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Abstract

This paper is devoted to photophysical studies of selected lanthanide compounds defining their applicability. The photophysical behaviou
three classes of compounds will be discussed: (1) lanthanide complexes with amino acids, their phosphonic analogues and peptides, (2) lanth
chelates as efficient luminophores, and (3) new kinds of compound applicable in biomedical assays. The majority of the results reported to ¢
have been obtained for solutions, applying lanthanide ions as a spectroscopic probes in biologically active systems. Thus, our effort imaddress
solid-state spectroscopic and structural investigations. On the other hand advances in the development of efficient luminophores based on mole
light conversion in lanthanide chelates are presented—mainly the results of our group. Attention has been focused on: the radiative angmon-radi
processes, the mechanism of the intramolecular energy transfer, the role of the charge—transfer states in this process, the electron—pgpnon cot
including the resonance effect, the multi-ion cooperative interactions, and dynamics of the excited states in chiral systems—the phenargena affe
the luminescenscence efficiency. High resolution electron spectroscopy at low temperatures has been particularly useful in determining meta
symmetry and the number of the sites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in the UV to IR regions. The synthesis and development of
new efficient phosphors and design of the best conditions for
Interest in the photophysical properties of lanthanide comappropriate applications become a challenge for scientists in
pounds has been observed for many years because of the p@se field of luminescence materials. Such applications of lan-
sibility of their application in many different fields. Recently, thanide ions and complexes as spectroscopic structural probes
the range of the applications has become wider—from quann biologically important systemd0-18] in chiral recognition
tum cutting materials to fluoroimmunoassays techniqlieS].  of biological substrate§l?], in selective hydrolysis of DNA
Most of these applications are based on the optical propeand RNA[19,20] in time-resolved microscop8], as scav-
ties of the lanthanide compounds, mainly efficient emissiorengers of free radicafd3], as solid-state materiajg,21-23]
in luminescent lighting devicefgl,21,24,25] in luminescence
sensor$26—28]or electroluminescent devic§$,24,25,29-31]
Weapologize to the authors whose papers have been unintentionally omittr%‘jfgniizzrse?/vsggl); ;rgg C::‘}t asrlt d':gzreo?vtiré irr:] é?:ﬁ ;i:sstn? Se %afdse e\l/aér:'-al

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. biological processes; energy and electron transfer, perforation
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E-mail address: jl@wchuwr.chem.uni.wroc.pl (J. Legendziewicz). in medicine, in radioimmunotherag$3], magnetic resonance
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imaging[34] and otherg4,12,13,33,34]In these applications could be transferred more efficiently in complexes containing
knowledge concerning the structure and spectroscopy of welkacemic ligands than with chirally resolved ligands.
defined single crystals of the complexes is crucially important In our studies on monocrystals of lanthanide polynuclear
for understanding the mechanisms of interactions, function o€omplexes and dimers we have proven that the energy trans-
the complexes, transport and biological activity. fer rate (from Tb(lll) to Eu(lll)) is different in the racemic and

In order to gain deep insight into the factors affectingthe resolved systems with glutamic acid, and transfer is more
the relevant optical properties of lanthanide compounds (effieffective for ther-form thanpt [18,45], and is in accordance
ciency of emission, quantum yields, photo-, thermo- and therwith the theoretical model developed by Strek and co-worker
modynamic stabilities and other aspects of the luminescendd6] predicting more efficient transfer in the resolved systems.
sensitisation—critically important for applications) we have A similar trend for the energy transfer has been observed from
undertaken directed studies of selected lanthanide compountise relative intensities of thitD4 — ’Fa/°Dg — ’F> transitions
important for electroluminescence devices, biomedical assayia ther andpr; Th—Eu glutamic acid monocrystals.
and employing lanthanide ions as structural probes in studies of Recently, different aspects of chirality were investigated by
biologically related systems. Parker et al. and Rielfil4,36,49,50] Chiroptical spectroscopic

The review will be divided into three sections. In the first, studies of the interaction of the enantiopure lanthanide (Eu,Yb)
the state-of-art of lanthanide ions interactions with biologicallycomplexes with self-complementary dodecamer oligonu-
active ligands will bebriefly described and on this platform cleotides points at the distinctive selectivity in the binding
our achievements will be presented. The second section willffinity. The differences were dependent upon the nature of the
be devoted to highly emitting luminophores, chelates, whictoligonucleotide and lanthanide, e.g. Eu versug4®. Impor-
can find applications in electroluminescence devices and setant results were obtained by Dickins et[@D] in structural and
sors. The last section contains a review of the latest theoreticAlMR investigations of the ternary adductsxemino acids and
and experimental results on the photophysical characteristicselected dipeptides with chiral diaqua—ytterbium complexes.
new class of lanthanide complexes applicable in biomedicalhe a-amino acids bind in a bidentate manner displacing

assays. both of the water molecules with the amine nitrogen and the
carboxylate oxygen. Peptides behave in an analogous manner.

2. Lanthanide ion interactions with amino acids, X-ray analyses have evidently proven the coordination of

peptides and related systems Ln(lll) ions by N and (carboxyl) oxygen atoms of amino acids.

However, these unexpected results were obtained in unique con-

The ability of certain trivalent lanthanide ions to display lumi- ditions, e.g. for a Ln(l1l) chelate with almost saturated coordina-
nescence renders them attractive as substitutional probe iotien by a strong chelate ligand, with significant steric hindrance
for studies of Ca(ll) binding proteins and other biologically and with almost no possibility to create bonding by two metal
interesting systems because lanthanide ions are recognisediass with the same amino acids or peptide molec[86%
being similar to divalent alkaline earth ions. Since the calcium In an attempt to describe the factors affecting the structure
ions are bound in proteins by aspartate and glutamate residuex, the lanthanide complexes with amino acids, their phospho-
so studies of lanthanide ion interactions with amino acids andic analogues and peptides, in the solid state, we have used
peptides is essential to understand more complicated systemsray diffraction and various spectroscopic techniques in awide
[4,10,15-18,31,35,36]he Eu(lll) and Nd(lll) ions are partic- range of temperatures from 4 to 300 K, with special emphasis
ularly useful in this regard. on the detection of the chirality influence on structure, and types

The laser excitation spectra of Eu(lll) ion have proven valu-and dimensionality of polymers and dimers. To our knowledge
able in providing a variety of information, including the number the photophysics of these single crystals are the only reported
of coordinated water moleculd87], estimation of the total data. The intensity analysis of the f—f transitions based on the
charge on the ligand atoms in the first coordination spherstatic model of the Judd theof$1] and the Richardsofb2]

[38], point symmetry determination and the number of metaldynamic model and splitting of the levels can be related to the
sites[18,31,35,38—-42]the chirality effect in the energy trans- symmetry of the metal centre and the character of the bond-
fer [18,43-46] chiroptical spectroscopy, chiral prob@§], the  ing in the complexes. The cooperative interaction between the
coordination modes of amino acids and peptides under difmetal ions in the polynuclear polymeric and dimeric systems
ferent conditions[47,48] The majority of the studies have manifest in the single crystal spectra and the electron—phonon
been devoted to solutions. In this regard the studies of Horeoupling in the electronic transitions obeying the selection rules
rocks[10,17,37] Richardsoifil6] Nieobel{15], Brittain[43,44], |AJ) =2, including resonance effects, have been investigated
Darnall and Shernyf47,48] Dickins and Parkef14,36,49] in high resolution absorption, emission and excitation spectra.
Riehl [50] and others[18,35,31] are very important and These spectroscopic phenomena can be directly related to their
pioneering. structure.

The first example of stereoselectivity involving lanthanide The recent review by Kremer et 4b3] reports the avail-
complexes was discovered by Brittd43,44], in solutions of  able structures of lanthanide complexes including our results
aspartic acid. The chirality effect in the Tb—Eu energy transfesee Table 1 0f53]). The authors characterised Ln(lll) com-
becomes important when polynuclear complexes are formed—galexes with amino acids and peptides including mixed lig-
static mechanism for this process was proposed. The energnds and heteronuclear compounds, investigated mainly by
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Table 1

Selected crystallographic data for lanthanide complexes with amino acids

Formula Siteno.  Spacegroup CN Form of polymer References
1. [Ewp(L-a-Ala)s-(H20)s] (ClO4)s Nd, Eu, Ho isomorphic 2 Pl 8 Dimer [18,31,39]

2. [Ew(pL-a-Ala)4-(H20)s] (ClO4)s Nd, Eu, Ho isomorphic 1 C2lc 8 Dimer [18,31,39]

3. [Ln2(L-Glu)z-(H20)g] (ClO4)4-H20 Ln=Ho, Dy isomorphic with Eu, Nd 4 P2y 9 Polymer [18,31,62,63]
4. [Lna(pL-Glu)z-(H20)8] (ClO4)4-H20 Ln=Ho, Dy isomorphic with Eu, Nd 2 P2ilc 9 Polymer [18,31,62,63]
5. [Ln(L-lle)2-(H20)4]2 (ClO4)s Ln=Pr, Nd, Eu 2 c2 8 Dimer [31,41,42]

6. [Ln(pL-lle)2-(H20)4]2 (ClO4)s Ln=Pr, Nd, Eu 1 Pl 8 Dimer [31,41,42]

7. [Eu@-a-C3HgN202)-(H20)6]2 (ClO4)s 2 P2;/n 9 Dimer [31,70,71]

8. [Eu(L-a-C3HgN205)-(H20)s]2 (ClO4)s 1 Pl 9 Dimer [31,70,71]

9. [Ew(L-proH)s (H20)g] (ClO4)6-H20 2 P42 8 Dimer [56]

10. [Eu@-proH); (H20)3] (ClO4)3 2 Pl 8 Polymer [56]

11. Nd(Gly-Glyp(ClO4)3-4H0 isomorphic with Eu 1 P2, 9 Polymer [18,40,61]
12. E(HO3PCHNH2CH2COO)-(H20)s (ClO4)4 2 P21/c 8,9 Two-dimensional polymer [31,69]

13. {Lu(POsHCH2CH2NH3)3(ClO4)33D20} ,, 1 P21la 6 Polymer [72]

Zheng and Stapl€®4,55] The review collected available sta- the triclinic structure as observed for many other lanthanide sys-
bility constants, thermodynamic and equilibrium data. Thustems (see Fig. 2 if66]) [56—61]
Table 1of our paper displays X-ray data only for compounds Full spectroscopic characteristics have been obtained for
with unusual structures for which spectroscopic studies of théhese two kinds of compound, based on the absorption, emission
monocrystals yielded discoveries of unexpected spectroscopand emission excitation spectra at 300 and 4 K. The differences
phenomena. in the structures are manifest in the splitting of the levels (Figs.
Generally, from the five different coordination modes of 3-5 in[56]. The intensity analysis of the f—f transitions con-
carboxyl groups known, only three types have been found ifirms the lower symmetry of the Eu(lll) ion in the crystl

complexes of lanthanides with amino acids: The "Fg — °D5 transition intensities are?=4.91 and 8.41I
Ln [56]. A similar relationshipship has also been observed for the
-0 -0 -*Ln _—0 relative intensities of theDg — ’F»/°Dg — ’F1 transitions R)
R _C\ R—C S Ln R _C\ in the emission. The estimat&dalues for the compoundsnd
o Ln 0 O-=in IT are 1.79 and 2.14, respectively. Furthermore, a phase transi-

| I m tion in the range of 70-4 K has been detected for the crystal
I, from analysis of the intensity changes with temperature and
The last type is very rarely represented in lanthanide carsplitting of the’F; levels.
boxylates, but has been observed in Ln(lll) complexes with |n fact, the changes of complex stoichiometry not only influ-
proline[18,56-58] The spectroscopic data usually confirm the ence the mode of polymer formation in the crystal structure but
lanthanide ion point symmetry as determined by X-ray analyalso the coordination mode of the carboxyl group (Bie 2a
ses {Table 3, although the dynamics of the solids can lead toand b). The change of the ionic radius affects the coordination
transformation of the structures at low temperat{88s56,59]  of the lanthanide ions as already described for the Ln(lIl) com-
The single crystal spectra of the europium complex with  plexes with proline. In the structure of the larger Pr(lll) ion
alaninehydroxamic acids (sé&gg. 1) reveal that at 293K this complexes with glutamic and aspartic acids the perchlorate ions
structure has one metal site, and at 80 K it transforms to a struerre involved in coordinatiofi.8,31,62—64]
ture with two different metal sites. The first type of coordination of the carboxyl group usually
The composition of the complexes (Ln/L ratio) may influenceforces CN =8, but combination of coordination types | and Il
the mode of polymer formation in the two types of the complexessually leads to CN=9.
with proline: [Ln(L-proH), (H20)s]Cl3 (a) and [Nd(L-proH} Another factor, which affects the structure of the complexes
(H20)2] (ClO4)3 (b) [18,56-58] Fig. 2demonstrates these kinds is the number of carboxyl groups in the amino acilig. 3
of the polymers. A similar effect has been observed for the strucshows the structure of the [H@L-Glu), (H20)g] (ClO4)4-Ho0O
ture of monocrystals with-a-alanine where dimers and linear crystal where different coordination modes of theand -y
polymers are formed forthe 1:2 and 1:1-Ln/L ratios, respectivel\carboxyl groups of the glutamic acid molecules are clearly
(59,601 demonstratefB5,65]. A quite different structure occurs for [Ho
The changes in the ionic radii of the lanthanide ions can influ{Asp) (H,0)s] Cl»-H»0, although the differences in theand
ence the structure of complexes. Eu(lll), near the middle of theg carboxyl groups bonding mode are still present. In fact, here
lanthanide series, simultaneously forms (under the same cofhe a-carboxylate acts as a monodentate and allows the for-
ditions) two complexes with MFproline ratios of 1:3I and  mation of infinite chains, see Figs. 1 and 3 and Table 2 in
1:21I [56]. The first-with unexpectedly high tetragonal crys- [64].
tallographic symmetry (previously unknown for the lanthanide  The chirality of the amino acids influences the structures of
amino acids systems — see Fig. 196]) and the second —with  the complexes and further the energy transfer To@IEu(lll).
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Fig. 1. (a) Crystal structure of the [Eu(-a-Alaha)(H20)s]2 (ClO4)s; space grougP2:/n; the non-centrosymmetric dimer is formed in the complex wi-
alanine-hydroxamic acifB5,69] (b) Temperature dependence of gy — °Dg and ’Fo — D, transitions in the spectra of [Eni(-a-Alaha)(H0)s]2(ClO4)s
crystal, The structural transformation between 88460 K— 4 K. Adapted fron{31,70]

This phenomenon was discovered in theandpL-amino and  perature are the only methods sensitive enough to detect such
aminohydroxamic acids complexg39,41,42,45] subtle structural changes. Broadening of the lines can be caused
Table ldisplays the X-ray data for eight complexes as doby double excitation in the centrosymmetric dim&ig 5b).

Table 4 in[18] and Table 1 i{31]. The X-ray analysis shows, The double excitation could go as follows: at 5 K the electronic
for the first time, the chiral effect in the crystal structures,excitation*lg;, — 25" of one Nd(lll) ion is coupled to the
reflected by the symmetry of the dimer units and bonds length$lg/2(0) — *lg/2 (i) (i = 1-5) of the second Nd(l1l) ionin the dimer
[18,31,39,41,42,66—69The replacement of the form of an  [35,39] The same mechanism of cooperative transitions takes
amino acid by thepL one converts the noncentrosymmetric place in the single crystal spectra of fLflle)4 (H20)g] (ClO4)g

. . e W (where Ln=Pr, Nd) complexes with iso-leucifi@s,41,42).
dimer unit of the o <o or "~e=e=o~" type to the cen- Tyq carboxylic bridges offer efficient molecular pathways for
trosymmetric one of the same kind. In other words, in theforme{he exchange interactions and are active for the double excita-

case, the two lanthanide ions in the dimeric unit are nonequivg, <« The cooperative interactions usually occur in polymeric

alent, but in the latter case they are equivalent and behave aS.&4 dimeric structures

single site Figs. 4 and and 1-8 inTabIe_ ] [18’39’41'_42’68] The effect of chirality has also been observed for the absorp-
Consequently, through this transformation the effective numbe[rion and luminescence single crystal spectra of ithend pr.-

pf sites is reduced _by afactor of two. This effect is well reflectedglutarnic acid complexed 8],
in the spectroscopic data.

) . . . There are four sites of Nd(lll) in the structure of the complex
The absorption spectra of the neodymium single crystal with, ... 1101 _handed acid, so four components of fhg, — 2Py

L andpL alanine at 5K and europium luminescence spectra arg nsiti o
ansition and two bands (each split into four components) of
plotted inFigs. 5a and b, and 6a andlhe splitting of theS*1L_; the2F/, state are observefj ats K[zsléig 7 P )

levels excellently detects two equivalent and two nonequiva- Inthe racemic crystal a reduction of the number of metal sites
lent metal sites in the dimer units. The number of the sites i%as been observed (see Fig36])

clearly shown mainly in thélg/, — 2Py, “Fgp; transitions, the Applying the Judd theory for intensity calculations of the f—f

on_e site in the ;pectrum (b_) and the two sites in spectrum (q)ransitions, carried out for the first time for the three orientations
(Fig. 5). Absorption and luminescence spectroscopy atlow Mat 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-pr¢thO)s] Clz and [Nd(L-proH} (H20),] (ClO4)3 monocrystals,
adapted from (a)18,57]and (b)[18,56,58]

complexes with glycine, alanine and glutamic acid, revealed the The non-radiative luminescence quenching of the Dy(lll)
intensity increase for the system with glutamic acid—see tablesmission in the aminoacid systeii@g®] and the Pr(lll) as well
in [66,67]. This may be due to a contribution of covalency sinceas Eu(lll) emission quenching by Cu(ll) ion in a simple car-
the symmetry of the metal iong$,) was the same in all the boxylate[74] have been examined. This phenomenon observed
compound$39,41,63,66,67,73] in heteronuclear systems can be crucially important for determi-
In the neodymium crystals the emission is mainly quencheadhation of the metal sites in the copper binding proteins. Using
by the cross-relaxation whereas the multiphonon relaxation ithe Eu(lll) ion as a spectroscopic probe, its emission can be
less efficien{18,35,40] guenched by Cu(ll) if located close enough to the Eu(lll) ion;
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(b)

Fig. 3. Coordination of the crystalographically independent pair of the [H&Iu),-(H20)g](ClO4)4-H20 crystal, adapted from (1§18,63] (a) The two different
coordination modes of the andy carboxyl groups of the-glutamic acid.

The electronic spectra also confirm the complex structure.
The °Dgy — ’Fy transition shows two metal ion sites, and the
shift of the °Dg— ‘Fy emission lines can be treated as the

S e nephelauxetic effect caused by carboxyl and phosphonic group
coordination. Vibronic components in the transitions obeying

O o the selection rulgAJ] =2 were observed and assigned. The

e C 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
Fig. 4. Perspective view of the coordination around the pair of trivalent europiurBlasse et al. and described as follows]:

ions; in non-centrosymmetric dimer formed in the lattice of the[Etx- _32, 2 @) 12
Ala)s-(H20)s] (ClO4)s crystal, adapted frorfi8,39] P, = v(g +naR™7) ‘5(1,2)<J||U 17 T1/(2J + 1)]

1 2
the loss of signal provides useful information about the location < (OITPl1p) (@)
of metal sites in the protein. Moreover, this can be applied invhere P, is the oscillator strength of the vibronic transition
studies of the photophysical behaviour of the green and yellownvolved at frequency, » the number of the ligands around
fluorescent proteins and the processes in which they are involvetle metal ion (M)g andax are, respectively, the charge and the
in [75]. polarizability of the ligand an is the M-ligand distance. The
More complex chains are formed in compounds with phosfactor Z(1 ») has been defined by Jufisil], and is related to the
phonic analogues of amino acif®89,71] Fig. 8 presents the opposite-parity configuration mixing; addandJ’ are quantum
architecture of the two-dimensional polymeric structure of thenumbers for the initial and final electronic statgd/(?|) is the
europium complex with phosphono-methylglycine (EuPMG) inmatrix element of the reduced tensor operator, gid]|) is
which the oxygen atoms of the perchlorate anions are engagélde matrix element of the operator connecting the (0) and (
in metal ion coordination in addition to the PMG groups. Thevibrational states.
two types of centrosymmetric dimeric units are formed by the The last terms in this relationship remains the same for the

carboxyl and phosphonic groups. system under consideration. Thus, the intensities of the vibronic
4
4 F
9/2 g 20 - 3/2 X
1 2D5/2 08] 2P1/2 12 ,"‘ Y - ®
0.4 2 04 i 0447 g
0.81 1 2.0
0.4‘: 0.6: 12 (a)
M 0.2 0.4
415.0 420.0 428.0 570.0 575.0 580.0 865.0 870.0 [nm]

Fig. 5. Absorption spectra of the [Mfi.-a-Ala)s-(H20)s]2 (ClO4)e () and [N&(DL-a-Ala)4-(H20)g]2 (ClO4)s (b) crystals at 5 K. Dublet structure of the band in
the spectrum (a) point at two nonequivalent metal sites in the dimer, adapteBft¢8a]
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Fig. 6. Luminescence spectra of the;BBlu),(ClO4)4-9H20 at 5K (I -pL-Glu, Il — L-Glu), adapted fronfi31].

components correspond to the strength of the metal-ligand bondlycylglycine molecules in the structure. The second one binds
ing and the ligand charge and polarizability. the lanthanide ions by a simple carboxyl bridge, while the car-
Fig. 9a displays the chain built of the centrosymmetric bonyl group links other lanthanide ions. The type of lanthanide
dimers in the structure of the Nd(Gly-GlClO4)3-4H,O crys-  coordination in the dipeptide is the same as for gly¢81ie67].
tal [18,61] The Nd(Ill) ion is nine-fold oxygen coordinated.  The linear polymer in the second dipeptide; Ho (Gly-
Both carboxyl and carbonyl groups of glycylglycine (l) are Tyr)Cl3-6H,0 lattice is arranged in the same manner as in the
involved in the metal ion coordination, thus forming the chelatefNdClI3(H20)3 (B-AlaH)] crystal (b) forced by chloride ions
rings, which stabilize the crystal structure. There are two types d68]. The carboxyl bridges of type | link the metal ions and
tyrosine rings are placed on one side of the polymeric chain as
shown inFig. 9 [77]. Only one site of the metal ion exists in the

structure. In the holmium peptide coordination of the metal is
32 i, > 'F, 0 o not the same as in the glycine complex. Thus, it is not a simple
2. rule (as we have expected) that the coordination of particular
amino acid residues of the peptide will be the same as in the
24 amino acids complexd48,31,61,67,77]
20 The laser-excited luminescence spectra of the Eu(lll)
161 I monocrystals with glycyl-glycine corr_elate well with the X-
ray data. The symmetry of the metal ion was established from
121 the high resolution spectra at 77 K, as shown beloim 10
08 [18,77]
041 Investigation of the absorption spectra at 300 and 4 K allows
detection of the number of sites (basedBry, Kramers doublet
T om0 8000 8680 sron Ml state of Nd(ll)) se€igs. 5 and 7These results find confirmation
4 , . in the laser selectively excited luminescence spectra of Nd(lII)
4y 38 o2 2 Gppt Gy and Eu(lll). The symmetry of the Ln(lll) ions was determined as
o P " 5 shown in the spectrum iRig. 10 [18,39-42,56,58,61fFrom the
N g:g low temperature luminescence spectra and absorption spectra
0.5 16 the energy levels diagram for the ground and first excited states
0.3 p :):g of Nd(lll) ion could be proposedHg. 11).
0.1 0.4 The luminescence spectra of the monocrystals listed in
427.0 570.0 5750  580.0 [nm] Table 1and those of other complexes have been published

Fig. 7. Absorption spectrum of the [N(L-Glu),-(H20)g] (ClO4)4-H20 at 5K. [18’?11'35’39_42h’56’68’6?] f th a/
Splitting of the*Fs, and 2Py, states indicate for four metal sites in noncen- The isomorphous replacement of the Ca(”) andjor Mg(ll)

trosymmetric dimeric units in the polymer, adapted fri@i]. ions by Ln(lll) ions provides the promise of exploiting the
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Fig. 8. (a) Emission spectra of the HHO3zPCH,NH,CH,COO)(H20)s(ClO4)4 at 77K, insert shows excitation spectrum of the,EO3;PCH,NH>
CH2COO),(H20)s(Cl04)4 at 77 K with vibronic components. (b) SHELXTL (XP) drawing of the fBHO3PCH,NH2CHCO,)2(H20)7(ClO4)] (Cl04)3 H20
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(lll) ions forCa(ll) and Ln(lll) ions. How such changes influence the function

obtaining information on the structural aspects of Ca(ll) andof the peptides and proteins in biological systems, is difficult

Mg(Il) biochemistry. Our detailed studies have proved differentto say. We have also found an isomorphic substitution of cal-

coordination of lanthanide and alkali metal by organic ligandscium by lanthanide ions in case of ciliatin€ple 1) and some

in complexes with glycine (compare Fig. 2 ji8] and Fig. dipeptidefl7,77,72,81]

3 in [67] for Ca(ll) and Nd(lll) ions, respectively), glutamic

acid (Fig. 4 in[79] and Fig. 3) and peptides (Fig. 1 ifi80] 3. Ln(III) B-diketonates of NaLnB4 and LnB;L types

andFig. 9. In the first case, the calcium atom is coordinated

by seven oxygen atoms—five from the glycine molecules and The development of efficient organic light emitting diodes

two from the water molecules, forming a distorted pentagona{OLEDs)[82] and polymer light emitting diodes (PLEDES3]

bipyramid. In the Nd(lll) compound the carboxyl groups arehas lead to new possibilities for a low cost, compact dis-

bidentate and tridentate and form linear polymer chains in th@lay technology. However, the broad emission observed from

structure. most organic molecules (due to the vibrational broadening)
The differences observed for the calcium and lanthanidenakes the spectroscopic purity required for red, green, blue dis-

structures with glutamic acid are much more significant. Theplays difficult to achieve. The use of rare earth ions-containing

calcium ions are coordinated to six oxygen atoms; five com@rganic molecules is, however, a possible route to obtaining

from the carboxyl groups and one from a water molecule. such emission with a theoretical upper limit of inner quan-
In both monocrystals with peptides, the Ca and Ln ions areum efficiency near 100% and has renewed interest in these

bonded by the carboxyl and carbonyl groups oxygen atomsnolecules. Using an appropriate organolanthanide complex for

However, the coordination number is different. Although in boththe emission layer one can achieve electroluminescence (EL)

compounds similar carboxyl bridges of the type (I1) bind two dif- covering the spectrum from blue to infra-f@9,84,85] OLEDs

ferent metal ions, addition of the two type (1) bridges strengthensvith molecules incorporating Eu(lll) emit rg§86,87] Sm(lll)

the bonding between the two lanthanide ions. Such behavioued-orange[88-91] Tb(lll) green [87,92,93] and Tm(lIl)

can influence the rate of the exchange of lanthanide ions in thiglue light[94]. OLEDs incorporating Nd(I11Y95-98] Yb(lIl)

peptide and can lead to differences in the exchange rate for t1j65,96] and Er(lll) [98,99] have recently been demonstrated
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(b)

Fig. 9. View of the structure of the Nd(Gly-GK(ClO4)3-4H2O crystal (a) [18,31,35,61] One-dimensional infinite chain in the structure of the
[Ho(C11H14N204)-(H20)5]Cl3-H20 (b) [31,77] Reprinted with permission from Ref61].Copyright 1992 International Union of Crystallography Blackwell
Munksgaard.

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

Since subtle changesin the molecular structures of the Eu(lll) |
complexes could dramatically tune the photoluminescence and | *Dg~7F,
EL properties, the development of new Eu(IB}diketonate
mixed ligand complexes for the light-emitting layers of the
EL device is a prevailing research activ[g7,91,92,105-114]
The research efforts include design of n@adiketones and 5D5="Fs *Dg~"F4
neutral second ligand408,115] usually 2,2-bipyridine, 1,10- , A
phenanthroline and trioctylphosphine ox[d60,116,117]This 575 605 635 665 69 725 [nm]
combination fills all coordination positions of the metal ion pro- rig. 10. Luminescence spectrum of the Eu(Gly-G{@I04)s-4H,0 crystal at
viding a stable complex. Thus, most of the published work?7 K, adapted fronf40].

10

° Do_'7Fo
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Fig. 11. (a) The*lg;, — 2Py transition in absorption spectrum of the [Nd(L-praHH20)2] (ClO4)s crystal at 293 K. (b) The energy level diagram’td), state
proposed on the basis of luminescence spectrum at 77 K, adaptefbBpm

covers these basic ligands and differ in the choice of theiof lanthanidg3-diketonates. In particular, these donor—acceptor
derivatives. Chemical modification of the neutral ligand3er  properties influence the ligands and Ln(lll) ions absorption and
diketone is dictated by three major principles: (1) the compleXxuminescence transitions energy and intensity, the vibrational
lowest triplet level must match the metal emitting state, beingstates, the electron—phonon coupling as well as the energy trans-
ideally—slightly, above if118]; (2) for EL applicationsitiscon- fer and the quantum yields of the luminescence of lanthanide
sidered advantageous to enrich the ligand(s) with electron angtdiketonates. Analysis of the total spectroscopic data permits
hole-transporting chemical groups in order to facilitate chargehe evaluation of the applicability of differeftdiketonates in
carrier injection and exciton trapping in the comp|&49]; (3)  OLEDs.
the complex must be thin-film forming upon vacuum deposition For this investigation we have chosen europiuga
without aggregation or crystallization problems. It also must bediketonates with 1,10-phenanthroline derivatives or’-2,2
miscible with other species (if necessary) as well as thermallpipyridine as a second ligan5,30,35,121-124]Spectro-
stable[120]. scopic data, including the nephelauxetic effect (shifts of the
Various spectroscopic methods as well as X-ray data haveDg — 'Fg transition), the crystal field parameters and inten-
been used to investigate structural peculiarities for a varietgity ratios of the emission transitions for a series of europium
of lanthanide compounds. Our interest has been to determir@diketonates are collected Trable 2
the influence of the donor—acceptor properties and of the size Increase of acceptor properties of one ligand of the compound
of the ligands on the spectroscopic characteristics of a seriés equivalent to increase of the donor properties of the other lig-

Table 2
Positions oPDg level (cnm 1), crystal fields parameters (ch) and intensities 0fDg — ’F» transition
Compound 5Do— "Fo 77K B2 B3 B} B} B} lo-aflo—1

CFP, 77K 77K 300K
Eu(DPM); phen 17241 705 87 —1605 —536 733 12.1 9.2
Eu(AA); 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
Eu(BA); Phen 17256 596 175 —1603 —-594 671
Eu(FOD) Tmphen 17209 425 105 —1519 —-578 520 12.0
Eu(FOD} Phen 17238 472 198 —1547 —-530 590 11.9 13.2
Eu(FOD) Dphphen 17212 490 221 —-1615 —-531 573 12.2
Eu(FOD}) Nphen 17209 553 139 —1571 —-515 737 12.0
Eu(TTF A); Tmphen 17235 345 180 —1636 —-565 537 13.9 16.3
Eu(TTFA) Phen 17244 622 116 —1580 —629 759 10.2 11.4
Eu(TTF A); Nphen 17241 635 87 —1606 —615 726 12.6 12.4
Eu(GOFGD} Phen 17230 518 94 —1659 —678 541 12.3 13.8

Eu(OTOFOD} Phen 17221 520 105 —-1751 —579 608 11.8 13.8
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Intensity

distances in the RO and Lr-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 i) — ‘Fo tran-
sition in the Eu(lll) spectra. The most effective luminescence
of Eu(lll) is observed through ligand band excitations, where
the ligand bands are in resonance with {Rg— °D (365 nm)

and’Fg — °Gg (375 nm) transitions of Eu(lll). In this case the

selection rules for the energy transfer process are satisfied. This

is supported by Malta’s theoretical modi28] and has also been

analyzed by ugl41].

from the °Dg excited state. An example is the complex with Fig. 12. When vibronic sidebands of one of the electronic tran-
the Nphen ligand, which exhibits the lowest europium luminessitions of Eu(lll) fall in the region of the zero-phonon lines of
cence quantum yield. The second factor is the ligand-to-metaither transitions, redistribution of the intensities and slight shifts
CT state. The efficiency of its participation in the degradation ofof the bands could occur. Thus the changes described above are
the excitation energy of Eu(lll) increases with the donor abilitythe results of the generation of new vibronic states. One should
of the B-diketone radicals with weakening of the-EMi bonds  use the nonadiabatic approximation in the quantum mechanical
and corresponding strengthening of the-Bubondg123]. description of these systerfi?7,128]
Steric factors play a significant role in determining the The relative integral intensity of the vibronic sidebands of
structure of the compounds as demonstrated for a series ttie Eu(lll) electronic transitions, the intensity distribution in the
Eu(DPM)-Ph-related compounds, based on crystal field paramsidebands, and the satellite vibration frequencies depend on the
eter calculations. Two groups of compounds with small and largdonor—acceptor properties of the ligaf@s,30,35,121-233nd

and in regard to the effective charge distribution on the atoms of 5Dg - 7Fp
the local environment of the Ln(lll) ions. This leads to gradual
changes in the crystal field (CF) that appear as gradual changes
of the Ln(lll) electronic spectra represented by the nephelaux-
etic shift, the crystal field parameters and intensity ratios of the
emission bands (séable 2.

Substituents with different donor—acceptor properties in the
B-diketone molecules change the distribution ofthelectronic
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 N )

\@

Inspection of the data included fable 2shows significant
similarities of the nephelauxetic effect (expressed by shifts of the
Do — "Fo transition) and the CF parameters (excludibf)
for two compounds: Eu(DPMPhen and Eu(TTFANphen. v - y y

) . . . . 16300 16000
In this case two pairs of coupled ligands having different Wavenumber (cm-)
donor—acceptor properties lead to similar properties of the com-
plexes. The intensities and distribution of the vibronic compo-Fi9: 12. Vibronic luminescence spectra of Eu(TTE&py (a and b)
nents are similar in the spectra of both compou[:ld’sl] (see and Eu(TTFA}D-pr (c). at 7.7 K. Reprinted with permission from Ref.
) . . ” . . " [124).Copyright 2005 Elsevier Science.

Fig. 14 in[35]), consistent with the theory of vibronic transition
probabilities[76,125]

The triplet states of the ligands can participate in the non- In the luminescence spectra of the Eu(IB}diketonates
radiative quenching processes giving rise to back energy transfewestigated, a resonance effect has been discoy&pdd (see
Ph ligands have different luminescence spelde2]. also on the sizes of the substituents of the ligands. This last
The dependence of the spectroscopic data on the ligands pdras been demonstrated for a series of Eu@Hjiketonates of
mits optimization of the properties of europiysrdiketonates formulae Eug)s-Ph and Eug)3-Bpy [124] (Figs. 13 and 1}
for their application in OLEDs. The most useful for this applica-  The intensities of the vibronic components increase with
tion seems to be Eu(DPMPh and the fluorinate®t-diketonates  increasing covalency, thus confirming the theory of the vibronic
Eu(TTFA)-Ph, Eu(OTOFODJPh (Ph — Phphen, Dphphen).  transition probabilities as described in Sectldiq.(1)). More-
For the highly emitting Eu(TTFA}5Mphen circularly polar-  over, in this case the non-radiative deactivation promoted by
ized laser excitation generated a non-racemic excited state atitese phonons is also more effective.
circularly polarized luminescence (CPL) spectra were detected. Compounds with inner and outersphere 'hpyridine
This leads to the conclusion that enantiomeric structures existimolecules, the first known complexes characterized in detalil
solution, and that the racemization rate is lower than the radiativey X-ray diffraction, were synthesized and investigated: LsWo
rate in acetone solutiorj$26]. Bpy(1/2Bpy) (1)[129], EuWasBpy (2) [130] (Wo =CCkC(O)



2500
8
L
~
o
[m)
n
-
=
© [t}
= - <
> L 3
g e N
s~ o |
2 o ) \
=18 L e
- wn
A.A_MA_JVLJ\

5D,-"F5

'?‘}
E‘-f

1445

660

580 600 620 640 700
Wavelength (nm)
5D,-7F,4 5D4-7F,
¢

78

h,___J

: 468

__JL_____,,)

790

Intensity (a.u.)
?

684

E. 755

1008 _

-—
C}
£/1445
G

—977

e

LJL ©)

580 590 600

610

620 630

Wavelength (nm)

Fig. 13. Luminescence spectra of Eu(§{IDOxBpy (a), Eu(CHCOO):Bpy
(b) and Eu(CHCOOXD-Bpy (c) in the region oPDg — ’F» transition at 77 K.
Reprinted with permission from RefL28].Copyright 2002 Elsevier Science.

.
|
| 2
| | |’l J i =] |
E | \ | | \ I ¥8
NN, j & (a)
IR | k_/\/‘ |
[ Ty
1 S - Ty W
T & | 5 =
El N . U
.
SRR AN
t U | J 2 2 ’| (b)
| L’tw!: l [ L‘JJ
ALY, WA AW
-
_WOA_M,* UL'JL Y |
'550' ‘ IBE)O ﬁéD ‘BJOI l56'0l BEI!O' ' 'TIDO' ‘ TEIO

Wavelength (nm)

Fig. 14. Vibronic luminescence spectra of Eu(TTEAphen (a) and
Eu(DPM)j-Phen (b) at 77K. Reprinted with permission from Ref.

[124).Copyright 2005 Elsevier Science.

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

Eu-N12,606 A
Eu-N2 2,580 A
Eu-012,3184
Eu-04 2,411 A
Eu-05 2,331 A
Eu-082424 A
Eu-09 2340 A_
Eu-0122398 A

N \N Eu-(Bpy) 7,56 A

Fig. 15. Crystal structure of complex BsBpy(Bpy/2). Reprinted with permis-
sion from Ref[35].Copyright 2002 Elsevier Science.
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Fig. 16. The energy level diagrams of Eu(lll) (1) and (2) systems and Th(lll) (2).
The energy of the ligand singlet state was adopted from Harriman'’s [dgit

The location of the ligand triplet state was evaluated from phosphorescence
spectrum of lanthanum respective complex.

NP(O)(OCH)2), [Eu(HFAA)3Bpy-H20]-Bpy (3) (HFAA —
hexafluoroacetone]131] and LnWg-Phen (4)[132]. X-ray
studies have shown the architecture of the mixed complexes
(seeFig. 15and Figs. 6 and 7 if85]) with the non-coordinated
2,2-bipyridine molecule located at different distances from the
Eu(lll). Compounds (1) and (3) differ in the type fdiketone
while the second ligand in both compounds is d-Bjpyridine
molecule, which allows us to analyze the effect offtheiketone
singlet and triplet states on the efficiency of the emission and
the ligand-to-metal energy transfer.

If B-diketone is HFAA as in [Eu(HFAABpy-H,O]-Bpy
then, according to the X-ray data, the coordination number of
Eu(lll) 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 syst¢a8,35].

Based on the spectroscopic data we have been able to con-
struct the energy level diagram for both the Tb(lll) and Eu(lll)
ions including the CT and ligand states (§ég 16). Energy can
be transferred from the ligand singlet and triplet states directly



P. Gawryszewska et al. / Coordination Chemistry Reviews 249 (2005) 2489-2509 2501

or by involving the Eu(lll) CT state. Moreover, based on thepound () are determined mainly by the strong electron—phonon
decay time measurements, the relatively high{7) rate con-  coupling. These intensities are twice as small as compared to
stants determined for [Eu(HFAABpy-H2O]-Bpy point to the  compound Z) and comparable with those reported by Richard-
role of back-energy transfer and of the CT state in deactivason and others for high symmetry compoufiti39]. The low
tion of the ligand states and their effect on the efficiency of theemperature spectra confirm a strong vibronic contribution to the
energy transfer. Direct energy transfer (involving ¥Ba levels  transition intensities. In fact, the strongest decrease of the inten-
via the exchange mechanism and e, 5L¢, °Gg, °D4 levels  sities with decrease of temperature to 50 K has been observed
via the multipolar mechanism) can occur. This is based on thin the 3Hs — 3F, transition. Most probably it is the result of
location of the singlet and triplet states versus the metal levelthe largest dynamic-to-static ratio found by Richardson for this
for both systems investigated—as has been proposed by Maltaiansition in trigonal symmetrf140].
theoretical mode]28,130,133] Values of the oscillator strengths of the electronic f—f transi-
Considering the energy of the CT states for both compoundsdions of the Pr(lll) and Eu(lll) compounds of the typB have
the role of the CT state in the energy transfer process seems b@en shown to be temperature and crystal orientation depen-
be more important for [Eu(HFAABpy-H,0]-Bpy [35]. Infact,  dent and such relationships have been interpreted respectively
deactivation of the lowestr level can follow various routes in terms of contribution of the dynamic coupling and the polar-
and the energy transfer frofmrmr™ to °Dg can occur, through izability mechanisms in the f—f transition intensities. Moreover,
different pathways, directly or via intersystem crossingpta*. the Judd-Ofelt parameters calculated from the wide set of oscil-
Thus, the efficiency of the energy transfer can be defined adstor strengths of transitions in the absorption and emission
Net = mscngtm* and the quantum yield ifexp = niscngtm*nr. spectra have been evaluated with considerable accuracy. It is
In the emission spectra of Ln\WWd@py(1/2Bpy) a resonance quite unigue—especially for the Pr(lll) ion.

effect has been observed. Most probably the coup(Pe-N)’, Analysis of the splitting of the components in the low tem-

v(P-OJ and other mode85] are responsible for the resonance perature emission spectra of the Eu(H&)k compound allows

conditions. one to detect the resonance effect in the vibronic coupling.
Lanthanide compounds with three types @fdiketones Our aim has also been to obtain lanthargediketonates pure

phosphoro-azo derivatives of the formulas Na[khH,O  and mixed with 1,10-phenanthroline trapped in silica or zirconia
[134,135] and LnG-2H,O [136] (where L=Wo or gelsprepared by the sol-gel technifiél-144] We have cho-

Az; Wo=CCk—C(O)N-P(O)(OCH)2; Az=CgHs—C(O)N-  sen the following complexes: Eu(A4&R2H>0, Eu(BA)-2H20,
P(O)[N(CH)2]2; C=CChL—C(O)N-P(O)(NHGHs)2, Ln=  Eu(AA)3-Phen, Eu(BA3-Phen, NaNdWgH»0O, Eu,Th(Wo)}L
Eu(lll), Pr(lll), Nd(lll)) have been investigated in order to (L-Lewis base; 2,2bipyridine or Phen).

explain their structure and prove potential biological role. Sub- The structure of the precursor complexes controls the struc-
stitution of the NP(O)(OCHh)) ligand group by NP(O)N(Ch)» ture of the metal centers in the silica gel. Elimination of water
changes the biological function of the compound. In vitrofrom the precursor salts (during chelation) prevents water reten-
cytotoxicity experiments with lanthanide complexes exhibittion in the silica glasse§l43]. The chelation also prevents
their anticancer effect on the cell strains tedqte2b]. aggregation of the dopant iofis42].

The comparative aspect of the f—f transition intensi- The Eu(lll) chelates trapped in silica gel glass has been pre-
ties with emphasis on their anisotropy and susceptibilityserved and the complexes with phenanthroline exhibit more
to the electron—phonon coupling and the polarizability ofintense emission with longer decay times. The strongest emis-
the ligand has been the aim of our investigation of twosionhasbeenobserved forthe Eu(BAhen complexestrapped
series of lanthanide(lll) (Nd, Eu, Pr) compounds of thein silica gel glass obtained with acetone instead of alcohol. Its
formulae Ln(HX}(NO3)3 (1) and Ln(HX)kCls (2) (where efficientemission points to the possibility of utilizing such mate-
HX=CCI3CO-NH-PO(Nef)2) [137,138] rial as luminescent devices for sensor applications. Intensity

Compounds having CN=6 and 9 were investigated in theanalysis of the emission spectra of the Eu(lll) chelates allows
form of monocrystals. Thé; symmetry for the compound one to investigate the structure of the metal centers in silica gel
(1) and most probably’,y, for the compoundX) were derived  glass[142].
from the X-ray data and analysis of the electronic components Lanthanide mixed chelates with phosphoro-azo-derivatives
in the low temperature (4 K) spectra. High, closeltg sym-  of B-diketonates (Wo) and 2;bipyridine incorporated in zirco-
metry of the Pr(lll) ion has been confirmed by the lack of thenia glass thin films exhibit a distinctincrease of the luminescence
3H,4 (A1) — 3Py (A1) components in the absorption spectrumintensities of europium and terbium in the complexes as com-
of Pr(HX)sCls. Analysis of changes of the oscillator strength pared to the emission of lanthanide oxides in similar fil ikl ).
values of the hypersensitive transitions has showed that defoihis effect is a result of the efficient energy-transfer exchange
mation of the structure increases in the series Pr—Nd—Eu with lbetween the ligand and the lanthanide as well as the increase of
decrease of the ionic radius. rigidity of the complex incorporated in zirconia glasses, which

As the compounds comprise the same organic ligand (HXare more pronounced than for silica glass. These materials find
and the inorganic molecules, Cland NG, it is clear that wide application as light conversion molecular devices, organic
the latter are responsible for the crystal structure differencedayered electroluminescence diodes (OLEDs) and in fluorimet-
The former can be considered as a source of the polarizabilitsic techniques. This type of compound has also been used as a
anisotropy. Intensities of the f—f transitions for the Pr(lll) com- precursor in the synthesis of nanometer-range matgfia&.
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4. Photophysics of the lanthanide complexes applicable One approach to obtaining highly emissive complexes is
in biomedical assays to employ flexible macrocyclic ligands capable of forming a
suitable cavity for lanthanide ions and effectively eliminating
The design of efficient luminescent lanthanide-based probesolvent molecules from the first coordination sphere. The photo-
for application in biological systems requires detailed knowl-physical properties of europium and terbium podates with bpy or
edge concerning the efficiency of the ligand-to metal energyipyridine#V,N'-dioxide subunits were studied in different sol-
transfer, solution structure and dynamics, and the influenceents by Balzani et al[162] and by Ziessel et a[163,164]
that these have on the important photochemical and photdFhe highest luminescence quantum yield of the Eu(lll) podate
physical properties. Within this broad area of research, energwas 0.35 in CHCN [163]. The triazacyclononane macrocycle
transfer between identical chromophores has been the subwith three negatively charged bipyridine carboxylate arms cre-
ject of numerous theoretical and experimental investigationated very stable complexes with lifetimes of 1.85 and 0.5 ms and
[5-10,21,28,35,147-153] guantum yields of 12% and 10% for Eu(lll) and Tb(lll), respec-
Since the excited state energy transfer also has the effect ti#ely [164]. The X-ray structures for these complexes are known
scrambling an initially photoselected orientational distribution,[165,166] Detailed luminescence studies were carried out for
as measured by diminished linear polarization in the fluoresthe Gd(lll), Eu(lll) and Th(lll) complexes with a podand tris[3-
cence from a rigid system (concentration depolarization), thig2-pyridylo-pyrazolyl] hydroborate in five solvenf$67]. The
phenomenon has also been used to probe the structure of pohespective X-ray structures have recently been publifb&s.
mer composites at the molecular ley&b4]. The structure, spectroscopy, photophysics and dynamics of
Of special interest are cage-like ligands containing aromatithe excited states of europium cryptates incorporating biiso-
N-oxide functional groups. The strong complexing ability of the quinoline dioxide (big®) [151,152,169] lanthanide podate
cryptands results from their macrobicyclic nature, giving rise towith bipyridine (bpy) [27,153,170-172]and the europium
a three-dimensional cavity well-fitted for the binding of cations.chelate with 2,2bipyridineV-oxide (bpyQ) [28,173,174have
Lehn and co-workers developed strongly luminescent materibeen reported. Our interest has been to investigate the ligand-
als incorporating biheteroaromatic units such asBi@yridine,  lanthanide energy transfer mechanism, the balance between
bipyrimidine, 1,10-phenanthroline, 3;Biisoquinoline and later forward and back energy transfer, the influence of complex
their N-oxides[5,7,147,155,156]The heteroaromati-oxides  structure on photophysical properties as well as the use of
are able to provide higher luminescence guantum yields tha@PE/CPL techniques to study the dynamics of the excited
their N-heteroaromatic parents due to the stronger M-ligandstate. Incorporation of racemic lanthanide complexes into sil-
interaction in spite of the presence of an additional decay processa gels obtained by the sol-gel method is a useful tech-
and lower molar absorption coefficiefi47]. Eu(bpy.bpy.bpy) nique for racemization elimination, and thus allows one to
has been used in the TRACE/HTRF homogenous fluoroassayrobe individual enantiomers by circularly polarized excitation
technigue based on the FRET principles (FRET — fluores{CPE) followed by circularly polarized luminescence (CPL)
cence resonance energy transf@]) The quantum vyield has [50,175-177]
been increased by incorporating fluoride ions in the coordi- Three cryptates incorporating one ‘3f#isoquinoline-2,2
nation sphere, allowing a total shielding through the forma-dioxide (bigQ®) unit (labeled Lnc 1, where Ln=Eu(lll),
tion of an ion pair[157]. The addition of carboxylic groups Tb(lll), Gd(lll) and three big@ units (labeled Eu 2),
to two of the bipyridine units lead to a 2.5-fold increase ofthree bigQ units with three N atoms (labeled EU3)
the cryptate fluorescence by shifting the absorption maximunhave been studied151,152,169] The [Euc (bigq0,.2.2)
wavelength and adapting to the nitrogen laser excitation afCF3S0s)]3-CH3CN-H20 (Euc 1) forms rhombic crystals with
337 nm. The substitution of bipyridine with one molecule of space grougPbca. The unit cell of dimensiona =12.831(3),
pyridine caused a dramatic decrease of the quenching procebs 24.265(5),c = 29.252(6)& and «=8=y=90 consists of
by decreasing the size of the cryptate cavity and prohibition oight formula unit§151]. As expected, all of the oxygen and
Eu(ll) formation[158]. Also the [Lnc bpy.bpy.py(CQEt);]®*  nitrogen atoms of the cryptand are involved in the metal ion
cryptates (Ln = Eu(lll), Tb(lll)) displayed relatively high emis- coordination. As can be seenfig. 17, a surprising result, com-
sion quantum yields in aqueous solutions (14% and 25%)pared to the known structures of lanthanide cryptgité8—183]
In this case the Tb(lll) ion has energy levels more appropridis that the coordination number of Eu(lll) in this solid complex
ate to give good resonant conditions with the triplet state ofs 10. Two oxygen atoms from one of the triflate counter ions
the cryptand159]. Theoretical calculations revealed that the are also coordinated. Because the bound triflate oxygen atoms
most probable channels involved in the luminescence processe aligned almost perpendicular to the bodidxide oxygen
for Eu(lll) are So= S1= T = (°D1,°Do) = ’F3. The enhance- atoms, the Eu(lll) environment is very close @ symmetry.
ment of the luminescence properties could be obtained bidowever, in the analysis of the electronic transitions for lan-
replacement of one pyridine nucleus by a five-membered ringhanide(lll) ions it is often the case that a reasonable analysis
inside the symmetrical trisbipyridine framework in the case ofcan be derived by consideration of only the coordinated atoms.
the terbium cryptatfl 60]. The luminescence induced by ligand Under this assumption, the site symmetry may be approximated
excitation has been observed for Eu(lll) and Tb(lll) cryptatesby Co, what is confirmed by the emission spectrum at 77 K
incorporating bpy or bpzpy chromophores in methanolic(seeFig. 18. The ab initio SCF calculations have been made
solutiong[161]. because the differences between photophysical properties (see
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Fig. 17. The molecular structure of [Eu(biqO,.2.2)(CRS03)](CF3S0s)2-CH3CN-H,0 (Euc 1). Reprinted with permission from RefL51].Copyright 2000
American Chemical Society.

Table 3 of the three types of cryptates require the knowledgethe other hand, for Ea 3 this elongation is more significant

of the cryptates structures. Since the RHF calculationsoflY and the N3-N4 distance is 10.1&Bfter complexation as com-
reproduce well the X-ray data structure of Ed, this same pared to 10.743 in the cryptand. One can expect that further
approach has been applied for the molecular structure modelirglongation of the ligand molecule should lead to a change of
of the next two cryptatefl52]. The structures created in the the cage inside cryptate enabling additional metal penetration of
complexes with ligand 2 and 3 show elongation of the cryptandhe coordination sphere by solvent molecules and/or counterions
molecules 3. The N3-N4 (where N3 and N4 are cryptand nitro{seeTable 3. It can also create new pathways of de-excitation of
gen atoms) distance is very long (7.680in cryptand 2 but  the lanthanide emission, since the metal ion can move from site
becomes shorter in the Eu2 complex (5.87§\) indicating par-  to site. Moreover, the size of this cage is sufficient to host two
ticipation of the nitrogen atoms in coordination. M—N3 bond metal ions inside the cryptand Big. 19 presents the emission
lengths are equal to 2.9§75h0wing very weak bonding. On spectra of Ewc 2 and Euc 3 under different conditions. The
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Fig. 18. Luminescence spectrum of Ed solid state at 77 K. The insert is an enlargeniidg — 'Fo transition[151]. Reprinted with permission from Ref.
[151].Copyright 2000 American Chemical Society.
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Table 3
Selected experimental decay rate constants far EUEuUC 2 and Euc 3

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

Compounds  kin®(s7Y)  kn(OHP (1) kadDC(s™Y) D k(sh)  n(H20  Quantum yield (%) experimental — Quantum yield (%) calculation
Eucl 1243 1270 463 2976 1.36 28 H7K) 18 (77K)

Euc?2 3125 2698 4870 7142 2.96

Euc3 4545 2820 3571 5000 2.90

a Defined as H(D20)77 k, Whereky n =k + knr(other vibrations).
b Defined as ]ﬁ(HzO)gooK — 1/‘E(D20)3oo K-

¢ Defined as (D,0)z00k — 1/t(D20)77k.

d Average number of coordinated water molecjleg.

€ Ru(bpyk?* was taken as reference for the quantum yield measurement.

luminescence spectra manifest modification of the structures gible 4
the europium cryptates of both types. Moreover, in the solid-stat&alculated energy transfer rates for €4

spectrum of E\C 2 at 77 K broadening of the bands is observedLigand state

4f state (cml)

Transfer rate (s?)

Back-transfer

that can indicate disordering of the system at low temperaturegm-") rate (s1)

Because a decrease. of temperature leads to decrease of thg M@blet (18018)—  5Do (17300)  kog=1.96x 107  kg»=31.83

ume, the transformation of the structure where the M—N bondingriplet (18018)<—  5D; (19000)  k7»=3.34x 108 kp7=4.04

still exist (according to the RHF calculations) is rather difficult. Triplet (18018)« ;Dz (21500)  ke2=2.82x 106"  kpe~0

In Euc 3 the M=N bonding is not formed and broadening of theSinglet (29010} 5G (26750)  k35=4.41x 106  ks3~0
Singlet (29010)>  °Dy4 (27600)  k34=1.66x 106"  k43~0

emission lines is not observéts2]. Some photophysical data

are reported imable 3 2 Dipolo—2t polo mechanism.
Both ligand-to-metal charge transfer (LMCT) states and lig- ° Dipole—dipole mechanism.
and3ww" states control the energy transfer processes in these

complexes. The strong temperature dependence of the lumingggicate the direction of the energy transfer. The energy transfer
cence lifetime reflected ikh(7) for EuC 2 and EuC 3 suggests  rate is larger for th€D; level, for which the exchange mecha-

that the LMCT states also take part in the non-radiative deacyism dominates. An insignificant back-transfer rate is observed,
tivation of excited Eu(lll). Structural crystallographic data for gye to the low temperature (77K) and the finite energy mis-

Euc 1, electronic structure calculations and theoretical modmatchA (>1500 cnt?) that leads to a small Boltzmann factor
elS haVe been Used to Obtain the intramoleculal’ enel’gy transngAVkBT_ Typ|ca| Va'ues Of the remaining transfer rates were

rates. There are five states that show appropriate resonance c@lsumed to be identical to those found for other coordina-
ditions with the ligand excited states. The choic€Db, °D1,  tion compounds, nameli3=¢ = 10%, k1 = 1P, k3o = 108, and

°D2, °Gg and°Dy results from the favourable resonance condi-,, = 16 -1 [21].

tions and from the selection rules stemming from the theoretical - A additional quenching mechanism was investigated by
models[21,152,184] According o these selection rules direct considering a low-lying ligand-to-metal-charge-transfer state
energy transfer to théDo level is not allowed. This rule is, (| MCT). Therefore, three situations could be taken into account:
however, relaxed due to the J-mixing effects and the thermaky) (b) are presented fig. 20and (c) the LMCT state is not
population of the’Fy level. Table 4presents the energy trans- considered and only eight states involved in the energy transfer
fer and back-transfer rates for the Ed cryptate. The arrows process should be applied. The quantum yields and the decay
lifetimes were obtained from these results and compared to the
experimental dataTable 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 hé— °D; transition

is allowed by the exchange mechanism as described b{2EEq.

8r 62(1 - (70)2 /oy
= mm g Fla JlSllat
3h (27 + )R}

(el

whereF is the so-called energy mismatch factor which can be
calculated from the approximate expression given by Malta
[184], S the total spin operator (in units @) of the lanthanide
ion, . the z component of the electric dipole operates

2
ET )

2

(2)

relative intensityl arb.u.

LR [EASRRCE

6(;(-)“ = 680 700
A/ nm—

0,0 N

> 1 (k)sm(k)
k

Fig. 19. The luminescence spectra otEi(a) solid at 293 K, (b) solid at 77 K,
(c) in CHzCN at 77K and Ea3 (d) solid at 77K, (e) in CEHCN at 77K.
Reprinted with permission from reffLl52].Copyright 2004 Wiley-VCH.
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Fig. 21. Structural formula of the podant ([1)53].

Fig. 20. Diagram of the most probable states to be involved in the energy transfelrable 5

processin Ea 1, with theirnumbering scheme. The solid and dashed arrowsrep- =~ . . . . .
L oo ) Luminescence decay times (ms) for TbL and EuL in the solid state and in various
resent radiative ratd(,q) and non-radiative ratéi(,;) processes, respectively.

The diagram also shows how the MCT state is taken into consideration: close tsoolutlons at293 and 77K

(a) the triplet and (b) the singlet states of the ligand. Reprinted with permission ThL EuL
from ref.[152].Copyright 2004 Wiley-VCH.

293K 77K 293K 77K
TH D TH D TH D TH D
the spherical component of the spin operator for the ligands
electrons,og the screening factor due to the filled 5s and SpEZHSOH 123 1'% 18 293 094033 126034 152
sub-shells of the lanthanide ion, aRd is the distance fromthe cp.cn 1.4 1.35 1.01
lanthanide ion to the region of the ligand molecule in which thesolid 1.4 1.78 0.54, 0.06

ligand donor (or acceptor) state is localized.
Investigation of the pressure effect on the luminescence
has shown little change in the coordination of Eu(lll) in the 4681 and 2899 cmt, respectively. This allows one to estimate
cryptand but a very substantial increase in the population ofhe efficiency of the phonon-assisted energy transfer. Compar-
the °Dy state, either due to an increase in the energy transfeng the spectra for the solid state and the solutions in the range
from the ligand triplet state or a decrease in the back-transfeasf the °>Dg — ’Fy transition we associate these two peaks with
deactivatior{151]. As a first approximation, a small decrease inthe [Eu(L)Cb]* (A) and [Eu(L)CIF* (B) forms of the Eu(lll)
the distance from the ligand to the metal ion would be expectedomplex[172]. AV, which denotes the difference in volume
to increase both the forward and reverse energy transfebetween the products and the reactants may be obtained from a
although not necessarily equally. More interestingly, increaseglot of the natural log of the ratio of the peak areas versus pres-
pressure is known to have a pronounced effect on the energyure. The results are shownFig. 22 The positive value oAV
of the ligandmw-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 0,8
strongly on pressure because of the existence of competitive
energy transfer processes controlled by the energy gap, can be 0,7
very useful for potential pressure sensors designs.
The investigation of lanthanide(lll) complexes with 0,64
the podand 6/6bis[bis(2-pyridylmethyl)aminomethyl]-2;2

bipyridine (L) (Fig. 21) has illustrated the quality and quantity =~ <, %37
of information on the energetics, the solution structure, and %

the photophysics that is now available for the characterization
of luminescent lanthanide complexes in solids and solutions
[27,153,170-172]For TbL and EuL there exists a very effi-

AV=3,0cm¥mol

cient ligand-to-metal energy transfer. For EuL the participation 0.2-

of LMCT in the quenching of the emission has been predicted INNSSSS—
based on the excitation spectra, the quantum yields and the mea- 0 1 2 3 4 5
sured decay rate constants. The partial photophysical data are P (kbar)

presented iable 5 . . Fig. 22. A plot of the measured luminescence dissymmetry fagtat, mea-
The energy gap between the ligand triplet state (21 9299¥m  syred at 543nm vs. temperature for a solution of TbL in methanol. Reprinted
and the Th(ll)°D4 and the Eu(lll)°Dyg, °D; states are 1438, with permission from reff153].Copyright 2000 Elsevier Science.
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