crystal spectra and the electron–ph

oupling in the electronic transitions obeying the selection
�J|= 2, including resonance effects, have been investig
n high resolution absorption, emission and excitation spe
hese spectroscopic phenomena can be directly related to
tructure.

The recent review by Kremer et al.[53] reports the avai
ble structures of lanthanide complexes including our re
see Table 1 of[53]). The authors characterised Ln(III) co
lexes with amino acids and peptides including mixed
nds and heteronuclear compounds, investigated main
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Table 1
Selected crystallographic data for lanthanide complexes with amino acids

Formula Site no. Space group CN Form of polymer References

1. [Eu2(l-�-Ala)4·(H2O)8] (ClO4)6 Nd, Eu, Ho isomorphic 2 P1 8 Dimer [18,31,39]
2. [Eu2(dl-�-Ala)4·(H2O)8] (ClO4)6 Nd, Eu, Ho isomorphic 1 C2/c 8 Dimer [18,31,39]
3. [Ln2(l-Glu)2·(H2O)8] (ClO4)4·H2O Ln = Ho, Dy isomorphic with Eu, Nd 4 P21 9 Polymer [18,31,62,63]
4. [Ln2(dl-Glu)2·(H2O)8] (ClO4)4·H2O Ln = Ho, Dy isomorphic with Eu, Nd 2 P21/c 9 Polymer [18,31,62,63]
5. [Ln(l-Ile)2·(H2O)4]2 (ClO4)6 Ln = Pr, Nd, Eu 2 C2 8 Dimer [31,41,42]
6. [Ln(dl-Ile)2·(H2O)4]2 (ClO4)6 Ln = Pr, Nd, Eu 1 P 1̄ 8 Dimer [31,41,42]
7. [Eu(l-�-C3H8N2O2)·(H2O)6]2 (ClO4)6 2 P21/n 9 Dimer [31,70,71]
8. [Eu(dl-�-C3H8N2O2)·(H2O)6]2 (ClO4)6 1 P1 9 Dimer [31,70,71]
9. [Eu2(l-proH)4 (H2O)8] (ClO4)6·H2O 2 P4212 8 Dimer [56]
10. [Eu(l-proH)3 (H2O)3] (ClO4)3 2 P1 8 Polymer [56]
11. Nd(Gly-Gly)2(ClO4)3·4H2O isomorphic with Eu 1 P21 9 Polymer [18,40,61]
12. Eu2(HO3PCH2NH2CH2COO)2·(H2O)8 (ClO4)4 2 P21/c 8, 9 Two-dimensional polymer [31,69]
13.{Lu(PO3HCH2CH2NH3)3(ClO4)3

.3D2O}n 1 P21/a 6 Polymer [72]

Zheng and Staples[54,55]. The review collected available sta-
bility constants, thermodynamic and equilibrium data. Thus,
Table 1of our paper displays X-ray data only for compounds
with unusual structures for which spectroscopic studies of the
monocrystals yielded discoveries of unexpected spectroscopic
phenomena.

Generally, from the five different coordination modes of
carboxyl groups known, only three types have been found in
complexes of lanthanides with amino acids:

The last type is very rarely represented in lanthanide car-
boxylates, but has been observed in Ln(III) complexes with
proline[18,56–58]. The spectroscopic data usually confirm the
lanthanide ion point symmetry as determined by X-ray analy-
ses (Table 1), although the dynamics of the solids can lead to
transformation of the structures at low temperatures[35,56,59].
The single crystal spectra of the europium complex withdl-
alaninehydroxamic acids (seeFig. 1) reveal that at 293 K this
structure has one metal site, and at 80 K it transforms to a struc-
ture with two different metal sites.

The composition of the complexes (Ln/L ratio) may influence
t xes
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the triclinic structure as observed for many other lanthanide sys-
tems (see Fig. 2 in[56]) [56–61].

Full spectroscopic characteristics have been obtained for
these two kinds of compound, based on the absorption, emission
and emission excitation spectra at 300 and 4 K. The differences
in the structures are manifest in the splitting of the levels (Figs.
3–5 in [56]. The intensity analysis of the f–f transitions con-
firms the lower symmetry of the Eu(III) ion in the crystalII.
The 7F0→ 5D2 transition intensities are:P = 4.9 I and 8.4II
[56]. A similar relationshipship has also been observed for the
relative intensities of the5D0→ 7F2/5D0→ 7F1 transitions (R)
in the emission. The estimatedR values for the compoundsI and
II are 1.79 and 2.14, respectively. Furthermore, a phase transi-
tion in the range of 70–4 K has been detected for the crystal
I, from analysis of the intensity changes with temperature and
splitting of the7FJ levels.

In fact, the changes of complex stoichiometry not only influ-
ence the mode of polymer formation in the crystal structure but
also the coordination mode of the carboxyl group (seeFig. 2a
and b). The change of the ionic radius affects the coordination
of the lanthanide ions as already described for the Ln(III) com-
plexes with proline. In the structure of the larger Pr(III) ion
complexes with glutamic and aspartic acids the perchlorate ions
are involved in coordination[18,31,62–64].

The first type of coordination of the carboxyl group usually
forces CN = 8, but combination of coordination types I and II
u

xes
i
s
c
c arly
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(
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t for-
m 2 in
[

s of
t

he mode of polymer formation in the two types of the comple
ith proline: [Ln(L-proH)2 (H2O)5]Cl3 (a) and [Nd(L-proH)3

H2O)2] (ClO4)3 (b) [18,56–58],Fig. 2demonstrates these kin
f the polymers. A similar effect has been observed for the s

ure of monocrystals withl-�-alanine where dimers and line
olymers are formed for the 1:2 and 1:1-Ln/L ratios, respect

59,60].
The changes in the ionic radii of the lanthanide ions can i

nce the structure of complexes. Eu(III), near the middle o
anthanide series, simultaneously forms (under the same
itions) two complexes with M/l-proline ratios of 1:3I and
:2 II [56]. The first-with unexpectedly high tetragonal cr

allographic symmetry (previously unknown for the lanthan
mino acids systems – see Fig. 1 in[56]) and the second – wi
-

-

sually leads to CN = 9.
Another factor, which affects the structure of the comple

s the number of carboxyl groups in the amino acids.Fig. 3
hows the structure of the [Ho2 (l-Glu)2 (H2O)8] (ClO4)4·H2O
rystal where different coordination modes of the� and �
arboxyl groups of the glutamic acid molecules are cle
emonstrated[35,65]. A quite different structure occurs for [H
Asp) (H2O)5] Cl2·H2O, although the differences in the� and
carboxyl groups bonding mode are still present. In fact,

he �-carboxylate acts as a monodentate and allows the
ation of infinite chains, see Figs. 1 and 3 and Table

64].
The chirality of the amino acids influences the structure

he complexes and further the energy transfer Tb(III)→Eu(III).
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Fig. 1. (a) Crystal structure of the [Eu(dl-�-Alaha)·(H2O)6]2 (ClO4)6; space groupP21/n; the non-centrosymmetric dimer is formed in the complex withl-�-
alanine-hydroxamic acid[35,69]. (b) Temperature dependence of the7F0→ 5D0 and7F0→ 5D2 transitions in the spectra of [Eu(dl-�-Alaha)(H2O)6]2(ClO4)6

crystal, The structural transformation between 80 K→60 K→4 K. Adapted from[31,70].

This phenomenon was discovered in thel- anddl-amino and
aminohydroxamic acids complexes[39,41,42,45].

Table 1displays the X-ray data for eight complexes as do
Table 4 in[18] and Table 1 in[31]. The X-ray analysis shows,
for the first time, the chiral effect in the crystal structures,
reflected by the symmetry of the dimer units and bonds lengths
[18,31,39,41,42,66–69]. The replacement of thel form of an
amino acid by thedl one converts the noncentrosymmetric

dimer unit of the or type to the cen-
trosymmetric one of the same kind. In other words, in the former
case, the two lanthanide ions in the dimeric unit are nonequiv-
alent, but in the latter case they are equivalent and behave as a
single site (Figs. 4 and 5and 1–8 inTable 1) [18,39,41,42,68].
Consequently, through this transformation the effective number
of sites is reduced by a factor of two. This effect is well reflected
in the spectroscopic data.

The absorption spectra of the neodymium single crystal with
l anddl alanine at 5 K and europium luminescence spectra are
plotted inFigs. 5a and b, and 6a and b. The splitting of the2S+1LJ
levels excellently detects two equivalent and two nonequiva-
lent metal sites in the dimer units. The number of the sites is
clearly shown mainly in the4I9/2→ 2P1/2; 4F3/2 transitions, the
one site in the spectrum (b) and the two sites in spectrum (a)
(Fig. 5). Absorption and luminescence spectroscopy at low tem-

perature are the only methods sensitive enough to detect such
subtle structural changes. Broadening of the lines can be caused
by double excitation in the centrosymmetric dimer (Fig. 5b).
The double excitation could go as follows: at 5 K the electronic
excitation4I9/2→ 2S+1LJ of one Nd(III) ion is coupled to the
4I9/2(0)→ 4I9/2 (i) (i = 1–5) of the second Nd(III) ion in the dimer
[35,39]. The same mechanism of cooperative transitions takes
place in the single crystal spectra of [Ln2 (Ile)4 (H2O)8] (ClO4)6
(where Ln = Pr, Nd) complexes with iso-leucine[35,41,42]).
The carboxylic bridges offer efficient molecular pathways for
the exchange interactions and are active for the double excita-
tions. The cooperative interactions usually occur in polymeric
and dimeric structures.

The effect of chirality has also been observed for the absorp-
tion and luminescence single crystal spectra of thel anddl-
glutamic acid complexes[18].

There are four sites of Nd(III) in the structure of the complex
with thel-handed acid, so four components of the4I9/2→ 2P1/2
transition and two bands (each split into four components) of
the2F3/2 state are observed at 5 K (seeFig. 7).

In the racemic crystal a reduction of the number of metal sites
has been observed (see Fig. 6[35]).

Applying the Judd theory for intensity calculations of the f–f
transitions, carried out for the first time for the three orientations
of the crystals, in the spectra of the neodymium and holmium
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Fig. 2. (a) and (b) Different ways of the polymers formation in the structures of [Ho(L-proH)2 (H2O)5] Cl3 and [Nd(L-proH)3 (H2O)2] (ClO4)3 monocrystals,
adapted from (a)[18,57]and (b)[18,56,58].

complexes with glycine, alanine and glutamic acid, revealed the
intensity increase for the system with glutamic acid—see tables
in [66,67]. This may be due to a contribution of covalency since
the symmetry of the metal ions (C2v) was the same in all the
compounds[39,41,63,66,67,73].

In the neodymium crystals the emission is mainly quenched
by the cross-relaxation whereas the multiphonon relaxation is
less efficient[18,35,40].

The non-radiative luminescence quenching of the Dy(III)
emission in the aminoacid systems[60] and the Pr(III) as well
as Eu(III) emission quenching by Cu(II) ion in a simple car-
boxylate[74] have been examined. This phenomenon observed
in heteronuclear systems can be crucially important for determi-
nation of the metal sites in the copper binding proteins. Using
the Eu(III) ion as a spectroscopic probe, its emission can be
quenched by Cu(II) if located close enough to the Eu(III) ion;
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Fig. 3. Coordination of the crystalographically independent pair of the [Ho2(l-Glu)2·(H2O)8](ClO4)4·H2O crystal, adapted from (b)[18,63]. (a) The two different
coordination modes of the� and� carboxyl groups of thel-glutamic acid.

Fig. 4. Perspective view of the coordination around the pair of trivalent europium
ions; in non-centrosymmetric dimer formed in the lattice of the [Eu2(l-�-
Ala)4·(H2O)8] (ClO4)6 crystal, adapted from[18,39].

the loss of signal provides useful information about the location
of metal sites in the protein. Moreover, this can be applied in
studies of the photophysical behaviour of the green and yellow
fluorescent proteins and the processes in which they are involved
in [75].

More complex chains are formed in compounds with phos-
phonic analoques of amino acids[69,71]. Fig. 8 presents the
architecture of the two-dimensional polymeric structure of the
europium complex with phosphono-methylglycine (EuPMG) in
which the oxygen atoms of the perchlorate anions are engaged
in metal ion coordination in addition to the PMG groups. The
two types of centrosymmetric dimeric units are formed by the
carboxyl and phosphonic groups.

The electronic spectra also confirm the complex structure.
The 5D0→ 7F0 transition shows two metal ion sites, and the
shift of the 5D0→ 7F0 emission lines can be treated as the
nephelauxetic effect caused by carboxyl and phosphonic group
coordination. Vibronic components in the transitions obeying
the selection rule|�J|= 2 were observed and assigned. The
modes, which promote the vibronic transitions are mainly asso-
ciated with those groups which are coordinated to the metal ion
[35,60,69]. This fact is important for studies of metal ion bond-
ing in biological systems. The results are in good agreement
with the theory of vibronic transition probabilities, discussed by
Blasse et al. and described as follows[76]:

Pν = ν(g+ nαR−3)
2
Ξ2

(1,2)〈J‖U(2)‖J ′〉2[1/(2J + 1)]

×〈0‖T (1)‖p〉2 (1)

where Pν is the oscillator strength of the vibronic transition
involved at frequencyν, n the number of the ligands around
the metal ion (M),g andα are, respectively, the charge and the
polarizability of the ligand andR is the M-ligand distance. The
factorΞ(1,2) has been defined by Judd[51], and is related to the
opposite-parity configuration mixing; andJ andJ′ are quantum
numbers for the initial and final electronic states.〈‖U(2)‖〉 is the
matrix element of the reduced tensor operator, and〈‖T(1)‖〉 is
the matrix element of the operator connecting the (0) and (p)
vibrational states.

r the
s ronic

Fig. 5. Absorption spectra of the [Nd2(l-�-Ala)4·(H2O)8]2 (ClO4)6 (a) and [Nd2(DL in
the spectrum (a) point at two nonequivalent metal sites in the dimer, adapted f[3
The last terms in this relationship remains the same fo
ystem under consideration. Thus, the intensities of the vib

-�-Ala)4·(H2O)8]2 (ClO4)6 (b) crystals at 5 K. Dublet structure of the band
rom1,39].
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Fig. 6. Luminescence spectra of the Eu2(Glu)2(ClO4)4·9H2O at 5 K (I –dl-Glu, II – l-Glu), adapted from[31].

components correspond to the strength of the metal-ligand bond-
ing and the ligand charge and polarizability.

Fig. 9a displays the chain built of the centrosymmetric
dimers in the structure of the Nd(Gly-Gly)2(ClO4)3·4H2O crys-
tal [18,61]. The Nd(III) ion is nine-fold oxygen coordinated.
Both carboxyl and carbonyl groups of glycylglycine (I) are
involved in the metal ion coordination, thus forming the chelate
rings, which stabilize the crystal structure. There are two types of

F
S en-
t

glycylglycine molecules in the structure. The second one binds
the lanthanide ions by a simple carboxyl bridge, while the car-
bonyl group links other lanthanide ions. The type of lanthanide
coordination in the dipeptide is the same as for glycine[31,67].

The linear polymer in the second dipeptide; Ho (Gly-l-
Tyr)Cl3·6H2O lattice is arranged in the same manner as in the
[NdCl3(H2O)3 (�-AlaH)] crystal (b) forced by chloride ions
[68]. The carboxyl bridges of type I link the metal ions and
tyrosine rings are placed on one side of the polymeric chain as
shown inFig. 9b [77]. Only one site of the metal ion exists in the
structure. In the holmium peptide coordination of the metal is
not the same as in the glycine complex. Thus, it is not a simple
rule (as we have expected) that the coordination of particular
amino acid residues of the peptide will be the same as in the
amino acids complexes[18,31,61,67,77].

The laser-excited luminescence spectra of the Eu(III)
monocrystals with glycyl-glycine correlate well with the X-
ray data. The symmetry of the metal ion was established from
the high resolution spectra at 77 K, as shown below inFig. 10
[18,77].

Investigation of the absorption spectra at 300 and 4 K allows
detection of the number of sites (based on2P1/2 Kramers doublet
state of Nd(III)) seeFigs. 5 and 7. These results find confirmation
in the laser selectively excited luminescence spectra of Nd(III)
and Eu(III). The symmetry of the Ln(III) ions was determined as
shown in the spectrum inFig. 10 [18,39–42,56,58,61]. From the
l pectra
t tates
o

d in
T shed
[

(II)
i he
ig. 7. Absorption spectrum of the [Nd2(l-Glu)2·(H2O)8] (ClO4)4·H2O at 5 K.
plitting of the4F3/2 and2P1/2 states indicate for four metal sites in nonc

rosymmetric dimeric units in the polymer, adapted from[31].
ow temperature luminescence spectra and absorption s
he energy levels diagram for the ground and first excited s
f Nd(III) ion could be proposed (Fig. 11).

The luminescence spectra of the monocrystals liste
able 1 and those of other complexes have been publi
18,31,35,39–42,56,68,69].

The isomorphous replacement of the Ca(II) and/or Mg
ons by Ln(III) ions provides the promise of exploiting t
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Fig. 8. (a) Emission spectra of the Eu2(HO3PCH2NH2CH2COO)2(H2O)8(ClO4)4 at 77 K, insert shows excitation spectrum of the Eu2(HO3PCH2NH2

CH2COO)2(H2O)8(ClO4)4 at 77 K with vibronic components. (b) SHELXTL (XP) drawing of the [Eu2(HO3PCH2NH2CH2CO2)2(H2O)7(ClO4)] (ClO4)3 H2O
structure, showing the two dimeric subunits. The polymer layer is parallel to the (1 0 2) plane.

rich and varied spectroscopic properties of the Ln(III) ions for
obtaining information on the structural aspects of Ca(II) and
Mg(II) biochemistry. Our detailed studies have proved different
coordination of lanthanide and alkali metal by organic ligands
in complexes with glycine (compare Fig. 2 in[78] and Fig.
3 in [67] for Ca(II) and Nd(III) ions, respectively), glutamic
acid (Fig. 4 in[79] and Fig. 3) and peptides (Fig. 1 in[80]
andFig. 9). In the first case, the calcium atom is coordinated
by seven oxygen atoms—five from the glycine molecules and
two from the water molecules, forming a distorted pentagonal
bipyramid. In the Nd(III) compound the carboxyl groups are
bidentate and tridentate and form linear polymer chains in the
structure.

The differences observed for the calcium and lanthanide
structures with glutamic acid are much more significant. The
calcium ions are coordinated to six oxygen atoms; five come
from the carboxyl groups and one from a water molecule.

In both monocrystals with peptides, the Ca and Ln ions are
bonded by the carboxyl and carbonyl groups oxygen atoms.
However, the coordination number is different. Although in both
compounds similar carboxyl bridges of the type (II) bind two dif-
ferent metal ions, addition of the two type (I) bridges strengthens
the bonding between the two lanthanide ions. Such behaviour
can influence the rate of the exchange of lanthanide ions in the
peptide and can lead to differences in the exchange rate for the

Ca(II) and Ln(III) ions. How such changes influence the function
of the peptides and proteins in biological systems, is difficult
to say. We have also found an isomorphic substitution of cal-
cium by lanthanide ions in case of ciliatine (Table 1) and some
dipeptides[17,77,72,81].

3. Ln(III) �-diketonates of NaLn�4 and Ln�3L types

The development of efficient organic light emitting diodes
(OLEDs)[82] and polymer light emitting diodes (PLEDs)[83]
has lead to new possibilities for a low cost, compact dis-
play technology. However, the broad emission observed from
most organic molecules (due to the vibrational broadening)
makes the spectroscopic purity required for red, green, blue dis-
plays difficult to achieve. The use of rare earth ions-containing
organic molecules is, however, a possible route to obtaining
such emission with a theoretical upper limit of inner quan-
tum efficiency near 100% and has renewed interest in these
molecules. Using an appropriate organolanthanide complex for
the emission layer one can achieve electroluminescence (EL)
covering the spectrum from blue to infra-red[29,84,85]. OLEDs
with molecules incorporating Eu(III) emit red[86,87], Sm(III)
red-orange[88–91], Tb(III) green [87,92,93] and Tm(III)
blue light [94]. OLEDs incorporating Nd(III)[95–98], Yb(III)
[95,96] and Er(III) [98,99] have recently been demonstrated
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Fig. 9. View of the structure of the Nd(Gly-Gly)2(ClO4)3·4H2O crystal (a) [18,31,35,61]. One-dimensional infinite chain in the structure of the
[Ho(C11H14N2O4)·(H2O)5]Cl3·H2O (b) [31,77]. Reprinted with permission from Ref.[61].Copyright 1992 International Union of Crystallography Blackwell
Munksgaard.

to exhibit infra-red emission. Other lanthanide ions used in
OLED studies include Pr(III)[100], Gd(III) [101,102] and
Dy(III) [103,104]. The quantum efficiencies of these devices
are lower then those reported for Eu(III) and Tb(III) devices.
Factors responsible for this include non-radiative relaxation
of the excited rare earth ion and poor charge injection and
transport.

Since subtle changes in the molecular structures of the Eu(III)
complexes could dramatically tune the photoluminescence and
EL properties, the development of new Eu(III)�-diketonate
mixed ligand complexes for the light-emitting layers of the
EL device is a prevailing research activity[87,91,92,105–114].
The research efforts include design of new�-diketones and
neutral second ligands[108,115], usually 2,2′-bipyridine, 1,10-
phenanthroline and trioctylphosphine oxide[100,116,117]. This
combination fills all coordination positions of the metal ion pro-
viding a stable complex. Thus, most of the published work

Fig. 10. Luminescence spectrum of the Eu(Gly-Gly)2(ClO4)3·4H2O crystal at
77 K, adapted from[40].



2498 P. Gawryszewska et al. / Coordination Chemistry Reviews 249 (2005) 2489–2509

Fig. 11. (a) The4I9/2→ 2P1/2 transition in absorption spectrum of the [Nd(L-proH)3 (H2O)2] (ClO4)3 crystal at 293 K. (b) The energy level diagram of4I9/2 state
proposed on the basis of luminescence spectrum at 77 K, adapted from[58].

covers these basic ligands and differ in the choice of their
derivatives. Chemical modification of the neutral ligand or�-
diketone is dictated by three major principles: (1) the complex
lowest triplet level must match the metal emitting state, being,
ideally—slightly, above it[118]; (2) for EL applications it is con-
sidered advantageous to enrich the ligand(s) with electron and
hole-transporting chemical groups in order to facilitate charge
carrier injection and exciton trapping in the complex[119]; (3)
the complex must be thin-film forming upon vacuum deposition
without aggregation or crystallization problems. It also must be
miscible with other species (if necessary) as well as thermally
stable[120].

Various spectroscopic methods as well as X-ray data have
been used to investigate structural peculiarities for a variety
of lanthanide compounds. Our interest has been to determine
the influence of the donor–acceptor properties and of the size
of the ligands on the spectroscopic characteristics of a series

of lanthanide�-diketonates. In particular, these donor–acceptor
properties influence the ligands and Ln(III) ions absorption and
luminescence transitions energy and intensity, the vibrational
states, the electron–phonon coupling as well as the energy trans-
fer and the quantum yields of the luminescence of lanthanide
�-diketonates. Analysis of the total spectroscopic data permits
the evaluation of the applicability of different�-diketonates in
OLEDs.

For this investigation we have chosen europium�-
diketonates with 1,10-phenanthroline derivatives or 2,2′-
bipyridine as a second ligand[25,30,35,121–124]. Spectro-
scopic data, including the nephelauxetic effect (shifts of the
5D0→ 7F0 transition), the crystal field parameters and inten-
sity ratios of the emission transitions for a series of europium
�-diketonates are collected inTable 2.

Increase of acceptor properties of one ligand of the compound
is equivalent to increase of the donor properties of the other lig-

Table 2
Positions of5D0 level (cm−1), crystal fields parameters (cm−1) and intensities of5D0→ 7F2 transition

Compound 5D0→ 7F0 77 K B2
0 B2

2 B4
0 B4

2 B4
4 I0–2/I0–1

CFP, 77 K 77 K 300 K

Eu(DPM)3 phen 17241 705 87 −1605 −536 733 12.1 9.2
Eu(AA)3 Tmphen 17221 580 122 −1424 −466 758 8.2 9.7
Eu(AA)3 Phen 17247 653 188 −1413 −530 772 7.8 7.0
E 5
E 5
E 8
E 21
E 9
E 0
E 6
E 7
E 4
E 5
u(BA)3 Phen 17256 596 17
u(FOD)3 Tmphen 17209 425 10
u(FOD)3 Phen 17238 472 19
u(FOD) Dphphen 17212 490 2
u(FOD)3 Nphen 17209 553 13
u(TTF A)3 Tmphen 17235 345 18
u(TTFA)3 Phen 17244 622 11
u(TTF A)3 Nphen 17241 635 8
u(GOFGD)3 Phen 17230 518 9
u(OTOFOD)3 Phen 17221 520 10
−1603 −594 671
−1519 −578 520 12.0
−1547 −530 590 11.9 13.2
−1615 −531 573 12.2
−1571 −515 737 12.0
−1636 −565 537 13.9 16.3
−1580 −629 759 10.2 11.4
−1606 −615 726 12.6 12.4
−1659 −678 541 12.3 13.8
−1751 −579 608 11.8 13.8



P. Gawryszewska et al. / Coordination Chemistry Reviews 249 (2005) 2489–2509 2499

and in regard to the effective charge distribution on the atoms of
the local environment of the Ln(III) ions. This leads to gradual
changes in the crystal field (CF) that appear as gradual changes
of the Ln(III) electronic spectra represented by the nephelaux-
etic shift, the crystal field parameters and intensity ratios of the
emission bands (seeTable 2).

Substituents with different donor–acceptor properties in the
�-diketone molecules change the distribution of the�-electronic
density in the chelating rings as well as the effective charges
on the oxygen atoms. This leads to a change in covalency
of the Ln O bond, and changes of the bond strengths and
distances in the LnO and Ln N cases. Similar effects are
observed with variation of substituents for the other ligand (1,10-
phenanthroline). The degree of covalency of the metal–ligand
bonds may be characterized by shifts of the5D0→ 7F0 tran-
sition in the Eu(III) spectra. The most effective luminescence
of Eu(III) is observed through ligand band excitations, where
the ligand bands are in resonance with the7F0→ 5D4 (365 nm)
and7F0→ 5G6 (375 nm) transitions of Eu(III). In this case the
selection rules for the energy transfer process are satisfied. This
is supported by Malta’s theoretical model[28] and has also been
analyzed by us[141].

Inspection of the data included inTable 2shows significant
similarities of the nephelauxetic effect (expressed by shifts of the
5D0→ 7F0 transition) and the CF parameters (excludingB4

2)
for two compounds: Eu(DPM)Phen and Eu(TTFA)Nphen.
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Fig. 12. Vibronic luminescence spectra of Eu(TTFA)3·Bpy (a and b)
and Eu(TTFA)3·D-Bpy (c) at 77 K. Reprinted with permission from Ref.
[124].Copyright 2005 Elsevier Science.

In the luminescence spectra of the Eu(III)�-diketonates
investigated, a resonance effect has been discovered[121] (see
Fig. 12). When vibronic sidebands of one of the electronic tran-
sitions of Eu(III) fall in the region of the zero-phonon lines of
other transitions, redistribution of the intensities and slight shifts
of the bands could occur. Thus the changes described above are
the results of the generation of new vibronic states. One should
use the nonadiabatic approximation in the quantum mechanical
description of these systems[127,128].

The relative integral intensity of the vibronic sidebands of
the Eu(III) electronic transitions, the intensity distribution in the
sidebands, and the satellite vibration frequencies depend on the
donor–acceptor properties of the ligands[25,30,35,121–23]and
also on the sizes of the substituents of the ligands. This last
has been demonstrated for a series of Eu(III)�-diketonates of
formulae Eu(�)3·Ph and Eu(�)3·Bpy [124] (Figs. 13 and 14).

The intensities of the vibronic components increase with
increasing covalency, thus confirming the theory of the vibronic
transition probabilities as described in Section1(Eq.(1)). More-
over, in this case the non-radiative deactivation promoted by
these phonons is also more effective.

Compounds with inner and outersphere 2,2′-bipyridine
molecules, the first known complexes characterized in detail
by X-ray diffraction, were synthesized and investigated: LnWo3·
Bpy(1/2Bpy) (1)[129], EuWo3Bpy (2) [130] (Wo = CCl3C(O)
3 3
n this case two pairs of coupled ligands having diffe
onor–acceptor properties lead to similar properties of the
lexes. The intensities and distribution of the vibronic com
ents are similar in the spectra of both compounds[121] (see
ig. 14 in[35]), consistent with the theory of vibronic transiti
robabilities[76,125].

The triplet states of the ligands can participate in the
adiative quenching processes giving rise to back energy tra
rom the 5D0 excited state. An example is the complex w
he Nphen ligand, which exhibits the lowest europium lumi
ence quantum yield. The second factor is the ligand-to-m
T state. The efficiency of its participation in the degradatio

he excitation energy of Eu(III) increases with the donor ab
f the�-diketone radicals with weakening of the EuN bonds
nd corresponding strengthening of the EuO bonds[123].

Steric factors play a significant role in determining
tructure of the compounds as demonstrated for a seri
u(DPM)3·Ph-related compounds, based on crystal field pa
ter calculations. Two groups of compounds with small and
h ligands have different luminescence spectra[122].
The dependence of the spectroscopic data on the ligand

its optimization of the properties of europium�-diketonate
or their application in OLEDs. The most useful for this appl
ion seems to be Eu(DPM)3·Ph and the fluorinated�-diketonate
u(TTFA)3·Ph, Eu(OTOFOD)3Ph (Ph – Phphen, Dphphen).
For the highly emitting Eu(TTFA)3·5Mphen circularly polar

zed laser excitation generated a non-racemic excited stat
ircularly polarized luminescence (CPL) spectra were dete
his leads to the conclusion that enantiomeric structures ex
olution, and that the racemization rate is lower than the rad
ate in acetone solutions[126].
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Fig. 13. Luminescence spectra of Eu(CD3COO)3Bpy (a), Eu(CH3COO)3Bpy
(b) and Eu(CH3COO)3D-Bpy (c) in the region of5D0→ 7F2 transition at 77 K.
Reprinted with permission from Ref.[128].Copyright 2002 Elsevier Science.

Fig. 14. Vibronic luminescence spectra of Eu(TTFA)3·Nphen (a) and
Eu(DPM)3·Phen (b) at 77 K. Reprinted with permission from Ref.
[124].Copyright 2005 Elsevier Science.

Fig. 15. Crystal structure of complex Eu�3Bpy(Bpy/2). Reprinted with permis-
sion from Ref.[35].Copyright 2002 Elsevier Science.

Fig. 16. The energy level diagrams of Eu(III) (1) and (2) systems and Tb(III) (2).
The energy of the ligand singlet state was adopted from Harriman’s report[145].
The location of the ligand triplet state was evaluated from phosphorescence
spectrum of lanthanum respective complex.

NP(O)(OCH3)2), [Eu(HFAA)3Bpy·H2O]·Bpy (3) (HFAA –
hexafluoroacetone)[131] and LnWo3·Phen (4)[132]. X-ray
studies have shown the architecture of the mixed complexes
(seeFig. 15and Figs. 6 and 7 in[35]) with the non-coordinated
2,2′-bipyridine molecule located at different distances from the
Eu(III). Compounds (1) and (3) differ in the type of�-diketone
while the second ligand in both compounds is a 2,2′-bipyridine
molecule, which allows us to analyze the effect of the�-diketone
singlet and triplet states on the efficiency of the emission and
the ligand-to-metal energy transfer.

If �-diketone is HFAA as in [Eu(HFAA)3Bpy·H2O]·Bpy
then, according to the X-ray data, the coordination number of
Eu(III) is unexpectedly 9, involving a water molecule together
with the organic ligands. Additional non-coordinating 2,2′-
bipyridine molecules participate in the solid state and affect the
emission efficiency. Thus, analysis of the energy transfer process
through the inner- and outer-sphere Bpy molecules must take
into account both the intra- and intermolecular energy transfer
and migration of energy in the solid system[28,35].

Based on the spectroscopic data we have been able to con-
struct the energy level diagram for both the Tb(III) and Eu(III)
ions including the CT and ligand states (seeFig. 16). Energy can
be transferred from the ligand singlet and triplet states directly
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or by involving the Eu(III) CT state. Moreover, based on the
decay time measurements, the relatively highknr(T) rate con-
stants determined for [Eu(HFAA)3Bpy·H2O]·Bpy point to the
role of back-energy transfer and of the CT state in deactiva-
tion of the ligand states and their effect on the efficiency of the
energy transfer. Direct energy transfer (involving the5D1 levels
via the exchange mechanism and the5D2, 5L6, 5G6, 5D4 levels
via the multipolar mechanism) can occur. This is based on the
location of the singlet and triplet states versus the metal levels
for both systems investigated—as has been proposed by Malta’s
theoretical model[28,130,133].

Considering the energy of the CT states for both compounds,
the role of the CT state in the energy transfer process seems to
be more important for [Eu(HFAA)3Bpy·H2O]·Bpy [35]. In fact,
deactivation of the lowest1��* level can follow various routes
and the energy transfer from1��* to 5D0 can occur, through
different pathways, directly or via intersystem crossing to3��*.
Thus, the efficiency of the energy transfer can be defined as
ηet = ηiscη

3
et��∗ and the quantum yield isφexp= ηiscη

3
et��∗ηr.

In the emission spectra of LnWo3 Bpy(1/2Bpy) a resonance
effect has been observed. Most probably the coupledν(P–N)* ,
ν(P–O)* and other modes[35] are responsible for the resonance
conditions.

Lanthanide compounds with three types of�-diketones
phosphoro-azo derivatives of the formulas Na[LnL4]·H2O
[134,135] and LnC ·2H O [136] (where L = Wo or
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pound (1) are determined mainly by the strong electron–phonon
coupling. These intensities are twice as small as compared to
compound (2) and comparable with those reported by Richard-
son and others for high symmetry compounds[139]. The low
temperature spectra confirm a strong vibronic contribution to the
transition intensities. In fact, the strongest decrease of the inten-
sities with decrease of temperature to 50 K has been observed
in the 3H4→ 3F2 transition. Most probably it is the result of
the largest dynamic-to-static ratio found by Richardson for this
transition in trigonal symmetry[140].

Values of the oscillator strengths of the electronic f–f transi-
tions of the Pr(III) and Eu(III) compounds of the type (1) have
been shown to be temperature and crystal orientation depen-
dent and such relationships have been interpreted respectively
in terms of contribution of the dynamic coupling and the polar-
izability mechanisms in the f–f transition intensities. Moreover,
the Judd-Ofelt parameters calculated from the wide set of oscil-
lator strengths of transitions in the absorption and emission
spectra have been evaluated with considerable accuracy. It is
quite unique—especially for the Pr(III) ion.

Analysis of the splitting of the components in the low tem-
perature emission spectra of the Eu(HX)3Cl3 compound allows
one to detect the resonance effect in the vibronic coupling.

Our aim has also been to obtain lanthanide�-diketonates pure
and mixed with 1,10-phenanthroline trapped in silica or zirconia
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z; Wo = CCl3 C(O)N P(O)(OCH3)2; Az = C6H5 C(O)N
(O)[N(CH2)2]2; C = CCl3 C(O)N P(O)(NHC6H5)2, Ln =
u(III), Pr(III), Nd(III)) have been investigated in order
xplain their structure and prove potential biological role. S
titution of the NP(O)(OCH3)2 ligand group by NP(O)N(CH2)2
hanges the biological function of the compound. In v
ytotoxicity experiments with lanthanide complexes exh
heir anticancer effect on the cell strains tested[135].

The comparative aspect of the f–f transition inte
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gels prepared by the sol–gel technique[141–144]. We have cho-
sen the following complexes: Eu(AA)3·2H2O, Eu(BA)3·2H2O,
Eu(AA)3·Phen, Eu(BA)3·Phen, NaNdWo4·H2O, Eu,Tb(Wo)3L
(L-Lewis base; 2,2′-bipyridine or Phen).

The structure of the precursor complexes controls the st
ture of the metal centers in the silica gel. Elimination of wa
from the precursor salts (during chelation) prevents water re
tion in the silica glasses[143]. The chelation also prevent
aggregation of the dopant ions[142].

The Eu(III) chelates trapped in silica gel glass has been p
served and the complexes with phenanthroline exhibit m
intense emission with longer decay times. The strongest e
sion has been observed for the Eu(BA)3·Phen complexes trappe
in silica gel glass obtained with acetone instead of alcohol.
efficient emission points to the possibility of utilizing such mat
rial as luminescent devices for sensor applications. Inten
analysis of the emission spectra of the Eu(III) chelates allo
one to investigate the structure of the metal centers in silica
glass[142].

Lanthanide mixed chelates with phosphoro-azo-derivati
of �-diketonates (Wo) and 2,2′-bipyridine incorporated in zirco-
nia glass thin films exhibit a distinct increase of the luminesce
intensities of europium and terbium in the complexes as co
pared to the emission of lanthanide oxides in similar films[141].
This effect is a result of the efficient energy-transfer exchan
between the ligand and the lanthanide as well as the increa
rigidity of the complex incorporated in zirconia glasses, whi
are more pronounced than for silica glass. These materials
wide application as light conversion molecular devices, orga
layered electroluminescence diodes (OLEDs) and in fluorim
ric techniques. This type of compound has also been used
precursor in the synthesis of nanometer-range materials[146].
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4. Photophysics of the lanthanide complexes applicable
in biomedical assays

The design of efficient luminescent lanthanide-based probes
for application in biological systems requires detailed knowl-
edge concerning the efficiency of the ligand-to metal energy
transfer, solution structure and dynamics, and the influence
that these have on the important photochemical and photo-
physical properties. Within this broad area of research, energy
transfer between identical chromophores has been the sub-
ject of numerous theoretical and experimental investigations
[5–10,21,28,35,147–153].

Since the excited state energy transfer also has the effect of
scrambling an initially photoselected orientational distribution,
as measured by diminished linear polarization in the fluores-
cence from a rigid system (concentration depolarization), this
phenomenon has also been used to probe the structure of poly-
mer composites at the molecular level[154].

Of special interest are cage-like ligands containing aromatic
N-oxide functional groups. The strong complexing ability of the
cryptands results from their macrobicyclic nature, giving rise to
a three-dimensional cavity well-fitted for the binding of cations.
Lehn and co-workers developed strongly luminescent materi-
als incorporating biheteroaromatic units such as 2,2′-bipyridine,
bipyrimidine, 1,10-phenanthroline, 3,3′-biisoquinoline and later
theirN-oxides[5,7,147,155,156]. The heteroaromaticN-oxides
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One approach to obtaining highly emissive complexes is
to employ flexible macrocyclic ligands capable of forming a
suitable cavity for lanthanide ions and effectively eliminating
solvent molecules from the first coordination sphere. The photo-
physical properties of europium and terbium podates with bpy or
bipyridine-N,N′-dioxide subunits were studied in different sol-
vents by Balzani et al.[162] and by Ziessel et al.[163,164].
The highest luminescence quantum yield of the Eu(III) podate
was 0.35 in CH3CN [163]. The triazacyclononane macrocycle
with three negatively charged bipyridine carboxylate arms cre-
ated very stable complexes with lifetimes of 1.85 and 0.5 ms and
quantum yields of 12% and 10% for Eu(III) and Tb(III), respec-
tively [164]. The X-ray structures for these complexes are known
[165,166]. Detailed luminescence studies were carried out for
the Gd(III), Eu(III) and Tb(III) complexes with a podand tris[3-
(2-pyridylo-pyrazolyl] hydroborate in five solvents[167]. The
respective X-ray structures have recently been published[168].

The structure, spectroscopy, photophysics and dynamics of
the excited states of europium cryptates incorporating biiso-
quinoline dioxide (biqO2) [151,152,169], lanthanide podate
with bipyridine (bpy) [27,153,170–172]and the europium
chelate with 2,2′-bipyridine-N-oxide (bpyO2) [28,173,174]have
been reported. Our interest has been to investigate the ligand-
lanthanide energy transfer mechanism, the balance between
forward and back energy transfer, the influence of complex
structure on photophysical properties as well as the use of
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PE/CPL techniques to study the dynamics of the ex
tate. Incorporation of racemic lanthanide complexes into
ca gels obtained by the sol–gel method is a useful t
ique for racemization elimination, and thus allows one
robe individual enantiomers by circularly polarized excita
CPE) followed by circularly polarized luminescence (C
50,175–177].

Three cryptates incorporating one 3,3′-biisoquinoline-2,2′-
ioxide (biqO2) unit (labeled Ln⊂1, where Ln = Eu(III)
b(III), Gd(III) and three biqO2 units (labeled Eu⊂2),

hree biqO2 units with three N atoms (labeled Eu⊂3)
ave been studied[151,152,169]. The [Eu⊂ (biqO2.2.2)
CF3SO3)]3·CH3CN·H2O (Eu⊂1) forms rhombic crystals wit
pace groupPbca. The unit cell of dimensionsa = 12.831(3)
= 24.265(5),c = 29.252(6)Å and α =β =γ = 90◦ consists o
ight formula units[151]. As expected, all of the oxygen a
itrogen atoms of the cryptand are involved in the meta
oordination. As can be seen inFig. 17, a surprising result, com
ared to the known structures of lanthanide cryptates[178–183],

s that the coordination number of Eu(III) in this solid comp
s 10. Two oxygen atoms from one of the triflate counter
re also coordinated. Because the bound triflate oxygen a
re aligned almost perpendicular to the boundN-oxide oxygen
toms, the Eu(III) environment is very close toC2 symmetry
owever, in the analysis of the electronic transitions for

hanide(III) ions it is often the case that a reasonable ana
an be derived by consideration of only the coordinated at
nder this assumption, the site symmetry may be approxim
y C2v what is confirmed by the emission spectrum at 7
seeFig. 18). The ab initio SCF calculations have been m
ecause the differences between photophysical propertie
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Fig. 17. The molecular structure of [Eu⊂ (biqO2.2.2)(CF3SO3)](CF3SO3)2·CH3CN·H2O (Eu⊂1). Reprinted with permission from Ref.[151].Copyright 2000
American Chemical Society.

Table 3) of the three types of cryptates require the knowledge
of the cryptates structures. Since the RHF calculations of Y⊂1
reproduce well the X-ray data structure of Eu⊂1, this same
approach has been applied for the molecular structure modeling
of the next two cryptates[152]. The structures created in the
complexes with ligand 2 and 3 show elongation of the cryptand
molecules 3. The N3–N4 (where N3 and N4 are cryptand nitro-
gen atoms) distance is very long (7.640Å) in cryptand 2 but
becomes shorter in the Eu⊂2 complex (5.875̊A) indicating par-
ticipation of the nitrogen atoms in coordination. M–N3 bond
lengths are equal to 2.937̊A showing very weak bonding. On

the other hand, for Eu⊂3 this elongation is more significant
and the N3–N4 distance is 10.121Å after complexation as com-
pared to 10.742̊A in the cryptand. One can expect that further
elongation of the ligand molecule should lead to a change of
the cage inside cryptate enabling additional metal penetration of
the coordination sphere by solvent molecules and/or counterions
(seeTable 3). It can also create new pathways of de-excitation of
the lanthanide emission, since the metal ion can move from site
to site. Moreover, the size of this cage is sufficient to host two
metal ions inside the cryptand 3.Fig. 19presents the emission
spectra of Eu⊂2 and Eu⊂3 under different conditions. The

F is an f.
[

ig. 18. Luminescence spectrum of Eu⊂1 solid state at 77 K. The insert
151].Copyright 2000 American Chemical Society.
enlargement5D0→ 7F0 transition[151]. Reprinted with permission from Re
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Table 3
Selected experimental decay rate constants for Eu⊂1, Eu⊂2 and Eu⊂3

Compounds kr,n
a (s−1) knr(OH)b (s−1) knr(T)c (s−1)

∑
k (s−1) n(H2O)d Quantum yield (%) experimental Quantum yield (%) calculation

Eu⊂1 1243 1270 463 2976 1.36 21.5e (77 K) 18 (77 K)
Eu⊂2 3125 2698 4870 7142 2.96
Eu⊂3 4545 2820 3571 5000 2.90

a Defined as 1/τ(D2O)77 K, wherekr,n = kr + knr(other vibrations).
b Defined as 1/τ(H2O)300 K−1/τ(D2O)300 K.
c Defined as 1/τ(D2O)300 K−1/τ(D2O)77 K.
d Average number of coordinated water molecules[17].
e Ru(bpy)32+ was taken as reference for the quantum yield measurement.

luminescence spectra manifest modification of the structures of
the europium cryptates of both types. Moreover, in the solid-state
spectrum of Eu⊂2 at 77 K broadening of the bands is observed
that can indicate disordering of the system at low temperatures.
Because a decrease of temperature leads to decrease of the vol-
ume, the transformation of the structure where the M–N bonding
still exist (according to the RHF calculations) is rather difficult.
In Eu⊂3 the M–N bonding is not formed and broadening of the
emission lines is not observed[152]. Some photophysical data
are reported inTable 3.

Both ligand-to-metal charge transfer (LMCT) states and lig-
and3��* states control the energy transfer processes in these
complexes. The strong temperature dependence of the lumines-
cence lifetime reflected inknr(T) for Eu⊂2 and Eu⊂3 suggests
that the LMCT states also take part in the non-radiative deac-
tivation of excited Eu(III). Structural crystallographic data for
Eu⊂1, electronic structure calculations and theoretical mod-
els have been used to obtain the intramolecular energy transfer
rates. There are five states that show appropriate resonance con-
ditions with the ligand excited states. The choice of5D0, 5D1,
5D2, 5G6 and5D4 results from the favourable resonance condi-
tions and from the selection rules stemming from the theoretical
models[21,152,184]. According to these selection rules direct
energy transfer to the5D0 level is not allowed. This rule is,
however, relaxed due to the J-mixing effects and the thermal
population of the7F1 level. Table 4presents the energy trans-
f s

F ,
(
R

Table 4
Calculated energy transfer rates for Eu⊂1

Ligand state
(cm−1)

4f state (cm−1) Transfer rate (s−1) Back-transfer
rate (s−1)

Triplet (18018)→ 5D0 (17300) k28 = 1.96×107 k82 = 31.83
Triplet (18018)← 5D1 (19000) k72 = 3.34×108 k27 = 4.04
Triplet (18018)← 5D2 (21500) k62 = 2.82×106a k26≈0
Singlet (29010)→ 5G6 (26750) k35 = 4.41×106b k53≈0
Singlet (29010)→ 5D4 (27600) k34 = 1.66×106b k43≈0

a Dipolo–21 polo mechanism.
b Dipole–dipole mechanism.

indicate the direction of the energy transfer. The energy transfer
rate is larger for the5D1 level, for which the exchange mecha-
nism dominates. An insignificant back-transfer rate is observed,
due to the low temperature (77 K) and the finite energy mis-
match∆ (>1500 cm−1) that leads to a small Boltzmann factor
e−|∆|/kBT . Typical values of the remaining transfer rates were
assumed to be identical to those found for other coordina-
tion compounds, namely,k13 =φ = 104, k21 = 105, k32 = 108, and
k31 = 106 s−1 [21].

An additional quenching mechanism was investigated by
considering a low-lying ligand-to-metal-charge-transfer state
(LMCT). Therefore, three situations could be taken into account:
(a), (b) are presented inFig. 20and (c) the LMCT state is not
considered and only eight states involved in the energy transfer
process should be applied. The quantum yields and the decay
lifetimes were obtained from these results and compared to the
experimental data (Table 3). Comparison of the experimental
quantum yields with the calculated ones shows that the LMCT
state, located close to the ligand singlet state, is involved in
the energy transfer process. According to the selection rules
derived for the energy transfer process, the3�*→ 5D1 transition
is allowed by the exchange mechanism as described by Eq.(2):

WET = 8π

3h̄

e2(1− σ0)2

(2J + 1)R4
L

F 〈α′J ′‖S‖αJ〉2

∣〈 ∣ ∣ 〉∣

w n be
c alta
[ e
i

er and back-transfer rates for the Eu⊂1 cryptate. The arrow

ig. 19. The luminescence spectra of Eu⊂2 (a) solid at 293 K, (b) solid at 77 K
c) in CH3CN at 77 K and Eu⊂3 (d) solid at 77 K, (e) in CH3CN at 77 K.
eprinted with permission from ref.[152].Copyright 2004 Wiley-VCH.
×
∑
m

∣∣∣∣ φ

∣∣∣∣
∑

k

µz(k)sm(k)
∣∣∣∣ φ′

∣∣∣∣
2

(2)

hereF is the so-called energy mismatch factor which ca
alculated from the approximate expression given by M
184], S the total spin operator (in units of�) of the lanthanid
on, µz the z component of the electric dipole operator,sm
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Fig. 20. Diagram of the most probable states to be involved in the energy transfer
process in Eu⊂1, with their numbering scheme. The solid and dashed arrows rep-
resent radiative rate(Arad) and non-radiative rate (Wnr) processes, respectively.
The diagram also shows how the MCT state is taken into consideration: close to
(a) the triplet and (b) the singlet states of the ligand. Reprinted with permission
from ref. [152].Copyright 2004 Wiley-VCH.

the spherical component of the spin operator for the ligands
electrons,σ0 the screening factor due to the filled 5s and 5p
sub-shells of the lanthanide ion, andRL is the distance from the
lanthanide ion to the region of the ligand molecule in which the
ligand donor (or acceptor) state is localized.

Investigation of the pressure effect on the luminescence
has shown little change in the coordination of Eu(III) in the
cryptand but a very substantial increase in the population of
the 5D0 state, either due to an increase in the energy transfer
from the ligand triplet state or a decrease in the back-transfer
deactivation[151]. As a first approximation, a small decrease in
the distance from the ligand to the metal ion would be expected
to increase both the forward and reverse energy transfer,
although not necessarily equally. More interestingly, increased
pressure is known to have a pronounced effect on the energy
of the ligand�-orbitals, so the effect that we observe may be
due to the changes in the metal:ligand orbital overlap. This
kind of compound in which the luminescence intensity depends
strongly on pressure because of the existence of competitive
energy transfer processes controlled by the energy gap, can be
very useful for potential pressure sensors designs.

The investigation of lanthanide(III) complexes with
the podand 6,6′-bis[bis(2-pyridylmethyl)aminomethyl]-2,2′-
bipyridine (L) (Fig. 21) has illustrated the quality and quantity
of information on the energetics, the solution structure, and
the photophysics that is now available for the characterization
o tions
[ ffi-
c tion
o cted
b mea-
s ta are
p

m
a 8,

Fig. 21. Structural formula of the podant (L)[153].

Table 5
Luminescence decay times (ms) for TbL and EuL in the solid state and in various
solutions at 293 and 77 K

TbL EuL

293 K 77 K 293 K 77 K

τH τD τH τD τH τD τH τD

CH3OH 1.5 1.67 1.8 2.93 0.94, 0.33 1.26, 0.34 1.52
H2O 1.53 1.76
CH3CN 1.4 1.35 1.01
Solid 1.4 1.78 0.54, 0.06

4681 and 2899 cm−1, respectively. This allows one to estimate
the efficiency of the phonon-assisted energy transfer. Compar-
ing the spectra for the solid state and the solutions in the range
of the5D0→ 7F0 transition we associate these two peaks with
the [Eu(L)Cl2]+ (A) and [Eu(L)Cl]2+ (B) forms of the Eu(III)
complex [172]. �V, which denotes the difference in volume
between the products and the reactants may be obtained from a
plot of the natural log of the ratio of the peak areas versus pres-
sure. The results are shown inFig. 22. The positive value of�V

F
s rinted
w

f luminescent lanthanide complexes in solids and solu
27,153,170–172]. For TbL and EuL there exists a very e
ient ligand-to-metal energy transfer. For EuL the participa
f LMCT in the quenching of the emission has been predi
ased on the excitation spectra, the quantum yields and the
ured decay rate constants. The partial photophysical da
resented inTable 5.

The energy gap between the ligand triplet state (21 929 c−1)
nd the Tb(III)5D4 and the Eu(III)5D0, 5D1 states are 143
ig. 22. A plot of the measured luminescence dissymmetry factor,glum, mea-
ured at 543 nm vs. temperature for a solution of TbL in methanol. Rep
ith permission from ref.[153].Copyright 2000 Elsevier Science.
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(3.0 cm3/mol) means that the formation of theA complex, hav-
ing lower net charge is stimulated by increasing pressure. This
result is consistent with the effects of solvent electrostriction
in which lower charged species are preferred at high pressure
due to the decreased solvent alignment. Measurements of cir-
cularly polarized luminescence (CPL) from a solution of the
Dy(III) complex following circularly polarized excitation con-
firms the chiral structure of the complexes under study. No CPL
is present in the luminescence from the Eu(III) or Tb(III) com-
plex because of efficient racemization. This technique is only
successful if the non-racemic excited state population is main-
tained during the excited state lifetime[50]. Although generally
not as luminescent as Tb(III) or Eu(III) in solution, there has
been some interest in studying the visible luminescence from
complexes containing Dy(III), since the lifetime of this ion is of
the order of microseconds, allowing one to probe shorter time
scales. For the first time variations in CPL can be used to inves-
tigate the temperature dependence of non-racemic equilibria.
Increase of temperature leads to an unexpected (linear) increase
of the dissymmetry factor[153]. The data are consistent with
an equilibrium between a solvent penetrating the first coordi-
nation sphere and the dissociated structure. It makes sense that
at increased temperature formation of the dissociated species is
increased, although no structural evidence for this identification
is possible. The results are a part of an overall effort to develop
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Albuqerque, C. De Mello Donegá, F.R.G. e Silva, J. Alloys Comp
323–324 (2001) 654.

[29] J. Kido, Y. Okamoto, Chem. Rev. 102 (2002) 2357.
[30] V. Tsaryuk, V. Zolin, J. Legendziewicz, J. Sokolnicki, V. Kudryasho

Proceedings of 11th International Workshop on Inorganic and Or
Electroluminescence, September 23, Ghent, Belgium, 2002.

[31] J. Legendziewicz, in: W. Stręk, W. Ryba-Romanowski, J. Le
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