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PREFACE

Karl A. GSCHNEIDNER Jr., Jean-Claude G. BÜNZLI, and Vitalij K. PECHARSKY

These elements perplex us in our rearches[sic], baffle us in our speculations, and haunt us in our very dreams.
They stretch like an unknown sea before us – mocking, mystifying, and murmuring strange revelations and
possibilities.

Sir William Crookes (February 16, 1887)

In keeping with the tradition of theHandbook on the Physics and Chemistry of Rare Earths
volume 35 covers a wide diversity of topics involving the rare earth elements. The topics range
from solid oxides for advanced, energy efficient electrical power generation (Chapter 223);
to the oxo-selenate members of the vast family of complex oxo-anions (Chapter 224); to
organic beta-diketonate complexes (Chapter 225); to the utilization of organic complexes for
molecular recognition and sensing (Chapter 226).

In addition, the volume contains an abbreviated subject index of the 226 chapters published
to date, which is located immediately after theContents of Volumes 1–34.

Chapter 223. Rare-earth Materials for Solid Oxide Fuels (SOFC)
by Natsuko Sakai, Katsuhiko Yamaji, Teruhisa Horita, Yue Ping Xiong and
Harumi Yokokawa
National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan

Fuel cell technology has the potential to transform the electrical power generation as we know
it today to a much more energy efficient and environmentally friendly technology in the early
21st century. There are several different kinds of fuel cells which can be readily classified
by the electrolyte material utilized to convert the energy produced by a chemical reaction to
electric energy. The hydrogen fuel cell to power automobiles, which today receives lots of
exposure in the popular press, is one of them. Another is the solid oxide fuel cell (SOFC)
technology for large scale electrical power generation (hundreds of kilo watts). Sakai and co-
workers discuss the role of the rare oxide base materials in high temperature SOFC. A single
cell of a SOFC power generator consists of a dense metal oxide electrolyte with a porous an-
ode on one side and a porous cathode on the other side. Oxygen gas is reduced to the oxide ion
at the cathode/electrolyte interface, and the oxide ion diffuses to the anode/electrolyte inter-
face. The oxidation of the fuel (H2 or CO) by the oxide ion results in the emission of electrons,
which pass through an external circuit performing useful electric work before returning to the
cathode.

v
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Many of the SOFC components – the electrolyte, anode, cathode and interconnects – consist
of rare earth oxide materials. These include yttria stabilized zirconia, R2O3-ceria, rare earth-
alkaline earth manganites, and rare earth cobaltites, chromates and titanates. These complex
rare earth metal oxides have good chemical stability at the severe SOFC operating conditions,
exhibit high ionic or mixed ionic conductivity, good catalytic activity, the flexibility of chang-
ing the chemical composition and/or the ratio of component binary oxides, and can crystallize
in a variety of structures, such as the fluoride, spinel and perovskite.

Chapter 224. Oxo-selenates of Rare Earth Elements
by Mathias S. Wickleder and Carl von Ossietzky
Universität Oldenburg, Oldenburg, Germany

Oxygen containing compounds is one of the largest groups of rare earth compounds, sec-
ond to rare earth metal-organic materials. Familiar oxo-compounds include the natural oc-
curring mineral families – silicates, phosphates and carbonates, and the derived families –
nitrates, sulfates, perchlorates, manganites, ferrites, chromites, cobaltites, titanates, etc. Com-
plex oxo-anions have attracted considerable attention in recent years because they can be
used as precursors for preparing rare earth catalytic materials with large surface areas, non-
centrosymmetric compounds for non-linear optical properties, electronic and magnetic ma-
terials, high temperature superconductors, etc. Wickleder’s review focuses on one particular
family of oxo-compounds, which is not well known, but has been studied extensively in the
past few years because of their rich structural chemistry, complex thermal behaviors and dual
oxidation states {selenites [or oxo-selenate (IV)] and selenates [or oxo-selenate (VI)]}. The
oxo-selenate (IV) ion is much more stable than the oxo-selenate (VI), which is just the op-
posite of the stability of their isomorphous cousins the sulfate and the sulfite ions. Because
of this reversal of stability there are more oxo-selenite (IV) compounds, and one can use the
thermal decomposition of the oxo-selenate (VI) to prepare oxo-selenate (IV) compounds. In
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addition to the IV and VI oxidation states, a few of the mixed valent oxo-selenated (IV/VI)
compounds are known, but much remains to be discovered.

The emphasis of this chapter is on the crystallography and crystal chemistry of these oxo-
selenates. The structural description includes the important characteristic features – coordina-
tion numbers, geometry, connectivity of polyhedra and bond lengths. The SeO2−

4 anion has
the ideal tetrahedral symmetry, while the SeO2−

3 anion has a pyramidal shape due to its lone
electron pair at the selenium atom. The former is a strong oxidizer. In addition to the crystal-
lography of this family of oxo-anions, some information exists on the vibrational spectra and
thermal behaviors.

Chapter 225. Rare-earth Beta-diketonates
by Koen Binnemans
Catholic University of Leuven, Leuven, Belgium

The rare earthβ-diketonates were first prepared at the end of the 19th century, more than
100 years ago by one of the pioneers of rare earth research, G. Urbain. Theβ-diketonate com-
plexes are one of the most extensively investigated rare earth coordination compounds. This
popularity is due to the fact that they are easily synthesized, readily available from commercial
sources, and have many applications. Binnemans points out that there have been four periods
of active research: the late 1950s–early 1960s, the mid 1960s, the 1970s–1985, which he calls
the Golden Years ofβ-diketonate research, and the 1990s. In the first period these compounds
were studied as extractants for the solvent–solvent extraction processes used to separate the
individual rare earth elements. In the 1960s they were studied for their potential as laser ma-
terials, i.e. chelate lasers and liquid lasers. In the Gold Years, theβ-diketonates were used as
NMR shift reagents. The latest period of active research focused on their electroluminescent
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properties for organic light emitting diodes, their high vapor pressures as volatile reagents for
chemical deposition, and their utilization as catalysts for organic reactions.

There are three main types of rare earthβ-diketonates: the tris complexes, the Lewis base
adducts of the tris complexes, and tetrakis complexes. The tris complexes have threeβ-
diketonate ligands for each rare earth ion, i.e. R(β-diketonate)3. The Lewis base adducts are
formed by reaction with water or other organic Lewis bases. The tetrakis complexes have four
β-diketonate ligands around rare earth ion and have the general formula [R(β-diketonate)4]−.

The rare earthβ-diketonates are excellent compounds to test theoretical models in the field
of spectroscopy, however, many applications are unlikely because these compounds have low
thermal stability and may decompose during the construction of the devices. There are, how-
ever, some uses where photochemical stability is not a problem, such as fingerprint analysis
or fluorimetric analysis. Their volatility has application as reagents for chemical vapor depo-
sition, while their mild Lewis acidity has been utilized in Diels–Alder reactions. With passing
of the Golden Age, one of the major applications – NMR shift reagents – has been reduced
to a small fraction of its peak usage due to the development of high-field NMR spectrome-
ters. Still, today there are a number of specialty applications for NMR shift reagents, such as
the enantiomeric purity of chiral compounds, also see the next paragraph (Chapter 226) by
Shinoda and co-workers.

Chapter 226. Molecular Recognition and Sensing via Rare Earth Complexes
by Satoshi Shinoda, Hiroyuki Miyake and Hiroshi Tsukube
Osaka City University, Osaka, Japan

Molecular recognition is one of the important areas of molecular-based biology, biomaterials,
chemistry, medicine, and physics. When a lanthanide containing receptor binds with a given
substrate, specific interactions may occur in the inner and/or outer coordination sphere(s).
By monitoring these resultant interactions precise information about the substrate can be ob-
tained. Since the lanthanide cations properties vary in a systematic manner as a function of
their atomic number, i.e. radius, electron transfer ability, Lewis acidity, light-emitting effi-
ciency and magnetic properties, one can select the most suitable lanthanide and use it in a
tailor-made synthesis of a functional compound. Furthermore, the trivalent lanthanide ions
have a similar ionic radii and coordination geometry to those of the Ca2+ cation, they can be
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substituted for Ca2+ in many compounds and living organs, and thus are of great interest in
biological studies.

In this chapter Shinoda, Miyake and Tsukube have summarized the recent advances in the
chemistry of rare earth complexes in molecular recognition and sensing technology. The main
techniques are luminescence, circular dichroism (CD), nuclear magnetic resonance (NMR)
and magnetic resonance imaging (MRI), see above figure. Luminescence studies of both the
intensity and splitting patterns of the emission signals give information about the microenvi-
ronments around the excited lanthanide ion. CD gives deep insights into the ligand condensa-
tion geometry, stereochemistry, electronic state and other environment-dependent parameters.
NMR is a useful paramagnetic biological probe which gives angular and distance information
on amino acids, nucleotides, and proteins. MRI, which is a specialized branch of NMR, has
received much attention for the last 30 years as a medical imaging technology. Currently MRI
contrast agents have been found to exhibit a high sensitivity toward external stimuli such as
pH, P O2 and intracellular concentrations of specific analytes. Since lanthanide complexes are
widely used as labeling agents in gene and protein science and technology, new compounds
are anticipated to play an important role as smart materials in chemistry, biology, medicine
and related technologies of the next generation.



This page intentionally left blank



CONTENTS

Preface v

Contents xi

Contents of Volumes 1–34 xiii

Index of Contents of Volumes 1–35 xxiii

223. Natsuko Sakai, Katsuhiko Yamaji, Teruhisa Horita, Yue Ping Xiong and Harumi
Yokokawa
Rare-earth materials for Solid Oxide Fuel Cells (SOFC)1

224. Mathias S. Wickleder
Oxo-selenates of rare earth elements45

225. Koen Binnemans
Rare-earth beta-diketonates107

226. Satoshi Shinoda, Hiroyuki Miyake and Hiroshi Tsukube
Molecular recognition and sensing via rare earth complexes273

Author index 337

Subject index 377

xi



This page intentionally left blank



CONTENTS OF VOLUMES 1–34

VOLUME 1: Metals
1978, 1st repr. 1982, 2nd repr. 1991; ISBN 0-444-85020-1

1. Z.B. Goldschmidt,Atomic properties (free atom)1
2. B.J. Beaudry and K.A. Gschneidner Jr,Preparation and basic properties of the rare earth metals173
3. S.H. Liu,Electronic structure of rare earth metals233
4. D.C. Koskenmaki and K.A. Gschneidner Jr,Cerium 337
5. L.J. Sundström,Low temperature heat capacity of the rare earth metals379
6. K.A. McEwen,Magnetic and transport properties of the rare earths411
7. S.K. Sinha,Magnetic structures and inelastic neutron scattering: metals, alloys and compounds489
8. T.E. Scott,Elastic and mechanical properties591
9. A. Jayaraman,High pressure studies: metals, alloys and compounds707

10. C. Probst and J. Wittig,Superconductivity: metals, alloys and compounds749
11. M.B. Maple, L.E. DeLong and B.C. Sales,Kondo effect: alloys and compounds797
12. M.P. Dariel,Diffusion in rare earth metals 847

Subject index 877

VOLUME 2: Alloys and intermetallics
1979, 1st repr. 1982, 2nd repr. 1991; ISBN 0-444-85021-X

13. A. Iandelli and A. Palenzona,Crystal chemistry of intermetallic compounds1
14. H.R. Kirchmayr and C.A. Poldy,Magnetic properties of intermetallic compounds of rare earth metals55
15. A.E. Clark,Magnetostrictive RFe2 intermetallic compounds 231
16. J.J. Rhyne,Amorphous magnetic rare earth alloys259
17. P. Fulde,Crystal fields 295
18. R.G. Barnes,NMR, EPR and Mössbauer effect: metals, alloys and compounds387
19. P. Wachter,Europium chalcogenides: EuO, EuS, EuSe and EuTe507
20. A. Jayaraman,Valence changes in compounds575

Subject index 613

VOLUME 3: Non-metallic compounds – I
1979, 1st repr. 1984; ISBN 0-444-85215-8

21. L.A. Haskin and T.P. Paster,Geochemistry and mineralogy of the rare earths1
22. J.E. Powell,Separation chemistry 81
23. C.K. Jørgensen,Theoretical chemistry of rare earths111
24. W.T. Carnall,The absorption and fluorescence spectra of rare earth ions in solution171
25. L.C. Thompson,Complexes 209
26. G.G. Libowitz and A.J. Maeland,Hydrides 299
27. L. Eyring,The binary rare earth oxides337
28. D.J.M. Sevan and E. Summerville,Mixed rare earth oxides 401
29. C.P. Khattak and F.F.Y. Wang,Perovskites and garnets525
30. L.H. Brixner, J.R. Barkley and W. Jeitschko,Rare earth molybdates (VI)609

Subject index 655

xiii



xiv CONTENTS OF VOLUMES 1–34

VOLUME 4: Non-metallic compounds – II
1979, 1st repr. 1984; ISBN 0-444-85216-6

31. J. Flahaut,Sulfides, selenides and tellurides1
32. J.M. Haschke,Halides 89
33. F. Hulliger,Rare earth pnictides 153
34. G. Blasse,Chemistry and physics of R-activated phosphors237
35. M.J. Weber,Rare earth lasers 275
36. F.K. Fong,Nonradiative processes of rare-earth ions in crystals317

37A. J.W. O’Laughlin,Chemical spectrophotometric and polarographic methods341
37B. S.R. Taylor,Trace element analysis of rare earth elements by spark source mass spectroscopy359
37C. R.J. Conzemius,Analysis of rare earth matrices by spark source mass spectrometry377
37D. E.L. DeKalb and V.A. Fassel,Optical atomic emission and absorption methods405
37E. A.P. D’Silva and V.A. Fassel,X-ray excited optical luminescence of the rare earths441
37F. F.W.V. Boynton,Neutron activation analysis 457
37G. S. Schuhmann and J.A. Philpotts,Mass-spectrometric stable-isotope dilution analysis for lanthanides in geo-

chemical materials 471
38. J. Reuben and G.A. Elgavish,Shift reagents and NMR of paramagnetic lanthanide complexes483
39. J. Reuben,Bioinorganic chemistry: lanthanides as probes in systems of biological interest515
40. T.J. Haley,Toxicity 553

Subject index 587

VOLUME 5
1982, 1st repr. 1984; ISBN 0-444-86375-3

41. M. Gasgnier,Rare earth alloys and compounds as thin films1
42. E. Gratz and M.J. Zuckermann,Transport properties (electrical resitivity, thermoelectric power thermal conduc-

tivity) of rare earth intermetallic compounds117
43. F.P. Netzer and E. Bertel,Adsorption and catalysis on rare earth surfaces217
44. C. Boulesteix,Defects and phase transformation near room temperature in rare earth sesquioxides321
45. O. Greis and J.M. Haschke,Rare earth fluorides 387
46. C.A. Morrison and R.P. Leavitt,Spectroscopic properties of triply ionized lanthanides in transparent host crystals

461
Subject index 693

VOLUME 6
1984; ISBN 0-444-86592-6

47. K.H.J. Buschow,Hydrogen absorption in intermetallic compounds1
48. E. Parthé and B. Chabot,Crystal structures and crystal chemistry of ternary rare earth–transition metal borides,

silicides and homologues113
49. P. Rogl,Phase equilibria in ternary and higher order systems with rare earth elements and boron335
50. H.B. Kagan and J.L. Namy,Preparation of divalent ytterbium and samarium derivatives and their use in organic

chemistry 525
Subject index 567

VOLUME 7
1984; ISBN 0-444-86851-8

51. P. Rogl,Phase equilibria in ternary and higher order systems with rare earth elements and silicon1
52. K.H.J. Buschow,Amorphous alloys 265
53. H. Schumann and W. Genthe,Organometallic compounds of the rare earths446

Subject index 573



CONTENTS OF VOLUMES 1–34 xv

VOLUME 8
1986; ISBN 0-444-86971-9

54. K.A. Gschneidner Jr and F.W. Calderwood,Intra rare earth binary alloys: phase relationships, lattice parameters
and systematics 1

55. X. Gao,Polarographic analysis of the rare earths163
56. M. Leskelä and L. Niinistö,Inorganic complex compounds I203
57. J.R. Long,Implications in organic synthesis335

Errata 375
Subject index 379

VOLUME 9
1987; ISBN 0-444-87045-8

58. R. Reisfeld and C.K. Jørgensen,Excited state phenomena in vitreous materials1
59. L. Niinistö and M. Leskelä,Inorganic complex compounds II91
60. J.-C.G. Bünzli,Complexes with synthetic ionophores321
61. Zhiquan Shen and Jun Ouyang,Rare earth coordination catalysis in stereospecific polymerization395

Errata 429
Subject index 431

VOLUME 10: High energy spectroscopy
1988; ISBN 0-444-87063-6

62. Y. Baer and W.-D. Schneider,High-energy spectroscopy of lanthanide materials – An overview1
63. M. Campagna and F.U. Hillebrecht,f-electron hybridization and dynamical screening of core holes in intermetal-

lic compounds 75
64. O. Gunnarsson and K. Schönhammer,Many-body formulation of spectra of mixed valence systems103
65. A.J. Freeman, B.I. Min and M.R. Norman,Local density supercell theory of photoemission and inverse photo-

emission spectra 165
66. D.W. Lynch and J.H. Weaver,Photoemission of Ce and its compounds231
67. S. Hüfner,Photoemission in chalcogenides301
68. J.F. Herbst and J.W. Wilkins,Calculation of 4f excitation energies in the metals and relevance to mixed valence

systems 321
69. B. Johansson and N. Mårtensson,Thermodynamic aspects of 4f levels in metals and compounds361
70. F.U. Hillebrecht and M. Campagna,Bremsstrahlung isochromat spectroscopy of alloys and mixed valent com-

pounds 425
71. J. Röhler,X-ray absorption and emission spectra453
72. F.P. Netzer and J.A.D. Matthew,Inelastic electron scattering measurements547

Subject index 601

VOLUME 11: Two-hundred-year impact of rare earths on science
1988; ISBN 0-444-87080-6

H.J. Svec,Prologue 1
73. F. Szabadváry,The history of the discovery and separation of the rare earths33
74. B.R. Judd,Atomic theory and optical spectroscopy81
75. C.K. Jørgensen,Influence of rare earths on chemical understanding and classification197
76. J.J. Rhyne,Highlights from the exotic phenomena of lanthanide magnetism293
77. B. Bleaney,Magnetic resonance spectroscopy and hyperfine interactions323
78. K.A. Gschneidner Jr and A.H. Daane,Physical metallurgy 409
79. S.R. Taylor and S.M. McLennan,The significance of the rare earths in geochemistry and cosmochemistry485

Errata 579
Subject index 581



xvi CONTENTS OF VOLUMES 1–34

VOLUME 12
1989; ISBN 0-444-87105-5

80. J.S. Abell,Preparation and crystal growth of rare earth elements and intermetallic compounds1
81. Z. Fisk and J.P. Remeika,Growth of single crystals from molten metal fluxes53
82. E. Burzo and H.R. Kirchmayr,Physical properties of R2Fe14B-based alloys 71
83. A. Szytuła and J. Leciejewicz,Magnetic properties of ternary intermetallic compounds of the RT2X2 type 133
84. H. Maletta and W. Zinn,Spin glasses 213
85. J. van Zytveld,Liquid metals and alloys 357
86. M.S. Chandrasekharaiah and K.A. Gingerich,Thermodynamic properties of gaseous species409
87. W.M. Yen,Laser spectroscopy433

Subject index 479

VOLUME 13
1990; ISBN 0-444-88547-1

88. E.I. Gladyshevsky, O.I. Bodak and V.K. Pecharsky,Phase equilibria and crystal chemistry in ternary rare earth
systems with metallic elements1

89. A.A. Eliseev and G.M. Kuzmichyeva,Phase equilibrium and crystal chemistry in ternary rare earth systems
with chalcogenide elements191

90. N. Kimizuka, E. Takayama-Muromachi and K. Siratori,The systems R2O3–M2O3–M′O 283
91. R.S. Houk,Elemental analysis by atomic emission and mass spectrometry with inductively coupled plasmas

385
92. P.H. Brown, A.H. Rathjen, R.D. Graham and D.E. Tribe,Rare earth elements in biological systems423

Errata 453
Subject index 455

VOLUME 14
1991; ISBN 0-444-88743-1

93. R. Osborn, S.W. Lovesey, A.D. Taylor and E. Balcar,Intermultiplet transitions using neutron spectroscopy1
94. E. Dormann,NMR in intermetallic compounds63
95. E. Zirngiebl and G. Güntherodt,Light scattering in intermetallic compounds163
96. P. Thalmeier and B. Lüthi,The electron–phonon interaction in intermetallic compounds225
97. N. Grewe and F. Steglich,Heavy fermions 343

Subject index 475

VOLUME 15
1991; ISBN 0-444-88966-3

98. J.G. Sereni,Low-temperature behaviour of cerium compounds1
99. G.-y. Adachi, N. Imanaka and Zhang Fuzhong,Rare earth carbides 61

100. A. Simon, Hj. Mattausch, G.J. Miller, W. Bauhofer and R.K. Kremer,Metal-rich halides 191
101. R.M. Almeida,Fluoride glasses 287
102. K.L. Nash and J.C. Sullivan,Kinetics of complexation and redox reactions of the lanthanides in aqueous solu-

tions 347
103. E.N. Rizkalla and G.R. Choppin,Hydration and hydrolysis of lanthanides393
104. L.M. Vallarino, Macrocycle complexes of the lanthanide(III) yttrium(III) and dioxouranium(VI) ions from

metal-templated syntheses443
Errata 513
Subject index 515



CONTENTS OF VOLUMES 1–34 xvii

MASTER INDEX, Vols. 1–15
1993; ISBN 0-444-89965-0

VOLUME 16
1993; ISBN 0-444-89782-8

105. M. Loewenhaupt and K.H. Fischer,Valence-fluctuation and heavy-fermion 4f systems1
106. I.A. Smirnov and V.S. Oskotski,Thermal conductivity of rare earth compounds107
107. M.A. Subramanian and A.W. Sleight,Rare earths pyrochlores225
108. R. Miyawaki and I. Nakai,Crystal structures of rare earth minerals249
109. D.R. Chopra,Appearance potential spectroscopy of lanthanides and their intermetallics519

Author index 547
Subject index 579

VOLUME 17: Lanthanides/Actinides: Physics – I
1993; ISBN 0-444-81502-3

110. M.R. Norman and D.D. Koelling,Electronic structure, Fermi surfaces, and superconductivity in f electron
metals 1

111. S.H. Liu,Phenomenological approach to heavy-fermion systems87
112. B. Johansson and M.S.S. Brooks,Theory of cohesion in rare earths and actinides149
113. U. Benedict and W.B. Holzapfel,High-pressure studies – Structural aspects245
114. O. Vogt and K. Mattenberger,Magnetic measurements on rare earth and actinide monopnictides and mono-

chalcogenides 301
115. J.M. Fournier and E. Gratz,Transport properties of rare earth and actinide intermetallics409
116. W. Potzel, G.M. Kalvius and J. Gal,Mössbauer studies on electronic structure of intermetallic compounds

539
117. G.H. Lander,Neutron elastic scattering from actinides and anomalous lanthanides635

Author index 711
Subject index 753

VOLUME 18: Lanthanides/Actinides: Chemistry
1994; ISBN 0-444-81724-7

118. G.T. Seaborg,Origin of the actinide concept 1
119. K. Balasubramanian,Relativistic effects and electronic structure of lanthanide and actinide molecules29
120. J.V. Beitz,Similarities and differences in trivalent lanthanide- and actinide-ion solution absorption spectra and

luminescence studies159
121. K.L. Nash,Separation chemistry for lanthanides and trivalent actinides197
122. L.R. Morss,Comparative thermochemical and oxidation – reduction properties of lanthanides and actinides

239
123. J.W. Ward and J.M. Haschke,Comparison of 4f and 5f element hydride properties293
124. H.A. Eick,Lanthanide and actinide halides365
125. R.G. Haire and L. Eyring,Comparisons of the binary oxides413
126. S.A. Kinkead, K.D. Abney and T.A. O’Donnell,f-element speciation in strongly acidic media: lanthanide and

mid-actinide metals, oxides, fluorides and oxide fluorides in superacids507
127. E.N. Rizkalla and G.R. Choppin,Lanthanides and actinides hydration and hydrolysis529
128. G.R. Choppin and E.N. Rizkalla,Solution chemistry of actinides and lanthanides559
129. J.R. Duffield, D.M. Taylor and D.R. Williams,The biochemistry of the f-elements591

Author index 623
Subject index 659



xviii CONTENTS OF VOLUMES 1–34

VOLUME 19: Lanthanides/Actinides: Physics – II
1994; ISBN 0-444-82015-9

130. E. Holland-Moritz and G.H. Lander,Neutron inelastic scattering from actinides and anomalous lanthanides
1

131. G. Aeppli and C. Broholm,Magnetic correlations in heavy-fermion systems: neutron scattering from single
crystals 123

132. P. Wachter,Intermediate valence and heavy fermions177
133. J.D. Thompson and J.M. Lawrence,High pressure studies – Physical properties of anomalous Ce, Yb and U

compounds 383
134. C. Colinet and A. Pasturel,Thermodynamic properties of metallic systems479

Author index 649
Subject index 693

VOLUME 20
1995; ISBN 0-444-82014-0
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DO∗ oxygen isotope diffusivity
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�Eelectrolyte electric potential in electrolyte

εelectrolyte efficiency of the electrolyte

F Faraday’s constant

�G Gibb’s free energy change in the redox reaction

�H enthalpy change in the redox reaction

η ideal efficiency

jO2 oxygen flux through the interconnect

JO2,electrolyte oxygen flux through the electrolytes

J surf
O2− oxide ion flux determined by surface exchange rate

Jext electrical flux in the external circuit

ks surface exchange rate constant

Kox equilibrium constant of oxygen defect formation

L thickness of the electrolyte or interconnect plate

λ thermal conductivity

λ0 thermal conductivity of dense material

µO2 chemical potential of oxygen molecule

n number of electron in the redox reaction

vm molar volume

p partial pressure

pO2 partial pressure of oxygen

π relative porosity

r correlation factor
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�S entropy change in the redox reaction

σ electrical conductivity

σO2− oxide ion conductivity

σe electron conductivity

σh hole conductivity

T temperature

VO oxygen vacancy in the lattice

z sample thickness

List of acronyms

APU auxiliary power unit

FCEV fuel cell electric vehicle

GDC gadolinium doped ceria

JPY Japanese yen

MCFC molten carbonate fuel cell
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LSCF lanthanum strontium cobalt ferrite, (La,Sr)(Co,Fe)O3

LSGM lanthanum gallate (LaGaO3) with the substitution of strontium and magnesium

(La,Sr)(Ga,Mg)Ox
LSGMC lanthanum gallate (LaGaO3) with the substitution of strontium, magnesium and cobalt

(La,Sr)(Ga,Mg,Co)Ox
LSM lanthanum strontium manganite (La,Sr)MnO3

PAFC phosphoric acid fuel cell

PEFC polymer electrolyte fuel cell/proton exchange membrane fuel cell

PNNL Pacific Northwest National Laboratory

RDC rare earth doped ceria

ScSZ scandia stabilized zirconia

SOFC solid oxide fuel cell

YSZ yttria stabilized zirconia

1. Introduction

The world trend of research and development for fuel cell was largely changed from the be-
ginning of 21st century. The research and development concerning fuel cell technology was
drastically accelerated in Japan in the beginning of this century. The Japanese national strat-
egy concerning fuel cell and hydrogen utilization was reported by the Agency of Natural Re-
sources and Energy in 2002, and it encouraged the rapid introduction of the fuel cell electric
vehicle (FCEV) using a polymer electrolyte fuel cell (PEFC) with pure hydrogen as fuel. This
national report predicted that a strong collaboration is inevitable among developers, universi-
ties, public research institutes and governmental organizations to accelerate the introduction
of fuel cells in the real world. Moreover, the fuel cell project team is organized by the Ministry
of Economy, Trade and Industry (METI), the Ministry of the Environment, and the Ministry of
Land, Infrastructure and Transport, which indicates that the development of fuel cells includ-
ing the enactment of legal controls and the preparation of infrastructures is supported under
the collaboration of these three ministries. Many campaigns for the enlightenment about fuel
cell vehicles have been made by governments, and the automobile companies. The Japanese
governmental budget concerning fuel cells and hydrogen technologies of METI in FY 2004 is
32.9 billion JPY (ca. $300 million US). In the United States, the president proposed $1.7 bil-
lion of research funding over five years for the FreedomCAR and the Hydrogen fuel initiative
(Williams and Strakey, 2003).

Most of the fuel cells concerning these projects or initiatives are polymer electrolyte fuel
cells (PEFCs), which consist of proton conductive organic membrane with platinum elec-
trodes and operates at around 80◦C. PEFC has an excellent durability in fast start-up and
shut-down conditions, and a higher energy conversion efficiency than conventional engines.
However, only very high purity hydrogen can be used as the fuel of PEFC, because the plat-
inum electrodes are rapidly disintegrated by the sulfur or carbon monoxide in the fuel or the
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ambient atmosphere. Furthermore, platinum is the common electrode material which raises
the fabrication cost of PEFC.

There are many types of fuel cells which are categorized by their electrolyte materials in
table 1. The component materials, operation conditions, and usage are quite different among
each type of fuel cell. However, the principle of power generation is the same, that is, the
Gibbs energy change due to the fuel oxidation is converted to electrical energy according to
the following equation:

(1)�G = nFE,

where the ideal efficiency

(2)η = �G/�H = (�H − T �S)/�H.

The ideal potential corresponds to the open circuit voltage if the electrolyte is an ideal ionic
conductor.

As we can see from the above equations, a larger ideal efficiency is obtained at lower
temperatures, however, it is impossible to obtain the ideal efficiency in the general fuel cell
operation. In the actual fuel cell operation, the Ohmic resistance of the materials and some
slow chemical reactions at electrolyte/electrode interfaces cause energy losses, and hence the
actual efficiency is much lower than the ideal efficiency. Since such efficiency losses decrease
with increasing temperature, the high temperature fuel cells (SOFC, MCFC) have advantages
in the energy conversion efficiency. Their actual efficiencies are comparable to PEFC when
hydrogen is used as fuel, and much higher then PEFC when methane or a hydrocarbon fuel is
used.

The single cell of a solid oxide fuel cell (SOFC) consists of a dense metal oxide electrolyte
with a porous anode and cathode on each side. Oxygen gas is dissociated and reduced to the
oxide ion on cathode/electrolyte interface, and the oxide ion diffuses to the interface of an-
ode/electrolyte. The oxidation of fuel (H2, CO) is governed by the reaction of the oxide ion
accompanied with the emission of electrons. These electrons pass through the external circuit
and reduce the oxygen gas at the cathode/electrolyte interface. The power generation mecha-
nism of SOFC with an oxide ion conducting electrolyte is shown inFig. 1. Since the SOFC
operates at the highest temperature of all the fuel cells, it cannot be used in the rapid start-up
or shut-down modes which are required as a power generation units of vehicles. However, the
high temperature operation of SOFC makes possible internal reforming and power generation
of hydrocarbon fuels and water directly fed to the cell stacks, which results in a high effi-
ciency. The high temperature exhaust gas of SOFC can be utilized in other energy conversion
devices such as gas turbines, engines, boilers etc. which will raise the total efficiency. The
most of components are also made of metal or metal oxides which have high durability even
at high temperatures. Hence, SOFC is expected to be used as power generation devices in
electric power plants, large buildings, remote places, etc.

Many of the complex metal oxides containing rare earths are used as SOFC materials. The
main reason is that the rare earth containing oxides have relatively good chemical stability
which withstands the severe SOFC operating conditions. Another reason is the compositional
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Table 1
Type of fuel cells categorized by electrolyte materials

Polymer electrolyte
PEFC

Phosphoric acid
PAFC

Molten carbonate
MCFC

Solid oxide
SOFC

Electrolyte Organic polymer Phosphoric acid
solution

Molten carbonate
(NaCl, KCl, LiCl, etc.)

Oxide ion conducting ceramics
(YSZ, LSGM, etc.)

Conductive ion in
electrolytes

Proton (H+) Proton (H+) Carbonate ion (CO2−
3 ) Oxide ion (O2−)

Operation temperature 70–90◦C 200◦C 600–650◦C 800–1000◦C

Possible fuels for power
generation

High purity H2; CO should be
under 10 ppm

H2; CO should be under
several %

H2; CO; internal reforming of
CH4 is possible

H2, CO; internal reforming of CH4
is easy

Actual efficiency (HHV)
using
methane (CH4)

30–40% 36–42% 45–60% 45–65%

Scale and use Several kW
Automobile, stationary

Several 100 kW
Distributed power generation
for industry

Several 100 kW
Large scale power generation
plant

Several kW–100 kW
Distributed power generation for
industry and stationary
APU for automobile

R&D status Fundamental research–
system evaluation

System evaluation–
marketing

Fundamental research–
system evaluation–
marketing

Fundamental research–
system evaluation
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Candidate materials for SOFC electrolyte and anode

Material Advantages Problems R&D status and remarks

Electrolyte
Y2O3-ZrO2
(YSZ)

High mechanical strength

High chemical stability

Fine, sinterable powder is commercially
available

Easy thin film preparation

Relatively lower ionic conductivity
(0.13 S cm−1 at 1000◦C)

Conductivity gradually degraded
in long term operation

100 kW class system (Siemens West-
inghouse)

10 kW class system (Mitsubishi Heavy
Ind.)

kW class system (TOTO Ltd., Sulzer
Ltd. Acumentrics Co.)

Sc2O3-ZrO2
(ScSZ)

Higher ionic conductivity than YSZ
(0.3 S cm−1 at 1000◦C)

High cost of scandium 1 kW class module (Toho
Gas/SSMC/Nippon Shokubai)

(La, Sr)(Ga, Mg, Co)O3
(LSGMCo)

Higher ionic conductivity than YSZ
(0.2–0.5 S cm−1 at 1000◦C)

High temperature (∼1500◦ C) is
needed for sintering

High reactivity with other compo-
nents

Gallium vaporization on anode
side at high temperatures

1 kW class module (Mitsubishi
Materials/KEPCO)

M2O3-CeO2 (ceria)
(M = Gd, Sm, etc.)

Higher ionic conductivity than YSZ
(0.32 S cm−1 at 1000◦C)

Low activation energy

Mixed conduction of oxide ion and
electron causes undesirable effi-
ciency loss

Isothermal lattice expansion is ob-
served at fuel side

Single cell/several stack (Imperial
College/CERES Co.)

Anode
Ni-YSZ
(Ni-ScSZ,
Ni-LSGMCo,
Ni-ceria)

Most popular material

High catalytic activity

Poor stability against carbon depo-
sition

Degradation is observed by nickel
sintering in long term operation

Used in most SOFC stacks and mod-
ules in field tests

Addition of ruthenium (Ru), CeO2 etc.
is applied to improve catalytic activity
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Table 2b
Candidate materials for SOFC cathode

Material Advantages Problems R&D status and remarks

Cathode
(La, Sr)MnO3
(LSM)

Most popular material

Good chemical stability

Thermal expansion matches with YSZ

La2Zr2O7 formed at the interface
between YSZ and LSM may degrade
the electrode performance

Applicable for high temperature SOFC
(∼1000◦C)

Adopted in most SOFC stacks with
YSZ electrolyte

(La, Sr)1−yMnO3 Lower reactivity with YSZ Manganese diffusion into YSZ is ob-
served

Thermal treatment above 1200◦C
may degrade the electrode perfor-
mance

SmCoO3 High catalytic activity High thermal expansion

High reactivity with YSZ forming
La2Zr2O7

Adopted in SOFCs with LSGM elec-
trolyte

Suitable for lower temperature opera-
tion (∼700◦C)

(La, Sr)(Co, Fe)O3
(LSCF)

High catalytic activity

Mixed conductor (hole and oxide ion)

High reactivity with YSZ forming
La2Zr2O7

Suitable for lower temperature
operation (∼700◦C)
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Table 2c
Candidate materials for SOFC interconnect

Material Advantages Problems R&D status and remarks

Interconnect
(La, Ca)(Cr, M)CrO3
(M = transition metals, Al)

Good sinterability at lower temperature

Thin film preparation is possible

High electronic conductivity

Lower conductivity at fuel side

Oxide ion conductivity is generated in
fuel side, causing efficiency loss by
oxygen permeation

Isothermal lattice expansion is ob-
served at fuel side

High reactivity with cathode materials

Poor thermal conductivity

Adopted in tubular type SOFC stacks
(Siemens Westinghouse) (TOTO
Ltd.)

(La, Sr)(Cr, M)CrO3
(M = transition metals, Al)

Good sinterability

Relatively good chemical stability

Lesser isothermal expansion in fuel side

High temperature is needed for sinter-
ing

Poor thermal conductivity

Thin film preparation is difficult

Adopted in planar type SOFC stacks
(Mitsubishi Heavy Industry)

(M, M ′)TiO3
(M = alkaline earths,
M′ = rare earths)

Good sinterability

Lesser isothermal expansion in fuel side

Lower conductivity in air Adopted in tubular type SOFC stacks
(Mitsubishi Heavy Industry)

Alloys: Fe-Cr alloy, Cr-based
alloy

Good thermal conductivity

Good mechanical strength

Oxide scale is formed on both air and
fuel side

Chromium is vaporized and precipi-
tated at the electrode/electrolyte inter-
face

Adopted in planar type SOFC stacks
operated below 800◦C (Mitsubishi
Materials Co./KEPCO)
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Fig. 1. Schematic view of the power generation of a SOFC single cell with an oxide ion conducting electrolyte.

flexibility in rare earth containing oxides: the complex oxides consist of rare earth and tran-
sition metals or alkaline earth metals exhibit a variety of structures such as spinel, brownmil-
lerite, perovskite or fluorite structures; and they exhibit high ionic or mixed ionic conductivity
(oxide ion, hole, proton, electron); or interesting catalytic activity which is important for fuel
cell power generation.

The materials considered as candidates in SOFC stack developments are summarized in
table 2, where it is seen that the most of materials contain rare earths. Although many review
papers have reported the material chemistry in SOFCs, in the present paper we are reporting
on the current status of research and development of rare-earth containing materials for the
state-of the art SOFCs.

2. Overview of the SOFC materials

2.1. Electrolytes

The electrolyte is the most important component in fuel cells. The oxide ions or protons dif-
fuse in the electrolyte according to the chemical potential. The electrolyte material should
have high ionic conductivity and high transport number of the ion. In SOFC, oxide ion con-
ducting metal oxides are generally used. The oxide ion conductivities of some candidate ma-
terials for SOFC electrolytes are shown inFig. 2. Yttria stabilized zirconia (YSZ) is the classic
material of SOFC electrolytes. YSZ has a fluorite type structure, and it has a high mechanical
strength and excellent chemical stability over a wide range of oxygen potentials at high tem-
peratures. However, its oxide ion conductivity is ca. 0.13 S cm−1 atT = 1000◦C, and it is not
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Fig. 2. Total conductivities of popular SOFC electrolytes as functions of temperature.

as high as those of electrolytes in other types of fuel cells. Hence, the conventional SOFCs
with YSZ electrolyte are generally operated at 1000◦C, and stable power generation has been
already produced by several hundreds kW stacks by Siemens Westinghouse Power Corpo-
ration(George and Casanova, 2003)in the US and by several tens kW stacks in a project in
Japan sponsored by the New Energy Development Organization (NEDO), Japan(Fujii, 2003).

Although it needs high temperatures for SOFC operation, the external heat is not necessary
in the steady state operation of large size cell stacks, because the stack temperature can be
maintained by Joule heat generated by theT �S term in the equation(2).

The SOFC stacks consist of all oxide materials for obtaining high durability at high tem-
peratures. However, the material selection is quite severe for conventional high temperature
SOFCs. Since the electrolyte and interconnects are exposed to a large oxygen partial pres-
sure gradient atT = 1000◦C, all metals other than precious metals will be degraded, so that
perovskite type oxides having high electronic conductivity are used as interconnects.

Although there are many restrictions for materials for high temperature SOFCs, their de-
signs are rich in variety as shown infig. 3. The vertical stripe type tubular SOFC (fig. 3a) was
adopted by Siemens Westinghouse Co. USA(George and Casanova, 2003)and TOTO Co in
Japan(Takeuchi et al., 2003), and the segment type in series was adopted by Mitsubishi Heavy
Industry, Japan(Konishi et al., 2002). In tubular SOFCs, a thin electrolyte film is fabricated
on a porous electrode & substrate. Interconnect is attached a part of electrolyte, which is used
to connect single cells in series. High dimensional stability and durability are expected for
tubular SOFCs. However, their power generation performances are relatively low because of
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Fig. 3a. Schematic view of SOFC cell design: tubular type.

a long current path in the cell, which cause a large Ohmic resistance. In the planar SOFC de-
sign (fig. 3b), the current path is perpendicular to cell components, which reduces the Ohmic
resistance. However, side sealing is necessary to obtain sufficient gas tightness. The gas leak
causes fuel combustion without generating electricity, which results in an efficiency loss and
undesirable inhomogeneous heat generation in the cells. It should be noted that the flat plate
of cell components may bend under their own weight in a large stack. Furthermore, the re-
action between SOFC components and sealant always causes severe problems. Hence, a high
ceramic technology is required to fabricate planar SOFC stacks, which has been realized by
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Fig. 3b. Schematic view of SOFC cell design: planar type.

the collaboration of Chubu Electric Power Company and Mitsubishi Heavy Industry, Kobe as
the MOLB (mono block layer built) type SOFC(Nakanishi et al., 2003). These SOFCs are
called conventional type SOFCs, which operate at 900 to 1000◦C.

An anode supported type SOFC was recently proposed as a design which can operate at
lower temperatures<900◦C. An extremely high power density, over 1 W/cm2, was reported
for a single cell byVisco et al. (1999)at Lawrence Berkeley National Laboratory, and Univer-
sity of California in US, and now the stack developments are promoted by Pacific Northwest
National Laboratory (PNNL) and Delphi Co. for auxiliary power unit in heavy duty mobiles
(Mukerjee et al., 2003). In an anode supported SOFC, a thin, dense electrolyte film (thickness
∼10 µm) is prepared on a porous composite substrate of nickel metal and yttria stabilized
zirconia (YSZ) as the anode, and the porous cathode is attached to the dense electrolyte. The
thin electrolyte and planar cell stack decreases the Ohmic loss, and results in a high power
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Fig. 3c. Schematic view of SOFC cell design: flat tube type.

density. It has been suggested that the operation temperature of the anode supported SOFCs
can be lowered to 700◦C, which make it possible to use ferritic steels as interconnects for cost
reduction.

The gas sealing at the side of anode substrate is a serious problems in the anode supported
type SOFCs as well as in the conventional planar type SOFCs. The lower operation tempera-
ture makes it difficult to select an appropriate sealing agent. Moreover, a large oxide ion flux
through the thin electrolyte may cause a rise of oxygen partial pressure in the anode side. The
degradation and dimensional instability on start-up and shutdown of the anode supported type
cell stacks due to the oxidation of the nickel component in the anode substrate.

As you can suppose, the most important factor required in a SOFC material is the dura-
bility and mechanical strength to withstand a large temperature and oxygen potential change
because of the fast start-up and shut-down. The high oxide ionic conductivity is also important
factor, however, it can not be the first priority. Yttria stabilized zirconia (YSZ) is a remarkable
material concerning durability and mechanical properties, and its processing technology to
fabricate thin dense films etc. is well established. In the anode-supported type SOFC, a thin
film of YSZ is utilized to reduce the Ohmic loss of the electrolyte which makes it possible to
operate at lower temperatures.

An alternative approach to reduce the operating temperature is to use new electrolyte ma-
terials such as scandium doped zirconia (ScSZ), and rare earth doped ceria (RDC) which
have the fluorite type structure, or lanthanum gallate based oxides such as (La,Sr)(Ga,Mg)O3
(LSGM) with perovskite structure, all of which have higher ionic conductivities than YSZ.
An 1 kW class SOFC stack with (La,Sr)(Ga,Mg,Co)O3 electrolyte was demonstrated by the
collaboration of Mitsubishi Materials Corp. and The Kansai Electric Power Co., Inc. in 2001,
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which was the first report that proved the power generation by SOFC with an electrolyte other
than YSZ(Yamada et al., 2003). In 2003, another 1 kW SOFC stack with the ScSZ electrolyte
was demonstrated by the collaboration of Toho Gas Co. Ltd./Sumitomo Precision Products
Co. Ltd./Nippon Shokubai Co. Ltd.

The flat tube design (fig. 3c) was proposed to improve the sealing problems in the anode
supported planar SOFCs without losing its high performance. The 1 kW SOFC stack of flat-
type design was recently demonstrated by Kyocera Co. Japan in 2004.

On the other hand, there are few reports about SOFC stacks, which employ rare earth doped
ceria electrolytes, although a high power density has been reported for single cell test (Steele,
2000; Bance et al., 2004). The rare earth doped ceria exhibits isothermal expansion in a reduc-
ing atmosphere due to the reduction of cerium ion from tetravalent (Ce4+) to trivalent state
(Ce3+) accompanying the formation of oxygen vacancies, which results in the warping or de-
struction of the electrolyte plate. The formation of trivalent cerium ion also causes a decrease
of oxide ion transport number, which reduces the efficiency of the cell.

The proton conducting oxides such as Ba(Ce,M)O3−δ were investigated by some re-
searchers as alternative electrolyte materials, however these materials have some problems
in chemical stability in humid or CO2 containing atmospheres.

Incidentally, the high potentials of new electrolyte materials such as ScSZ(Yamamoto et al.,
1989), LSGM (Ishihara et al., 1994), Ba(Ce,M)O3−δ (Iwahara et al., 1981)were first pointed
out by Japanese researchers, which indicates that the Japanese research activity concerning
solid state ionics is at a high level.

2.2. Anodes

Ni-YSZ cermet (a ceramic and metal composite), which has a high catalytic activity, is
the most popular anode material. The improvement of Ni-YSZ anode was tried by adding
gadolinium doped ceria (Ce1−xGdxO2−δ) (Joeger and Gauckler, 2001)or by adopting a
NiCe1−xGdxO2−δ cermet(Marina et al., 1999). A decrease of the anode overpotential was
observed in both cases. Originally, the combination of nickel and ceria was often employed as
a catalyst for methane reforming or combustion(Wang et al., 2001). Since internal reforming
power generation is popular in SOFCs in which methane or hydrocarbons are generally fed to
the cell with an excess amount of steam, both reforming and power generation occur simul-
taneously on the anode, thus the application of ceria-based materials for anode is reasonable.
The internal reforming & power generation is a simple system. The heat required for reform-
ing is supplied by Joule heat during the power generation, which results in a high thermal
efficiency. However, steam/carbon ratio is set around two or three to avoid undesirable carbon
deposition; hence steam control technology is a most important part in SOFC development.
Reducing the amount of steam is being intensively investigated as an advanced development
of SOFC. This would result in the highest efficiency if the hydrocarbon fuel is oxidized by
oxygen flux through the electrolyte, however, the carbon deposition by thermal decomposi-
tion of hydrocarbons is observed in the actual operation, which degrades nickel. To reduce the
carbon deposition, a thin film electrolyte with higher ionic conductive material, or a highly
catalytic active anode have been investigated. Ukai et al. reported that a stable operation with
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97% CH4 + 3% H2O over 200 hours attained in a single cell by using the ScSZ electrolyte
and the Ni-ScSZ anode(Ukai et al., 2001). Gorte et al. reported a carbon resistive anode ma-
terial (Cu-CeO2-YSZ) for direct oxidation power generation of hydrocarbon fuels(Gorte et
al., 2002).

When ceria oxides are used in anode materials in combination with zirconia-based elec-
trolytes, the calcination temperatures should be set as low as possible to prevent the formation
of ceria-zirconia solid solutions which have a lower oxide ion conductivity. The detailed prop-
erties of those solid solutions are discussed in section3.7concerning the chemical stability of
SOFC materials.

In the anode supported SOFCs, the nickel component in Ni-YSZ anode is degraded by
oxidation because of frequent start-up and shut-down operations due to the incompleteness of
gas sealing. To improve the redox stability, new types of anode materials have been reported,
such as La1−xSrxCr1−yRuO3−δ (Sauvet and Fouletier, 2002)or (La,Sr)(Ti,Ce)O3 (Marina and
Pedersen, 2002), however, their catalytic activity is not sufficient. The anode atmosphere in
SOFC is strongly reducing at high temperature, and there are only a few oxides that can stably
exist under these conditions. Hence the control of the catalytic activity of complex oxides is
extremely complicated, and more investigations are needed.

2.3. Cathodes

The cathode reaction in SOFC includes the dissolution and reduction of the oxygen mole-
cule, and the reaction is restricted at the triple phase boundary of the gaseous oxygen mole-
cule/oxygen vacancy in electrolyte/electron from electrode. Hence, the cathode material has
both high electrical conductivity and catalytic activity for oxygen reduction. The most popu-
lar cathode material is an alkaline earth doped lanthanum manganite, (La, Ca)MnO3 or (La,
Sr)MnO3 which have high chemical stability in oxidizing atmosphere at high temperatures.
Lanthanum manganites have high electronic (hole) conductivity, and the transport number of
the electron hole is quite high. However, the optimization of electrode/electrolyte interface is
always a key issue to determine the cell performance.

As shown in the electrolyte section2.1, the operation temperature of SOFC may be low-
ered from 1000◦C to 600–700◦C. With decreasing temperature, the increase of reaction re-
sistance due to the reduction of the electrochemical reaction rate is more significant than that
of Ohmic resistance, and the reaction resistance at the cathode tends to be larger than at the
anode. Hence, the improvement of catalytic activity for oxygen reduction reaction is more im-
portant for cathode materials. In connection with the improvement of electrolyte materials, the
development of highly catalytic active cathode materials is focused on oxide materials, such
as lanthanum cobaltite based oxides. Strontium doped lanthanum cobaltite, (La, Sr)CoO3 is a
classic material which has both high electronic conductivity and catalytic activity. However,
it can not be used as the cathode in conventional SOFCs operating at 1000◦C, because it
reacts with YSZ electrolyte forming La2Zr2O7 layer at the interface, which results in an in-
crease of the overpotential. Lowering the operation temperature may suppress the formation
of La2Zr2O7 and make it possible use cobaltite based materials as the cathodes. Actually in
the SOFCs which operate at 600–700◦C, (Sm, Sr)CoO3 (Ishihara et al., 1997), (Ba, La)CoO3
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(Ishihara et al., 2002), (La, Sr)(Fe, Co)O3 (Hartley et al., 2000)etc. are used as cathode mate-
rials. Some rare-earth cobaltite materials have a significant amount of oxygen vacancies, and
exhibit mixed conduction of an electron (or a hole) and the oxide ion, which can expand the
reaction area of the cathode reaction (which requires the triple interface of gaseous oxygen
molecule/oxygen vacancy/electron) and reduce the reaction overpotential.

2.4. Interconnects

Interconnect material holds a unique position in fuel cell components. It does not contribute
to power generation, however, it connects SOFC single cells in series to obtain high voltage
and power. In solid oxide fuel cells (SOFC), the size of single cell is rather small compared
to those of other type of fuel cells because the brittleness of ceramic component makes it
difficult to fabricate larger size cells. Hence the importance of material design for SOFC in-
terconnect is much larger than for other types of fuel cells. The interconnects are exposed in
a large gradient of the oxygen potential (p(O2) = 21.3 kPa on the air side, and 10−13 Pa
on the fuel side at 1000◦C) at high temperatures. In such severe conditions, the interconnect
materials should retain sufficient electronic conductivity and mechanical strength, and have a
high chemical compatibility with other cell components such as electrodes or sealing materi-
als. Moreover, the thermal expansion matching with electrolyte materials is also required. It
should be noted that alloys can not be adopted for SOFC interconnects because all metal com-
ponents except precious metals will be oxidized. A large number of publications have been
devoted to interconnect materials, however, no consensus has been reached on which material
is the best for SOFC interconnects. This is in striking contrast to the situation for SOFC elec-
trolyte, in which yttria-substituted zirconia has both good (ionic) conductivity, remarkable
chemical stability and mechanical strength. Substituted lanthanum chromites presently are
still the best candidate materials for interconnects of high temperature SOFCs which work at
T ∼ 1000◦C, unless a complete new and superior material is found as a major breakthrough.
The lanthanum chromite based interconnects are already utilized in the tubular SOFC stacks
with several hundred kW class stacks in Siemens Westinghouse Corporation in USA, several
ten kW class stacks in TOTO Ltd., Japan; and in the planar SOFC stacks in Mitsubishi Heavy
Industry Co. in Japan. Lanthanum chromite (LaCrO3) is one of the most stable perovskite-
type oxides having a melting point above 2600 K. A high hole conductivity is obtained by
the substitution of alkaline earth metals such as strontium, calcium, and magnesium. The sub-
stitution of alkaline earth metal causes the oxidation of chromium ion from the Cr3+ to the
Cr4+ state, and the tetravalent chromium ion is the main carrier of hole conduction. However,
the tetravalent chromium ion is not stable in the reducing atmosphere, and it will be reduced
to the trivalent chromium ion (Cr3+) accompanying the formation of oxygen vacancies. The
reduction of tetravalent chromium ion results in a decrease of the hole conductivity, and the
formation of oxygen vacancies results in the generation of the isothermal expansion and ox-
ide ion conduction which may cause a serious problems in cell operation. The details of these
phenomena are explained in the later sections in this paper.

In tubular type SOFC, the interconnects cover a part of the electrode substrate as thin films
with thickness of several ten micrometers. Sakai et al. have found that calcium substituted
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lanthanum chromites have good sinterability (Sakai et al. 1990a, 1990c, 1993a), and simi-
lar compositions have been adopted for interconnects in some tubular SOFCs. The isother-
mal expansion of calcium substituted lanthanum chromites is quite large, and it may reaches
about 0.7%. Such an expansion causes the bending of the interconnect plate and mechanical
stresses at the interfaces between the interconnects and other cell components. However, it is
thought that the thin, round-shape of interconnects may alleviate the mechanical stress in the
tubular SOFC stacks.

The isothermal expansion can be suppressed by the substitution of a small amount of stron-
tium, and the transition metals such as Co, Ni, V, Mn, Ti etc. These compositions are generally
used for planar type SOFC stacks, in which interconnects should be dense flat plates.

The alternative oxide interconnects have been proposed for the 10 kW class tubular SOFC
stacks by Mitsubishi Heavy Industry/Electric Power Development Co., Japan(Konishi et al.,
2002). The material is based on strontium titanates with the substitution of alkaline earths and
rare earths, (M, M′)TiO3 (M = Ca, Sr, Ba) (M′ = La, Sm, Pr, Gd, Nd, Y, Er, etc.)(Miyachi
et al., 1999; Nishi et al., 1999).

On the other hand, the alloy interconnects have been used for the developers of SOFCs
which operate at lower temperatures. Chromium based alloys proposed by Plansee Co. can
be used at the temperatures lower than 900◦C. The high chemical stability is maintained by
the dispersion of Y2O3 particles in Cr95%–Fe5% by a mechanical alloying process(Batawi
et al., 1999).

To reduce the fabrication costs, the possibility of using ferritic steels for SOFC intercon-
nects operated atT = 700–800◦C has recently been considered. The formation of an oxide
scale is inevitable for alloy interconnects at both the air and the fuel sides during SOFC op-
eration. Even in the reducing atmosphere at fuel side, the surface of alloy is oxidized due to
the presence of water vapor. Hence, the durability of these alloy interconnects depends on the
electrical conductivity of the oxide scales formed during the operation time.

The vaporization of chromium components from alloy is also a serious problem. It is widely
known that the chromium-containing vapor is transported to the triple phase boundary at cath-
ode side and precipitates as Cr2O3, which seriously damages the cathode activity(Taniguchi
et al., 1995). Such chromium poisoning effect is significant for the case of lanthanum man-
ganite cathode/YSZ electrolyte, in which the active area for cathode reaction is restricted in
the vicinity of triple phase boundary. Matsuzaki et al. reported that the chromium poisoning
can be suppressed if they adopted the combination of lanthanum cobaltite cathode/rare earth
doped ceria electrolyte, in which the active area extends around the triple phase boundary
(Matsuzaki and Yasuda, 2001).

3. Key issues in SOFC materials design

As discussed in the section2, many materials have been considered as candidates for SOFC
components. This is because the operation condition of SOFC is very severe so that many
factors need to be considered for choosing various materials. The major requirements for
SOFC materials are follows:
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(a) Low cost in preparation.
(b) Processing simplicity (good sinterability, thin film fabrication etc.).
(c) High oxide ion conductivity, and high ionic transport number (for electrolyte).
(d) High electron/hole conductivity (for anode, cathode and interconnect).
(e) High mechanical strength (for electrolyte and interconnect).
(f) Thermal expansion matching.
(g) Good chemical stability at high temperatures (for all components).
In this section, we discuss each of issues.

3.1. Materials and preparation cost

The SOFC is expected to be used as a distributed power generation (DG) device in an energy
network, so that the fabrication and power generation costs should be competitive with those
of conventional power generation devices. The cost-reduction in the cell and stack fabrication
is the most important target for realization of SOFCs in DG market.

In PEFCs or PAFCs, the most of important cost problem is using platinum as electrodes.
The SOFC should have an advantage because it operates at high temperatures at which no
precious metals are required for activating the electrochemical reactions. Nevertheless, Itoh et
al. suggested that the materials preparation cost shares a large part (∼60%) of the total cost
of the SOFC stack(Itoh et al., 1994). The price of rare earths are relatively higher than other
components, which will have an effect on the materials cost. In zirconia based electrolytes,
the amount of rare earths is around 20 mol% in RO1.5, which is not a significant problem. The
application of thin-film electrolytes will also decrease the rare earth amount. However, for
other types of electrolytes such as ceria or lanthanum gallates, the amount of rare earth reaches
over 50 mol%. Moreover, in lanthanum gallate based electrolytes, the high cost of gallium
makes the matter worse. The rare earth with low purity such as lanthanum concentrate have
been tried instead of pure rare earths to reduce the cost, however it resulted in the significant
degradation of chemical stability or oxide ion conductivity, which was not acceptable. Hence
the preferred way to reduce the cost is to reduce the total amount of rare earth by using thin
films.

Similar problems are also encountered for cathodes and interconnects which are complex
oxides of rare earths and transition metals. For the cathode supported tubular type SOFCs, the
cost of lanthanum manganite cathode is very important because it is a large fraction of the
total cell capacity.

3.2. Processing simplicity

Needless to say, the all oxide materials in SOFC are initially synthesized as powders by mixing
of constituent metals or metal oxides and subsequently calcination. The difficulty of synthesis
depends on the number of elements, the activities of starting oxides and the chemical stability
of products. The dense polycrystalline body required for electrolyte or interconnect are pre-
pared by sintering the powder compacts. There are many complicated factors which control
the sinterability of the powders.
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Most of fluorite-type oxide ion conductors, such as YSZ, ScSZ, or rare earth doped ceria
(RDC) contain only two metal components, which is profitable for preparation of homoge-
neous powders at relatively low temperatures. Actually, fine, homogenous powders are avail-
able in the commercial market. The dense polycrystalline bodies of YSZ and ScsZ can be
easily obtained by the sintering atT = 1400–1500◦C in air. The conventional RDC powder
requires higher temperatures above 1500◦C, however, the using of nano-sized powder can
lower the sintering temperature. The shrinkage behavior of the powder compact is important
in the cell fabrication, and it can be controlled in some degree by the particle size distribution,
or by addition of a slight amount of sintering aids. The film fabrication is also easy for YSZ
or ScSZ, by casting a slurry of ceramic powders and organic solvents onto a substrate and
sintering in air. This is a much more inexpensive method than dry processes such as plasma
spraying or chemical vapor deposition technique. It is also possible to prepare these thin films
on porous electrode substrates (lanthanum manganite or NiO-YSZ cermets) by a co-sintering
process, which effectively reduces the fabrication cost.

On the other hand, perovskite type oxide ion conductors, such as lanthanum gallate based
oxides, consist of four or more metal elements, which makes the synthesis more difficult than
for zirconia or ceria based materials. The most popular compositions of lanthanum gallate
electrolytes are: (La, Sr)(Ga, Mg)O3−δ (LSGM) and (La, Sr)(Ga, Mg, Co)O3−δ (LSGMC);
and their phase relations are somewhat complicated. The perovskite phase is the main phase if
(La+Sr) and (Ga+Mg+Co) ratio is ideally unity. However, the formation of a variety of sec-
ondary phases is caused by a slight deviations from the stoichiometry. In the La (or Sr) excess
condition, LaSrGaO4 often precipitates as a secondary phase, and SrLaGa3O7 or Ga2O3 pre-
cipitates in Ga excess condition. Preparation temperature also affects on the phase relations.
Even though the single phase of perovskite LSGM was prepared by the sintering at 1773 K,
these secondary phases can be precipitated in the subsequent annealing at lower temperatures,
i.e., 1273 K(Stevenson et al., 1998). Hence, the thin film fabrication of LSGM is more diffi-
cult than YSZ or RDC, although the result of many trials have been reported(Matsuda et al.,
2003).

In lanthanum chromite interconnects, the improvement of sinterability was one of the
big issues. The alkaline-earth doped lanthanum chromites usually have poor sinterability
in air because of the high vapor pressure of the chromium component(Anderson, 1978;
Groupp and Anderson, 1976). The main species of the vaporized phase consists of hexava-
lent chromium, CrO3 (g) which exists in oxidizing atmospheres at high temperatures. The
mass transport is dominated by vaporization and condensation of chromium components via
gaseous phases, which does not result any grain growth or particle joining. In order to lower
the vapor pressure of the chromium component and obtain dense polycrystalline bodies, the
sintering atmosphere was controlled by a reducing atmosphere(Groupp and Anderson, 1976),
or by using Cr2O3/lanthanum chromite/Cr2O3 sandwiches(Tai and Lessing, 1991). An alter-
native approach for lowering the CrO3 vapor pressure is by precipitating secondary phases,
which form stable compounds with chromium. It is well known that a small amount of CaO
precipitate reacts with CrO3, and drastically improves the densification of (La, Ca)CrO3 in air
(Sakai et al., 1990a, 1990c; Yokokawa et al., 1991a, 1991b). The CaO precipitation is pos-
sible if the molar ratio of (La+ Ca)/Cr is slightly higher than unity, and calcium content is
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Fig. 4. The sintering shrinkage of powder compacts of calcium substituted lanthanum chromites.

more than 15 mol% of lanthanum. The secondary phase exists as a melt of calcium oxychro-
mate, Caa(CrO4)b, in air, and enhances the densification by a liquid sintering mechanism, at
T > 1050◦C (Sakai et al., 1993a, 1993b; Mori et al., 1991). The liquid phase formation re-
sults in good sinterability even atT = 1300◦C. The shrinkage curve of La0.7Ca0.3CrO3 with
2 mol% CaO excess is shown infig. 4. The shrinkage occurs in two stages. In the first stage
at 1000 to 1100◦C is due to the particle rearrangements, and in the second stage a drastic
shrinkage at 1250◦C is due to rapid grain growth and the elimination of pores with assistance
of the liquid calcium chromate Caa(CrO4)b.

Liquid phase sintering was also observed for (La, Ca)(Cr, Co)O3 (Koc and Anderson, 1990,
1992a, 1992b)and (La, Ca)(Cr, Ni)O3 (Christie et al., 1994). Hence the liquid phase formation
seems to be a common phenomenon for calcium substitute lanthanum chromites. However, it
also has an affect on the chemical stability of the sintered polycrystals, which will be discussed
in the section3.5.

For strontium-doped lanthanum chromites, the precipitation of SrO is not possible, because
strontium ions are more stable in the perovskite structure than the lanthanum ions. Lanthanum
oxide, La2O3, is often precipitated instead of SrO. This causes the disintegration of sintered
specimens at ambient temperatures by the volume change associated with the formation of
lanthanum hydroxide, La(OH)3, due to the reaction of La2O3 with the water vapor in the air
(Meadowcroft, 1969; Sakai et al., 1990a). The substitution of transition metals such as zinc
(Hayashi et al., 1988), cobalt (Zhou et al., 1996), or vanadium(Larsen et al., 1997)have
been used to improve the sintering of strontium substituted lanthanum chromite. The substi-
tution of strontium and transition metals is often utilized for interconnects of the planar type
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SOFCs. However, a sintering temperature above 1500◦C is required. Thus these lanthanum
chromites can not be co-sintered with electrodes, because such a high temperature treatment
may degrade the electrode activity.

3.3. Ionic conductivity and transport number of electrolytes

Most of the electrolytes used in the SOFC stacks are oxide ion conductors. Oxygen vacancies
are formed by the substitution of rare earths or alkaline earths, and oxide ions in the lattice
diffuse via vacancies.

(1 − x)ZrO2 + xYO1.5 ⇄ Zr1−xYxO2−0.5x(V O)0.5x (3)

(1 − x)CeO2 + xGdO1.5 ⇄ Ce1−xGdxO2−0.5x(V O)0.5x (4)

(1 − x − y)LaGaO3 + xSrO +yMgO
⇄ La1−xSrxGa1−yMgyO1−0.5(x+y)(V O)0.5(x+y). (5)

The oxygen vacancy (VO) concentration increases with the amount of substituted elements
(x or y). However, the oxide ion conductivities of substituted zirconia and ceria exhibit a
maximum in a certain value ofx, i.e., ca. 8 mol% Y2O3 in YSZ, 10 mol% R2O3 in RDC. It
is thought that the mobility of the oxide ion decreases by the interaction of oxygen vacancies
and cations in heavily substituted compositions. This phenomenon is typical for fluorite-type
oxide ion conductors.

As shown infig. 2, the oxide ion conductivity (σO2−) of YSZ is around 0.13 S cm−1 at
1000◦C, and the conductivity of alternative electrolytes such as ScSZ, LSGM or GDC are
significantly higher, i.e., 0.3 S cm−1, at the same temperature. The activation energy of GDC
is lower than those of YSZ or LSGM, therefore GDC exhibits a higher conductivity than the
other electrolytes at lower temperatures.

However, the oxide ion transport number also needs to be evaluated as well as the conduc-
tivity when the materials are considered as SOFC electrolytes. As already pointed out in the
section2.1, the reduction of cerium ion in RDC occurs in a reducing atmosphere, for example:

(Ce4+)1−x(Gd3+)x(O2−)2−0.5x(V O)0.5x

⇄ (Ce4+)1−x−δ (Ce3+)δ(Gd3+)x(O2−)2−0.5(x+δ) + (δ/4)O2 (6)

As a result, trivalent cerium ion (Ce3+) can act as the electron carrier in RDC in reduc-
ing atmosphere which decreases the transport number of oxide ion. Hence, it is impor-
tant to determine the electron/hole conductivity as well as total conductivity. The electron
and hole conductivity can be determined separately from oxide ion conductivity by using
the ion blocking method with a modified Hebb–Wagner’s cell. The oxygen partial pres-
sure dependences of the ionic and the electron/hole conductivities are compared for YSZ
(Park and Blumental, 1989), GDC (Xiong et al., 2004), and LSGM(Yamaji et al., 1997;
Kim and Yoo, 2001)and as a function of the oxygen partial pressure infig. 5 from the data at
1273 K. In the SOFC operating condition (p(O2) = 104 to 10−13 Pa at 1273 K), the transport
number of oxide ion is greater than 99% for YSZ, above 98% for LSGM, however, it is less
than 50% for GDC atp(O2) = 10−13 Pa.
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Fig. 5. The electronic and hole conductivity of Zr0.85Y0.15O1.925 (Park and Blumental, 1989), La0.9Sr0.1Ga0.8-
Mg0.2O2.85 (LSGM9182),(Yamaji et al., 1997; Kim and Yoo, 2001)and Ce0.8Gd0.2O1.9 (GDC), (Xiong et al.,

2004)measured by the ion blocking method at 1273 K.

Hence it can be concluded that the RDC is a mixed conductor of electrons and the oxide
ions. If both electrons and oxide ions diffuse in the solids, it results in the oxygen permeation
without power generation, which lower the efficiency of the electrolyte. The efficiency of the
electrolytes can be evaluated as follows:
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Jext × �Eelectrolyte
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.

Choudhury and Pedeson (1970)estimated�Eelectrolyte, JO2−, electrolyte, Jext as follows:
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Fig. 6shows the calculated efficiency of YSZ, LSGM, and GDC films with thickness of 50µm
as a function of temperature under a current density ofI = 300 mA/cm−2. The efficiency
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Fig. 6. The temperature dependence of energy conversion factor (ε) of Zr0.85Y0.15O1.925 (YSZ),
La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM9182) and Ce0.8Gd0.2O1.9 (GDC) films with a thickness of 50µm at

current density 300 mA cm−2.

of each electrolyte has a maximum at a certain temperature. In temperature regions higher
than the maximum, the efficiency decreases because of the increase of oxygen permeation
without generating power. In temperature regions lower than the maximum, the efficiency
also decreases due the decrease of oxide ion conductivity. The maximum efficiency reaches
ε = 0.98 atT = 950◦C for YSZ. The maximum efficiency of LSGM reachesε = 0.97 at
T = 700◦C, which indicates this electrolyte is suitable for the operation at lower temperatures
than the case of YSZ. In contrast with those electrolytes, the maximum efficiency of GDC
does not exceedε = 0.7. Such a low efficiency is due to the mixed conduction of electron and
oxide ion in fuel atmosphere as can be expected from the data presented infig. 6.

3.4. Electron/hole conductivity of the anode, cathode and interconnect

At the interface of cathode/electrolyte, the adsorbed gaseous oxygen molecules (O2) are dis-
sociated and reduced to oxide ion (O2−) and diffuse into the electrolyte: For reduction of oxy-
gen molecules, electrons are supplied by the cathodes. Hence, the cathode material in principle
should be a good electron (or hole) conductor. Since metal components can not be used in the
SOFC cathode atmosphere, the perovskite oxides such as (La,Sr)MnO3 or (La,Sr)CoO3 are
generally used. The electrical conductivity (σ ) of La0.8Sr0.2MnO3 is 141 S cm−1 at 1273 K
(Kuo et al., 1990). (La,Sr)CoO3 exhibits much a higher electrical conductivity, for example,
σ = 1338 S cm−1 for La0.5Sr0.5CoO3 at T = 1273 K(Petrov et al., 1995), however, it can
not be used as the cathode material at this temperature because of its high reactivity with
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Fig. 7. The electrical conductivity (closed symbols) atT = 1273 K and activation energy (open symbols) of alkaline
earth substituted lanthanum chromites: LaCr1−xMgxO3 (Anderson and Sparlin, 1984); La1−xSrxCrO3 (Karim and

Aldred, 1979); La1−xCaxCrO3 (Yasuda and Hikita, 1993).

YSZ forming La2Zr2O7. The electrical conductivity of these perovskite type oxides exhibit
a metallic temperature dependence, which indicates that the electron is delocalized around
transition metal ions.

The SOFC anodes are the porous composites of nickel metal and electrolyte materials. The
high electrical conductivity of the anode is maintained by the metal component, so that its
volume fraction should be set above 50%. It is important to keep the anode atmosphere in a
reducing condition to prevent the oxidation of nickel.

Concerning the interconnects, alkaline earth substituted lanthanum chromites are electronic
hole conductor in an oxidizing atmosphere, and their total conductivity (σ ) increases linearly
with the alkaline earth content as shown infig. 7 for LaCr1−xMgxO3 (Anderson and Sparlin,
1984), La1−xSrxCrO3 (Karim and Aldred, 1979), and La1−xCaxCrO3 (Yasuda and Hikita,
1993). This is simply understood because the hole carrier is Cr4+ ion which is generated to
maintain charge neutrality by the substitution of alkaline earths ion M2+. This reaction can be
expressed for calcium substituted lanthanum chromites as:

(1 − x)LaCrO3 + xCaO⇄ (La3+)1−x(Ca2+)x(Cr3+)1−x(Cr4+)1−xO3 (11)

Although the substituted lanthanum chromites exhibit a semi-conductive temperature depen-
dence, their activation energies are quite low (10–20 kJ mol−1).

However, it should be noted that the conductivities significantly decrease in reducing at-
mospheres. This is caused by the reduction of Cr4+ to Cr3+ accompanying the formation of
oxygen deficiency (δ). This reaction for calcium substituted lanthanum chromites is given by
the following equation:

(La3+)1−x(Ca2+)x(Cr3+)1−x(Cr4+)xO3
→ (La3+)1−x(Ca2+)x(Cr3+)1−x+2δ(Cr4+)x−2δO3−δ(V O)δ + (δ/2)O2(g). (12)
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Fig. 8. The calculated oxygen partial pressure at 1273 K in a dense plate of La1−xCaxCrO3−δ (x = 0.1, 0.3) with
thicknessz. The oxygen pressure was fixed atp(O2) = 213 kPa atz = 0 andp(O2) = 10−13 Pa atz = L.

DV = 10−9 m2 s−1.

In a strongly reducing atmosphere, it will be reduced to La1−xCaxCrO3−0.5x , which has a
comparable conductivity to that of non-substituted LaCrO3, ca.σ = 1 S cm−1 atT = 1273 K.
For the case of La0.7Ca0.3CrO2.85, it corresponds top(O2) = 10−18 Pa. Since the oxygen
partial pressurep(O2) ranges from 10−13 to 10−11 Pa in the fuel atmosphere in a SOFC
operation atT = 1273 K, the decrease of conductivity should always be taken into ac-
count.

Based on the model considered by vanVan Hassel et al. (1993), the distribution of oxygen
partial pressure,p(O2), in a dense plate of La1−xCaxCrO3−δ (x = 0.1, 0.3) can be calculated
as a function of normalized thicknessz/L as shown infig. 8. The oxygen partial pressure
is fixed to 213 kPa atz/L = 0 and 10−13 Pa atz/L = 1. The oxygen potentials in a dense
interconnect plate are very low in most parts of the plate, and a steep gradient is observed in the
vicinity of the surface exposed to the oxidizing atmosphere (z/L = 0). As a result, the oxygen
potential in the plate is low for the most part, and a large gradient is observed in the vicinity of
the surface facing the oxidizing atmosphere. As the oxygen potential decreases fromx = 0–L,
the content of tetravalent chromium ion (Cr4+) decreased and the content of oxygen vacancy
increased, which leads to a decrease of hole conductivity (σh) and an increase of oxide ion
conductivity (σO2−). Fig. 9 shows the hole and oxide ion conductivities of the dense plate of
La1−xCaxCrO3−δ (x = 0.1, 0.3) under the same condition as forfig. 8. The hole conductivity
gradually decreased in the dense plate and this tendency is more significant for the sample
with the higher amount of calcium substitution. On the other hand, the oxide ion conductivity
steeply increased from 10−6 S m−1 to 10 S m−1. The increase of oxide ion conductivity should
result in the oxygen permeation which occurs even through a completely dense plate. This
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Fig. 9. The hole and oxide ion conductivity of La1−xCaxCrO3−δ (x = 0.1, 0.3) as a function of sample thickness
z/L, T = 1273 K,p(O2) = 213 kPa atz = 0, 10−13 Pa atz = L.

oxygen permeation through the interconnect plate will cause the fuel oxidation (combustion)
without generating electric power, which lowers the cell efficiency.

The flux of oxygen permeation (JO2−) through a dense plate of oxide interconnect with
thicknessL can be expressed by using the defect model described by vanVan Hassel et al.
(1993).

(13)JO2− =
1

4FL

pO2(z=L)
∫

pO2(z=0)

σO2− · σh

σO2− + σh
dµO2

Since the hole conductivity (σh) is much larger than oxide ion conductivity (σO2−), eq.(13)
can be re-written as follows at a constant temperature:
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4FL

pO2 (z=L)
∫

pO2 (z=0)

σO2−d lnp(O2).

The oxide ion conductivity can be calculated from the Nernst–Einstein theory:

(15)σO2− =
4F 2(3 − δ)DO

RT vm
=

4F 2δDV

RT vm
.
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Fig. 10. The oxygen permeation flux (J2−
O ) through La0.9Ca0.1CrO3−δ as a function of oxygen potential at reducing

side. Thickness: 1 mm.T = 1273 K. Solid line: derived from the diffusion limited mechanism (DV = 10−9 m2 s−1).
Dashed line: derived from the surface reaction limited mechanism (k = 10−12 m s−1). Triangles: experimental data

measured by a blocking method.

If we assume that there is no interaction between the defect species and ions, the defect equi-
librium in La1−xCaxCrO3−δ can be expressed as follows:

(16)Kox =
(1 − x + 2δ)2δ

(3 − δ)(x − 2δ)2
(pO2)

1/2.

The calculated oxygen permeation is shown as a solid line infig. 10 for La0.9Ca0.1CrO3,
and infig. 11 for La0.76Ca0.25CrO3−δ. The parameters used in the calculation are estimated
from experimental results, and are listed intable 3. The calculated oxygen permeation of
La0.75Ca0.25CrO3 flux reachesJO2− = 2 A cm−2 for a 1 mm thick plate. Since the current
density in SOFC power generation is normally 0.3–1 A cm−2, the oxygen permeation flux of
2 A cm−2 should have canceled out the power generation. However, as a practical matter, the
SOFCs with (La, Ca)CrO3 interconnects do work with a stable power output, which is not
consistent with the estimated oxygen permeation flux.

Hence it was important to find a better measurement and evaluation for the oxygen perme-
ation flux thought lanthanum chromites. The oxygen permeation flux can also be determined
experimentally by a blocking method for La1−xCaxCrO3−δ (Sakai et al., 1996, 1999). The
experimental values are also plotted as symbols infig. 10 andfig. 11, and they are in good
agreement with the calculated values (solid line) except at the lowp(O2) range. This deviation
is thought to be due to the oxygen redox reaction at the surface becoming the rate-determining
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Fig. 11. The oxygen permeation flux (J2−
O ) through La0.75Ca0.25CrO3−δ as a function of oxygen potential at re-

ducing side. Thickness: 1 mm.T = 1273 K. Solid line: derived from the diffusion limited mechanism (DV =

10−9 m2 s−1). Dashed line: derived from the surface reaction limited mechanism (k = 10−9 m s−1). Circles: exper-
imental data measured by a blocking method.

Table 3
Parameters used in calculation of oxygen permeation and conductivities through

dense interconnect plate

Temperature,T 1273 K
Thickness of interconnect plate,L 1 mm
Molar fraction of calcium,x 0.1 and 0.25
Defect equilibrium constant,Kox 1 × 10−8 bar0.5 (for x = 0.1)

9 × 10−8 bar0.5 (x = 0.25)
Molar volume of La1−xCaxCrO3−δ , vm 3.4 × 10−5 m3 mol−1

Oxygen vacancy diffusivity,DV 1.7 × 10−9 m2 s−1

step, and this suggests that the permeation flux depends only on the oxygen potential gap be-
tween the surface and gaseous phase, not on the sample thickness.

The effect of this surface reaction can be estimated by using the theoretical procedure de-
scribed byBouwnmeester et al. (1994). They assumed that the surface reaction is the rate
determining step, and that it linearly depends on the oxygen potential gradient in the vicinity
of the surface. The oxygen permeation flux at surface (J surf

O2−) can be modeled as:

(17)J surf
O2− = −4FjO2 =

1

4
ksC0

4F�µO2

RT
.
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There are several reports about the surface reaction constant (ks) of LaR1-xRCaxCrO3−δ.
Yasuda and Hikita (1994)determined the chemical diffusion coefficients and surface reac-
tion constants by using the electrical conductivity relaxation. They obtained relatively high
reaction constants (ks) from 10−5 to 10−6 m s−1 in thep(O2) range from 10−5 to 10−12 Pa
at 1273 K. On the other hand, the surface reaction rate constants which were determined by
18O2 tracer diffusion exhibit lower values from 10−9 m s−1 in air to 10−8 m s−1 in H2–CO2

mixtures(Sakai et al., 2000a). It must be noted that the chemical diffusion coefficient and
surface reaction constant are not independently determined in either method. Hence the large
discrepancy among theks values is related to the large difference in chemical diffusion coef-
ficient between these two experimental methods, which is due to the difference of chemical
potential gradient.

The effect of surface reaction on the oxygen permeation flux was examined for
La0.9Ca0.1CrO3−δ and La0.75Ca0.25CrO3−δ, and the results are summarized infig. 10 and
fig. 11as dashed lines. Whenks is fixed to 10−12 m s−1 for La0.9Ca0.1CrO3−δ and 10−9 m s−1

La0.75Ca0.25CrO3−δ, the estimated data are in good agreement with experimental data. Hence,
if the oxygen permeation is fully surface reaction limited,ks should have been lower than
10−9 m s−1 for the wholep(O2) range.

Since the permeation flux is controlled by the surface reaction, the extrapolated oxygen
permeation flux at ap(O2) gradient from 104 to 10−13 Pa atT = 1273K is about 0.03 A cm−2

for 1 mm thick plate of La0.75Ca0.25CrO3−δ. The efficiency loss by the permeation is less than
several per cent even for the general tubular cell design using thin interconnect of calcium
substituted lanthanum chromite(Sakai et al., 2004). However, the permeation loss will be
significant for new cell designs such as flat tubes having thin interconnects with high surface
area.

3.5. Mechanical strength of the electrolyte and interconnect

The mechanical properties of lanthanum chromites are important and are influenced by many
factors, such as lattice defects, grain size, second phase at grain boundary or a triple point in
polycrystals. Generally, the mechanical strength greatly depends on the sintering temperature
with the sample sintered at higher temperature exhibiting better mechanical strengths.

The zirconium oxides partially stabilized by magnesium or yttrium substitution are well
known as the materials having an extremely high bending strength,>1500 MPa(Tsukuma
and Shimada, 1985). These materials consist of a mixture of the cubic and tetragonal struc-
tures, and the stress is relieved by the phase transition of the tetragonal phase to the mono-
clinic phase. However, the ionic conductivity of those partially stabilized zirconia is not high
because of the lower rare earth content.

The three-point bending strength of the 8 mol% Y2O3 substituted ZrO2 as the SOFC elec-
trolyte ranges from 250 MPa(Mori et al., 1994)for the samples prepared by conventional
sintering, to 400 MPa for the samples prepared by a spark plasma sintering (SPS) technique
(Takeuchi et al., 2002)at room temperature. Since the particle size of the conventional sinter-
ing body is about 10–20µm and that of SPS sintering body is less than 1µm, which indicates
that the mechanical strength strongly depends on the particle size of the sintered bodies. The
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suppression of grain growth is possible by using special sintering methods such as SPS or
hot isostatic pressing, however, it also raises the fabrication costs. The suppression of grain
growth is also possible by mixing Al2O3 powder, etc., however, the addition of a large amount
of Al2O3 also causes a decrease of ionic conductivity.

The three-point bending strength of LSGM at room temperature ranges from 110 to
160 MPa(Drennan et al., 1997; Sammes et al., 1998; Yasuda et al., 2000), which are consider-
ably lower than those of YSZ. The addition of Al2O3 to La0.9Sr0.1Ga0.8Mg0.2O2.85 raised the
bending strength to 300 MPa at room temperature for 7.5 wt% Al2O3 (Yasuda et al., 2000).
However, the ionic conductivity decreased by one order of magnitude.

In contrast the bending strength values reported for YSZ or LSGM, there is a large scatter
of the mechanical strength data of rare earth doped ceria.Ballon et al. (1998), reported that
the modulus of rupture of the gadolinium doped ceria ranges from 110 to 222 MPa at room
temperature, which are comparable with LSGM. However,Sameshima et al. (1999), reported
the flexural strength of Ce0.8Sm0.2O1.9 as 68.4 ± 15 MPa which is extremely low.

Concerning the lanthanum chromites as SOFC interconnects, there was no significant dif-
ference in fracture strength of La0.7Ca0.3CrO3 (256 MPa for the sample sintered atT =

1700◦C) and La0.7Sr0.3CrO3 (234 MPa) for the same sintering condition(Sammes and Ra-
tonaraj, 1994). However, it should be noted that at high temperature, thein situ mechanical
strength decreased to ca. 50 MPa for La1−xSrxCr1−yCoyO3 (Sammes and Ratonaraj, 1995).
A survey of the mechanical strengths in a reducing atmosphere shows a much more compli-
cated situation. Thein situ mechanical strength of La1−xCaxCrO3 (Armstrong et al., 1996)
and La1−xSrxCr1−yCoO3 (Sammes and Ratnaraj, 1992)is drastically degraded in a reducing
atmosphere at high temperature, whereas La1−xSrxCrO3 remained a sufficient strength. This
fact strongly suggests that the amount and the distribution state of secondary phases at grain
boundary or triple point in the polycrystals will affect on the strength in reducing atmospheres.

3.6. Thermal expansion matching with other SOFC components

In an SOFC operation, the materials are exposed to a large temperature change from room
temperature to 1000◦C. A temperature distribution is also expected due to the inhomoge-
neous fuel reforming and combustion in the cell. Unfortunately, the thermal conduction in
SOFC materials is low. The thermal diffusivity of oxide materials at high temperatures can
be measured by a laser flash method. The temperature dependence of thermal diffusivity (α)
is shown infig. 12 for La1−xCaxCrO3−δ (Sakai et al., 1990b), LaMnO3 (Kobayashi et al.,
1993), and YSZ(Hasselman et al., 1987). The thermal conductivity of LaMnO3 has a mini-
mum aroundT = 700 K (423◦C), which corresponds to a phase transition. Although LaCrO3
also has a phase transition aroundT = 540 K, no minimum was observed in its thermal dif-
fusivity. A possible reason for the absence of this peak in LaCrO3 data may be the sparse
sampling in the measurements. The thermal conductivity (λ) can be calculated from the ther-
mal diffusivity, the heat capacity (Cp), and the density (ρ) of the oxides using the following
equation:

(18)λ =
Cpρα

vm
,
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Fig. 12. The thermal diffusivity of some SOFC materials: LaCrO3 (Sakai and Stølen, 1995), La1−xCaxCrO3 (Sakai
et al., 1996), LaMnO3 (Kobayashi et al., 1993), and YSZ(Hasselman et al., 1987).

Fig. 13. The molar heat capacity of La1−xCaxCrO3 measured by an adiabatic method: The dashed line is the sum
of the heat capacities of La2O3 and Cr2O3 divided by two.

The temperature dependences of the heat capacities are shown infig. 13 for LaCrO3 (Sakai
and Stølen, 1995), and La1−xCaxCrO3−δ (Sakai and Stølen, 1996), which were measured
by an adiabatic calorimetry technique. The peaks found in the intermediate temperatures are
due to the phase transition from orthorhombic structure (low temperature) to rhombohedral
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Fig. 14. The molar heat capacity of LaCoO3 (Horinouchi et al., 1981), La1−xSrxCoO3, (Barkhatova, et al., 1990),
and LaMnO3 (Kobayashi et al., 1993).

structure (high temperature). The small peak found atT = 300 K for LaCrO3 corresponds to
the magnetic phase transition from antiferromagnetism to paramagnetism. The dashed line of
fig. 13 is the sum of the heat capacities (Cp,n) calculated from the constituent binary oxides,
lanthanum oxide (La2O3) and chromium oxide, divided by two, i.e.,

(19)Cp,n(LaCrO3) = 1/2Cp(La2O3) + 1/2Cp(Cr2O3).

The absolute values and temperature dependence of the calculated heat capacity (Cp,n) agree
well with the actual heat capacity of LaCrO3, which indicates that the heat capacity of those
oxides can be estimated by Neumann-Kopp’s theory. The heat capacity data of LaMnO3
(Kobayashi et al., 1993), LaCoO3 (Horinouchi et al., 1981), and La1−xSrxCoO3 (Barkhatova,
et al., 1990)measured by a laser flash method are shown infig. 14. The heat capacities of
LaMnO3 and La1−xSrxCoO3 show peaks due to the phase transition from orthorhombic to
rhombohedral structure, however, the heat capacity of LaCoO3 shows complicated tempera-
ture dependence due to the magnetic phase transitions.

The thermal conductivities of LaMnO3 (Kobayashi et al., 1993), La1−xCaxCrO3−δ (Sakai
et al., 1996), and YSZ(Fitzsimmons, 1964; Hasselman et al., 1987)are shown infig. 15. The
conductivities (by extrapolations) of these oxide materials seems to approach 2 W K−1 m−1

at T = 1273 K except for YSZ which is about 15% smaller. For La1−xCaxCrO3−δ, the
conductivity data were corrected for sample porosity (π) by using the equation suggested by
Maxwell (1904):

(20)
λ

λ0
=

1 − π

1 + 0.5π
.
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Fig. 15. The thermal conductivity of La1−xCaxCrO3 (Sakai et al., 1996), LaMnO3 (Kobayashi et al., 1993), and
YSZ (Fitzsimmons, 1964; Hasselman et al., 1987).

Table 4
Mean free path of phonons in La1−xCaxCrO3 calculated from the thermal conductivity and heat capacity

Ca content,x T

(K)
Cp per volume

(MJ K−1 m−3)

Thermal conductivity
(W K−1 m−1)

Mean free path
(pm)

0 300 31.117 4.276 823
0 967 36.416 2.142 353
0.1 304 30.069 2.143 419
0.2 309 30.901 1.956 380
0.3 301 30.768 1.935 377

The thermal conductivity of pure LaCrO3 linearly depends on the inverse temperature, which
indicates that the main carrier of thermal conduction are phonons. The phonon tends to be
scattered in the solids by heavy metal ions such as lanthanum (La3+) in the lattice. More-
over, the alkaline earth or rare-earth substitution causes the decrease of thermal conductivity
at room temperatures, which indicates that the phonon is also scattered by the substituted
cations which randomly occupied the lattice. As a result, the thermal conductivity of calcium
substituted samples showed no dependence on temperature. The length of mean free path
of phonon (l) can be calculated from thermal conductivity, molar volume (Vm), molar heat
capacity (Cp) and velocity of the sound (u) as follows:

(21)l =
3λvm

Cpu
.

The estimated length of the mean free path in La1−xCaxCrO3−δ is shown intable 4, and they
are ranged round 300 pm (= 3 Å) which is shorter than their lattice parameters. This indicates
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that the phonon is mainly scattered by the heavy lanthanum ion which randomly occupies the
lattice. Such a low thermal conductivity easily causes a large temperature distribution during
the operation of the SOFCs.

Hence, the thermal stress caused by expansion mismatch with other SOFC components is
a severe problem in the SOFC interconnects. In the planar SOFCs, the expansion mismatch
between the dense electrolyte and the interconnect can easily cause the destruction of the
whole cell, and results in the rapid degradation of the SOFC stack.

The thermal expansion coefficients of YSZ(Nielsen and Leipold, 1964), ScSZ(Yamamoto
et al., 1995), and LSGM(Yasuda et al., 2000)ranges from (10.4 to 10.7)×10−6 K−1 (from
room temperature to 1000◦C in air), and they do not depend on the oxygen partial pres-
sure. The thermal expansion coefficients of Ce0.8M0.2O1.9 (M = La, Sm) is (11.4 to 11.8)
×10−6 K−1 in air (Sameshima et al., 1999). However, in a reducing atmosphere, the reduc-
tion of tetravalent cerium ion to trivalent state causes an additional expansion, the so called
isothermal expansion. Hence if ceria is heated to high temperature in a reducing atmosphere,
it results in a larger thermal expansion coefficient.Yasuda and Hishinuma (1997)reported that
linear isothermal expansion of Ce0.8Gd0.2O1.9 reaches 1.5% composed to the length in air at
800◦C, and it can not alleviate by changing the gadolinium content. Such an uncontrollable
isothermal expansion would cause a serious problem in utilization of this material as SOFC
electrolyte.

Concerning interconnect materials, pure LaCrO3 has an averaged thermal expansion coeffi-
cientβ = (8.6 to 9.4)×10−6 K−1 (from room temperature to 1000◦C in air) which is signifi-
cantly lower than that of YSZ electrolyte (10.6×10−6 K−1) or lanthanum strontium mangan-
ite (10.7–11.1× 10−6 K−1). Furthermore, LaCrO3 has an anomaly in the thermal expansion
due to the phase transition from the low temperature orthorhombic phase to the high tem-
perature rhombohedral phase atT = 563 K (290◦C). However, thermal expansion behavior
and phase transition temperature can be easily controlled by substituting a variety of alkaline
earths and transition metals.Figs. 16a and 16bshow the effect of substitution on thermal ex-
pansion coefficient in air(Sakai et al., 1990c; Hayashi et al., 1988; Koc and Anderson, 1992b;
Hofer and Kock, 1993; Yasuda et al., 2001). In most cases, the thermal expansion coefficient
changes monotonically with composition. The thermal expansion coefficients of YSZ are also
shown infig. 16afor comparison. Concerning the anomalies of phase transition, the transi-
tion temperature can be lowered by strontium substitution, increase with calcium substitution.
However, the anomaly is alleviate in heavily substituted samples, such as La0.7Ca0.3CrO3,
which is probably due to microscopic sample inhomogeneity.

The isothermal expansion due to oxygen vacancy formation is also significant for substi-
tuted lanthanum chromites, which is observed in reducing atmospheres as well as rare earth
substituted ceria as already discussed in the previous paragraph. The effect of oxygen vacancy
formation on expansion behavior was checked by Yasuda et al. by measuring the thermal ex-
pansion coefficient in different atmospheres(Yasuda et al., 2001). The results are shown in
table 5along with our data for Ce0.8Y0.2O1.9. The anomalously high thermal expansion co-
efficients on heating in H2–N2 atmosphere are due to oxygen vacancy formation. This work
indicates that the isothermal expansion is large for alkaline earth doped lanthanum chromites,
La1−xMxCrO3−δ (M = Ca, Sr). However, in contrast with the case of ceria, the isothermal
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Fig. 16a. The thermal expansion coefficient as functions substitution ratio: (1) La1−xSrxCrO3 (Yasuda et al.,
2001), (") La1−xCaxCrO3 (Sakai et al., 1990c), (F) La1−xCaxCr0.9Co0.1O3 (Koc and Anderson, 1992a, 1992b),
(2) La1−xSrxCr0.95Zn0.05O3 (Hayashi et al., 1988), (e) La1−xSrxCr0.95Cu0.05O3 (Hayashi et al., 1988), (P)

La1−xSrxCr0.95Cu0.10O3 (Hayashi et al., 1988).

Fig. 16b. The thermal expansion coefficient as functions of substitution ratio: (P) LaCr1−yMgyO3 (Koc and Ander-
son, 1992a, 1992b), (F) LaCr1−yNiyO3 (Hofer and Kock, 1993).
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Table 5
Averaged thermal expansion coefficient from room temperature to 1273 K in air and reducing atmosphere

Composition Atmosphere β (10−6 K−1) Ref.

Ce0.8Y0.2O1.9 Air 12.16 This paper
Ar–1% H2–1% H2O 15.18

La0.9Sr0.1CrO3 Air 9.23 Yasuda et al., 2001
1% H2–99% N2 10.34

La0.7Sr0.3CrO3 Air 10.1 Yasuda et al., 2001
1% H2–99% N2 16.9

La0.96Sr0.04Cr0.87Al0.11Co0.02O3 Air 9.4 Yasuda et al., 2001
1% H2–99% N2 9.87

expansion of lanthanum chromites can be suppressed by the substitution of chromium by
transition metals or aluminum.

3.7. Chemical stability, compatibility with other cell component

Since SOFCs should operate for more than several years when it is utilized as a distribution
power generation unit, the durability of materials is strictly required. Each candidate mate-
rial is expected to have a sufficient chemical stability. However, in some combinations of
materials, the interfaces of two materials are not stable with respect to each other, so that
the interdiffusion of metal ions and the formation of secondary phases are observed. It is well
known that lanthanum cobaltite, LaCoO3, and stoichiometric lanthanum manganite, LaMnO3,
react with YSZ during the cell fabrication process or under the operating conditions, and as a
result the lanthanum zirconate, La2Zr2O7, forms. This phase has the pyrochlore structure and
has a low electrical conductivity. The precipitation of La2Zr2O7 at the triple phase boundary
may cause the degradation of cathode performance. The lanthanum manganite with excess
manganese, LaMn1+xO3, is reported to have a lower reactivity with YSZ. The possibility of
forming secondary phase can be evaluated by making thermodynamic calculations. Yokokawa
et al. suggested that the local chemical equilibrium is maintained at the interface at temper-
atures around 1000◦C, and evaluated the interface stability of lanthanum manganite cath-
ode/YSZ electrolyte(Yokokawa et al., 1990, 1991a, 1991b). They calculated that La2Zr2O7
would form at the YSZ/lanthanum perovskite oxide interfaces by estimating the thermody-
namic functions of the complex oxides. They also predicted that the reaction at the interface
of YSZ and lanthanum manganite with excess manganese is suppressed, however, the dif-
fusion of manganese into YSZ occurs simultaneously. The manganese component in YSZ
diffuses rapidly via the grain boundary, and it affects the oxide ion conductivity and oxygen
transport number of YSZ(Kawada et al., 1992). It should be noted that the formation and
disappearance of La2Zr2O7 precipitates depends the oxygen potential at the interface which
is affected by the electrochemical reaction overpotential(Yokokawa et al., 1994).

For lanthanum cobaltites, the formation of La2Zr2O7 can not suppressed except by low-
ering the temperature. Hence, rare earth doped ceria is often introduced as the interlayer be-
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Fig. 17. The conductivity of {(CeO2)x (ZrO2)1−x } 0.8(YO1.5)0.2 at T = 1073 K in air as a function of cerium
content (x). The electron conductivity is extrapolated from the data obtained in a reducing atmosphere.

tween YSZ and lanthanum cobaltite to prevent the reaction. Rare earth substituted ceria is
often used as the interlayer or additives at cathodes, and it raise the electrochemical perfor-
mance of the cathodes. However, when the mixture of ceria and yttria powder was calcined at
the temperatures above 1200◦C, the formation of a ceria–zirconia–yttria solid solution is ob-
served(Sakai et al., 2001). The ceria-zirconia-rare earth oxide solid solution has lower ionic
conductivity than YSZ or rare earth substituted ceria, however, the electronic conductivity is
rather enhanced(Xiong et al., 2001). Fig. 17shows the total conductivity, and extrapolated
electron conductivity of {(CeO2)x(ZrO2)1−x} 0.8(YO1.5)0.2 solid solution atT = 1073 K,
p(O2) = 0.1 MPa as a function of cerium content (x). The electron conductivity seems to
have a maximum atx = 0.5 whereas the ionic conductivity shows the minimum at the same
composition.

Although the decrease of ionic conductivity is not desirable for SOFC electrolytes,
the increase of electronic conductivity in ceria–zirconia–yttria solid solution may result
in an interesting change of the oxygen transport properties on the surface of the ox-
ides.Fig. 18 shows the oxygen isotope diffusivity (D∗

O) and surface exchange rate (k) of
{(CeO2)x(ZrO2)1−x} 0.8(YO1.5)0.2 at T = 700◦C in p(O2) = 21.3 kPa. It should be noted
that the compositional dependence of the oxygen surface exchange coefficient (k) is some-
what similar to that observed for the electron conductivity (fig. 17). The increase of oxygen
surface exchange rate may result in the increase of the oxygen permeation flux in the solids,
which would be a positive affect on the electrochemical performance.

Although the formation of La2Zr2O7 or of ceria-zirconia solid solutions are serious prob-
lems, the diffusion of a transition metal is rather small in fluorite type electrolytes. However,
in perovskite-type electrolytes such as LSGM, the interdiffusion of such transition metals
from electrodes is very significant.Zhang et al. (1999)reported that the interfacial resistance
increased significantly when Ni–Ce0.8Sm0.2O1.9 anode was calcined on a LSGM electrolyte
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Fig. 18. The oxygen isotope diffusivity (D∗
O) and surface exchange rate constant (k) of

{(CeO2)x (ZrO2)1−x } 0.8(YO1.5)0.2 atT = 973 K inp(O2) = 213 kPa.

aboveT = 1350◦C. This degradation is caused by the nickel diffusion from the anode into
the LSGM electrolyte. The fast diffusion of cobalt and iron components also occurs at the in-
terface of the LSGM electrolyte and the (La, Sr)(Co, Fe)O3 cathode, and a part of the diffusion
is governed by the grain boundaries of the LSGM polycrystalline bodies (Sakai et al., unpub-
lished data). Such diffusions of transition metals cause a significant decrease of the transport
number of oxide ion in LSGM. This fact indicates that LSGM can not be co-sintered with
electrodes, because high temperatures>1723 K are needed to obtain dense LSGM polycrys-
talline bodies.

SOFC interconnects are exposed to a large gradient of oxygen potential at high temper-
ature. The chemical stability of dense alkaline earth substituted lanthanum chromites were
evaluated under simulated SOFC operation condition at 1000◦C, flowing 97% H2 + 3% H2O
on one side and dry air on opposite side, and passing an electric current ofI = 300 mA cm−2

(Sakai et al., 1993b). For (La, Ca)CrO3 polycrystals, the precipitation of Caa(CrO4)b melt
is observed on air side, and CaO and CaCr2O4 is observed on fuel side of the sample after
the treatment for 200 h. The precipitation is more significant for heavily doped (La,Ca)CrO3
sintered at low temperatures around 1300◦C. Caa(CrO4)b liquid phase acts as the sintering
aid for (La,Ca)CrO3. However, Caa(CrO4)b remains at the grain boundary of the sintered
specimens and is squeezed out to surface during the stability test. At fuel side, Caa(CrO4)b is
reduced and decomposed to CaO and CaCr2O4. The low electrical conductivity of these two
phases will affect the total cell performance(Yasuda and Hishinuma, 1995). Furthermore,
the calcium oxide may react with Ni-YSZ anode forming CaZrO3. (La,Ca)CrO3 sintered at
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Fig. 19. The temperature dependence of the diffusivity in lanthanum chromites: Closed symbols and line rep-
resent bulk diffusivity (Dbulk) and open symbols represent grain boundary diffusivity (Dgb).(2, 1) 40Ca in

La0.75Ca0.25CrO3 (Horita et al., 1998). (a, e) 18O in La0.8Ca0.2CrO3 (Sakai et al., 2000a, 2000b), (—) La3+

in LaCrO3 (Akashi et al., 1998).

1873 K exhibited much less precipitation, because most of the Caa(CrO4)b is converted into
CaO at high temperature sintering. For (La,Sr)CrO3 and (La,Sr)(Cr,Co)O3, the precipitation
of SrO and Cr2O3 is observed, however, the amounts of the precipitates were much smaller
than those observed for (La,Ca)CrO3. The amount of Caa(CrO4)b should be suppressed to
the minimum value, which results in a sintering improvement. A recent paper reports that
the strict control of the compositions in the preparations can result in the smaller amount
of Caa(CrO4)b precipitation in (La,Ca)CrO3, and as a result exhibits a reasonable chemical
stability.

In order to follow such degradation behaviors, the strontium and calcium diffusivities in
La1−xCaxCrO3−δ were determined by using tracer diffusion techniques and secondary ion
mass spectrometry analysis (SIMS)(Horita et al., 1998). The temperature dependences of
the diffusivities in lanthanum chromites are plotted infig. 19 for 44Ca in La1−xCaxCrO3−δ

(Horita et al., 1998), La3+ in LaCrO3 (Akashi et al., 1998), and18O in La1−xCaxCrO3−δ

(Sakai et al., 2000a, 2000b). It should be emphasized that fast diffusion along grain boundary
is observed in oxidizing atmosphere at 800 to 1000◦C, and that the grain boundary diffu-
sivity (Dgb) is 104–105 times higher than bulk diffusivity. Although the relative surface area
of grain boundary is small, the calculated flux of calcium component via grain boundary be-
comes 10–100 times larger than that through bulk(Sakai et al., 2000c), and it agrees with
the precipitation rate of Caa(CrO4)b secondary phase on the surface. The fast cation diffu-
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sion along grain boundary is also observed for the case of the interface reaction between the
(La,Ca)CrO3 interconnect/(La,Sr)MnO3 cathode(Nishiyama et al., 1996).

Summary

In this paper, we have shown that rare earths are used in most of the candidate materials for
SOFCs. However, it should also be noted that most of the SOFC materials are complex oxides
of rare earths and other metals. The oxide ion conductivities of zirconia or ceria are controlled
by rare earths substitutions, however, the electrical conductivity or catalytic activity are rather
controlled by transition metals or alkaline earths.

The most important problem of rare earths is their high costs. The reduction in the cost of
lanthanum or samarium would lead to a reduction of the total fabrication cost of the SOFC
cell stacks. The possibility of using rare earth mixtures as an alternative of pure lanthanum
have been tried, however, it resulted in the degradation of the performance of the SOFC.

Another issue for SOFC material research is to increase the available thermodynamic data
for rare-earth containing complex oxides. Although there has been intensive researches on the
binary oxides, there is a paucity of data for complex oxides such as the perovskites, and the
fluorite oxides with some substitutions. Most of the SOFC materials are complex oxides with
several metal components which have been reported in the past twenty years. However, it is
a matter of regret that there are only a few reports concerning calorimetric studies of these
materials. Fundamental research on these advanced materials is necessary especially from the
viewpoint of evaluating chemical stability and durability of the SOFC components.
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1. Introduction

1.1. Nomenclature and scope

The most important sources of rare earth elements in nature are silicates, phosphates and
carbonates. They have low solubilities and are chemically quite inert. Therefore, especially

45



46 M.S. WICKLEDER

silicates and phosphates, play an important role as storage materials in nuclear waste man-
agement(McCarthy et al., 1978; Boatner et al., 1980; Petek et al., 1982)and are well investi-
gated(Felsche, 1973; Wickleder, 2002a). There are other fields in which complex oxo-anions
were also of great importance in rare earth chemistry. For example in the early days of lan-
thanide separation the crucial process was the fractional crystallization of ternary nitrates or
sulfates(Prandtl, 1938). And even the break-through in rare earth separation techniques, the
development of liquid–liquid extraction and chromatographic methods, is based on rare earth
compounds with complex anions, in this case for example tributylphosphates and polycar-
boxylates(Bock, 1950). Also, more recently, compounds of the rare earth elements contain-
ing complex oxo-anions have attracted considerable attention for several reasons. One point
of current interest is the thermal behaviour of the rare earth compounds and their potential as
precursors for the preparation of lanthanide oxides with large surfaces for catalytic purposes
(Brezeanu et al., 1999). Namely, the thermally labile nitrates and perchlorates are suitable
candidates. Another point of recent research is the development of new non-centrosymmetric
compounds and the investigation of their non-linear optical (NLO) properties(Vigdorchik and
Malinovskii, 1990, 1995; Held et al., 2000).

With respect to all of these specific aspects and the large variety of complex anions, the
number of respective rare earth compounds is huge. A review that tries to cover the whole
area comprehensively necessarily may not be very detailed. Several of such reviews have
been published within the last decades and they provide an excellent view over this still grow-
ing field (Gmelin, 1980–1984; Wickleder, 2002a). This handbook offers also several chapters
with a substantial amount of information concerning complex rare-earth based compounds
(Thompson, 1979; Leskelä and Niinistö, 1986; Niinistö and Leskelä, 1987). Therefore, in the
present chapter we will restrict ourselves to a part of the whole area, i.e. the oxo-selenates
of rare earth elements. On one hand this allows us to cover necessary details without being
beyond the scope of this review. On the other hand the family of rare earth oxo-selenates has
grown remarkably over the last few years as a result of their rich structural chemistry and
complex thermal behaviour. Nevertheless, our knowledge is still incomplete and interesting
areas of the field have not been investigated at all. To name only one: oxo-selenates of lan-
thanides in the lower valent state are not known, even for the typical divalent rare earth ions
Eu2+ and Yb2+. Owing to the unique properties of divalent lanthanides on one hand and the
need of new host lattices for these ions on the other hand, the investigation of their crystal
chemistry seems to be challenging.

Generally, oxo-selenates can be classified according to the oxidation state of the selenium
atom as oxo-selenates(IV), and oxo-selenates(VI). Besides this systematically correct nam-
ing, chemists usually use the termsselenitesinstead of oxo-selenates(IV), andselenatesin-
stead of oxo-selenates(VI). Therefore, both nomenclatures will be used in parallel throughout
this text. Compared to the respective sulfur species, the oxo-selenate(IV) ion is very stable
so that numerous compounds with this anion have been prepared. Furthermore, the thermal
decomposition of oxo-selenates(VI) leads usually to oxo-selenates(IV), again in contrast to
the findings for the decomposition of sulfates. This is especially true for rare earth oxo-
selenates(VI), so that thermolysis might be a synthetic route for the preparation of rare earth
oxo-selenates(IV).
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Consequently, we will start with the description of oxo-selenates(VI) in the first part of
this chapter, and then move on to the major part of the article which is dedicated to oxo-
selenates(IV). The oxo-selenate(VI) section provides the description of various binary com-
pounds in the first part (section2.1), and will discuss the respective ternary phases in the
second part (section2.2). Among the properties of oxo-selenates(VI) (section2.3), the ther-
mal behaviour turns out to the best investigated one. The oxo-selenate(IV) section also starts
with the binary species (section3.1). These are the best investigated oxo-selenates so far, so
that more details can be given, for example on synthesis (section3.1.1) of the R2(SeO3)3 type
compounds (section3.1.2) which are completely known. Subsequent sections are devoted to
the anionic (section3.2) and cationic (section3.3) derivatives of oxo-selenates(IV) and finally,
properties of oxo-selenates(IV) will be discussed. The last section summarizes our present
knowledge of mixed-valent oxo-selenates(IV/VI) which, unfortunately, remains limited.

Most of the sections contain structural data. The structural details are supported by a num-
ber of tables summarizing important crystallographic information. Only those data that have
been obtained reliably, usually by X-ray single crystal diffraction or high quality X-ray pow-
der diffraction, are considered. For some compounds the structure determinations has been
carried out several times. In these cases the tables will contain all data for comparison.

The structure descriptions will emphasize important characteristic features like coordina-
tion numbers and geometry, connection of polyhedra and selected bond distances. One of the
most helpful tools to symbolize the connectivity within a structure is the formalism ofNiggli.
This system allows the specification of the mutual adjunction of atoms or atom groups, and
of the dimensionality of the structure that results from the linkage. For example theNiggli
formula 3

∞[Ce(SeO4)8/4] means, that one cerium atom is surrounded by eight SeO2−
4 groups,

and these are attached to four cerium atoms forming an infinite three-dimensional network.
For selected compounds the structural description is supported by appropriate figures. For
convenience of the reader they all have been drawn in the same style: the SeO2−

4 ions are
always represented as polyhedra (tetrahedra); the bonds within SeO2−

3 or Se2O2−
5 groups are

emphasized as dark-grey lines; the trivalent rare earth ions are black, additional cations or
anions are usually shown as white spheres.

Most of the properties of oxo-selenates that have been investigated so far represent vibra-
tional spectroscopy and thermal behaviour, and only occasionally other types of measure-
ments have been performed. The most interesting ones among the latter are thermochemical
measurements in the systems R2O3/SeO2 or R2O3/RCl3/SeO2 including the development of
phase diagrams. The discussion of these findings will also be supported by a number of tables
providing the most important data.

1.2. Some generalities on SeO2−
4 and SeO2−

3

The anions SeO2−
4 and SeO2−

3 are isomorphous with their respective sulfur analogues. The
selenate group shows ideal tetrahedral symmetry (point group Td) with four identical dis-
tances SeVI –O of about 1.64 Å. The free selenite ion has a pyramidal shape (C3v symmetry)
owing to the lone electron pair at the selenium atom. Thus, the SeO2−

3 ion can be treated as
a pseudo-tetrahedral anion and the lone electron pair often acts as an invisible ligand within
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the crystal structures of selenites. This observation is called the stereochemical activity of the
lone electron pair and it will turn out as one of the most striking structural features of rare
earth oxo-selenates(IV). The distances SeIV –O within the SeO2−

3 ion are about 1.73 Å and
the angles O–Se–O are 103◦. Due to the different coordination modes of selenate and selenite
ions the ideal symmetry is usually severely distorted in the salts of these anions. This is also
reflected by the distances Se–O that may vary by about±0.1 Å depending of the coordination
of the oxygen atoms. By the same orders of magnitude, the bond lengths increase if hydrogen
atoms are attached to the oxygen atoms, forming HSeO−

4 and HSeO−3 ions, respectively. Thus,
inspection of the distances Se–O and the coordination of the oxygen atoms usually allows to
distinguish between HSeO−4 and SeO2−

4 as well as between HSeO−
3 and SeO2−

3 , respectively,
even if hydrogen atoms could not be located.

In contrast with the findings for sulfur, the tetravalent state is much more stable for sele-
nium. The reduction potential of the couple SeO2−

4 /SeO2−
3 is only 0.03 V in alkaline solution

while the respective value is 0.12 V for the couple SO2−
4 /SO2−

3 . Therefore, the selenite ion is
much less reducing than the sulfite ions and, in turn, selenates are strong oxidizers(Bard and
Parsons, 1985).

Common routes for the synthesis of selenates and selenites are the reactions of oxides or
carbonates with H2SeO4 and H2SeO3, respectively. Selenic acid, H2SeO4, is most conve-
niently obtained from SeO2 and H2O2 (Brauer, 1975). The disadvantage of this procedure
is, that one usually obtains hydrates or, at higher acid concentrations, hydrogenselenates or
hydrogenselenites. Because both oxides SeO3 and SeO2 are solids under ambient conditions,
solid state reactions with the respective metal oxides are an alternative route to prepare the
anhydrous compounds. This method works especially well for SeO2 that has a melting point
of 340◦C, while for SeO3 (m.p. 118◦C) the low decomposition temperature of 185◦C (SeO3
→ SeO2 + 1/2O2) may cause some difficulties.

Finally, I would like to mention some safety aspects. Selenium compounds are poisoneous
and it is strongly recommended to work always in a well ventilated hood, and one should espe-
cially avoid swallowing the powder dust of selenium compounds. Oxo-selenates decompose
at high temperatures what should be taken into account if reactions are carried out in closed
systems. Oxo-selenates(VI) and in particular selenic acid, H2SeO4, are very strong oxidizers.
This should be carefully considered throughout the preparative work, especially if oxidizable
components are involved in the reactions.

2. Oxo-selenates(VI)

2.1. Binary oxo-selenates(VI)

2.1.1. Anhydrous oxo-selenates(VI)
Selenates of the rare earth elements are usually obtained from reactions of the respective ox-
ides with selenic acid. In most cases, this procedure does not lead to the anhydrous compounds
but to hydrates, R2(SeO4)3·xH2O. Accordingly, the anhydrous species are poorly investigated.
The only exceptions are Sc2(SeO4)3, Yb2(SeO4)3, and Ce(SeO4)2 that have been obtained
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even from aqueous solutions under special conditions: Sc2(SeO4)3 crystallizes if the pH value
is carefully adjusted by adding LiOH to the solution(Valkonen, 1978a)and single crystals
of Yb2(SeO4)3 grow if the temperature is kept at 90◦C (Iskhakova and Ovanisyan, 1995).
According to X-ray single crystal determinations, Sc2(SeO4)3 and Yb2(SeO4)3 are isotypic
and have monoclinic symmetry (the structures have been described with different settings of
space groupP21/c, seetable 1). The selenates show the R3+ ions in octahedral coordination
of oxygen atoms that belong to six monodentate SeO2−

4 groups. The SeO2−
4 ions are coordi-

nated by four R3+ ions as might be expressed by the formulation R(SeO4)6/4 (≡ R2(SeO4)3)
according toNiggli’s formalism. The crystal structure can be seen as a three-dimensional net-
work of [RO6] octahedra and [SeO4] tetrahedra connected via all vertices. This connectivity
motive of polyhedra is also known for the respective sulfates, Sc2(SO4)3 and Yb2(SO4)3,
but the symmetries are higher for the latter,R3̄ andPbcn, respectively(Wickleder, 2000a).
However, as can be seen from the lattice parameters given intable 1, the deviations from
the orthorhombic symmetry are only small for Sc2(SeO4)3 (when transformed toP21/n)
and Yb2(SeO4)3, and phase transitions might occur. This has been shown for Er2(SeO4)3
by means of temperature dependent powder diffraction experiments(Krügermann and Wick-
leder, 2004): when Er2(SeO4)3 is prepared by dehydration of Er2(SeO4)3·8H2O, it forms in
the trigonal-rhombohedral modification of Sc2(SO4)3 and transforms at higher temperatures
to the orthorhombic structure of Er2(SO4)3 (see section2.3.1). As can be seen fromfig. 1,
in the two modifications the connectivity of the polyhedra remains the same and only their
orientation with respect to each other changes.

Another interesting feature of the crystal structures is that they can be seen as analogues
of simple A2B3 type compounds with complex anions: if the tetrahedral anions are regarded
as spheres, the trigonal-rhombohedral structure of Er2(SeO4)3 adopts the Al2O3 structure and
the orthorhombic Er2(SeO4)3 modification as well as the monoclinic forms of Sc2(SeO4)3
and Yb2(SeO4)3) are the complex variant of Rh2S3. Ce(SeO4)2 has been obtained in form of
yellow single crystals(Iskhakova et al., 1990c). The orthorhombic compound is isotypic with
Ce(SO4)2 and contains Ce4+ ions in coordination of eight monodentate selenate ions with
typical bond lengths Ce–O ranging from 2.28 to 2.42 Å. The [CeO8] polyhedra are square
antiprisms and they are linked with the SeO2−

4 tetrahedra to a three-dimensional structure as
may be formulated by3

∞[Ce(SeO4)8/4].

2.1.2. Oxo-selenate(VI)-hydrates
Due to their easy accessibility, hydrates of rare earth selenates have been studied much
more intensively than the anhydrous derivatives, and selenate hydrates R2(SeO4)3·xH2O
with x ranging from 1 to 12 have been reported(Nabar and Paralkar, 1976a; Giolito and
Giesbrecht, 1969; Petrov et al., 1969, 1970; Rosso and Perret, 1970; Hájek et al., 1979;
Smolyakova et al., 1973; Suponitskii et al., 1969; Gupta et al., 1982). However, sufficient
characterizations have not been undertaken in any case, and only hydrates withx = 4, 5,
8, 9, and 12 can be seen to exist without any doubt with respect to structure determina-
tions. Among the hydrates the composition R2(SeO4)3·8H2O is the most investigated one,
probably because it crystallizes preferably from aqueous solutions. Depending on the size
of R3+, the octahydrates are known to occur in two slightly different monoclinic mod-
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Table 1
Crystallographic data of binary oxo-selenates(VI)

Compound Space
group

Lattice parameters Reference

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg)

Sc2(SeO4)3 P21/c 8.899(2) 9.212(2) 15.179(3) 124.83(2) Valkonen, 1978a
Yb2(SeO4)3 P21/n 9.220(2) 9.521(2) 12.886(3) 91.04(1) Iskhakova and Ovanisyan, 1995
Ce(SeO4)2 Pbca 9.748(2) 9.174(1) 13.740(3) Iskhakova et al., 1990c

La2(SeO4)3·12H2O C2/c 10.670(2) 20.390(6) 10.740(2) 110.12(2) Karvinen and Niinistö, 1986
Nd2(SeO4)3·8H2O-I C2/c 7.102(1) 13.992(2) 18.253(3) 99.84(2) Krügermann, 2002
Sm2(SeO4)3·8H2O-I C2/c 7.014(1) 13.878(1) 18.121(2) 99.40(1) Ovanisyan et al., 1988a
Sm2(SeO4)3·8H2O-I C2/c 7.0218(7) 13.898(2) 18.154(2) 99.357(8) Krügermann, 2002
Eu2(SeO4)3·8H2O-I C2/c 7.004(1) 13.889(2) 18.167(3) 99.37(2) Krügermann, 2002
Gd2(SeO4)3·8H2O-I C2/c 7.007(1) 13.868(3) 18.146(3) 99.14(2) Krügermann, 2002
Tb2(SeO4)3·8H2O-I C2/c 6.972(2) 13.824(2) 18.104(4) 99.10(3) Krügermann, 2002
Ho2(SeO4)3·8H2O-II C2/c 13.763(2) 6.8964(8) 18.646(2) 101.96(2) Krügermann, 2002
Er2(SeO4)3·8H2O-II C2/c 13.728(2) 6.8751(7) 18.602(3) 101.85(2) Krügermann and Wickleder, 2004
Yb2(SeO4)3·8H2O-II C2/c 13.704(6) 6.831(3) 18.507(7) 101.90(3) Hiltunen and Niinistö, 1976
Yb2(SeO4)3·8H2O-II C2/c 13.751(2) 6.8544(9) 18.549(2) 101.80(2) Krügermann, 2002
Y2(SeO4)3·8H2O-II C2/c 13.772(2) 6.883(1) 18.650(2) 101.84(2) Krügermann, 2002
Sc2(SeO4)3·5H2O-I P1 11.225(4) 11.804(3) 5.766(2) 91.30(4) 100.10(2) 89.03(7) Valkonen et al., 1975
Sc2(SeO4)3·5H2O-I P 1̄ 5.789(1) 11.239(1) 11.851(1) 89.12(1) 88.81(1) 79.84(1) Krügermann, 2002
Sc2(SeO4)3·5H2O-II P 1̄ 9.109(1) 10.631(1) 17.286(2) 72.21(1) 79.84(1) 89.87(1) Krügermann, 2002
La2(SeO4)3·5H2O P21/a 9.879(1) 14.199(2) 10.761(1) 92.78(2) Krügermann, 2002
Ce2(SeO4)3·5H2O P21/a 9.820(3) 14.050(5) 10.690(5) 92.00(4) Aslanov et al., 1973
Ce2(SeO4)3·5H2O P21/c 10.722(2) 14.101(2) 9.876(1) 93.18(2) Krügermann, 2002
Pr2(SeO4)3·5H2O P21/c 10.659(2) 14.046(4) 9.851(2) 93.02(2) Krügermann, 2002
Pr2(SeO4)3·4H2O-I P21/n 13.367(2) 7.404(1) 13.670(2) 92.11(2) Iskhakova and Makarevich, 1996
Gd2(SeO4)3·4H2O-II P 1̄ 6.947(1) 9.317(2) 10.882(2) 94.81(2) 106.88(2) 99.33(2) Krügermann, 2002

La(HSeO4)3 P63/m 9.717(1) 6.1698(8) Göhausen and Wickleder, 2001
Gd(HSeO4)(SeO4) Pbca 9.204(1) 13.516(2) 10.040(1) Göhausen and Wickleder, 2001
Eu(HSeO4)(SeO4) Pbca 9.232(5) 13.514(6) 10.061(4) Iskhakova et al., 1991
Nd(HSeO4)(Se2O7) Pna21 11.275(2) 6.1836(7) 12.281(2) Wickleder, 2001
ScH(SeO4)2·2H2O C2/m 8.708(5) 5.632(4) 9.105(9) 101.64(7) Valkonen, 1978b
(H5O2)Sc(SeO4)2 C2/m 8.6835(8) 5.6139(6) 9.080(1) 101.75(2) Krügermann, 2002
H3OCeIII CeIV (SeO4)4 Cc 12.297(2) 16.267(2) 9.295(1) 129.51(1) Iskhakova and Tursina, 1989
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Fig. 1. Crystal structures of the trigonal-rhombohedral (bottom) and the orthorhombic modification (top) of
Er2(SeO4)3. Note, that in both forms the connectivity of [ErO8] octahedra (light grey) and SeO2−

4 tetrahedra (dark
grey) remains the same.

ifications (table 1), which should be named R2(SeO4)3·8H2O-I and R2(SeO4)3·8H2O-II,
respectively(Hiltunen and Niinistö, 1976; Ovanisyan et al., 1988a; Krügermann, 2002;
Krügermann and Wickleder, 2004). Modification I has been observed for the larger rare
earth elements R= Nd–Tb, modification II for R= Ho–Yb, and Y. In both structures
the R3+ ions are in eightfold coordination of oxygen atoms that belong to four mono-
dentate SeO2−

4 ions and four H2O molecules. The [RO8] polyhedra are distorted dodec-
ahedra and are linked by the selenate groups into two-dimensional layers according to

2
∞[R(H2O)4/1(Se(1)O4)3/3(Se(2)O4)1/2]. This means that two crystallographically different
selenate ions are present in the ratio of 3:1: Se(1)O2−

4 is coordinated by three R3+ ions while
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Se(2)O2−
4 has only two R3+ neighbours. The non-coordinating vertices of the tetrahedra act

as acceptors in hydrogen bonds that hold the sheets together. The donors for the hydrogen
bonds are water molecules. The difference in the two modifications of the octahydrates is
mainly in the arrangement of the layers with respect to each other, as can be seen from
fig. 2.

There is one example of a highly hydrated rare earth selenate: La2(SeO4)3·12H2O. It has
been obtained from an aqueous solution when the crystallization was carried out at 0◦C
(Karvinen and Niinistö, 1986). In contrast to the octahydrates, only half of the twelve in-
dependent H2O molecules are bonded to La3+ ions while the remaining half are crystal
water molecules. The coordination number of La3+ is eight and it arises from five mono-
dentate selenate ions and three water molecules. One part of the SeO2−

4 ions connects
four La3+ with each other, a second one only three. This leads to infinite chains running
along the c-axis of the monoclinic unit cell. The chains can be formulated according to

1
∞[La(H2O)3/1(Se(1)O4)2/4(Se(2)O4)3/3]. The crystal water molecules are fixed in between
these chains via hydrogen bonds, wherein the non-coordinating oxygen atoms of Se(2)O2−

4
are the acceptors.

Crystal structure determinations are available for the pentahydrates R2(SeO4)3·5H2O
(R = La, Ce, Pr)(Aslanov et al., 1973; Krügermann, 2002), and two modifications of
Sc2(SeO4)3·5H2O (Valkonen et al., 1975; Krügermann, 2002)(table 1). The hydrates of the
larger lanthanides are isotypic with each other and contain two crystallographically different
R3+ ions in the structure that are coordinated by nine and eight oxygen atoms, respectively.
The selenate groups are highly connecting due to their partly chelating coordination modes,
leading to a three-dimensional network. Only four H2O molecules are bonded to R3+ ions,
the fifth resides in empty cavities of the structure.

For Sc2(SeO4)3·5H2O two modifications are known. Sc2(SeO4)3·5H2O-I has been reported
for the first time some thirty years ago and the non-centrosymmetric space groupP1 had been
given(Valkonen et al., 1975). As it has been shown recently, however, the correct space group
is in fact P 1̄ (Krügermann, 2002). In the crystal structure of Sc2(SeO4)3·5H2O-I three dif-
ferent Sc3+ ions are present. Two of those are located on the special sites 1f and 1d of
that space group, respectively. They are coordinated by four monodentate selenate ions and
two H2O molecules. The third occupies a general position and has three H2O and just as
many SeO2−

4 ligands. The linkage of the Sc3+ ions via selenate groups leads to a three-
dimensional network. This is in contrast to the crystal structure of Sc2(SeO4)3·5H2O-II,
which is also triclinic (space groupP 1̄) but contains only two crystallographically differ-
ent Sc3+ ions. Both of them are octahedrally coordinated by oxygen atoms. For Sc(1)3+,
these atoms belong to six monodentate selenate groups that are further coordinated to three
Sc(1)3+ ions yieldinganionic sheets according to2

∞[Sc(1)(SeO4)6/3]−. The second scan-
dium ion, Sc(2)3+, is surrounded by three SeO2−

4 ions and three H2O molecules. Again,
the SeO2−

4 groups are linked to three Sc(2)3+ ions leading tocationic layers according to
2

∞[Sc(2)(H2O)3/1(SeO4)3/3]+. Cationic and anionic layers alternate along [001]. The remain-
ing two H2O molecules are located between these layers.Fig. 3 compares the two modifica-
tions of Sc2(SeO4)3·5H2O.
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Fig. 2. Stacking of the layers2
∞[R(H2O)4/1(Se(1)O4)3/3(Se(2)O4)1/2] in R2(SeO4)3·8H2O-I (top: R = Nd–Tb)
and R2(SeO4)3·8H2O-II (bottom: R= Ho–Yb, Y).
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Fig. 3. Crystal structures of the two modifications of Sc2(SeO4)3·5H2O. In modification I (above) all of the H2O
molecules are coordinated to Sc3+ ions, while in modification II (below) some of them are situated between the
cationic and anionic layers of the composition2∞[Sc(2)(H2O)3/1(SeO4)3/3]+ and 2

∞[Sc(1)(SeO4)6/3]−, respec-
tively.
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The selenate hydrates with the lowest water content that have been structurally char-
acterized are Pr2(SeO4)3·4H2O (Iskhakova and Makarevich, 1996)and Gd2(SeO4)3·4H2O
(Krügermann, 2002). They have different crystal structures, as can be predicted from the much
different ionic radii of Pr3+ and Gd3+. Consequently, the two forms should be named again
as modification I and II, respectively. The praseodymium compound shows the Pr3+ ion in
eightfold coordination of oxygen atoms that belong to two H2O molecules and five SeO2−

4
ions. One of the selenate groups acts as chelating ligand. The selenate ions are surrounded by
four and three Pr3+ ions, respectively, resulting in a three-dimensional structure, which can be
described by3

∞[Pr(H2O)2/1(Se(1)O4)3/3(Se(2)O4)2/4]. According to the smaller size of Gd3+

compared to Pr3+, the structure of Gd2(SeO4)3·4H2O is different and coordination numbers
of only eight and seven, respectively, are found for the cations. For Gd(1)3+, a square antipris-
matic [GdO8] polyhedron is found due to the coordination of five monodentate selenate ions
and three H2O molecules. The seven oxygen atoms coordinating Gd(2)3+ are provided by six
SeO2−

4 groups and one water molecule, and the coordination polyhedron is a monocapped
trigonal prism. Two of the three crystallographically different SeO2−

4 ions link four Gd3+

ions with each other, and the third is attached to three Gd3+ ions. Furthermore, significant
hydrogen bonding is observed in the crystal structure.

2.1.3. Acidic oxo-selenates(VI)
Hydrogen selenates of the rare earth elements can be obtained by the reaction of sesquioxides
and concentrated selenic acid. However, the high viscosity of the acid complicates the growth
of single crystals so that only for one compound, La(HSeO4)3, a structure determination has
been performed(Göhausen and Wickleder, 2001). It shows the La3+ ion in tricapped-trigonal-
prismatic coordination of oxygen atoms that belong to nine monodentate HSeO−

4 ions. Each
hydrogen selenate group connects three La3+ ions with each other according to the formu-
lation 3

∞[La(HSeO4)9/3]. In this way, rods are formed that are running along the c-axis of
the hexagonal unit cell (fig. 4). Linkage of the rods occurs in the hexagonal plane and leads
to channels that are also running in c-direction and provide enough space for the hydrogen
atoms. If the complex anions are regarded as spheres, the UCl3 structure can be extracted as
the parent structure of La(HSeO4)3.

The isotypic hydrogenselenate-selenates Gd(HSeO4)(SeO4) and Eu(HSeO4)(SeO4) are
formed in the reaction of the respective oxides with diluted selenic acid (70%)(Iskhakova
et al., 1991; Göhausen and Wickleder, 2001). They contain the R3+ ions in eightfold coor-
dination of oxygen atoms which belong to four selenate and four hydrogenselenate groups.
Each of the anions is attached to four R3+ ions leading to a three-dimensional structure.
The hydrogen atom of the HSeO−

4 group is involved in an asymmetric bifurcated hydrogen
bond. It is worthwhile to mention, that in contrast to La(HSeO4)3, the OH group of the hy-
drogen selenate ion is coordinated to a metal ion in the structure of the hydrogen selenate-
selenates.

A unique acidic selenate is the mixed hydrogen selenate-diselenate Nd(HSeO4)(Se2O7)
(Wickleder, 2001). It is the only diselenate of the rare earth elements so far. In the crystal
structure, Nd3+ is surrounded by six Se2O2−

7 and three HSeO−4 ions. The anions are mon-
odentate and tricapped trigonal prisms [NdO9] are formed. These are linked to chains in di-
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Fig. 4. Perspective view of the crystal structure of La(HSeO4)3 along [001]. The vertices of the tetrahedra pointing
towards the channels are the OH groups of the anions.

rection of the b-axis that are connected further by HSeO−
4 groups in [001], and Se2O2−

7 ions
in [100] directions. The Se2O2−

7 ion shows an angle Se–O–Se of 124◦ and the distances Se–O
to the bridging oxygen atom are 1.78 and 1.79 Å, respectively.

The acidic scandium selenate ScH(SeO4)2·2H2O has been reported long time ago
(Valkonen, 1978b). The compound has been obtained from the treatment of Sc2O3 with a
20% solution of selenic acid but the structure determination allowed no decision where the
hydrogen atom is placed. A reinvestigation of the crystal structure recently showed that the
compound contains H5O+

2 ions and should preferably be formulated as (H5O2)Sc(SeO4)2
(Krügermann, 2002). The H5O+

2 ions are located between anionic layers of the composition
2

∞[Sc(SeO4)6/3]− that arise from the connection of [ScO6] octahedra and selenate tetrahedra
(fig. 5). The bond length of 2.47 Å between the two symmetrically related oxygen atoms of
the H5O+

2 ion hints at a strong hydrogen bond.
For the element cerium, the mixed valent acidic selenate (H3O)Ce2(SeO4)4 has been de-

scribed(Iskhakova and Tursina, 1989). The assignment of the different oxidation states of
cerium can be done by inspection of the Ce–O distances. Both species, Ce3+ and Ce4+, are
eightfold coordinated by oxygen atoms. The distances for Ce3+ range from 2.41 to 2.55 Å
while the respective values for Ce4+ are found to lie between 2.25 and 2.41 Å. In the three-
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Fig. 5. Crystal structure of (H5O2)Sc(SeO4)2. The H5O+
2 ions are drawn as dumbbells; the distance between the

oxygen atoms within the H5O+
2 ion is 2.47 Å.

dimensional structure, the selenate groups are connected with the [CeO8] polyhedra via ver-
tices and the H3O+ ions reside in empty holes of the lattice.

2.2. Ternary oxo-selenates(VI)

2.2.1. Anhydrous ternary oxo-selenates(VI)
Similarly to the binary species, the ternary selenates are frequently obtained as hydrates. They
can be easily dehydrated (see section2.3.1), leading to powder samples of the respective anhy-
drous selenates. Single crystals could be obtained if the crystallizations are carried out under
careful adjustment of concentration, pH value, and temperature. However, the exact influence
of these parameters is not known, and in all of the studies reported so far, the crystallization
of anhydrous selenates seems to occur accidentally rather than by design. A second route,
which necessarily would lead to anhydrous compounds, is the solid state reaction of the re-
spective binary selenates. Unfortunately the decomposition temperature of selenates is quite
low (especially when compared with the respective sulfates that can be obtained by solid state
reactions), so that frequentlyselenitesare obtained instead of the desired products. For these
reasons structure determinations of anhydrous ternary selenates are quite rare and much work
remains to be done. The few examples of carefully characterized selenates containing alkali
metal ions and rare earth ions in a ratio of 1:1 are KPr(SeO4)2, KDy(SeO4)2, and NaPr(SeO4)2
(table 2) (Iskhakova et al., 1990a, 1990b; Ovanisyan and Iskhakova, 1989).
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Table 2
Crystallographic data of ternary oxo-selenates(VI)

Compound Space
group

Lattice parameters Reference

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg)

KPr(SeO4)2 P21/c 8.823(1) 7.371(1) 11.139(1) 91.33(1) Iskhakova et al., 1990a
KDy(SeO4)2 Pna21 27.470(2) 5.657(1) 8.989(1) Iskhakova et al., 1990b
NaPr(SeO4)2 P 1̄ 6.639(1) 7.118(1) 7.361(1) 99.16(2) 96.93(2) 89.77(3) Ovanisyan and Iskhakova, 1989
(NH4)3Sc(SeO4)3 R3 15.567(5) 9.871(3) Valkonen and Niinistö, 1978
Na3.68Dy1.44(SeO4)4 I41/a 10.655(1) 12.290(1) Ovanisyan et al., 1988b
KEr(SeO4)2·H2O P 1̄ 5.676(8) 8.611(9) 9.298(8) 108.7(1) 84.1(1) 106.2(1) Ovanisyan and Iskhakova, 1988
NaLa(SeO4)2·2H2O P21/c 11.421(2) 7.135(2) 11.178(2) 107.5(1) Ovanisyan et al., 1986
NaLa(SeO4)2·2H2O P21/c 11.195(2) 7.147(1) 22.253(4) 101.24(2) Krügermann, 2002
NaCe(SeO4)2·2H2O P21/c 11.210(2) 7.1225(9) 22.245(4) 101.54(2) Krügermann, 2002
NaSm(SeO4)2·2H2O P21/c 11.077(2) 7.0353(7) 21.992(2) 101.85(2) Krügermann, 2002
RbNd(SeO4)2·3H2O P 1̄ 5.843(1) 7.021(3) 13.261(1) 91.50(4) 95.33(2) 106.76(2) Gasanov et al., 1985
CsNd(SeO4)2·4H2O P21/c 6.850(3) 19.479(5) 8.974(4) 94.80(3) Ovanisyan et al., 1987a
RbCe(SeO4)2·5H2O P21/c 7.200(2) 8.723(1) 19.258(6) 90.88(2) Ovanisyan et al., 1987b
(NH4)Pr(SeO4)2·5H2O Pccn 7.019(1) 9.865(2) 17.497(2) Iskhakova, 1995
NaEr(HSeO4)2(SeO4)·5H2O Pn 11.158(2) 5.7615(7) 11.389(1) 98.47(2) Krügermann, 2002
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In the crystal structure of KPr(SeO4)2, a ninefold coordination of Pr3+ by oxygen atoms is
observed. These are provided by five monodentate and two chelating selenate groups. Crys-
tallographically, two selenate ions can be distinguished and they connect three and four Pr3+

ions with each other as can be expressed by2
∞[Pr(Se(1)O4)3/3(Se(2)O4)4/4]−. In this way,

layers are formed that are held together by K+ ions. The same coordination of the Pr3+ ion
is found in NaPr(SeO4)2. Nevertheless, the connection of the polyhedra leads in this case to
a three-dimensional network that incorporates the Na+ ions. If the R3+ radius is lowered,
a new structure is formed as can be seen from the non-centrosymmetric crystal structure of
KDy(SeO4)2. The coordination number of Dy3+ is eight and it arises from six monodentate
and one chelating selenate groups. The linkage of the [DyO8] polyhedra and selenate tetrahe-
dra occurs in a way that an open framework is built providing large holes for the incorporation
of the K+ ions.

A different R3+/A+ ratio is found in the trigonal-rhombohedral crystal structure of
(NH4)3Sc(SeO4)3 (Valkonen and Niinistö, 1978). In the crystal structure the Sc3+ ions
are in sixfold coordination of oxygen atoms and the [ScO6] octahedra are linked by se-
lenate ions to one-dimensional anionic chains according to1

∞[Sc(SeO4)6/2]3−. Connection
of the chains and charge compensation is achieved by the NH+

4 ions that are seven and
eightfold coordinated, respectively. There is one report on a non-stoichiometric selenate,
Na3.68Dy1.44(SeO4)4. It is said to have a mixed occupation of the cationic sites by Dy3+

and Na+ in the tetragonal crystal structure but the compound needs further characterization
(Ovanisyan et al., 1988b).

2.2.2. Hydrates of ternary oxo-selenates(VI)
The hydrates of ternary selenates are usually obtained upon evaporation of a solution of rare
earth oxides and, for example, the carbonates of the desired second component. Although
there is little challenge in the synthesis, the number of structurally characterized compounds
is very limited (table 2), and the exact composition is often not known. This is especially
true for the water content, which is difficult to determine accurately by means of most of-
ten used thermoanalytical investigations and IR spectroscopy(Ionashiro and Giolito, 1980,
1982a, 1982b; Nabar and Paralkar, 1980; Nabar and Ajgaonkar, 1981a, 1981b, 1982a, 1982b,
1985). Therefore, there are a number of different, and sometimes contradictory, reports. What
remains certain is, that in most cases the compounds contain the R3+ and A+ cations in an
1:1 molar ratio, and the water content of the selenates AR(SeO4)2·xH2O seems to vary from
x = 0.5 to x = 5. The hydrate with the lowest water content that has been structurally in-
vestigated so far is KEr(SeO4)2·H2O (Ovanisyan and Iskhakova, 1988). It consists of anionic
chains according to1

∞[Er(SeO4)6/3(H2O)1/1]− that run along the a-axis of the triclinic unit
cell. One of the six selenate ions that are coordinated to Er3+ acts as chelating ligand so that
a coordination number of eight is realized for the cation. The chains are connected with each
other by the ninefold coordinated potassium ions.

The dihydrate NaLa(SeO4)2·2H2O has been first reported in 1986 byOvanisyan et al.
(1986). According to this investigation, the La3+ ions are in ninefold coordination of five
monodentate and one chelating SeO2−

4 groups and two water molecules. The linkage of the
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polyhedra leads to a three-dimensional network. Unfortunately, the structure determination
suffers from some unusually large displacement parameters that could not be explained satis-
factory. It was only recently shown that the problem was caused by a superstructure leading to
a doubled c-axis(Krügermann, 2002). However, the crystallographically correct model does
not change the structural features of the compound. The dihydrates NaR(SeO4)2·2H2O (R =

Ce, Sm) have been found to be isotypic(Krügermann, 2002).
In the triclinic crystal structure of the trihydrate RbNd(SeO4)2·3H2O the Nd3+ ions are

eightfold coordinated by three H2O molecules and five monodentate selenate ions(Gasanov
et al., 1985). The latter are surrounded by two and three Nd3+ ions, respectively, leading to
anionic layers of the composition2∞[Nd(SeO4)3/3(SeO4)2/2(H2O)3]− which are held together
by the Rb+ ions.

The coordination polyhedron around Nd3+ in the crystal structure of CsNd(SeO4)2·4H2O is
a tricapped trigonal prism(Ovanisyan et al., 1987a). Besides three H2O molecules, six of the
nine oxygen atoms belong to two chelating and two monodentate selenate ions. The chelating
ions are monodentate to neighboring Nd3+ ions and vice versa, so that each anion is coordi-
nated to two rare earth ions as may be expressed by the formulation2

∞[Nd(SeO4)4/2(H2O)3]−,
indicating that layers are formed. These are strongly corrugated and their stacking in b-
direction of the monoclinic unit cell leads to voids which are filled by either the Cs+ ions
or the remaining H2O molecules that are not bonded to Nd3+ ions. This water molecule is,
however, attached to the Cs+ ion that has a total coordination number of 13 in sum. According
to their X-ray powder diffraction pattern, the selenates CsR(SeO4)2·4H2O with R = La, Ce,
Pr, Sm are isotypic with the neodymium compound(Nabar and Ajgaonkar, 1985).

The highest content of water is observed in the pentahydrates RbCe(SeO4)2·5H2O and
(NH4)Pr(SeO4)2·5H2O (Ovanisyan et al., 1987b; Iskhakova, 1995). Interestingly, no pen-
tahydrates have been found for the respective ternary sulfates so far. Despite the similar ionic
radii of Rb+ and NH+

4 and as well of Ce3+ and Pr3+, the two selenates have different crys-
tal structures. In both, the R3+ ions are in ninefold coordination of oxygen atoms from five
H2O molecules and four monodentate selenate ions. But while in the ammonium compound
infinite 1

∞[Pr(SeO4)4/2(H2O)5]− chains are formed, the linkage of the polyhedra leads to
2

∞[Ce(SeO4)4/2(H2O)5]− layers in the rubidium compound (fig. 6). Note, that the coordina-
tion of the selenate groups is the same in both structures.

Besides these ternary selenates, there is one example for a ternary selenate-hydrogensele-
nate. In NaEr(HSeO4)2(SeO4)·5H2O, the H2O molecules are exclusively coordinated to Er3+

ions that have additionally two SeO2−
4 ions and one HSeO−4 group as ligands (CN 8). Na+

is surrounded by four selenate and two hydrogenselenate ions which act as monodentate
ligands. The linkage of the coordination polyhedra leads to a three-dimensional structure
(Krügermann, 2002).

Some additional reports on ternary rare earth selenates with alkaline earth metals have
been published. These compounds are said to have compositions MgR2(SeO4)4·xH2O (x =

6–21) and CaR2(SeO4)4·xH2O (x = 6–16) but only thermoanalytical investigations have
been performed (see section2.3.1) (de Ávila Agostini et al., 1990a, 1990b).
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Fig. 6. Chains of the composition1∞[Pr(SeO4)4/2(H2O)5]− (top) and 2
∞[Ce(SeO4)4/2(H2O)5]− layers (bottom) in

the ternary oxo-selenate(VI) pentahydrates (NH4)Pr(SeO4)2·5H2O and RbCe(SeO4)2·5H2O.

2.3. Properties of oxo-selenates(VI)

2.3.1. Thermal behaviour of oxo-selenates(VI)
Investigations of the thermal behaviour of the selenate hydrates R2(SeO4)3·xH2O were
carried out for various compositions mainly by differential thermal analysis (DTA) and
thermogravimetric measurements (TG)(Nabar and Paralkar, 1976b; Hájek et al., 1979;
Barfiwala and Ajgaonkar, 1995). The decomposition starts in the temperature range between
100 and 200◦C with the loss of water yielding the respective anhydrous selenates. The de-
hydration often occurs in more than one step with lower hydrates as intermediates. Thus,
heating of La2(SeO4)3·12H2O leads to an octahydrate in a first step(Karvinen and Niinistö,
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Table 3
Thermal decomposition of binary oxo-selenate-hydrates

Reaction Temperature range Comments

1. R2(SeO4)3·xH2O → R2(SeO4)3 + xH2O↑ 100–200◦C Reactions 1–3 not well

2. R2(SeO4)3 → R2(SeO3)3 +3/2O2↑ 650–750◦C resolved in DTA/TG

3. R2(SeO3)3 → R2O(SeO3)2 + SeO2 730–800◦C experiments

4. R2O(SeO3)2 → R2O2(SeO3) + SeO2 750–850◦

5. R2O2(SeO3) → R2O3 + SeO2 900–1100◦C Tb4O7 for R = Tb
Pr6O11 for R = Pr as
final oxides

1986). For Er2(SeO4)3·8H2O, a trihydrate has been assumed as intermediate(Krügermann
and Wickleder, 2004), by analogy to the decomposition of Er2(SO4)3·8H2O. On the other
hand, the decomposition of anhydrous selenates is different when compared to sulfates. While
the latter form oxide sulfates at high temperatures, the selenates decompose to the respective
selenites, R2(SeO3)3, in a first step. The different behaviour can be attributed to higher sta-
bility of the oxidation state IV for selenium compared to sulfur. The formation of R2(SeO3)3
is usually observed around 700◦C. Upon further heating the selenites successively lose SeO2
forming R2O(SeO3)2, R2O2(SeO3), and finally, R2O3 (see section3.4.1). The intermediate
R2O(SeO3)2 is not seen in any case because the thermal effects of formation of R2(SeO3)3,
R2O(SeO3)2, and R2O2(SeO3) occur in a narrow temperature range and are not well resolved
in the DTA/TG investigations (table 3). The resolution is not only dependent on the specific
rare earth element, but also on the experimental conditions like heating rates, gas atmosphere
and the sensitivity of the measuring device. For Er2(SeO4)3·8H2O the decomposition has been
also monitored by means of temperature dependent XRD (fig. 7) (Krügermann and Wickleder,
2004). In these investigations, the formation of Er2(SeO4)3, Er2(SeO3)3, Er2O2(SeO3), and
Er2O3 was established. Furthermore, a phase transition of Er2(SeO4)3 has been observed (see
section2.1.1).

Investigations on the decomposition characteristics of rare earth selenates have been also
done in large number for ternary hydrates, even for those that were not characterized struc-
turally. Most of the investigated selenates have the composition AR(SeO4)2·xH2O and A is
an alkali metal ion(Nabar and Paralkar, 1980; Giolito and Ionashiro, 1981, 1988a, 1988b;
Ionashiro and Giolito, 1980, 1982a, 1988; Nabar and Ajgaonkar, 1981a, 1981b, 1982a, 1985;
Cruz et al., 1990; Spirandeli Crespi et al., 1994). Selenates that are richer in A are also
mentioned, for example, Na3R(SeO4)3·H2O and K3R(SeO4)3·xH2O (Nabar and Khandekar,
1984; Nabar and Naik, 1998)and, moreover, the decomposition of ternary compounds con-
taining alkaline earth metal ions like Mg2+ and Ca2+ has been described. The compounds
MgR2(SeO4)4·xH2O (x = 6–21) and CaR2(SeO4)4·xH2O (x = 6–16) were obtained from
aqueous solutions of the binary selenates for nearly whole lanthanide series(de Ávila Agos-
tini et al., 1990a, 1990b). According to all of these investigations, it is very likely that the
first step of the thermal decomposition is the dehydration. Depending on the water content,
this step can be split more or less significantly, indicating the formation of lower hydrates.
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(a)

Fig. 7. DTA/TG investigation (a) and temperature dependent XRD (b, see next page) for the thermal decomposition
of Er2(SeO4)3·8H2O.

The anhydrous double selenates that are formed in this reaction remain stable up to about
600◦C. Their decompositions seem to be quite complicated and the reports are somewhat
contradictory. The most likely scenario is that first binary selenates R2(SeO4)3 and A2SeO4
(or ASeO4 for A = Mg, Ca) are formed. The selenates R2(SeO4)3 then decompose accord-
ing to the mechanism discussed above (table 3), which means the formation of R2O(SeO3)2,
R2O2(SeO3), and R2O3, while the alkali and alkaline earth selenates do not decompose due
to their higher stability. Other reports suggest that alkali selenates also decompose to yield
respective oxides. It seems, that certainty can only be achieved by careful characterization of
all intermediates, preferably by X-ray diffraction methods.

2.3.2. Vibrational spectra of oxo-selenates(VI)
Besides thermal analysis, vibrational spectroscopy has been the most frequent method for
the characterization of rare earth selenates(Giolito and Giesbrecht, 1969; Petrov et al., 1969,
1970; Hájek et al., 1979; Gupta et al., 1982). It was especially helpful if other methods for
the structure determination were not available. In all the compounds that have been measured,
the SeO2−

4 ions show significant deviations from the ideal tetrahedral symmetry. Therefore,
usually more than the expected four vibrations are found in infrared (IR) and Raman spectra,
respectively. Furthermore, a factor group splitting cannot be neglected in any case. A large
number of data has been collected, so that a reliable range for the expected vibration energies
can be given (table 4). The symmetric stretching vibrationν1 (symmetry species A1 for Td
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(b)

Fig. 7. (Continued).
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Table 4
Typical vibration energy ranges (cm−1) of the SeO2−

4 ion in rare earth oxo-selenates(VI)

Vibration mode ν1 (A1) ν2 (E) ν3 (F2) ν4 (F2)

Description Symm. stretching Symm. bending Asymm. stretching Asymm. bending
Range 830–850 320–340 850–950 350–440

symmetry) occurs in the narrow range from 830 up to 850 cm−1 and also the symmetric bend-
ing modeν2 (E for Td symmetry) is always found around 330± 10 cm−1. A more prominent
splitting and a wider range for the frequencies is found for the asymmetric stretching and
bending modesν3 andν4, respectively (both F2 species for Td symmetry). Forν3, values from
850 to 950 cm−1 have been reported, whileν4 ranges from 350 to 440 cm−1.

2.3.3. Miscellaneous
Occasionally, other properties of rare earth selenates have been investigated. In some cases
solubilities have been determined, and also heats of formation were measured. All these in-
vestigations have been performed some thirty years ago and no further improvement has been
made up to date, so that referring to the Gmelin handbook (1980–1984) shall be sufficient
here.

Three more recent reports are dealing with magnetochemical investigations of the rare earth
selenate octahydrates R2(SeO4)3·8H2O with R= Yb, Dy, Pr(Neogy and Nandy, 1982, 1983;
Nandi and Neogy, 1988). In particular, the authors explain the observed finding in terms of
crystal field splitting, and were able to fit their data quite reasonable assuming a crystal field
with D4 symmetry, although this is not in accordance with the R3+ site symmetry (C1) found
in the structure determination.

3. Oxo-selenates(IV)

3.1. Binary oxo-selenates(IV)

3.1.1. Syntheses
Due to the high stability of the oxidation state IV for selenium, oxo-selenates(IV) (selenites),
of the rare earth elements are much better investigated than the respective oxo-sulfates(IV)
(sulfites). Furthermore, SeO2 is a solid at room temperature and its melting point of 340◦C
allows typical solid state reactions, so that anhydrous lanthanide selenites are, in contrast to
the respective selenates, known quite well. Typical fusion reactions of the oxides R2O3 and
SeO2 are carried out in sealed glass or even quartz glass ampoules. If single crystals are de-
sired, an appropriate flux should be added. These are usually the alkali metal chlorides ACl
(A = Li–Cs) but also LiF has been shown to work well. In the latter case, however, it is ad-
visable to use a metal container (gold, Monel) for the reaction to avoid side reactions of the
fluoride melt with the glass ampoule. The reaction temperature must be chosen with respect to
the melting point of the flux and is usually around 800◦C. It should be mentioned that the flux
sometimes takes part in the reaction, and formations of halide-selenites are observed. If no
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Table 5
Synthetic routes to the binary rare earth oxo-selenates(IV) R2(SeO3)3

Reaction Conditions Comments

R2O3 + 3SeO2 → R2(SeO3)3
(solid state)

Quartz glass or metal ampoule (Au, Monel); flux
(NaCl, LiF, CsBr) needed for single crystal growth;
T = 500–850◦C

Formation of side products (halide-selenites) possible if flux
is used; at lower temperatures and SeO2 excess the formation
of diselenites is observed

R2O3 + 3SeO2 → R2(SeO3)3
(hydrothermal)

Teflon lined steel autoclave;T = 180–200◦C Rare earth nitrates may serve as initial compounds; formation
of hydrates possible; at low pH hydrogenselenites may form

R2(SeO4)3 → R2(SeO3)3 +3/2O2↑ Quartz glass or metal ampoule (Au, Monel); flux
(NaCl, LiF) needed for single crystals;
T = 800–850◦

Formation of side products (halide-selenites) possible if flux
is used; take care to avoid over-pressure!

R2O3 + H2SeO3 → R2(SeO3)3·3H2O Glass beaker;T ∼ 100◦C H2O content of the product varies; acid selenites and
diselenites may form; usually no single crystals due to low
solubility of the selenite-hydrates



OXO-SELENATES OF RARE EARTH ELEMENTS 67

flux is added, in most cases only powder samples are obtained. Depending on the R2O3/SeO2

ratio and, more important, on the reaction temperature, different products may form. At low
temperatures they are richer in SeO2, in accordance with the formation of Se2O2−

5 groups,
while at higher temperatures SeO2−

3 is the dominant anion. Several systems R2O3/SeO2 have
been investigated thermochemically in great detail, as will be shown in section3.4.3. As dis-
cussed in section2.3.1, the thermal decomposition of the selenates R2(SeO4)3 can be used
to prepare anhydrous selenites. The thermal decomposition reaction usually leads to powder
samples of R2(SeO3)3 but single crystals could be obtained if the reaction is carried out in the
presence of a flux. For the synthesis of single crystals of La2(SeO3)3, hydrothermal conditions
have been successfully applied. Finally, selenites can be obtained in the reaction of rare earth
oxides and selenious acid but this reaction is not advisable because it often leads to undefined
hydrates of low solubility. Another drawback of the reactions in aqueous solutions is that,
depending on the conditions like pH value, concentration and temperatures, different species,
such as H2SeO3, HSeO−

3 , SeO2−
3 and Se2O2−

5 exist, so that a great number of compounds
can form. Thus, careful adjustment and monitoring of these parameters is necessary to syn-
thesize the desired compound in such a way. The different preparative routes are summarized
in table 5using sesquiselenites, R2(SeO3)3, as the example which are the best known group
among the binary oxo-selenates(IV) so far.

3.1.2. The oxo-selenates(IV) R2(SeO3)3
According to structural investigations on single crystals, five different structure types have
been found for anhydrous rare earth selenites, depending on the radius of the R3+ ion.
La2(SeO3)3 and Ce2(SeO3)3 crystallize isotypically in the orthorhombic system and con-
tain tenfold coordinated R3+ ions and two crystallographically different selenite groups
(Wickleder, 2000a; Harrison, 2000; Krügermann, 2002; Wontcheu, 2004). The distances R–
O range from 2.48 to 2.80 Å. The oxygen atoms belong to seven SeO2−

3 ions with three of
them being chelating ligands. According to3∞[R(Se(1)O3)2/4(Se(2)O3)5/5], the selenite ions
are four and fivefold coordinated by R3+ ions. The Se(1)O2−

3 groups connect the R3+ ions
into sheets parallel to the (010) plane that are linked in the [010] direction via Se(2)O2−

3
ions. The three-dimensional network provides empty space for the lone pairs of the sele-
nium atoms (fig. 8, left). For the smaller lanthanide ions R= Pr, Nd a new structure type
is found that is, however, closely related to La2(SeO3)3 (Krügermann and Wickleder, 2002a;
Krügermann, 2002; Wontcheu, 2004). Compared to the structure of the latter, the unit cell
of the selenites R2(SeO3)3 (R = Pr, Nd) has a volume that is three times as high as the re-
spective volume of the lanthanum compound. Six crystallographically different R3+ and nine
different SeO2−

3 ions are present in the structure. The coordination number for all of the R3+

ions is nine and is achieved by the monodentate coordination of five and the chelating co-
ordination of two SeO2−

3 groups. Six of the anions link five R3+ ions with each other, the
remaining three connect only four. As can be seen fromfig. 8, that compares this structure
with the one found for R= La, Ce, the difference is small and arises mainly from tilting of
the anions in the structures of R2(SeO3)3 (R = Pr, Nd). These minor changes in the structure
seem to be the reason that a phase transition of the one phase into the other can be observed by
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Fig. 8. Comparison of the crystal structures of R2(SeO3)3-I and -II for the examples of La2(SeO3)3 (left) and Nd2(SeO3)3 (right).



OXO-SELENATES OF RARE EARTH ELEMENTS 69

X-ray single crystal diffraction experiments at high temperatures. According to these observa-
tions, the orthorhombic modification should be named R2(SeO3)3-I, and the monoclinic one
R2(SeO3)3-II. The phase transition can be also seen by means of temperature dependent X-ray
powder diffraction, and for Nd2(SeO3)3 it has been monitored also by differential scanning
calorimetry (DSC) measurements (see section3.4.3).

For R= Sm, a new structure type emerges, which shall be named as modification III. It is
triclinic and shows two crystallographically different samarium ions, Sm(1)3+ and Sm(2)3+,
in eight and ninefold coordination of oxygen atoms, respectively(Krügermann, 2002;
Wontcheu, 2004). The latter belong to six SeO2−

3 groups for Sm(1)3+ and seven selenite
ions for Sm(2)3+, with two of the ligands being chelating in both cases. The linkage of
the polyhedra leads to a three-dimensional network, and again the accumulation of lone
electron pairs in empty voids of the structure is observed. A very similar and also triclinic
structure is adopted by the selenites of the heavy lanthanides R= Eu–Lu, as can be seen
also by the comparable lattice parameters (table 6). Nevertheless, there are significant differ-
ences, especially in the coordination numbers, so that this modification is named R2(SeO3)3-
IV. The compounds contain two crystallographically different R3+ ions and three crystallo-
graphically different SeO2−

3 groups(Krügermann and Wickleder, 2002b; Krügermann, 2002;
Wontcheu, 2004). R(1)3+ is coordinated by three Se(2)O2−

3 and two Se(3)O2−
3 groups and

one Se(1)O2−
3 ion. Because the latter acts as a chelating ligand, a coordination number of

seven results. The coordination polyhedron can be seen as a pentagonal bipyramide. R(2)3+

is surrounded by oxygen atoms of three Se(1)O2−
3 , two Se(3)O2−

3 and one Se(2)O2−
3 groups,

respectively. Two selenite ions (1× Se(2)O2−
3 , 1× Se(3)O2−

3 ) are attached in a chelating way
leading to a coordination number of eight. Each of the three crystallographically different se-
lenite groups is attached to four R3+ ions in a way that all oxygen atoms of a selenite ion
are monodentate and two of them are additionally chelating. The linkage of the R3+ polyhe-
dra and the selenite ions leads to rectangular channels along [011̄] providing enough space to
incorporate the lone pairs (fig. 9).

For the smallest rare earth ion, Sc3+, another structure type, modification V, occurs
(Wontcheu and Schleid, 2003a). In the hexagonal crystal structure, the Sc3+ ion is in octa-
hedral coordination of oxygen atoms that belong to six monodentate SeO2−

3 ions. The latter
are surrounded by four Sc3+ ions leading to a three-dimensional network according to the for-
mulation 3

∞[Sc(SeO3)6/4]. As can be seen fromfig. 10, the linkage of Sc3+ ions and selenite
groups occurs in a way that hexagonal channels are formed in the c-direction. Within these
channels, lone electron pairs of the selenium atoms are located. A special feature of the struc-
ture arises if the complex anions are regarded as spherical anions Z2−: the resulting lattice
Sc2Z3 (= Sc2/3Z) can been interpreted as cation deficient variety of the NiAs structure.

In one case, Ce(SeO3)2, the structure of the tetravalent rare earth selenite has been reported
(Delage et al., 1986). Orange single crystals could be obtained by the reaction of CeO2 with
excess SeO2 in a silica tube. In the crystal structure, the Ce4+ ions are coordinated by eight
oxygen atoms that belong to six monodentate and one chelating SeO2−

3 groups. The two crys-
tallographically different selenite ions are attached to four and three Ce4+ ions, respectively,
and a three-dimensional network3∞[Ce(Se(1)O3)3/3(Se(2)O3)4/4] is formed. Although the
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Table 6
Crystallographic data of oxo-selenites in the systems R2O3/SeO2

Compound Space
group

Lattice parameters Reference

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg)

La2(SeO3)3 Pnma 8.467(3) 14.286(1) 7.1003(2) Wickleder, 2000b; Harrison, 2000
Ce2(SeO3)3 Pnma 8.3923(3) 14.211(1) 7.0458(2) Wontcheu, 2004
Pr2(SeO3)3 P21/n 16.883(4) 7.079(2) 21.746(5) 102.13(2) Wontcheu, 2004
Nd2(SeO3)3 P21/n 16.853(2) 7.057(1) 21.583(3) 102.11(1) Wontcheu, 2004;

Krügermann and Wickleder, 2002a
Sm2(SeO3)3 P 1̄ 6.990(2) 7.932(2) 9.109(2) 70.20(2) 75.36(2) 63.53(2) Wontcheu, 2004
Eu2(SeO3)3 P 1̄ 7.1264(4) 8.1285(4) 9.1152(6) 71.372(2) 70.075(2) 65.652(2) Krügermann, 2002; Wontcheu, 2004
Gd2(SeO3)3 P 1̄ 7.1052(5) 8.1087(7) 9.0673(8) 71.364(4) 70.168(4) 65.747(4) Krügermann, 2002; Wontcheu, 2004
Tb2(SeO3)3 P 1̄ 7.0620(3) 8.0629(4) 9.0406(5) 71.476(2) 70.084(2) 65.896(2) Krügermann, 2002; Wontcheu, 2004
Dy2(SeO3)3 P 1̄ 7.0308(1) 8.0410(2) 9.0096(2) 71.383(1) 70.095(1) 65.903(1) Wontcheu, 2004
Ho2(SeO3)3 P 1̄ 7.0079(3) 8.0204(4) 8.9769(4) 71.370(2) 70.098(2) 65.935(2) Wontcheu, 2004
Er2(SeO3)3 P 1̄ 6.982(1) 8.006(1) 8.950(1) 71.38(1) 70.13(1) 65.87(1) Krügermann and Wickleder, 2002b;

Wontcheu, 2004
Tm2(SeO3)3 P 1̄ 6.9461(3) 7.9658(4) 8.9196(5) 71.480(2) 70.223(2) 65.964(2) Wontcheu, 2004
Yb2(SeO3)3 P 1̄ 6.9179(1) 7.9393(1) 8.9001(2) 71.455(1) 70.293(1) 65.038(1) Krügermann, 2002; Wontcheu, 2004
Lu2(SeO3)3 P 1̄ 6.9022(2) 7.9341(2) 8.8726(2) 71.413(1) 70.325(1) 65.985(1) Wontcheu, 2004
Y2(SeO3)3 P 1̄ 6.9934(5) 8.0248(6) 8.9882(8) 71.332(3) 69.916(3) 65.770(4) Krügermann, 2002; Wontcheu, 2004
Sc2(SeO3)3 P63/m 8.1428(5) 7.6456(4) Wontcheu and Schleid, 2003a
Ce(SeO3)2 P21/n 7.008(1) 10.587(2) 7.262(1) 107.00(1) Delage et al., 1986

Sm2(Se2O5)2(SeO3) P21/c 10.036(2) 10.225(2) 12.873(2) 112.29(2) Wickleder, 2005a

Sm2O(SeO3)2 P42/ncm 10.751(2) 5.2635(7) Wontcheu, 2004
Eu2O(SeO3)2 P42/ncm 10.7405(7) 5.2577(3) Wontcheu, 2004
Gd2O(SeO3)2 P42/ncm 10.6873(6) 5.2503(2) Wontcheu, 2004
Tb2O(SeO3)2 P42/ncm 10.646(1) 5.2156(3) Wontcheu and Schleid, 2002a
Dy2O(SeO3)2 P42/ncm 10.6007(4) 5.2000(2) Wontcheu, 2004
Ho2O(SeO3)2 P42/ncm 10.5570(3) 5.1880(1) Wontcheu, 2004
Er2O(SeO3)2 P42/ncm 10.5220(6) 5.1735(2) Wontcheu, 2004
Tm2O(SeO3)2 P42/ncm 10.4887(5) 5.1425(4) Wontcheu, 2004
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Fig. 9. Projection of the crystal structure of the oxo-selenates(IV) R2(SeO3)3-IV (R = Tb–Lu).

Fig. 10. Perspective view of the Sc2(SeO3)3 crystal structure along [001]. The linkage of Sc3+ ions and SeO2−
3

groups leads to channels that incorporate lone electron pairs of the selenium atoms.
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lone pair activity is not so prominent in the structure compared to the findings for the trivalent
lanthanides, the need of space for the lone pairs is still obvious.

3.1.3. SeO2-rich and SeO2-poor oxo-selenates(IV)
As mentioned above, the reaction of R2O3 with SeO2 can also lead to selenites of other com-
positions than R2Se3O9 (= R2(SeO3)3). A higher SeO2 content is observed for R2Se5O13,
R2Se4O11, and R2Se3.5O10; low SeO2 concentrations are found for R2Se2O7, R2Se1.5O6 and
R2SeO5 (Oppermann and Zhang-Preße, 2001; Oppermann et al., 2002a; Zhang-Preße and
Oppermann, 2002; Castro et al., 1994; de Pedro et al., 1994, 1995; Leskelä and Hölsä, 1985;
Niinistö et al., 1980; Karvinen et al., 1987; Wildner, 1994). Unfortunately not all of these
phases have been structurally characterized but it seems clear that the uptake of additional
SeO2 is achieved by the formation of diselenite groups, Se2O2−

5 , whereas the loss of SeO2
forces the formation of oxide-selenites (table 6). For Sm2Se5O13 this assumption has been
proved by X-ray single crystal diffraction, and it has been shown that both Se2O2−

5 and SeO2−
3

ions are present in the structure(Wickleder, 2005a). Therefore, the compound should be writ-
ten as Sm2(Se2O5)2(SeO3). The two crystallographically different samarium ions, Sm(1)3+,
and Sm(2)3+, are surrounded by eight and nine oxygen atoms, respectively. For Sm(1)3+ the
latter belong to four Se2O2−

5 and two SeO2−
3 groups that are partly coordinated in a chelat-

ing way. Sm(2)3+ is coordinated by four Se2O2−
5 and three SeO2−

3 ions, respectively. The
most striking feature of the crystal structure is that the linkage of the polyhedra occurs only
in two dimensions. The layers formed are stacked parallel to the (011) plane, and the lone

Fig. 11. Perspective representation of the layered structure of Sm2(Se2O5)2(SeO3).
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Table 7
Observed compounds in the systems R2O3/SeO2 and their structure

Compound Structure Example Comment

R2Se5O13 R2(Se2O5)2(SeO3) R = Sm Not observed in thermochemical and DTA
investigations

R2Se4O11 R2(Se2O5)(SeO3)2 No structure determined Observed in thermochemical and DTA
investigations

R2Se3.5O10 R2(Se2O5)0.5(SeO3)2.5 No structure determined Observed in thermochemical investigations
R2Se3O9 R2(SeO3)3 Whole series of R Observed in thermochemical and DTA

investigations; five structure types (I–V)
R2Se2O7 R2(SeO3)2O R= Sm–Tm Compounds isotypic throughout the series
R2Se2O5 R2(SeO3)O2 No structure determined Observed in thermochemical and DTA

investigations
R2Se1.5O6 R2(SeO3)1.5O1.5 No structure determined Observed in thermochemical and DTA

investigations

electron pairs are obviously arranged between these layers (fig. 11). According to the findings
for Sm2Se5O13, it is likely that the selenites R2Se4O11 and R2Se3.5O10 are also diselenites-
selenites that can be formulated as R2(Se2O5)(SeO3)2 and R2(Se2O5)0.5(SeO3)2.5, respec-
tively (table 7).

For the three phases on the SeO2-poor side of the system R2O3/SeO2, R2Se2O7, R2Se1.5O6
and R2SeO5, a structural investigation has been first reported for the example of Tb2Se2O7
(Wontcheu and Schleid, 2002a)and subsequently for the series R2Se2O7 with R = Sm–Tm
(Wontcheu, 2004). Single crystals have been obtained according to the equation 2R2O3 +

RBr3 + 2SeO2 → R2O(SeO3)2 + 3ROBr when CsBr was used as a flux. The oxide-bromides
forming in the reaction have been detected by XRD. In the case of R= Tb, Tb4O7 was the
initial oxide and metallic Tb has been added to achieve reduction to Tb3+. It turned out clearly
that these compounds have to be described as oxide-selenites and the formula should be given
as R2O(SeO3)2. The tetragonal structure consists of oxide-centered tetrahedra that are linked
to chains according to1

∞[OR4/2]4+. These are oriented along the c-axis of the tetragonal unit
cell and connected by the SeO2−

3 ions (fig. 12).
The oxide ion within the tetrahedron shows a short bond length of about 2.25 Å to the R3+

ions and the R–R distances within the tetrahedron are about 3.70 Å. Further coordination by
selenite groups provides a coordination number of eight for the Tb3+ ions. In the direction of
the 1

∞[OR4/2]4+ chains, distinct channels are formed incorporating lone pairs of the selenium
atoms (fig. 12). With respect to the observations for R2Se2O7, it can be assumed that also the
compositions R2Se1.5O6 and R2SeO5 have to be formulated as oxide-selenites according to
R2O1.5(SeO3)1.5 and R2O2(SeO3), respectively.Table 7summarizes the phases in the systems
R2O3/SeO2 and their potential structure.

3.1.4. Oxo-selenate(IV)-hydrates and acidic oxo-selenates(IV)
The hydrous rare earth selenites R2(SeO3)3·xH2O were prepared nearly thirty years ago
and various values forx have been reported(Petrov et al., 1973; Savchenko et al., 1968;
Giolito and Giesbrecht, 1967). As can be seen fromtable 17(see section3.4.3), for the sys-
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Fig. 12. The tetragonal crystal structure of the oxide-selenites R2O(SeO3)2. (R = Sm–Tm) viewed along [001].
The oxide ions are the centers of tetrahedra of metal ions (shown as polyhedra) that are edge-connected to chains

according to 1
∞[OR4/2]4+.

tem Nd2O3–SeO2–H2O, the tetrahydrate Nd2(SeO3)3·4H2O has been found to be the stable
hydrate(Gospodinov and Stancheva, 2003). The tetrahydrate has also been shown to be the
only stable hydrate in the system Tm2O3–SeO2–H2O (Gospodinov and Stancheva, 2001).
Unfortunately, only X-ray powder diffraction and IR measurements have been performed, so
that details of the crystal structures are not known.

The same investigations of the solubility isotherms show the existence of the acidic se-
lenites R(HSeO3)(SeO3)·2H2O (M = Nd, Tm) at higher SeO2 concentrations (see sec-
tion 3.4.3). The neodymium compound and its samarium analogue have been obtained in
single crystalline form(Koskenlinna et al., 1994; de Pedro et al., 1994). The crystal struc-
ture consist of layers according to2∞[R(SeO3)4/4(HSeO3)2/2(H2O)1/1] with the R3+ ions
in eightfold coordination of oxygen atoms, because one of the selenite ions acts as chelat-
ing ligand. Only two oxygen atoms of the HSeO−

3 ions are involved in the linkage of
the R3+ ions, while the OH group of the anion is oriented towards the empty space be-
tween the layers. It is involved in hydrogen bonding that keeps the layers together. Fur-
thermore, the non-coordinated H2O molecules of the compound are part of the hydrogen
bonding system. The layers are stacked in [001] direction (fig. 13). The respective anhy-
drous species, R(HSeO3)(SeO3), have been reported for R= La and Pr(Morris et al., 1992a;
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Fig. 13. Layered structures of the acidic oxo-selenates(IV) R(HSeO3)(SeO3)·2H2O (top) and R(HSeO3)(SeO3)
(bottom) shown for the examples of Sm(HSeO3)(SeO3)·2H2O and Pr(HSeO3)(SeO3), respectively.

Castro et al., 1994). The isotypic compounds also have layered structures which have to be
formulated as to2

∞[R(SeO3)5/5(HSeO3)2/2]. Owing to the chelating coordination of three an-
ions, the coordination number of the R3+ ions is ten. The layers are stacked along the c-axis
and are held together by hydrogen bonding (fig. 13, bottom).
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Table 8
Observed compounds in the systems R2O3/SeO2/H2O

Compound Ratio of binary components Comment

R2(SeO3)3·xH2O R2O3·3SeO2·xH2O Valuesx = 0.5–5 reported; most
certainx = 4 (seetable 6)

R2(HSeO3)2(SeO3)2
= R(HSeO3)(SeO3)1)

R2O3·4SeO2·H2O Structure known for R= La, Pr

R2(HSeO3)2(SeO3)2·4H2O
= R(HSeO3)(SeO3)·2H2O

R2O3·4SeO2·5H2O Structure known for R= Nd, Sm

R2(HSeO3)6
= R(HSeO3)3

R2O3·6SeO2·3H2O Structure known for R= Sc

R2(Se2O5)3(H2SeO3)2·2H2O R2O3·8SeO2·4H2O Structure known for R= Nd
R2(Se2O5)2(HSeO3)2(H2SeO3)2

= R(Se2O5)(HSeO3)(H2SeO3)
R2O3·8SeO2·3H2O Structure known for R= Pr

1)Some of the formulae have been doubled to avoid fractional numbers for the ratios.

For the system Nd2O3–SeO2–H2O, the hydrogenselenite Nd(HSeO3)3 has been shown to
be the stable compound if the SeO2 concentration is further increased (see also section3.4.3)
(Gospodinov and Stancheva, 2003). The structure of this compound is not known, and the
same is true for other members of the rare earth series of this composition. The only ex-
ception is Sc(HSeO3)3 that has been obtained from strongly acidic solutions(Valkonen and
Leskelä, 1978). According to 3

∞[Sc(HSeO3)6/2], the crystal structure can be described as a
three-dimensional network of [ScO6] octahedra and selenite groups. Due to the small radius
of Sc3+, it can be assumed that hydrogen selenites of the larger rare earth elements will have
different structures. On the SeO2 rich side of the system Nd2O3–SeO2–H2O, the complex
diselenite Nd2(Se2O5)3(H2SeO3)·2H2O forms(Stancheva et al., 1998). It contains two crys-
tallographically different Nd3+ ions, both in ninefold coordination of oxygen atoms. Nd(1)3+

is surrounded by seven Se2O2−
5 groups of which two are attached in a chelating way. Nd(2)3+

has two chelating and two monodentate Se2O2−
5 neighbours and, furthermore, two H2O and

one H2SeO3 ligands. The coordination polyhedra are linked to sheets which are stacked in
c-direction and held together by hydrogen bonds with the acid and the water molecules as
donors (fig. 14).

A compound that is even richer in SeO2 has been investigated for praseodymium. Its for-
mula is given as PrH3(Se2O5)(SeO3)2 (Koskenlinna and Valkonen, 1977), but a detailed in-
spection of the distances Se–O reveals that it should actually be formulated according to
Pr(Se2O5)(HSeO3)(H2SeO3). Various anions have different functionalities in the structure.
The diselenite and hydrogenselenite groups link the Pr3+ ions to double chains that are con-
nected via hydrogen bonds of the H2SeO3 molecules. These are only monodentate to the Pr3+

ions which are in ninefold coordination of oxygen atoms.
All phases that have been found in the systems R2O3/SeO2/H2O are summarized inta-

ble 8. The same table gives the ratio of the binary components in these phases. There might
be other compositions that exist under special conditions and that have not been detected
yet, and considering limited knowledge even for the established phases, systematic structural
investigations are highly desirable.
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Fig. 14. Crystal structure of the SeO2-rich acidic selenite Nd2(Se2O5)3(H2SeO3)·2H2O. The H2SeO3 molecules
are involved in hydrogen bonds that keep the layered structure together.

3.2. Anionic derivatives of oxo-selenates(IV)

3.2.1. General remarks and syntheses
As anionic derivatives of selenates(IV), those compounds shall be considered in which some
of the selenite (or diselenite) anions are replaced by halide ions (section3.2.2) or even by
complex anions (section3.2.3). In a strict sense, the oxide-selenites mentioned in section3.1
are anionic derivatives of selenates(IV) with SeO2−

3 groups replaced by oxide ions. However,
they belong to thebinary system R2O3/SeO2 and that’s why they were discussed in that con-
text and not within this section. On the other hand, the oxide-halides will be discussed here
because they are members of theternarysystems R2O3/RX3/SeO2 (see section3.2.2).

Thermochemical investigations of the systems ROCl/SeO2 (R= Sm, Yb) and SmOBr/SeO2
revealed the formation of various halide-selenates(IV) (see section3.4). They have the com-
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Table 9
Observed compounds in the systems R2O3/RX3/SeO2 (X = F, Cl, Br)

Compound Ratio of binary
components

Comment

R(Se3O7)X (= R3Se9O21X3)1) R2O3·RX3·9SeO2 Thermochemically observed for R= Sm,
Yb; X = Cl, Br; no structure known

R(Se2O5)X (= R3Se6O15X3) R2O3·RX3·6SeO2 Thermochemically observed for R= Sm,
Yb; X = Cl, Br; no structure known

R(SeO3)X (= R3Se3O9X3) R2O3·RX3·3SeO2 Thermochemically observed for R= Sm,
Yb; X = Cl, Br; single crystals for R= Nd,
Er, Ho with X = Cl, and R= La; X = F

R3(SeO3)4X (= R9Se12O36X3) 4R2O3·RX3·12SeO2 Single crystals for R= Pr–Dy; X= F
R2O(SeO3)X2 (= R6Se3O12X6) 2R2O3·2RX3·3SeO2 Thermochemically observed for R= Yb

(only for X = Cl); no structure known
R3O2(SeO3)2X (= R9Se6O24X3) 4R2O3·RX3·6SeO2 Structure known for R= Tb, Dy, Er; X= Cl
R4O3(SeO3)2X2 (= R12Se6O27X6) 4R2O3·2RX3·6SeO2 Structure known for R= Yb, Tb, Er; X= Cl
R5O4(SeO3)2X3 2R2O3·RX3·2SeO2 Structure known for R= Tb; X = Cl, and

R = Gd; X = Br
R9O8(SeO3)4X3 4R2O3·RX3·4SeO2 Structure known for R= Pr, Nd, Sm, Gd;

X = Cl, and R= La, Pr; X= Br

1)In some cases multiples of the sum formulae were chosen to allow integer numbers for the ratios.

position RSe3O7X (= ROX·3SeO2), RSe2O5X (= ROX·2SeO2), RSeO3X (= ROX·SeO2)
for R = Sm and X= Cl, Br (Oppermann et al., 2002b, 2003). The same compositions
have been found in the ytterbium system but additionally the YbOCl rich phase Yb2SeO4Cl2
(2YbOCl·SeO2) is observed(Schmidt et al., 2004), that has obviously to be interpreted as
an oxide-chloride-selenite. Other oxide-halide-selenites, exhibiting a wide range of composi-
tions, have been prepared and structurally characterized. Interestingly, these compounds have
not been found in the respective phase diagrams. Moreover, several compounds have been pre-
pared in the respective fluoride systems.Table 9summarizes the compounds that have been
found in the systems R2O3/RX3/SeO2 to date. The known structural chemistry of the com-
pounds will be discussed in the following way, first for the halide-selenites (section3.2.2),
and then for the oxide-halide-selenites (section3.2.3). Details of the thermochemical inves-
tigations can be found in section3.4. A few examples of oxo-selenate(IV) derivatives with
complex anions are given in section3.2.4.

The syntheses of halide-oxo-selenates(IV) and oxide-halide-oxo-selenates(IV) are very
similar to those described for the binary oxo-selenates(IV) (see section3.1.1). The reactions
are carried out in silica ampoules or metal tubes, especially when fluorides are involved. The
trihalides, RX3 (X = F, Cl, Br), or the respective oxide-halides, ROX, of the rare earth ele-
ments may serve as the halide source. Usually a flux should be added if single crystals are
needed, and it is most convenient to use an alkali metal halide containing the desired anion
for that purpose. In one case, ErClSeO3, the synthesis has also been shown to work hydrother-
mally (Berdonosov et al., 2003). It is remarkable that iodides cannot be prepared in this way
because I− reduces SeO2−

3 under the reaction conditions and both, elemental iodine and sele-
nium are produced. The routes described so far for the growths of single crystals of the com-
pounds under discussion are given intable 10, crystallographic data can be found intable 11.
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Table 10
Synthetic routes for single crystal growth of selected anionic oxo-selenate(IV) derivatives

Reaction Conditions Comments

R2O3 + RCl3 + 3SeO2 → RCl(SeO3) Silica ampoule; excess RCl3 advisable;
T = 830◦C

R2O3 + ROCl+ 2SeO2 → R3O2Cl(SeO3)2 Silica ampoule; CsCl flux;T = 850◦C Flux can be removed by washing
3R2O3 + ROCl+ RCl3 + 4SeO2 → 2R4O3Cl2(SeO3)2 Silica ampoule; CsCl flux;T = 850◦C Flux can be removed by washing
3R2O3 + 3ROX+ RX3 + 4SeO2 → 2R5O4X3(SeO3)2 Silica ampoule; CsX flux;T = 830◦C X = Cl, Br; flux can be removed by washing
7R2O3 + 3ROX+ RX3 + 8SeO2 → 2R9O8X3(SeO3)4 Silica ampoule; CsX flux;T = 850◦C X = Cl, Br; flux can be removed by washing
2R2O3 + RCl3 + 6SeO2 + 3CsCl→ 3CsRCl2(SeO3) + R2(SeO3)3 Silica ampoule;T = 830◦C To date only for R= Tm; both products

identified by XRD
ROF+ SeO2 → RF(SeO3) Silica jacketed gold ampoule; LiF flux To date only for R= La; ratio ROF/LiF

max. 1:2
4R2O3 + RF3 + 12SeO2 → 3R3F(SeO3)4 Silica jacketed gold ampoule; NaCl flux Single crystals of poor quality
2R2(SeO4)3 + 5LiF → R3F(SeO3)4 + LiRF4 + 2Li2SeO3 + 3O2↑ Silica jacketed gold ampoule High quality single crystals; formation of

LiRF4 proved by XRD; formation of
Li2SeO3 not certain; take care to avoid
over-pressure explosion!
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Table 11
Crystallographic data of anionic oxo-selenate(IV) derivatives

Compound Space
group

Lattice parameters Reference

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg)

LaF(SeO3) P21/c 18.198(3) 7.1575(8) 8.464(1) 96.89 Wickleder, 2000b
Gd3F(SeO3)4 P63mc 10.443(1) 6.9432(2) Göhausen and Wickleder, 2000
Dy3F(SeO3)4 P63mc 10.360(1) 6.8647(7) Krügermann and Wickleder, 2002b
Nd3F(SeO3)4 P63mc 10.515(1) 712.11(4) Krügermann, 2002
Sm3F(SeO3)4 P63mc 10.474(1) 7.0224(7) Krügermann, 2002

NdCl(SeO3) Pnma 11.153(2) 5.3519(6) 13.568(1) Wickleder, 2002b
HoCl(SeO3) Pnma 7.209(1) 6.926(1) 8.769(2) Wickleder, 2003
ErCl(SeO3) Pnma 7.218(1) 6.922(1) 8.743(1) Wickleder, 2002b

Tb3O2Cl(SeO3)2 Pnma 5.3516(4) 15.3051(9) 10.8172(7) Wontcheu and Schleid, 2005
Dy3O2Cl(SeO3)2 Pnma 5.33381(2) 15.2104(7) 10.7656(4) Wontcheu, 2004
Er3O2Cl(SeO3)2 C2/c 14.9823(6) 11.0203(5) 5.4795(3) 105.51(5) Wontcheu, 2004
Er4O3Cl2(SeO3)2 P 1̄ 8.6164(2) 11.7056(3) 12.0842(3) 67.666(1) 77.833(1) 85.270(1) Wontcheu, 2004
Yb4O3Cl2(SeO3)2 P 1̄ 8.5388(1) 11.4590(2) 11.9547(2) 68.132(1) 77.113(1) 85.747(1) Wontcheu and Schleid, 2004a

Tb5O4Cl3(SeO3)2 C2/m 12.2913(4) 5.4617(4) 9.7879(7) 90.485(6) Wontcheu and Schleid, 2005
Gd5O4Br3(SeO3)2 C2/m 12.437(1) 5.4991(4) 10.0529(9) 91.869(3) Wontcheu, 2004

La9O8Br3(SeO3)4 P 1̄ 7.1172(3) 9.1956(4) 9.9658(5) 99.856(2) 94.938(2) 95.840(2) Wontcheu, 2004
Pr9O8Br3(SeO3)4 P 1̄ 7.0035(4) 9.0609(6) 9.8591(7) 99.623(3) 95.076(2) 95.874(3) Wontcheu, 2004
Pr9O8Cl3(SeO3)4 P 1̄ 7.0012(1) 9.0163(2) 9.6688(2) 99.787(1) 94.979(1) 95.901(1) Wontcheu, 2004
Nd9O8Cl3(SeO3)4 P 1̄ 6.9630(2) 8.9680(3) 9.6387(3) 99.528(2) 95.176(2) 95.893(2) Wontcheu, 2004
Sm9O8Cl3(SeO3)4 P 1̄ 6.8870(1) 8.8879(2) 9.5909(2) 98.674(1) 95.419(1) 96.031(1) Wontcheu, 2004
Gd9O8Cl3(SeO3)4 P 1̄ 6.8017(5) 8.8286(7) 9.6018(8) 97.241(6) 95.539(6) 96.265(1) Wontcheu and Schleid, 2003b

Y(Se2O5)NO3·3H2O P212121 6.216(1) 7.100(2) 20.689(6) Valkonen and Ylinen, 1979
(H3O)Nd(SeO3)(HSeO3)(ClO4) P21 5.659(1)0 19.186(2) 7.187(1) 104.98(2) Wickleder 2005a, 2005b
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As far as anionic oxo-selenate(IV) derivatives containing other complex anions like NO−
3

are known, they have been prepared from aqueous solution due to the thermal lability of the
compounds. No systematic investigations have been undertaken to elucidate the influence of
parameters like concentrations, pH value, and temperature. On the other hand, with respect to
the absence of a center of symmetry in the compounds known so far, a careful investigation
of such systems seems to be worthwhile.

3.2.2. Halide-oxo-selenates(IV)
Powder samples of the chloride-selenites RCl(SeO3) have been prepared for R= La–Yb and
Y by solid state reactions of the oxide halides ROCl and SeO2. The powder patterns of the
compounds could be indexed in the tetragonal (R= La–Eu) or orthorhombic system (R= Gd–
Yb and Y), respectively(Shabalin et al., 2003). Recent single crystal investigations confirmed
the orthorhombic symmetry for the chloride-selenites of the smaller rare earth elements, but
also revealed orthorhombic symmetry for the respective compounds of the larger lanthanides.
The crystal structure determinations have been carried out for NdCl(SeO3) and ErCl(SeO3)
(Wickleder, 2002b), and subsequently, for HoCl(SeO3) (Wickleder, 2003). The single crys-
tals have been obtained in the reactions of the oxides R2O3 and chlorides RCl3 with SeO2 at
830◦C in silica tubes. In the crystal structure of NdCl(SeO3), two crystallographically diffe-
rent neodymium ions, Nd(1)3+ and Nd(2)3+, are present, both of them located in the special
site 4c of space groupPnma(table 11). Nd(1)3+ is coordinated by eight oxygen atoms and
one Cl− ion. The coordination polyhedron can be described as a distorted tricapped trigonal
prism. Within the prism, the bond lengths Nd(1)–O range from 2.38 to 2.50 Å, the distances
to the capping oxygen atoms and the chloride cap are 2.86 (2×) and 2.90 Å, respectively.
The [Nd(1)O8Cl] polyhedra are connected via commoncis-edges tozig-zagchains along the
b axis. Nd(2)3+ is surrounded by four oxygen atoms and just as many chloride ions form-
ing a distorted square antiprism with typical bond lengths of about 2.40 Å for Nd–O and
between 2.79 and 3.05 Å for Nd–Cl. Similar to the [Nd(1)O8Cl] prisms, the [Nd(2)Cl4O4]
polyhedra are linked tozig-zagchains in the b-direction via commoncis-edges. The diffe-
rent chains are connected by edges of oxygen atoms in the a-, as well as by triangular faces
in the c-directions. The eight oxygen atoms of the Nd(1) polyhedron belong to six selenite
groups, two of them being attached in a chelating manner whereas the four oxygen atoms of
[Nd(2)O4Cl4] are donated by four monodentate selenite ions. When viewed along the [010]
direction the stereochemical activity of the lone pair of thepseudo-tetrahedral SeO2−

3 ion is
obvious (fig. 15).

ErCl(SeO3) is isotypic with the recently described chloride tellurite HoCl(TeO3) (Meyer
and Schleid, 2002). In the crystal structure of ErCl(SeO3) the Er3+ ion is coordinated by five
oxygen atoms with distances Er–O ranging from 2.19 to 2.36 Å and two chloride ligands at
2.70 and 2.73 Å, respectively. The polyhedron [ErO5Cl2] is best regarded as a pentagonal
bipyramid with one oxygen atom and a chloride ion at the apices. The polyhedra are linked
via opposite edges in the c-direction to yield infinite chains that are connected via chloride
ions to a three-dimensional network. The oxygen atoms within the [ErO5Cl2] polyhedron
belong to three monodentate and one chelating SeO2−

3 ions. The lower coordination number
of Er3+ in ErCl(SeO3) compared to Nd3+ in NdCl(SeO3) leads also to a smaller coordination
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Fig. 15. Perspective view of the crystal structure of NdCl(SeO3) along [010].

number of the anions. In NdCl(SeO3), the Cl− ions are connected to three and two Nd3+

ions, the selenite groups are binded to five metal ions. In the erbium compound, there is only
one two-coordinated chloride ion and the SeO2−

3 group is connected to only four Er3+ ions.
The holmium selenite HoCl(SeO3) adopts the structure of the erbium compound(Wickleder,
2003).

The fluoride systems R2O3·RF3·SeO2 have not been investigated thermochemically, but
some fluoride derivatives of rare earth oxo-selenates(IV) have been prepared. They have the
composition RFSeO3 (= R2O3·RF3·3SeO2) and R3F(SeO3)4 (= 4R2O3·RF3·12SeO2), re-
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spectively. The synthesis of these phases is more complicated compared to the respective
chlorides due to the high melting points of the trifluorides, RF3. The problem can be solved by
the use of an appropriate flux, and LiF works quite well. In fact, LiF can also be the F− source
in the reaction, so that fluoride-selenites can be produced from LiF, R2O3, and SeO2. Also,
the decomposition of the selenates, R2(SeO4)3, in the presence of LiF is a convenient route to
obtain single crystals of these compounds(Wickleder, 2000a; Göhausen and Wickleder, 2000;
Krügermann and Wickleder, 2002b; Krügermann, 2002). Owing to the aggressive nature
of LiF melts, the reactions have to be carried out in metal ampoules, preferably in gold
tubes.

The composition RF(SeO3) has been observed only for R= La (Wickleder, 2000a). The
crystal structure of LaF(SeO3) contains three crystallographically different La3+ and SeO2−

3
ions, respectively. La(1)3+ is surrounded by four F− ions and six oxygen ligands. The latter
belong to four monodentate and one chelating selenite groups, leading to a coordination num-
ber of 11. La(2)3+ has also a coordination number of 11, and in addition to seven fluoride ions,
two chelating SeO2−

3 groups are attached to this ion. In contrast, La(3)3+ is exclusively sur-
rounded by oxygen atoms and coordination is the same as that of the La3+ ions in La2(SeO3)3.
Furthermore, in accordance with the findings for La2(SeO3)3, in LaF(SeO3), the La3+ ions
are linked to layers that are connected in the [100] direction by SeO2−

3 groups. The main dif-
ference between the two compounds is that the connection within the sheets occurs also via
fluoride ions in LaF(SeO3). It is worthwhile to mention that the structure LaF(SeO3) is very
similar to that of La2(SeO3)3, as can be seen easily by comparingfigs. 16 and 8.

The fluoride selenites R3F(SeO3)4 with a lower F− content were obtained for R= Nd,
Sm, Gd and Dy(Göhausen and Wickleder, 2000; Krügermann and Wickleder, 2002b;
Krügermann, 2002). They are not known for the smaller rare earth elements. The crystal
structures of the isotypic compounds contain R3+ ions in triangular formation caused by the
selenite group Se(1)O2−

3 which acts as aµ3-ligand, as well as by aµ3-F− ion capping the
triangle on the opposite side (fig. 17). Each edge of the ring is bridged by one oxygen atom of
the independent selenite group, Se(2)O2−

3 . The remaining oxygen atoms of this selenite ion
belong also to the coordination sphere of the R3+ ions of the ring. The coordination sphere
of the three M3+ ions is completed by three Se(1)O2−

3 and six Se(2)O2−
3 ligands, so that the

building unit [M3F(Se(1)O3)4(Se(2)O3)9] results. These fragments are stacked with the same
orientation along the c-axis of the hexagonal unit cell leading to the non-centrosymmetry of
the crystal structure (space groupP63mc, table 11). The linkage of the fragments is performed
by both selenite groups. The capping Se(1)O2−

3 group connects one ring to three others so that
each oxygen atom of the anion is bidentate bridging while Se(2)O2−

3 links two other triangles
in a way that all oxygen atoms of the group are monodentate and two of them are additionally
chelating ligands. The connectivity can be written as [M3F(Se(1)O3)4/4(Se(2)O3)9/3]. The
influence of the lone pairs of theψ1-tetrahedral anion is even more prominent than found for
the other selenites. The lone pair of the Se(1)O2−

3 ion is oriented along the c-axis towards
the fluoride ion so that a very long distance Se–F of 3.69 Å results. The lone pairs of the
Se(2)O2−

3 ions are incorporated in channels which are running parallel to the [001] direction.
The diameter of these channels is 6.63 Å with respect to opposite selenium atoms.
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Fig. 16. Projection of the crystal structure of LaF(SeO3) on (001). The relationship of this compound with
La2(SeO3)3 is obvious by comparison withfig. 8.

3.2.3. Oxide-halide oxo-selenates(IV)
If the concentration of R2O3 in the systems R2O3·RCl3·SeO2 increases, the formation of
oxide-chloride-selenites is observed. A common feature of their crystal structures is that
the oxide ions are located in tetrahedra formed by the metal ions. Depending on the com-
position, the [OR4] tetrahedra exhibit different degrees of condensation. For example, in
the crystal structure of Tb3O2Cl(SeO3)2, which was produced in the reaction of SeO2,
Tb4O7 and Tb in a TbCl3 melt, the oxide-centered Tb tetrahedra, [OTb4], are connected
by trans edges to chains1

∞[OTb4/2] along the a-axis that are further linked to strands
according to 1

∞[Tb(1)3/3Tb(2)2/1O4/2] (Wontcheu and Schleid, 2002b; Wontcheu, 2004;
Wontcheu and Schleid, 2005). The strands are arranged along the a-direction leading to
pseudo-hexagonal channels which incorporate the lone pairs of the selenite ions (fig. 18).
Both of the crystallographically different Tb3+ ions are in eightfold coordination. Tb(1)3+

has two Cl− ions and six oxygen atoms as ligands while Tb(2)3+ is surrounded by one Cl−

ion and seven oxygen atoms.
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Fig. 17. Perspective view of the non-centrosymmetric crystal structure of the fluoride-selenites R3F(SeO3)4
(R = Nd, Sm, Gd, Dy) along [001]. The connection of the R3+ ions to R3 triangles is emphasized by black lines.
The lone electron pairs of the selenium atoms are located in the hexagonal channels that are formed along the c-axis.

The compound is comparable to that of Cu3ErO2Cl(SeO3)2 which is isotypic with the min-
eral francisite, Cu3BiO2Cl(SeO3)2. In this compound open channels are also formed in order
to incorporate the lone electron pairs(Berrigan and Gatehouse, 1996). In contrast to the ter-
bium compound, the chloride ions are also located in these channels without being attached
to the cations. Thus, the eightfold coordination of Er3+ arises only from oxygen ligands.
The composition R3O2Cl(SeO3)2 has also been obtained for R= Dy and Er(Wontcheu,
2004). While the dysprosium compound is isotypic with its respective terbium analogue,
Er3O2Cl(SeO3)2 shows a different structure type (table 11). The formation of double chains

1
∞[Er(1)3/3Er(2)2/1O4/2] is exactly the same as observed in Tb3O2Cl(SeO3)2 but the coor-
dination number of one of the two crystallographically different Er3+ ions is only seven, as
might be expected from the smaller radius of Er3+ compared to Tb3+.

A higher degree of condensation of [OR4] tetrahedra is observed for the composition
R4O3Cl2(SeO3)2 that is known for R= Er, Yb by single crystal investigations(Wontcheu,
2004; Wontcheu and Schleid, 2004a). Six tetrahedra are connected to [O6R12] units that are
further linked via twotrans-edges and four vertices into layers according to2

∞[O6/1R4/1R8/2].
The layers are connected by weak interactions with the selenium atoms of the anions. For the
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Fig. 18. Projection of the crystal structure of Tb3O2Cl(SeO3)2 on (100). Similarly to Tb2O(SeO3)2 (seefig. 12),
oxide-centered [OTb4] tetrahedra are condensed into chains. In this case even double chains form due to the high

oxide content.

eight crystallographically different R3+ ions, coordination numbers of eight (5×) and seven
(3×) are found. Three of the R3+ ions are exclusively coordinated by oxygen atoms, the re-
maining five also have Cl− ligands.

At even higher oxide contents, the [OR4] condensation increases further as can be shown for
the compounds R5O4X3(SeO3)2 that have been confirmed for R= Gd, X = Br, and R= Tb,
X = Cl (Wontcheu, 2004; Wontcheu and Schleid, 2005). In these crystal structures the same
double chains1

∞[R(1)3/3R(2)2/1O4/2] as in the selenites R3O2Cl(SeO3)2 (R = Tb, Dy, Er) are
observed but in the present case these are further connected via common vertices to yield lay-
ers of the composition2

∞[O4R5]. The coordination numbers of the three crystallographically
different R3+ ions are six (1×) and eight (2×), respectively. The SeO2−

3 ions are coordinated
to the R3+ ions in a way that the lone electron pairs of the selenium atoms are located in the
space between the layers. Again, the X− ion are involved in the connection of the layers.

The highest degree of condensation of [OR4] tetrahedra is exhibited in the compounds
R9O8X3(SeO3)4. This composition has been investigated for most of the lighter lanthanides
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Fig. 19. The layered structures of the selenite-nitrates R(Se2O5)(NO3)·3H2O (R = Pr–Lu, Y) (left) and the unique selenite-perchlorate (H3O)Nd-
(SeO3)(HSeO3)(ClO4) (right). In the latter, the ClO−4 ions are not coordinated to Nd3+ ions but reside between the layers of the composition

2
∞[Nd(HSeO3)4/4(SeO3)3/3].
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with X = Cl, Br (table 11) (Wontcheu and Schleid, 2003b; Wontcheu, 2004). The condensa-
tion of the tetrahedra occurs again via edges and vertices and leads to layers of the composition

2
∞[O8R9]. These are stacked in the direction of the c-axis of the triclinic unit cell. According
to the large ionic radii of the light rare earth elements, the observed coordination numbers for
R3+ are eight or even nine, and the bond lengths fall into the expected ranges.

3.2.4. Derivatives with complex anions
Derivatives of rare earth oxoselenates(IV) with other complex oxo-anions have not been stud-
ied systematically. The only examples known so far are the diselenite-nitrates R(Se2O5)(NO3)·
3H2O (R = Pr–Lu, Y) (Valkonen and Ylinen, 1979; Niinistö et al., 1980)and the complex
perchlorate (H3O)Nd(SeO3)(HSeO3)(ClO4) (Wickleder, 2005b). Both compounds might be
of certain interest as NLO materials because they crystallize with non-centrosymmetric space
groups. The diselenite-nitrates were obtained from a solution of the rare earth oxides and SeO2

in nitric acid. For the yttrium compound, a single crystal structure determination has been
performed. The orthorhombic crystal structure (space groupP212121) shows the Y3+ ions
in coordination of two monodentate and one chelating Se2O2−

5 groups, three H2O molecules
and one nitrate ion. The Se2O2−

5 groups connect the Y3+ ions to cationic layers according to
2

∞[Y(H2O)3/1(Se2O5)3/3]+ that are oriented parallel to the (001) plane. The nitrate ions are
situated between the layers with one oxygen atom being attached to Y3+ (fig. 19, left). The
layers are connected by hydrogen bonds involving the nitrate ions and the water molecules.

Similarly, (H3O)Nd(SeO3)(HSeO3)(ClO4) crystallizes from a solution of Nd2O3 and SeO2
in perchloric acid. The compound is non-centrosymmetric (space groupP21) and shows a
typical layered structure (fig. 19, right). In this case, the layers are electro-neutral and have
the composition 2

∞[Nd(HSeO3)4/4(SeO3)3/3]. The coordination number of Nd3+ is nine due
to the chelating attachment of two HSeO−

3 ions. The layers are separated by both, H3O+ and
ClO−

4 ions. The latter are not coordinated to Nd3+ ions but fixed by hydrogen bonds involving
HSeO−

3 and H3O+ ions between the layers.

3.3. Cationic derivatives of selenates(IV)

3.3.1. Alkali metal containing oxo-selenates(IV)
The number of ternary selenites containing alkali metals (A) is limited and a detailed investi-
gation of the systems R2(SeO3)3·A2SeO3 (= R2O3·A2O·4SeO2) is urgently needed. The two
sodium selenites NaR(SeO3)2 (R = La, Y) have been obtained hydrothermally with Na2CO3,
R2O3, and SeO2 as initial compounds(Morris et al., 1990). The lanthanum compound shows
the La3+ ions in tenfold coordination of oxygen atoms, which are part of three Se(1)O2−

3
and four Se(2)O2−

3 ions, respectively. Three of the selenite groups are chelating ligands. In
accordance with the formulation3∞[La(Se(1)O3)3/3(Se(2)O3)4/4]−, a three-dimensional an-
ionic network incorporates the Na+ ions for charge balance. With respect to the distances
Na–O, the coordination number of Na+ can be given as 5+ 2. A three-dimensional anionic
sublattice is also found for the yttrium compound but due to the smaller ionic radius of Y3+

when compared to La3+, the coordination number decreases to seven. Five monodentate and
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one chelating SeO2−
3 ions are attached to the Y3+ ions and the linkage of the polyhedra ac-

cording to 3
∞[Y(Se(1)O3)3/3(Se(2)O3)3/3]− provides channels that are occupied by the Na+

ions exhibiting a coordination number of 5+ 3.
The lithium compound Li3Lu5(SeO3)9 has been obtained accidentally as a by-product

in the reaction of Lu2O3 and SeO2 to form Lu2(SeO3)3 in a LiBr flux (Wontcheu, 2004;
Wontcheu and Schleid, 2004b). It shows a monoclinic crystal structure with five crystallo-
graphically different Lu3+ ions. All of the latter are surrounded by six SeO2−

3 ligands but the
coordination number is eight for two of the cations and seven for the remaining three due to
the chelating coordination modes of two and one selenite groups, respectively. The distances
Lu–O cover the typical range from 2.14 to 2.55 Å. Six of the nine crystallographically differ-
ent SeO2−

3 groups are coordinated by three Lu3+ ions; three have four Lu3+ neighbours. The
linkage of the [LuO8] and [LuO7] polyhedra by selenite groups leads to a complicated three-
dimensional network in which the Li+ ions occupy different holes providing the coordination
numbers 4+ 1, 5, and 4+ 2 for the cations. The coordination polyhedra around the lithium
ions are trigonal bipyramids in two cases and an elongated octahedron for the third Li+ ion.
The oxide atoms around the Li+ ions belong to five and four selenite ions, respectively.

The solid state reaction of Tm2O3, TmCl3, SeO2, and CsCl at 830◦C in silica tubes led to
single crystals of two different compounds. One is the selenite Tm2(SeO3)3 (see section3.1),
the second one is the complex chloride-selenite CsTmCl2(SeO3) (Wontcheu and Schleid,
2003c; Wontcheu, 2004). It shows the Tm3+ ions in pentagonal bipyramidal coordination
of five oxygen and two chlorine atoms that form the apices of the bipyramide. The oxygen
atoms are donated by three monodentate and one chelating SeO2−

3 ligands. The selenite anions
are surrounded by four Tm3+ ions so that infinite layers2

∞[TmCl2/1(SeO3)4/4]− are formed.
These layers are stacked along the c-axis of the monoclinic unit cell, and between the layers,
the Cs+ ions are situated. They are mainly coordinated by six Cl− ions and by one oxygen
atom at a distance of 3.19 Å. Two distant oxygen atoms at 3.83 and 4.08 Å contribute to a small
extent to the coordination sphere of Cs+. It is astonishing that CsTmCl2(SeO3) is the only rep-
resentative of this family of compounds. Considering the frequent use of cesium halides as
flux one would expect Cs-based compounds to be found more often as by-products. Further
investigations seem to be necessary to optimize preparative conditions for these phases.

The bromide CsSm21Br16(SeO3)24 has been obtained in a reaction that aimed at the prepa-
ration of SmBr(SeO3). The complex selenite ispseudo-tetragonal (table 12) and is built from
layers of the composition [Sm14(SeO3)24] that alternate with layers of the Br− ions along
the c-axis(Ruck and Schmidt, 2003). Within the [Sm14(SeO3)24] layers, the Sm3+ ions are
exclusively coordinated by oxygen atoms. The layers are further connected by Sm3+ ions that
are surrounded by both oxygen atoms and bromide ions. For electro-neutrality reasons, some
of the Sm3+ ions between the layers are substituted by Cs+ ions that originate from the used
CsBr flux. Powder diffraction investigations show that other alkali metal ions can substitute
for Sm3+ if the respective bromides are used as flux(Ruck and Schmidt, 2003).

Another complex cesium selenite, CsEu4O3Cl3(SeO3)2, has been obtained as a side-
product in a solid state reaction aiming at the synthesis of Eu4O3Cl2(SeO3)2 (Wontcheu,
2004). As observed in the oxide-halide-selenites discussed in section3.2.3, the O2−-centered
metal tetrahedra that are condensed to infinite layers are found again. However, in this case
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Table 12
Crystallographic data of cationic oxo-selenate(IV) derivatives

Compound Space
group

Lattice parameters Reference

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg)

NaY(SeO3)2 P21cn 5.397(2) 8.525(2) 12.765(2) Morris et al., 1990
NaLa(SeO3)2 P21/n 6.696(4) 6.761(4) 13.199(5) 101.51(3) Morris et al., 1990
Li3Lu5(SeO3)9 P21/n 13.9385(5) 13.9451(2) 14.0948(2) 113.006(1) Wontcheu and Schleid, 2004b

CsTmCl2(SeO3) P21/n 6.5892(5) 6.8926(6) 17.525(1) 99.093(7) Wontcheu and Schleid, 2003c
CsSm21Br16(SeO3)24 Bbab 15.797(2) 15.797(2) 17.963(2) Ruck and Schmidt, 2003
CsEu4O3Cl3(SeO3)2 P 1̄ 5.4509(2) 8.7999(3) 15.9744(7) 81.036(2) 89.992(2) 71.926(2) Wontcheu, 2004

Cu3ErO2Cl(SeO3)2 Pmmn 6.299(1) 9.430(3) 6.967(2) Berrigan and Gatehouse, 1996
CuLa2(SeO3)4 P21/c 10.512(1) 7.136(1) 8.431(1) 110.61(1) Harrison and Zhang, 1997a
CuNd2(SeO3)4 P21/c 10.512(1) 7.044(1) 8.306(1) 110.59(1) Ben Hamida, 2004
CuSm2(SeO3)4 P21/c 10.504(3) 6.966(2) 8.225(2) 110.48(2) Wickleder and Ben Hamida, 2003
CuEu2(SeO3)4 P21/c 10.482(3) 6.931(1) 8.190(2) 110.46(3) Ben Hamida, 2004
CuGd2(SeO3)4 P21/c 10.510(2) 6.935(1) 8.185(2) 110.53 Wickleder and Ben Hamida, 2003
MnNdCl(SeO3)2 P 1̄ 7.078(1) 7.301(2) 8.080(2) 86.88(2) 71.76(2) 64.37(2) Ben Hamida, 2004
MnSmCl(SeO3)2 P 1̄ 7.008(2) 7.241(2) 8.043(2) 86.90(3) 71.57(3) 64.33(3) Wickleder and Ben Hamida, 2003
CoLaCl(SeO3)2 P 1̄ 7.122(2) 8.899(2) 11.966(2) 97.31(3) 105.52(2) 107.98(2) Ben Hamida, 2004
CoSmCl(SeO3)l P 1̄ 7.123(1) 8.895(2) 12.162(2) 72.25(1) 71.27(1) 72.08(1) Wickleder and Ben Hamida, 2003
CoTbCl(SeO3)2 P 1̄ 7.069(1) 8.796(2) 11.890(3) 97.63(3) 105.49(3) 107.80(3) Ben Hamida, 2004
CuGdCl(SeO3)2 P 1̄ 7.043(4) 9.096(4) 12.010(7) 70.84(4) 73.01(4) 70.69(4) Wickleder and Ben Hamida, 2003
CoNd10Cl12(SeO3)8 P2/c 15.699(2) 15.699(2) 19.171(2) 114.00(1) Ben Hamida and Wickleder, 2005
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only three of the four metal ions are involved in [OR4] tetrahedra so that the condensation of
the tetrahedra is even higher that observed for R4O3Cl2(SeO3)2 (R = Er, Yb). The sheets are
arranged parallel to the (001) plane of the monoclinic unit cell and are separated by the fourth
Eu3+ ion that is in eightfold coordination of four oxygen and four Cl− ligands and by the Cs+

ions that are coordinated by eight Cl− ions with pseudo-cubic coordination polyhedra. The
different functionalities of the Eu3+ ions in the structure are reflected in the Eu–O distances;
those Eu3+ ions that are involved in the sheets of condensed [OEu4] tetrahedra show very
short bond length from 2.24 to 2.32 Å while the Eu3+ ion situated between the layers has
nearest contacts between 2.44 and 2.74 Å.

3.3.2. Transition metal containing oxo-selenates(IV)
Recently, it turned out that the SeO2−

3 ion is a suitable ligand for linking rare earth and transi-
tion metal ions. On one hand, this may enrich the structural chemistry of rare earth selenites
enormously via engaging the large number of transition metals. But what seems to be of much
greater importance is, that a new family of compounds having the potential to show interest-
ing magnetic phenomena due to the presence of both paramagnetic f- and d-element ions can
be developed. For this purpose, it is desirable to realize different arrangements of the cations
with respect to each other. This can be achieved by different stoichiometries of the cations in
the compound, and furthermore, with respect to the knowledge from other polynary selenites,
by the incorporation of halide anions into the lattice.

To date, examples for pure selenites are limited to the isotypic copper compounds
CuR2(SeO3)4 (R = La, Nd–Tb)(Harrison and Zhang, 1997a; Wickleder and Ben Hamida,
2003; Ben Hamida, 2004). They have been obtained from the reaction of CuO, R2O3, and
SeO2 in the appropriate ratio by solid state or hydrothermal reactions. The hydrothermal re-
actions work also when metal nitrates are used instead of the oxides. All of the selenites show
a deep blue color. In the crystal structure, the Cu2+ ions are in square-planar coordination of
oxygen atoms that belong to four monodentate SeO2−

3 ions. The selenite groups are coordi-
nated to two Cu2+ ions leading to layers of the composition2∞[Cu(Se(1)O3)4/2]2−. These are
alternatively stacked in the direction of the a-axis with layers that are formed by the linkage of
R3+ ions and selenite groups. The sheets contain the R3+ ions in tenfold coordination of oxy-
gen atoms that belong to three chelating and four monodentate selenite ions, and according
to the formulation 2

∞[R(Se(1)O3)2/2(Se(2)O3)5/5]− two crystallographically different SeO2−
3

groups are involved. Only the Se(1)O2−
3 ions connect the [Cu(Se(1)O3)4/2]2− layers as can be

seen infig. 20.
While to date the pure transition metal containing rare earth selenites are restricted to cop-

per as the transition metal, the chloride-selenites MRCl(SeO3)2 allow greater variation of the
transition metal M. They have been prepared with M= Mn, Co, Cu and for most of the larger
rare earth metals(Wickleder and Ben Hamida, 2003; Ben Hamida, 2004). The synthesis can
be done by the reaction of the transition metal oxides, MO, with rare earth trichlorides and
SeO2. Alternatively, the transition metal chlorides can serve as Cl− source, and R is added
in form of the oxides. In any case, the reactions are carried at 800◦C in evacuated silica
ampoules, and excess of the chloride component is helpful if single crystals are desired.
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Fig. 20. Perspective view of the crystal structure of the copper selenites CuR2(SeO3)4 (R = La, Nd–Tb) along [010].

In the isotypic manganese compounds MnRCl(SeO3)2 (R = Nd, Sm), the R3+ ion is co-
ordinated by eight oxygen atoms and one Cl− ligand. The oxygen atoms belong of three
Se(1)O2−

3 and two Se(2)O2−
3 ions. Three selenite ions act as chelating ligands, the remain-

ing are monodentate. Similarly to the copper compounds described above, the R3+ ions
in MnRCl(SeO3)2 (R = Nd, Sm) are connected by selenite groups to layers according to

2
∞[R(Se(1)O3)3/3(Se(2)O3)2/2Cl1/1]2−. The Mn2+ ions are situated between these layers.
They are octahedrally coordinated by four oxygen atoms and two chloride ions. The Cl−

ions are incis orientation with respect to each other and the [MnCl2O4] octahedra are
connected via opposite edges (Cl–Cl and O–O, respectively) to infinite chains according

1
∞[MnCl2/2O2/2O2/1] that are running between the2∞[R(Se(1)O3)3/3(Se(2)O3)2/2Cl1/1]2−

layers.
The structures of the respective chloride-selenites with M= Co, Cu are very similar to the

manganese compound just described. The connection of the R3+ ions by selenite groups to
layers remains nearly the same and only the coordination number of one of the two crystallo-
graphically different R3+ ions decreases from 9 to 8+ 1. The coordination of the Co2+ ions
in CoRCl(SeO3)2 is octahedral with four oxygen ligands and two Cl− ions that are again in
cis-position with respect to each other. The connection of the [CoO4Cl2] octahedra is slightly
different when compared to the observations for the manganese selenites. According to the
formulation 1

∞[CoCl2/2O1/2O3/1], the linkage occurs via a common Cl–Cl edge but further
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connection is achieved only via a common oxygen vertex, and not an O–O edge as found for
MnRCl(SeO3)2 (R = Nd, Sm).

Owing to the electron configuration of Cu2+ (d9), the coordination of this ion in
CuGdCl(SeO3)2 is not ideally octahedral, but shows the typical tetragonal Jahn–Teller dis-
tortion; three oxygen atoms and one chloride ion are coordinated with short distances
(Cu–O: 1.93–2.01 Å; Cu–Cl: 2.36 Å), and two further ligands (1× O at 2.60 Å, 1× Cl
at 2.80 Å) complete the distorted octahedron. Besides the difference in the M2+ coordina-
tion, CuGdCl(SeO3)2 has nearly the same structure as the manganese compounds. Thus, also
in CuGdCl(SeO3)2 chains according to1

∞[CuCl2/2O2/2O2/1] are situated between the lay-
ers 2

∞[Gd(Se(1)O3)3/3(Se(2)O3)2/2Cl1/1]2−. It is worthwhile to mention that the color of
CuGdCl(SeO3)2 is light green in contrast to the deep blue color of the selenites CuR2(SeO3)4
(R = La, Nd, Sm, Eu, Gd), what can be attributed to the different type of ligands and the
different coordination geometry of Cu2+.

A unique layer structure is found for the cobalt-based compound CoNd10Cl8(SeO3)12 (Ben
Hamida and Wickleder, 2005). It has been obtained in form of blue single crystals in the
reaction of CoCl2, Nd2O3 and SeO2. The majority of the Nd3+ ions and all of the selenite
groups form one kind of a layer; the Cl− ions build the second type. The layers are stacked
in [102] direction of the monoclinic unit cell. The layers of the Nd3+ ions and the selenite
groups have the composition [Nd7(SeO3)8] and seem to exhibit nearly tetragonal symmetry
as can be seen infig. 21 and also from the similar lengths of the a- and b-axis, respectively

Fig. 21. Crystal structure of CoNd10Cl8(SeO3)12 viewed along [010]. The most characteristic feature of the structure
are [Co2Cl2(SeO3)8] dimers depicted on the right.
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(table 12). Between the [Nd7(SeO3)8] and the Cl− layers, the remaining three Nd3+ ions are
located. They are coordinated by four oxygen atoms from selenite ions and four Cl− ions
in form of at square antiprism. Further connection of the sheets is achieved by the Co2+

ions. They have four oxygen and two chloride ligands. The coordination geometry of the
[CoCl2O4] polyhedron is a trigonal prism, and two of these prisms share a common edge
to form dimers [Co2Cl2O8] (fig. 21). These dimers are the most characteristic feature of the
crystal structure of CoNd10Cl8(SeO3)12. It should be mentioned that the crystal structure of
CoNd10Cl8(SeO3)12 is closely related to that of CsSm21Br16(SeO3)24 (Ruck and Schmidt,
2003)that has been described above. This becomes more obvious if the formulae of the com-
pounds are written as CoNd3Cl8[Nd7(SeO3)12] and Cs0.5Sm3.5Br8[Sm7(SeO3)12], respec-
tively, separating the cations that built the layers with the selenite groups in square brackets
from those that are situated between the layers.

3.4. Properties of oxo-selenates(IV)

3.4.1. Thermal behaviour of oxo-selenates(IV)
The thermal decomposition of various selenites has been investigated.Table 13summarizes
the most important results that have been obtained to date. Unfortunately, not in every case the
initial substances, intermediates, and products of the reactions are well characterized causing
difficulties in the interpretation of the reactions.

The decomposition of selenite hydrates, R2(SeO3)3·xH2O, has been followed for nearly
the complete rare earth series(Giesbrecht et al., 1962; Giolito and Giesbrecht, 1967;
Perkovskaya, 1968; Savchenko et al., 1968; Petrov et al., 1973). According to the TG data,
the water contentx has been given as 4 in the most cases, except for La and Yb, wherex is
only 3. The first decomposition step is the dehydration that is observed in the range from 50
to 200◦C. The anhydrous selenites decompose in the same way as described in section2.3.1.
Thus, the oxides, R2O3, are formed around 1000◦C, and the oxide-selenites R2O2(SeO3) are
found as intermediates. In the case of R= Ce, Pr, and Tb, the residues are CeO2, Pr6O11, and
Tb4O7, respectively.

More recently, the thermal behaviours of the acidic selenites Nd(HSeO3)(SeO3)·2H2O and
Pr(HSeO3)(SeO3) have been reported(de Pedro et al., 1994; Castro et al., 1994). According
to these investigations, both compounds dehydrate in a first step to yield diselenite-selenites
R2(Se2O5)(SeO3)2 (= R2Se4O11). For the neodymium compound, the dehydration process
seems to occur in two steps. The authors mention that the diselenite-selenites are obtained
in single crystalline form, however, structural data have not been given. Further decomposi-
tion leads to sesquiselenites R2(SeO3)3, and SeO2−

3 rich diselenites R2(Se2O5)0.5(SeO3)2.5

(= R2Se3.5O10) may occur as intermediates. Finally, the degradation of selenites R2(SeO3)3
produces oxides, R2O3 as has been described in section2.3.1.

Another group of acidic selenites that has been investigated, was said to have the compo-
sition RH(SeO3)2·2.5H2O (R = Pr–Lu, Y) (Immonen et al., 1976). The structure of these
phases is not known, but according to the lattice parameters that have been obtained from
X-ray single crystal photographs it can be assumed that their structures are closely related
to that of Nd(HSeO3)(SeO3)·2H2O (de Pedro et al., 1994). It is also possible that they have
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Table 13

Thermal decomposition schemes of various oxo-selenites(IV)

Initial compound and reactions1) Temperature
range

Comments

R2(SeO3)3·xH2O; x = 4 or 3 (for La and Yb)
R2(SeO3)3·xH2O → R2(SeO3)3 + xH2O↑ 50–200◦C Structures of the initial hydrates not known

R(HSeO3)(SeO3)·2H2O
1. 2R(HSeO3)(SeO3)·2H2O → R2(Se2O5)(SeO3)2 + 5H2O↑ 70–270◦C Structures of initial compounds known for R= Nd, Pr; dehydration

may occur in two steps (1× H2O + 4× H2O); R4(Se2O5)(SeO3)5 not
necessarily seen

2. 2R2(Se2O5)(SeO3)2 → R4(Se2O5)(SeO3)5 + SeO2 290–400◦C
3. R4(Se2O5)(SeO3)5 → 2R2(SeO3)3 + SeO2 520–590◦C

R(HSeO3)(SeO3)
1. 2R(HSeO3)(SeO3) → R2(Se2O5)(SeO3)2 + H2O↑ 270–350◦C

Structures of initial compounds known for R= Nd, Pr;
R4(Se2O5)(SeO3)5 not necessarily seen

2. 2R2(Se2O5)(SeO3)2 → R4(Se2O5)(SeO3)5 + SeO2 290–400◦C
3. R4(Se2O5)(SeO3)5 → 2R2(SeO3)3 + SeO2 520–590◦C

R(HSeO3)(SeO3)·2.5H2O
1. 2R(HSeO3)(SeO3)·2.5H2O → R2(Se2O5)(SeO3)2 + 6H2O↑ 180–200◦C Initial compounds possibly mistaken for R(HSeO3)(SeO3)·2H2O;

reaction carried out under reductive atmosphere (H2 or CO);
intermediates may occur during decomposition; further heating in H2
leads to the formation of R2O3 due to H2Se evolution; for R= Eu, the
reduction leads to EuSe in both cases

2. 2R2(Se2O5)(SeO3)2 + 8H2 → R4O4Se3 + 5SeO2 + 8H2O 490–530◦C
3. 2R2(Se2O5)(SeO3)2 + 8CO→ R4O4Se3 + 5SeO2 + 8CO2 400–450◦C

R2(SeO3)3·xH2SeO3·nH2O; x = 0.2–0.8, n = 4–5
1. R2(SeO3)3·xH2SeO3·nH2O → R2(SeO3)3·xH2SeO3 + nH2O↑ 50–340◦C Structures of the initial compounds not known
2. R2(SeO3)3·xH2SeO3 → R2(SeO3)3 + xH2SeO3 380–550◦C

NH4R(SeO3)2·xH2O; x = 2 for R= Sm andx = 2.5 for R= Gd
1. NH4R(SeO3)2·xH2O → NH4R(SeO3)2 + xH2O↑ 80–200◦C Structures of the initial compounds not known
2. NH4R(SeO3)2 → R2(SeO3)3 + 2NH3 + SeO2 + H2O 200–600◦C

AGd(SeO3)2·xH2O; x = 2 for A = K andx = 2.5 for A = Na
1. AGd(SeO3)2·xH2O → AGd(SeO3)2 + xH2O↑ 80–240◦C Structures of the initial compounds not known; three dehydration steps

for NaGdR(SeO3)2·2.5H2O; structures of decomposition products not
known

2. AGd(SeO3)2 → AGdO(SeO3) + SeO2 570–780◦C
3. 2AGdO(SeO3) → A2Gd2O3(SeO3) + SeO2 830–1000◦C

1)The selenites R2(SeO3)3 that form in the reactions decompose according to the scheme mentioned intable 13.
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been mistaken with the dihydrates. Besides these uncertainties, the investigation of the ther-
mal behavior is interesting because the measurements have been carried out under reducing
atmosphere using both H2 and CO as reducing gases(Immonen et al., 1976). The first step of
the decomposition is again the dehydration of the compounds, probably accompanied by the
formation of R2(Se2O5)(SeO3)2 (= R2Se4O11) type phases. The next decomposition step re-
sults in the reduction of Se4+ to Se2− and leads to oxide-selenides R4O4Se3 (Khodadad et al.,
1967), as has been confirmed by chemical analysis and X-ray powder diffraction. The forma-
tion of this product occurs independently from the type of reducing gas. However, the reaction
starts at significantly lower temperatures when CO is involved. In both cases, inspection of
the TG-curves gave evidence for intermediate compounds. The oxide-selenides, R4O4Se3, are
more stable in CO when compared to the H2 atmosphere, owing to the formation of H2Se at
higher temperatures in the presence of hydrogen. The only exception of this reaction scheme
is found for R= Eu, where EuSe is observed as the final product.

A series of compounds with the general formula R2(SeO3)3·xH2SeO3·nH2O has been ob-
tained from rare earth hydroxides and selenious acid(D’Assunção et al., 1995). According to
the chemical analyses, the content of H2SeO3 ranges fromx = 0.2 to 0.8 and the number of
H2O molecules varies between 4 and 5. The constitution of these phases is not known. Upon
heating, they are dehydrated in a first step, and at higher temperatures H2SeO3 is said to be
expelled.

As pointed out previously, the number of structurally known rare earth selenites with alkali
metal ions is very limited. Nevertheless, thermal investigations have been performed for a few
compounds some thirty years ago. Based on chemical analyses they have the composition
AR(SeO3)2·xH2O where A stands for Na, K, and NH4, R = Nd, Sm, Gd, Dy, and Er, and the
water contentx is 2 or 2.5. The ammonium compounds are of special interest because they
decompose with formation of NH3 and SeO2 yielding the selenites R2(SeO3)3. The process
takes place in a wide temperature range from 200 to 600◦C (Erämetsä et al., 1973). The
degradation of the sodium and potassium selenites is more complicated. It seems clear that the
first decomposition step is dehydration. Considering the observed mass losses, further heating
leads to oxide-selenites A2R2O2(SeO3)2 and A2R2O3(SeO3) (A = Na, K). The constitution of
the latter has not been confirmed and the formation of product mixtures [A2R2O2(SeO3)2 =

A2(SeO3) + R2O2(SeO3) and A2R2O3(SeO3) = A2(SeO3) + R2O3] might also be possible.

3.4.2. Vibrational spectra of oxo-selenates(IV)
The undistorted SeO2−

3 ion has C3v symmetry and four fundamental modes can be expected.
They belong to the symmetry species A1 (2×) and E (2×) so that all of them should occur
in both IR and Raman spectra(Sathianandan et al., 1964). The frequencies for the stretching
vibrations are usually found at 810 (νs) and 740 (νas) cm−1 while the bending modes occur
at 425 (δs) and 372 (δas) cm−1. However, in the crystal structures of the rare earth selenites
the SeO2−

3 ions have mostly much lower symmetry so that a splitting of the bands is observed
(Petrov et al., 1973; Bindu Gopinath et al., 1998). Furthermore, a factor group splitting may
lead to more complex spectra.Table 14surveys the typical frequency regions observed so far.

The energy of the Se–O stretching modes is shifted to lower wavenumbers for the hydro-
genselenites. The Se–OH bond is usually significantly longer than the Se–O bond which may
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Table 14
Typical vibration energy ranges (cm−1) of the SeO2−

3 ion in rare earth oxo-selenates(IV)

Vibration mode ν1 (A1) ν2 (A1) ν3 (E) ν4 (E)

Description Symm. stretching Symm. bending Asymm. stretching Asymm. bending
Range 790–890 420–510 660–760 330–410

decrease the vibration energies by about 100 cm−1. Also, highly coordinated oxygen atoms
of the selenite groups may lead to quite low vibration frequencies, but a differentiation is usu-
ally easy due to the presence of characteristic O–H vibrations in the case of HSeO−

3 . Thus
vibrational spectroscopy is a good method to distinguish between selenites and hydrogense-
lenites if structures are unknown. The same is true if diselenite ions, Se2O2−

5 , are present in
the compounds. The bridging oxygen atom shows distances Se–O around 1.8 Å what is about
0.10–0.15 Å larger than the respective distances to the terminal oxygen atoms. The variation
of this bond length is small so that the associated vibration band occurs in a narrow range
between 550 and 650 cm−1. Because of the absence of SeO2−

3 bands in this region, an obser-
vation of an absorption in that energy range can be taken as a solid proof for the presence of
diselenite groups.

3.4.3. Thermochemical investigations of oxo-selenates(IV)
In recent years, a number of investigations have been performed to characterize the sys-
tems R2O3/SeO2 and ROX/SeO2 (X = Cl, Br) by thermochemical methods(Oppermann and
Zhang-Preße, 2001; Oppermann et al., 2002a; Zhang-Preße and Oppermann, 2002; Opper-
mann et al., 2002b, 2003; Schmidt et al., 2004)(see also sections3.1and3.2). Phase diagrams
have been established by DTA measurements, and for a great number of compounds the en-
thalpies of formation were derived from their decomposition functions obtained from total
pressure measurements andCp values. Additionally, the enthalpies of formation were derived
from the respective enthalpy of solution values. Selected data are summarized intables 15
and 16.

It is worthwhile to mention that not all of the known compounds are necessarily ob-
served in the thermochemical investigations, as can be seen from the existence of the phases
R2O(SeO3)2 (= R2Se2O7) (R = Sm–Tm) and Sm2(Se2O5)2(SeO3) (= Sm2Se3O13) (see sec-
tion 3.1.3). Nevertheless, these investigations provide helpful data for the preparation of new
compounds. This is especially true if single crystals are desired, because the thermochem-
ical measurements show if one has to expect difficulties like incongruent melting or phase
transitions. As an example, the phase diagram of the system Nd2O3/SeO2 is shown infig. 22
(Oppermann et al., 2002a). It shows the existence of five thermodynamically stable phases
(also see section3.1) and within the investigated temperature range three of them, Nd2Se4O11,
Nd2Se3.5O10, and Nd2Se3O9, melt peritectically with the melting points P1 (420± 5◦C), P2
(625± 5◦C), and P3 (1040± 5◦C). Furthermore, the compounds show various phase tran-
sitions (shown “Un” in the diagram), which have to be considered for crystal growth exper-
iments. The endothermic phase transition U3 for Nd2Se3O9 (= Nd2(SeO3)3) was found to
occur reversibly at 310± 5◦C, and the related enthalpy�HU3 is 13.6 ± 0.2 kJ/mol. As dis-
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Table 15
Selected thermodynamical data of compounds in the systems R2O3/SeO2

Compound �Hf (298 K)
(J/mol)

�S0 (298 K)
(J/mol·K)

Cp (298 K)
(J/mol·K)

NdSeO5 −2190± 24 180± 17 168± 8
Nd2Se1.5O6 −2346± 33 202± 30 197± 8
Nd2Se3O9

1) −2846± 39 302± 45 289± 13
Nd2Se3.5O10 −3030± 56 254± 66 316± 13
Nd2Se4O11 −3054± 63 423± 71 346± 8

SmSeO5 −2230± 17 155± 9 168± 4
Sm2Se1.5O6 −2418± 26 168± 25 196± 8
Sm2Se3O9

2) −2921± 40 269± 42 288± 2
Sm2Se3.5O10 −3077± 42 252± 50 316± 6
Sm2Se4O11 −3191± 42 304± 54 345± 13

YSeO5 −2248± 17 150± 18 146± 3
Y2Se3O9 −2893± 50 272± 59 250± 4
Y2Se3.5O10 −3002± 59 333± 84 300± 6
Y2Se4O11 −3105± 69 285± 84 330± 6

1)Phase transition at 583 K;�HT = 2.42± 0.08 J/mol· K.
2)Phase transition at 793 K;�HT = 13.6 ± 0.2 J/mol· K.

Table 16
Selected thermodynamical data of compounds in the systems R2O3/RX3/SeO2 (X = Cl, Br)

Compound �Hf (298 K, TP)a)

(J/mol)
�Hf (298 K, SC)b)

(J/mol)
�S0 (298 K)
(J/mol·K)

SmSeO3Cl −1317± 21 −1303± 8 157± 21
SmSe2O5Cl −1561± 29 −1545± 9 253± 36
SmSe3O7Cl −1780± 38 −1778± 10 339± 46

SmSeO3Br −1289± 23 −1250± 11 193± 21
SmSe2O5Br −1564± 29 −1493± 11 223± 34
SmSe3O7Br −1777± 42 −1737± 13 318± 46

Yb2O(SeO3)Cl2 −2293± 20 −2303± 10 265± 15
YbSeO3Cl −1317± 30 −1281± 7 154± 30
YbSe2O5Cl −1598± 40 −1508± 10 204± 40
YbSe3O7Cl −1793± 40 −1739± 15 311± 50

a)TP: data obtained from total pressure measurements.
b)SC: data obtained from solution calorimetry.

cussed in section3.1.2, this transition has been followed by X-ray diffraction methods and
can be interpreted as a phase transition from structure type II to structure type I for the sele-
nite Nd2(SeO3)3. The findings for the system Sm2O3/SeO2 are very similarly to those for the
respective neodymium system. An endothermic phase transition has been also observed for
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Fig. 22. Phase diagram of the system Nd2O3/SeO2.

Sm2Se3O9 (= Sm2(SeO3)3) at 520±5◦C (�H = 2.42±0.08 kJ/mol), but this transformation
has not been confirmed by diffraction experiments.

For the systems R2O3–SeO2–H2O with R = Nd, Tm, solubility isotherms at 100◦C have
been determined recently(Gospodinov and Stancheva, 2001, 2003). According to these data in
both cases the tetrahydrates R2(SeO3)3·4H2O form at low SeO2 concentrations, and the acidic
dihydrates R(HSeO3)(SeO3)·2H2O occur if the SeO2 concentration increases. The latter are
found over a wide SeO2 concentration range and seem to be the unique phase on the SeO2-
rich side of the thulium system. For neodymium, however, two additional compounds exist:
Nd(HSeO3)3 and Nd2(Se2O5)3·H2SeO3·H2O. Table 17summarizes the data on the solubility
isotherm for the neodymium system. For some of the phases structural data are available as it
has been discussed in section3.1.4.

4. Mixed-valent oxo-selenates(VI/IV)

A handful of compounds that contain selenateandselenite ions and thus are mixed valent with
respect to the oxidation state of selenium are known. Er2(SeO3)2(SeO4)·2H2O was obtained
via hydrothermal reaction of Er(NO3)3·5H2O and SeO2 (Morris et al., 1992b). Unfortunately,
the crystal structure determination suffers from the disorder of the selenate group. Therefore,
the presence of both oxidation states for Se has been proved by means of X-ray absorption
near edge spectroscopy (XANES). The structure contains layers of eightfold coordinated Er3+

and SeO2−
3 ions, which are linked via the SeO2−

4 tetrahedra. The respective neodymium com-
pound, Nd2(SeO3)2(SeO4)·2H2O, has been prepared in the same way(Berdonosov et al.,
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Table 17
Solubility isotherm of the system Nd2O3/SeO2/H2O at 100◦C

Liquid phase (mass%) Solid phase (mass%) Compound

Nd2O3 SeO2 Nd2O3 SeO2

5.3 × 10−3 0.08 42.80 39.02 Nd2(SeO3)3·4H2O
5.2 × 10−3 0.87 38.89 37.25 Nd2(SeO3)3·4H2O
7.5 × 10−3 0.87 36.88 47.38 Nd(HSeO3)(SeO3)3·2H2O
8.1 × 10−3 5.22 29.50 40.41 Nd(HSeO3)(SeO3)3·2H2O
8.4 × 10−3 7.31 30.19 42.10 Nd(HSeO3)(SeO3)3·2H2O
8.7 × 10−3 15.20 32.90 45.38 Nd(HSeO3)(SeO3)3·2H2O
8.6 × 10−3 24.30 36.10 49.12 Nd(HSeO3)(SeO3)3·2H2O
9.0 × 10−3 29.51 36.52 49.76 Nd(HSeO3)(SeO3)3·2H2O
1.0 × 10−2 39.16 32.12 48.22 Nd(HSeO3)(SeO3)3·2H2O
1.2 × 10−2 42.27 26.03 47.57 Nd(HSeO3)(SeO3)3·2H2O
2.2 × 10−2 47.87 32.78 50.08 Nd(HSeO3)(SeO3)3·2H2O
2.4 × 10−2 49.08 27.50 50.63 Nd(HSeO3)(SeO3)3·2H2O
2.5 × 10−2 50.63 29.65 50.31 Nd(HSeO3)(SeO3)3·2H2O
2.4 × 10−2 50.63 26.09 61.60 Nd(HSeO3)3
2.6 × 10−2 52.12 23.17 58.90 Nd(HSeO3)3
3.5 × 10−2 56.65 26.09 62.79 Nd(HSeO3)3
3.0 × 10−2 60.17 23.17 63.05 Nd(HSeO3)3
2.7 × 10−2 60.17 26.62 65.90 Nd2(Se2O5)3·H2SeO3·2H2O
2.4 × 10−2 63.55 20.62 65.51 Nd2(Se2O5)3·H2SeO3·2H2O
2.4 × 10−2 69.15 24.48 67.00 Nd2(Se2O5)3·H2SeO3·2H2O
2.6 × 10−2 73.20 23.02 68.10 Nd2(Se2O5)3·H2SeO3·2H2O
2.9 × 10−2 76.86 25.04 68.54 Nd2(Se2O5)3·H2SeO3·2H2O

2004). It shows essentially the same structure than the erbium phase but one unit cell edge is
doubled and the symmetry changes fromCc to C2/c. Nevertheless, a slight disorder of the
selenate ion is still observable.

La(HSeO3)(SeO4)·2H2O was also obtained hydrothermally(Harrison and Zhang, 1997b).
The structure shows the La3+ ions in ninefold coordination of oxygen atoms of three SeO2−

4 ,
three HSeO−3 and two H2O ligands. One of the hydrogenselenite ions is attached in a chelat-
ing manner. The HSeO−3 groups connect the metal ions to double chains which are oriented in
[100] direction and linked to more distant double chains by the SeO2−

4 tetrahedra. Although
the hydrogen atoms were not located, hydrogen bonding can be assumed with the H2O mole-
cules and the HSeO−3 ions as donors when judged from the donor acceptor distances which
are around 3 Å.

One selenate-selenite is known containing additional halide ions, namely Pr4(SeO3)2-
(SeO4)F6. It has been obtained in the form of light green single crystals during the decomposi-
tion of Pr2(SeO4)3 in the presence of LiF in a gold ampoule(Göhausen and Wickleder, 2002).
The monoclinic compound contains two crystallographically different Pr3+ ions. Pr(1)3+ is
surrounded by six fluoride ions and two chelating SeO2−

3 groups leading to a coordination
number of ten. Pr(2)3+ has four fluoride ions, three monodentate SeO2−

3 and two SeO2−
4
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Fig. 23. Perspective view of the crystal structure of Pr4(SeO3)2(SeO4)F6 along (001).

groups as neighbours. One of the latter acts as a chelating ligand, so the coordination number
of Pr(2)3+ is also 10. The selenite ions are themselves coordinated by five and the selenate
ions by four Pr3+ ions. The coordination numbers of the F− ions are three and four, respec-
tively. The anions F− and SeO2−

3 are arranged into layers parallel to the (100) plane along with
the Pr3+ ions. The layers are connected along [100] via SeO2−

4 groups (fig. 23). The linkage
of the coordination polyhedra leads to cavities in the crystal structure which incorporate the
lone pairs of the selenite ions. The structure of Pr4(SeO3)2(SeO4)F6 is very similar to those
of La2(SeO3)3 and LaFSeO3 as may be seen by comparing thefigs. 23, 17, and 8.

The only selenate-selenite containing an alkali metal ion is NaSm(SeO3)(SeO4). It has also
been obtained from a decomposition reaction. In this case Sm2(SeO4)3 was decomposed in
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the presence of NaCl(Göhausen and Wickleder, 2002). The reaction was carried out in a gold
ampoule and led to light yellow single crystals. The crystal structure contains tenfold oxygen
coordinated Sm3+ ions. The oxygen atoms belong to five SeO2−

3 and two SeO2−
4 ions. Two of

the SeO2−
3 groups as well as one of the SeO2−

4 groups act as a chelating ligand. The sodium
ions are surrounded by five SeO2−

4 ions and one SeO2−
3 group. One of the selenate ions is

chelating leading to a coordination number of seven. Each selenite group is coordinated by
six (5× Sm3+ and 1× Na+), each selenate ion by seven cations (5× Na+ and 2× Sm3+).
Again, the structure provides empty voids for the incorporation of the lone pairs.
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aa acrylate

AAD adamantylideneadamantane-1,2-dioxetane

AIBN azobisisobutyronitrile

ALD atomic layer deposition

ALE atomic layer epitaxy

bath 4,7-diphenyl-1,10-phenanthroline (= bathophenanthroline)

bipy 2,2′-bipyridine

But butyl

But4N tetrabutylammonium

CBP 4,4′-N,N ′-dicarbazole-biphenyl

CN-PP poly[2-(6′-cyano-6′-methyl-heptyloxy)-1,4-phenylene]

CPE circularly polarized emission

CPL circularly polarized luminescence

CTMAB cetyltrimethylammonium bromide

CVD chemical vapor deposition

dam diantipirylmethane

dbso di-n-butylsulfoxide

dbzso dibenzylsulfoxide

D(fhd-d) deuterated 1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione

dhso dihexylsulfoxide

diglyme diethyleneglycol dimethyl ether

dipydike 1,3-(2-pyridyl)-propane-1,3-dione

distyphen 4,7-distyryl-1,10-phenanthroline

dmap 4-dimethylaminopyridine

dmbp 4,4′-dimethyl-2,2′-bipyridine

dme dimethoxyethane;= monoglyme;= monoethyleneglycol dimethyl ether

dmop 2,9-dimethyl-1,10-phenanthroline (= 2,9-dimethyl-o-phenanthroline)

dmso dimethylsulfoxide (used as ligand)

DMSO dimethylsulfoxide (used as solvent)

dppz dipyrido[3,2-a:2’,3′-c]phenazine

ee enantiomeric excess

epbm 1-ethyl-2-(2-pyridyl)benzimidazole

Et ethyl

Et4N tetraethylammonium

GPTMS 3-glycidoxypropyltrimethoxysilane

Hacac acetylacetone, 2,4-pentanedione

Hacac-F7 perfluoroacetylacetone, heptafluoroacetylacetone

Hbfa benzoyl-2-furanoylmethane

Hbpp 1,3-bis(3-pyridyl)-1,3-propanedione

Hbtfac benzoyltrifluoroacetone
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Hbzac benzoylacetone, 1-phenyl-1,3-butanedione

Hctta 5-chlorosulfonyl-2-thenoyltrifluoroacetone

Hdbbm di(4-bromo)benzoylmethane

Hdbm dibenzoylmethane, 1,3-diphenyl-1,3-propanedione

Hdcm d,d-dicampholylmethane

Hdcnp 1,3-dicyano-1,3-propanedione

H2dihed p-di(4,4,5,5,6,6,6-heptafluoro-1,3-hexanedionyl)benzene

Hdmbm 4,4′-dimethoxydibenzoylmethane

Hdmh 2,6-dimethyl-3,5-heptanedione

Hdnm dinaphthoylmethane

Hdpm dipivaloylmethane, 2,2,6,6-tetramethyl-3,5-heptanedione;= Hthd and Htmhd

Hdppm di(perfluoro-2-propoxypropionyl)methane

Hdtp 1,3-di(2-thienyl)-1,3-propanedione

Hfacam 3-(trifluoroacetyl)-d-camphor

Hfdh 6,6,6-trifluoro-2,2-dimethyl-3,5-hexanedione

Hfhd 1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione

Hfod 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione

Hftac 2-furyltrifluoroacetone;= 4,4,4,-trifluoro-1-(2-furyl)-1,3-butanedione

Hhfac hexafluoroacetylacetone, 1,1,1,5,5,5-hexafluoro-2,4-pentanedione

Hhfbc 3-(heptafluorobutyryl)-d-camphor

Hhfth 4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)-1,3-hexanedione

Hmdbm 4-methoxydibenzoylmethane

Hmfa 4-methoxybenzoyl-2-furanoylmethane

Hmhd 6-methyl-2,4-heptanedione

Hntac 2-naphthoyltrifluoroacetone, 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione

Hpbm 2-(2-pyridyl)benzimidazole

H2pdo 5,6-dihydroxy-1,10-phenanthroline

Hpmbp 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone

Hpmbbp 1-phenyl-3-methyl-4(4-butylbenzoyl)-5-pyrazolone

Hpmip 1-phenyl-3-methyl-4-isobutyryl-5-pyrazolone

Hpmtfp 1-phenyl-3-methyl-4-trifluoroacetyl-5-pyrazolone

Hpop 3-(5-phenyl-1,3,4-oxadiazol-2-yl)-2,4-pentanedione

Hppa 3-phenyl-2,4-pentanedione

Hppd 3-[3′,5′-bis(phenylmethoxy)phenyl]-1-(9-phenanthryl-1)propane-1,3-dione

Hpta 5,5-dimethyl-1,1,1-trifluoro-2,4-hexanedione; pivaloyltrifluoroacetone= Htpm

Hptp 1-phenyl-3-(2-thienyl)-1,3-propanedione

H(t-cam) 3-(tert-butylhydroxymethylene)-d-camphor

Htfac 1,1,1-trifluoro-2,4-pentanedione; trifluoroacetylacetone

Htfn 1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-nonanedione

Hthd 2,2,6,6-tetramethyl-3,5-heptanedione;= Hdpm and Htmhd

Htnb 4,4,4-trifluoro-1-(2-naphtyl)-1,3-butanedione (= Hntac)

Htpm 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione;= Hpta

Htmhd 2,2,6,6-tetramethyl-3,5-heptanedione;= Hdpm and Hthd
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Htmod 2,2,6,6-tetramethyl-3,5-octanedione

Htrimh 2,2,6-trimethyl-3,5-heptanedione

Htod 2,2,7-trimethyl-3,5-octanedione

Htta 2-thenoyltrifluoroacetone, 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione

H2bcot 1,10-bis(8′-chlorosulfo-dibenzothiophene-2′-yl)-4,4,5,5,6,6,7,7-octafluorodecane-1,3,8,10-

tetraone

H2bctot 1,10-bis(5′-chlorosulfo-thiophene-2′-yl)-4,4,5,5,6,6,7,7-octafluorodecane-1,3,8,10-tetraone

H2bhhct 4,4′-bis(1′′,1′′,1′′,2′′,2′′,3′′,3′′-heptafluoro-4′′,6′′-hexanedione-6′′-yl)-chlorosulfo-o-terphenyl

H2btbct 4,4′-bis(1′′,1′′,1′′-trifluoro-2′′,4′′-butanedione-6′′-yl)-chlorosulfo-o-terphenyl

heptaglyme heptaethyleneglycol dimethyl ether

Hex4N tetrahexylammonium

HMDS hexamethyldisilazane

hmteta hexamethyltriethylenetetramine

ITO indium tin oxide

MCD magnetic circular dichroism

MCM-41 Mobil Corporation Material 41

MCPL magnetic circularly polarized luminescence

MOCVD metalorganic chemical vapor deposition

monoglyme monoethyleneglycol dimethyl ether;= dme

n refractive index

OLED organic light emitting diode

opb 1-octadecyl-2-(2-pyridyl)benzimidazole

ormosil organically modified silicate

PBD 2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole

Pc phthalocyanine

pha N -phenylacetamide

phen 1,10-phenanthroline

phenNO 1,10-phenanthroline-N -oxide

3-pic 3-picoline, 3-methylpyridine

4-pic 4-picoline, 4-methylpyridine

4-picO 4-picolineN -oxide

pip piperidine

pipH+ piperidinium

piphen 2-phenyl-imidazo[4,5-f]1,10-phenanthroline

pmdeta pentamethyldiethylenetriamine

PMMA poly(methylmethacrylate)

PMPS poly(methylphenylsilane)

POF polymer optical fiber

POFA polymer optical fiber amplifier

PVC poly(vinyl chloride)

PVK poly(N -vinylcarbazole)

PVP poly(vinylpyrrolidone)

PVV poly(phenylene–vinylene)
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py pyridine

pyO pyridine-N -oxide

pyr pyrazine

salen N,N ′-ethylene bis(salicylideneimine)

salophen N,N ′-phenylene bis(salicylideneimine)

tbp tri-n-butylphosphate

tbpo tri-n-butylphosphine oxide

tetraglyme tetraethyleneglycol dimethyl ether

terpy 2,2′,6′,2′′-terpyridyl

TEOS tetraethoxysilane

TFA trifluoroacetic acid

thf tetrahydrofuran (used as ligand)

THF tetrahydrofuran (used as solvent)

tmeda N,N,N ′,N ′-tetramethylethylenediamine

TMOS tetramethoxysilane

triglyme triethyleneglycol dimethyl ether

TPD 4,4′-bis[N -(p-tolyl)-N -phenyl-amino]biphenyl;= N,N ′-diphenyl-N,N ′-(3-methyl

phenyl)-1,1′-biphenyl-4,4′-diamine

tppo triphenylphosphine oxide

� luminescence quantum yield

ηext external quantum efficiency (of OLED)

ηp power efficiency (of OLED)

1. Introduction

Rare-earthβ-diketonates are complexes ofβ-diketones (1,3-diketones) with rare-earth ions.
These complexes are the most popular and the most intensively investigated rare-earth coordi-
nation compounds. This popularity is partially due to the fact that many differentβ-diketones
are commercially available and the fact that the synthesis of the corresponding rare-earth
complexes is relatively easy. However, the main drive for the intense research activity on the
rare-earthβ-diketonates was and is still their potential of being used in several applications.
The first rare-earthβ-diketonates have been prepared by Urbain at the end of the 19th century
(Urbain, 1897). He synthesized the tetrakis acetylacetonate complex of cerium(IV) and the
hydrated tris acetylacetonate complexes of lanthanum(III), gadolinium(III) and yttrium(III).
Over the years, four different periods of research interest in rare-earthβ-diketonates can be
distinguished. At the end of the 1950s and in the beginning of the 1960s, these compounds
were explored as extractants in solvent–solvent extraction processes. In the middle of the
1960s, the rare-earthβ-diketonates were recognized as potential active compounds for chelate
lasers or liquid lasers. The Golden Years of the rare-earthβ-diketonates was the period 1970–
1985 when these compounds were frequently used as NMR shift reagents. In the 1990s, a new
period of intense research activity on rare-earthβ-diketonates started, now triggered by the ap-
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plication of these compounds as electroluminescent materials in organic light emitting diodes
(OLEDs), as volatile reagents for chemical vapor deposition or as catalysts in organic reac-
tions.

Three main types of rare-earthβ-diketonate complexes have to be considered: tris com-
plexes, Lewis base adducts of the tris complexes (ternary rare-earthβ-diketonates) and tetrakis
complexes. The neutral tris complexes or tris(β-diketonates) have threeβ-diketonate ligands
for each rare-earth ion and they can be represented by the general formula [R(β-diketonate)3].
Because the coordination sphere of the rare-earth ion is unsaturated in these six-coordinate
complexes, the rare-earth ion can expand its coordination sphere by oligomer formation (with
bridgingβ-diketonates ligands), but also by adduct formation with Lewis bases, such as wa-
ter, 1,10-phenanthroline, 2,2′-bipyridine or tri-n-octylphosphine oxide. It is also possible to
arrange fourβ-diketonate ligands around a single rare-earth ion and in this way tetrakis com-
plexes or tetrakis(β-diketonates) with the general formula [R(β-diketonate)4]− are formed.
These complexes are anionic and the electric neutrality is achieved by a counter cation. The
cation can be an alkali-metal ion (Li+, Na+, K+, Cs+, Rb+), but more often it is a protonated
organic base (pyridinium, piperidinium, isoquinolinium,. . .) or a quaternary ammonium ion
(Et4N, But4N, Hex4N, . . .).

Although hundreds of different rare-earthβ-diketonate complexes have been described
in the literature, only few of them have been thoroughly investigated. The most popular
luminescent rare-earth complex is [Eu(tta)3(phen)], where tta is the conjugated base of 2-
thenoyltrifluoroacetone (Htta) and phen represents 1,10-phenanthroline. The most often used
rare-earthβ-diketonate complexes are however the [R(fod)3] and the [R(thd)3] complexes,
where fod is the conjugate base of 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione
(Hfod) and thd is the conjugate base of 2,2,6,6-tetramethyl-3,5-heptanedione (Hthd). These
compounds were originally developed as NMR shift reagents, but they have now found a wide
use as volatile precursors for chemical vapor deposition, and the [R(fod)3] complexes are also
used as Lewis acid catalysts in organic reactions.

The popularity of the rare-earthβ-diketonates is not reflected in an extensive review litera-
ture. Only two major reviews on rare-earthβ-diketonates have been written in the past, namely
the contribution of Forsberg in Gmelin Handbuch der anorganischen Chemie(Forsberg, 1981)
and the book of Wenzel on NMR shift reagents(Wenzel, 1986). Other reviews had a wider
scope, such as the book of Mehrotra on metalβ-diketonates(Mehrotra et al., 1978), or were
focused on one application such as NMR shift reagents or catalysis (see sections9 and13 of
this Chapter). Properties of rare-earthβ-diketonate complexes have been discussed in several
of the previous chapters in this Handbook, but the information is fragmentary because these
chapters were not focused on rare-earthβ-diketonates as such.Thompson (1979)gives in
Chapter 25 an overview of rare-earth coordination compounds with organic ligands and men-
tions shortly the rare-earthβ-diketonates.Weber (1979)describes in Chapter 35 the rare-earth
lasers, including the rare-earth chelate lasers. NMR shift reagents are discussed in Chapter 38
(Reuben and Elgavish, 1979). Long (1986)gives in Chapter 57 an overview of earlier work
onβ-diketonate complexes as catalysts in organic reactions.Shen and Ouyang (1987)review
in Chapter 61 stereospecific polymerization by rare-earth coordination catalysts, and some of
these catalysts are rare-earthβ-diketonates.
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Because research on rare-earthβ-diketonates spans a period of more than one century, and
because part of the older work has been published in lesser known journals or has not been
described in detail in the review literature, much of the older work is overlooked by younger
generations of researchers. It often happens in this field that nowadays results are presented as
new research data, although these reported properties have been well-documented more than
40 years ago. This is especially true for luminescent rare-earthβ-diketonates. This chapter
gives an overview of the different types of rare-earthβ-diketonate complexes, with emphasis
on those properties that can be of interest for potential applications. This review does not
describe only the new developments in the field, but also summarizes the most relevant data
in the older literature.

First, I present the types ofβ-diketones that are being used for the preparation of rare-earth
β-diketonate complexes. The different synthetic routes will be compared, and the most im-
portant physical properties of these complexes will be presented. An overview of the crystal
structures of rare-earthβ-diketonates is given. Because of the importance of the rare-earthβ-
diketonates as molecular luminescent materials, a large part of this chapter is devoted to funda-
mental aspects of these luminescent compounds. Following on the part on luminescence, other
properties of the rare-earthβ-diketonates are presented, in relation with the corresponding ap-
plication (NMR shift reagents, precursors for chemical vapor deposition, catalyst, extracting
agent,. . .). Literature data have been collected up to the end of 2004.

Throughout this chapter, theβ-diketones are denoted by their abbreviation, and a difference
is made between theβ-diketone and the correspondingβ-diketonate ligand that is obtained
by deprotonation of theβ-diketone (i.e. the conjugate base of theβ-diketone). For instance,
Hacac stands for acetylacetone, and acac is the acetylacetonate ligand. An overview of the
different abbreviations can be found in the list at the beginning of this chapter, as well as in
table 1and infigs. 1 and 2. In the chapters of this Handbook, a difference is made between the
terms “rare earths” and “lanthanides”, in the sense that the lanthanides are the elements with
atomic number between 57 (lanthanum) and 71 (lutetium), whereas the rare earths represent
the lanthanides together with the elements yttrium and scandium. This chapter describes the
rare-earthβ-diketonates and I will consistently use the term “rare-earthβ-diketonates”, except
in the parts that describe the luminescence behavior of these complexes, where I will use the
term “lanthanideβ-diketonates”. This is because scandium and yttrium are spectroscopically
inactive.

2. Overview ofβ-diketone ligands and types of complexes

The β-diketones or 1,3-diketones bear two carbonyl groups that are separated by one car-
bon atom. This carbon atom is theα-carbon. In mostβ-diketones, the substituents on theα-
carbon are hydrogen atoms. Only very few examples of rare-earth complexes ofα-substituted
β-diketonates are known. The substituent on the carbonyl function can be an alkyl group,
a fluorinated alkyl group, an aromatic or an heteroaromatic group. The simplestβ-diketone
is acetylacetone (Hacac), were the substituents on both carbonyl groups are methyl groups.
All other β-diketones can be considered as derived from acetylacetone by substitution of the
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Table 1
Overview ofβ-diketones that can act in their deprotonated form as ligands for rare-earth ions

Abbreviation Name Synonym

Hacac acetylacetone 2,4-pentanedione

Hacac-F7 perfluoroacetylacetone heptafluoroacetylacetone

1,1,1,3,5,5,5-heptafluoro-2,4-pentanedione

Hbfa benzoyl-2-furanoylmethane

Hbpp 1,3-bis(3-pyridyl)-1,3-propanedione

Hbtfac benzoyltrifluoroacetone

Hbzac benzoylacetone 1-phenyl-1,3-butanedione

Hdbbm di(4-bromo)benzoylmethane

Hdcm d,d-dicampholylmethane

Hdmbm 4,4′-dimethoxydibenzoylmethane

Hdmh 2,6-dimethyl-3,5-heptanedione

Hdnm dinaphthoylmethane

Hdpm dipivaloylmethane 2,2,6,6-tetramethyl-3,5-heptanedione

Hdppm di(perfluoro-2-propoxypropionyl)methane

Hdtp 1,3-di(2-thienyl)-1,3-propanedione

Hfacam 3-(trifluoroacetyl)-d-camphor

Hfdh 6,6,6-trifluoro-2,2-dimethyl-3,5-hexanedione pivaloyltrifluoroacetone

5,5-dimethyl-1,1,1-trifluoro-2,4-hexanedione

Hfhd 1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione

Hfod 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione

Hftac 2-furyltrifluoroacetone 4,4,4-trifluoro-1-(2-furyl)-1,3-butanedione

Hhfac hexafluoroacetylacetone 1,1,1,5,5,5-hexafluoro-2,4-pentanedione

Hhfbc 3-(heptafluorobutyryl)-d-camphor

Hhfth 4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)-1,3-hexanedione

continued on next page
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Table 1,continued

Abbreviation Name Synonym

Hmfa 4-methylbenzoyl-2-furanoylmethane

Hmhd 6-methyl-2,4-heptanedione

Hntac 2-naphthoyltrifluoroacetone 4,4,4-trifluoro-1-(2-naphtyl)-1,3-butanedione

Hpop 3-(5-phenyl-1,3,4-oxadiazol-2-yl)-2,4-pentanedione

Hppa 3-phenyl-2,4-pentanedione

Hpta (= Htpm) pivaloyltrifluoroacetone 5,5-dimethyl-1,1,1-trifluoro-2,4-hexanedione

Hptp 1-phenyl-3-(2-thienyl)-1,3-propanedione

H(t-cam) 3-(tert-butylhydroxymethylene)-d-camphor

Htfac trifluoroacetylacetone 1,1,1-trifluoro-2,4-pentanedione

Htfn 1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-nonanedione

Hthd (= Hdpm, Htmhd) 2,2,6,6-tetramethyl-3,5-heptanedione dipivaloylmethane

Htnb 4,4,4,-trifluoro-1-(2-naphtyl)-1,3-butanedione

Htmod 2,2,6,6-tetramethyl-3,5-octanedione

Htrimh 2,2,6-trimethyl-3,5-heptanedione

Htod 2,2,7-trimethyl-3,5-octanedione

Htta 2-thenoyltrifluoroacetone 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione
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Fig. 1. Structures ofβ-diketones with aliphatic substituents. The molecules are in the keto form. The abbreviations
are explained intable 1.

CH3 groups by other groups. Examples of other commonβ-diketones are benzoylacetone
(Hbzac), benzoyltrifluoroacetone (Hbtfac), dibenzoylmethane (Hdbm), hexafluoroacetylace-
tone (Hhfac), 2-thenoyltrifluoroacetone (Htta), 2,2,6,6-tetramethyl-3,5-heptanedione (Hthd)
and 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione (Hfod). An overview of theβ-
diketones that are often used for complex formation with rare-earth ions are shown infigs. 1
and 2, and in table 1. The choice of the substituents influences the properties of the cor-
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Fig. 2. Structures ofβ-diketones with aromatic and heterocyclic substituents. The molecules are in the keto form.
The abbreviations are explained intable 1.
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Fig. 3. Keto-enol equilibrium in acetylacetone.

responding rare-earth complexes. For instance, branched alkyl chains such as thetert-butyl
group increase the solubility in organic solvents and the volatility. Perfluorinated alkyl groups
increase the Lewis acidity. Theβ-diketones with aromatic substituents have a stronger light
absorption than theβ-diketones with only aliphatic substituents. The substituents have also
an influence on the position of the energy levels of the ligand (singlet and triplet states). The
position of the triplet is important, because this is one of the determining factors for the lumi-
nescence output. Many luminescent rare-earthβ-diketonate complexes have ligands with one
electron-donating group and one electron-withdrawing group in the same ligand. Examples
are complexes of benzoyltrifluoroacetone or 2-thenoyltrifluoroacetone.

The β-diketones exhibit keto–enol tautomerism (fig. 3). In the enol form the H-atom of
the alcohol function is hydrogen-bonded to the carbonyl O-atom. It is common practice to
express the composition of aβ-dicarbonyl system by the molar percentage of the enol tau-
tomer at equilibrium, rather than by the equilibrium constantK ([enol form]/[keto form]).
The amounts of keto- and enol form can be determined by integration of the keto and the
enol resonance peaks in the1H NMR spectrum. The keto–enol tautomerism ofβ-diketones
has been extensively reviewed byEmsley (1984). The position of the keto–enol equilibrium
depends on a variety of factors such as the substituents on theβ-dicarbonyl system, the sol-
vent, the temperature and the presence of other species in solution that are capable of forming
hydrogen bonds. The presence of an alkyl substituent on theα-carbon, decreases the amount
of enol form. Whereas at room temperature 81% of the acetylacetone molecules are present in
the enol form, this amount is reduced to 28% when a methyl group is placed in theα-position.
Bulky alkyl groups such as the isopropyl group or thesec-butyl group depress the amount of
enol form to almost 0%. The size of theα-substituent is not the only determining factor, since
the presence of a chlorine group in theα-position increases the amount of enol form to 92%.
On the other hand, a bromine group reduces the amount of enol form to 46%. The presence
of a methyl group in theα-position depresses the amount of enol form in otherβ-diketones
than acetylacetone. For instance, introduction of a methyl group in theα-position of benzoy-
lacetone reduces the amount of enol form from 98% in pure benzoylacetone to 4% in the
methyl-substituted benzoylacetone. Whereas in neat dibenzoylmethane, 100% of the mole-
cules are in the enol form, 0% of the molecules ofα-methyl dibenzoylmethane are present
in the enol form. It is difficult to correlate the position of the keto–enol equilibrium to the
bulkiness of substituents in theβ-positions, although branching of the alkyl group increases
the amount of the enol form(Koshimura et al., 1973). The presence of electron-withdrawing
groups, such as CF3 groups, favors the enol form(Burdett and Rogers, 1964). When four
or more fluorine atoms are present in the molecule, the enolization is complete(Paskevich
et al., 1981). For instance, 100% of the molecules of hexafluoroacetylacetone are in the enol
form. Also phenyl groups favor the enol form(Burdett and Rogers, 1964). It was already
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mentioned above that 100% of the molecules of dibenzoylmethane are in the enol form. The
lower the polarity of the solvent, the higher is the percentage of the enol form. In CCl4, 94%
of the acetylacetone molecules are present in the enol form, whereas in acetonitrile this value
is reduced to 36%. The amount of enol form decreases with increasing temperatures. As the
degree of enolization increases, the acidity of the enol proton decreases(Hammond et al.,
1959). In the case of unsymmetrically-substitutedβ-diketones, two different enol forms are
possible.Lowe and Ferguson (1965)have shown that benzoylacetylacetones (with different
substituents in thepara-position of the phenyl group) are enolized towards the phenyl group.

When theβ-diketone is deprotonated, the proton is removed from theα-carbon (if theβ-
diketone is in the keto form) or from the alcohol group (if theβ-diketone is in the enol form).
The acidity of theβ-diketone depends on the substituents. Electron-withdrawing groups in-
crease the acidity, whereas electron-donating groups decrease it. Because of the presence of
the two carbonyl groups, the proton on theα-carbon is quite acidic and it can be removed
by relatively weak bases. Examples of bases that are used for deprotonation ofβ-diketones
are ammonia, sodium hydroxide, piperidine or pyridine. A much stronger base is needed to
remove a second proton. The negative charge of theβ-diketonate ligand is delocalized, as it
is in the rare-earthβ-diketonates, which form six-membered chelate rings.

Manyβ-diketones are commercially available at reasonable low prices, so that the synthe-
sis of the rare-earthβ-diketonates can often be restricted to the synthesis of the complexes,
without the need to bother about the ligand synthesis. Only in the case that exoticβ-diketones
are needed or when newβ-diketones are designed, the worker in the field of rare-earthβ-
diketonates has to synthesize theβ-diketones himself/herself. The classic method for the syn-
thesis ofβ-diketones is the Claisen condensation between a deprotonated methylketone and
an ethyl or a methyl ester(Reid and Calvin, 1950; Barkley and Levine, 1951, 1953; Park
et al., 1953; Springer et al., 1967; Wenzel et al., 1985c; Ohta et al., 1981; Ohta et al., 1994;
Barbera et al., 1992; Fan and Lai, 1996). In general, the yields vary from 20 to 80%. For
instance, benzoyltrifluoroacetone can be prepared by reaction between ethyl trifluoroacetate
(1 eq.) and acetophenone (1 eq.) in dry diethyl ether, in the presence of sodium methox-
ide (1.05 eq.) as the base(Reid and Calvin, 1950). In the general procedure, the ester is
added dropwise to the suspension of sodium methoxide in diethyl ether, followed by drop-
wise addition of the ketone. The ketone is added as the last component, in order to avoid
self-condensation. Theβ-diketone is isolated by acidic workup. Solidβ-diketones are pu-
rified by recrystallization. Liquidβ-diketones can be purified by steam distillation or by
vacuum distillation. Some authors purify the crude product by converting it first into the
corresponding copper(II) complex. The copper(II) chelate is subsequently purified, for in-
stance by recrystallization, and the pureβ-diketone is obtained after decomposition of the
copper(II) complex by a diluted aqueous sulfuric acid solution or by hydrogen sulfide. Instead
of sodium methoxide, other bases can be used, for instance sodium ethoxide, sodium amide
or sodium hydride(Paskevich et al., 1981). Dry diethyl ether can be replaced by benzene,
toluene, dimethoxyethane or dimethyl sulfoxide (DMSO).

Ternary rare-earthβ-diketonates contain one or two additional ligands besides theβ-di-
ketonate ligands. These ligands act as Lewis bases, and form adducts with trisβ-diketonate
complexes because of the tendency of the rare-earth ion to expand its coordination sphere
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Fig. 4. Lewis bases that form adducts with rare-earth trisβ-diketonates. Abbreviations: bipy= 2,2′-bipyridine;
phen= 1,10-phenanthroline; terpy= 2,2′,6′,2′′-terpyridyl; bath= bathophenanthroline or 4,7-diphenyl-1,10-phe-
nanthroline; Hpbm= 2-(2-pyridyl)benzimidazole; tppo= triphenylphosphine oxide; tbpo= tri-n-butylphosphine

oxide; topo= tri-n-octylphosphine oxide; tbp= tributylphosphate; dmso= dimethylsulfoxide.

and to achieve a coordination number higher than six (typically eight or nine). Because the
trivalent rare-earth ions are hard Lewis acids, the trisβ-diketonate complexes form preferen-
tially complexes with oxygen-donor or nitrogen-donor Lewis bases. An overview of Lewis
bases that are often found in rare-earthβ-diketonate complexes is given infig. 4. Two very
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popular Lewis bases are theN -donor ligands 1,10-phenanthroline (phen) and 2,2′-bipyridine
(bipy), because the resulting europium(III) complexes show often an intense luminescence.
TheseN -donor ligands can be modified by substituents on the heterocycle ring. For in-
stance 2,9-dimethyl-1,10-phenanthroline can be used instead of 1,10-phenanthroline(Holz
and Thompson, 1993). New types of Lewis bases are the imidazo[4,5-f]1,10-phenanthroline,
such as 3-ethyl-2-(4′-dimethylaminophenyl)-imidazo[4,5-f]1,10-phenanthroline or 2-(4′-
dimethylaminophenyl) imidazo[4,5-f]1,10-phenanthroline(Bian et al., 2002). Another new
type of Lewis bases are 1,4-diaza-1,3-butadiene derivatives(Fernandes et al., 2004).

3. Synthetic strategies

Although rare-earthβ-diketonates have been known for more than one century, reliable syn-
thetic procedures have been described only in 1964(Bauer et al., 1964; Melby et al., 1964).
Many of the earlier reported synthetic procedures gave impure compounds or compounds
with an ill-defined composition. Moreover, much of these studies have been performed by
physicists who neglected to fully characterize the materials they were measuring on. Several
of the older papers on rare-earthβ-diketonates describe tris complexes which are in reality
either hydrates, hydroxy bis(β-diketonates), tetrakis complexes or polymeric materials. With-
out precautions, only tris chelates ofβ-diketonates with bulky substituents (e.g. [R(thd)3]
or [R(fod)3]) can be obtained easily in anhydrous form. A number of earlier workers have
used the so-called “piperidine method” described byCrosby et al. (1961). According to this
method, the tris chelates were prepared by addition of piperidine to a solution of the cor-
responding rare-earth chloride and theβ-diketone in water, ethanol or methanol. A modified
procedure for the synthesis of dibenzoylmethanate complexes(Whan and Crosby, 1962)men-
tions that an alcoholic solution of the rare-earth chloride and an 25% excess of Hdbm was
treated with piperidine and part of the solvent was evaporated to precipitate the rare-earth
β-diketonate complex. The experimental procedure further mentions that is was necessary to
heat the crude product for a prolonged time in vacuo at 125–150◦C to drive off an “extra mole
of chelating agent”. Experimental methods such as these were found very difficult to repro-
duce. It is not easy to get rid of all the excess of theβ-diketone. Much of the confusion in the
earlier works was caused by the fact that it was not realized that the rare-earth ions can have
coordination numbers higher than six. In two often-cited papers that were published in the
Journal of the American Chemical Society,Bauer et al. (1964)andMelby et al. (1964)give
experimental procedures for the synthesis of the adducts of the tris and tetrakis complexes.
The careful reader will not only notice that these papers not only follow each other in the
same issue of JACS, but that moreover they have been received the same date (July 17, 1964)
at the editorial office of the journal.Bauer et al. (1964)discusses three different methods to
prepare rare-earth tetrakisβ-diketonate complexes, and the authors also describe the synthe-
sis of [Tb(tta)3(phen)]. The different synthetic routes to the tetrakis complexes differ mainly
in the type of base that has been used. Theβ-diketone and the rare-earth chloride are first
dissolved in hot ethanol at a 4:1 molar ratio. In the case of the complexes with piperidinium
as the counter ion, piperidine is a base strong enough to deprotonate theβ-diketone, and no
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other base has to be used. In the case of complexes with tetrapropylammonium counter ions,
tetrapropylammonium hydroxide was used as the base and as provider for the counter ion. For
the synthesis of complexes withN -hexadecylpyridinium counter ions, the counter ions was
provided byN -hexadecylpyridinium chloride, and a 2.0 N NaOH solution was used as the
base. In the case of [Tb(tta)3(phen)], a 2.0 N NaOH solution was used as the base as well. 1,10-
Phenanthroline was added, after the precipitated NaCl was filtered off. It should be noticed
that in all cases, the rare-earth chloride salts was added to theβ-diketone, before addition of
the base.Melby et al. (1964)describe the synthesis of several hydrated tris complexes, Lewis
base adducts of tris complexes and tetrakis complexes. The synthetic procedures vary from
compound to compound. In contrast to the work ofBauer et al. (1964), Melby et al. (1964)
add the rare-earth after deprotonation of theβ-diketone by an appropriate base. The latter
authors use not only hydrated rare-earth chloride salts as starting reagents, but hydrated rare-
earth nitrate salts as well. Lewis base adducts of the tris complexes can prepared by dissolving
the anhydrous tris complex and the Lewis base in a suitable solvent (1:1 ratio for a bidentate
Lewis base and a 1:2 ratio for a monodentate Lewis base). When adducts of bidentate Lewis
bases are prepared, one can use hydrated tris complexes as the starting material, because the
bidentate ligands will expel the water molecules out of the first coordination sphere(Melby
et al., 1964). Charles and Ohlmann (1965a)prepared adducts of [R(dbm)3] with monodentate
Lewis bases (e.g. dmf, dmso, pyridine, pyridine-N -oxide, piperidine) by dissolving anhydrous
[R(dbm)3] in an excess of the Lewis base, either as the pure liquid or as a solution in toluene.
The adducts were isolated by evaporation of the excess of liquid or by precipitation with pe-
troleum ether.Mattson et al. (1985)had difficulties in obtaining pure Lewis base adducts of
[Eu(fod)3], due to the high solubility of [Eu(fod)3] in the usual organic solvents and the ten-
dency of the corresponding Lewis base adducts to form an oil, and they had to carefully select
the solvent system and the working conditions. For instance, [Eu(fod)3(phen)] was obtained
by mixing of equimolar quantities of [Eu(fod)3] and 1,10-phenanthroline in a small volume
of hexane. Crystals of the adduct were formed upon slow evaporation of the solvent at room
temperature. The solid was recrystallized from heptane. [Eu(fod)3(dmso)] was made in ethyl
acetate, [Eu(fod)3(bipy)] in chloroform.

Most of the rare-earthβ-diketonate complexes are prepared using the chloride as the rare-
earth salt, although other studies mention the corresponding nitrate salt. Because of the greater
coordinating power of nitrate ions in comparison with chloride ions, there is the possibility
that if nitrate salts are used as a reagent for the synthesis of rare-earthβ-diketonate com-
plexes, the resulting complex contains a coordinating nitrate group. An example is the tri-
boluminescent complex [Eu(NO3)(tta)2(tppo)2] (Zhu et al., 1993). Melby et al. (1964)re-
port that [Eu(tta)3(tppo)2] could only be prepared starting from europium(III) chloride, not
from europium(III) nitrate. Attempts to synthesize this compound from europium(III) nitrate,
gave [Eu(tta)2(tppo)2(NO3)], even in the presence of an excess of triphenylphosphine oxide.
[R(acac)(terpy)(NO3)2(H2O)n] complexes were prepared byFukuda et al. (2002).

Lyle and Witts (1971)made a critical examination of different methods that have been
used previously by other workers to prepare tris and tetrakisβ-diketonate complexes of eu-
ropium(III). They mention that the molar ratios in which theβ-diketone, the base and the
europium(III) salts are mixed, give only a rough guide to the stoichiometry of the reaction
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product. Although it is generally recognized that aβ-diketone:base:europium(III) ratio of
3:3:1 favors the formation of the tris complex, and a ratio 4:4:1 favors the formation of the
tetrakis complex, unexpected results are possible. If water is not excluded from the reaction
mixture, the tris complexes are invariable hydrated (monohydrate, dihydrate or even trihy-
drate), except when very bulkyβ-diketone ligands are used. In favorable cases, the hydrated
tris complexes can be converted in the anhydrous forms(Belcher et al., 1969a). Dibenzoyl-
methanate complexes [R(dbm)3]·H2O tend to decompose by hydrolysis on heating, and give
a basic product, e.g. [R(dbm)2(OH)] (Ismail et al., 1969). Further studies have shown that the
[R(dbm)2(OH)] compounds are polymeric. Differences from the predicted stoichiometries
can be expected when a bidentate Lewis base is present in solution and when not enough base
is used for the deprotonation of theβ-diketone ligands. For instance,Wang et al. (1994c)ob-
tained a compound with composition [Eu(dbm)3(bipy)](Hdbm) when dibenzoylmethane and
2,2′-bipyridine were mixed with Eu(NO3)3·6H2O in dry ethanol, in the absence of a base. The
crystal structure of the compound shows that the neutral Hdbm molecule is non-coordinating.

Preparation of the anhydrous tris acetylacetonate complexes is very difficult(Liss and Bos,
1977). The general synthetic procedures will lead to hydrated complexes. Attempts to remove
hydration water by vacuum drying often lead to partial hydrolysis, especially in the case of
the heavy lanthanides.Koehler and Bos (1967)prepared the pure anhydrous tris acetylace-
tonate complexes of dysprosium(III), holmium(III) and erbium(III) by the reaction of the
corresponding rare-earth hydride with purified acetylacetone. Later on, also pure anhydrous
acetylacetonates of gadolinium(III), terbium(III) and yttrium(III) could be obtained by this
method(Przystal et al., 1971), but not complexes of lanthanum(III), neodymium(III) and eu-
ropium(III) (Liss and Bos, 1977). Liss and Bos (1977)were able to synthesize the anhydrous
tris acetylacetonates by very careful vacuum drying. Dehydration was carried out in a vac-
uum of 10−5–10−6 Torr at 60–80◦C over periods of 5–8 days. This procedure lead to amor-
phous anhydrous tris acetylacetonates of lanthanum(III), neodymium(III), samarium(III),
europium(III), gadolinium(III) and terbium(III). Crystalline [Nd(acac)3], [Eu(acac)3] and
[Gd(acac)3] were obtained by recrystallization from acetylacetone of the amorphous an-
hydrous acetylacetonates, under anhydrous conditions. Other methods to obtain anhydrous
acetylacetonate complexes are discussed further in this section.

More than 95% of the rare-earthβ-diketonate complexes described in the literature have
been prepared by the metathesis reaction between the sodium or ammonium salt of aβ-
diketone and a rare-earth salt (chloride or nitrate) in water or ethanol as the solvent. In most
cases, these methods work well, especially when the pH of the reaction mixture is controlled
during the synthesis. Sometimes other synthetic routes have to be used, for instance when
strictly anhydrous complexes are needed, or when complexes are wanted that are free of con-
taminating anions or cations. Complexes can be obtained by direct synthesis between a rare-
earth metal and aβ-diketone in an 1:3 molar ratio in an inert solvent (for instance toluene).
Hydrogen gas is evolved and a trisβ-diketonate complex is formed:

2R+ 6H(β-diketonate)→ 2R(β-diketonate)3 + H2 (1)

The trisβ-diketonate complexes prepared in this way are free from contaminating ions such
as sodium or chloride ions. It is evident that this method can be used only when the func-
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tional groups of theβ-diketone do not react with the rare-earth metal.Crisler (1975)pre-
pared [Sm(acac)3] by direct reaction between samarium metal and acetylacetone. When
the β-diketone has a high acidity, such as in the case of hexafluoroacetylacetone (Hhfac),
it is possible to make the rare-earthβ-diketonate complexes by direct reaction rare-earth
oxides. For instance, [R(hfac)3(diglyme)] complexes were prepared by reaction between
the corresponding rare-earth oxide, hexafluoroacetylacetone and diglyme in a 1:3:1 mo-
lar ratio, and with toluene as solvent(Fragala et al., 1996, 1998; Malandrino et al., 2001;
Evans et al., 2002). It is advisable to work with a slight excess of the rare-earth oxide, be-
cause the unreacted excess can easily be removed by filtration(Malandrino et al., 2001).
For preparation of [Ce(hfac)3(diglyme)] and [Tb(hfac)3(diglyme)], the acetylacetonate com-
plexes [Ce(acac)3] and [Tb(acac)3] were used instead of the oxides(Evans et al., 2002). The
[R(hfac)3(diglyme)] complexes can be handled in air without decomposition.

Another synthetic route is the reaction between aβ-diketone and a reactive rare-earth
compound, such as a rare-earth bis(trimethylsilyl)amide R{N(SiMe3)2} 3 or a rare-earth iso-
propoxide R(OiPr)3. The R{N(SiMe3)2} 3 can be easily obtained by reaction between a sus-
pension of RCl3 in THF with K[N(SiMe3)2] in toluene. The product is purified by sublima-
tion. The reaction product that is formed between an acidic ligand such as aβ-diketone and
R{N(SiMe3)2} 3 is the volatile HN(SiMe3)2 that can be removed from the reaction mixture
by evaporation. For example, the reaction between a rare-earth bis(trimethylsilyl)amide and
acetylacetone is given by

R{N(SiMe3)2} 3 + 3Hacac→ R(acac)3 + HN(SiMe3)2 (2)

Barash et al. (1993)obtained anhydrous [Y(acac)3]n by this method. The compound has a
good solubility in hydrocarbon solvents. Because of its low volatility, it is assumed that the
compound is not monomeric. Rare-earth isopropoxides can be prepared by reaction between
a rare-earth metal and isopropanol. By reaction between the rare-earth isopropoxide and a
β-diketone, isopropanol is formed:

R(OiPr)3 + 3Hacac→ R(acac)3 + iPrOH (3)

The isopropanol can be removed by azeotropic distillation with benzene. The composi-
tion of several rare-earth isopropoxides do not correspond to the simple stoichiometric for-
mula R(OiPr)3, but multinuclear aggregates such as R5O(OiPr)13 are formed.Mehrotra
et al. (1965)were the first to use this method for the preparation of anhydrous [Pr(acac)3]
and [Nd(acac)3], and this method was extended to the synthesis of other rare-earthβ-
diketonate complexes(Misra et al., 1967; Sankhla and Kapoor, 1966; Hasan et al., 1968,
1969). Gleizes et al. (1993)prepared anhydrous [Y(thd)3] by reaction between Hthd and
Y5O(OiPr)13 in toluene. Only few studies report on the use of organometallic rare-earth
compounds as starting product for the synthesis of rare-earthβ-diketonate complexes.Lim
et al. (1996)obtained anhydrous tris(β-diketonato)lanthanum(III) complexes by reaction be-
tween tris(methyl)lanthanum and three equivalents of theβ-diketone ligand in THF. The
reagents were mixed at 0◦C. Tris(methyl)lanthanum, La(CH3)3, was formed in-situ by re-
action of anhydrous lanthanum(III)chloride with methyllithium in THF at−78◦C, but the
lanthanum compound is stable at room temperature. Anhydrous praseodymium acetylaceto-
nates [Pr(acac)3] and M[Pr(acac)4] (M = Li, Na) where obtained via a solid state reaction
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(steel ball milling) between anhydrous PrCl3 and an alkali metal acetylacetonate(Zaitseva
et al., 1998). The formation of a tris or a tetrakis complex depends on the molar ratios in
which the reagents are mixed.Blackborow et al. (1976)prepared anhydrous tris acetylace-
tonate complexes of dysprosium(III) and erbium(III) by co-condensation at liquid nitrogen
temperature (77 K) of acetylacetone with metal atoms evaporated by a laser/thermal proce-
dure.

The work of Van Staveren et al. (2000)shows that the choice of the solvent can have
an influence on the type of complex that is formed. By reaction between erbium(III)
triflate, hexafluoroacetylacetone, cesium hydroxide and either 2,2′-bipyridine or 1,10-
phenanthroline in methanol, the dinuclear complexes [Er(hfac)2(µ-OCH3)(bipy)]2 and
[Er(hfac)2(µ-OCH3)(phen)]2 were formed, respectively. Methoxy groups are acting as bridg-
ing ligands. When the same reaction is performed in dry acetonitrile, the mononuclear com-
plexes [Er(hfac)3(bipy)] and [Er(hfac)3(phen)] were formed.

The synthesis of complexes of perfluoroacetylacetone (heptafluoroacetylacetone, Hacac-
F7) turned out to be a difficult task(Petrov et al., 2002). Reaction of freshly precipi-
tated Eu(OH)3·nH2O led to the formation of europium(III) trifluoroacetate, rather than to
the formation of aβ-diketonate complex. On the other hand, reaction between hydrated
europium(III) acetate and perfluoroacetylacetone in the presence of 1,10-phenanthroline
gave the polynuclear complexes [Eu4(phen)4(acac-F7)4(µ3-F)4(µ-F)2(µ-OCOCF3)2] and
[Eu2(phen)2(acac-F7)2(µ-OCOCF3)4]. Upon reaction between dry Eu(OAc)3 and Hacac-F7
in dry dichloromethane at room temperature, the complex [Eu(acac-F7)3(HOAc)3] was ob-
tained. The reaction can formally be regarded as a proton transfer reaction from Hacac-
F7 to the coordinated acetate ligands. The complex contains three coordinated acetic acid
molecules rather than acetate groups. It is possible to replace the weakly bound acetic acid
molecules by Lewis bases such as tppo. In this way, [Eu(acac-F7)3(tppo)2] was obtained.
This complex was also prepared by reaction between europium(III) acetate and Hacac-F7
in dry dichloromethane, in the presence of triphenylphosphine oxide. When triphenylphos-
phine oxide was replaced in the reaction by 2,2′-bipyridine, the dinuclear complex [Eu2(acac-
F7)4(OAc)2]2−[bipyH]+2 was formed. Here, 2,2′-bipyridine acts as a base, rather than as a
ligand. Although the synthesis of the acac-F7 complexes requires strictly anhydrous condi-
tions, the complexes are stable in moist air after synthesis.

Some tetrakisβ-diketonate complexes can be transformed into the corresponding anhy-
drous tris complexes in good yield(Lyle and Witts, 1971). The choice of the base is a critical
factor to make the procedure successful. The base should be strong enough to give adequate
ionization of theβ-diketone for formation of the tetrakis complex. For instance, isoquinoline
(KB = 2.5×10−9) is too weak to deprotonate Hdbm, but deprotonation of this weak acid can
be achieved by piperidine (KB = 1.6 × 10−3). The adduct formed between theβ-diketone
and the base should have an adequate thermal stability and volatility, so that is can be driven
off of the tetrakis complex in the thermal decomposition reaction. Piperidine is a often a good
choice as the base when tris complexes are prepared starting from the tetrakis complex. How-
ever, the alkali metal hydroxides are a bad choice in this methodology. This synthetic proce-
dure optimized byLyle and Witts (1971)is an improved version of the “piperidine method”
of Crosby et al. (1961), that has been described above. This is a good method to obtain anhy-
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drous [R(dbm)3] complexes. For instance,Lyle and Witts (1971)obtained [Eu(dbm)3] in high
yield by heating the piperidinium salt of the corresponding tetrakis complex at 135◦C under
vacuum for 24 hours.

Rare-earthβ-diketonate complexes can be synthesized by extraction methods.Halverson
et al. (1964a, 1964b)obtained Lewis base adducts of europium(III)β-diketonates by equili-
bration of an aqueous solution of europium(III) nitrate with a solution of theβ-diketone (or its
ammonium salt) and of the Lewis base in diethyl ether. As the Lewis base, trioctylphosphine
oxide (topo), tributylphosphate (tbp) or dihexylsulfoxide (dhso) were used. The molar ratios
Eu3+:diketone:Lewis base were 1:3:2. The complexes are formed in the ether layer, and could
be obtained as viscous oils from the ether solution.Richardson and Sievers (1971)prepared
tris complexes of 1,1,1,5,5,6,6,7,7,7-decafluoro-2,4-heptanedione by extraction of an aqueous
solution of the decafluoroheptanedione in diethyl ether. The rare-earth chlorides were used in
10 to 50% excess in order to prevent the formation of the corresponding tetrakis complexes.
[Eu(tta)3(phen)] was prepared by extraction of an aqueous solution of europium(III) chloride,
2-thenoyltrifluoroacetone and 1,10-phenanthroline with benzene(Melent’eva et al., 1966).
After separation of the benzene layer from the aqueous layer, the [Eu(tta)3(phen)] complex
was precipitated by addition of petroleum ether to the benzene layer.

Evans was the first to prepare and characterizeβ-diketonate complexes of divalent lan-
thanide ions(Evans et al., 1994). [Eu(thd)2(dme)2] and [Sm(thd)2(dme)2] were obtained by
reaction between 2 equivalents of Kthd and 1 equivalent of [EuI2(thf)2] or [SmI2(thf)2] in
THF, followed by addition of 2 equivalents of dimethoxyethane (dme). In an attempt to pre-
pare a complex with divalent europium from [Eu(hfac)3(diglyme)], Evans et al. (2002)in-
vestigated the reduction of this complex with potassium in toluene. Unexpectedly, crystals
of [EuF(hfac)3K(diglyme)]2 were obtained. Reaction of [EuI2(tf)2] with Khfa gave the com-
pound [Eu(hfac)3(diglyme)].

The standard procedure for purification ofβ-diketonates is by recrystallization. Often used
recrystallization solvents aren-hexane (e.g.Eisentraut and Sievers, 1965), n-heptane (e.g.
Mattson et al., 1985), or toluene (e.g.Ismail et al., 1969). Other recrystallization solvents
that have been used are ethyl acetate, ethanol and methanol.Lyle and Witts (1971)obtained
crystalline [Eu(btfac)3(H2O)2] by addition of water to a solution of the complex in acetone.
Complexes ofβ-diketonates that are dissolved in toluene or benzene can be precipitated by
addition of petroleum ether or hexane to this solution. Volatile rare-earthβ-diketonates such
as [R(thd)3] or [R(fod)3] can be purified by vacuum sublimation. For instance,Eisentraut and
Sievers (1965)purified a series of [R(thd)3] complexes by vacuum sublimation between 100
and 200◦C. It is often observed that trials to purifyβ-diketonate complexes by recrystalliza-
tion result in impurer compounds(Lyle and Witts, 1971). This is especially the case when
dihydrates are recrystallized in hydrocarbon solvents and the water of hydration has to be
recovered from the atmosphere. This is a slow process and the complex is more susceptible
to decomposition. For instance, ligand rearrangement or ligand oxidation can take place. In
order to avoid these problems with purification by recrystallization, it is advisable to use a
synthetic method that eliminates the need for recrystallization. However, this is not always
possible. Some rare-earthβ-diketonate complexes are obtained in the form of a viscous oil,
that crystallizes with difficulty or not at all. This is often a problem with complexes of highly
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fluorinated ligands. These viscous oils can be contaminated by residues of ligands, but pu-
rification is not easy. One can try to isolate the rare-earth complex by differential solution
in different solvents. Another possibility is to triturate the oil with water(Charles and Riedel,
1966). Liquid chromatography is not a good method for purification of rare-earthβ-diketonate
complexes, because of the labile nature of these compounds(Lyle and Witts, 1971). Desreux
et al. (1972)mention that purification of [R(fod)3] and [R(thd)3] complexes on alumina of
silica gel columns failed, because the complexes could not be eluted, even not with very polar
solvents. Partial deactivation of the columns with dimethyldichlorosilane did not improve the
elution.

Although the synthesis of rare-earthβ-diketonate complexes is usually carried out in air,
Eisentraut and Sievers (1965)found that the yields could be improved by evacuating the flask
with the reaction mixture, after the rare-earth salt was added to a solution of the sodium
salt of theβ-diketone. The authors argue that lower yields of synthesis in air are caused by
destructive air oxidation. Air oxidation during synthesis has been observed for transition metal
β-diketonates as well, for instance for [Ni(thd)2] (Johnson and Hammond, 1959).

Complexes of optically activeβ-diketones have been studied for their potential as chiral
NMR shift reagents (see section9.3). The most detailed study of these complexes (mainly
europium(III) complexes) is the paper ofMcCreary et al. (1974). Attempts to purify these
β-diketonate complexes by thin layer chromatography, molecular distillation or sublimation
often resulted in decomposition of the complexes.

Cyclodextrins are cyclic oligosaccharides composed of six, seven and eightD-gluco-
pyranose units linked by anα(1–4) glycoside linkage, which are termedα-, β-, and γ -
cyclodextrin respectively(Szejtli, 1998). The cyclodextrins form inclusion compounds with
different types of molecules.Brito et al. (1999)investigated the host guest interaction be-
tweenβ-cyclodextrin and [Eu(dbm)3(H2O)2] by spectroscopy.Braga et al. (2002)prepared
β-cyclodextrin inclusion compounds that contain [Eu(ntac)3(H2O)x ] and [Gd(ntac)3(H2O)x ].
The molar ratio of host to guest was either 3:1 or 1:1.

It is not only possible to synthesize rare-earth complexes with three or fourβ-diketonate
ligands for each rare-earth ion; mono and bisβ-diketonate complexes can be prepared as well
when a suitable metal-to-ligand ratio is chosen for the synthetic procedure. In these com-
plexes additional water molecules and/or hydroxy groups are present in the first coordination
sphere of the rare-earth ion. Aquahydroxybis(β-diketonato)lanthanide(III) complexes, [R(β-
diketonate)2(OH)(H2O)], were obtained by reaction of 2 eq. of theβ-diketone ligand and
1 eq. of a rare-earth nitrate in methanol, upon dropwise addition of a 4% aqueous ammonia
solution(Miyabayashi and Kinoshita, 1998). The reaction was complete after 1 hour stirring
at room temperature. The melting point of the [Nd(bzac)2(OH)(H2O)] complex is 170◦C and
that of [Nd(bzac)(OH)2(H2O)2] is 183◦C, whereas that of [Nd(bzac)3] is 180◦C. The authors
claim in their patent application that the bisβ-diketonate complexes have a better solubil-
ity and stability in polymerizable monomers such as styrene and methylmethacrylate than the
corresponding trisβ-diketonate complexes, so that these bisβ-diketonate complexes are good
starting materials for rare-earth-doped polymers.

Heteropolynuclear d-f complexes can be formed by adduct formation between a rare-earth
tris β-diketonate and a transition metal complex.Sasaki et al. (1998, 2000)reported the
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synthesis and structure of the dinuclear [Cu(salabza)R(hfac)3] complexes; where H2salabza
is N,N ′-bis(salicylidene)-2-aminobenzylamine, Hhfa is hexafluoroacetone and R= Gd,
Lu. The complexes were formed by a reaction between a solution of [R(hfac)3(H2O)2] in
methanol and a solution of [Cu(salabza)] in chloroform. Kuz’mina and coworkers(Aiki-
hanyan et al., 1999; Kuz’mina et al., 2000a, 2000b)studied heterobimetallic complexes
formed between [Cu(salen)] and [Ni(salen)] (H2salen= N,N ′-bis(salicylidene)ethylene-
diamine) and different rare-earthβ-diketonate complexes. Co-crystallization of an equimo-
lar mixture of [Y(hfac)3] and [Cu(acac)2] in ethanol resulted in the formation of crystals
of [Y(hfac)3(H2O)2Cu(acac)2]. In these compounds, the [Y(hfac)3(H2O)2] and [Cu(acac)2]
molecules are linked by intermolecular hydrogen bonds to form zigzag chains(Kuz’mina
et al., 2000b). This compound can thus not be considered as a genuine d-f complex. When
the compound is heated in vacuum, a ligand exchange and evolution of [Cu(hfac)2] into the
gas phase is observed. This behavior with [Cu(acac)2] is in contrast with that of [M(salen)]
complexes (M= Cu, Ni) that form [M(salen)R(hfac)3] compounds(Ramade et al., 1997;
Gleizes et al., 1998; Ryazanov et al., 2002). The rare-earth complexes of the type [R(hfac)3],
[R(fod)3] and [R(pta)3] were found to form complexes with [Cu(acacen)] or [Ni(acacen)],
where H2acacen isN,N ′-ethylenebis(acetylacetonimine)(Kuz’mina et al., 2002). The result-
ing binuclear complexes sublimed without decomposition at temperatures of 200–240◦C at
0.01 mm Hg.

Acetylacetonate has been used as counter ion in rare-earth porphyrin complexes(Wang
et al., 1974; Liu et al., 1994; Spyroulias et al., 1995; Jiang et al., 1995a, 1995b). In these
complexes, the rare-earth ion can be bonded to one porphyrin ring and to one acac ligands
so that a six-coordinate rare-earth complex is formed(Liu et al., 1994; Spyroulias et al.,
1995), or two additional water molecules can be bonded so that the coordination sphere of
the rare-earth ion is expanded to eight(Jiang et al., 1995a, 1995b). The spectroscopic prop-
erties of these complexes are determined by the porphyrin ligand and not by theβ-diketonate
ligand.

4. Structural properties

Detailed insight into the structure of the rare-earthβ-diketonates was only possible after crys-
tal structures could be determined by single crystal X-ray diffraction. At present, more than
two hundred crystal structures of different types of rare-earthβ-diketonate complexes can be
found in the database of the Cambridge Crystallographic Data Centre. Crystal structures of
tris complexes, tetrakis complexes, Lewis-base adducts of tris complexes and of dimers or
oligomers are available. Whereas unsolvated tris complexes have a six-coordinate rare-earth
ion, most of the rare-earthβ-diketonate complexes are eight-coordinate. The coordination
polyhedron of such eight-coordinate complexes can be described either by a dodecahedron
(D2d symmetry) or by an square antiprism (D4d symmetry). These highly symmetric coordi-
nation polyhedra are never found in actual structures, but they are useful to classify or de-
scribe the coordination polyhedra of the complexes in a crystalline environment. Sometimes
the coordination polyhedra are so heavily distorted that it is not possible to decide whether
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the actual coordination polyhedron is closer to a dodecahedron or to a square antiprism. Typ-
ically, the symmetry at the rare-earth ion site is C1 (no symmetry elements present). For this
reason it is difficult to use the fine structure in the luminescence spectrum of europium(III)
β-diketonate complexes to determine the site symmetry. Luminescence spectroscopy is only
useful if the rare-earth ion is at a site of (relatively) high symmetry. An indication for the
number of crystallographically non-equivalent sites in an europium(III)β-diketonate com-
plex can be obtained from the number of lines observed for the5D0 → 7F0 transition. In
[Ho(thd)3(4-pic)2], the Ho3+ ion is at a site of C2 symmetry(Horrocks et al., 1971). Be-
sides the six- and eight-coordinate rare-earthβ-diketonate complexes, complexes with co-
ordination number seven, nine or even ten are known are also known. A selection of the
rare-earthβ-diketonate complexes for which crystallographic data are available, is given in
tables 2 and 3. As can be seen, most of the crystals have a very low symmetry. An exception
are the [R(dbm)3(H2O)] complexes, that belong to the rhombohedral space group R3(Kirby
and Richardson, 1983). The crystal structure of [Ho(dbm)3(H2O)] has been determined by
Zalkin et al. (1969)(figs. 5 and 6). The rare-earth ion is seven-coordinate. The three dbm
ligands form a trigonal prism around the rare-earth ion, and the (disordered) water mole-
cule is lying on a threefold rotation axis. The nearly planar dbm ligands are arranged in a
propeller-like fashion around the rare-earth ion. If the hydrogen atoms of the water mole-
cule are neglected the coordination polyhedron of the [R(dbm)3(H2O)] complexes has a C3
symmetry. It is very uncommon to have such a high symmetry for a seven coordinate com-
plex. So far, the number of crystal structures available for the tetrakisβ-diketonate complexes
is limited in comparison with the number of the tris complexes and adducts of tris com-
plexes.

A structural feature of the rare-earthβ-diketonates is that some of the compounds form
crystals in which the rare-earth ion is inserted into one single type of coordination polyhe-
dron, while in other compounds two different types of coordination polyhedra are present.
Other rare-earthβ-diketonates form two types of crystals in which the coordination polyhe-
dron is different and which can be considered as isomers(Thompson and Berry, 2001). Two
isomers are found for [Eu(tfac)3(H2O)2], where in one type of crystal the coordination poly-
hedron is a bicapped trigonal prism and in the other type a dodecahedron(Thompson and
Berry, 2001). In [Eu(ntac)3(bipy)], one isomer is a bicapped trigonal prism and the other con-
tains two slightly different square antiprisms(Thompson et al., 1998). Four different forms
of [Eu(dbm)3(topo)] are known(Thompson and Berry, 2001). Two slightly different poly-
hedra are present in [Eu(thd)3(terpy)] (Holz and Thompson, 1988). In [Eu(thd)3(terpy)], the
Eu3+ ion is nine-coordinate, with distorted tricapped trigonal prism as the coordination poly-
hedron.Thompson and Berry (2001)point to the fact that it is still unknown what factors
influence the formation of compounds with multiple coordination sites for the central rare-
earth ion and what factor leads to the formation of distinct geometrical isomers. The authors
noticed that all the 1,10-phenanthroline adducts that have been characterized so far have a sin-
gle coordination polyhedron, whereas several 2,2′-bipyridine adducts have two coordination
polyhedra. This could lead to the conclusion that a flexible adduct molecule leads to the for-
mation of different isomers, but in the adduct of 2,9-dimethyl-1,10-phenanthroline (which is a
very rigid molecule) two different sites with a very different arrangement of the chelate rings
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Table 2
Selection of rare-earth trisβ-diketonate complexes for which crystal structures have been determined by single crystal X-ray diffraction

Compound Crystal system Space group Refcode CDS∗ Reference

[Sc(acac)3] orthorhombic Pbca (No. 61) ACACSC Andersen et al., 1973
[Sc(dbm)3] triclinic P1̄ (No. 2) JINPUR Zaitseva et al., 1990

monoclinic P21/c (No. 14) JINPUR01 Zaitseva et al., 1990
[Y(acac)3(H2O)2]·(H2O) monoclinic P21/n (No. 14) YACACT Cunningham et al., 1967
[Y(acac)3(phen)] monoclinic P21/n (No. 14) KUPSUJ Liu et al., 1991
[Y(acac)3(dmso)(H2O)]·(dmso) monoclinic P21/n (No. 14) NUMFUW Zharkova et al., 1998
[Y(bzac)3(H2O)] triclinic P1̄ (No. 2) PHBUAY Cotton and Legzdins, 1968
[Y(hfac)3(H2O)2][Cu(acac)2] monoclinic P21/n (No. 14) COQDUH Jung et al., 1998
[Y(thd)3] orthorhombic Pmn21 (No. 31) HAHTOZ Gleizes et al., 1993
[Y(thd)3(H2O)] triclinic P1̄ (No. 2) HAHTIT Gleizes et al., 1993
[La(acac)3(H2O)2] triclinic P1̄ (No. 2) AQACAL Philips et al., 1968
[La(acac)3(phen)] monoclinic P21/n (No. 14) NAVYAK Kuz’mina et al., 1997
[La(dbm)3(dmop)] monoclinic P21/n (No. 14) HARYAA Holz and Thompson, 1993
[La(dipydike)3]2 monoclinic P21/c (No. 14) XEYYIJ Brück et al., 2000
[La(hfac)3(bipy)2] monoclinic C2/c (No. 15) EBUXUU Van Staveren et al., 2001
[La(hfac)3(H2O){Cu(salen)}] monoclinic P21/n (No. 14) RINQOU Ramade et al., 1997
[La(hfac)3(diglyme)] monoclinic P21/c (No. 14) ZIQXIG01 Malandrino et al., 1998a
[La(hfac)3(monoglyme)] monoclinic P21/c (No. 14) KINDEQ Malandrino et al., 1998a
[La(hfac)3(triglyme)] monoclinic P21/c (No. 14) KINJOG Malandrino et al., 1998a
[Ce(acac)3(phen)] monoclinic P21/n (No. 14) PEKWEH Christidis et al., 1998
[Ce(hfac)3(diglyme)] monoclinic P21/n (No. 14) BAFXUC Evans et al., 2002
[Pr(acac)3(H2O)2] triclinic P1̄ (No. 2) CAZGUF Shen et al., 1983a
[Pr(acac)3(phen)] monoclinic P21/n (No. 14) PELGOC Christidis et al., 1998
[Sm(acac)3(H2O)2] triclinic P1̄ (No. 2) CAZHAM Shen et al., 1983a
[Sm(acac)3(phen)] monoclinic P21/n (No. 14) EDANUS Urs et al., 2001
[Sm(hfac)3(bipy)]·(bipy) triclinic P1̄ (No. 2) EBUYAB Van Staveren et al., 2001
[Sm(hfac)3(diglyme)] monoclinic P21/n (No. 14) BAFWIP Evans et al., 2002
[Sm(thd)3(dmap)] monoclinic P21 (No. 4) XAXYAW Clegg et al., 2000
[Sm(thd)3(monoglyme)] triclinic P̄1 (No. 2) YEYLAP Evans et al., 1994
[Nd(acac)3(H2O)2]·(acetone) orthorhombic Pbna (No. 60) GAFDIA Nakamura et al., 1986
[Nd(dbm)3(H2O)] trigonal R3 (No. 146) ADBMND Kirby and Palmer, 1981a
[Nd(hfac)3(diglyme)] monoclinic P21/n (No. 14) BAFYAJ Evans et al., 2002

continued on next page
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Table 2,continued

Compound Crystal system Space group Refcode CDS∗ Reference

[Nd(tta)3(bipy)] monoclinic P21/c (No. 14) TTANDP Leipoldt et al., 1976
[Nd(tta)3(tppo)2)] triclinic P1̄ (No. 2) TFPOND Leipoldt et al., 1975
[Eu(acac)3(phen)] monoclinic P21/n (No. 14) ACPNEU Watson et al., 1972
[Eu(acac-F7)3(tppo)2] monoclinic P21/n (No. 14) MIHNEW Petrov et al., 2002
[Eu(btfac)3(bipy)] monoclinic P21/n (No. 14) HILVED Batista et al., 1998
[Eu(btfac)3(H2O)2] orthorhombic P212121 (No. 19) TOGHUS Van Meervelt et al., 1996
[Eu(btfac)3(tppo)2] triclinic P1̄ (No. 2) WIFWIR01 Van Meervelt et al., 1996
[Eu(dbm)3(dmbp)](H2O) monoclinic P21/n (No. 14) MAJZOM Chen et al., 1999c
[Eu(dbm)3(dmop)] monoclinic P21/n (No. 14) HARYEE Holz and Thompson, 1993
[Eu(dbm)3(phen)] triclinic P̄1 (No. 2) VADSEZ Ahmed et al., 2003
[Eu(dbm)3(terpy)] monoclinic P21/n (No. 14) KACTIR Holz and Thompson, 1988
[Eu(dmh)3(bipy)] triclinic P1̄ (No. 2) MUWYOS Moser et al., 2000
[Eu(dmh)3(phen)] monoclinic C2/c (No. 15) MUWYIM Moser et al., 2000
[Eu(fod)3(H2O)2] triclinic P1̄ (No. 2) DOMDEO Vancoppemolle et al., 1983
[Eu(hfac)3(bipy)(H2O)] triclinic P1̄ (No. 2) – Thompson et al., 2002
[Eu(hfac)3(diglyme)] monoclinic P21/n (No. 14) KAFDOK01 Evans et al., 2002

P21/n (No. 14) KAFDOK Kang et al., 1997b
[Eu(hfac)3(tppo)2] monoclinic P21/c (No. 14) MIHPEY Petrov et al., 2002
[Eu(ntac)3(bipy)] monoclinic P21/c (No. 14) UCICIS Thompson et al., 1998
[Eu(ntac)3(bipy)]·0.5(2-propanol) orthorhombic Pna21 (No. 33) UCICEO Thompson et al., 1998
[Eu(thd)3(bipy)] monoclinic C2/c (No. 15) – Moser et al., 2000
[Eu(thd)3(dmf)2] triclinic P1̄ (No. 2) EUTHDF10 Cunningham and Sievers, 1980
[Eu(thd)3(monoglyme)] monoclinic P21/c (No. 14) YEYKUI Evans et al., 1994
[Eu(thd)3(phen)] triclinic P̄1 (No. 2) – Malta et al., 1996
[Eu(thd)3(py)2] triclinic P1̄ (No. 2) THMPEU10 Cramer and Seff, 1972
[Eu(tta)3(H2O)2] monoclinic P21/c (No. 14) AFTEU White, 1976
[Eu(tta)3(bipy)] monoclinic P21/n (No. 14) MAJZIG Chen et al., 1999c
[Eu(tta)3(bmbp)] orthorhombic Pca21 (No. 29) YOJDIK Zheng et al., 2002
[Eu(tta)3(phen)] triclinic P̄1 (No. 2) MOYFEL Hu et al., 1999
[Eu(tta)3(tppo)2] triclinic P1̄ (No. 2) SABHIM Li et al., 1988
[Gd(acac)3(H2O)2] monoclinic P21/n (No. 14) CEXPIE Shen et al., 1983b
[Gd(hfac)3(diglyme)] monoclinic P21/n (No. 14) TETZAT Malandrino et al., 1996

continued on next page
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Table 2,continued

Compound Crystal system Space group Refcode CDS∗ Reference

[Gd(hfac)3(H2O)(acetone)] triclinic P̄1 (No. 2) PORGIM Plakatouras et al., 1994
[Gd(hfac)3{Cu(salen)}] monoclinic P21/n (No. 14) RINQAG Ramade et al., 1997
[Gd(thd)3(monoglyme)] triclinic P̄1 (No. 2) YOMBIL Baxter et al., 1995
[Gd(tta)3(tppo)2] triclinic P1̄ (No. 2) SABHOS Li et al., 1988
[Tb(acac-F7)3(tppo)2] monoclinic P21/n (No. 14) MIHNUM Petrov et al., 2002
[Tb(dbm)3(dmop)] monoclinic P21/n (No. 14) HARYII Holz and Thompson, 1993
[Tb(hfac)3(diglyme)] orthorhombic Pna21 (No. 33) BAFWUB Evans et al., 2002
[Tb(hfac)3(tppo)2] monoclinic P21/n (No. 14) MIHPIC Petrov et al., 2002
[Tb(thd)3(dmap)] monoclinic P21 (No. 4) XAXXUP Clegg et al., 2000
[Dy(thd)3(H2O)] triclinic P1̄ (No. 2) TMHPDY Erasmus and Boeyens, 1971
[Ho(acac)3(H2O)2]·H2O monoclinic P21/n (No. 14) CUXQER Kooijman et al., 2000
[Ho(acac)3(H2O)2]·H2O·(Hacac) monoclinic P21/n (No. 14) CUXQAN Kooijman et al., 2000
[Ho(dbm)3(H2O)] trigonal R3 (No. 146) PHPRHO10 Zalkin et al., 1969
[Ho(dbm)3(dmop)] monoclinic P21/n (No. 14) HARYOO Holz and Thompson, 1993
[Ho(hfac)3(H2O)2] triclinic P1̄ (No. 2) UCIMOI Lee et al., 1998
[Ho(hfac)3(H2O)2](triglyme) monoclinic P21/n (No. 14) SIFZIQ01 Lee et al., 1998
[Ho(thd)3(4-pic)2] orthorhombic Pbcn (No. 60) HPHOPC Horrocks et al., 1971
[Ho(thd)3(pivalic acid)] triclinic P̄1 (No. 2) YEWFUB Kuz’mina et al., 1994
[Er(acac)3(H2O)2] monoclinic P21/n (No. 14) CEXPUQ Shen et al., 1983b
[Er(hfac)3(phen)] monoclinic C2/c (No. 15) EBUXOO Van Staveren et al., 2001
[Er(thd)3] orthorhombic Pmn21 (No. 31) TMHDER de Villiers and Boeyens, 1972
[Er(thd)3(pivalic acid)] triclinic P̄1 (No. 2) YEWGAI Kuz’mina et al., 1994
[Tm(acac)3(H2O)2]·H2O monoclinic P21/n (No. 14) CEXRAY Shen et al., 1983b
[Tm(acac-F7)3(tppo)2] monoclinic P21/n (No. 14) MIHPAU Petrov et al., 2002
[Yb(acac)3] triclinic P1̄ (No. 2) FEBGAU Batsanov et al., 1986
[Yb(acac)3(H2O)] triclinic P1̄ (No. 2) YBACAB Cunningham et al., 1969
[Yb(acac)3(H2O)2] triclinic P1̄ (No. 2) ZASTIW Martynenko et al., 1995
[Lu(fod)3(H2O)] triclinic P1̄ (No. 2) FMODLU Boeyens and de Villiers, 1971
[Lu(thd)3] orthorhombic Pmn21 (No. 31) LUTMHP Onuma et al., 1976
[Lu(thd)3(3-pic)] monoclinic P21/c (No. 14) MHPOLU10 Wasson et al., 1973

∗Refcode CDS: reference code in the Cambridge Structural Database.
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Table 3
Selection of rare-earth tetrakisβ-diketonate complexes for which crystal structures have been determined by single crystal X-ray diffraction

Tetrakis unit Counter ion Crystal system Space group Refcode CDS∗ Reference

[Y(hfac)4]− Cs+ orthorhombic Pbcn (No. 60) CYSFAC10 Bennett et al., 1968
[La(tta)4]− quinolinium triclinic P̄1 (No. 2) DIBSUC Wei et al., 1984
[Ce(tta)4]− isoquinolinium monoclinic P21/c (No. 14) QFTBCE McPhail and Tschang, 1974
[Pr(tta)4]− tetrabutylammonium monoclinic P2/n (No. 13) FODHUB Criasia, 1987a
[Nd(tta)4]− pyridinium monoclinic P21/c (No. 14) THFAND Leipoldt et al., 1977
[Sm(tta)4]− 1,2-dimethylpyridinium monoclinic P21/a (No. 14) XOGYIB Chen et al., 2000
[Sm(tta)4]− 1,2,6-trimethylpyridinium monoclinic P2n (No. 7) XOGYOH Chen et al., 2000
[Sm(tta)4]− tetrabutylammonium monoclinic C2/c (No. 15) FODJAJ Criasia, 1987b
[Eu(bzac)4]− piperidinium monoclinic P21/n (No. 14) PIEUAC01 Rheingold and King, 1989
[Eu(dbm)4]− dimethylbenzylammonium orthorhombic Pca21 (No. 29) XUXZAR Xiong and You, 2002
[Eu(dbm)4]− imidazolium orthorhombic Pbcn (No. 60) XIWTUS Chen et al., 1999b
[Eu(dbm)4]− morpholinium orthorhombic Pca21 (No. 29) XIRCAC Zeng et al., 2000
[Eu(dbm)4]− triethylammonium monoclinic Ia (No. 9) FIDNIP01 Cotton et al., 2001
[Eu(hfac)4]− Cs+ orthorhombic Pbcn (No. 60) CEUHFA Burns and Danford, 1969
[Eu(tta)4]− 1,4-dimethylpyridinium monoclinic P21/n (No. 14) VAQDIA Chen et al., 1998

∗Refcode CDS: reference code in the Cambridge Structural Database.
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Fig. 5. Molecular structure of [Ho(dbm)3(H2O)]. The atomic coordinates are taken fromZalkin et al. (1969). No
hydrogen atoms are shown.

Fig. 6. Molecular structure of [Ho(dbm)3(H2O)] with projection along thez-axis. The atomic coordinates where
taken areZalkin et al. (1969). No hydrogen atoms are shown.

exist (Holz and Thompson, 1993). [Eu(bzac)3(bipy)] has a single site with a distorted square
antiprism as the coordination polyhedron(Moser et al., 2000). In [Nd(tfac)3(H2O)2], two geo-
metric isomers coexist in the crystal lattice in a 74 to 26% ratio(Nakamura et al., 1986).
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Fig. 7. Molecular structure of [Sc(acac)3]. The atomic coordinates are taken fromAndersen et al. (1973). No hydro-
gen atoms are shown.

[Sc(acac)3] crystallizes in the orthorhombic space group Pbca(Andersen et al., 1973). The
structure consists of discrete Sc(acac)3 molecules. The scandium(III) ion is six-coordinate,
and the coordination polyhedron can be described as a slightly distorted octahedron (fig. 7).
The site symmetry is close to D3. Another example of a six-coordinate scandium(III)
β-diketonate complex is [Sc(dbm)3] (Zaitseva et al., 1990). Two different crystal structures
are described, one with a triclinic and one with a monoclinic cell. So far, no scandium(III)
β-diketonates with coordination number higher than six have been described. Because of the
small ion size of Sc3+, coordination number six is the general rule for this rare-earth ion. Also
in the trinuclear scandium(III) disiloxanediolate complex [(Ph2SiO)2O]2Sc3(acac)5], the co-
ordination number of Sc3+ is six as well(Lorenz et al., 2001)(fig. 8).

Coordination number seven is found in [Y(bzac)3(H2O)] (Cotton and Legzdins, 1968).
The coordination polyhedron is a distorted monocapped octahedron (with idealized C3v sym-
metry). In the seven-coordinate complex [Lu(thd)3(3-pic)], the coordination polyhedron is a
monocapped trigonal prism(Wasson et al., 1973). The idealized symmetry of such a coordina-
tion polyhedron is C2v. The monocapped trigonal prism is also found in the crystal structures
of, for instance, [Yb(acac)3(H2O)] (Cunningham et al., 1969), [Lu(fod)3(H2O)] (Boeyens
and de Villiers, 1971), [Dy(thd)3(H2O)] (Erasmus and Boeyens, 1971)and [Y(thd)3(H2O)]
(Gleizes et al., 1993). An example of a rare-earthβ-diketonate complex with a non-
coordinated polydentate ligand besides the above mentioned [Eu(thd)3(terpy)] complex, is
[Eu(hfac)3(bipy)(H2O)] (Thompson et al., 2002). In the latter compound, a non-coordinated
2,2′-bipyridine molecule is located in the crystal lattice and disordered over two positions.
Examples of crystal structures of eight-coordinate rare-earthβ-diketonate complexes are
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Fig. 8. Molecular structure of the trinuclear scandium(III) disiloxanediolate complex [(Ph2SiO)2O]2Sc3(acac)5].
The atomic coordinates are taken fromLorenz et al. (2001). No hydrogen atoms are shown.

the structures of [Eu(acac)3(phen)](Watson et al., 1972)(fig. 9), [Eu(tta)3(H2O)2] (fig. 10)
(White, 1976), and Cs[Eu(hfac)4] (fig. 11) (Burns and Danford, 1969).

A special coordination mode is found in the lanthanum(III) complex of 1,3-(2-pyridyl)-
propane-1,3-dione (dipydike)(Brück et al., 2000). The molecular structure of [La(dipydike)3]2
contains centrosymmetric dimers through bridging atoms of theβ-diketonate ligands. The ni-
trogen atoms of the pyridyl group participates in the coordination. The lanthanum(III) ion
is thus 10-coordinate. The coordination polyhedron formed by four terminalβ-diketonate
oxygens, four bridgingβ-diketonate oxygens and two terminal pyridyl nitrogens. The coordi-
nating pyridyl groups are those of the bridgingβ-diketonate ligands.

A variation of the coordination number with the size of the lanthanide ion was found for a
series of complexes of hexafluoroacetylacetonate (hfac)(Van Staveren et al., 2001). The triva-
lent ions at the beginning of the lanthanide series can accommodate two 2,2′-bipyridine or
1,10-phenanthroline ligands in the first coordination sphere besides three hexafluoroacety-
lacetonate ligands. This results in the formation of complexes with coordination number
ten, for instance [La(hfac)3(phen)2] or [La(hfac)3(bipy)2] (figs. 12 and 13). The formation
of 10-coordinate species is attributed to the presence of strong electron-withdrawing groups
in the ligands. Due to the inductive effect of the CF3 groups, the lanthanide ion becomes
more positively charged. When the size of the lanthanide ions is large enough, a second bipy
or phen ligand can be bound in order to compensate the higher positive charge. The ions
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Fig. 9. Molecular structure of [Eu(acac)3(phen)]. The atomic coordinates are taken fromWatson et al. (1972). No
hydrogen atoms are shown.

Fig. 10. Molecular structure of [Eu(tta)3(H2O)2]. The atomic coordinates are taken fromWhite (1976). No hydrogen
atoms are shown.

in the second half of the lanthanide series have a smaller ionic radius and they form clas-
sical eight-coordinate complexes. Examples are [Ho(hfac)3(phen)] or [Er(hfac)3(bipy)]. In-
termediate forms are possible for the ions in the middle of the lanthanide series. Although
[Sm(hfac)3(bipy)2] could be obtained, the presence of a small amount of water resulted in
the formation of [Sm(hfac)3(bipy)(H2O)]·(bipy), in which one coordinating and one non-
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Fig. 11. Molecular structure of Cs[Eu(hfac)4]. The atomic coordinates are taken fromBurns and Danford (1969).
No hydrogen atoms are shown.

Fig. 12. Molecular structure of [La(hfac)3(bipy)2]. The atomic coordinates are taken fromVan Staveren et al. (2001).
No hydrogen atoms are shown.
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Fig. 13. Coordination polyhedron of the 10-coordinate La3+ ion in [La(hfac)3(bipy)2]. The atomic coordinates are
taken fromVan Staveren et al. (2001).

coordinating 2,2′-bipyridine molecule is present, in combination with a coordinating water
molecule. The coordination number of the samarium(III) ion in this complex is nine.

The tendency of the trivalent rare-earth ions to adopt a high coordination number (typically
8 or 9) results in the formation of dimeric or polymeric species. Hereβ-diketonate ligands
can act as bridging ligands between two or more metal centers. The tendency to form dimers
is stronger for the lighter lanthanides than for the heavier lanthanides, due to the larger ionic
radius of the lighter lanthanides. For instance, while the [R(thd)3] complexes for R= La–
Gd crystallize as monoclinic dimers in the space group P21/c (Erasmus and Boeyens, 1970;
Baxter et al., 1995; Martynenko et al., 1998)(fig. 14), the heavier lanthanides form orthorhom-
bic monomers with space group Pmn21 (de Villiers and Boeyens, 1972; Onuma et al., 1976;
Martynenko et al., 1998). An almost ideal trigonal prismatic structure has been observed for
[Er(thd)3] (de Villiers and Boeyens, 1972). Depending on the temperature, the terbium(III)
complexes can occur in either monomeric or dimeric form. [Tb2(thd)6] undergoes an irre-
versible transition at 147◦C from a monoclinic dimer to an orthorhombic monomer(Amano
et al., 1980). The same behavior is found for the [Tb2(tod)6] complex, but at a lower tempera-
ture, namely 79◦C (Andersen et al., 2002). [Y2(tod)6] is isostructural with [Tb2(tod)6] (Luten
et al., 1996). In [{Er(thd)3} 2(tetraglyme)], two discrete [Er(thd)3] moieties are linked by a
bridging tetraglyme molecule(Darr et al., 1996)(fig. 15). The bridging occurs through the end
pairs of oxygens of the polyether chain. The same structural motif is found in the crystal struc-
tures of [{Y(thd)3} 2(triglyme)] (Drake et al., 1993a), [{Eu(thd)3} 2(triglyme)] (Drake et al.,
1993b), [{Tb(thd)3} 2(triglyme)] (Drake et al., 1993b)and [{Gd(thd)3} 2(heptaglyme)](Baxter
et al., 1995). In contrast, in [{Gd(thd)3} 2(tetraglyme)], the two [Gd(thd)3] moieties are linked
in an asymmetric manner, so that one of the oxygen atoms at the end of the polyether chain re-
mains uncoordinated(Baxter et al., 1995). Poncelet and Hubert-Pfalzgraf (1989)reported the
crystal structure of the cluster compound [Nd4(acac)10(OH)2], andBarash et al. (1993)that of
[Y4(acac)10(OH)2]. Xu and Raymond (2000)described an octameric lanthanum(III) cluster
with pyrazolonate ligands. In the presence of [La(acac)3], the rigid bis-tridentate pyrazolonate
ligands self-assembled to a three dimensional ring structure with idealized D4d symmetry. The
lanthanum(III) ions are nine-coordinate and both distorted monocapped square antiprisms and
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Fig. 14. Molecular structure of [Pr2(thd)6]. The atomic coordinates are taken fromErasmus and Boeyens (1970). No
hydrogen atoms are shown.

Fig. 15. Molecular structure of [Er2(thd)6(tetraglyme)]. The atomic coordinates are taken fromDarr et al. (1996).
No hydrogen atoms are shown.



RARE-EARTH BETA-DIKETONATES 141

distorted tricapped trigonal prisms can be recognized in the ring structure. Upon addition of
triethylamine to a solution of hydrated rare-earth chlorides and benzoylacetone in methanol,
nonanuclear rare-earth oxo-hydroxo clusters were formed(Xu et al., 2002). After crystal-
lization from a methanol/chloroform mixture, the compounds had the composition [R9(µ4-
O)2(µ3-OH)8(µ-bzac)8(bzac)8]−[HN(CH2CH3)3]+·(CH3OH)2(CHCl3), where R= Sm, Eu,
Gd, Dy and Er.

The complexes [Ho(hfac)3(H2O)2] and [Ho(hfac)3(H2O)2](triglyme) show polymeric
chains by intermolecular hydrogen bonding(Lee et al., 1998). Whereas [Ho(hfac)3(H2O)2](tri-
glyme) has a nearly linear polymeric chain, [Ho(hfac)3(H2O)2] has a zigzag chain. The mole-
cules are linked by the hydrogen atoms of the coordinated water molecules and the oxygen
atoms of the hfac ligands of [Ho(hfac)3(H2O)2]. In contrast, in [Ho(hfac)3(H2O)2](triglyme),
the molecules are linked by the hydrogen atoms of the coordinated water molecules and
by the oxygen atoms of the triglyme. In the two complexes, the holmium(III) ion is eight-
coordinate and the coordination polyhedron can be described as a distorted square an-
tiprism. The closest Ho· · ·Ho separation is 8.04 Å in [Ho(hfac)3(H2O)2] and 8.73 Å in
[Ho(hfac)3(H2O)2](triglyme). Notice that the triglyme ligand in the [Ho(hfac)3(H2O)2](tri-
glyme) is not coordinated to the holmium(III) ion, but it is in the second coordination
sphere. The fact that coordinated water molecules can form intermolecular hydrogen bonds
with the oxygen atoms of theβ-diketonate, does not always results in formation of poly-
meric chains. For instance, in the seven-coordinate [Y(thd)3(H2O)] complex, centrosym-
metric dimeric associations are present due to hydrogen bonding(Gleizes et al., 1993).
[Y(hfac)3(H2O)2][Cu(acac)2] is composed of two metal components, [Y(hfac)3(H2O)2] and
[Cu(acac)2] (Jung et al., 1998). The two components are connected through intermolecu-
lar hydrogen bonds and form infinite ribbons. The hydrogen bonds are formed between the
water molecules coordinated to the yttrium(III) ion and the oxygen atoms of the acac lig-
and in [Cu(acac)2]. The crystal structure of [Y(hfac)3(NITEt)2], where NITEt is 2-ethyl-
4,4,5,5-tetramethyl-4,5-dihydro-1H -imidazolyl-1-oxyl-3-oxide, consists of linear chains of
[Y(hfac)3] units bridged by the nitronyl nitroxide radicals(Benelli et al., 1989b).

Cerium(IV) forms tetrakis complexes withβ-diketonates. Two monoclinic polymorphs are
known for [Ce(acac)4]: α-[Ce(acac)4] andβ-[Ce(acac)4]. Theα-form has been isolated after
reaction between cerium(IV) hydroxide and an excess of acetylacetone(Matković and Gr-
deníc, 1963; Titze, 1974). Addition of benzene to the same reaction mixture resulted in forma-
tion of theβ-form (Titze, 1969)(fig. 16). The formation of theα- or β-form is solvent depen-
dent.Behrsing et al. (2003)obtainedα-[Ce(acac)4] by aerial oxidation of [Ce(acac)3(H2O)2]
in dichloromethane, andβ-[Ce(acac)4] by the same reaction in toluene. In both cases, one
has to made sure that besides [Ce(acac)3(H2O)2] an excess of acetylacetone is present in
the reaction mixture. Attempts to convert theβ-form into theα-form by recrystallization in
dichloromethane, resulted in significant reduction of cerium(IV) to cerium(III). The coor-
dination polyhedron of cerium(IV) inα-[Ce(acac)4] has both been described as a distorted
square antiprism(Titze, 1974), a dodecahedron(Allard, 1976) or a bicapped square an-
tiprism (Steffen and Fay, 1978). The coordination polyhedron inβ-[Ce(acac)4] is a square
antiprism(Allard, 1976). The main difference between theα- and theβ-form is the more pro-
nounced folding of the acetylacetonate ligand in theβ-form. Neutralization of a mixture of
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Fig. 16. Molecular structure ofβ-[Ce(acac)4]. The atomic coordinates are taken fromTitze (1969). No hydrogen
atoms are shown.

Fig. 17. Molecular structure of [Sm2(thd)4(Pc)]. The atomic coordinates are taken fromSugimoto et al. (1983). No
hydrogen atoms are shown.

(NH4)4[Ce(NO3)6] and acetylacetone with ammonia to pH 5 leads to the isolation of crystals
of [Ce(acac)4]·10H2O (Behrsing et al., 2003). The crystals were unstable upon exposure to
light and air. [Ce(acac)4]·10H2O forms a lamellar clathrate structure which crystallizes in the
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Fig. 18. Molecular structure of [Tm2(acac)4(µ2-OAc)2(H2O)2]. The atomic coordinates are taken fromShen et al.
(1983a, 1983b). No hydrogen atoms are shown.

Fig. 19. Molecular structure of [Nd(acac)(NO3)2(terpy)]. The atomic coordinates are taken fromFukuda et al.
(2002). No hydrogen atoms are shown.

monoclinic space group P21/c. Water molecules form undulating hydrogen-bonded sheets par-
allel to [100]. Sheets of discrete [Ce(acac)4] molecules are sandwiched between these layers.
The cerium(IV) ions are eight-coordinate with a coordination polyhedron that is intermediate
between a square antiprism and a dodecahedron.
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Sugimoto et al. (1983)determined the crystal structure of the mixedβ-diketonate–
phthalocyanine complex [Sm2(thd)4(Pc)] (fig. 17). The phthalocyanine ring is bridging the
two samarium(III) centers. In some complexes, anions other than theβ-diketonates are
present. Examples are [Tm2(acac)4(µ2-OAc)2(H2O)2] with bridging acetate groups(Shen
et al., 1984)(fig. 18) and [Nd(acac)(NO3)2(terpy)] (Fukuda et al., 2002)(fig. 19).

5. Physical and chemical properties

In this section, the properties of the rare-earthβ-diketonates are discussed, as far as these
properties are not described further in the text.

5.1. Aggregation state and melting point

The rare-earthβ-diketonates are crystalline solids or viscous liquids. The compounds that are
the easiest to obtain as crystalline solids are those ofβ-diketones with aromatic substituents.
On the other hand, complexes ofβ-diketones with highly branched aliphatic groups have a
strong tendency to form viscous oils. In general, theβ-diketonate complexes are obtained as
fine powders. Slow evaporation of a solution containing a complex can yield single crystals of
a quality suitable for structure determination by X-ray diffraction. Reports on large crystals
of rare-earthβ-diketonate complexes are rare.Blanc and Ross (1965)obtained large crystals
of [Eu(dbm)4]−(Hex4N)+ by slow evaporation of a solution of this complex in 2-butanone.
According to these authors, the crystals were well-formed and completely clear. The crystals
grew as approximately rectangular parallelepipeds of 1 cm in length and 0.3 cm on a side.
X-ray studies showed that these crystals were monoclinic (space group P21/c). Kirby and
Richardson (1983)obtained single crystals of [Eu(dbm)3(H2O)] of a size large enough to
measure polarized absorption spectra.

The melting point or decomposition points of rare-earthβ-diketonate complexes are sum-
marized intables 4 and 5. For some complexes no melting point can be observed, because
these complexes decompose before the melting point is reached. Typical examples of ther-
mally unstable complexes are the acetylacetonate complexes and complexes of perfluorinated
β-diketonates. Complexes ofβ-diketonates with long alkyl chains have lower melting points
than complexes ofβ-diketonates with short alkyl chains.Springer et al. (1967)observed that
hydration of anhydrous [R(fod)3] complexes lower the melting point of the complexes.

5.2. Color

Most solid rare-earthβ-diketonates are white, yellow or brown, and in general their color is
determined by the color of theβ-diketonate ligands. Only in the case of whiteβ-diketonate
ligands, the typical color of the lanthanide ion can be observed, for instance a greenish color
for praseodymium(III) compounds and a blue-violet color for neodymium(III) compounds.
Some europium(III)β-diketonates show a pink color in daylight, because of the intense pho-
toluminescence of these compounds.
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Table 4
Melting or decomposition temperatures of tris complexes of rare-earthβ-diketonates and of their adducts with Lewis

bases

Compound Melting or
decomposition point (◦C)

Reference

[Sc(acac)3] 187–187.5 Morgan and Moss, 1914
[Sc(facam)3] 142.5–145 Feibush et al., 1972
[Sc(pta)3] 56.5–57.0 Shigematsu et al., 1969a
[Sc(thd)3] 152–155 Eisentraut and Sievers, 1965
[Sc(trimh)3] 88 Utsunomiya, 1972
[Sc(tta)3] 149 Purushottam and Raghava Rao, 1966
[Sc(tta)3(bipy)] 179 Kononenko et al., 1965b
[Sc(tta)3(phen)] 213 Kononenko et al., 1965b

[Y(acac)3(phen)] 230–232 Kononenko et al., 1965a
[Y(facam)3] 207.5–209.5 Feibush et al., 1972
[Y(fod)3] 162–167 Springer et al., 1967
[Y(fod)3(H2O)] 108–112 Springer et al., 1967
[Y(fod)3(bipy)]·2H2O 83 Iftikhar et al., 1982
[Y(fod)3(phen)] 105 Iftikhar et al., 1982
[Y(hfac)3(triglyme)] 60–62 Leedham and Drake, 1996
[Y(hfac)3(tetraglyme)] 74–76 Leedham and Drake, 1996
[Y(pta)3] 160.8–161.2 Shigematsu et al., 1969a
[Y(thd)3] 155–163 Song et al., 2003a

173–175 Tasaki et al., 1997
169–172.5 Eisentraut and Sievers, 1965

[Y(thd)3(bipy)] 185–188 Timmer et al., 1998
[Y(thd)3((CH3)3NO)] 199–202 Timmer et al., 1998
[Y(thd)3(diglyme)] 86–89 Leedham and Drake, 1996
[Y(thd)3(dmf)] 151–153 Timmer et al., 1998
[Y(thd)3(dmso)] 156–158 Timmer et al., 1998
[Y(thd)3(Et3PO)] 267–270 Timmer et al., 1998
[Y(thd)3(4-Et-pyO)] 93–98 Timmer et al., 1998
[Y(thd)3(hmteta)] 109–112 Leedham and Drake, 1996
[Y(thd)3(phen)] 260–262 Timmer et al., 1998
[Y(thd)3(Ph3PO)] 263–265 Timmer et al., 1998
[Y(thd)3(pyO)] 175–177 Timmer et al., 1998
[Y(thd)3(pyr)] 185 Ansari and Ahmad, 1975
[Y(thd)3(4-tert-But-pyO)] 97–100 Timmer et al., 1998
[Y(thd)3(tmeda)] 145–150 Timmer et al., 1998
[Y(thd)3(triglyme)] 77–81 Leedham and Drake, 1996
[Y(tmod)3] 94–96 Tasaki et al., 1997
[Y(trimh)3] 180–184 Utsunomiya, 1972
[Y(tta)3] 132 Purushottam and Raghava Rao, 1966
[Y(tta)3(phen)] 246–248 Kononenko et al., 1965b

[La(acac)3] 274–275 Lim et al., 1996
[La(acac)3(phen)] 219–220 Kononenko et al., 1965a
[La(acac)3(tetraglyme)] >250 (dec.) Leedham and Drake, 1996
[La(bzac)3(H2O)2] 108–109 Sacconi and Ercoli, 1949

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[La(dbm)3)] 99–102 Lim et al., 1996
[La(facam)3] 205–207.5 Feibush et al., 1972
[La(fod)3] 215–230 (dec.) Springer et al., 1967
[La(fod)3(H2O)] 215–230 Springer et al., 1967
[La(fod)3(bipy)]·2H2O 101 Iftikhar et al., 1982
[La(fod)3(phen)] 95 Iftikhar et al., 1982
[La(hfac)3] 300 (dec.) Lim et al., 1996
[La(hfac)3]·2H2O 143–146 Lim et al., 1996
[La(hfac)3(diglyme)] 74–76 Malandrino et al., 1995
[{La(hfac)3} 2(heptaglyme)] 57–60 Leedham and Drake, 1996
[La(hfac)3(triglyme)] 88–90 Malandrino et al., 1995
[La(tfac)3] 232–235 (dec.) Lim et al., 1996

243–246 (dec., in N2 atm.) Lim et al., 1996
[La(tfac)3]·2H2O 142–144 Lim et al., 1996
[La(thd)3] 238–248 Eisentraut and Sievers, 1965

239–245 Berg and Acosta, 1968
148–149 Belcher et al., 1969b
229–230 Lim et al., 1996
238–241 (in N2 atm.) Lim et al., 1996

[La(thd)3(phthalazine)] 132 Ansari and Ahmad, 1976
[La(thd)3(pyr)] 218 Ansari and Ahmad, 1975
[La(thd)3(triglyme)] 80–83 Leedham and Drake, 1996
[La(thd)3(tetraglyme)] 41–44 Leedham and Drake, 1996
[La(tod)3] 172–176 Sievers and Wenzel, 1981
[La(tod)3]·2H2O 95–97 Wenzel et al., 1985b
[La(tta)3] 135 Purushottam et al., 1965
[La(tta)3]·2H2O 148–150 Charles and Ohlmann, 1965b
[La(tta)3(phen)] 228–229 Kononenko et al., 1965b

[Ce(fdh)4] 123–127 Becht et al., 1993
[Ce(fdh)4(phen)] 185–190 Becht et al., 1993
[Ce(fod)4] 149–150 McAleese et al., 1996a
[Ce(thd)4] 276 Selbin et al., 1971

276–278 Hubert-Phalzgraf, 1992
[Ce(tod)4] 134–136 Wenzel et al., 1985b

131.1 Andersen et al., 2002

[Ce(thd)3(dme)] >250 (dec.) Leedham and Drake, 1996
[Ce(thd)3(tmeda)] 190–193 Leedham and Drake, 1996
[Ce(thd)3(triglyme)] 90–96a Leedham and Drake, 1996
[Ce(tmp)3] 138 Uhlemann and Dietze, 1971
[Ce(tta)3(H2O)2] 105 Uhlemann and Dietze, 1971

[Pr(acac)3(phen)] 221–222 Kononenko et al., 1965a
[Pr(bzac)3(H2O)2] 106–108 Sacconi and Ercoli, 1949
[Pr(fod)3] 218–225 (dec.) Springer et al., 1967
[Pr(fod)3(H2O)] 218–225 (dec.) Springer et al., 1967

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[Pr(fod)3(bipy)]·2H2O 83 Iftikhar et al., 1982
[Pr(hfac)3] 148–151 Berg and Acosta, 1968
[Pr(hfac)3(diglyme)2] 85–88 Leedham and Drake, 1996
[Pr(hfac)3(pmdeta)] >250 Leedham and Drake, 1996
[Pr(facam)3] 211.5–213.5 Feibush et al., 1972
[Pr(thd)3] 222–224 Eisentraut and Sievers, 1965; Selbin et al., 1971;

Berg and Acosta, 1968
[Pr(thd)3(phthalazine)] 133 Ansari and Ahmad, 1976
[Pr(thd)3(pyr)] 217–220 Ansari and Ahmad, 1975
[Pr(thd)3(tetraglyme)] 83–86 Leedham and Drake, 1996
[Pr(tod)3] 219–223 Sievers and Wenzel, 1981
[Pr(trimh)3] 166–167 Utsunomiya, 1972
[Pr(tta)3] 164 Purushottam et al., 1965

[Nd(acac)3] (crystalline) 94 Liss and Bos, 1977
[Nd(acac)3(phen)] 230–232 Kononenko et al., 1965a
[Nd(bzac)3(H2O)2] 106–108 Sacconi and Ercoli, 1949
[Nd(fod)3] 210–215 (dec.) Springer et al., 1967
[Nd(fod)3(H2O)] 210–215 (dec.) Springer et al., 1967
[Nd(fod)3(bipy)]·2H2O 80 Iftikhar et al., 1982
[Nd(hfac)3]·H2O 115–121 Morris et al., 1963
[Nd(pmtfp)3(dmso)2] 152 Huang et al., 1988
[Nd(hfac)3(diglyme)] 105 Evans et al., 2002
[Nd(pta)3] 126.5–128.0 Shigematsu et al., 1969a
[Nd(thd)3] 215–218 Eisentraut and Sievers, 1965

191–192 Utsunomiya and Shigematsu, 1972
218–220 Tasaki et al., 1997
218–219 Berg and Acosta, 1968
220 Fujinaga et al., 1981

[Nd(thd)3(diglyme)2] 111–113 Leedham and Drake, 1996
[Nd(thd)3(phthalazine)] 125–128 Ansari and Ahmad, 1976
[Nd(thd)3(pyr)] 220 Ansari and Ahmad, 1975
[{Nd(thd)3} 2(triglyme)] 74–77 Leedham and Drake, 1996
[Nd(tmod)3] 134–136 Tasaki et al., 1997
[Nd(tod)3] 228–230 Sievers and Wenzel, 1981
[Nd(trimh)3] 188–190 Utsunomiya, 1972
[Nd(tta)3] 181–182 Purushottam et al., 1965
[Nd(tta)3]·2H2O 158 Charles and Ohlmann, 1965b
[Nd(tta)3(phen)] 236–237 Kononenko et al., 1965b

[Sm(acac)3(bipy)] 188–190 Kononenko et al., 1965a
[Sm(acac)3(phen)] 223–225 Kononenko et al., 1965a
[{Sm(acac)3} 2(heptaglyme)] >250 Leedham and Drake, 1996
[Sm(bzac)3(H2O)2] 103–105 Sacconi and Ercoli, 1949
[Sm(hfac)3(diglyme)] 116 Evans et al., 2002

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[{Sm(hfac)3} 2(tetraglyme)] 90–92 Leedham and Drake, 1996
[Sm(facam)3] 207.5–208.5 Feibush et al., 1972
[Sm(fod)3] 208–218 (dec.) Springer et al., 1967
[Sm(fod)3(H2O)] 63–67 Springer et al., 1967
[Sm(fod)3(bipy)]·2H2O 76 Iftikhar et al., 1982
[Sm(pta)3] 113.1–118.0 Shigematsu et al., 1969a
[Sm(thd)3] 200–201 Selbin et al., 1971; Berg and Acosta, 1968

195.5–198.5 Eisentraut and Sievers, 1965
143–144 Hammond et al., 1963

[Sm(thd)3(dme)] 96–98 Leedham and Drake, 1996
[Sm(thd)3(dmf)] 146.5–147.5 Schimitschek et al., 1967
[Sm(thd)3(phthalazine)] 125 Ansari and Ahmad, 1976
[Sm(thd)3(py)] 133–135 Selbin et al., 1971
[Sm(thd)3(pyr)] 217 Ansari and Ahmad, 1975
[Sm(trimh)3] 176–177 Utsunomiya, 1972
[Sm(tta)3] 148 Purushottam et al., 1965
[Sm(tta)3(phen)] 241–243 Kononenko et al., 1965b
[Sm(tta)3(tppo)2(NO3)] 226 Fu et al., 2003

[Eu(acac)3] (amorphous) 160–170 (dec.) Liss and Bos, 1977
[Eu(acac)3] (crystalline) 94 Liss and Bos, 1977
[Eu(acac)3(bipy)] 200–202 Kononenko et al., 1965a
[Eu(acac)3(H2O)2] 147–148 Liang et al., 1970
[Eu(acac)3(distyphen)] 255–260 Melby et al., 1964
[Eu(acac)3(phen)] 250–255 Melby et al., 1964

226–228 Kononenko et al., 1965a
[Eu(bzac)3(phen)] 192–194 Bauer et al., 1964

191–195 Anonymous, 2004
[Eu(btfac)3(H2O)2] 107–110 Charles and Riedel, 1966

148–150 Liang et al., 1970
93.6 Van Meervelt et al., 1996

[Eu(btfac)3(bipy)] 193–194 Batista et al., 1998
[Eu(btfac)3(phen)] 186–188 (dec.) Anonymous, 2004
[Eu(btfac)3(tppo)2] 136 Van Meervelt et al., 1996
[Eu(bzac)3(H2O)2] 100–104 Charles, 1967
[Eu(bzac)3(bipy)] 173–174 Batista et al., 1998
[Eu(bzac)3(phen)] 186–188 Butter and Kreher, 1965
[Eu(dbm)3(phen)] 272–274 Anonymous, 2004
[Eu(dbm)3(aniline)] 206–209 Charles and Ohlmann, 1965a
[Eu(dbm)3(n-butylamine)2] 145–147 Charles and Ohlmann, 1965a
[Eu(dbm)3(bipy)] 210–213 Melby et al., 1964
[Eu(dbm)3(1,4-dioxane)2] 170–175 Charles and Ohlmann, 1965a
[Eu(dbm)3(bath)] 191–192 Anonymous, 2004
[Eu(dbm)3(dmf)] 133–138 Charles and Ohlmann, 1965a
[Eu(dbm)3(dmso)3] 112–115 Charles and Ohlmann, 1965a
[Eu(dbm)3(4,7-dimethylphenanthroline)] 239–241 Anonymous, 2004

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[Eu(dbm)3(opb)] 119 Wang et al., 2002
[Eu(dbm)3(phen)] 184–187 Bauer et al., 1964

185–187 Melby et al., 1964
172–173 Anonymous, 2004

[Eu(dbm)3(piperidine)2] 183–185 Charles and Ohlmann, 1965a
[Eu(dbm)3(py)2] 103–106 Charles and Ohlmann, 1965a
[Eu(dbm)3(pyO)] 189–190 Charles and Ohlmann, 1965a
[Eu(dbm)3(quinoline)2] 109–111 Charles and Ohlmann, 1965a
[Eu(dmh)3(bipy)] 147–149 Moser et al., 2000
[Eu(dbm)3(phen)] 181–183 Moser et al., 2000
[Eu(dnm)3(phen)] 215–216 Anonymous, 2004, 2004
[Eu(fod)3] 205–212 (dec.) Springer et al., 1967
[Eu(fod)3(H2O)] 59–67 Springer et al., 1967
[Eu(fod)3(bipy)] 68–73 Mattson et al., 1985
[Eu(fod)3(bipy)]·2H2O 78 Iftikhar et al., 1982
[Eu(fod)3(dmso)] 165–168 Mattson et al., 1985
[Eu(fod)3(phen)] 97–99.5 Mattson et al., 1985
[Eu(fod)3(py)2] 70.5–72 Mattson et al., 1985
[Eu(fod)3(4-picO)] 193.5–194.5 Mattson et al., 1985
[Eu(fod)3(tppo)2] 220.5–223 Mattson et al., 1985
[Eu(hfac)3] 176–177 Berg and Acosta, 1968

196 Halverson et al., 1964a, 1964b
[Eu(hfac)3]·2H2O 181–182 Bhaumik, 1965a, 1965b

110 Hellmuth and Mirzai, 1985
[Eu(hfac)3(dhso)2] 0 Halverson et al., 1964a, 1964b
[Eu(hfac)3(diglyme)] 75–78 Kang et al., 1997a

123–126b Malandrino et al., 2001
114 Evans et al., 2002

[Eu(hfac)3(dme)] 81.2 Malandrino et al., 2001
[Eu(hfac)3(phen)] 257 (dec.) Anonymous, 2004
[Eu(hfac)3(terpy)] 235–240 Kang et al., 1997a
[Eu(hfac)3(topo)2] −10 Halverson et al., 1964a, 1964b
[Eu(mhd)3(phen)] 186–189 Thompson and Berry, 2001
[Eu(pta)3] 113.8–114.0 Shigematsu et al., 1969a
[Eu(tpb)3(phen)] 197–199 Bauer et al., 1964
[Eu(tfac)3(dhso)2] 15 Halverson et al., 1964a, 1964b
[Eu(tfac)3(tbp)2] 10 Halverson et al., 1964a, 1964b
[Eu(tfac)3(topo)2] 0 Halverson et al., 1964a, 1964b
[Eu(thd)3] 190–191 Selbin et al., 1971; Berg and Acosta, 1968

187–189 Eisentraut and Sievers, 1965
157 Halverson et al., 1964a, 1964b

[Eu(thd)3(dme)] 176–178 Leedham and Drake, 1996
[Eu(thd)3(phen)] 230–231 Malta et al., 1996
[Eu(thd)3(py)] 135–138 Selbin et al., 1971
[Eu(thd)3(pyr)] 211–214 Ansari and Ahmad, 1975
[{Eu(thd)3} 2(tetraglyme)] 98–100 Leedham and Drake, 1996

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[{Eu(thd)3} 2(triglyme)] 111–114 Leedham and Drake, 1996
[Eu(thd)3(topo)2] 5 Halverson et al., 1964a, 1964b
[Eu(trimh)3] 182–183 Utsunomiya, 1972
[Eu(tta)3] 180 Purushottam et al., 1965

118–120 Ainitdinov et al., 1965
[Eu(tta)3(bipy)] 221–223 Bauer et al., 1964

221 Melent’eva et al., 1966
[Eu(tta)3(opb)] 95–98 Wang et al., 2003
[Eu(tta)3(4-picO)2] 234–236 Melby et al., 1964
[Eu(tta)3(phen)] 242–244 Bauer et al., 1964

247–249 Melby et al., 1964
238–240 Kononenko et al., 1965b
236–238 Melent’eva et al., 1966

[Eu(tta)3(terpy)] 247–251 Melby et al., 1964
[Eu(tta)3(tppo)2] 251–253 Melby et al., 1964

169 Fu et al., 2003

[Gd(acac)3(dme)] 126–135c Leedham and Drake, 1996
[Gd(acac)3(phen)] 238–240 Kononenko et al., 1965a
[Gd(bzac)3(H2O)2] 100–101 Sacconi and Ercoli, 1949
[Gd(fod)3] 203–213 (dec.) Springer et al., 1967
[Gd(fod)3(H2O)] 60–65 Springer et al., 1967
[Gd(fod)3(bipy)]·2H2O 84 Iftikhar et al., 1982
[Gd(pta)3] 162.1–164.0 Shigematsu et al., 1969a
[Gd(thd)3] 182–184 Eisentraut and Sievers, 1965

183–184 Berg and Acosta, 1968
176–177 Mitchell and Banks, 1971
164–173 Song et al., 2003a
174–175 Utsunomiya and Shigematsu, 1972

[Gd(thd)3(diglyme)2] 77–79 Leedham and Drake, 1996
[{Gd(thd)3} 2(triglyme)] 87–89 Leedham and Drake, 1996
[{Gd(thd)3} 2(tetraglyme)] 88–91 Leedham and Drake, 1996
[{Gd(thd)3} 2(heptaglyme)] 82–84 Leedham and Drake, 1996
[Gd(thd)3(phthalazine)] 115–118 Ansari and Ahmad, 1976
[Gd(thd)3(py)] 134–135 Selbin et al., 1971
[Gd(thd)3(pyr)] 207–211 Ansari and Ahmad, 1975
[{Gd(thd)3} 2(hmteta)] 91–93 Leedham and Drake, 1996
[Gd(trimh)3] 192–193 Utsunomiya, 1972
[Gd(tta)3] 122 Purushottam et al., 1965
[Gd(tta)3]·2H2O 170 (dec.) Charles and Ohlmann, 1965b

[Tb(acac)3(bipy)] 208–210 Kononenko et al., 1965a
[Tb(acac)3(phen)] 250–255 Melby et al., 1964

225–227 Kononenko et al., 1965a
[Tb(hfac)3(diglyme)] 85 Evans et al., 2002
[Tb(facam)3] 185–188 Feibush et al., 1972
[Tb(fod)3] 190–196 Springer et al., 1967

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[Tb(fod)3(H2O)] 92–97 Springer et al., 1967
[Tb(fod)3(bipy)]·2H2O 74 Iftikhar et al., 1982
[Tb(pmip)3(tppo)2] 195–196 Gao et al., 1999
[Tb(pta)3] 141.0–144.0 Shigematsu et al., 1969a
[Tb(thd)3] 177–180 Eisentraut and Sievers, 1965

150–152 Selbin et al., 1971; Berg and Acosta, 1968
[Tb(thd)3(tmeda)] 98–100 Leedham and Drake, 1996
[Tb(thd)3(phthalazine)] 112–115 Ansari and Ahmad, 1976
[Tb(thd)3(py)] 135–137 Selbin et al., 1971
[Tb(thd)3(pyr)] 200–203 Ansari and Ahmad, 1975
[{Tb(thd)3} 2(triglyme)] 86–89 Leedham and Drake, 1996
[{Tb(tfac)3} 2(tetraglyme)2] 83–85 Leedham and Drake, 1996
[Tb2(tod)6] 213.2 Andersen et al., 2002
[Tb(trimh)3] 195–198 Utsunomiya, 1972
[Tb(tta)3] 115 Purushottam et al., 1965
[Tb(tta)3(phen)] 247–248 Bauer et al., 1964

[Dy(fod)3] 180–188 Springer et al., 1967
[Dy(fod)3(H2O)] 103–107 Springer et al., 1967
[Dy(fod)3(bipy)]·2H2O 85 Iftikhar et al., 1982
[Dy(pta)3] 150.0–151.4 Shigematsu et al., 1969a
[Dy(thd)3] 180–183.5 Eisentraut and Sievers, 1965

182–183 Berg and Acosta, 1968
[{Dy(thd)3} 2(heptaglyme)] 67–70 Leedham and Drake, 1996
[Dy(thd)3(phthalazine)] 120 Ansari and Ahmad, 1976
[Dy(thd)3(py)] 135–137 Selbin et al., 1971
[Dy(thd)3(pyr)] 195–198 Ansari and Ahmad, 1975
[{Dy(thd)3} 2(triglyme)] 85–87 Leedham and Drake, 1996
[Dy(trimh)3] 190–193 Utsunomiya, 1972
[Dy(tta)3] 193 Purushottam et al., 1965
[Dy(tta)3(phen)] 243–244 Kononenko et al., 1965b

[Ho(fod)3] 172–178 Springer et al., 1967
[Ho(fod)3(H2O)] 103–111 Springer et al., 1967
[Ho(fod)3(bipy)]·2H2O 88 Iftikhar et al., 1982
[Ho(hfac)3(H2O)2] 124–130 Lee et al., 1998
[Ho(hfac)3(H2O)2]·triglyme 67–71 Kang et al., 1997b
[{Ho(hfac)3} 2(tetraglyme)] 72–74 Leedham and Drake, 1996
[{Ho(tfac)3} 2(hmteta)] 88–92 Leedham and Drake, 1996
[Ho(thd)3] 180–182.5 Eisentraut and Sievers, 1965

178–180 Berg and Acosta, 1968
[Ho(thd)3(dmf)] 151.5–154.5 Schimitschek et al., 1967
[Ho(thd)3(phthalazine)] 125 Ansari and Ahmad, 1976
[Ho(thd)3(py)] 134–135 Selbin et al., 1971
[Ho(thd)3(pyr)] 183–187 Ansari and Ahmad, 1975
[{Ho(thd)3} 2(triglyme)] 76–78 Leedham and Drake, 1996

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[Ho(trimh)3] 190–192 Utsunomiya, 1972
[Ho(tta)3] 135 Purushottam et al., 1965

[Er(acac)3(phen)] 228–230 Kononenko et al., 1965a
[Er(fod)3] 158–164 Springer et al., 1967
[Er(fod)3(H2O)] 104–112 Springer et al., 1967
[Er(fod)3(bipy)]·2H2O 95 Iftikhar et al., 1982
[Er(pta)3] 158.0–161.2 Shigematsu et al., 1969a
[Er(thd)3] 179–181 Eisentraut and Sievers, 1965; Berg and Acosta, 1968

171–172 Utsunomiya and Shigematsu, 1972
[Er(thd)3(H2O)]n 184 Darr et al., 1996
[Er(thd)3(dme)] 94–96 Leedham and Drake, 1996
[Er(thd)3(dmf)] 153–154 Schimitschek et al., 1967
[Er(thd)3(diglyme)2] 72–74 Leedham and Drake, 1996
[{Er(thd)3} 2(triglyme)] 80–82 Leedham and Drake, 1996
[{Er(thd)3} 2(tetraglyme)] 77 Darr et al., 1996
[Er(thd)3(phthalazine)] 116–120 Ansari and Ahmad, 1976
[Er(thd)3(py)] 131–133 Selbin et al., 1971
[Er(thd)3(pyr)] 168–171 Ansari and Ahmad, 1975
[Er(trimh)3] 142–144 Utsunomiya, 1972
[Er(tta)3] 125 Purushottam et al., 1965

[{Tm(acac)3} 2(heptaglyme)] 83–85 Leedham and Drake, 1996
[Tm(fod)3] 140–146 Springer et al., 1967
[Tm(fod)3(H2O)] 110–115 Springer et al., 1967
[Tm(fod)3(bipy)]·2H2O 86 Iftikhar et al., 1982
[Tm(thd)3] 171.5–173.5 Eisentraut and Sievers, 1965

170–173 Selbin et al., 1971; Berg and Acosta, 1968
[Tm(thd)3(phthalazine)] 110–115 Ansari and Ahmad, 1976
[{Tm(thd)3} 2(tetraglyme)] 71–73 Leedham and Drake, 1996
[{Tm(thd)3} 2(triglyme)] 65–68 Leedham and Drake, 1996
[Tm(thd)3(py)] 134–136 Selbin et al., 1971
[Tm(thd)3(pyr)] 168–171 Ansari and Ahmad, 1975
[Tm(tta)3] 115 Purushottam et al., 1965

[Yb(fod)3] 125–132 Springer et al., 1967
[Yb(fod)3(H2O)] 112–115 Springer et al., 1967
[Yb(fod)3(bipy)]·2H2O 93 Iftikhar et al., 1982
[Yb(pta)3] 160.2–161.0 Shigematsu et al., 1969a
[Yb(thd)3] 166–169 Eisentraut and Sievers, 1965

165–167 Selbin et al., 1971; Berg and Acosta, 1968
[Yb(thd)3(diglyme)] 72–74 Leedham and Drake, 1996
[Yb(thd)3(phthalazine)] 120–124 Ansari and Ahmad, 1976
[Yb(thd)3(py)] 130–132 Selbin et al., 1971
[Yb(thd)3(pyr)] 165 Ansari and Ahmad, 1975
[Yb(thd)3(triglyme)] 68–70 Leedham and Drake, 1996

continued on next page
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Table 4,continued

Compound Melting or
decomposition point (◦C)

Reference

[Yb(trimh)3] 178–179 Utsunomiya, 1972
[Yb(tta)3] 145 Purushottam et al., 1965

[Y(fod)3(bipy)]·2H2O 90 Iftikhar et al., 1982

[Lu(fod)3] 118–125 Springer et al., 1967
[Lu(fod)3(H2O)] 111–115 Springer et al., 1967
[Lu(fod)3(phen)] 115 Iftikhar et al., 1982
[Lu(pta)3] 160.0–163.2 Shigematsu et al., 1969a
[Lu(thd)3] 172–174 Eisentraut and Sievers, 1965
[Lu(thd)3(py)] 125–127 Selbin et al., 1971
[Lu(trimh)3] 162–165 Utsunomiya, 1972
[Lu(tta)3]·2H2O 170 (dec.) Charles and Ohlmann, 1965b

aPossibly dissolving in liberated triglyme.
b[Eu(hfac)3(diglyme)] undergoes a transition from the solid phase to a plastic phase at 71.4◦C. Complete melting
occurs at 123–126◦C.
cShows evidence of dissolving in dme.

5.3. Hydration states

The rare-earthβ-diketonates are in general not hygroscopic, with the exception of the tris
complexes. The tris complexes can form adducts with one, two or even three water mole-
cules, resulting in seven-, eight- or nine-coordinate complexes. The most common of these
hydrated complexes are the dihydrates. It is not possible to obtain anhydrous tris complexes
by synthesis in an aqueous solution, except when afterwards a drying step in a (vacuum) oven
is included. The problems encountered when one tries to dehydrate these complexes have been
discussed in section3. After dehydration, the anhydrous complexes start to take up water from
the atmosphere and become hydrated again. The tendency to form hydrates is stronger when
the complexes have fluorinated ligands, e.g. [R(fod)3], because of the higher Lewis acidity
of these ligands.Springer et al. (1967)noticed that anhydrous [Er(fod)3] is transformed in
contact with in air in a few seconds into the monohydrate complex. Complexes with very
bulky ligands form a hydrophobic shell around the rare-earth ion, and this shell prevents that
water molecules bind to the rare-earth ion. When crystalline forms of anhydrous [Nd(acac)3]
or [Eu(acac)3] was exposed to the atmosphere, a loss of weight was observed(Liss and Boss,
1977). This weight loss was ascribed to a hydrolysis reaction:

[R(acac)3] + H2O → [R(acac)2(OH)] + Hacac (where R= Nd, Eu) (4)

The hydrolysis products melted around 130◦C, in contrast to the crystalline forms that
melted at 94◦C. The hydrolysis products showed an IR peak in the OH stretch region. On the
other hand when the amorphous forms of [Nd(acac)3] and [Eu(acac)3] were exposed to the
atmosphere, a gain in weight was observed. The weight change corresponded to the formation
of the monohydrate.
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Table 5
Melting or decomposition temperatures of tetrakisβ-diketonate complexes of rare earths, Q+[R(β-diketonato)4]−

Tetrakis unit Counter ion Q+ Melting or
decomposition point (◦C)

Reference

[La(dbp)4]− triethylammonium 130 Melby et al., 1964
[La(hfac)4]− triethylammonium 130 Melby et al., 1964
[La(hfac)4]− 2,6-lutidinium 130 Melby et al., 1964
[La(tta)4]− triethylammonium 135 Melby et al., 1964

[Pr(hfac)4]− triethylammonium 130 Melby et al., 1964

[Nd(dbp)4]− triethylammonium 130 Melby et al., 1964
[Nd(hfac)4]− triethylammonium 130 Melby et al., 1964
[Nd(hfac)4]− 2,6-lutidinium 130 Melby et al., 1964
[Nd(hfac)4]− pyridinium 185 Melby et al., 1964
[Nd(tta)4]− triethylammonium 135 Melby et al., 1964

[Sm(hfac)4]− triethylammonium 130 Melby et al., 1964

[Eu(acac)4]− Na+ 345 Melby et al., 1964
[Eu(acac)4]− K+ 225 Melby et al., 1964
[Eu(btfac)4]− piperidinium 132 Melby et al., 1964
[Eu(btfac)4]− benzylammonium 68–70 Charles and Riedel, 1966
[Eu(btfac)4]− dibenzylammonium 152–153 Charles and Riedel, 1966
[Eu(btfac)4]− diethylammonium 135–136 Charles and Riedel, 1966
[Eu(btfac)4]− tetramethylammonium 217–218 Charles and Riedel, 1966
[Eu(btfac)4]− tetraethylammonium 152–153 Charles and Riedel, 1966
[Eu(btfac)4]− tetra-n-propylammonium 167–168 Charles and Riedel, 1966
[Eu(btfac)4]− tetra-n-butylammonium 136–137 Charles and Riedel, 1966
[Eu(btfac)4]− triethylammonium 87–88 Charles and Riedel, 1966
[Eu(btfac)4]− n-butylammonium 78–80 Charles and Riedel, 1966
[Eu(btfac)4]− 2-hydroxyethylammonium 171–172 Charles and Riedel, 1966
[Eu(btfac)4]− piperidinium 170–172 Charles and Riedel, 1966
[Eu(btfac)4]− pyridinium 180–185 Charles and Riedel, 1966
[Eu(btfac)4]− quinolinium 155–157 Charles and Riedel, 1966
[Eu(btfac)4]− isoquinolinium 153–155 Charles and Riedel, 1966
[Eu(btfac)4]− tetramethylguadinium 154–155 Charles and Riedel, 1966
[Eu(bzac)4]− Na+ 220 Melby et al., 1964
[Eu(bzac)4]− piperidinium 141–142 Liang et al., 1970
[Eu(bzac)4]− tetrapropylammonium 158–166 Bauer et al., 1964
[Eu(dbm)4]− Na+ 167 Melby et al., 1964
[Eu(dbm)4]− K+ 300 Melby et al., 1964
[Eu(dbm)4]− Rb+ 286 Melby et al., 1964
[Eu(dbm)4]− Cs+ 280 Melby et al., 1964
[Eu(dbm)4]− hexadecyltrimethylammonium 163–164 Zhou et al., 1996
[Eu(dbm)4]− octadecyltriethylammonium 152–153 Zhou et al., 1996
[Eu(dbm)4]− tetramethylammonium 259 Melby et al., 1964
[Eu(dbm)4]− tetraethylammonium 230 Melby et al., 1964
[Eu(dbm)4]− triethylammonium 175 Melby et al., 1964
[Eu(dbm)4]− tetrapropylammonium 203–207 Bauer et al., 1964
[Eu(dbm)4]− diethylammonium 195–200 Bauer et al., 1964

continued on next page
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Table 5,continued

Tetrakis unit Counter ion Q+ Melting or
decomposition point (◦C)

Reference

[Eu(dbm)4]− tetrahexylammonium 220–226 Bauer et al., 1964
[Eu(dbm)4]− azabicyclononane ion 164–168 Bauer et al., 1964
[Eu(dbm)4]− N -hexadecylpyridinium 193–197 Bauer et al., 1964
[Eu(dbm)4]− piperidinium 184–187 (α-form) Bauer et al., 1964

182–184 (β-form) Bauer et al., 1964
190 Melby et al., 1964
188–193 Liang et al., 1970

[Eu(dtp)4]− piperidinium 180–186 Bauer et al., 1964
[Eu(dbp)4]− tetraethylammonium 152 Melby et al., 1964
[Eu(dbp)4]− triethylammonium 108 Melby et al., 1964
[Eu(hfac)4]− tetramethylammonium 190 Melby et al., 1964
[Eu(hfac)4]− triethylammonium 130 Melby et al., 1964
[Eu(hfac)4]− tetraethylammonium 153 Melby et al., 1964
[Eu(hfac)4]− 2,4,6-collidinium 130 Melby et al., 1964
[Eu(hfac)4]− 2,6-lutidinium 130 Melby et al., 1964
[Eu(hfac)4]− N -methylphenazinium 120 Melby et al., 1964
[Eu(hfac)4]− N -methylquinolinium 100 Melby et al., 1964
[Eu(hfac)4]− piperazinium 210 Melby et al., 1964
[Eu(hfac)4]− pyridinium 175 Melby et al., 1964
[Eu(nta)4]− N -hexadecylpyridinium 132–133 Zhou et al., 1995
[Eu(tbp)4]− isoquinolinium 150–151 Bauer et al., 1964
[Eu(tbp)4]− 2,4,6-trimethylpyridinium 168–170 Bauer et al., 1964
[Eu(tfa)4]− isoquinolinium 111–114 Bauer et al., 1964
[Eu(tnb)4]− isoquinolinium 192–196 Bauer et al., 1964
[Eu(tta)4]− triethylammonium 133 Melby et al., 1964
[Eu(tta)4]− tetrapropylammonium 188–189 Bauer et al., 1964
[Eu(tta)4]− tetrahexylammonium 170–172 Bauer et al., 1964
[Eu(tta)4]− 4-aminopyridinium 205–207 Chen et al., 2001
[Eu(tta)4]− 2,4,6-collidinium 158 Melby et al., 1964
[Eu(tta)4]− isoquinolinium 170–171 Bauer et al., 1964
[Eu(tta)4]− N -methylisoquinolinium 168–170 Chen et al., 2001
[Eu(tta)4]− 1,2-dimetylpyridinium 148–150 Chen et al., 2001
[Eu(tta)4]− 2,4,6-trimethylpyridinium 159–160 Bauer et al., 1964

125–126 Chen et al., 2001
[Eu(ptp)4]− tetrapropylammonium 189–193 Bauer et al., 1964

[Gd(dbm)4]− piperidinium 185–189 (α-form) Bauer et al., 1964
183–185 (β-form) Bauer et al., 1964

[Gd(hfac)4]− triethylammonium 130 Melby et al., 1964

[Tb(dbp)4]− triethylammonium 130 Melby et al., 1964
[Tb(dtp)4]− piperidinium 182–188 Bauer et al., 1964
[Tb(hfac)4]− triethylammonium 130 Melby et al., 1964
[Tb(hfac)4]− 2,4,6-collidinium 135 Melby et al., 1964
[Tb(hfac)4]− 2,6-lutidinium 130 Melby et al., 1964
[Tb(hfac)4]− pyridinium 185 Melby et al., 1964
[Tb(tta)4]− triethylammonium 158 Melby et al., 1964
[Tb(tta)4]− pyridinium 193 Melby et al., 1964

continued on next page
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Table 5,continued

Tetrakis unit Counter ion Q+ Melting or
decomposition point (◦C)

Reference

[Tb(tta)4]− 2,4,6-trimethylpyridinium 155–157 Bauer et al., 1964

[Dy(hfac)4]− triethylammonium 130 Melby et al., 1964

[Ho(hfac)4]− triethylammonium 130 Melby et al., 1964

[Er(hfac)4]− triethylammonium 130 Melby et al., 1964

[Yb(hfac)4]− triethylammonium 130 Melby et al., 1964

5.4. Kinetic stability

The rare-earthβ-diketonate complexes are kinetically labile, which means that in solution
there is a fast exchange of ligands.Bhaumik (1965a, 1965b)was able to illustrate this be-
havior by an elegant experiment. Upon addition of a solution of Tb(NO3)3 in ethanol to a
solution of [Eu(hfac)3] in ethanol, the strong red luminescence of the europium(III) com-
plex was readily replaced by the green luminescence of the [Tb(hfac)3] complex. This ef-
fect was even more dramatic in the case of the acetylacetonate complexes. When a solution
of Tb(NO3)3 was added to a weakly luminescent solution of [Eu(acac)3], the intense green
luminescence of [Tb(acac)3] was observed. The fact that theβ-diketonate complexes are ki-
netically labile, makes that after dissolution of a complex in a solvent, different species are
formed in solution. For instance, when a tetrakis complex is dissolved, not only the tetrakis
complex is present in solution, but also the corresponding tris and bisβ-diketonate com-
plexes.Cotton et al. (1966)investigated the ligand exchange in yttriumβ-diketonate com-
plexes. After mixing a solution of [(C6H5)4As][Y(tfac)4] and [(C6H5)4As][Y(hfac)4], five
different species could be characterized: [Y(hfac)4]−, [Y(hfac)3(tfac)]−, [Y(hfac)2(tfac)2]−,
[Y(hfac)(tfac)3]−, and [Y(tfac)4]−. The ligand exchange equilibria for these yttrium(III) com-
plexes with piperidinium counter ions have been studied by1H-NMR (Serpone and Ishayek,
1971). The ligand exchange of [Sc(acac)3] in acetonitrile was studied byHatakeyama et al.
(1988). Luminescence spectroscopy has often been used to determine the distribution ofβ-
diketonate species in solution. The equilibria not only depend on the type ofβ-diketonate lig-
and, but also on the solvent and on the concentration of the complex(Samelson et al., 1966).
Halverson et al. (1964a, 1964b)mention that use of ethylene glycol as the solvent, results in
a virtually complete decomposition of the complex [Eu(hfac)3(topo)2]. Mihara et al. (1994)
studied the kinetics and the mechanism of ligand exchange between [Ce(acac)4] and the free
ligand Hacac in C6D6 and CD3CN, by 1H-NMR line broadening. The observed first-order
rate constant depends on the concentration of Hacac in the enol form. The exchange rate was
not influenced upon addition of H2O to deuterated benzene, but addition of DMSO retarded
the exchange rate. It is proposed that the exchange reaction proceeds through the formation
of a nine-coordinate adduct, [Ce(acac)4(Hacac)], followed by two parallel rate-determining
steps, being the proton transfer from protonated Hacac to leaving acac, and the ring opening
of acac in the adduct complex.

Not many data on the shelf-life of rare-earthβ-diketonates are available.Charles and
Ohlmann (1965a)mention that Lewis base adducts of [R(dbm)3] could be stored at room
temperature for periods longer than one year without decomposition.
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5.5. Solubility

Eisentraut and Sievers (1968)determined the solubility of [Yb(thd)3] in different sol-
vents. The compound was found to be soluble in methylcyclohexane, benzene, chloroform,
methanol, ethylacetate, ethanol, carbon tetrachloride and hexane. The compound is insoluble
in water. The complex has the highest solubility in ethyl acetate: 0.70 g [Yb(thd)3] is soluble
in 1 ml of ethylacetate at 24◦C. The authors also observed that the solubility of the [R(thd)3]
complexes in organic solvents increases as the ionic radius of the rare-earth ion decreases.

Because theβ-diketonate ligands form a lipophilic shell around the rare-earth ion, rare-
earthβ-diketonate complexes are well soluble in supercritical carbon dioxide, which is a non-
polar solvent.Andersen et al. (2001)investigated the solubility of [Ce(acac)4], [Ce(tod)4)],
[Ce(thd)4], [Tb(acac)3], [Tb(tod)3] and [Tb(thd)3] in supercritical carbon dioxide. The sol-
ubilities were found to depend on theβ-diketonate ligand and increase in the order acac<

thd< tod. The rare-earth tod complexes are more than order of magnitude more soluble than
the corresponding thd complexes. This behavior was explained by the fact that the tod lig-
ands form a more compact ligand shell around the rare-earth ion than does thd(Andersen
et al., 2002). Lin et al. (1998)studied the adduct formation of lanthanideβ-diketonates with
organophosphorus Lewis bases (tbp, tbpo, topo) in supercritical CO2. Theβ-diketones in this
study were Hfod and Hhfac.

5.6. Solution structure

The tetrakisβ-diketonate complexes are assumed to be eight-coordinate. Their solution struc-
ture is intermediate between two ideal structures: the dodecahedron and the square antiprism
(Samelson et al., 1966). Because of the labile nature of the complexes, it is evident that it is
impossible to have one single species with an ideal coordination polyhedron is solution. In
the past, there has been a debate on the question whether an eight-coordinate tetrakis com-
plex can form an adduct with a solvent molecule, for instance acetonitrile, to form a nine-
coordinate complex. WhereasSamelson et al. (1966)have suggested the existence of such
nine-coordinate species,Shepherd (1966)could not obtain experimental evidence for such an
hypothesis.Karraker (1967)compared the fine structure and the intensity of the absorption
bands of rare-earthβ-diketonate complexes in solution and in the solid state. He found that
the absorption spectra of the six-coordinate tris complexes in polar solvents resembled those
of the eight-coordinate complexes due to adduct formation with solvent molecules. The ab-
sorption spectra of the hydratedβ-diketonate complexes in benzene resemble those of the six-
and seven-coordinate complexes due to dehydration. Addition of water or of another solvent
with oxygen donor ligands to a solution containing [Nd(fod)3] or [Er(fod)3] complexes re-
sulted in marked changes in the shape and intensity of the so-calledhypersensitive transitions
(Karraker, 1971). This effect was attributed to adduct formation.Yatmirskii and Davidenko
(1979)discussed the absorption spectra of rare-earthβ-diketonate complexes in organic sol-
vents. These authors also point to the existence of mono and bisβ-diketonate complexes in
solution. In non-polar solvents, the tetrakis complexes dissociate into tris complexes and a
β-diketonate salt.
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The rare-earthβ-diketonates easily dimerize in non-polar solvents(Ismail et al., 1969;
Bruder et al., 1974; Neilson and Shepherd, 1976; Kemlo et al., 1977). For instance,
[Tb(acac)3]·3H2O exists in benzene as dimers at concentrations higher than 0.005 M(Neilson
and Shepherd, 1976). Bruder et al. (1974)investigated the self-association of [Pr(fod)3] and
[Eu(fod)3] in detail. The tendency of these complexes to self-associate can be related to the
tendency of the rare-earth complexes to acquire a high coordination number. In the [R(fod)3]
complexes, the coordination number of the rare-earth ion is six, whereas the rare-earth ion
has coordination number seven in the [R2(fod)6] dimers and coordination number eight in
the [R3(fod)9] trimers. Coordination number seven can also be reached by a bridging water
molecule: [(fod)3R(OH2)R(fod)3]. The extent of self-association has the following solvent
dependence:n-hexane> carbon tetrachloride> benzene> chloroform. The self-association
is reduced in more polar solvents. Whereas self-association could be detected in carbon tetra-
chloride, this was not the case for these complexes dissolved in chloroform. Thus, in chloro-
form [Pr(fod)3] and [Eu(fod)3] are essentially present in monomeric form. The complexes of
the larger lanthanides (the elements at the beginning of the lanthanide series) are more associ-
ated than the complexes of the smaller lanthanides, although the smaller lanthanide(III) ions
have the highest Lewis acidity and can easier form adducts with Lewis bases. The reason for
this opposite behavior is steric hindrance. In contrast to the [R(fod)3] complexes, the [R(thd)3]
complexes are monomeric in solvents and in all concentrations(Bruder et al., 1974). It should
be noticed that [R(thd)3] (R = La–Sm) form anhydrous dimers in the solid state(Erasmus
and Boeyens, 1970, 1971). The aggregation behavior of [Pr(fod)3] and [Eu(fod)3] has been
studied byDesreux et al. (1972)as well.

Because of the preference of trivalent rare-earth ions for oxygen donor ligands, the in-
teraction between 1,10-phenanthroline and rare-earth ions is very weak in aqueous solution.
1,10-Phenanthroline does not form stable complexes with rare-earth ions in water. However,
when 3 equivalents of aβ-diketone with an aromatic substituent (e.g. Hdbm, Hbtfa or Htta)
are mixed with 1 equivalent of 1,10-phenanthroline and 1 equivalent of Eu3+ in aqueous so-
lution, a highly luminescent ternary europium(III) complex is formed(Frey et al., 1994). No
ternary complexes were formed in the case of Hacac, Hhfa or Hbzac. These experimental
facts point to the existence of a synergistic coordination in ternary complexes of rare-earth
ions withβ-diketonate ligands that contain aromatic groups and 1,10-phenanthroline.

Recently, Pikramenou and coworkers(Bassett et al., 2004)studied rare-earth complexes of
the bis(β-diketone) ligands 1,3-bis(3-phenyl-3-oxopropanoyl)benzene and 1,3-bis(3-phenyl-
3-oxopropanoyl)-5-ethoxy-benzene. These complexes have a helical structure. Both triple-
stranded neutral complexes of the type [R2L3], and quadruple-stranded anionic complexes
of the type [R2L4]2− are formed, where L is the deprotonated form of the bis(β-diketone)
ligands. The solution structure of these complexes was studied in detail by NMR spectroscopy.

5.7. Electrochemical properties

Richter and Bard (1996)have investigated the electrochemical properties of several tetrakis(β-
diketonato)europate(III) complexes with tetrabutylammonium or piperidinium counter ions
by cyclic voltammetry. The cyclic voltammograms were similar to those of the freeβ-
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diketone ligands. No waves were observed at potentials�500 mV where the thermody-
namic reduction of free Eu3+ to Eu2+ occurs. This suggest that the f-orbitals of Eu3+ are
screened by the ligand orbitals, which results in a redox behavior characteristic of ligand-
based processes. Theβ-diketonate ligands can thus be reduced electrochemically without
reduction of Eu3+. Comparable results were obtained byHemingway et al. (1975)for the
complexes [Eu(dbm)3(pip)] and [Eu(dnm)3(pip)]. Behrsing et al. (2003)studied the elec-
trochemical behavior of [Ce(acac)4] by cyclic voltammetry. Reduction of [Ce(acac)4] gave
well-defined cyclic voltammograms in acetonitrile and acetone, which indicates that the elec-
trochemical process is quasi reversible.Matsumoto et al. (2000)have studied the redox be-
haviour of the same complex in acetonitrile.

5.8. Thermodynamic properties

Geira (2000)determined the standard molar enthalpies of the formation of [R(thd)3] com-
plexes (R= La, Pr, Nd, Sm, Gd, Dy, Ho, Er) in the crystalline state by calorimetry. Also the
standard molar enthalpies of sublimation and the enthalpy changes of the complexes in the
gaseous state were calculated. Other thermochemical studies include the determination of the
standard molar enthalpies of formation of [La(acac)3] and [La(bzac)3] (Geira and Kakolow-
icz, 1988), the standard molar enthalpy of formation of [Pr(thd)3] and [Ho(thd)3] (Airoldi and
Santos, 1993)and of [Sc(thd)3], [Y(thd)3] and [La(thd)3] (Santos et al., 1997).

5.9. Magnetic properties

Shepherd (1967)measured the molar magnetic susceptibility of [Eu(btfac)4]− complexes
with different counter ions (piperidinium, piperazinium, morpholinium, ammonium and
benzyltrimethylammonium) between−150◦C and 100◦C. The magnetic susceptibility and
magnetization of crystals of phoshoro-azo derivatives of europium(III) and terbium(III)β-
diketonates have been measured(Borzechowska et al., 2002). A ferromagnetic spin–spin
coupling was observed for the [Cu(salbza)Gd(hfac)3] complex, were H2salabza isN,N ′-
bis(salicylidene)-2-aminobenzylamine(Sasaki et al., 2000). These authors also determined
the crystal structure of the complex (fig. 20). For magnetic studies of d-f complexes, most
often Gd3+ is selected as the rare-earth ion, because of the simplifying spin-only char-
acter of the8S7/2 ground state of this ion. The trivalent Gd3+ ion does not show mag-
netic anisotropy, so that the magnetic exchange interactions can be considered as being
isotropic. Benelli et al. (1989a)prepared bis adducts between [R(hfac)3] (R = Eu, Gd)
and the nitronyl nitroxides 2-ethyl-4,4,5,5-tetramethyl-4,5-dihydro-1H -imidazolyl-1-oxyl-3-
oxide and 2-phenyl-4,4,5,5-tetramethyl-4,5-dihydro-1H -imidazolyl-1-oxyl-3-oxide. Binding
to the rare-earth ion occurs through the oxygen atom. The nitronyl nitroxides are organic
radicals. A weak ferromagnetic coupling was observed between the gadolinium(III) ions
and the nitronyl nitroxides, whereas the nitronyl nitroxides couple in an antiferromagnetic
way to each other in the bis adducts. The ferromagnetic coupling was attributed to the
fact that the magnetic orbital of the ligand has a non-zero overlap with the 6s-orbital of
the gadolinium(III) ion. The fraction of the unpaired electrons transferred into the empty
6s-orbitals polarizes the 4f electron spins and forces them to be parallel to the unpaired
spins of the radicals. The fact that two radicalar ligands are present for each gadolinium(III)
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Fig. 20. Molecular structure of the [Cu(salbza)Gd(hfac)3] complex, where H2salabza isN,N ′-bis(salicylidene)-2-
aminobenzylamine(Sasaki et al., 2000). No hydrogen atoms are shown.

ion makes the theoretical interpretation more difficult. Therefore, the authors made adducts
with one nitronyl nitroxide per gadolinium(III) ion: [Gd(hfac)3(NITiPt)(H2O)], where NITiPr
is 2-isopropyl-4,4,5,5-tetramethyl-4,5-dihydro-1H -imidazolyl-1-oxyl-3-oxide(Benelli et al.,
1990). The crystal structure of the corresponding europium(III) compound could be obtained.
The coordination polyhedron is a highly distorted dodecahedron. Magnetic measurements on
the gadolinium(III) compound show that the ferromagnetic coupling between the gadolin-
ium(III) ion and the nitronyl nitroxide occurs essentially in an isotropic way, and not in a
dipolar way. The same type of coupling has found in adducts of [Gd(hfac)3] with pyridine-
substituted nitronyl nitroxide radicals(Benelli et al., 1992). When the gadolinium(III) ion
in these adducts with organic radicals is replaced by other paramagnetic rare-earth ions, the
theoretical interpretation of the magnetic data becomes much more difficult, because of the
magnetic anisotropy of the ground state. Magnetic anisotropy measurements were performed
on the [Ho(hfac)3(NITEt)] complex, where NITEt is 2-ethyl-4,4,5,5-tetramethyl-4,5-dihydro-
1H -imidazolyl-1-oxyl-3-oxide(Benelli et al., 1993). Magnetic measurements were also per-
formed on [R(hfac)3(NITEt)] (R = Tb, Dy, Ho). The compounds show magnetic phase tran-
sitions between 1.2 K and 3.2 K.

5.10. Crystal-field splittings

The fine-splitting in the absorption, excitation and luminescence spectra of rare-earthβ-
diketonate complexes is due to the crystal-field perturbation. The splitting patterns is de-
termined by the symmetry of the coordination polyhedron around the rare-earth ion and by
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the crystal field strength. A detailed description of the crystal-field perturbation in rare-earth
complexes can be found in the review paper ofGörller-Walrand and Binnemans (1996). Few
studies describe the crystal-field perturbation in lanthanideβ-diketonate complexes theoret-
ically. Bjorklund et al. (1968)studied the crystal-field splitting of (Et4N)[Eu(dbm)4]. Kirby
and Richardson (1983)performed a crystal-field study of [Eu(dbm)3(H2O)], on the basis of
spectroscopic data obtained from polarized absorption measurements, and (unpolarized) lu-
minescence measurements.Tsaryuk et al. (2000)determined the phenomenological Bk

q crystal
field parameters for a series of adducts of [Eu(thd)3] with substituted 1,10-phenanthrolines.
Kirby and Palmer (1981a, 1981b)had chosen [R(dbm)3(H2O)] (R = Nd, Eu, Ho, Er) as
model compounds to test the dynamic-coupling model that is used to describe the intensi-
ties of f–f transitions between crystal-field levels. A detailed analysis of the f–f intensities of
[Eu(dbm)3(H2O)] was made byKirby and Richardson (1983), and byDallara et al. (1984).
Szyczewski et al. (1995)compared the EPR spectra of the gadolinium(III)β-diketonate com-
plexes [Gd(acac)3(H2O)3], [Gd(tta)3(H2O)2] and [Gd(bzac)3(H2O)2] with those of polycar-
boxylate complexes.

5.11. Infrared spectra

Over the years, there has been a lot of dispute about the assignment of some absorption bands
in the infrared (IR) spectra of metal complexes ofβ-diketonates, including the rare-earthβ-
diketonates. More particularly, the polemic was about the positions of the CO and C C
stretching vibrations in the infrared spectra.Bellamy and Branch (1954)assigned the bands at
1580 cm−1 and 1520 cm−1 to the C O and C C stretching modes respectively. These assign-
ments were reversed byNakamoto and Martell (1960). Mikami et al. (1967)supported the as-
signments made by Nakamoto and Martell, although the two modes were shown to be slightly
coupled.Pinchas et al. (1967)concluded on the basis of the infrared spectra of13C and18O
labeled [Cr(acac)3] and [Mn(acac)3] complexes, that the assignment made by Bellamy and
Branch is the correct one.Liang et al. (1970)assigned the absorption bands observed in the
infrared spectrum of [Eu(acac)3(H2O)2] at 1600 cm−1 and 1515 cm−1 to the C O and C C
stretching vibrations respectively. Replacement of a methyl group by a trifluoromethyl group
strengthens the CO and C C bonds, but weakens the Eu–O bond. The former two bands
are therefore shifted to higher wavenumbers, while the latter is shifted to lower wavenumbers.
Misumi and Iwasaki (1967)studied the infrared spectra of the tris acetylacetonate complexes
of praseodymium(III), neodymium(III), europium(III), gadolinium(III), dysprosium(III) and
erbium(III). Their assignments of the CO and C C stretching vibrations should be cor-
rected, according to the findings ofPinchas et al. (1967). The R–O vibrations were found in
the regions 420–432 cm−1 and 304–322 cm−1. The R–O stretching vibrations shift to higher
wavenumbers from praseodymium(III) to erbium(III).

5.12. Chirality sensing

Tsukube et al. (2001)found that upon addition of chiral amino alcohols to rare-earth com-
plexes of non-chiralβ-diketonates, such as [R(thd)3] or [R(fod)3], a circular dichroism (CD)
signal could be observed. It was suggested that trisβ-diketonate complexes can be used for
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chirality sensing, because the sign of the CD signal depends on the configuration of the amino
alcohol. This method could be applied to determine the enantiomeric excess in mixtures of
enantiomers of amino alcohols.

5.13. Properties of hemicyanine dyes withβ-diketonate counter ions

Tetrakis rare-earthβ-diketonate complexes can act as counter ions for hemicyanine dyes (also
called stilbazolium dyes). Typically stilbazolium dyes have halide counter ions, but these
halide counter ions can be replaced by anionic tetrakisβ-diketonate complexes [R(pmbp)4]−,
where Hpmbp is 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone(Wang et al., 1994c, 1995a; Li
et al., 1996). The rare-earth ions studied were restricted to La, Nd, Dy and Yb. Structural
changes of the hemicyanine chromophore include changing the two methyl groups of the
amino-nitrogen by ethyl groups, or changing the C16H33 chain by a C18H37 chain. The in-
tense red color of these compounds is not due to the rare-earth complex but to the hemicyanine
counter ion. The strong absorption bands of the hemicyanine chromophore overwhelm those
of the f–f transitions, butBinnemans (2000)could observe f–f transitions of Nd3+ in this type
of compounds. The intensity and the positions of the absorption bands of the hemicyanine
chromophore depend on the solvent(Binnemans et al., 1999c). This strong solvatochromism
is an indication for the good non-linear optical properties of these complexes. Another inter-
esting property of these compounds is the observation of a photoelectrical signal. A double
lipid membrane doped with an ytterbium(III) complex containing a hemicyanine chromophore
showed a small electric current through the membrane when illuminated with a continuous
light source(Xiao et al., 1994). The group of Huang prepared similar complexes in which the
C=C linking group was replaced by an azo group (N=N) (Gao et al., 1996a, 1996b).

6. Luminescence ofβ-diketonate complexes

6.1. Photoluminescence

One of the most interesting features of trivalent lanthanide ions is their photoluminescence.
Several lanthanide ions show luminescence in the visible or near-infrared spectral regions
upon irradiation with ultraviolet light. The color of the emitted light depends on the lan-
thanide ion. For instance, Eu3+ emits red light, Tb3+ emits green light and Tm3+ emits blue
light. Yb3+, Nd3+ and Er3+ are well-known for their near-infrared luminescence. When the
light emission by lanthanide ions is discussed, one uses the term “luminescence”, rather than
the terms “fluorescence” or “phosphorescence”. The reason is that the terms fluorescence and
phosphorescence are used to describe light emission by organic molecules, and that these
terms incorporate information on the emission mechanism:fluorescenceis singlet-to-singlet
emission andphosphorescenceis triplet-to-triplet emission. In the case of the lanthanides, the
emission is due to transitions inside the 4f-shell, i.e. these transitions are intraconfigurational
f–f transitions. Because the partially filled 4f-shell is well shielded from its environment by
the closed 5s25p6 shell, the ligands in the first and second coordination sphere perturb the
electronic configurations of the trivalent lanthanide ions only to a very limited extent. This
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shielding is responsible for the specific properties of lanthanide luminescence, more particu-
larly for the narrow-band emission and for the long lifetimes of the excited states. Depending
on the method of excitation, different types of luminescence are considered, e.g.photolu-
minescence(emission after excitation by irradiation with electromagnetic radiation),electro-
luminescence(emission by recombination of electrons and holes under the influence of an
electric field),chemiluminescence(non-thermal production of light by a chemical reaction) or
triboluminescence(emission observed by applying mechanical stress to crystals or by fracture
of crystals).

Although the photoluminescence by lanthanide ions is an efficient process, the lanthanide
ions suffer from weak light absorption. Because the molar absorptivitiesε of most of the tran-
sitions in the absorption spectra of the trivalent lanthanide ions are less than 10 l mol−1 cm−1,
only a small amount of radiation can be absorbed by direct excitation in the 4f levels. Since the
luminescence intensity is not only proportional to the luminescence quantum yield, but also to
the amount of light absorbed, weak light absorption results in weak luminescence. However
the problems of weak light absorption can be overcome by the so-called “antenna effect”.
Weissman (1942)discovered that intense metal-centered luminescence can be observed for
lanthanide complexes with organic ligands upon excitation in an absorption band of the or-
ganic ligand. Because of the intense absorption bands of organic chromophores, much more
light can be absorbed by the organic ligand than by the lanthanide ion itself. Subsequently, the
excitation energy is transferred from the organic ligand to the lanthanide ion by intramolec-
ular energy transfer.Weissman (1942)first observed this phenomenon for the europium(III)
complex of salicylaldehyde, but in his seminal paper he also studied the europium(III) com-
plexes of benzoylacetone, dibenzoylmethane andmeta-nitrobenzoylacetone. It took about 20
years before the importance of Weissman’s work was appreciated, althoughSevchenko and
Trofimov (1951)showed that his experiments could be reproduced. But after the mechanisms
of the energy transfer from the organic ligand to the lanthanide ion has been investigated in
the early 1960s and after one realized that the lanthanideβ-diketonate complexes could have
potential as the active component in chelate lasers, an intense research activity has been going
on in the field of luminescent materials based on lanthanideβ-diketonates.

The commonly accepted mechanism of energy transfer from the organic ligands to the lan-
thanide ion is that of Crosby and Whan(Crosby et al., 1961, 1962; Whan and Crosby, 1962)
(fig. 21). Upon irradiation with ultraviolet light, the organic ligands of the lanthanide complex
are excited to a vibrational level of the first excited singlet state (S1 ← S0). The molecule
undergoes fastinternal conversionto lower vibrational levels of the S1 state, for instance
through interaction with solvent molecules. The excited singlet state can be deactivated ra-
diatively to the ground state (molecular fluorescence, S1 → S0), or can undergo non-radiative
intersystem crossingfrom the singlet state S1 to the triplet state T1. The triplet state T1 can
be deactivated radiatively to the ground state S0, by the spin-forbidden transition T1 → S0.
This results in molecular phosphorescence. Alternatively, the complex may undergo a non-
radiative transition form the triplet state to an excited state of the lanthanide ion. After this
indirect excitation by energy transfer, the lanthanide ion may undergo a radiative transition to
a lower 4f-state by characteristic line-like photoluminescence, or is may be deactivated by ra-
diationless processes. According toWhan and Crosby (1962)the main cause of radiationless
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Fig. 21. Photophysical processes in lanthanideβ-diketonate complexes (antenna effect). Abbreviations: A= absorp-
tion, F = fluorescence, P= phosphorescence, L= lanthanide-centered luminescence, ISC= intersystem crossing,

ET = energy transfer.

deactivation of the lanthanide ion is the vibronic coupling with the ligand and solvent mole-
cules. AlthoughKleinerman (1964)proposed a mechanism of direct transfer of energy from
the excited triplet state S1 to the energy levels of the lanthanide ion, this mechanism is now
considered to be not important. Luminescence by the lanthanide ion is only possible from
certain levels, that are termedresonance levels. The main resonance levels are4G5/2, 5D0,
5D4 and4F9/2 for respectively Sm3+, Eu3+, Tb3+ and Dy3+. If the lanthanide ion is excited
to a non-emitting level, either directly by excitation in the 4f-levels or indirectly by energy
transfer, the excitation energy is dissipated via radiationless processes until a resonance level
is reached. Radiative transitions become then competitive with the non-radiative processes
and metal-centered emission can be observed. Line-emission by a lanthanide ion is only pos-
sible if the radiationless deactivation, the molecular fluorescence and phosphorescence can
be minimized. In order to populate a resonance level of the lanthanide ion, it is necessary
that the lowest triplet state of the complex is located at an energy nearly equal or above the
resonance level of the lanthanide ion, not below. When the energy levels of the organic lig-
ands are below that of the resonance level of the lanthanide ion, the molecular fluorescence or
phosphorescence of the ligand is observed, or no light emission at all. The luminescence ob-
served for a specific lanthanide complex is therefore a sensitive function of the energy of the
lowest triplet level of the complex relative to a resonance level of the lanthanide ion. Because
the position of the triplet level depends on the type of ligand, is it therefore possible to con-
trol the luminescence intensity observed for a given lanthanide ion by variation of the ligand
(Filipescu et al., 1964). The position of the triplet level is also temperature dependent, so that
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the luminescence caused by indirect excitation through the organic ligands is much more tem-
perature sensitive than luminescence caused by direct excitation of the 4f-levels(Weissman,
1942). Sato and Wada (1970)investigated the relationship between the efficiency of the inter-
molecular energy transfer from the triplet state to the lanthanide ion and the energy difference
between the triplet state and resonance levels of the lanthanide ions. The authors determined
the energy of the triplet states by measuring the phosphorescence spectra of gadolinium(III)
β-diketonate complexes at 77 K in an EPA solution (5 parts of diethyl ether, 5 parts of 3-
methylpentane and 5 parts of ethanol by volume). Because the 4f-levels of Gd3+ are located
above the triplet levels, no metal-centered emission can be observed for Gd3+. Moreover, the
presence of a heavy paramagnetic ion enhances the intersystem crossing from the singlet to
the triplet state, because of mixing of triplet and singlet states (“paramagnetic effect”)(To-
bita et al., 1984, 1985). By the spin–orbit coupling the triplet state acquires partially a singlet
character and the selection rules can be relaxed. By the presence of the gadolinium(III) ion,
the decay time of the triplet state is reduced(Bhaumik and El-Sayed, 1965). Often cryogenic
temperatures are necessary to observe phosphorescence, because otherwise the triplet state is
deactivated by radiationless processes. Also the fluorescence competes with the phosphores-
cence. At 77 K, the solvent quenching of the triplet state is negligible. The triplet levels are
always located at a lower energy than the singlet levels. Although energy transfer to the lan-
thanide ion takes place from the lowest triplet level T1, it is sometimes possible to observe in
the phosphorescence spectrum higher lying triplet states such as T2 as well. The efficiency of
the energy transfer is proportional to the overlap between the phosphorescence spectrum and
the absorption spectrum of the lanthanide ion. The overlap decreases as the triplet state energy
increases. A close match between the energy of the triplet state and the energy of the receiving
4f-level of the lanthanide ion is not desirable neither, because back transfer of the lanthanide
ion to the triplet state can occur. Many of the europium(III)β-diketonate complexes show an
intense luminescence, but mostβ-diketonate complexes are not good ligands to sensitize the
luminescence of terbium(III) ions. The reason is that the triplet level of manyβ-diketonate
ligands with aromatic substituents is below that of the resonance level5D4 of Tb3+. Often, ter-
bium β-diketonate complexes show weak or no luminescence at room temperature, although
sometimes stronger luminescence it observed at liquid nitrogen temperatures. Besides, eu-
ropium(III) and terbium(III) complexes, visible photoluminescence can be expected for the
β-diketonate complexes of samarium(III) and dysprosium(III)(Freeman and Crosby, 1963).
Weak visible or near-infrared emission is possible for the complexes of praseodymium(III),
neodymium(III), holmium(III), erbium(III), thulium(III) and ytterbium(III). It has already
been mentioned that no metal-centered photoluminescence can be observed for gadolin-
ium(III) complexes, because of the high energy of the 4f-levels. Because lanthanum(III)
has an empty 4f-shell and lutetium(III) a filled 4f-shell, no metal-centered luminescence
can be observed for the complexes of these ions. Serafin and coworkers(Sager et al., 1965;
Filipescu et al., 1964)investigated the influence of different substituents on theβ-diketonate
ligands on the intramolecular energy transfer. They determined the position of the first excited
singlet S1 by measuring the absorption spectra of the complexes. The absorption intensities
don’t change much on changing the substituents of theβ-diketonate. The authors found that
the position of S1 does not affect directly the energy transfer from theβ-diketonate ligand to
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the lanthanide ion. On the other hand, the intersystem crossing (singlet-to-triplet transition),
depends on the substituents. When the energy transfer from the ligand to the lanthanide ion is
inefficient, the metal-centered luminescence is weak and at the same time an emission band
due to the molecular phosphorescence is observed. One can say that in these cases, the triplet
state is only partially quenched by the lanthanide ion. When the lanthanide luminescence is
absent, the intensity of the phosphorescence band can approach that of the corresponding
gadolinium(III) complex. The efficiency of the energy transfer from the organic ligand to the
lanthanide ion, is proportional to the overlap between the ligand phosphorescence spectrum
and the absorption spectrum of the lanthanide(III) ion(Iwamuro et al., 2000).

Wu and Su (2001)investigated the intramolecular energy relaxation processes of [R(tta)3-
(H2O)2] complexes (R= Nd, Eu, Gd) by photoacoustic spectroscopy.Yang et al. (1999)per-
formed a similar study on [Eu(dbm)3(phen)] and [Eu0.8R0.2(dbm)3(phen)] complexes (R=
Nd3+, Gd3+, Tb3+), andYu et al. (2003)on [Nd(dbm)3(H2O)] and [Nd(dbm)3(phen)]. Pho-
toacoustic spectroscopy is a complementary technique to luminescence spectroscopy, because
it can monitor non-radiative relaxation.

As mentioned above, europium(III)β-diketonate complexes show often an intense lumi-
nescence. However, the luminescence intensities are strongly dependent on the type ofβ-
diketone, and on the type of complex. Moreover, it is very often difficult, not to say impos-
sible to compare the luminescence output of different samples. The luminescence intensity
is not only related to the quantum yield of luminescence, but also to the amount of absorbed
radiation. For this reason, the luminescence of solid samples will also depend on the posi-
tion of the sample in the light beam that is used for excitation. The luminescence intensity of
lanthanide chelates that are excited in the ligand bands is much more dependent on the tem-
perature than the luminescence that is observed upon direct excitation in the f–f levels. It is
possible to find some regularities in the luminescence output of europium(III)β-diketonates.
The weakest luminescence is observed for the tris complexes. Lewis base adducts give higher
intensities, and the tetrakisβ-diketonate complexes gives the highest luminescence intensity.
Aliphatic β-diketones (acetylacetone, trifluoroacetylacetone or hexafluoroacetylacetone) give
weakly luminescent europium complexes, because of the large energy gap between the res-
onance levels of the europium ion and the triplet state of the ligand, which makes energy
transfer to the europium ion inefficient(Filipescu et al., 1964). Combinations of aromatic and
aliphatic substituents on theβ-diketones (benzoylacetone, benzoyltrifluoroacetone, thenoyl-
trifluoroacetone) give europium complexes with a more intense luminescence. In these sys-
tems, the energy transfer from the ligand to the lanthanide ion is more efficient. The increase
in luminescence intensity in such systems is also attributed to the increased anisotropy around
the europium ion(Filipescu et al., 1964). Among the Lewis base adducts, a complex that is
well-known for its good luminescence properties is [Eu(tta)3(phen)] (figs. 22 and 23). Among
the terbium complexes, strong luminescence is observed for the tris complexes of acetylace-
tone, di-p-fluorodibenzoylmethane and trifluoroacetylacetone(Filipescu et al., 1964). The
highest luminescence intensity is observed for terbium(III) complexes of acetylacetone(Yang
et al., 1994a, 1994b). In order to obtain luminescent terbium(III)β-diketonate complexes with
aromatic substituents, complexes of 1-indoleacetylacetone and 3-indoleacetylacetone were
prepared(Wu et al., 1992a, 1992b; Wu and Yang, 1992). The reason for this choice was that
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Fig. 22. Structure of the luminescent europium(III)β-diketonate complex [Eu(tta)3(phen)].

Fig. 23. Luminescence spectrum at 77 K of [Eu(tta)3(phen)] in a KBr pellet. The excitation wavelength is 396 nm.
All the transitions start from the5D0 state.

the triplet level of the indole group is at a higher energy than the energy of the triplet level
of a phenyl group.Yang et al. (1994a, 1994b)stated that the presence of a rigid planar struc-
ture in the complex causes a higher intensity of the sensitized luminescence, because such
structure allows a better energy transfer. The fact that a stronger luminescence is observed for
[Eu(tta)3(phen)] than for [Eu(tta)3(bipy)] is in agreement with this rule.

Typically, the luminescent lanthanide complexes are excited by ultraviolet radiation. By
adduct formation of [Eu(fod)3] with bis(N,N -dimethylamino)benzophenone (Michler’s ke-
tone) in benzene,Werts et al. (1999)obtained an europium(III) complex that could be excited
by blue light at ca. 450 nm (fig. 24). It was shown by UV-VIS titration that a 1:1 adduct is
formed between Michler’s ketone and theβ-diketonate complex. However, the adduct for-
mation could only be observed in non-coordinating solvents, and also water molecules were
found to compete with Michler’s ketone for binding to the [Eu(fod)3] complex. The adduct
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Fig. 24. Adduct formed between [Eu(fod)3] and Michler’s ketone(Werts et al., 1999).

Fig. 25. Rare-earth complexes of 3,6-bis(2-pyridyl)tetrazine(Shavaleev et al., 2003b). R = Gd, Er, Yb.

could not be isolated in the solid state, although it could be trapped in a methylcyclohexane
glass at 77 K. Upon variation of theβ-diketonate ligand, it was found that the adduct with
[Eu(thd)3] was strongly luminescent as well, but only a weak luminescence could be observed
for the adduct of [Eu(hfac)3]. Mononuclear and dinuclear adducts of [R(tta)3] (R = Nd, Er,
Yb) with 3,6-bis(2-pyridyl)tetrazine showed near-infrared luminescence upon excitation with
visible light (520 nm) in a low-energetic transition centered on the 3,6-bis(2-pyridyl)tetrazine
ligand(Shavaleev et al., 2003b)(fig. 25). Sabbatini et al. (1996)andLis et al. (2002)gave an
overview of applications of lanthanide luminescence that are based on the sensitization of the
luminescence by the presence of organic chromophores.

The luminescence of europium(III) complexes can be quenched by a low-lying ligand-to-
metal charge-transfer state (LMCT state)(Blasse, 1976; Napier et al., 1975; Sabbatini et al.,
1993). Such a LMCT state can deactivate the excited singlet and/or triplet states of the ligand.
An et al. (2002)studied the quenching of the5D1 state in Eu3+ doped [Gd(thd)3] by a low-
lying ligand-to-metal charge transfer state.Villata et al. (1999)discussed the photoinduced



RARE-EARTH BETA-DIKETONATES 169

electron transfer as the main deactivation mechanism of [Eu(fod)3] in organic solutions. Upon
steady state irradiations of the complex at 300 nm, Eu3+ is photochemically reduced to Eu2+.

Theluminescence quantum yield� is an important quantity for evaluation of the efficiency
of the emission process in luminescence materials. The quantum yield is defined at the ratio of
the number of emitted photons to the number of absorbed photons per time unit(Fery-Forgues
and Lavabre, 1999):

(5)� =
number of emitted photons

number of absorbed photons
.

The luminescence quantum yield is directly related to the rate constants for radiative deacti-
vation (kr) and non-radiative deactivation (knr), by the relationship:

(6)� =
kr

kr + knr
.

The factorkr is temperature-independent. The non-radiative rate constant contains contribu-
tions from a temperature-independent term, which accounts for the deactivation to the ground
state, and a temperature-dependent term which can play a role when upper-lying short-lived
excited states are thermally accessible(Thompson et al., 2002). Determination of quantum
yields is not an easy task. The measurement ofabsolute quantum yieldsis critical and re-
quires special equipment, because it is necessary to know the amount of excited light received
by the sample. These measurements are done by the use of scattering agents and integrating
spheres to calibrate the system. For routine work, one is often satisfied with the determination
of relative quantum yields. In this case the quantum yield of the unknown is compared with
that of a reference sample:

(7)�X =
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where� is the luminescence quantum yield,A is the absorbance at the excitation wavenum-
ber,E is the area under the corrected emission curve (expressed in number of photons), andn

is the refractive index of the solvents used. The subscripts R and X refer to the reference and
to the unknown, respectively. The ideal absorbance for luminescence measurements lies be-
tween 0.04 and 0.05. When the absorbance is above 0.05, the emission intensity can no longer
be assumed proportional to the concentration of the analyte (no linear relationship between
the emission intensity and the concentration). Only when the sample and the reference have
the same absorbance at the excitation wavelength, and absorbance up to 0.5 can be tolerated.
When the absorbance is too low, the impurities from the medium may become important with
respect to the amount of analyte. Moreover, at low concentrations the dissociation of the com-
plex is solution can be a problem, especially when the formation constants are not very high
(as is often the case for rare-earthβ-diketonate complexes). It is advisable to use the same ex-
citation wavelength for measuring the luminescence of the standard and of the unknown. One
should not choose the excitation wavelength on the edge of an excitation band, because upon
excitation on the edge, a slight change in wavelength will induce a large change in the amount
of light absorbed. When the same solvent is used for both the reference and the unknown, the
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factor(nX/nR)2 will be equal to unity. For lanthanide complexes, the quantum yield depends
upon the ligand (or metal) transition that is excited, because sensitization of the lanthanide ion
can go through several energy migration paths, the efficiency of which depends on the pecu-
liar levels involved. For integration of the emission spectra, the spectra have to be expressed
as a function of the wavenumber (cm−1) and not as a function of the wavelength. Of course,
the luminescence quantum yield have to be determined by the use of corrected emission spec-
tra. Finding a suitable reference (standard) is often a big problem, especially when one wants
to perform measurements on luminescent materials that emit in the near-infrared region. The
reference has to emit in the same region as the lanthanide ion of interest does. Most of the
fluorescence standards are organic compounds that show broad band emission, whereas the
lanthanide ions exhibit line-like emission. For determination of luminescence quantum yield
on europium(III), cresyl violet (� = 54% in methanol) or rhodamine 101 (� = 100% in
ethanol) can be used as standards(Eaton, 1998). For terbium(III) complexes, quinine sulfate
(� = 54.6% in 0.5 M aqueous H2SO4) and 9,10-diphenylanthracene (� = 90% in cyclo-
hexane) can be used(Eaton, 1998). Another standard for lanthanide complexes emitting in the
visible region is [Ru(bipy)3]Cl2 (λex = 400 nm,� = 2.8% in water)(Nakamura, 1982). Bün-
zli and coworkers(Chauvin et al., 2004)proposed the use of europium(III) and terbium(III)
tris(dipicolinates) as secondary standards for luminescence quantum yield determination.

For solid samples, standard phosphors can be used(de Sá et al., 2000; Bril and De Jager-
Veenis, 1976a, 1976b; de Mello Donegá et al., 1996a, 1996b). The relevant expression is:

(8)�X =

(

1 − RR

1 − RX

)(

φX

φR

)

�R,

whereR is the amount of reflected excitation radiation andφ is the integrated photon flux
(photons s−1). Commercial phosphors that can be used as standard for luminescence quan-
tum yields are Y2O3:3% Eu3+ (YOX-U719 Philips,� = 99%) for europium(III) emission
and GdMgB5O10:Tb3+,Ce3+ (CBT-U734 Philips,� = 95%) for terbium(III)(Malta et al.,
1998). A solid standard that is easily obtainable is sodium salicylate, which has a broad band
emission with a maximum at 450 nm, and a luminescence quantum yield of 60% at room
temperature(Bril and De Jager-Veenis, 1976b; Gonçalves e Silva et al., 2000). One of the
few examples of direct determination of absolute quantum yield ofβ-diketonates is the work
of Gudmundson et al. (1963). These authors determined the absolute quantum efficiency of
[Eu(tta)3] in acetone by a caloric method. By this technique the temperature rise of the sam-
ples due to non-radiative deactivation is measured. The quantum efficiency in acetone at 25◦C
was determined as 0.56± 0.08. Only the5D0 → 7F2 transition was considered, because the
authors argue that this transition accounts for more than 95% of the total emission of the com-
plex. For the determination of the luminescence quantum yields, it is not necessary to record
emission spectra at high resolution(Haas and Stein, 1971). The errors on the experimentally
determined luminescence quantum yields can be quite high (up to 30%), so one has to be care-
ful with drawing conclusions when quantum yields of different systems are compared. The
luminescence quantum efficiency of [Eu(nta)3(dmso)2)] (0.75) is one of the highest observed
for solid europium(III) complexes(Carlos et al., 2003).
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Whereas the luminescence quantum yield gives an idea of the luminescence quenching
in the whole system, the luminescence decay time indicates the extent of quenching at the
emitting ion site only.Bhaumik (1964)studied the temperature variation of the luminescence
quantum yield and the decay times of various europium(III)β-diketonate complexes in var-
ious solvents. Although the luminescence decay times of the complexes are quite different
from one another at room temperature, the values for the different complexes are very much
the same at 77 K (ca. 450µs). This indicates that the rate of quenching at the Eu3+ site ap-
proaches a constant value at this temperature. Fluorine substitution in the ligand results in a
decrease of the quenching and thus in an increase of the decay time at room temperature (up to
a factor 2). Although the decay times of the europium(III) complexes are similar at 77 K, this
is not the case for the corresponding luminescence quantum yields. This gives an indication
of the fact that quenching not only occurs at the rare-earth ion site, but in the ligand as well.
The luminescence quantum yields of the fluorinated complexes was found to be higher than
those of the non-fluorinated complexes. During a time-resolved study of the spectroscopic
properties of tris and tetrakis complexes of europium(III) with dibenzoylmethane ligands in
glass-forming solvents,Watson et al. (1975)observed that the5D0 emission intensity rised
exponentially from an apparent initial intensity to a maximum within several microseconds,
and decayed exponentially on a much longer (millisecond) timescale. The emission of the5D1

level was found to decay on a microsecond time scale, and the rise time of the5D0 emission
is virtually identical with the decay time of the5D1 emission. It is an interesting phenom-
enon that the lifetime of the tris complexes is shorter than that of the tetrakis complexes at
77 K, but the reverse is true at room temperature. The glass-forming solvents used by the au-
thors were: (a) diethyl ether–2-methylbutane (EP); (b) diethyl ether–2-methylbutane–ethanol
(EPA); (c) methanol–ethanol (ME); (d) methylcyclohexane–2-methylbutane (MCHIP). In all
cases, equal volume parts of the different components have been taken.

Charles and Riedel (1966)compared the relative intensities and the fine structure of the
5D0 → 7F1 and 5D0 → 7F2 transitions of many tetrakis europium(III) complexes of ben-
zoyltrifluoroacetone. The luminescence intensity of the tetrakis complexes is much higher
than that of the corresponding hydrated tris complex.Shepherd (1966)found that the counter
ion of tetrakis europium(III) complexes influences the fine structure of the luminescence
spectrum in non-polar solvents, whereas the spectra in polar solvents are cation indepen-
dent. This effect was ascribed to ion-pairing in non-polar solvents, which disturbs the
first coordination sphere of the europium(III) ion.Bjorklund et al. (1968)analyzed theo-
retically the crystal-field splitting observed in the emission spectrum of the tetraethylam-
monium tetrakis(dibenzoylmethanato)europate(III) at 77 K. The effect of different alkali-
metal counter ions on the luminescence spectra of M+[Eu(bzac)4]− (M+ = Na+, K+,
Rb+, Cs+) have been investigated by high-resolution spectroscopy(Murray et al., 1989).
The authors found a descent in symmetry when the size of the cation increased. The fol-
lowing symmetries were assigned for the different compounds: sodium, D4; potassium,
C4 or C4v; rubidium, D2d; cesium, D2. Thompson and coworkers(Moser et al., 2000;
Thompson and Berry, 2001)point to the fact that it is very difficult to assign the geometry
of the coordination polyhedron in europium(III)β-diketonate complexes based on the fine
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Table 6
Luminescence lifetimes of europium(III)β-diketonate complexes in the solid state at room temperature. The emitting

state is5D0

Compound Lifetime (ms) Reference

[Eu(btfac)3(H2O)2] 0.17 de Mello Donegá et al., 1997
[Eu(tta)3(H2O)2] 0.260 Malta et al., 1997
[Eu(btfac)3(H2O)2] 0.329 Qian et al., 2001
[Eu(dmbm)3(phen)] 0.34 Bünzli et al., 1994
[Eu(mdbm)3(phen)] 0.37 Bünzli et al., 1994
[Eu(btfac)3(phenNO)] 0.37 de Mello Donegá et al., 1997
[Eu(bzac)3(H2O)2] 0.41 Alves et al., 1997
[Eu(bzac)3(phen)] 0.43 Alves et al., 1997
[Eu(dbm)3(phen)] 0.43 Bünzli et al., 1994
[Eu(bzac)3(phenNO)] 0.46 Alves et al., 1997
[Eu(mfa)3(phen)] 0.47 Bünzli et al., 1994
[Eu(tta)3(ptso)2] 0.598 Gonçalves e Silva et al., 2000
[Eu(bzac)3(phen)] 0.61 Bünzli et al., 1994
[Eu(tta)3(dbzso)2] 0.714 Malta et al., 1997
[Eu(tta)3(dmso)2] 0.72 Brito et al., 2000
[Eu(hfac)3(monoglyme)] 0.93 Malandrino et al., 2001
[Eu(hfac)3(diglyme)] 0.96 Malandrino et al., 2001
[Eu(tta)3(phen)] 0.976 Gonçalves e Silva et al., 2000
[Eu(dbm)3(phen)] 1.993 Yan et al., 1997

structure of the luminescence spectrum, because of the low symmetry of the coordination site
(often as low as C1).

Malta and coworkers(Malta et al., 1997, 2002; Malta and Gonçalves e Silva, 1998; Faustino
et al., 2000; de Sá et al., 2000)made a theoretical study of the intramolecular energy trans-
fer and the luminescence quantum yields of europium(III)β-diketonate complexes. These
theoretical insights can lead to a more rational design of luminescent lanthanide complexes.
To describe the electronic structure of the organic part of the compounds and the coordination
geometries, the so-calledsparkle modelwas used(de Andrade et al., 1994, 1995, 1996; Rocha
et al., 2004). This model provides the energies of the ligand singlet and triplet states, as well
as the matrix elements that are required for the energy transfer rates between the ligand and
the lanthanide ion. Lifetime measurements of [Eu(fod)3] dissolved in the homologous series
of n-alcohols give lifetimes between 425 and 475µs for the OH-alcohols, and between 800
and 900µs for the OD-alcohols(Schuurmans and Lagendijk, 2000). Table 6presents and
overview of the measured radiative lifetime for different europium(III) complexes.

Springer et al. (1967)observed that water enhances the luminescence of solid [Eu(fod)3]
and [Tb(fod)3] complexes. Voloshin and coworkers(Kazakov et al., 1998d; Ostakhov et al.,
1998; Voloshin et al., 2000a, 2000b, 2000c, 2000d, 2001a)studied this phenomenon in de-
tail and found that addition of water to toluene solutions of lanthanideβ-diketonates enhance
both the luminescence intensity and luminescence lifetime. A condition is that the concen-
tration of theβ-diketonate complex in toluene is at least 10−4 M. The effect was observed
for complexes of samarium(III)(Voloshin et al., 2000a, 2000b, 2000c, 2000d), europium(III)
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(Kazakov et al., 1998d; Ostakhov et al., 1998; Voloshin et al., 2001a), terbium(III) (Voloshin
et al., 2000a, 2000b, 2000c, 2000d). However at the same time, addition of water to toluene
solutions of neodymium(III), dysprosium(III) and ytterbium(III)β-diketonates quenches the
luminescence(Voloshin et al., 2000a, 2000b, 2000c, 2000d). The observation of the visible lu-
minescence by addition of water is surprising, because it is well-known that water molecules
can efficiently quench the luminescence of lanthanide ions through non-radiative exchange
of the electronic energy of the lanthanide ion to the high-energy vibrational modes of the
OH-groups (ν = 3300–3500 cm−1) (Beeby et al., 1999). The luminescence quenching by
water molecules is inversely proportional to the energy gap between the emitting state and
the ground state manifold. The energy gap between the luminescent state and the ground state
manifold is approximately 10200 cm−1 for Yb3+, 12000 cm−1 for Eu3+, and 15000 cm−1

for Tb3+. The excited states of Eu3+ and Yb3+ can be quenched by the third harmonic of the
OH oscillator, and the excited state of Tb3+ by the fourth harmonic. However, in toluene at
concentrations higher than 10−4 M, the lanthanideβ-diketonates show significant concentra-
tion quenching due to formation of dimers. These dimers have lower luminescence quantum
yields compared to the monomers due to energy losses both in the ligand and in the lanthanide
ion. The presence of water in toluene causes dissociation of the poorly luminescent dimers to
give monomers which are more strongly luminescent. Because of the strong quenching effect
of water molecules on the near-infrared luminescence of lanthanide ions, the monomers of
these complexes do not show luminescence.

Praseodymium(III)β-diketonate complexes can emit both visible and near-infrared lumi-
nescence(Voloshin et al., 2001b), from two excited states (3P0 and1D2). The near-infrared
emission is more efficient than the visible luminescence. By choosing a ligand with an ap-
propriate position of the triplet level relative to the3P0 and the1D2 levels, the emission
from these two excited states can be tuned. For instance [Pr(tta)3(H2O)2] emits from the
1D2 level only, because the triplet level is located below the3P0 level. On the other hand,
[Pr(acac)3(H2O)2] and [Pr(dbm)3(H2O)2] emit from the two levels, because of the high-lying
triplet state. By replacing the hydrogen atom in theα-position of neodymium(III) hexaflu-
oroacetonate by a deuterium and by replacement of the two coordinated H2O molecules by
D2O molecules, it is possible to observe a strong near-infrared luminescence for this com-
plex dissolved in CD3OD (Hasegawa et al., 1996)or in DMSO-d6 (Yanagida et al., 2000).
The latter authors also incorporated the [Nd(hfa-D)3(D2O)2] in polymethylmethacrylate and
in polyhexafluoroisopropylmethacrylate. By replacement of the C–H bond in the hexafluo-
roacetylacetonate by a C–D bond, and by replacement of the O–H vibrations by O–D vi-
brations, the radiationless deactivation could be reduced to a large extent. This work has
been extended to neodymium(III) complexes with other perfluorinatedβ-diketones having
a deuterium atom in theα-position(Iwamuro et al., 2000). The solvents used for the optical
studies were methanol-d4 and THF-d8. The most efficient near-infrared photoluminescence
was observed for the tris[bis(pentafluorobenzoyl)methanato]neodymium(III) complex. The
luminescence lifetime of the complexes dissolved in THF-d8 was between 2.1 and 4.5µs.
Meshkova and coworkers(Meshkova et al., 1997, 1998, 2000; Meshkova and Topilova, 1998;
Bol’shoi et al., 1997; Topilova et al., 1991, 1997; Rusakova et al., 1992)investigated the lumi-
nescence of lanthanide complexes ofβ-diketonates with perfluoroalkyl chains. In a series of
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Fig. 26. Blue-emitting thulium(III) complex of 3-phenyl-2,4-pentanedione, [Tm(ppa)3(H2O)2] (Serra et al., 1998a,
1998b).

perfluorinated analogues of benzoylacetone is was found that both the luminescence intensity,
the quantum yield, the lifetime and the absorptivity increased as a function of the number of
carbon atoms in the perfluoroalkyl chain. This means that complexes formed by benzoyltri-
fluoroacetone (RF = CF3) show a less intense luminescence than complexes of comparable
β-diketonates RFCOCH2COC6H5 where the CF3 group of benzoyltrifluoroacetone has been
replaced by longer perfluorinated alkyl chains (RF = C3F7–C8F17). The good luminescence
performance is attributed to the formation of an hydrophobic shell around the lanthanide ion
by the long perfluoroalkyl chains, so that water molecules cannot coordinate to the central
lanthanide ion and cannot quench the luminescence. Because the improvement in lumines-
cence output is small when the C6F13 chain is replaced by an C8F17 chain, it was concluded
that it makes not much sense to useβ-diketonates with even longer perfluoroalkyl chains.
The luminescence was not only investigated for lanthanide ions that emit in the visible region
(Eu3+, Sm3+), but also for the lanthanide ions that emit in the near infrared (Nd3+, Yb3+).
The luminescence behavior of the tris complexes of lanthanides with fluorinatedβ-diketonates
are comparable to that of the ternary complexes with 1,10-phenanthroline or 2,2′-bipyridine,
and much better than the luminescence behavior of the tris complexes of non-fluorinatedβ-
diketonates. Another type of ligand are those that are derived from 2-thenoyltrifluoroacetone
where the CF3 group is replaced by longer perfluoroalkyl chains.Yuan and Matsumoto (1996)
also found that perfluoroalkyl chains have an enhancing effect on the luminescence of topo-
adducts of europium(III)β-diketonate complexes.

The thulium(III) complex of 3-phenyl-2,4-pentanedione, [Tm(ppa)3(H2O)2] is special in
the sense that it is a rare example of a blue-emitting rare-earthβ-diketonate(Serra et al.,
1998a, 1998b)(fig. 26). Moreover, it is one of the few examples of rare-earth complexes
of an α-substitutedβ-diketone. Upon excitation at 335 nm, characteristic emission bands
of Tm3+ are observed at 478 nm (1G4 → 3H6), 650 nm (1G4 → 3F4) and 770 nm (1G4 →
3H6). Thulium(III) centered photoluminescence was unexpected for this complex, because the
triplet level is below the resonance level of thulium(III). It is assumed that the1G4 resonance
level of thulium(III) is populated directly via transfer of the excitation energy from a charge
transfer energy level.

Ward and coworkers(Shavaleev et al., 2003a)showed that the near-infrared emission
of lanthanide complexes can be sensitized by visible light excitation of the electronic
transitions localized on the d-metal metal chromophore of heterodinuclear d-f complexes,
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Fig. 27. Heteronuclear rare-earth complexes with a Pt(PPh3)2(catecholate) chromophore(Shavaleev et al., 2002).
R = La, Nd, Gd, Er, Yb.

Table 7
Intensity ratiosI (5D0 → 7F2)/I (5D0 → 7F1) of europium(III)β-diketonate complexes

Complex Intensity ratio Reference

[Eu(hfac)3(diglyme)] 6.6 Malandrino et al., 2001
[Eu(tta)3(H2O)2] 8.90 Brito et al., 2002
[Eu(tta)3(opb)] 11.0 Wang et al., 2003
[Eu(hfac)3(monoglyme)] 11.0 Malandrino et al., 2001
[Eu(tta)3(tppo)2] 12.99 Brito et al., 2002
[Eu(tta)3(pha)2] 15.50 Brito et al., 2002
[Eu(dmbm)3(phen)] 16.9 Bünzli et al., 1994
[Eu(mfa)3(phen)] 17.7 Bünzli et al., 1994
[Eu(bzac)3(phen)] 17.8 Bünzli et al., 1994
[Eu(dbm)3(phen)] 18.1 Bünzli et al., 1994
[Eu(tta)3(dbzso)2] 20.25 Brito et al., 2002
[Eu(tta)3(ptso)2] 20.85 Brito et al., 2002
[Eu(mdbm)3(phen)] 27.6 Bünzli et al., 1994

followed by metal-to-metal (d→ f) energy transfer. This principle was illustrated for
platinum(II)–lanthanide(III) complexes[P(Ph3)2Pt(µ-pdo)R(tta)3], where 5,6-dihydroxy-
1,10-phenanthroline (H2pdo)] was chosen as a bisbidentate bridging ligand between a
[R(tta)3] complex and a platinum(II) moiety with PPh3 ligands, and where R= Nd, Er or
Yb (fig. 27). These authors also made heterodinuclear rhenium(I)–lanthanide(III) complexes,
that contain both a {Re(CO)3Cl(diimine)} and a [R(tta)3] luminophor(Shavaleev et al., 2002,
2003c). The near-infrared emitting lanthanide ions quench the visible luminescence of the
rhenium(I)-containing luminophor, which indicates that energy transfer to the lanthanide ion
takes place.

In order to compare the luminescence intensities of europium(III) complexes, the ratio
between the area under the emission curve of the hypersensitive5D0 → 7F2 and of the
magnetic-dipole allowed5D0 → 7F1 can be reported. This corresponds to the intensity ra-
tio I (5D0 → 7F2)/I (5D0 → 7F1). These values for different europium(III)β-diketonates are
listed intable 7. The higher this ratio is, the more intense is the red emission of the hypersensi-
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tive 5D0 → 7F2 transition. In general, the ratio is (much) larger than one for theβ-diketonate
complexes. When the5D0 → 7F2 transition is less intense than the5D0 → 7F1 transition,
the emission light is orange(Thompson and Kuo, 1988). Many authors try to interpret this
intensity ratio in terms of the symmetry of the Eu3+ site. They state that the higher the in-
tensity ratio is, the lower is the symmetry. Of course, it is true that the5D0 → 7F2 transition
is forbidden in a centrosymmetric system and that in this case the magnetic dipole transition
5D0 → 7F1 is the most intense transition in the luminescence spectrum, but it is very difficult
to quantify deviations from a centrosymmetric system. Moreover, the intensity of the hyper-
sensitive transition5D0 → 7F2 is not only determined by the site symmetry, but by other factor
such as the ligand polarizability as well. For samarium(III) complexes are analogous intensity
ratio can be considered(Brito et al., 2002), namely(4G5/2 → 6H9/2)/(

4G5/2 → 6H5/2). The
magnetic dipole transition4G5/2 → 6H5/2 is found around 560 nm, and the electric-dipole
transition4G5/2 → 6H9/2 is found around 650 nm. The latter transition is the most intense in
the spectrum.

It is possible to enhance the luminescence of europium(III), terbium(III), samarium(III)
or dysprosium(III)β-diketonates in a micellar environment by addition of an excess of
β-diketonate complexes of Y3+, La3+, Lu3+ or Gd3+. This phenomenon is called “co-
luminescence” and is due to an intermolecular energy transfer from the complexes of the
enhancing ion (e.g. Y3+) to the complexes of the emitting ion (e.g. Eu3+). Because the con-
centration of the donor complexes is in general much higher than the concentration of the
acceptor complexes, each acceptor complex is surrounded by many donor complexes and the
emission of the acceptor is enhanced(Xu et al., 1992; Lis et al., 2002). In section10.1, we
described how co-luminescence can be used to improve the detection limit in the case of
determination of trace amounts of lanthanide ions by luminescence. Terbium(III) ions can en-
hance the luminescence of europium(III) by intermolecular energy transfer from terbium(III)
to europium(III) ions(Li et al., 1993).

The adduct formation between europium(III)β-diketonate complexes and Lewis bases can
be studied by luminescence titrations(Brittain, 1979a, 1979b, 1980; Brittain and Richardson,
1976b). The principle is that the trisβ-diketonate complexes are only very weakly luminescent
in a non-coordinating solvent such as CCl4, in contrast to the adducts that are formed upon
addition of the Lewis base. It is found that the formation constant depends on the Lewis
acidity of theβ-diketonate complex and the highest values are found for the complexes of
highly fluorinatedβ-diketonates. Of course, the formation constant also depends on the Lewis
basicity of the substrate.

Most luminescence studies on rare-earthβ-diketonate complexes focus on the intensi-
ties of the electronic f–f transitions. Only few studies deal with the luminescence vibronic
spectra ofβ-diketonates.Tsaryuk et al. (1997, 1998)studied the intensity distribution in
the vibronic sidebands of the electronic transitions of europium(III)β-diketonate complexes
with different 1,10-phenanthroline derivatives (1,10-phenanthroline, 3,4,7,8-tetramethyl-
1,10-phenanthroline, 4,7-diphenyl-1,10-phenanthroline and 5-nitrophenanthroline), and with
2,2′-bipyridine. Introduction of a nitro group in the 5-position of 1,10-phenanthroline leads to
luminescence quenching in adducts of europium(III)β-diketonates with 1,10-phenanthroline
(Tsaryuk et al., 2003).
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Serra et al. (1998a, 1998b) trapped luminescent europium(III) and terbium(III)β-
diketonates in K2SO4 crystals, and obtained in such a wayluminescent hourglass inclusions.
This work was inspired by the well-known hourglass crystals consisting of organic dyes
trapped into K2SO4 crystals(Kahr et al., 1994, 1996).

Linearly polarized absorption and luminescence spectra of the tetrahexylammonium salt
of tetrakis(dibenzoylmethanato)europate(III) single crystal were obtained byBlanc and Ross
(1965). The crystal had a monoclinic symmetry. On the basis of the selection rules, the authors
conclude that the site-symmetry must be close to S4. The site symmetry cannot be as high as
S4, because of the overall monoclinic symmetry of the crystal. The research groups of Bazan
and Heeger(Yang et al., 2002; Srdanov et al., 2002)observed polarized luminescence from
[Eu(dnm)3(phen)] in stretched polyethylene films. This work is discussed in section7.3.

A chiral lanthanide complex emits elliptically polarized light, or to say it in other words,
emits unequal amounts of left and right circularly polarized light. The emitted light can
be analyzed in terms of the so-calledcircular intensity differential, �I = IL − IR, or in
terms of the total luminescence intensity,I = IL + IR (Brittain, 1983, 1989). Here, IL
andIR are the intensities of the emitted left and right circularly polarized light respectively.
The quantitygem = 2�I/I is theemission anisotropy factor(Riehl and Richardson, 1976;
Richardson and Riehl, 1977). In circularly polarized luminescence(CPL) spectroscopy,�I

is measured as a function of the wavelength. This techniques is also calledcircularly polar-
ized emission(CPE) spectroscopy. CPL spectra of chiral europium(III)β-diketonate spectra
have been studied in detail(Brittain and Richardson, 1976a; Brittain, 1982a, 1982b; Chan and
Brittain, 1981, 1985). For instance, the CPL spectra of the chiral shift reagent [Eu(facam)3] in
different neat and mixed achiral solvent systems have been measured byBrittain and Richard-
son (1976a). These studies showed that the CPL signals are very sensitive to the nature of the
complex–solvent interactions and to the structure of the complex–solvent adducts. In simple
[Eu(facam)3] complexes dissolved in non-coordinating solvents, no CPL is observed. How-
ever, the binding of a substrate (Lewis base) leads to the formation of a ternary complex
and this ternary complex exhibits strong CPL signals. Interestingly, optical activity can be
induced in achiralβ-diketonate complexes by adduct formation with chiral Lewis bases,
or by dissolving the achiral complex in a chiral solvent ((Brittain and Richardson, 1977;
Yang and Brittain, 1981; Brittain and Johnson, 1985). Brittain and Richardson (1977)ob-
served CPL signals for the achiral complexes [Eu(fod)3], [Eu(bzac)3] and [Eu(dbm)3] dis-
solved in the chiral solventα-phenylethylamine. Hereα-phenylethylamine acts both as the
solvent and the adduct forming Lewis base.Brittain and Johnson (1985)investigated by
CPL the ternary complexes formed by different the europium(III)β-diketonato complexes
and the chiral(R)-(+)-methylp-tolyl sulfoxide (MTS). The sulfoxide is able to form 1:1 or
1:2 adducts with the trisβ-diketonate complexes.

Richardson and Brittain (1981)measured magnetic circularly polarized luminescence
(MCPL) spectra of the complexes [Eu(thd)3], [Eu(fod)3], [Eu(dbm)3] and [Eu(bzac)3] dis-
solved in DMSO and DMF. MCPL is the emission analogy of magnetic circular dichroism
(MCD) (Riehl and Richardson, 1977; Richardson and Riehl, 1977). In an MCPL experiment,
a static magnetic field is applied to the sample, with the magnetic field lines parallel to the
direction in which the emission light is detected. The Zeeman perturbation caused by the mag-
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netic field will force the molecules to emit elliptically polarized light (i.e. unequal amount of
left and right circularly polarized light). The aim of the study was to determine the sym-
metry of the europium complexes in these solvent systems, on the basis of the crystal field
fine structure of the5D0 → 7FJ (J = 0–4) transitions. MCPL is a better technique to resolve
crystal-field fine structure of complexes in solution than simple photoluminescence, because
�I is a signed quantity. Moreover, MCPL is not restricted to chiral complexes. Whereas no
changes in the total luminescence spectra were observed when the applied magnetic field
strength was varied from 0 T to 4.2 T, the intensities of the MCPL bands (�I ) ware found
to vary linearly with the magnetic field strength. The MCPL spectra could be interpreted in
terms of Faraday B terms, which means that no degenerate energy levels are present in the
complexes when no magnetic field is applied. The main conclusion of the study was thus that
all the europium complexes have a non-axial symmetry. The absence of splitting of the5D0 →
7F0 transition indicated that only one monomeric species exist in solution. Later on Richard-
son and coworkers(Foster et al., 1983)extended these studies to the complexes [Eu(hfac)3],
[Eu(tfac)3], [Eu(bpp)3], [Eu(ftac)3] and [Eu(ftac)3(phen)]. MCPL spectra were measured in
DMF and in methanol. The spectra of the tris complexes were found to show small solvent ef-
fects, what can be explained by the fact that these coordinating solvents act as Lewis bases and
can form adducts with the trisβ-diketonate complexes. For [Eu(ftac)3(phen)], no solvent ef-
fects were observed in the MCPL spectra. All the complexes have a non-axial symmetry with
a strong orthorhombic component. The authors found that theI (5D0 → 7F2)/I (5D0 → 7F1)

ratio in the total luminescence spectra can be correlated with the ligand polarizability (higher
ratios for highly polarizable ligands). TheI (5D0 → 7F2)/I (5D0 → 7F1) ratio was also found
to be sensitive to the ligand environment.

Rikken and Raupach (1997)were the first to observe magneto-chiral anisotropy (magneto-
chiral dichroism), by studying the magneto-chiral luminescence anisotropy of solutions of the
two enantiomers of the optically active europium(III) complex [Eu(tfc)3] in alternating mag-
netic fields. The magneto-chiral anisotropy implies that the optical properties of chiral systems
are different for light propagating parallel or antiparallel to the direction of the magnetic field
lines. It can be considered as arising either from a magnetically induced change of natural
optical activity, or from the difference in magnetic optical activity of the two enantiomers in
a chiral medium. However, this effect is very weak and difficult to observe.

The luminescence observed for [Ce(thd)4] is broad band emission and is due to a transi-
tion between the higher-energy ligand-to-metal charge transfer (LMCT) state and the lowest-
energy LMCT state(Kunkely and Vogler, 2001). The LMCT excitation of [Ce(thd)4] induces
a reduction of cerium(IV) to cerium(III), and an oxidation of the ligand. The emission can be
viewed as emission of cerium(III) from a metal-centered fd excited state which is generated
by electron transfer from the thd ligand to cerium(IV). This behavior corresponds to that it
observed for [Ru(bipy)3]3+.

6.2. Electroluminescence

Electroluminescence is luminescence generated in materials under the influence of an external
electric field. The light emission is caused by the recombination of electron and holes in the
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material. The electroluminescence of lanthanide complexes and its application in organic light
emitting diodes (OLEDs) is discussed in section8.2.

6.3. Triboluminescence

Triboluminescenceis the emission of light caused by the application of mechanical stress
to crystals or by fracture of crystals(Walton, 1977; Zink, 1978; Sweeting, 2001). This phe-
nomenon is also known asmechanoluminescence, piezoluminescenceor fractoluminescence.
The term triboluminescence comes from the Greek ‘tribein’, which means ‘to rub’. Although
triboluminescent materials have been known for 400 years (Francis Bacon observed tribolu-
minescence when crushing sugar crystals in 1605), there is still no satisfying theory to give
a general explanation for triboluminescence. Because the mechanism of triboluminescence is
not completely understood yet, no predictions can be made whether or not a compound will
exhibit an intense triboluminescence. This hampers the rational design of efficient tribolumi-
nescent materials. Over the years, evidence has been accumulated that separation of electric
charges during fracture is a necessary condition for triboluminescence and that tribolumines-
cence is caused by the recombination of charges separated during fracture(Dickinson et al.,
1984; Das, 1973). It has been assumed that only piezoelectric (non-centrosymmetric) crys-
tals can exhibit triboluminescence, because only such crystals can develop opposite electric
charges on the opposing faces of a fracture. Zink and coworkers estimated that the correlation
between triboluminescence activity and a non-centrosymmetric space group is more than 95%
(Zink et al., 1976; Hocking et al., 1992). However, there are several examples of centrosym-
metric crystals that are triboluminescent, and many non-centrosymmetric crystals do not show
triboluminescence. Sweeting points out that impurities or disorder may play an important
role in the triboluminescence activity of centrosymmetric materials(Sweeting and Rheingold,
1987; Sweeting et al., 1992; Sweeting, 2001). Rheingold and King proposed that in ionic
solids that can cleave along intrinsically charged planes a non-piezoelectric surface-charging
can occur, which can lead to triboluminescence, without the need of non-centrosymmetric
crystal structure(Rheingold and King, 1989).

In 1966, Hurt et al. (1966)reported on the very intense triboluminescence of triethy-
lammonium tetrakis(dibenzoylmethanato)europate(III), (Et3NH)+[Eu(dbm)4]− (fig. 28). The
triboluminescence of this compound can be observed by the naked eye. Evidence was of-
fered for an europium-centered triboluminescence (observation of the5D0 → 7F2 transi-
tion) and for the fact that the fracture process excited the ligand, which subsequently trans-
ferred the excitation energy to the europium ion.Sweeting and Rheingold (1987)found that
(Et3NH)+[Eu(dbm)4]− exists in two crystal modifications, one of which is triboluminescent
and the other not. Both forms crystallize in the centrosymmetric monoclinic space group I2/a.
The non-triboluminescent form contained co-crystallized dichloromethane solvent molecules.
The triboluminescent form did not contain solvent molecules in its crystal, but was disordered.
Because the two crystal forms had the same photoluminescence spectrum in the solid state, the
authors concluded that the dichloromethane molecules do not quench the triboluminescence
by quenching the photoluminescence. The authors claim that the disorder in the aromatic
rings of the triboluminescent form is a sufficient condition to permit charge separation upon
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Fig. 28. Structure of the triboluminescent complex triethylammonium tetrakis dibenzoylmethanato europate(III),
(Et3NH+)[Eu(dbm4)]−.

cleavage, by creating randomly distributed sites of slightly different ionization potential and
electron affinities at the faces of developing cracks. The voltage developed across the growing
crack is adequate to cause an electric discharge through the surrounding gas. This discharge
excited the phenyl rings of the ligands which in turn excite the f-levels of Eu3+. This explana-
tion is supported by the fact that in the non-triboluminescent form of (Et3NH)+[Eu(dbm)4]−

no disorder is present. The triboluminescence of (Et3NH)+[Eu(dbm)4]− disappears when
its crystals are crushed under several liquids such as dichloromethane, hexane, ethanol and
water. The subsequent recovery of the triboluminescence upon removal of the liquids sug-
gests that air is necessary for the triboluminescence and that the triboluminescence is caused
by a gas discharge. Sweeting and Rheingold believe that their finding of the importance
of disorder for triboluminescence of (Et3NH)+[Eu(dbm)4]− can be generalized to a theory
which states that disorder is a sufficient condition for the triboluminescence of other cen-
trosymmetric crystals. A non-centrosymmetric space group is neither necessary nor sufficient
for triboluminescence. The (Et3NH)+[Eu(dbm)4]− compound of Sweeting and Rheingold
has been often cited as the classical example of a disordered but non-centrosymmetric tri-
boluminescent crystal. However,Cotton et al. (2001)reinvestigated the crystal structure of
(Et3NH)+[Eu(dbm)4]− and found thatSweeting and Rheingold (1987)made an error in their
crystal structure determination and that the crystals do not belong to the centric space group
I2/a but to the non-centric (and apolar) space group Ia. The possibility of second-harmonic
generation (SHG) in (Et3NH)+[Eu(dbm)4]− also shows that this compound is non-centric
(Sage et al., 1999a). Cotton and Huang (2003)confirmed that the space group P21/n assigned
by Rheingold and King (1989)to the triboluminescent and centrosymmetric crystals of piperi-
dinium tetrakis(benzoylacetonato)europate(III) is correct. Thus centrosymmetric lanthanide
compounds can exhibit triboluminescence.

The intense triboluminescence of (Et3NH)+[Eu(dbm)4]− stimulated further research to-
wards analogous compounds. An obvious substitution is to replace the triethylammonium
group by other protonated nitrogen bases: 2-hydroxyethylammonium(Xiong and You, 2002),
pyrrolidinium (Xiong and You, 2002), dimethylbenzylammonium(Hurt et al., 1966; Xiong
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and You, 2002), 2-methylpyridinium(Chen et al., 1999a), imidazolium(Chen et al., 1999b),
morpholinium(Zeng et al., 2000). Different tetrakis(2-thenoyltrifluoroacetonato)europate(III)
complexes have been investigated as well, with the counter ion being 1,4-dimethylpyridinium
(Chen et al., 1998), 1,2-dimethylpyridinium, 1,2,6-trimethylpyridinium,N -methylisoquino-
linium and 4-aminopyridinium(Chen et al., 2001). Crystals of 1,4-dimethylpyridinium
tetrakis(2-thenoyltrifluoroacetonato)europate(III) are centrosymmetric(Chen et al., 1998).
The observed triboluminescence is correlated with the disorders of the S atoms and the
F atoms. No triboluminescence could be observed for the analogous 4-methylpyridinium
(Huang et al., 1992), N -ethylpyridinium (Wei et al., 1983), and 3,6-bis(dimetylamine)-
diphenyliodonium(Chen et al., 1997)compounds. All these compounds crystallize in
centrosymmetric space groups, but in contrast to the 1,4-dimethylpyridinium compound,
their S and F atoms do not exhibit disorder. Besides the tetrakis(β-diketonato)europate(III)
complexes, triboluminescence has been reported for the Lewis base adducts of tris(β-
diketonato)europium(III) complexes for instance [Eu(tta)3(phen)](Takada et al., 1997, 2000;
Chen et al., 1999c; Zheng et al., 2002; Sage and Bourhill, 2001; Bourhill et al., 2001). Tribo-
luminescence has also been described for the complex [Eu(NO3)(tta)2(tppo)2], that contains
a nitrate group in the first coordination sphere(Zhu et al., 1993). Although most tribolu-
minescent complexes are monomeric species, one paper described a dinuclearβ-diketonato
europium(III) complex, being [Eu2(tta)6(pyO)2] with pyridine-N -oxide as theµ2-bridging
group(Chen et al., 1997, 2002).

Takada et al. (1997)investigated the triboluminescence of [Eu(tta)3(phen)] and analo-
gous compounds with substituted 1,10-phenanthrolines dispersed in polycarbonate poly-
mer films. These polymer films were obtained by casting a dichloromethane solution con-
taining the europium complex (10 wt%) and the polycarbonate (90 wt%) on a glass sub-
strate. [Eu(tta)3(phen)] and [Eu(tta)3(5-methyl-phen)] showed triboluminescence in pow-
der form which was strong enough to be visible in daylight, [Eu(tta)3(5-phenyl-phen)] and
[Eu(tta)3(bath)] did not. On the other hand, in the polymer-dispersed films, all the four com-
plexes exhibited triboluminescence and the emission intensity was almost identical for the
four complexes. The fact that non-triboluminescent complexes in powder form became tri-
boluminescent when dispersed in a polymer film suggests that the excitation mechanism are
different in powder and in the polymer film. Electron impact is proposed as the mechanism of
triboluminescence in the polymer-dispersed films. This effect can be caused by discharge due
to the strong electric field arising from frictional electrification between the film and substrate.

The triboluminescence spectra of the europium(III) complexes are very similar to the
corresponding solid-state photoluminescence spectra. The triboluminescence is in general
weaker than the photoluminescence and only the most intense transitions of the photolu-
minescence spectrum can be observed in the triboluminescence spectrum. The other tran-
sitions are too weak to be observed. Thus europium(III) complexes exhibit a red tribo-
luminescence due to the5D0 → 7F2 transition. The difference in luminescence intensity
between triboluminescence and photoluminescence may result from the different excita-
tion mechanisms: triboluminescence results from excitation by mechanical stress and pho-
toluminescence from excitation by ultraviolet radiation(Chen et al., 2001). Tribolumines-
cence most likely occurs inside the crystal as cracks are formed and the triboluminescence
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light must pass through the crystal to reach the detector, but photoluminescence is also
emitted from the whole surface.Takada et al. (2000)investigated the triboluminescence of
[Eu(tta)3(phen)] by microphotography and their study shows that triboluminescence is only
generated on crack surfaces. The metal-centered triboluminescence of the europium com-
plexes is in contrast to the triboluminescence of classical triboluminescent materials, such
as sucrose. In sucrose the triboluminescence is due to a gas discharge upon fracture. In air,
its triboluminescence spectrum is identical to that of the3�u → 3�g transition in a nitro-
gen discharge, with several emission peaks between 300 and 420 nm(Zink et al., 1976;
Sweeting, 2001). At present, it is not fully clear yet whether in europium(III)-containing
triboluminescent materials first a nitrogen discharge takes place and that subsequently this
emission of light is used to excite the organic ligand of theβ-diketonate complex before fi-
nally the excitation energy is transferred to the europium(III) ion. The only known europium
complex that shows at the same time a gas discharge spectrum and an europium-centered
spectrum is [Eu(tta)3(phen)](Takada et al., 1997). (Et3NH)+[Eu(dbm)4]− not only shows tri-
boluminescence in air, but also under helium, carbon dioxide, argon and sulfur hexafluoride
with negligible differences in luminescence intensity(Sweeting, 2001). On the other hand, the
piperidinium analogue of (Et3NH)+[Eu(dbm)4]− gave no emission under helium. The pyri-
dinium compound is triboluminescent when placed under helium, but not when recrystallized
under helium.

Although very few quantitative data are available for the triboluminescence intensities
and thus the performance of different triboluminescent materials are difficult to compare,
there is evidence that the strongest triboluminescence intensity is exhibited by the mor-
pholinium tetrakis(dibenzoylmethanato)europate(III) complex(Zeng et al., 2000). At am-
bient temperatures its triboluminescence is circa eight times more intense than that of
triethylammonium tetrakis(dibenzoylmethanato)-europate(III) complex, which occupies the
second place among the most efficient triboluminescent materials. This very strong tribo-
luminescence is attributed to the co-existence of disorder in the chelating ring and the
non-centrosymmetric crystal structure. The strong dependence of small structural changes
on the crystal structure and hence on the triboluminescence activity, is illustrated that in
contrast to morpholinium tetrakis(dibenzoylmethanato)europate(III),N -methylmorpholinium
tetrakis(dibenzoylmethanato)europate(III) shows no triboluminescence at ambient tempera-
ture (Zeng et al., 2000). The failure to observe a SHG-signal for the latter compound, may
indicate that it crystallizes in a centrosymmetric space group and that disorder is not impor-
tant(Xiong et al., 1999).

Most of the studies on triboluminescent lanthanideβ-diketonate complexes focus on eu-
ropium(III) as the emitting ion, but triboluminescent complexes of terbium(III), samarium(III)
and dysprosium(III) have also been described(Chen et al., 1999d, 2000; Clegg et al., 2000;
Sage and Bourhill, 2001). For instance, an intense green triboluminescence was observed for
p-dimethylaminopyridine tris(1,3-tert-butyl-2,4-propanedionato)terbium(III).

For a long time, triboluminescent materials were of academic interest only. Recently, the
use of triboluminescent materials as smart sensors for structural damage monitoring has been
suggested(Sage et al., 1999a, 1999b; Sage and Bourhill, 2001). Such sensors have great
promise for real-time monitoring of both the magnitude and location of damages, caused by
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dynamic impact events, in composite structures. Composites are modern engineering materi-
als, which typically consist of epoxy resins reinforced with carbon fibers. These composites
combine high strength and stiffness with light weight. Although composites are expensive,
they are widely used in airplanes, high performance cars, sports equipment,. . . Composite
panels have the disadvantage that under heavy impact they will often deform and fracture on
the opposite side to that where the impact occurred. Once the impact is over and the panel
has sprung back in its original shape, the damage can hardly be seen, although the compos-
ite material will now have a much lower strength. A triboluminescent compound embedded
in a composite material can indicate the occurrence of structural damage by emitting light
upon fracture. Besides indicating the onset of damage, the intensity of the triboluminescent
light gives information on the severity of the damage. The sensor has to be designed in such
a way that there is a linear relationship between the total light output from the sensor and
the impact energy. However, below a certain threshold value for the impact energy, no light
should be given out. The threshold value has to correspond to the impact energy that dam-
ages the material. In this way, the sensor detects damage, but will not produce false signals at
lower energies. The light emitted by the triboluminescent sensor embedded into a composite
material can be collected by an optical fiber and guided to a detector.

6.4. Sensitized chemiluminescence

Chemiluminescenceis the non-thermal production of light by a chemical reaction(Gunder-
mann, 1965; Haas, 1967; Cormier et al., 1973; Schreiner et al., 1983). This phenomenon oc-
curs when an energy-releasing reaction produces a molecule in an electronically excited state
and this molecule returns to the ground state by emission of light. The rare-earthβ-diketonate
complexes act as sensitizer of chemiluminescence. They receive the excitation energy from
the excited-state species produced by the chemical reaction, and release the excitation en-
ergy by metal-centered luminescence. The direct chemiluminescence of the emissive excited-
state molecules is quenched by this energy transfer. The chemiluminescence of rare-earth-
containing compounds, including rare-earthβ-diketonates has been reviewed byElbanowski
et al. (2000).

Rare-earthβ-diketonates have been often used to enhance the emission intensity of the
chemiluminescence originating from the thermal decomposition of 1,2-dioxetanes. A well-
known example is adamantylideneadamantane-1,2-dioxetane, which is often abbreviated
AAD (Kazakov et al., 1998c; Voloshin et al., 2000a, 2000b, 2000c). The thermolysis of the
four-membered cyclic peroxide AAD results in the formation of singlet (Ad= O*

S) and triplet
(Ad = O*

T) excited adamantanone states. The yield are given by eq.(9) (Schuster et al., 1975):

AAD
k1

−→ 1.83Ad= O + 0.15Ad= O*
T + 0.02Ad= O*

S, (9)

wherek1 is the rate constant of the AAD thermolysis reaction. The excited singlet state re-
leases its energy by direct chemiluminescence (λmax = 420 nm). The chemiluminescence
spectrum observed for the AAD decomposition is identical with the fluorescence spectrum
of adamantanone (Ad= O). The structures of AAD and adamantone are shown infig. 29.
The chemiluminescence of the excited singlet state of adamantanone, Ad= O*

S, is quenched
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Fig. 29. Structures of adamantylideneadamantane-1,2-dioxetane (AAD) and adamantone.

upon addition of lanthanideβ-diketonates and emission bands typical of the corresponding
lanthanide ion appear. For all the lanthanideβ-diketonates investigated, but for europium
compounds, the photoluminescence and the chemiluminescence spectra coincide. For the eu-
ropium β-diketonates, for instance [Eu(fod)3], the chemiluminescence is not only observed
from the5D0 and5D1 levels and the5D1-chemiluminescence at 540 nm is much more efficient
than the5D1 photoluminescence(Sharipov et al., 1990; Voloshin et al., 2000b). Although only
very few studies report on visible photoluminescence of praseodymium(III) in solution, it is
possible to observe visible chemiluminescence for [Pr(fod)3] and [Pr(thd)3] (Kazakov et al.,
1998a). Not only visible chemiluminescence has been studied, but also the sensitized near in-
frared chemiluminescence of ytterbium(III) and neodymium(III) complexes(Voloshin et al.,
2000a, 2000c), and of praseodymium(III) complexes(Kazakov et al., 1998b, 1998c). The
chemi-excitation of the lanthanide ions occur via several mechanisms. First, the energy from
the excited singlet state Ad= O*

S can be transferred to the singlet state L*
S of theβ-diketonate

ligand. This process is followed by intersystem crossing to theβ-diketonate triplet state L*T
and energy transfer to the lanthanide ion (eq.(10)):

Ad = O*
S → L*

S → L*
T → R3+* (10)

This process only occurs when the singlet excited state of theβ-diketonate is at a lower
energy than the singlet state of the adamantanone. This is the case for [Ln(tta)3]·nH2O
and [Ln(btfac)3]·nH2O complexes, but not for [Ln(fod)3]·nH2O, [Ln(acac)3]·nH2O or
[Ln(thd)3]·nH2O complexes(Voloshin et al., 2000b). Secondly, the lanthanide complexes
can be excited by energy transfer from the triplet state of the adamantanone to the triplet state
of theβ-diketonate, followed by energy transfer to the lanthanide ion (eq.(11)):

Ad = O*
T → L*

T → R3+* (11)

This mechanism is possible for the lanthanide complexes of Htta, Hbtfa, Hfod, Hacac and
Hthd. A third mechanism for chemi-excitation of the lanthanide ion is the intracomplex en-
ergy transfer to the excited levels of R3+. This mechanism is of importance for lanthanide
β-diketonates that have an unsaturated coordination sphere, such as [R(fod)3] or [R(thd)3].
AAD can coordinate through the peroxide oxygens to the lanthanide ion and the latter cat-
alyzes the AAD decomposition. The highest chemiluminescence intensity is observed for
complexes that catalyze the AAD decomposition, e.g. [Eu(fod)3] and [Dy(thd)3]. For instance
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the chemiluminescence intensity of [Eu(fod)3] is 100 times higher than that of the correspond-
ing tta and btfa complexes. Because of the intracomplex energy transfer chemiluminescence
starting from the5D1 level of Eu3+ is so intense. The complex formation in benzene of
adamantanone with [Eu(fod)3] in the ground and excited states was investigated byOstakhov
et al. (1997). Kazakov et al. (1996a, 1996b)investigated the thermolysis of AAD adsorbed
on Silipore in the presence of [Eu(fod)3] by chemiluminescence methods. The chemilumi-
nescence spectra and the mechanisms were found to be the same as those in toluene solution.
However, in solution the chemiluminescence intensity increases linearly with the [Eu(fod)3]
concentration, whereas for [Eu(fod)3] on Silipore the chemiluminescence intensity varies ex-
ponentially as a function of the [Eu(fod)3] concentration. Upon mechanical impact on solid
particles of the complex [Eu(fod)3(AAD)], light emission was observed(Kazakov et al., 1995;
Antipin et al., 1996). It was shown that this luminescence is chemiluminescence and not tribo-
luminescence.Wildes and White (1971)have studied the thermal decomposition of trimethyl-
dioxetane in the presence of [Eu(tta)3(phen)]. The authors consider the system as a chemical
source of monochromatic light, because 80% of the emitted light appears in a single band at
613 nm having a total width at half-height of about 5 nm (this is the5D0 → 7F2 transition).

Studies of lanthanide-sensitized chemiluminescence on systems other than the thermolysis
of 1,2-dioxetanes, include the thermolysis of diphenyldiazomethane in the presence of oxy-
gen(Nazarov, 2000), the system H2O2–NaOH(Kaczmarek et al., 2003)and the oxidation
of hydrazine by hypochlorite(Tsaplev, 1997). Given the fact that up to date the sensitized
chemiluminescence of rare-earthβ-diketonate complexes has been explored for only a lim-
ited number of chemiluminescent reactions, it can be anticipated that a wealth of original
research will be conducted in the near future.

7. From complexes to materials

7.1. Sol-gel glasses

Inorganic glasses are excellent transparent host matrices for trivalent lanthanide ions, and
lanthanide-doped glasses have been intensively studied in the past. However, it is not easy
to sensitize lanthanide luminescence in inorganic glasses, especially not when no co-doping
with transition metal ions is made. Because inorganic glasses (for instance silicate, phos-
phate, fluoride or fluorophosphate glasses) are typically processed at very high temperatures,
up to temperatures above 1000◦C, these host matrices cannot be used to trap highly lumi-
nescent lanthanide complexes such as lanthanideβ-diketonates. Molecular lanthanide com-
plexes are thermally not stable enough to withstand the high processing temperatures and the
organic ligands will be decomposed. It is possible to prepare silicate and other glasses by
a low-temperature route, namely by thesol-gel route. Sol-gel glassesare obtained by con-
trolled hydrolysis of metal alkoxides. For instance, silicon alkoxides react with water and
undergo hydrolysis and polycondensation, which leads to the formation of a silicate network.
Besides the type of alkoxide used for the hydrolysis, important reaction parameters arer

(= H2O(mol)/Si(mol)), solvent, catalyst, pH, temperature and pressure. Water is used as a
reagent in the hydrolysis reaction, but is also a by-product of the condensation reaction. A mo-
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lar ratio r = 2 is sufficient for a complete reaction. Under most conditions however, the hy-
drolysis of the alkoxide is incomplete and the condensation reactions proceed simultaneously.
In this case, complete hydrolysis is achieved only whenr > 10. Alkoxysilanes and water are
immiscible. Therefore a solvent in which both components are soluble, such as an alcohol,
is used. The hydrolysis can be catalyzed by an acid or a base. The most often used precur-
sors for the preparation of silica glasses via a sol-gel route are tetraethoxysilane (Si(OC2H5)4,
TEOS, also named tetraethyl orthosilicate) and tetramethoxysilane (Si(OCH3)4, TMOS, also
named tetramethoxy orthosilicate). Hydrolysis of TEOS is slower than that of TMOS, be-
cause of the retarding effect of the bulkier ethoxy groups. Asol is a colloidal suspension of
solid particles in a liquid. Agel is a two-component system that consists of a continuous solid
and fluid phase of colloidal dimensions. Thesol-gel processthus involves the formation of a
colloidal suspension (sol) and further polymerization of the sol to form an inorganic network
in a continuous liquid phase (gel). A gel from which all volatile liquids have been removed,
is called axerogel. Drying of the gel to obtain a (monolithic) xerogel is not the only possible
processing route. A film can be made by spinning, spraying the sol or by dipping the substrate
in the sol. The reader is referred to the excellent book ofBrinker and Scherer (1990)for more
information on the synthesis, structure and application of sol-gel glasses.

Matthews and Knobbe (1993)were the first to dope rare-earthβ-diketonate complexes in
a silica sol-gel glass prepared by hydrolysis of TEOS. They studied the luminescence be-
havior of the complexes [Eu(tta)3(H2O)2] and (pipH)[Eu(tta)4]. The authors selected these
complexes because they display an intense photoluminescence and because they are highly
soluble in N,N-dimethylformamide (DMF). DMF is often added to starting mixture for
the preparation of sol-gel glasses, since this additive prevents that the glass cracks dur-
ing the drying process(Adachi and Sakka, 1987, 1988). Sol-gel glasses doped with eu-
ropium(III) β-diketonate complexes showed a much higher luminescence intensity than sol-
gel glasses doped with EuCl3. Yan et al. (1997)incorporated the ternary rare-earth complexes
[Eu(dbm)3(phen)] and [Tb(acac)3(phen)] into a silica sol-gel glass. The luminescence lifetime
of the complexes in the sol-gel matrix was found to be longer than for the pure complexes in
the solid state.Strek et al. (1999)investigated the luminescence properties of the europium(III)
complexes [Eu(acac)3(H2O)2], [Eu(bzac)3(H2O)2], [Eu(acac)3(phen)] and [Eu(bzac)3(phen)]
in silica sol-gel glasses. Crystal-field fine structure could be observed in the emission spectra.
A [Eu(tta)3]-doped sol-gel film was made by dip-coating of a sol co-doped with europium(III)
chloride and Htta(Hao et al., 1999). Upon heat treatment the europium(III)β-diketonate
complex is gradually formed, which is evident from an increase in luminescence intensity.
However, at temperatures above 130◦C the luminescence intensity decreases rapidly due to
thermal decomposition of the complex. The in-situ synthesis of europium(III)β-diketonate
complexes was also used byFan et al. (2004).

Not all sol-gel glasses are silica glasses. For instance,Reisfeld et al. (2001)investigated the
luminescence of [Eu(dbm)3] in a zirconia (ZrO2) film.

7.2. Ormosils

The purely inorganic glasses that are prepared by controlled hydrolysis of metal alkoxides
have some disadvantages in the sense that the solubility of the molecular luminescent lan-
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Fig. 30. Tetraalkoxysilane and organoalkoxysilane precursors for sol-gel glasses and ormosils. TMOS= tetrameth-
oxysilane; TEOS= tetraethoxysilane; DEDMS= diethoxydimethylsilane; TEPS= triethoxyphenylsilane; GPTMS

= 3-(glycidoxypropyl)trimethoxysilane.

thanide complexes in this host is low (a few wt% at maximum). Moreover, these glasses easily
crack. The water present in the pores make long drying methods necessary. These disadvan-
tages can be overcome by designing organic/inorganic hybrid materials. Silicon-containing
hybrid materials are known under the specific nameorganically modified silicates(ormosils).
The hybrid materials can be classified according to the bonding between the organic and inor-
ganic part of the network(Sanchez and Ribot, 1994). In Class I materials, organic molecules
are blended into the inorganic network. In Class II materials, the inorganic and organic con-
stituents are linked via covalent bonds. Most of the ormosils are made by co-condensation
of TEOS or TMOS with an organosilicon compounds that contains two or three alkoxide
groups. An overview of important tetraalkoxysilane and organoalkoxysilane precursors used
for sol-gel synthesis of ormosils is given infig. 30.

Li et al. (1999)prepared luminescent ormosils that contained [Eu(tta)3(phen)]. The or-
mosils were obtained by hydrolysis of tetraethoxysilane (TEOS) and triethoxyphenylsilane
(TEPS) in a THF–EtOH–H2O mixed solvent that contained DMF. The emission intensity of
the composite material increased after immersing in a dilute ammonia solution. It is argued
that part of the europium(III)β-diketonate complex is decomposed in the ormosil, because of
protonation of theβ-diketonate ligands by the protons provided by the solvents and the acidic
silanol groups. Treatment of the ormosil with ammonia deprotonates theβ-diketone, which
again binds the Eu3+ ion. When the europium(III)-doped ormosil samples were treated with
hexamethyldisilazane (HMDS), the luminescence intensity increased markedly due to the re-
placement of the hydroxyl groups in the matrix by trimethylsilyl groups (–OSi(CH3)3). This
modification reduces the radiationless deactivation (multiphonon relaxation) of the excited
states of Eu3+ by the matrix. Additionally, the ammonia released by the trimethylsilylation
by hexamethyldisilazane has the same effect as a treatment with a dilute ammonia solution.
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[Eu(btfac)3(H2O)2] was incorporated in a sol-gel matrix that was formed by hydrolysis
of vinyltriethoxysilane(Qian et al., 2001). On the basis of the splitting of the7FJ levels,
the authors concluded that the site symmetry of Eu3+ in the matrix is C1, C2 or Cs. Later
on, the [Eu(tta)3(bipy)]-containing hybrids were also investigated(Qian et al., 2002a). The
latter authors doped [Eu(tta)3(tppo)2] in the same type of glass matrix, and investigated the
temperature dependence of the lifetime of the5D0 level (Qian et al., 2002b). The lifetime
remained almost constant in the temperature range between 13 and 100 K, but above 100 K
the lifetime decreased with increasing temperature.Li et al. (2000)made a composite ma-
terial by hydrolysis of tetraethoxysilane and vinyltrimethoxysilane, and they polymerized
methyl methacrylate in the sol to PMMA with a radicalar reaction, with benzoyl peroxide
as the initiator. The composite silicate-PMMA matrix was doped with [Eu(tta)3(phen)]. The
authors chose this matrix because the refractive index of PMMA (n = 1.4920) is close
to that of SiO2 glass (n = 1.4589), so that light scattering can be reduced.Yan (2003)
doped [Tb(acac)3(phen)] in a SiO2/PMMA hybrid matrix.Yan and You (2002)incorporated
[Tb(acac)3(dam)] into a hybrid SiO2/PEMA matrix (PEMA= polyethylmethacrylate). The
emission intensity increased with increasing Tb3+ concentration and no evidence for con-
centration quenching was observed. This is in contrast with the terbium(III) complex in the
pure PEMA polymer matrix, where the luminescence intensity reached a maximum for a
Tb3+ content of 1%. This difference is attributed to the fact that the terbium complex can
be better dispersed in the hybrid matrix than in the PEMA polymer.Guo et al. (2003)in-
corporated the ternary terbium(III) complex [Tb(tfac)3(phen)] into an ormosil matrix derived
from TEOS and 3-glycidoxypropyltrimethoxysilane (GPTMS). The luminescence lifetime of
the terbium(III) complex in the hybrid matrix was longer than that of the same complex in
a silica matrix or that of the pure [Tb(tfac)3(phen)] complex. [Eu(fod)3(H2O)2] was doped
into an inorganic–organic hybrid material, that was formed by hydrolysis of TEOS andN -[3-
(trimethoxysilyl)propyl]-ethylenediamine(de Farias et al., 2002a). The europium(III) com-
plex was introduced in the hybrid matrix after synthesis of the matrix, and stirring an ethano-
lic solution of the europium(III) complex with the insoluble matrix.Qian and Wang (2001)
prepared in situ an [Eu(tta)3(tppo)2] complex in an ormosil matrix made of a starting mix-
ture of TEOS, 3-glycidoxypropyltrimethoxysilane and methyl methacrylate (+0.4 wt% of
benzoyl peroxide). A solution of Htta, tppo and EuCl3 in ethanol (3:2:1 molar ratio) was
added to the starting solution for sol-gel synthesis. The precursor solution became a wet
gel after a few days of gelation at 40◦C. A transparent monolithic sample was obtained
after a prolonged drying period. The [Eu(tta)3(tppo)2] complex was formed in the sol-gel
matrix by heat treatment at 100◦C for 24 hours. The intensity of the5D0 → 7F2 transi-
tion in the heat-treated sample was a factor of about 1400 higher than in the sample be-
fore heat treatment. Theβ-diketonate complex had to be prepared in situ because it is not
stable under the conditions at which the sol-gel matrix is synthesized (pH= 2). Upon co-
doping of an ormosil made of TEOS and 3-glycidoxypropyltrimethoxysilane with [Eu(tta)3]
and [Tb(ssa)] (where H3ssa is sulphosalicylic acid), europium(III)- and terbium(III)-centered
emission could be observed simultaneously(Fan et al., 2002). By adjusting the ratio of the
concentration of the metal complexes, the luminescence color could be tuned. Di-ureasils
are made of a polyethylene chains of varying length that are grafted via both ends to a
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Fig. 31. [Eu(tta)3(phen)] complex covalently links to an ormosil matrix (afterBinnemans et al., 2004).

silica network. These hybrid materials form transparent, elastomeric monoliths, and are
able to dissolve luminescent guest molecules in high concentration(Bekiari et al., 1999;
Carlos et al., 1999, 2000a, 2000b, 2002; Sá Ferreira et al., 2001). Carlos et al. (2002)doped
complexes of Eu3+, Tb3+ and Tm3+ with benzoyltrifluoroacetonate ligands into these di-
ureasils.Moleski et al. (2002)introduced [Eu(tta)3(bipy)] into thin films of di-ureasil gels.

Nassar et al. (2001)covalently boundβ-diketones (Hacac, Hbtfa, Hdbm and Hhfa)
to a functionalized silica that was obtained by a sol-gel reaction between TEOS and 3-
chloropropyltrimethoxysilane. Theβ-diketones in their sodium form reacted with the func-
tionalized silica, so that theβ-diketones became linked to the silica matrix via theα-carbon.
Afterwards complexes of theβ-diketones with Eu3+ were formed, in the presence of 1,10-
phenanthroline or 2,2′-bipyridine as co-ligands.Sigoli et al. (2001)prepared a macroporous
silica matrix by hydrothermal treatment of Pyrex glass. The silanol groups on the surface of
this matrix were modified by reaction with 3-chloropropyltrimethoxysilane, and the modified
matrix was subsequently reacted with [Eu(tta)3(H2O)2]. The luminescence of this material
was compared with the one of the [Eu(tta)3(H2O)2] complex adsorbed on the surface of the
macroporous silica (that was not treated with 3-chloropropyltrimethoxysilane). The matrix
with adsorbed europium complex has a slightly smaller(5D0 → 7F2)/(

5D0 → 7F1) intensity
ratio than the matrix with the anchored europium complex.Binnemans et al. (2004)used
5-amino-1,10-phenanthroline to covalently link the luminescent [Eu(tta)3(phen)] complex to
an ormosil matrix (fig. 31). The glass matrix was prepared by first reacting 5-amino-1,10-
phenanthroline with 3-(triethoxysilyl)propyl isocyanate, and the resulting compound was con-
densed with tetramethoxysilane (TEOS) and diethoxydimethylsilane (DEDMS) at a neutral
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pH to a sol-gel glass. Reaction of the sol-gel glass with [Eu(tta)3(H2O)2] resulted in the final
luminescent ormosil material.

7.3. β-Diketonates in polymer matrices

Polymers are interesting host matrices for lanthanide complexes, includingβ-diketonate com-
plexes. These materials have several advantages. First of all, by incorporation of luminescent
lanthanide complexes, useful optical materials can be obtained. Powdered samples of lan-
thanide complexes, either in the neat form or dispersed into potassium bromide pellets, can
be used for fundamental spectroscopic and photophysical properties, but the processability
of such powder samples is low. In order to make them suitable for applications, the lan-
thanide complexes can be incorporated into polymers. Polymers are much easier to process.
For instance, polymer films can be obtained by spin coating or by melt casting. It is not
only possible to obtain polymer films, but objects of virtually any desired shape (sheets,
rods, fibers,. . .) or size can be made from polymeric materials. Polymers have several ad-
vantages over glasses besides the better processability, such as lighter weight and flexibility.
In general the production of polymers is cheaper than that of glasses, and much less energy is
required. The lanthanideβ-diketonate complexes can be incorporated in many types of opti-
cal transparent polymers. Examples are polymethylmethacrylate (PMMA), polyvinylalcohol
(PVA), polyethylene (PE), polystyrene (PS), polyurethanes, polyesters, polycarbonates, poly-
imides and epoxy resins. Of interest as a host matrix for infrared luminescent lanthanide com-
plexes are fluorinated or deuterated polymers (fig. 32). Examples of perfluorinated polymers
are CYTOP (Cyclic Transparent Optical Polymer; developed by Asahi Glass Company) and
poly(hexafluoro isopropyl methacrylate) (P-FiPMA). An example of a deuterated polymer is
deuterated poly(methylmethacrylate) (PMMA-d8).

There are different methods for incorporating rare-earthβ-diketonate complexes into poly-
mers. First of all, one has to make the difference between host–guest systems and systems in
which the rare-earth complexes are an integral part of the polymer. In a host–guest system,
the rare-earth complex is dissolved into the polymer matrix. To make host–guest systems,
two techniques can be used(Gao et al., 1998). The first technique involves dissolution of
the rare-earth complexes directly into the monomer. After addition of an appropriate initiator,

Fig. 32. Examples of fluorinated and deuterated polymers that can be used as a host matrix for near-infrared emitting
rare-earthβ-diketonate complexes.
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the monomer solution is polymerized by either thermal polymerization of photopolymeriza-
tion to form a uniformly doped polymer. According to the second technique, the rare-earth
complex and the pure polymer are both dissolved in a co-solvent. The solvent is then evap-
orated, and a uniformly doped polymer is obtained. Rare-earth complexes that contain poly-
merizable groups can be copolymerized together with another monomer. This results in a
copolymer in which the rare-earth complex is part of the polymer backbone or of the side
chain. Alternatively, a polymer with pendant ligand such as 1,10-phenanthroline can form
adducts with trisβ-diketonate complexes. By incorporation ofβ-diketonate complexes into
polymers the dissociation of the complexes that is often observed in solution can be sup-
pressed, although it is sometimes difficult to exclude dissociation. One has to be aware of the
fact that during the processing of the polymer, the complexes can dissociate in coordinating
solvents.Gao et al. (1998)investigated the effect of dissociation of the samarium(III) and eu-
ropium(III) β-diketonate complexes on the optical properties of the doped PMMA polymers.
In contrast to the benzoyltrifluoroacetonato complexes, the hexafluoroacetylacetonato com-
plexes [Sm(hfac)4]−(Et4N)+ and [Eu(hfac)4]−(Et4N)+ were found to be quite stable and do
not show evidence for dissociation. By dispersionβ-diketonate complexes into polymers, it is
possible to reduce the concentration quenching of the luminescence.

The first experiments on optical materials based on polymers doped withβ-diketonate com-
plexes go back to the 1960’s when rare-earthβ-diketonates have been tested as active com-
ponents in chelate lasers (see section8.1). For instance,Wolff and Pressley (1963)doped
[Eu(tta)3] into a polymethylmethacrylate (PMMA) matrix and observed laser action in this
material.Huffmann (1963a)described laser action of [Tb(tta)3] in these same type of polymer
matrix. After this initial interest in lanthanide-doped polymers, during the next three decades
not much further research has been done on these materials. Recently, luminescent lanthanide-
containing polymers regained interest, because of their possible application in light-emitting
diodes (LEDs) and in optical amplifiers and waveguides. The application of rare-earth doped
polymers in LEDs is reviewed in section8.2, and the application in optical amplifiers and
waveguides in section8.3. Here we also mention the reviews ofKuriki et al. (2002)and of
Kido and Okamoto (2002)in the thematicChemical Reviewsissue “Frontiers in Lanthanide
Chemistry”.

The luminescence behavior of [Eu(dbm)3] and [Eu(dbm)3(phen)] in PMMA was inves-
tigated(Liu et al., 2003, 2004b). Europium(III) doped polymer films were made by disso-
lution of PMMA and the europium(III) complex in chloroform, followed by casting of the
solution on a clean glass or quartz slide, and evaporation of the solvent. The lifetimes of
the 5D0 level of the two complexes in PMMA were found to be different. The decay curve
of [Eu(dbm)3(phen)] in PMMA could be fitted by a single exponential function, whereas
the decay of [Eu(dbm)3] in PMMA is bi-exponential. These results indicate that all Eu3+

ions experience the same environment in [Eu(dbm)3(phen)], but different environments in
[Eu(dbm)3]. Liu et al. (2004a)doped [Eu(dbm)3(H2O)2] and [Eu(tta)3(H2O)2] complexes
into a poly(vinylpyrrolidone) (PVP) matrix. It was shown by XRD that the complexes can
be dispersed well in the polymer matrix. There is evidence that the water molecules in the
complexes are partially replaced by C=O groups of the PVP polymer. The absorption and
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Fig. 33. Polymericβ-diketones (adapted afterUeba et al., 1980).

luminescence spectra of [Sm(dbm)3] in PMMA were measured byDong et al. (2004). These
authors also determined the Judd–Ofelt intensity parameters for this system.

Ueba et al. (1980)made europium(III) complexes ofβ-diketone-containing polymers
(fig. 33). In this way, it was possible to attach the Eu3+ ion directly to the polymer, either
through the backbone or through the side chain. The europium-containing polymers were
prepared by adding an EuCl3 solution in tetrahydrofuran and methanol (1:1 v/v) to a tetrahy-
drofuran solution of the polymers (1–2% solution). The pH of the solution was adjusted to
pH 8 by adding piperidine. The polymer precipitated and could be recovered by filtration.
The luminescence intensity reached a maximum at an Eu3+ content of 1% wt and remained
constant with further increasing Eu3+ content.

Upon addition of dibenzoylmethanate ligand to a styrene-co-acrylic acid oligomer com-
plex, Tang and coworkers(Tang et al., 1999a)found an increase of the photoluminescence
intensity of Eu3+. These authors(Tang et al., 1999b)also observed an intense luminescence
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for a ternary complex formed between europium(III) ion, dbm ligands and oligoacrylic acid.
Pagnot et al. (2000)investigated by scanning near-field optical microscopy (SNOM) the
photostability of [Eu(dbm)4](piperidinium) complexes in polystyrene thin films. As could
be expected, the photostability of thisβ-diketonate complex was found to be quite low.
de Farias et al. (2002b)doped [Eu(fod)3(H2O)2] and [Eu(fod)3(terpy)] into films of 3-
trimethylsilylpropyl)ethylene diamine and of an acrylic resin, and these authors studied the
luminescence properties of these films. The luminescence properties of [Eu(tta)3(H2O)2] into
an epoxy resin were investigated byParra et al. (2002). The epoxy resin was a diglycidyl ether
of bisphenol-A (Araldite GT 7004). The epoxy matrix acts as an antenna which absorbs light
and channels it to the europium(III) ion. The same authors also doped [Tb(acac)3(H2O)4]
in the epoxy resin(Parra et al., 2004). Allan et al. (1992)tested europium(III) tetrakisβ-
diketonate complexes as pigments for polystyrene. Oxygen sensors made of fluoropolymers
doped with europium(III) complexes are described in section10.4.

Kuriki et al. (2001, 2002)doped the complexes of deuterated 1,1,1,2,2,6,6,7,7,7-decafluoro-
3,5-heptanedione, [R(fhd-d)3] (R = Pr, Nd, Er, Tm) into a perfluorocarbon liquid (3M PF-
5080) and into the perfluorinated polymer CYTOP. A comparison of the peak positions in
the emission spectrum of [Nd(fhd-d)3] in PMMA-d8 with that of the same complex in a
perfluorocarbon liquid shows that the4F3/2 ← 4I9/2 transition in PMMA-d8 is shifted to
shorter wavelengths(Kuriki et al., 2002).

Wang et al. (2000b)made europium(III) containing copolymers by co polymerization of
methyl methacrylate and [Eu(β-diketonato)2(aa)] complexes that contain twoβ-diketonate
ligands (tta, acac, bzac and dbm) and one acrylate ligand. The europium(III) complexes were
synthesized by the reaction of 1 equivalent of europium(III) isopropoxide with 2 equivalents
of a β-diketone and 1 equivalent of acrylic acid in a 1:1 mixture of anhydrous 2-propanol
and anhydrous benzene. The copolymers were prepared by radical copolymerization of the
europium(III) complexes with methyl methacrylate in DMF, using AIBN as the initiator. The
copolymers were found to be soluble in chloroform, 1,2-dichloroethane, THF, benzene and
toluene, and could be easily cast into uniform thin films with good mechanical flexibility
and high thermal stability. The number average molecular weight (Mn) of the copolymers
was in the range between 53700 and 72600, whereas the polydispersity index (PDI) was
between 4.79 and 5.96. TheseMn values are lower than of the homopolymer PMMA that
was obtained by the same polymerization technique, whereas at the same time the polydis-
persity was higher. The luminescence intensities, the luminescence lifetimes and the inten-
sity ratio (5D0 → 7F2)/(

5D0 → 7F1) of the europium(III)-containing copolymers are higher
than those of the corresponding europium(III)-containing monomers and of blends of the eu-
ropium(III) complexes with PMMA. The emission intensities increased linearly with increas-
ing europium(III) content, and no significant concentration quenching of the luminescence
could be observed in the concentration range between 0 and 6.39 mol% Eu3+. This latter ef-
fect is due to the fact that the europium(III) complexes are uniformly distributed along the
polymer backbone, so that Eu(III)–Eu(III) interactions are avoided. The luminescence inten-
sity of the copolymers depend on theβ-diketonate ligand and increased in the order acac<

bzac< dbm < tta. A luminescent europium(III)-containing copolymer suitable for OLED
applications was prepared by radical copolymerization of 9-vinylcarbazole, methyl methacry-
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late and [Eu(bzac)2(phen)(aa)] complex. The carbazole group was incorporated for its hole-
transporting properties. The function of the europium(III) compound is electron transport
and light emission (see also section8.2). Not only acrylate groups have been used to graft
rare-earthβ-diketonate complexes to a polymer matrix, but also neutral N-donor polyden-
tate ligands such as 2,2′-bipyridine. Pei and coworkers(Pei et al., 2002)grafted [Eu(dbm)3],
[Eu(tta)3] and [Eu(ntac)3] to a fluorene type of conjugated polymer by complex formation via
2,2′-bipyridine groups in the side chains. The complexes were prepared by heating at reflux
for 2 days a solution of the polymer and an europium(III) complex in a 1:1 mixture of THF
and ethanol. The authors made special efforts to purify the europium(III)-containing poly-
mer. After synthesis, the polymer was placed in a Soxhlet-extractor and extracted with hot
acetone for 2 days, in order to remove all the excess of the europium(III)β-diketonate com-
plex. In these electroluminescent polymers, the blue light emitted by the fluorene groups is
transformed into red light by energy transfer to the europium(III) ion. The best efficiency for
energy transfer from the blue-emitting conjugated polymer to the europium(III) ion was ob-
served for the [Eu(dbm)3] complex. No concentration nor self-quenching was observed. Feng
and coworkers(Feng et al., 1998)formed lanthanide(III) grafted polymers by reaction be-
tween [Eu(tta)3] and polymer-bound triphenylphosphine, triphenylarsine, triphenylstibine, or
triphenylbismutine. It was assumed that the P, As, Sb or Bi group of the polymer interacts with
the lanthanide(III) ion (R= Sm3+, Eu3+, Tb3+). Among the europium(III)-containing poly-
mers, the best luminescence performance was observed for the polymer-bound triphenylarsine
system. By coupling a functionalized dibenzoylmethane ligand to poly(lactic acid) through an
ester bond, site-isolated luminescent europium(III) complexes were obtained(Bender et al.,
2002).

Linearly polarized photoluminescence arises from lanthanide ions doped into uniaxial sin-
gle crystal hosts, such as LaCl3, LaF3 or LiYF4. Lanthanide ions doped in polycrystalline
materials or lanthanide complexes in solution give unpolarized photoluminescence. Because
the lanthanideβ-diketonate complexes are obtained as polycrystalline or as single crystals too
small for optical spectroscopy, the luminescence of lanthanideβ-diketonates is unpolarized.
Polarized luminescence could be useful for several applications (for instance for obtaining
polarized light sources) and it is therefore a challenge to obtain linearly polarized emission
from lanthanide chelates. Two mechanisms can lead to polarized emission from lanthanide
ions (Feofilov, 1961): (a) polarized absorption by oriented ligands; (b) polarized emission
depending on the site-symmetry of the lanthanide ion. The research groups of Bazan and
Heeger(Yang et al., 2002; Srdanov et al., 2002)were able to observe polarized emission from
[Eu(dnm)3(phen)] in stretched polyethylene films. The presence of the rigid naphthyl groups
allows the threeβ-diketonate ligands to align parallel to the direction in which the polymer
film has been stretched. This results in a quasi-uniaxial alignment of the chelate complex. The
emission of Eu3+ was found to be highly polarized. When the luminescence was detected
with the polarization parallel to the orientation direction of the film, intensity of the strongest
emission line of the5D0 → 7F2 manifold (ca. 612 nm) increased by a factor of 10 when the
polarization of the incident beam was changed from perpendicular to parallel to the orientation
direction of the film. The reason of these intensity differences is that the aligned chromophores
of theβ-diketonate ligands absorb light more strongly when the incident light beam is parallel
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to the orientation direction of the polymer film. More light absorption by the ligands means
that more energy can be transferred to the Eu3+ ion. When the experimental setup is changed,
so that the incident light beam is always parallel to the orientation direction of the film and that
now the luminescence is detected either parallel or perpendicular to the orientation direction,
the crystal-field transitions of the5D0 → 7FJ transitions are found to be polarized. However,
in this case the differences in total luminescence intensity are less pronounced. The fact that
the crystal-field fine structure of the5D0 → 7F2 transitions in solid [Eu(dnm)3(phen)] differs
from the fine structure observed for [Eu(dnm)3(phen)] in the stretched polymer film, indicates
that theβ-diketonate ligands re-arrange upon stretching.

7.4. β-Diketonates in zeolites

Zeolitesare microporous crystalline aluminosilicates, whose general formula can be rep-
resented as Mn+

x/n[(AlO2)x(SiO2)y ]·mH2O (Breck, 1974; Barrer, 1978; van Bekkum et al.,

1991). Their structure consists of [AlO4]5− and [SiO4]4− tetrahedra linked by bridging oxy-
gen atoms to a three-dimensional network. The negative electric charge generated in the
framework when a silicon atom is isomorphically replaced by an aluminum atom, must be
compensated by counter-ions Mn+ present in the micropores of the zeolite. In this way, zeo-
lites act as ion exchangers. The pores of the zeolites have a very regular shape and size and are
defined by the crystal structure of the zeolites. A typical feature of zeolites is also the presence
of large central cavities, the so-calledsuper cages.

Zeolites in which the sodium counter ions have been replaced by lanthanide ions, are start-
ing materials for efficient luminescent materials. The luminescence efficiency of purely Eu3+-
doped zeolites is very low (quantum yield lower than 1% for Eu-X)(Sendor and Kynast,
2002). Although this is partly due to the presence of water molecules in the zeolite cage,
dehydration experiments show that this is not the only cause: even after dehydration the quan-
tum yield remained as low as 5%. The main cause seems to be a low-lying O→ Eu3+ charge
transfer band, which efficiently deactivates the excited state of Eu3+. Because of the weak
absorption by the f–f transitions of Eu3+, the total luminescence output remains low, and one
has to rely on the antenna effect to increase the luminescence efficiency. A tremendous gain
in luminescence intensity is observed when the europium ions in the cage are complexed with
β-diketonate ligands.Sendor and Kynast (2002)found an increase by a factor of 350 after
treatment of a {Eu8-X} sample (i.e. a zeolite-X with 8 Eu3+ ions per unit cell) with an excess
of Htta, followed by washing and rehydration. The rehydration step is necessary for complex
formation. Otherwise the Htta ligands cannot be deprotonated in the zeolite cage and the Eu3+

ions cannot be released from the walls of the super cage. The luminescence efficiency depends
on the Eu:tta ratio. A strongly emissive species was found to be {[Eu(tta)3]-X}, where the
complexes remain attached to the zeolite cage. Increasing of the number of Eu3+ ions per unit
cell results in an exaltation of the luminescence intensity up to 8 Eu3+ per unit cell. Further ad-
dition of Eu3+ leads to a decrease in the luminescence intensity. The corresponding complex
can be represented as {[Eu8(tta)13.5]-X}. Bright luminescent materials could also be obtained
by encapsulating [Eu(tta)3(phen)] in to the zeolite cage. In this case, theβ-diketonate complex
is no longer linked to the walls of the zeolite cage. The increase in luminescence intensity of
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Eu3+-doped zeolites by complex formation withβ-diketonate ligands can be illustrated by a
spectacular experiment(Sendor and Kynast, 2002). {Eu8-X} does hardly show visible lumi-
nescence upon irradiation by a 366 nm UV source. However when solid Htta is added to a
vial containing {Eu8-X} powder and the mixture shaken, a bright red luminescence is visible
within a few seconds.

Alvaro et al. (1998)investigated the encapsulation of europium benzoyltrifluoroacetonate
complexes in zeolite-Y and mordenite. The Eu:ligand ratio was in all cases lower than the
ratio expected for a 1:3 complex. For instance, for zeolite-Y no Eu:ligand ratios higher than
1:1.35 could be obtained. Because of steric hindrance, the pores of the zeolite-Y and mor-
denite are too small to host a [Eu(bfa)3] or even a [Eu(bfa)2]+ complex. The most abundant
species seems to be [Eu(bfa)]2+. Encapsulation of the europium complexes in the zeolite ma-
trix resulted in an increase of the luminescence lifetime in comparison with the complexes
in solution. An increase in lifetime by a factor 2 was found when the zeolite-Y containing
[Eu(bfa)]2+ complex was dehydrated and rehydrated by D2O. Surprisingly no difference in
lifetime was found when a zeolite-Y containing Eu3+ without organic ligands was treated by
the same procedure.

The mesoporous silicate MCM-41 (Mobil Corporation Material 41) is closely related to the
zeolites. MCM-41 contains a hexagonal array of mesoporous with a pore diameter ranging
between 20 and 100 Å(Kresge et al., 1992; Beck et al., 1992). These pores are large enough
to encapsulate rare-earthβ-diketonate complexes, without the need of the “ship-in-the-bottle”
approach which is necessary for introduction of these complexes in classic zeolites.Xu et al.
(2000) were the first to use MCM-41 as a host for a luminescent europiumβ-diketonate
complex. Before encapsulation of [Eu(tta)4]−(C5H5NC16H33)+, the authors modified MCM-
41 with N -(3-trimethoxysilyl)ethylethylenediamine in order to reduce the number of silanol
groups in the host matrix. The high energy vibrations of the Si–OH groups would otherwise
quench the luminescence of the europium ion, at least to some extent. The most remarkable
property of the europium complex in the modified MCM-41 is the very strong intensity of
the hypersensitive transition5D0 → 7F2 at 612 nm. The author even report that the intensity
ratio(5D0 → 7F2)/(

5D0 → 7F1) is +∞, because the5D0 → 7F1 could not be observed. Of all
the luminescent europium complexes presently known, this material has the highest color pu-
rity. The intensity ratio for the same europium complex in unmodified MCM-41 is only 5.5.
The intensity increase has been attributed to the reduced size of the pores in the modified
MCM-41 (14.26 Å) in comparison with the unmodified MCM-41 (29.31 Å). The europium
complex with a diameter of about 12 Å can enter the pores of the modified MCM-41 matrix,
but NH-groups of the modifying agent form strong H-bonds with the F-atoms of the thenoyl-
trifluoroacetonate ligands. Due to this H-bonding the symmetry of the complex is decreased,
and this renders the electric dipole transition5D0 → 7F2 dominant. The luminescence life-
time of the complex [Eu(tta)4]−(C5H5NC16H33)+ in the modified MCM-41 matrix (2.18 ms)
is much longer than that of neat [Eu(tta)4]−(C5H5NC16H33)+ powder (0.84 ms). Encapsula-
tion of the europium complex in the MCM-41 host improved the photostability of the complex
as well.Fu et al. (2002)modified MCM-41 by 3-aminopropyltriethoxysilane (APTES) orN -
[(3-triethoxysilyl)propyl]ethylenediamine (TEPED), and encapsulated the europium complex
[Eu(dbm)3(phen)] in the modified hosts. In this case, the(5D0 → 7F2)/(

5D0 → 7F1) ratio was
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much lower (2.7 for the host modified by APTES and 1.7 for the host modified by TEPED)
than for the tetrakis(thenoyltrifluoroacetonato)europate(III) complex discussed above.Yao
et al. (2000)encapsulated the [Eu(tta)3] complex in the mesoporous molecular sieve MCM-
41. The [Eu(tta)3] molecules were found the be present within the cetyltrimethylammonium
micelles that were used as template to prepare MCM-41. Acid treatment of the molecular
sieve to remove the surfactant template also removed the europium(III) complex. Europium
luminescence was not observed in the precursor solution that was used to make the molec-
ular sieve. A luminescent complex is formed upon heat treatment, because the tta molecules
can then diffuse to the Eu3+ sites to form [Eu(tta)3] complexes. The luminescence lifetime
of [Eu(tta)3]/MCM-41 (228 µs) was found to be similar to that measured for [Eu(tta)3] in
ethanolic solution (226µs). Fernandes et al. (2002)incorporated [Eu(thd)3] and [Eu(dbm)3]
complexes in MCM-41, either by wet impregnation of the MCM-41 with a solution of the
europium(III) complex or by reaction between the matrix and the europium(III) complex
in the gas phase. The europium(III) complexes were immobilized on the silica matrix by
grafting them on the free silanol groups at the surface. The luminescence spectra of the eu-
ropium(III) complexes were modified after incorporation in the MCM-41, but ligand-to-metal
energy transfer could still be observed.

7.5. Langmuir–Blodgett films (LB films)

The Langmuir–Blodgett technique allows the deposition of ordered monolayers or ordered
multilayers on a substrate. The method is applicable to amphiphilic molecules, i.e. molecules
with a polar head group and an apolar chain. It is also possible to incorporate smaller mole-
cules into a Langmuir–Blodgett film, but then amphiphilic co-reagents have to be used. In
order to make a Langmuir–Blodgett film (LB-film), the compound is first dissolved in chlo-
roform and the chloroform solution is poured on to a water surface in a so-called Langmuir
trough, which is a water basin coated with Teflon®. The amphiphilic molecules are present
at the water/air interface, so that their polar head groups are pointing toward the water, and
their apolar chains toward the air. The molecules float freely on the water surface, and no or-
der exists. The molecules can be considered as forming a “2D gas phase”. When two parallel
barriers are moved over the water surface toward each other, the amphiphilic molecules are
forced to come closer to one another. At a certain point when the area between the barriers is
small enough, the molecules start to feel one another, and they no longer move independently
of one another. They can now be considered as forming a liquid phase. When the barriers
are further brought together, the molecules are forced to line up with the alkyl chains perpen-
dicular to the water surface, and now an ordered monolayer is formed on the water surface:
the Langmuir monolayer. In the latter, the molecules are ordered as in of a crystalline solid.
The monolayers can be transferred to a substrate by dipping the substrate into the ordered
monolayer. Repetition of the procedure results in the formation of a multilayer. Depending on
the fact that the substrate is hydrophobic or hydrophilic, or depending on the way of dipping,
different types of multilayers (X, Y or Z-type) can be obtained.

Tetrakis complexes of rare-earthβ-diketonates with amphiphilic quaternary ammonium
ions or N -alkylpyridinium ions as counter ions were often the material of choice to
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Fig. 34. Structure of [Eu(tta)4]−(N -hexadecylpyridinium)+ (Wang et al., 1991).

produce luminescent Langmuir–Blodgett films. Examples of quaternary ammonium salts
are cetyltrimethylammonium (hexadecyltrimethylammonium) or octadecyltriethylammo-
nium. Wang et al. (1991)prepared a strongly luminescent amphiphilic europium(III) com-
plex, [Eu(tta)4]−(N -hexadecylpyridinium)+ (fig. 34). The complex was too hydrophilic
to form stable LB-films, and addition of stearic acid was needed for LB-film formation.
[Eu(pmbp)4]−(N -hexadecylpyridinium)+ has better film forming properties, but the com-
plex is only weakly luminescent(Huang et al., 1991). Zhou et al. (1996)investigated the lu-
minescence of [Eu(dbm)4]−(Et3NC18H37)+ and [Eu(dbm)4]−(Me3NC16H33)+ in LB-films.
[Eu(tta)4]−(Me3NC16H33)+ cannot form a stable monolayer on a pure water surface, be-
cause of dissolution(Liu et al., 1998). However, a stable monolayer could be obtained
by saturation of the aqueous phase by complex [Eu(tta)4]− ions, and by making mixed
monolayers with octadecylamine.Qian et al. (1995)studied monolayers and multilayers of
[Eu(tta)4]−[(C18H37)2N(CH3)2]+. LB-films of terbium(III) pyrazolone complexes show an
intense green photoluminescence(Zhao et al., 1997). Langmuir–Blodgett films incorporat-
ing tetrakisβ-diketonate complexes with ferrocene-containing counter ions are also known
(Gao et al., 1995b; Xia et al., 1996). An increase in luminescence intensity was observed
after Langmuir–Blodgett films of europium(III) bis(hexadecyl)phosphate were dipped in an
aqueous solution of benzoyltrifluoroacetone(Serra et al., 1994).

Jiang et al. (1995a, 1995b)found that tris(2-thenoyltrifluoroacetonato)mono(9-octadecyl-
4,5-diazafluorene)europium could be used to form stable Langmuir–Blodgett films that are
strongly luminescent (fig. 35). The luminescence intensity of this complex in an LB-film
was 11-fold larger than that of [Eu(tta)4]−(N -hexadecylpyridinium)+ in a mixed LB-film
with stearic acid.Wang et al. (2003)made an amphiphilic Lewis base adduct of a tris
complex by reaction between [Eu(tta)3(H2O)2] and 1-octadecyl-2-(2-pyridyl)benzimidazole
(fig. 36). The complex [Eu(tta)3(opb)] formed a stable monolayer on a pure water subphase
and Langmuir–Blodgett films could be deposited on a hydrophilic quartz substrate. Although
the [Eu(tta)3(opb)] complex showed an intense luminescence in powder form, the complex in-
corporated in an LB-films was only weakly luminescent. The quenching of the luminescence
was attributed to aggregate formation.
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Fig. 35. Structure of tris(2-thenoyltrifluoroacetonato)mono(9-octadecylimino-4,5-diazafluorene)europium(III)
(Jiang et al., 1995a, 1995b).

Fig. 36. The amphiphilic europium(III) complex [Eu(tta)3(opb)] (Wang et al., 2002, 2003).

Considerable efforts were made to incorporate the highly luminescent complexes [Eu(tta)3-
(phen)] and [Sm(tta)3(phen)] into Langmuir–Blodgett films. This is not an easy task, because
these complexes are lacking the long alkyl chains that are typical of amphiphilic rare-earthβ-
diketonate complexes. In order to obtain Langmuir–Blodgett films of a good quality, it is nec-
essary to understand the monolayer behavior of these complexes. The selection of an appropri-
ate subphase is a critical factor in the fabrication of monolayers at the air/water interface with
a stable surface behavior. When an aqueous solution saturated with 2-thenoyltrifluoroacetone,
1,10-phenanthroline and [Eu(tta)3(phen)] was used as a composite subphase, both dissolution
and dissociation of the [Eu(tta)3(phen)] complexes were inhibited, so that reproducibleπ–A
isotherms and uniformly distributed crystalline monolayers were obtained(Gao et al., 1996a).
Arachidic acid was used for the dispersion of the monolayer. By addition of an appropriate
amount of arachidic acid to a solution of [Eu(tta)3(phen)] in chloroform, stable monolayers
consisting of [Eu(tta)3(phen)] and arachidic acid were obtained, and the [Eu(tta)3(phen)] were
found to be dispersed homogeneously in the monolayer. Further work showed that with the
aid of arachidic acid, the monolayer of [Eu(tta)3(phen)] and arachidic acid (in 1:1 molar ra-
tio) and the monolayers of [Sm(tta)3(phen)] and arachidic acid (in 1:1 molar ratio) could be
successfully transferred onto hydrophobic glass substrates, so that Langmuir–Blodgett films
could be obtained(Zhang et al., 1997b). The arachidic acid molecules are nearly perpendic-
ular to the substrate surface. The arachidic acid does not influence the luminescence of the
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lanthanide complexes(Zhang et al., 1997c). When an amount of tri-n-octylphosphine oxide
(topo) was mixed with the arachidic acid, the luminescence performance of the LB-films was
improved(Zhang et al., 1997c). It was also found that the luminescence of the europium(III)
complex is enhanced in mixed Langmuir–Blodgett films containing both [Eu(tta)3(phen)]
and [Y(tta)3(phen)] besides arachidic acid(Zhong and Yang, 1998). This effect is due to
co-luminescence, a phenomenon mentioned in section6.1: energy can be transferred from
the triplet state of [Y(tta)3(phen)] to the triplet state of [Eu(tta)3(phen)] by an intermolecu-
lar energy transfer mechanism. The distance for the energy transfer from [Y(tta)3(phen)] to
[Eu(tta)3(phen)] is less than 30 Å.Zhang and Yang (2000)incorporated [Tb(tta)3(phen)],
[Tb(acac)3(phen)], [Tb(tfac)3(phen)] and [Tb(hfac)3(phen)] into Langmuir–Blodgett films
with the aid of arachidic acid. [Tb(tta)3(phen)] orients between the arachidic acid molecules
within the layers, whereas the other terbium complexes packed up to multilayers between
the head groups of arachidic acid molecules in the same layer. The luminescence intensity of
the green-emitting LB-films could be modulated by changing the wavelength of the excita-
tion light. The differences observed in the monolayer behavior of terbium(III)β-diketonates
were also found for the corresponding samarium(III) and europium(III) complexes(Zhang
and Yang, 2001). An enhanced europium(III) luminescence was observed in LB-films that
contain both [Eu(tta)3(phen)] and [Tb(tta)3(phen)], together with arachidic acid(Zhong et al.,
2001). The excitation energy is transferred from the terbium(III) to the europium(III) com-
plex by intermolecular energy transfer. A self-organized ring pattern was observed for a
[Sm(tta)3(phen)] complex in a Langmuir–Blodgett film formed from a [Sm(tta)3(phen)]–
stearic acid mixture(Zhang et al., 2001). Mixed monolayers of [Eu(tta)3(topo)2] and stearic
acid could be deposited on a solid substrate(Huang et al., 1999).

Many examples of hemicyanine dyes with rare-earth tetrakisβ-diketonate complexes incor-
porated into Langmuir–Blodgett films have been described in the literature. These materials
are discussed in section7.7. The rare-earth complex does not only improve the quality of the
LB-films, but better nonlinear optical properties were found as well.Pavier et al. (1997)inves-
tigated the photoluminescence of LB-films in which ytterbium(III) complexes of pyrazolone
ligands were used as counter ions. The fluorescence of the hemicyanine ligand was observed
in the visible region, and metal-centered luminescence of Yb3+ in the near-infrared region.

7.6. Liquid crystals

Liquid crystals (or mesogens) form a state of matter with a molecular order between
that of a highly ordered crystalline solid and a disordered liquid(Demus et al., 1998;
Collings and Hird, 1997; Collings, 1990). Liquid crystals are fluid (they flow like a liquid), but
their physical properties (electric permittivity, heat conductivity, viscosity,. . .) are anisotropic.
This means that different values can be measured for a given physical property, depending on
the direction in which this property is measured. Typical liquid crystals have a rod-like or
a disk-like shape, so that the molecules used to produce these compounds must have a pro-
nounced shape-anisotropy. A mesogenic compound is transformed into a liquid-crystalline
state, either upon heating a solid compound (thermotropic liquid crystals) or by addition of
a solvent (lyotropic liquid crystals). The liquid-crystalline state is also called amesophase.
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Fig. 37. Lewis base adduct of [La(dbm)3] and a non-mesomorphic salicylaldimine Schiff’s base. The compound
melts at 95◦C and exhibits a monotropic smectic A phase upon cooling below 81◦C.

Liquid crystals are of technological importance. They are for instance the active components
in a liquid-crystal displays (LCDs). It is possible to combine the properties of liquid crystals,
i.e. anisotropy, switchable by an external electric field, with those of transition metal ions
(redox behavior, color) by incorporating metal ions into a liquid crystal. Liquid-crystalline
metal complexes are named “metallomesogens” (Giroud-Godquin and Maitlis, 1991; Espinet
et al., 1992; Hudson and Maitlis, 1993; Serrano, 1996; Bruce, 1996; Donnio and Bruce, 1999;
Donnio et al., 2003). Rare-earth-containing liquid crystals have been reviewed extensively by
Binnemans and Görller-Walrand (2002). Most of the liquid-crystalline rare-earth complexes
that have been reported in the literature hitherto are Schiff base complexes. Although Swager
and coworkers(Trzaska et al., 1999)showed thatβ-diketones could be used to obtain eight-
coordinate metallomesogens with zirconium(IV) as the central metal ion, attempts to synthe-
size liquid-crystalline rare-earth complexes with these mesogenic ligands were unsuccessful
for a long time. The main reason is that the commonly used synthetic routes to rare-earth
β-diketonate complexes do not work for the mesogenicβ-diketones, mainly due to solubility
problems: the solvents in which the ligands are soluble do not dissolve the rare-earth precursor
salts.

Binnemans and coworkers showed that it is possible to obtain mesomorphic rare-earth
complexes by forming Lewis-base adducts of simple rare-earth trisβ-diketonate complexes
with mesogenic ligands. More particularly, they studied bisadducts of [R(dbm)3] complexes
(Hdbm= 1,3-diphenyl-1,3-propanedione or dibenzoylmethane) with a salicylaldimine Schiff
base ligand (fig. 37) (Binnemans and Lodewyckx, 2001; Binnemans et al., 2003). The
adducts are monotropic liquid crystals, exhibiting a smectic A phase upon cooling of the
isotropic liquid. The crystal structure of [La(dbm)3L2], where L is N -butyl-2-hydroxy-4-
methoxybenzaldehyde was described (fig. 38). The temperature difference between the melt-
ing point and the clearing point of the monotropic mesophase increases over the lanthanide se-
ries. The complexes of the heavier lanthanides were not liquid-crystalline. Galyametdinov and
coworkers prepared tris complexes of the lanthanides with 1,3-bis(p-tetradecyloxyphenyl)-
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Fig. 38. Molecular structure of [La(dbm)3L2], where L isN -butyl-2-hydroxy-4-methoxybenzaldehyde. The atomic
coordinates are taken fromBinnemans et al. (2003). No hydrogen atoms are shown.

1,3-propanedione, where the coordination sphere was saturated by 1,10-phenanthroline, 2,2′-
bipyridine or substituted 2,2′-bipyridines (Galyametdinov et al., 2002a, 2002b). This was
the first example of a lanthanide complex where the mesomorphism was induced by theβ-
diketonate ligand. The complexes form monotropic smectic A phases or monotropic highly
ordered smectic phases (that were not studied in detail).

Other attempts to obtain liquid-crystalline rare-earth complexes via Lewis-adduct forma-
tion with rare-earth trisβ-diketonate complexes were less successful.

Hapiot and Boyaval studied adducts of [R(tta)3] and cholesteryl nonanoate and cholesteryl
tetradecanoate(Boyaval et al., 1999; Hapiot and Boyaval, 2001). By means of IR,1H-, 13C-
and19F-NMR spectroscopy, including 2D NMR and relaxation techniques, they were able to
show that a 1:1 adduct was formed between [R(tta)3] (Ln = Nd, Sm, Eu) and the cholesteryl
ester, and that bonding of the cholesteryl ester and the metal ion occurs through both oxygen
atoms of the ester. This type of bonding can be considered as a pseudo-chelate type. The
authors argue that the absence of a mesophase in the adducts is not only due to the large size
of the [R(tta)3] moiety, but also to a twisted conformation of the ligands, so that the overall
structure of the adduct is not rod-like.

Wang et al. (1995b)reported thermotropic mesomorphism for tetrakis 1-phenyl-3-methyl-
4-benzoyl-5-pyrazolanato lanthanate complexes with amphiphilic hemicyanines as counter
ions. However, further study revealed that these complexes are not liquid-crystalline
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(Binnemans et al., 1999a), whereas the corresponding hemicyanine bromides are(Binnemans
et al., 1999b).

An alternative approach to obtain luminescent liquid crystals is to use the host–guest con-
cept: a luminescent lanthanide complex is dissolved in a liquid-crystalline matrix. This ap-
proach allows one to optimize the luminescence and mesomorphic properties of the liquid-
crystal mixture independently. Boyaval et al. investigated the luminescence of lanthanide
complexes in a cholesteric liquid crystal mixture(Boyaval et al., 1999, 2001). Binnemans
and Moors (2002)showed that a nematic liquid crystal can be an interesting host ma-
trix to study the spectroscopic properties of luminescent lanthanide complexes. These au-
thors doped theβ-diketonate complex [Eu(tta)3(phen)] into the nematic liquid crystalsN -
(4-methoxybenzylidene)-4-butylaniline (MBBA) and 4-n-pentyl-4′-cyanobiphenyl (5CB) and
observed narrow-band red photoluminescence with a well-resolved crystal field splitting.
Later on, these authors extended their studies to lanthanideβ-diketonate complexes emitting
in the near-infrared (Ln= Nd, Er, Yb)(Van Deun et al., 2003).

7.7. Nonlinear optical materials

Rare-earthβ-diketonate complexes with hemicyanine or related chromophores have been
studied for their potential as nonlinear optical materials (NLO materials). Such nonlinear
optical materials could have applications in the domains of opto-electronics and photonics
(Verbiest et al., 1997). Nonlinearity of the optical properties means that when a molecule is
placed in an intense light beam, there is no linear relationship between the induced electric
dipole moment and the applied electric field. When a molecule is subjected to an intense light
field, the induced dipole moment is given by eq.(12).

(12)µi =
∑

j,k,l

(αijEj + βijkEjEk + γijklEjEkEl + . . .).

The summation runs over repeated indices.µi is thei-th component of the induced electric
dipole moment andEi are components of the applied electro-magnetic field. The coefficients
αij , βijk andγijkl are components of thelinear polarizability, the first hyperpolarizability,
and thesecond hyperpolarizability tensor, respectively. The first term on the right hand side
of eq.(12)describes the linear response of the incident electric field, whereas the other terms
describe the nonlinear response. Theβ tensor is responsible for second order nonlinear opti-
cal effects such assecond harmonic generation(SHG, frequency doubling),frequency mixing,
optical rectificationand theelectro-optic effect. Theβ tensor vanishes in a centrosymmetric
environment, so that most second-order nonlinear optical materials that have been studied
so far consists of non-centrosymmetric, one-dimensional charge-transfer molecules. At the
macroscopic level, observation of the nonlinear optical susceptibility requires that the molec-
ular non-symmetry is preserved over the physical dimensions of the bulk structure.

Because compounds with a hemicyanine (aminostyrylpyridinium) chromophore exhibit a
large charge separation between the ground state and the excited state, they are good candi-
dates for nonlinear optical materials. Nonlinear optical effects can be observed both in solu-
tion and in organized systems (Langmuir–Blodgett films or in single crystals). The nonlin-
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Fig. 39. Stilbazolium dye with a tetrakis(pyrazolonato)dysprosate(III) complex as the counter ion(Wang et al.,
1994a, 1994b).

ear optical properties of hemicyanine compounds with halogenide counter ions were inves-
tigated by for instanceBruce et al. (1994), Lupo et al. (1988)and byGrummt et al. (1996).
Wang et al. (1994a, 1994b)synthesized hemicyanine compounds with an anionic rare-earth
tetrakisβ-diketonate compounds as counter ions, instead of halogenide counter ions (fig. 39).
The use of a tetrakis complex as the anion not only improved the film forming properties
(important for the preparation of LB-films), but also improved the nonlinear optical proper-
ties due to a better charge separation in the hemicyanine chromophore. The nonlinear op-
tical properties of these types of complexes have been studied in detail(Zhou et al., 1994;
Huang et al., 1995). The first hyperpolarizability was determined from second harmonic gen-
eration experiments after incorporation into an LB-film. A crystal structure of a hemicya-
nine dye with a [La(tta)4]− counter ion is available(Wang et al., 1995c). Zhao et al. (1995)
investigated the influence of a gas atmosphere (vapors of chloroform, acetic acid and iso-
propanol) on the generation of the second harmonic in an LB-film. The gas atmosphere has a
pronounced effect on the SHG-signal.Wostyn et al. (2001a)used this type of compounds to
test an improved technique for the suppression of the multiphonon fluorescence contribution
in hyper-Rayleigh scattering. Hyper-Rayleigh scattering allows the determination of the first
polarizability of molecules in solution(Clays and Persoons, 1991). The hyperpolarizability
in the hemicyanines with tetrakisβ-diketonate counter ions was found to be independent of
the nature of the rare-earth ions(Wostyn et al., 2001b). These authors come to the conclusion
that the strategy to enhance the film-forming properties by using rare-earth-containing counter
ions in hemicyanine complexes is not effective in improving the molecular nonlinear optical
properties.

Not only hemicyanine dyes, but also azo dyes have been studied for their nonlinear optical
properties. In these compounds the C=C group of the hemicyanine group is replaced by a
N=N group(Li et al., 1995, 1996; Gao et al., 1995a, 1996b). Another type of complex is the
one in which the pyridinium ion is covalently linked to a ferrocene group(Gao et al., 1995b).
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8. From materials to devices

8.1. Chelates for lasers

The possibility to use rare-earthβ-diketonate complexes for the design of lasers gave a strong
impulse to the spectroscopic study of these complexes in the early 1960’s. In a 1962 Na-
ture paper,Schimitschek and Schwarz (1962)pointed to the fact that europium complexes
have optical properties that make them very attractive as potential laser materials. The au-
thors suggested that laser action should be experimentally verified for these complexes dis-
solved in both organic solvents or in a polymer matrix. Around the same time, the poten-
tial application of rare-earth chelates in lasers has been suggested by other authors as well
(Whan and Crosby, 1962; Filipescu et al., 1962). In 1963,Lempicki and Samelson (1963)
were the first to obtain stimulated emission at 613.1 nm (5D0 → 7F2 transition) from an
alcohol solution (3:1 ethanol:methanol) of europium benzoylacetonate at−150◦C, by pump-
ing with a xenon flash lamp. The threshold energy was between 1790 and 1920 J. This
threshold is the amount of energy that must be delivered to the laser device to bring it to
point at which the onset of laser action is observed.Samelson et al. (1964c)observed room
temperature operation of a europium(III) chelate laser. From then on, a considerable num-
ber of studies on laser action of europium(III) and terbium(III)β-diketonate complexes in
frozen organic solutions and in polymers were reported within a few years (for instance:
Samelson et al., 1964a, 1964b, 1964c; Lempicki et al., 1964; Lempicki and Weise, 1967;
Schimitschek, 1963; Schimitschek et al., 1965a, 1965b, 1966, 1967, 1969; Schimitschek
and Nehring, 1964; Nehring et al., 1964; Brecher et al., 1968; Lempicki and Weise, 1967;
Wolff and Pressley, 1963; Huffmann, 1963a; 1963b, 1964; Bhaumik et al., 1964; Bazhulin
et al., 1965; Bjorklund et al., 1967; Meyer et al., 1964a, 1964b; Meyer, 1965; Seitz, 1969;
Verron and Meyer, 1966; de Witte and Meyer, 1967; Crozet and Meyer, 1967; Aristov and
Maslyukov, 1968; Altman and Geller, 1969; Ross and Blanc, 1967; Batyaev, 1971). The lig-
ands include benzoylacetone, dibenzoylmethane, trifluoroacetylacetone, thenoyltrifluoroace-
tone and benzoyltrifluoroacetone. A great deal of this work has been done by physicists on
poorly characterized or on impure compounds. During these studies it was realized that, in
contrast to earlier belief, rare-earth trisβ-diketonate complexes are much less common than
Lewis base adducts of these tris complexes and than the tetrakisβ-diketonate complexes. It
was shown that the active components in most successful laser systems were the tetrakis com-
plexes(Brecher et al., 1965). Although in most of the studies on laser chelates, europium(III)
has been chosen as the emitting ion, some studies report on laser action of terbium(III) com-
plexes(Huffmann, 1963a, 1963b; Bjorklund et al., 1967; Samelson et al., 1964c, 1967),
whereasWhittaker (1970)observed laser action by neodymium(III) in a tetrakis thenoyl-
trifluoroacetonate complex prepared from a didymium salt (mixture of praseodymium and
neodymium salts).

Strong light absorption by theβ-diketonate ligands is an advantage for sensitizing the lu-
minescence of lanthanide ions by the antenna effect, but this property limits the usefulness of
the rare-earthβ-diketonate complexes as laser materials. In order to achieve uniform excita-
tion of the solutions containing the rare-earth chelate at the concentration required for laser
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action (ca. 0.01 M), only thin samples (ca. 1–6 mm) could be used(Samelson et al., 1964b;
Ross and Blanc, 1967). Therefore, most of the studies of liquid lasers have been performed
on laser solutions in a capillary tube or on rare-earth doped polymers drawn to fibers. Another
problem with the chelate lasers is the low photostability of the rare-earthβ-diketonate com-
plexes under ultraviolet irradiation. This severely limits the lifetime of these laser systems.
Thirdly, the lasing thresholds are high for these chelate lasers at room temperature (1000–
3000 J). Because of the high input energy needed, excessive warming of the laser solutions
can be a problem. To circumvent the latter, circulation of the liquid through the cell and cool-
ing with an external heat exchanger have been proposed(Schimitschek et al., 1966). Finally,
the energy output of the rare-earth chelate lasers is low, because of the existence of efficient
pathways for the radiationless deactivation of the excited states.

The most commonly used solvents for the study of the laser action are a 2:1:1 mixture of
β-ethoxypropionitrile,β-ethoxyethanol and acetonitrile (EAA), a 1:1:1 mixture of proprion-
itrile, butyronitrile and isobutyronitrile (“nitrile solvent”), a 3:1 ethanol–methanol mixture,
a 3:1 ethanol–DMF mixture, and acetonitrile. Some of the mixed solvent systems remain liq-
uid to temperatures as low as−150◦C. However, theβ-diketonate complexes are not always
stable for a long time in such solutions. For instance,Schimitschek et al. (1965b)mention that
europium(III)β-diketonate complexes degrade in the 3:1 ethanol:methanol mixture.Fry and
Pirie (1965)found that in this alcohol mixture, [Eu(bzac)3(H2O)] decomposed upon heating
the solution to 70◦C or upon irradiation with ultraviolet radiation. The main decomposition
products were ethyl acetate and acetophenone, which indicates that benzoylacetonate under-
went a reverse Claisen condensation.Brecher et al. (1965)discussed the dissociation in solu-
tion of the tetrakis complexes into mixtures of non-lasing tris complexes and freeβ-diketonate
anions.

For a long time after 1970, no research has been done on rare-earth chelate lasers. In
1995,Taniguchi et al. (1995a)demonstrated ultra-low threshold lasing due to morphology-
dependent resonances from the europium complex [Eu(dbm)3(phen)] dissolved in liquid mi-
crodroplets with ca. 90µm diameters. These microdroplets consisted of a viscous ethanol–
glycerol mixture. The same year, authors from the same research consortium(Taniguchi et al.,
1995b), described a solid chelate laser based on [Eu(dbm)3(phen)] dispersed into polystyrene
spheres. The advantage of this type of chelate laser in comparison with the liquid chelate laser,
is that the former is free of solvent effects.

8.2. Organic light-emitting diodes (OLEDs)

Light emitting diodes(LEDs) will probably become the most important type of light source for
artificial lighting in the 21st century, and will probably drive out the incandescent lamps and
even the mercury-containing discharge lamps. Typically, a LED consists of inorganicp- and
n-type semiconductors. The holes and electrons are driven to thep–n junction by the applied
electric field. The electrons and holes recombine at thisp–n junction, and the excess of energy
is given off as visible or infrared radiation. In a LED, electrical energy is transformed into
light (electroluminescence). Inorganic light emitting diodes(OLEDs), the active components
are organic molecules instead of inorganic semiconductors. OLEDs are mainly developed for
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display applications. One hopes to use OLEDs for the design of large flat panel displays with
a very wide viewing angle. The advantages of OLEDs are that they are easier and cheaper
to fabricate than their inorganic counter parts, that they can be made very large (luminescent
sheets) and that they can be deposited on almost every substrate including flexible ones, like
plastics (flexible displays). Although the phenomenon of organic electroluminescence was
discovered by Pope in 1963, the development of the first OLEDs began in the Chemistry
Division of Kodak Research Laboratories at the end of the 1970s(Hung and Chen, 2002).
One has to mention here the pioneering work ofTang and Van Slyke (1987), who introduced
an injection type of electroluminescent device that operated at driving voltages as low as a few
volts. They used a hole transport layer for hole injection from the electrode into the emitting
organic layer and they used tris(8-hydroxyquinolinato)aluminum(III) (AlQ) as the emissive
material. Tris(8-hydroxyquinolinato)aluminum(III) emits bright green light. This multilayer
device had a luminance of more than 1000 cd/m2 below 10 V with an external quantum
efficiency of 1% (i.e. one photon is emitted for 100 injected electrons). Another milestone
was the work ofBurroughes et al. (1990). Their OLED consisted of a single layer of theπ-
conjugated polymer poly(phenylene–vinylene) (PVV) between metallic electrodes. Since that
time, a lot of research efforts have been invested in optimizing the performance of OLEDs
and now OLEDs with a broad variety of emitting colors are available(Hung and Chen, 2002).

An OLED consists of very thin layers sandwiched by two electrodes. These layers can be
deposited by various techniques such as chemical vapor deposition, plasma deposition, or spin
coating from a solution. Electrons are injected into the emitting layer from the cathode, and
holes are injected from the anode. The cathode is typically a layer of a metal with a low work
function such as aluminum, magnesium, calcium or a magnesium:aluminum alloy. The anode
is typically a transparent layer of indium tin oxide (ITO). The recombination of the injected
holes with the injected electrons allows the formation of singlet and triplet excitons. Because
of spin statistics, 75% of the recombinations give rise to triplet excitons and 25% to singlet
excitons. Only singlet excitons can produce electroluminescence. The triplet excitons decay
non-radiatively and do not generate electroluminescence. For this reason, the maximum in-
ternal quantum efficiency of an OLEDs is limited to 25%. Different types of OLEDs have
been described (fig. 40). A single-layer OLEDis made of a single organic layer sandwiched
between the cathode and the anode. This layer must not only possess a high quantum effi-
ciency for photoluminescence, but the layer must also have good hole and electron transport
properties. In atwo-layer OLED, one organic layer is specifically chosen to transport holes
and the other layer is chosen to transport electrons. Recombination of the hole–electron pair
takes place at the interface between the two layers, which generates electroluminescence. In
a three-layer OLEDan additional layer is placed between the hole transporting layer and the
electron transporting layer. The emitting layer is primarily the site of hole–electron recom-
bination and thus of electroluminescence. This cell structure is useful for emissive materials
that do not possess high carrier (either electron or hole) transport properties. In an OLED,
electrons are transported via the lowest unoccupied molecular orbital (LUMO). The LUMO
is analogous to the conduction band of semiconductors. Holes are transported via the highest
occupied molecular orbital (HOMO). The HOMO can be compared with the valence band of
a semiconductor.
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Fig. 40. Different types of OLED cells. C= cathode (typically aluminum); EL= emitter layer; ETL= electron
transport layer; HTL= hole transport layer; A= anode (typically ITO glass).

The performance of OLEDs are tested by measuring the current density–voltage and the
luminance–voltage characteristics. Theturn-on-voltageis defined as the voltage necessary to
have a luminance of 1 cd/m2. Ideally, this value should be as low as possible, but in many
lanthanide-based OLEDs the values are between 5 and 10 V. The luminance will increase
with increasing voltage up to a maximum value. Increasing the voltage further will then cause
a decrease of luminance. In OLEDs one can distinguish theexternal quantum efficiency(ηex)
and thepower efficiency(ηp). The external quantum efficiency is defined as the ratio of the
number of emitted quanta to the number of charge carriers. The power efficiency is the ratio
of the luminous flux emitted by the OLED and the consumed electric power. Molecules often
used as active components in OLEDs are depicted infig. 41.

Kido and Okamoto (2002)published a review article on lanthanide-containing OLEDs. In
theory, incorporation of lanthanide complexes in the emitting layer of OLEDs offers two main
advantages: (i) improved color saturation and (ii) higher efficiency of the OLED. Because of
the sharp emission bands of the trivalent lanthanide ions (with a full-width at half maximum
of less than 10 nm), lanthanide luminescence is highly monochromatic. This results in a much
better color saturation than when organic molecules are used as the emissive material. In this
case the band widths of the emission bands are typically around 80 to 100 nm. A saturated
monochromatic emission is necessary for the development of full-color displays based on
OLEDs. Broad emission bands will give dull colors. As mentioned above, the efficiency of
OLEDS is limited to 25% by spin statistics. However, when lanthanide complexes are used,
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Fig. 41. Active components in OLEDs; the hole-transporting materials poly(N -vinylcarbazole) (PVK) andN,N ′-
diphenyl-N,N ′-bis-(3-methylphenyl)-1,1′-biphenyl-4,4′-diamine (TPD), and the electron-transporting material 2-

tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole (PBD).

the efficiency is in theory not limited because the excitation energy can be transferred both
from an excited singlet or triplet to the lanthanide ion.

Although one often predicts a bright future for lanthanide-doped OLEDs, it has been
learned from practice that the use of lanthanide complexes in OLEDs generates several prob-
lems. One difficulty is the poor film-forming properties of low-molecular weight lanthanide
coordination compounds. Other problems are the low electroluminescence efficiency (due to
poor charge-carrier transporting properties), and the bad long-term stability of the rare-earth
complexes.

Kido and coworkers were the first to propose a lanthanide complex as the emissive material
in an OLED(Kido et al., 1990). These authors built an electroluminescent device consisting
of N,N ′-diphenyl-N,N ′-(3-methylphenyl)-1,1′-biphenyl-4,4′-diamine (TPD) as the hole in-
jecting layer and [Tb(acac)3] as the emitting and electron transporting layer. The cathode
was an aluminum layer and the anode an ITO-coated glass plate. The OLED was made
by vacuum deposition. The green emitting OLED had a luminance of 7 cd/m2. This value
is very low, but the importance of this paper is the proof-of-principle. The electrolumines-
cence spectrum was found to be identical with the corresponding photoluminescence spec-
trum. The relative intensities of the emission bands were independent of the current density.
It should be noticed that the [Tb(acac)3] compound described in this paper was not char-
acterized, so it is not clear whether the compound under investigation was an hydrate or a
partially hydrolyzed compound. Later on, these authors made a red-emitting OLED based on



210 K. BINNEMANS

Fig. 42. Low-molecular weight red emitting europium(III)β-diketonate complexes and green emitting terbium(III)
β-diketonate complexes that are used as active component in the emitter layer of lanthanide-doped OLEDs.

an europium(III) compound(Kido et al., 1991). Their electroluminescence cell consisted of
2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole (PDB) as the electron transporting layer and
poly(methylphenylsilane) (PMPS) as the hole transporting layer doped with [Eu(tta)3]. Lumi-
nescence started at 12 V, and a maximum luminescence intensity of 0.3 cd/m2 was obtained
at 18 V. By replacing the [Eu(tta)3] complex by [Eu(dbm)3(phen)], a luminance of 460 cd/m2

could be achieved(Kido et al., 1994). In the same way, the efficiency of the green-emitting
OLED could be improved to 90 cd/m2 by use of [Tb(acac)3(phen)] instead of [Tb(acac)3]
(Kido et al., 1996). The structure of low-molecular weight europium(III) and terbium(III)
β-diketonate complexes often used in lanthanide-based OLEDs are shown infig. 42.

The first types of lanthanide-based OLEDs were prepared by vacuum deposition of the dif-
ferent layers (hole injection layer, emitting layer, electron transport layer, cathode) on the ITO
substrate. This technique is applicable only for volatile and thermally stable lanthanide com-
plexes. Unfortunately, most volatile lanthanideβ-diketonate complexes are not the ones with
the best luminescence properties. Manyβ-diketonate complexes cannot be sublimed without
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considerable thermal decomposition, or give deposited layers of an inferior quality. The films
of lanthanideβ-diketonates produced by vacuum deposition have poor charge-carrier proper-
ties. Especially the transport of electrons is problematic. Because of the unbalanced injection
and transport of charge carriers, recombination often takes place at sites other than the emit-
ting layer. This not only leads to low electroluminescence efficiency, but also to a reduced
lifetime of the OLED.

One approach to improve the OLEDs based on lanthanide compounds, is to replace the
tris β-diketonate complexes by Lewis base adducts (i.e. by ternary complexes). In this way,
not only the volatility and the thermal stability can be improved, but also the film forming
properties and the carrier-transport ability. This approach was already illustrated above for the
work of Kido and coworkers(Kido et al., 1994, 1996), who used 1,10-phenanthroline as the
Lewis base. Although 1,10-phenanthroline is often used as Lewis base to form ternary com-
plexes(Kido et al., 1994, 1996; Takada et al., 1994; Sano et al., 1995; Campos et al., 1996;
Dirr et al., 1997; Li et al., 1997; Liu et al., 1997; Jabbour et al., 1999; Miyamoto et al., 1999;
Zhu et al., 2000a; Zhao et al., 2000; Pyo et al., 1999; Lee et al., 1999; McGehee et al., 1999;
Takada et al., 2001; Zhong et al., 2002; Jiang et al., 2002b; Zheng et al., 2002c; Ohmori
et al., 1998, 2001), better results are often obtained when 4,7-diphenyl-1,10-phenanthroline
(bathophenanthroline, bath) is used instead(Sano et al., 1995; Wang et al., 1997; Okada
et al., 1999; Liang et al., 2000a, 2000b; Zheng et al., 2002b). Other phenanthroline deriv-
atives that have been applied to make electroluminescent ternary europium complexes are
5-amino-1,10-phenanthroline, 4,7-dimethyl-1,10-phenanthroline, 1,10-phenanthroline disul-
fonic acid, and 5-chloro-1,10-phenanthroline(Kim et al., 2000). Tsaryuk et al. (2002)dis-
cussed the problem of optimizing the performance of ternary complexes of europium(III)
β-diketonates with 1,10-phenanthroline for OLED applications. 2,2′-Bipyridine is much less
popular than 1,10-phenanthroline to form ternary complexes(Zheng et al., 2002a). Huang
et al. (2002a)made ternary complexes with 2-(2-pyridyl)benzimidazole (Hpbm) and 1-ethyl-
2-(2-pyridyl)benzimidazole (epbm). The ligands derived from 2-(2-pyridyl)benzimidazole
have the advantage that they can be easily substituted by alkyl chains on the benzimida-
zole group. The europium complex made of 1-octadecyl-2-(2-pyridyl)benzimidazole (opb),
[Eu(dbm)3(opb)] has a melting point of 119◦C, and starts to decompose at 337◦C (Wang
et al., 2002). The large temperature interval between the melting point and the onset of thermal
decomposition facilitates processing of this complex by vacuum vapor deposition. Moreover,
the long alkyl chain stabilizes the amorphous phase. It is known that crystallization of the
emissive layer has an unfavorable effect on the electroluminescence.Gao et al. (2003)studied
the performance of the [Eu(dbm)3(piphen)] complex, where piphen is 2-phenyl-imidazo[4,5-
f]1,10-phenanthroline. Another type of 1,10-phenanthroline derivative is dipyrido[3,2-a:2′,3′-
c]phenazine (dppz). This ligand was used to make [Eu(tta)3(dppz)] complexes(Sun et al.,
2002). Hu et al. (2000a, 2000b)chose triphenyl phosphine oxide (tppo) as the reagent to
make ternary [Eu(dbm)2(tppo)] complexes, and the corresponding OLEDs had a high lumi-
nance (up to 380 cd/m2). In order to improve the charge-transport properties, an oxadiazole-
functionalizedβ-diketone ligand has been designed and the electroluminescence of the cor-
responding trisβ-diketonate dihydrate was studied(Wang et al., 2001)(fig. 43). The turn-
on-voltage of the device was 8 V. At 15 V the luminance was 100 cd/m2 (ηex = 1.1%), and



212 K. BINNEMANS

Fig. 43. Structure of an oxadiazole-functionalized terbium(III)β-diketonate(Wang et al., 2001).

Fig. 44. Structure of tris[1-(N -ethylcarbazoyl)(3′,5′-hexyloxybenzoyl)methane](1,10-phenanthroline)europium(III)
(Robinson et al., 2000).

at 20 V the luminance increased to 550 cd/m2 (ηex = 0.6%). The improved charge trans-
port was evident from the high current densities (25 mA/cm2 at 15 V, and 275 mA/cm2 at
20 V). The same type of device with [Tb(acac)3] as the emitter has current densities of only
0.6 and 1.3 mA/cm2 under the same conditions. The terbium compound described byWang
et al. (2001)has two water molecules in the first coordination sphere. The luminescence ef-
ficiency could be enhanced by replacing these water molecules by a bidentate Lewis base.
Liang et al. (2003)used 2-(2-pyridyl)benzimidazole functionalized with an oxadiazole group
to form a ternary complex with [Eu(dbm)3]. The complex tris[1-(N -ethylcarbazoyl)(3′,5′-
hexyloxybenzoyl)methane](1,10-phenanthroline)europium(III) was designed to incorporate
the same complex groups that improve both the electron transport (1,10-phenanthroline) and
hole transport (the carbazole fragment)(Robinson et al., 2000)(fig. 44). Moreover, crystal-
lization was prevented by the presence of six hexyloxy groups and a stable amorphous phase
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was obtained.Noto et al. (2001)studied the electroluminescence of an OLED that contained
the complex [Eu(dbm)2(dcnp)(phen)], where H(dcnp) is 1,3-dicyano-1,3-propanedione.

Instead of depositing the emissive layer by vacuum vapor deposition, it is also possible
to dope the lanthanide complex into a polymer matrix. In this case the lanthanide complex
and the polymer are dissolved in a suitable solvent and the emissive layer is cast directly
from solution by spin coating(Kido et al., 1991; McGehee et al., 1999; Yu et al., 2000;
Liang et al., 2001; Jiang et al., 2002b). The doped polymers have several advantages. First
of all, the thermal decomposition of the electroluminescent complexes by vacuum subli-
mation is avoided. Secondly, the processing of the films is simplified. Thirdly, the poly-
mer have better film forming properties than the low-molecular weight lanthanide com-
plexes. Fourthly, the polymer matrix can have good hole- and electron-transporting proper-
ties, so that the electroluminescence is improved. Finally, the energy of blue-emitting poly-
mers can be transferred to the lanthanide complex. Heeger and coworkers(McGehee et al.,
1999)reported red-emitting OLEDs with a high color saturation, in which the energy from
the blue-emitting conjugated polymer poly[2-(6′-cyano-6′-methyl-heptyloxy)-1,4-phenylene]
(CN-PPP) is transferred to europiumβ-diketonate complexes. The complexes that were stud-
ied are: [Eu(acac)3(phen)], [Eu(bzac)3(phen)], [Eu(dbm)3(phen)] and [Eu(dnm)3(phen)]. The
external quantum efficiency of the OLEDs incorporating these complexes were respectively
0.03%, 0.1%, 0.7% and 1.1%. The best performance was thus observed for the OLED based
on [Eu(dnm)3(phen)]. In order to have a good energy transfer from the polymer to the eu-
ropium(III) complex, the position of the triplet level of theβ-diketonate ligand has to lie
above the5D0 level of Eu3+, and there must be an overlap between the emission spectrum of
the polymer and the absorption spectrum of theβ-diketonate.Diaz-Garcia et al. (2002)inves-
tigated the energy transfer from the OLED-components PVK, PBD and TPD to the rare-earth
complexes [Eu(tmhd)3], [Eu(tfc)3] and [Sm(tmhd)3]. To have a better intramolecular energy
transfer,Jiang et al. (2002b)preparedβ-diketones bearing two phenanthryl groups. However,
energy transfer from theβ-diketonates to the Eu3+ ion proved to be efficient. These authors
also synthesized dendron-substitutedβ-diketones to provide site isolation of the europium ion
in the corresponding complexes; this results in less self-quenching of the luminescence(Jiang
et al., 2002a). It is possible to bind the lanthanide complexes directly onto the polymer back-
bone.Zhao et al. (1999a)linked a europium complex consisting of two dibenzoylmethanate
(dbm) ligands and one 1,10-phenanthroline group to a copolymer of methacrylate and acrylic
acid. The efficiency of the OLED made of this material was low; the luminance was only
0.32 cd/m2 at 18 V. Ling et al. (2002)made a copolymer containing both a europium(III)
complex and carbazole groups. However, a LED based on this polymer had a very high turn-
on voltage (24 V) and a very low luminance (0.228 cd/m2 at 29 V).Pei et al. (2002)designed
conjugated polymers with europium(III)β-diketonate complexes grafted to fluorene-type con-
jugated polymers through pendant 2,2′-bipyridine groups in the side chains. An OLED based
on this conjugated polymer has a turn-on voltage of 15 V, an external electroluminescence ef-
ficiency of 0.07% and a luminance of about 11 cd/m2 at 25 V. Although most of the lanthanide
complexes applied in OLEDs are ternary complexes (Lewis base adducts of trisβ-diketonate
complexes), there is evidence that the tetrakisβ-diketonate complexes give a good perfor-
mance as well. This was illustrated for Li[Eu(tta)4], Na[Eu(tta)4] and K[Eu(tta)4] (Yu et al.,
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2000). An advantage of these complexes is their good solubility in organic solvents such as
chloroform, ethanol, acetonitrile and acetone. This facilitates their processing by spin coating.
Water-solubleβ-diketonate complexes were obtained by functionalizing dibenzoylmethane in
the 4-position by an oligo-ethylene oxide chain, or by formation of ternary complexes with a
sulfonic acid substituted-phenanthroline(Anonymous, 2004). The performance of the tetrakis
complex (pyH)+[Eu(tta)4]− in OLEDs was studied byLiang et al. (1997).

The most popular lanthanide ion for incorporation in OLEDs is without doubt the eu-
ropium(III) ion. An overview of the development in the field of red-emitting OLEDs in sum-
marized intable 8. Most of the electroluminescent europium(III) complexes have dibenzoyl-
methanate (dbm) or thenoyltrifluoroacetonate (tta) as theβ-diketonate ligand. Also the elec-
troluminescence of the green-emitting terbium(III)β-diketonate complexes has been well-
investigated(Kido et al., 1990; Liang et al., 1997; Li et al., 1997; Gao et al., 1999; Wang et al.,
2000a; Moon et al., 2001; Christou et al., 2000; Zheng et al., 2002b, 2002d; Pyo et al., 1999;
Zhao et al., 2000). Hong et al. (2000)designed a white light emitting OLED, consisting
of [Dy(acac)3(phen)] as the emitting layer and poly(N -vinylcarbazole) (PVK) as the hole
transporting layer. The white emission was obtained by a superposition of a yellow emis-
sion band (4F9/2 → 6H13/2 transition at 580 nm) and of a blue emission band (4F9/2 →
6H15/2 transition at 480 nm). The white emission was found to be independent of the drive
voltage. These authors were also able to make a OLEDs emitting narrow-band blue light
(482 nm) by incorporation of the [Tm(acac)3(phen)] complex(Hong et al., 1999). Zhang et al.
(1997a)observed a change in emission color from green-white to red when the temperature
of the compound [(Eu0.1Gd0.9)(tta)3(tppo)2] was increased from 77 K to 300 K. At cryogenic
temperatures, triplet emission (phosphorescence) of the organic ligand is observed, while at
higher temperatures the phosphorescence is quenched by the europium(III) ion and the typ-
ically red luminescence of Eu3+ is seen. An OLED based on this compound could be used
for temperature-monitoring. Samarium(III) complexes give orange electroluminescence. This
was illustrated by an OLED incorporating the [Sm(tta)3(tppo)2] complex(Reyes et al., 2002).
Infrared luminescence was obtained by use of [Yb(dbm)3(bath)] (Kawamura et al., 2000;
Hong et al., 2001a, 2001b), [Nd(dbm)3(bath)](Kawamura et al., 1999), [Er(acac)3(phen](Sun
et al., 2000). However, in each case the efficiency was very low. [Pr(dbm)3(bath)] generates
both visible and infrared light(Hong et al., 2001a, 2001b). The infrared emission of this
complex consists of three bands, at 1015 nm, 1065 nm and 1550 nm. The bands were as-
signed to the1D2 → 3F3, 1D2 → 3F4 and1D2 → 1G4 transition respectively. The emitting
level is thus1D2 and not1G4. The typical1G4 → 3H3 band at 1320 nm was absent.Huang
et al. (2002b)used the terbium complex tris-(1-phenyl-3-methyl-4-isobutyryl-5-pyrazolone)-
bis(triphenyl phosphine oxide), [Tb(pmip)3(tppo)2], not as the emissive layer, but as the
electron-transporting layer in a blue-emitting OLED.Chu et al. (2002)made a bifunctional or-
ganic diode containing [Y(acac)3(phen)] for both light-to-electricity conversion (photovoltaic
cell) or electricity-to-light conversion (OLED).

Kido et al. (1996)made a white-emitting OLED by combining in the emissive layer [Eu-
(dbm)3(phen)] for red emission, [Tb(dbm)3(phen)] for green emission and TPD for blue emis-
sion. TPD has also hole-transporting properties. Tris(8-hydroxyquinolinato)aluminum(III)
was used as the electron-transporting layer.Zhao et al. (1999b)obtained white emis-
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Table 8
Europium(III)β-diketonate complexes in OLEDsa

Emitter layer L (cd/m2) V (V) J (mA/cm2) ηext (%) ηp (lm/W) Reference

[Eu(tta)3]/PMPS 0.3 18 – – – Kido et al., 1991
[Eu(tta)2(pmbbp)(phen)] 16 12.5 125 – – Zhu et al., 2000b
[Eu(tta)3(phen)] 30 15 182 – – Lee et al., 1999
Na[Eu(tta)4]/PVK 36.7 26 – – – Yu et al., 2000
[Eu(dbm)3(phen)] 50 15 – – – Heil et al., 2001
[Eu(tfac)3(bpy)] 68 20 – – – Zheng et al., 2002a
[EuY(tta)6(phen)2] 99 11 246.5 – – Zhu et al., 2000a
[Eu(dbm)3(tppo)] 320 14.5 – – – Hu et al., 2000b
[Eu(dbm)3(OXD-PyBM)] 322 21 – 1.7 – Liang et al., 2003
[Eu(dbm)3(bath)] 400 15 – – – Liang et al., 2000b
[Eu(tta)3(phen)]/PBD,PVK 417 25 175 – – Male et al., 2002
[Eu(dtp)3(bath)] 450 15 200 – – Okada et al., 1999
[Eu(dbm)3(phen)]/PBD (1/3) 460 16 – – – Kido et al., 1994
[Eu(tta)3(phen)]/CBP (1%) 505 12 0.4 1.4 – Adachi et al., 2000
[Eu(dbm)3(bath)]/TPD (3/1) 820 18 0.6 1.0 1.0 Liang et al., 2000a
[Eu(DCNP)(dbm)2(phen)]/PBD (10%) 924 – 0.17 3.5 2.0 Liu et al., 1997
[Eu(tta)3(dppz)]/CBP (4.5%) 1670 13.6 1.23 2.1 2.1 Sun et al., 2002

aParameters: operating voltage (V ), current density (J ), external quantum efficiency (ηext), luminance (L), power efficiency (ηp).
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sion from an OLED containing [EuxTb1−x(acac)3(phen)] in the emissive layer.Pyo et al.
(2000) designed a white-emitting OLED based on [Eu(tta)3(phen)], [Tb(acac)3(Cl-phen)]
and TPD. Here, Cl-phen is a chlorine-substituted phenanthroline group. A voltage tun-
able OLED with obtained by using a mixed samarium(III) and europium(III) complex,
[Sm0.7Eu0.3(tta)3(tppo)2] (Reyes et al., 2004). Rising the voltage of the device results in a
gradual change of the red emission colour to a yellowish one, due to a higher contribution of
triplet emission by the tta ligands.

8.3. Liquid crystal displays (LCDs)

Liquid crystal displaysare being widely used for several technological applications, such as
the displays of calculators or the screens of laptop computers. LCDs have the advantage of
a low power consumption and they are flat (in contrast to the cathode ray tube monitors),
but they have some disadvantages as well: a restricted viewing angle and a low brightness.
These are mainly due to the use of dichroic sheet polarizers and absorbing color filters in the
LC cell. Those optical components are inefficient in the sense that they loose a large part of
the incident light. Major improvements in LCD performance can be expected when an LC
cell without polarizers and color filters would be designed. A very promising concept is the
luminescentLCD, which is an emissive type of display, just as the cathode ray tube is. Lu-
minescent lanthanide complexes, includingβ-diketonate complexes, can play an important
role in the development of this type of display. The idea of a luminescent LCD is not new.
The first one to explore this concept was Larrabee, who added luminescent molecules to a ne-
matic liquid crystal(Larrabee, 1973, 1976). These luminescent molecules were excited with
an UV source and emission was controlled electrically by the alignment of the liquid crys-
tal (thenematic ‘guest–host effect’). Yu and Labes suggested to use an electric field induced
cholesteric to nematic phase transition as the basis of a luminescent LCD(Yu and Labes, 1977;
Labes, 1979). The cholesteric “off” state absorbs the excitation light stronger than the ne-
matic “on” state, so that the emission of the luminescent additive is intense in the “off” state
and is reduced in the “on” state. The authors used the red-emitting europium(III) complex
[Eu(tta)3(H2O)2] as the luminescent additive and could reach a contrast ratio of 9:1 (differ-
ences in intensities between the “off” and the “on” state). A third approach to luminescent
LCDs is replacement of the absorbing color filter by a luminescent layer. However, the de-
velopment of luminescent LCDs slowed down. At that time the quality of the LCD was high
enough to meet all the needs. Secondly, there were no convenient UV-sources available (ex-
cept the mercury discharge lamp). Presently, the situation is different. The growing market
for flat computer monitors makes luminescent LCDs attractive again. The newly developed
UV-LEDs have advantages as LCD backlights: light, thin, mercury-free and noiseless. The ap-
plication of UV-LED as backlights for luminescent LCDs was explored bySato et al. (1998)
and byYamaguchi et al. (1999). Work done in the Philips Research Laboratories describes
the use of lanthanideβ-diketonate complexes incorporated in a polymer sheet, and excited by
UV-LEDs (Boerner et al., 2000a, 2000b).
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8.4. Polymeric optical waveguides and amplifiers

Telecommunication is an important aspect of our present society. Due to the intensive use of
Internet there is a need for fast data transfer. Presently, the most often used information carriers
are still electric pulses that are transmitted through copper wires. However, if light is used
instead of electricity, the speed of data transfer can be increased up to a factor 106. For long-
distance transfer of light signals, special optical glass cables have been developed. Anoptical
cableconsists of a very transparent core and a transparent covering layer (the cladding), which
must have a lower refractive index than that of the core material. If a cable is fabricated in
such a configuration, light will stay inside the core by total reflection and can be transmitted
over a certain distance. Glass is superior to polymers in transparency, but not in mechanical
properties. Glass is brittle and as a consequence the core of the glass optical cables needs to
be very thin (ca. 0.1 mm) in order to have some flexibility without the problem of fracture. For
this reason, one uses in general the term ‘glass optical fibers’ instead of ‘glass optical cables’.
The small diameter makes coupling of fibers difficult and time-consuming. For local-area fiber
networks in particular, huge numbers of couplings are necessary. Therefore, the use of optical
glass fibers is a very expensive option for those applications. As polymers are far more ductile
than glass, larger core diameters up to 1 mm or more are feasible without losing flexibility.
However, polymers do suffer from a lower transparency. This means that their application
is limited to local-area networks. Transmission loss (expressed in dB/km or in dB/m) is an
important parameter to determine the performance of an optical fiber. Transparent polymers
applied aspolymer optical fibers(POFs) are poly(methyl methacrylate) (PMMA), polystyrene
and polycarbonate. PMMA is the most transparent bulk material known at this moment and
is most widely used. A drawback of PMMA is its low glass transition temperature. Above
80◦C, softening and a consequential loss of properties sets in, so that PMMA cannot be used
above this temperature. This limits its applicability tremendously. Materials with a higher
glass transition temperature, such as polycarbonates are applicable, but they suffer from high
intrinsic optical losses, resulting in low transmission distances. Two different types of optical
fibers are thestep-index optical fibersand thegraded-index optical fibers. In the step-index
optical fiber, the refractive index is constant along the fiber core cross-section and immediately
changes (step-wise) to the refractive index of the cladding. The refractive index of a graded-
index optical fiber has a maximum along the fiber axis and decreases gradually in the radial
direction until it merges into the constant index of the cladding. Light rays propagate via
discrete paths through a fiber. Each distinct path is called amodeand corresponds to a certain
angle of incidence. Consequently, different modes take different times to travel along the fiber.
The total number of light modes which can be coupled in an optical fiber is defined by the
numerical aperture(NA), which is limited by the refractive index difference between cladding
and core.

In order to extend the distance onto which an optical signal can be transmitted by a polymer
optical fiber, loss of energy has to be compensated by coupling the polymer optical fiber to
an optical amplifier. Such an optical amplifier contains a luminescent material emitting at
the same wavelength as the signal beam. The luminescent material needs to be pumped by
a laser beam, which excites the molecules to a higher energy level and generates population
inversion of the electronic states. A beam traveling through the amplifying medium stimulates
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the emission of light with the same wavelength and phase. In apolymer optical fiber amplifier
(POFA), emission is stimulated by the attenuated signal, and the intensity of the signal is
amplified. Laser pumping is necessary to achieve and retain the population inversion.Planar
optical waveguidesare related to the optical fiber amplifiers. A planar optical waveguide has
a sandwich structure in which a layer of a transparent polymeric material is covered on either
side with a layer of a transparent optical material having a lower refractive index. Planar
optical waveguides can also be used for amplification of optical signals. They are easier to
manufacture and optical pumping can be achieved more conveniently because they can be
irradiated by the pump laser over the entire area of the layer.

Lanthanide complexes, including lanthanideβ-diketonate complexes, have been often
tested as a luminescent materials in polymer optical fiber amplifiers and in planar optical
waveguides. This research has been reviewed byKuriki et al. (2002).

Kobayashi et al. (1997)made graded index polymer optical fibers of PMMA doped with
the europium(III) complexes [Eu(tta)3] and [Eu(hfac)3]. An increase in luminescence inten-
sity was observed when 20 wt/% of triphenyl phosphate was added to the polymer, whereas
the luminescence intensity decreased upon addition of benzyln-butyl phthalate. The attenua-
tion loss of the graded index PMMA fiber doped with [Eu(hfac)3] was found to be 0.4 dB/m
around 650 nm.Lin et al. (1996)doped the fluorinated neodymium(III) complex [Nd(hfac)3]
into a fluorinated polyimide (Ul-trade 9000 series of the Amoco Chemical Company) and
used this material to prepare waveguides. Although they observed photoluminescence at 880,
1060 and 1330 nm, the luminescence intensity was weak.Kuriki et al. (2000)prepared a
graded index optical fiber of deuterated PMMA-d8 doped with the neodymium(III) complex
of deuterated hexafluoroacetone, [Nd(hfa-d)3] or with the neodymium(III) complex of deuter-
ated 1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione, [Nd(fhd-d)3].

9. NMR shift reagents

9.1. Historical development and general principles

Nuclear magnetic resonance (NMR) spectroscopy is nowadays one of the most powerful tech-
niques available to the chemist to elucidate the structure of organic compounds. However, in
order to measure chemical shifts, coupling constants and peak integrations, the NMR signals
should be clearly separated. Overlap is not a serious problem in13C NMR spectra, but is more
likely to occur in1H NMR spectra. At the time when the only NMR spectrometers available
at a reasonable price were operating at a low frequency (60 or 90 MHz), not only complex
molecules such as steroids gave spectra with overlapping peaks, but it was even impossible to
obtain well-resolved proton NMR spectra of simple molecules such as 1-hexanol. The inter-
pretation of proton NMR spectra can be made easier by application of NMR shifts reagents.
These are paramagnetic metal complexes which induce changes in the chemical shifts of pro-
tons close to an electronegative substituent with a lone electron pair (e.g. amino, hydroxyl
or carbonyl groups). The ability of certain lanthanide complexes to induce large changes in
chemical shifts with relatively small line broadening effects made them poplar asNMR shift
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reagents. One uses also the term ‘lanthanide shift reagents’ (abbreviated to LSR) for them.
Most of these shift reagents are lanthanideβ-diketonate complexes. These complexes are sta-
ble, soluble in organic solvents (when a proper choice ofβ-diketone ligand is made) and
are known to expand their coordination sphere by adduct formation with ligands having lone
electron pairs.

The ability of paramagnetic substances to shift NMR resonances has been attributed to two
processes: the contact and the dipolar interactions. The contact interaction operates through
bonds. The contribution from the contact interaction arises from the delocalization of the un-
paired electron from the shift reagent to the atoms of the substrate. The ease with which this
happens varies for different nuclei. For a saturated molecule the effect is usually restricted to
atoms which are a few bonds away from the shift reagent. The dipolar (or pseudo-contact)
interaction is due to the direct effect of the magnetic moment of the unpaired electron on
the nuclei of the substrate. The effect is transmitted through space and is inversely propor-
tional to the cube of the distance between the two nuclei. The use of lanthanide shift reagents
in simplifying NMR spectra is not only based on resolution of overlapping multiplets, but
also on the ability to reduce second-order spectra (i.e. spectra in which the value of the cou-
pling constantJ is comparable to the value of the chemical shiftδ) to first-order spectra
(δ ≫ J ).

In September 1969, Hinckley published a seminal paper on lanthanide-induced shifts in
the proton NMR spectrum of cholesterol by addition of the paramagnetic dipyridine-adducts
of tris(dipivalomethanato)europium(III), [Eu(thd)3(py)2] (Hinckley, 1969). His measurements
showed downfield shifts of specific proton resonances of cholesterol by 0.02 to 3.5 ppm
and the addition of the europium(III) complex did not cause an appreciable line broaden-
ing of the signals. Hinckley realized the potential of lanthanide complexes as NMR shift
reagents in inducing changes in the chemical shifts in proton NMR spectra. He found that
the magnitudes of the induced shifts vary linearly as the reciprocal of the cube of the dis-
tance of the1H nucleus from the site of coordination (the hydroxyl group in the case of
cholesterol). Shortly after this discovery,Sanders and Williams (1970)described the use of
the pyridine-free europium(III) compound [Eu(thd)3]. Addition of [Eu(thd)3] to benzylal-
cohol or 1-hexanol gave shifts up to 15 ppm. The anhydrous tris complex is a much more
efficient NMR shift reagent than the pyridine bis-adduct, because of the competition be-
tween pyridine and the organic substrate for the free coordination sites in the europium(III)
complex.Sanders and Williams (1971)have estimated the relative order of complexation
of various functional groups with [Eu(thd)3] as judged from relative shifts in compara-
ble molecules: amines> alcohols> ketones> aldehydes> ethers> esters> nitriles.
Briggs et al. (1970)found that tris(dipivalomethanato)praseodymium(III), [Pr(thd)3], shifts
proton resonances upfield and that these upfield shifts are larger than the downfield dis-
placements by [Eu(thd)3]. The analogous complexes of neodymium, samarium, terbium, dys-
prosium and holmium induce shifts to higher field, whereas the erbium, thulium and yt-
terbium complexes induce shifts to lower fields(Crump et al., 1970; Ahmad et al., 1971;
Armitage and Hall, 1971). Whidesides and Lewis (1970)described the use of a chiral lan-
thanide shift reagent, tris-[(3-tert-butylhydroxymethylene)d-camphorato]europium(III), for
determination of enantiomeric purity. InRondeau and Sievers (1971)first described the lan-
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thanide complexes of 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione, Hfod, as shift
reagent. The [R(fod)3] compounds are considerable more soluble in NMR solvents such as
CCl4 and CDCl3, and have found to induce larger shifts than [R(thd)3] complexes in many
substrates. They are suitable shift reagents for weak Lewis bases such as ethers, esters and
nitriles. The [Eu(fod)3], [Pr(fod)3] and [Yb(fod)3] complexes became the most widely used
of the various commercially available NMR shift reagents. Suitable shift reagents for soft
Lewis bases such as alkenes, aromatics and halogenated compounds are the binuclear silver-
lanthanideβ-diketonate complexes introduced byWenzel et al. (1980).

In the 1970’s and 1980’s several review papers devoted to lanthanide NMR shift reagents
have been published(Campbell, 1971; von Ammon and Fischer, 1972; Becker, 1972;
Peterson and Wahl, 1972; Horrocks, 1973; Sievers, 1973; Slonim and Bulai, 1973; Cockerill
et al., 1973; Williams, 1974; Voronov, 1974; Reuben, 1975a, 1975b; Flockhart, 1976;
Sullivan, 1978; Reuben and Elgavish, 1979; Inagaki and Miyazawa, 1981; Forsberg, 1981).
A very comprehensive overview of the use of tris(β-diketonato)lanthanide complexes as NMR
shift reagents can be found in the book ofWenzel (1987). Recent developments have been re-
viewed byForsberg (1996)and byPeters et al. (1996).

The main use of NMR shift reagents was in the separation of overlapping multiplets in pro-
ton NMR spectra of organic compounds which are able to coordinate to a lanthanide ion. It is
also possible to obtain information on the molecular structure in solution by fitting the dipolar
contribution to the bound shift of the complex between the shift reagent and the substrate to
the so-calledMcConnell–Robertson equation(McConnell and Robertson, 1958).

With the advent of modern high-frequency Fourier-Transform NMR spectrometers at the
end of the 1980’s, the importance of NMR shift reagents faded. The proton NMR spectra
recorded on a high-frequency NMR spectrometer (>250 MHz) are much easier analyzable
than the ones recorded at a lower frequency. The corresponding signals are narrower and
thus better resolved. The spectra are more likely to be of first order. In cases where the pro-
ton resonances are difficult to assign, one can rely on spin decoupling experiments, or on
two-dimensional NMR techniques (COSY, NOESY,. . .). It should be noticed that one can
be faced with problems of excessive signal broadening when using lanthanide shift reagents
on high-frequency NMR spectrometers, due to the slower tumbling rate of the shift reagent
donor complex compared to the free donor(Bulsing et al., 1981). Such broadening is more
important when NMR spectra are recorded at high frequency. The multidimensional NMR
techniques have also facilitated the determination of the conformation of organic molecules
in solution, and limited the importance of lanthanide shift reagents in this application. The
chiral NMR shift reagents are still more often used than the achiral analogues, since the for-
mer can be used for the determination of the optical purity (enantiomeric excess) of chiral
organic molecules. Fast recording FT-NMR spectra of compounds with long relaxation times
is a problem due to saturation effects. By adding a shift reagent, the relaxation time can be
reduced and the accumulation time for recording an NMR spectrum can be shortened signif-
icantly. Lanthanide shift reagents are re-gaining importance in field such as protein structure
determination(Geraldes and Luchinat, 2003).
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9.2. Achiral shift reagents

The achiral shifts reagents are lanthanide complexes of achiralβ-diketones, such as Hthd
(Hdpm) and Hfod. Not all trivalent lanthanide ions can be employed in NMR shift reagents
(Wenzel, 1987). Lanthanum(III) and lutetium(III) are useless, because they are diamag-
netic. Cerium(III) is unstable and tends to be oxidized to diamagnetic cerium(IV) inβ-
diketonate complexes. Promethium(III) is radioactive and has only short-living isotopes. Al-
though gadolinium(III) is paramagnetic and is the most often used ion in magnetic resonance
imaging (MRI) contrast agents, it cannot be used as NMR shift reagent. The reason is that the
ground state of the 4f7 electronic configuration of gadolinium(III) is isotropic and will not pro-
duce pseudo-contact shifts in the NMR spectrum of a substrate. Addition of a gadolinium(III)
complex to the substrate will cause only severe line broadening.

Complexes of Pr, Nd, Sm, Tb, Dy, and Ho are upfield shift reagents with relative ordering
of the shifts Dy> Tb > Ho > Pr > Nd > Sm. Complexes with Eu, Er, Yb, and Tm are
downfield shift reagents with a relative ordering Tm> Er > Yb > Eu. This ordering has
been determined from the isotropic shifts for the most shifted resonances in 1-hexanol, 4-
picoline, 4-picolineN -oxide and 4-vinylpyridine, with [R(dpm)3] as the metal of the shift
reagent was varied(Horrocks and Sipe, 1971, 1972). The magnitude and direction of the
shift can be related to the magnetic anisotropy of the lanthanide complex(Bleaney, 1972;
Horrocks and Sipe, 1971).

One might conclude from these results that dysprosium and thulium are the best metals to
use in NMR shift reagents. However, these metal are seldom applied in shift reagents, because
of too severe line broadening which blurs the fine structure in the proton NMR spectrum.
The line broadening with a shift reagent is proportional to the square of the chemical shift
(Reuben and Leigh, 1972). Secondly, dysprosium and thulium cause such large shifts that
can make finding and assigning all the resonances difficult. The shifts induced by the less
powerful lanthanide ions are still large enough to produce first-order proton NMR spectra,
and in this case line broadening is less a problem. Therefore, europium is the preferred metal
in downfield shift reagents, whereas praseodymium is used in upfield shift reagents. In some
studies, ytterbium complexes are used as downfield shift reagent.

In general, downfield reagents are preferred over the upfield analogs(Wenzel, 1987). The
resonances furthest downfield in the unshifted spectrum are usually closest to the electron
withdrawing groups that bond to the shift reagent. These resonances often exhibit the largest
shift and remain the furthest downfield in the shifted spectrum. A first-order spectrum with
an upfield shift reagent requires a complete inversion of the spectrum. The resonances of
nuclei closest to the electron-withdrawing group are now furthest upfield. Larger shifts are
necessary to achieve a first-order spectrum with an upfield shift reagent than with a downfield
reagent. The inversion of NMR spectra with upfield shift reagents can contradict our sense of
NMR spectra. In some cases, praseodymium(III) complexes have been applied to move the
resonances of methyl groups to still higher fields(Belanger et al., 1971a, 1971b).

The tris(β-diketonato)europium(III) complexes are the most popular shift reagents for the
study of achiral substrates. The europium(III) complexes induce shifts large enough for most
applications and the line broadening is so slight that the fine structure due to coupling remains
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Fig. 45. Structure of the NMR shift reagents [R(thd)3], where R= Pr, Eu, Yb. The complexes are also known under
the abbreviation [R(dpm)3]. Hthd stands for 2,2,6,6-tetramethyl-3,5-heptanedione and Hdpm stands for dipivaloyl-

methane.

Fig. 46. Structure of the NMR shift reagents [R(fod)3], where R= Pr, Eu, Yb. Hfod stands for 6,6,7,7,8,8,8-hepta-
fluoro-2,2-dimethyl-3,5-octanedione.

intact. One can wonder why europium(III) can be used in shift reagents, although the non-
degenerate7F0 ground state of the Eu3+ ion cannot cause contact or pseudo-contact shifts. The
reason is that the first excited state,7F1, is only about 300 cm−1 above the ground state and is
significantly populated at room temperature. The7F1 state accounts for the shift properties of
the europium(III) ion.

Lanthanide complexes with a wide variety of achiralβ-diketonate ligands have been tested
for use as NMR shift reagents. However, only two types of complexes have found a wide-
spread application: those with the ligands 2,2,6,6-tetramethyl-3,5-heptanedione (Hdpm or
Hthd), and 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione (Hfod) (figs. 45 and 46).
Please notice that the abbreviations Hdpm and Hthd are used for one and the sameβ-diketone.
It is evident that the abbreviation Hthd is derived from the systematic name of 2,2,6,6-
tetramethyl-3,5-heptanedione, whereas dpm notation comes from the trivial name dipivaloyl-
methane. Still another abbreviation for 2,2,6,6-tetramethyl-3,5-heptanedione is Htmhd. Al-
though the abbreviation dpm is more often used than thd in the case of NMR contrast agents,
we will use thd, because this abbreviation is currently more popular, and this abbreviation
is also used by workers in the field of volatile rare-earthβ-diketonate complexes (see sec-
tion 11). The [R(thd)3] and the [R(fod)3] complexes are available from several commercial
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sources (especially those with Ln= Pr, Eu or Yb). The [R(fod)3] complexes have several
advantages over the [R(thd)3] complexes. First of all, they are much more soluble in common
NMR solvents than the [R(thd)3] complexes. The low solubility of the latter compounds re-
stricts their application in some cases. Secondly, the [R(fod)3] complexes are more effective
shift reagents than the [R(thd)3] complexes, in the sense that they induce a larger chemical
shift for the same concentration of shift reagent. They are suitable shift reagents for weak
donor compounds such as ethers, ketones and esters. The explanation given for this superior
behavior is that the –C3F7 group of the fod ligands withdraws electron density from the lan-
thanide ion, so that the [R(fod)3] complexes are stronger Lewis acids than the corresponding
[R(thd)3] complexes(Rondeau and Sievers, 1971; Sievers, 1980). Stronger Lewis acids are
able to build more stable complexes with weak Lewis bases than weaker Lewis acids do. Or
to say it in other words: the lanthanide ion in the [R(fod)3] complexes is harder than in the
[R(thd)3] complexes. A disadvantage of the [R(fod)3] complexes is that they are very hy-
groscopic and difficult to keep in an anhydrous form. The well-known complexes [R(acac)3]
and [R(dbm)3] are of little value because of the hygroscopic nature of the acetylacetonate
complexes and the low solubility of the dibenzoylmethanate complexes in NMR solvents
(Sanders and Williams, 1971). It was also argued that lanthanideβ-diketonate complexes with
less bulky substituents than [R(thd)3] or [R(fod)3] are inefficient as shift reagents, because of
the lack of a preferred orientation of the substrate molecules when the stereochemical rigid-
ity and the bulky substituents of the chelate rings are absent(Sanders and Williams, 1971;
Horrocks and Sipe, 1971).

The NMR solvents should not contain polar groups, in order to avoid a strong interaction
between the solvent and the shift reagent. Therefore, one is restricted to solvents such as
CCl4, CDCl3, CS2 or C6D6. As mentioned above, the solubility of the [R(thd)3] complexes
is rather low. For instance, the solubility of Eu(thd)3] in CCl4 or CDCl3 is ca. 0.2 mol/l or
ca. 150 mg/ml, and ca. 0.1 mol/l or 70 mg/ml in deuterated benzene(Pohl, 1971). The sol-
ubility of the [R(thd)3] complexes increases by a factor of more than three in the presence
of substrates with polar groups, so that solutions containing a shift reagent concentration
larger than 300 mg/ml can be obtained. The solubility of the [R(fod)3] complexes is more
than 400 mg/ml. The magnitude of the lanthanide induced shift is a function of the solvent
(Wenzel, 1987). The largest shifts are observed in non-polar solvents such asn-heptane or
cyclohexane, intermediate shifts are observed in CCl4 and CS2, and smaller shifts occur in
benzene and chloroform. The shift in CDCl3 is about 80% of the value observed for the shift
in CCl4, and the shift in C6D6 is about 90% of the value in CCl4. It is recommended that CCl4
is used for quantitative studies and that solvents such as CDCl3 and C6D6 should only be em-
ployed for qualitative studies (separation of overlapping signals)(Arduini et al., 1973). There
is still no satisfying explanation for explanation of the solvent effect on the lanthanide induced
shifts (Wenzel, 1987). It is not known whether a solvent such as CDCl3 lowers the associa-
tion constant by competition with the substrate for the lanthanide ion. Some arguments are
against this competing mechanism. For instance, no significant shift of the proton resonance
of CHCl3 is observed in the presence of a shift reagent(Raber et al., 1980). The solvent used
in studies of NMR shift reagents should be carefully dried prior to use. It is presumed that the
reference compound tetramethylsilane (TMS) exhibits no shift in the presence of a lanthanide
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shift reagent. The TMS resonance often interferes with the resonances shifted by upfield shift
reagents, and in such cases benzene is recommended as an internal standard(Shapiro and
Johnston, 1972).

To avoid a strong dilution of the solution containing the substrate, it is recommended to
add the shift reagent in solid form, rather than in the form of a concentrated solution. One has
to be cautious not to measure the NMR spectrum before all the shift reagents has dissolved,
because even the smallest amount of undissolved shift reagent has a deteriorating effect on
the resolution. In case of doubt, the solution should be filtered through a plug of glass wool.
A strong line broadening is also observed in cases when the tris(β-diketonato)lanthanide(III)
is contaminated by lanthanide oxide or hydroxide impurities. The shift reagent can be purified
by vacuum sublimation. The shift reagents should also be carefully dried, preferentially in
vacuum (1 Torr) at 100–115◦C over P2O5 for 24 hours(Wenzel, 1987). Peters et al. (1981)
showed that in commercial [R(fod)3] shift reagents, adducts of the type [R(fod)3]·Mfod (M =

Na, K) are often present as impurities. A shift reagent contaminated with [R(fod)3]·Mfod
can be purified by shaking a CHCl3 solution of the shift reagent with an aqueous solution
of LnCl3. Alternatively, a CHCl3 solution of the impure shift reagent can be shaken a 0.1 N
aqueous HCl solution to yield a mixture of [R(fod)3] and Hfod. Hfod can be removed by
recrystallization or by selective adsorption into zeolite NaX.

The tert-butyl group of pure [Eu(thd)3] exhibits a relatively broad resonance signal at
δ = +0.5 ppm. In the presence of complex forming molecules this resonance is shifted up-
field to the range fromδ = −0.5 ppm toδ = −2 ppm(Pohl, 1971). The corresponding signal
in [Pr(thd)3] can be found atδ = +1.4 ppm and is shifter after addition of complex forming
molecules to the range fromδ = +3 ppm toδ = +5 ppm. In both cases, the spectral range of
interest of the organic substrate is free from the disturbingtert-butyl signal of the lanthanide
complex. Fully deuterated lanthanide shift reagents are available for difficult cases in which
interference with the resonances of the lanthanide complex occurs. Another approach to elim-
inate thetert-butyl resonances it is to use highly fluorinated ligands(Wenzel, 1987). Exam-
ples of such ligands are 1,1,1,5,5,6,6,7,7,7-decafluoro-2,4-heptanedione(Sievers et al., 1976;
Dyer et al., 1973), 1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione(Burgett and Warner,
1972; Burgett, 1975; Morrill et al., 1975)and 1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-
nonanedione(Morrill et al., 1975). Although the lanthanide complexes prepared from these
ligands induce larger shifts in organic substrates than the classic reagents [R(thd)3] and
[R(fod)3], they only found a limited use, because they are more difficult to prepare and to
store in an anhydrous crystalline form.

When there is a strong interaction between the substrate molecules and the lanthanide shift
reagents, the optimum shift is observed at less than stoichiometric ratios between the substrate
and the shift reagent, namely at molar ratio of 0.5 to 0.7 mole of shift reagent to 1.0 mole of
substrate(Pohl, 1971). Higher concentration of shift reagents do not result in a larger shift,
but only in a line broadening (which fastly increases with increasing concentration of the
shift reagent). The fact that only one NMR spectrum is observed and not the superposition
of the NMR spectra of the non-coordinated and the coordinated substrate molecules, despite
that an excess of the substrate is present, indicates that a fast exchange of the substrate mole-
cules coordinated to the lanthanide ions takes place.Horrocks and Sipe (1971)observed a
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linear dependence of the shift on the [R(thd)3]/[substrate] ratio for values of the quantity less
than 0.2.

The [R(thd)3] and [R(fod)3] shift reagents are effective on compounds containing the basic
heteroatoms oxygen and nitrogen, but do not bind to and do not shift the NMR signals of soft
Lewis bases such as alkenes, aromatics, halogenated compounds and phosphines.Evans et al.
(1975)reported shifts in the spectra of alkenes by using silver heptafluorobutyrate in combi-
nation with lanthanide tris(β-diketonates). In these systems the alkene is bound to silver hep-
tafluorobutyrate which acts as a bridge between the alkene and the lanthanide shift reagent.
Dambska and Janowski (1980a, 1980b)used [Pr(fod)3] with silver trifluoroacetate to resolve
the proton resonances of the xylene isomers.Wenzel et al. (1980)reported the use of binu-
clear lanthanide(III)–silver(I) shift reagents for aromatic compounds. They made silver com-
plexes of Hfod and of 1,1,1-trifluoro-2,4-pentanedione, Htfa, and found that these complexes
[Ag(fod)] and [Ag(tfac)] are better bridging compounds between aromatics and lanthanide
shift reagents than silver heptafluorobutyrate and silver trifluoroacetate are. The original work
on shift reagents for aromatics has been extended to alkenes, halogenated compounds and
phosphines(Wenzel and Sievers, 1981, 1982a, 1982b; Offermann and Mannschreck, 1981;
Smith, 1981; Krasutsky et al., 1982; Wenzel and Lalonde, 1983). The equilibria involved with
the binuclear shift reagents and a substrate are(Wenzel and Russett, 1987; Wenzel, 1987):

[R(β-diketonate)3] + [Ag(β-diketonate)]⇆ Ag[R(β-diketonate)4] (13)

Ag[R(β-diketonate)4] + substrate⇆ (substrate) Ag[R(β-diketonate)4] (14)

It is thus assumed that the active species is an ion pair between silver(I) and a lanthanide(III)
tetrakis(β-diketonate) complex. It is still not known what the driving force for the forma-
tion of the Ag[R(β-diketonate)4] from [R(β-diketonate)3] + [Ag(β-diketonate)] is. The for-
mation constant of Ag[R(fod)3] is about 500 M−1 (Raber and Hajek, 1986). For substrates
which bind only weakly to silver (aromatic and chlorinated compounds), it is advantageous
when pentane is substituted for CDCl3 as NMR solvent(Wenzel, 1984). Because of pen-
tane resonances in the region betweenδ = 1 andδ = 4 ppm, pentane cannot be used as
a solvent to study compounds which have proton resonances in this spectral range.Wenzel
and Lalonde (1983)reported that the silver complexes [Ag(tta)] and [Ag(hfth)] are more sta-
ble than the [Ag(fod)] and [Ag(tfac)] complexes which were used in the earlier studies on
binuclear shift reagents. They are less light-sensitive and have a longer shelf life. The applica-
tions of binuclear lanthanide(III)–silver(I) NMR shift reagents have been reviewed byWenzel
(1986, 1987). Whereas in the case the simple achiral lanthanide shift reagents, europium(III)
complexes are recommend for obtaining upfield shifts, the ytterbium(III) complexes are the
best choice in the case of binuclear lanthanide(III)–silver(I) shift reagents. With the binuclear
reagents containing Eu3+ the shifts are often too small to be of practical value. The silver(I)
bridge between the substrate and the lanthanide(III) ion increases the distance between the
lanthanide(III) ion an the resonating nucleus, so that not only the shift is reduced but at the
same time the line broadening as well. Binuclear praseodymium(III)–silver(I) complexes can
be used for obtaining downfield shifts. The recommended pair is [Pr(fod)3]-[Ag(tfac)]. For
halogenated substrates, reasonable shifts can be obtained by using dysprosium(III) complexes
(Wenzel and Sievers, 1981).
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The lanthanide tetrakis(β-diketonate) complexes are effective NMR shift reagents for or-
ganic salts(Wenzel and Zaia, 1985, 1987). The active [R(β-diketonate)4] species are formed
in situ by reaction between an organic salt and Ag[R(β-diketonate)4]. For instance when or-
ganic ammonium halide Q+X− is added to a solution of Ag[R(fod)4] in chloroform, the silver
halide AgX precipitates from the solution and Q[R(fod)4] is formed:

Ag[R(fod)4] + Q+X− ⇆ Q[R(fod)4] + AgX(s) (15)

The proton resonances of the alkyl group are shifted by the lanthanide tetrakis(β-diketonate).
The shift is considerable larger with [R(fod)4]− than with [R(fod)3]. Besides ammonium salts,
sulfonium and isothiouronium salts have been tested. In the case of organic salts there is no
need to use Ag[Yb(fod)4] for obtaining upfield shifts, the shift obtained by using Ag[Eu(fod)4]
are large enough.

The organic substrate can be recovered after completion of the shift reagent experiment
(Juneau, 1977). The solution containing a mixture of the substrate and the shift reagent is
poured on top of a chromatography column (1× 10 cm) filled with active silica gel and
swelled with chloroform. The column is first eluted with 25 ml of chloroform, followed by
15 ml of a chloroform/methanol mixture (80:20 v/v). The shift reagent is collected in the
first fractions. When an europium(III) complex is used, it can be detected in the fractions
by its bright red photoluminescence under UV-radiation. Alumina can also be used as the
stationary phase(Stolzenberg et al., 1971; Desreux et al., 1972). The lanthanide shift reagent
should not be re-used after recovery of the substrate, because it can be partially hydrolyzed or
contaminated.

9.3. Chiral shift reagents

The development of chiral shift reagents permits a direct determination of the optical purity
(enantiomeric excess, ee) of chiral substances with no need for sample derivatization and no
need for actual enantiomer resolution. When a mixture of substrate enantiomers is treated
with an optically pure lanthanide shift reagent, one can often see separate NMR signals corre-
sponding to the two enantiomers. Peak integration allows direct measurement of the relative
amount of substrate enantiomers(Wenzel, 1987; Rothchild, 1989). The enantiomeric shift dif-
ference is symbolized by��δ. The chiral lanthanide shift reagents give rather unpredictable
enantiomeric shift differences: the substrate proton resonances that are shifted by the small-
est amount on adduct formation with the shift reagent may give the largest values of��δ

(McGoran et al., 1979; Goering et al., 1974). The first example of a chiral shift reagent was
the tris-[(3-tert-butylhydroxymethylene)d-camphorato]europium(III) complex described by
Whidesides and Lewis (1970). Later on many different chiral shift reagents have been devel-
oped, but most of these compounds are based on camphor derivatives. The most effective of
these ligands are the CF3 derivative 3-(trifluoroacetyl)-d-camphor (Hfacam) (fig. 47), and the
C3F7 derivative 3-(heptafluorobutyryl)-d-camphor (Hhfbc). The lanthanide induced shifts are
in general larger for the [R(hfbc)3] complexes than for the [R(facam)3] complexes, but the
enantiomeric resolution shows no consistent pattern(Goering et al., 1974).

Another ligand of interest is di(perfluoro-2-propoxypropionyl)methane, because its eu-
ropium(III) complex gives a superior enantiomeric resolution in comparison with [Eu(hfbc)3]
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Fig. 47. Structure of the chiral NMR shift reagents [R(facam)3], where R= Pr, Eu or Yb. Hfacam stands for 3-
(trifluoroacetyl)-d-camphor or 3-trifluoromethylhydroxymethylene-d-camphor.

and because only the hydrogen resonance of the methine groups overlaps with the proton
resonances of the substrate(Kawa et al., 1982). Although the most widely used chiral shift
reagents are [R(hfb)3] and [R(facam)3], the complexes ofd,d-dicampholylmethane (Hdcm)
give the best optical resolution(McCreary et al., 1974; Whitesides et al., 1976). McCreary
et al. (1974)discovered the effectiveness of the [Eu(dcm)3] during a study of various cam-
pholyl and fencholyl derivatives of methane. Europium(III) complexes are first choices for
chiral shift reagents(Wenzel, 1987). Line broadening has to be kept to a minimum, in order
to achieve good enantiomeric resolution. Moreover a downfield shift reagent is preferred.

The optical purity of chiral alkenes or aromatics can be determined by using chiral bin-
uclear lanthanide(III)–silver(I) shift reagents(Wenzel, 1987). These shift reagents are the
chiral analogues of the binuclear shift reagents described in section9.2, and can be formed
from a chiral lanthanide tris(β-diketonate) and a chiral or an achiral silverβ-diketonate.
The best enantiomeric resolution with ytterbium(III) agents was achieved with [Yb(hfbc)3]-
[Ag(fod)], [Yb(facam)3]-[Ag(tta)] and [Yb(facam)3]-[Ag(facam)](Wenzel et al., 1985a). The
most efficient couple is [Yb(facam)3]-[Ag(facam)], but suffers from a limited solubility in
CDCl3 (Wenzel and Sievers, 1982a, 1982b)and from the low photostability of [Ag(facam)].
Binuclear complexes formed using Hdcm as the ligand are not effective for enantiomeric
resolution, probably because the ligand is too sterically demanding to allow formation of
[R(dcm)4]− complexes(Wenzel, 2000).

10. Analytical applications

10.1. Trace analysis of lanthanide ions

Neutral lanthanide complexes can be dissolved in micelles formed by non-ionic surfactants
such as polyoxyethylene isooctylphenol (Triton X-100) or nonaoxyethylene dodecyl ether
(BL-9EX). This approach is useful to obtain highly luminescent aqueous lanthanide solu-
tions. The free aqueous lanthanide ions are only very weakly luminescent, because of the
low molar absorptivitiesε of the lanthanide f–f transitions (ε � 10 mol−1 l cm−1) and be-
cause the water molecules in the first coordination sphere quench the excited states very ef-
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ficiently. By forming coordination complexes with strongly absorbing organic ligands such
asβ-diketonates, the luminescence efficiency can be increased. By complex formation with
organic ligands, water molecules can be expelled from the first coordination sphere too. Three
bidentate monocharged ligands result in a neutral six coordinate complex. Coordination num-
ber six is low for lanthanide ions (CN 8 or 9 is more common), so it is very likely that the
coordination sphere is expanded by taking up two or three water molecules. The water mole-
cules can be removed from the first coordination sphere by forming Lewis-base adducts with
neutral molecules, such as 1,10-phenanthroline (phen) or tri-n-octylphosphine oxide (topo).
However, these neutral Lewis base adducts have a very low solubility in water. They can be
solubilized by addition of a surfactant. As mentioned above, a non-ionic surfactant is often
used.

Highly luminescent lanthanide complexes dissolved inside micelles have found applica-
tion in the spectrofluorimetric determination of lanthanide ions (Sm3+, Eu3+, Tb3+ and
Dy3+). Micellar systems provide a means of much faster and easier analysis than when the
highly luminescent, but hydrophobic lanthanide complexes have to be separated from the
aqueous solution in a separate solvent extraction step.Arnaud and Georges (1997)showed
that by using the ternary complex [Eu(tta)3(topo)2] in a micellar solution ofTriton X-100
detection limits as low as 6× 10−12 mol l−1 can be achieved. The luminescence inten-
sity was a linear function of the europium(III) concentration over six order of magnitude
from 10−11 to 10−5 mol l−1. It is interesting to note that most of the Htta exists out-
side the micelle, in the bulk aqueous phase, whereas the [Eu(tta)3] and [Eu(tta)3(topo)2]
complexes were found to exist inside the micelle(Taketatsu, 1981). In these analysis pro-
cedures, solutions of theβ-diketonate ligand and the coligand are added to the solution
containing europium(III) ions. It is possible to determine by spectrofluorimetry simulta-
neously traces of samarium and europium(Taketatsu and Sato, 1979; Zhu et al., 1991a,
1991b), or even of a ternary mixture of samarium, europium and terbium(Gao et al., 1987;
Zhu et al., 1990). The method can also be adapted for analysis by flow injection spectrofluo-
rimetry(Aihara et al., 1986a, 1986b). The most often usedβ-diketone in analytical determina-
tion of europium or samarium is 2-thenoyltrifluoroacetone (Htta) (Arnaud and Georges, 1997;
Arnaud et al., 1998; Si et al., 1991; Erostyak et al., 1995; Yang et al., 1989, 1998;
Brennetot and Georges, 2000; Arnaud and Georges, 2003; Sita et al., 1997; Biju et al., 2000;
Ci and Lan, 1989; Xu et al., 1991), because this ligand is known to form strongly lumi-
nescent complexes with europium(III). Otherβ-diketones that are used for determination
of lanthanides are benzoylacetone(Yang et al., 1990a; Xu et al., 1991), dibenzoylmethane
(Yang et al., 1990b; Zhu et al., 1991a, 1991b; Hu et al., 1997; Hornyak et al., 1997), hexa-
fluoroacetylacetone(Williams and Guyon, 1971)or pivaloyltrifluoroacetone(Xu and Hem-
milä, 1992a, 1992b). The co-luminescence of lanthanide complexes was mentioned in sec-
tion 6.1. The luminescence of europium(III), terbium(III), samarium(III) or dysprosium(III)
complexes in micellar environment can be enhanced by addition of an excess of yttrium(III),
lanthanum(III), lutetium(III) or gadolinium(III) complexes. The luminescence enhancement
is due to energy transfer from the latter complexes to the complexes with emitting lanthanide
ions. The Sm(III)–tta–phen–Gd(III)–Triton X-100 system was applied to the determination of
trace amounts of samarium rare-earth oxides. A detection limit of 8× 10−12 mol/l could be
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reached(Ci and Lan, 1989). By the use of the same system, europium and samarium could
be determined simultaneously, although the detection limit was higher than when samarium
was determined separately: 5× 10−10 mol/l (Yang et al., 1989). The detection limit of eu-
ropium in this method was as low as 7.5 × 10−12 mol/l. The europium(III) luminescence in
the Eu(III)–tta–CTMAB–Triton X-100 system can be enhanced by addition of terbium(III)
ions (Zhu et al., 1992)or by gadolinium(III) ions(Zhu et al., 1991a, 1991b). A detection
limit as low as 10−13 mol/l was obtained for the Eu(III)–dibenzo-18-crown-6–Triton X-100
system by addition of Tb(III)(Sita et al., 1997). The method was applied to the determina-
tion of europium in oxides of lanthanum, praseodymium and gadolinium. Trace amounts of
europium in yttrium and gadolinium oxides were determined by the Eu(III)–tta–topo–Triton
X-100 system in the presence of an excess of Tb(III)(Biju et al., 2000).

Beltyukova and Balamantsarashvili (1995)determined the europium content in samples by
luminescence intensity measurements of the [Eu(tta)3(phen)] after preconcentration by ad-
sorption of the complex on solid polyurethane foam. The method has been tested for the de-
termination of the europium content of scandium(III) oxide. Concentration as low as 10−6%
could be detected. Addition of surfactants to the solution resulted in a decrease of the lumi-
nescence intensity, because less complex is adsorbed in the presence of the surfactant.

10.2. Trace analysis of organic and biomolecular compounds

Europiumβ-diketonate complexes are being used as fluorescent labels intime-resolved lumi-
nescent immunoassay(Soini and Lovgren,1987; Hemmilä et al., 1984; Sabbatini et al., 1996;
Hemmilä, 1995; Hemmilä et al., 1995; Hemmilä and Mukkala, 2001). Immunoassays are
based on the immunoreaction between an antibody that is used as the immunoreagent and the
antigen that has to be analyzed. In thedissociation-enhanced lanthanide fluoroimmunoassay
(DELFIA, from LKB Wallac and Pharmacia), the immunoreagent is labeled for immunore-
actions with an isothiocyanatophenyl-EDTA-Eu(III) orN1-(p-isothiocyanatobenzyl)diethyl-
enetriamine-N1,N2,N3,N4-tetraacetate-Eu(III) by binding to an amino group of the anti-
body. After the immunoreaction and separation of the labeled immunocomplex, the eu-
ropium(III) ions are released from the complex by lowering the pH (to pH 2–3). By treat-
ment of the europium(III)-containing solution with a mixture of 2-naphthoyltrifluoroacetonate
(ntac)–trioctylphosphine oxide (topo) and Triton X-100, the strongly luminescent ternary
europium(III) complex [Eu(ntac)3(topo)2] is formed. The function of the non-ionic surfac-
tant Triton X-100 is to dissolve the europium complex in a micellar phase (theβ-diketonate
complex has a low solubility in water). The function of trioctylphosphine oxide (topo) is
to shield the Eu3+ from water molecules by occupying the vacant coordination sites in the
β-diketonate complex. The luminescence is measured in a time-resolved mode, in order to
get rid of the background fluorescence of the organic compounds present in solution. Be-
cause the DELFIA system has some drawbacks such as the need for the time-consuming
conversion of a non-fluorescent europium(III) label into the luminescent [Eu(ntac)3(topo)2]
complex, or the fact that the system is vulnerable to contamination by europium(III) in
the environment due to the excess of the reagents nta and topo(Diamandis, 1988; Mathis,
1993), research is going on to improve this fluoro-immunoassay system. An alternative is
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the use of aβ-diketone that can be covalently bound to proteins, such as 5-chlorosulfonyl-
2-thenoyltrifluoroacetone (Hctta)(Ci and Yang, 1992; Ci et al., 1995; Yang et al., 1994a,
1994b). Because the stability of the europium(III) complexes formed by this ligand is quite
low, a large excess of Eu(III) has to be used to shift the equilibrium to the europium(III)
complex. More stable europium(III) complexes can be obtained by the use of tetraden-
tate β-diketonates(Yuan and Matsumoto, 1997, 1998; Matsumoto and Yuan, 2003). Ex-
amples are 4,4′-bis(1′′,1′′,1′′,2′′,2′′,3′′,3′′-heptafluoro-4′′,6′′-hexanedione-6′′-yl)-chlorosulfo-
o-terphenyl, H2(bhhct), (Yuan et al., 1998), 4,4′-bis(1′′,1′′,1′′-trifluoro-2′′,4′′-butanedione-
6′′-yl)-chlorosulfo-o-terphenyl, H2(btbct) (Wu and Zhang, 2002), 1,10-bis(5′-chlorosulfo-
dibenzothiophene-2′-yl)-4,4,5,5,6,6,7,7-octafluorodecane-1,3,8,10-tetraone, H2(bcot) (Yuan
and Matsumoto, 1997), and 1,10-bis(5′-chlorosulfo-thiophene-2′-yl)-4,4,5,5,6,6,7,7-octa-
fluorodecane-1,3,8,10-tetraone, H2(bctot)(Wu et al., 2002)(fig. 48).

Addition of tta anions to an europium(III)-containing Schiff’s base macrocycle increased
the luminescence intensity markedly(Vallarino, 1997). The tta anion coordinates to the
europium-macrocycle without disrupting the macrocycle structure. The author developed a
protocol for the use of these systems as luminescent markers for cytological imaging.

Luminescent europium(III)β-diketonate complexes have been used in the time-resolved
luminescence determination of organic compounds in trace amount after separation of a
mixture by high-performance liquid chromatography (HPLC)(Matsumoto et al., 2002).
Matsumoto et al. (2002)developed a newβ-diketone that is able to bind to analytes with
amino and phenolic hydroxyl groups and whose europium complexes can be used as a lu-
minescent label for HPLC: 5-(4′′-chlorosulfo-1′,1′′-diphenyl-4′-yl)-1,1,1,2,2-pentafluoro-3,5-
pentanedione (Hcdpp). This ligand was applied to the determination of estrogens. The phe-
nolic hydroxyl group of the estrogens could be covalently bound to the chlorosulfonyl group
of Hcdpp. The labeled analytes were separated by HPLC, and after separation europium(III)
chloride,topo and Triton X-100 were added by post-column introduction to the eluent. Es-
trone, 17β-estradiol, ethynylestradiol and estriol were measured by a time-resolved fluores-
cence detector with detection limits between 0.60 and 0.65 ng/ml.

10.3. Luminescent visualization of latent fingerprints

Lanthanideβ-diketonate complexes find application for the visualization of latent finger-
prints. When someone touches an object a latent fingerprint is left behind on the surface.
The latent fingerprints consists in water-soluble components (amino acids, amines, monosac-
charides, urea and lactic acid) and lipid components (triglycerides and fatty acids); they are
hardly visible and can easily be damaged or wiped away. Because fingerprints can be used
for identification of suspects of a crime, development and visualization of these latent finger-
prints is of prime importance in forensic research. One of the most often used method for
developing latent fingerprints is to expose an object suspected of containing finger prints to
the vapors of a monomeric cyanoacrylate ester. The vapors are preferentially deposited into
the fingerprint residues and the various components in the fingerprint residue catalyze the
polymerization of the cyanoacrylate ester. The cyanoacrylate developed fingerprints can be
visualized by illumination with an ultraviolet lamp after staining or dusting them by fluo-
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Fig. 48. Tetradentateβ-diketones that are used to form highly luminescent europium(III) complexes for time-
resolved luminescence immunoassay.

rescent dyes of pigments, or exposing the developed prints to fluorescent dye vapors. Typ-
ical fluorescent dyes are Rhodamine 6G, Ardox or Brilliant Yellow. Alternatively, one can
use an europium chelate.Misner et al. (1993)penetrated the cyanoacrylate developed la-
tent prints with a solution of europium(III) thenoyltrifluoracetonate in a water/2-butanone
mixture. When the solvent evaporated, the luminescent dye was trapped in the print. The
luminescent dye was called TEC, after “Thenoyl Europium Chelate”. Advantages of TEC
are the narrow emission bands and the large Stokes shift. A large Stokes shift is desir-
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able, because it allows easy blocking of the excitation light by a filter. TEC was found to
give much brighter prints than the classic fluorescent dyes(Wilkinson and Misner, 1994;
Wilkinson and Watkin, 1993). Even better results were obtained byLock et al. (1995)with
[Eu(tta)3(phen)] as the luminescent dye and petroleum ether as the solvent. The NMR contrast
agent [Eu(fod)3] allows direct visualization of latent fingerprints without the need of preced-
ing treatment with cyanoacrylate ester(Caldwell et al., 2001), because [Eu(fod)3] is able of
direct reaction with the fingerprint components.

10.4. Chemical sensors

Amao et al. (2000a)developed an oxygen sensitive optical sensor based on luminescence in-
tensity changes of [Eu(tta)3(phen)] immobilized in a polystyrene–2,2,2-trifluoromethylmeth-
acrylate polymer film. Later on, these authors extended the work to other europium com-
plexes, but [Eu(tta)3(phen)] was found to be the superior luminescent compounds for this
application(Amao et al., 2000b). The reason for the choice of a fluorinated polymer for the
film is the high oxygen permeability of these materials. The luminescence intensity decreases
with increasing oxygen concentration, because the luminescence is quenched by oxygen.
The sensor can be calibrated by exposing the film to atmospheres of 100% argon (I0) and
100% oxygen (I100). The ratioI0/I100 was found to be 2.40 in the case of [Eu(tta)3(phen)].
Based on the same principle,Amao et al. (2000c, 2001)designed an oxygen sensor based on
[Tb(acac)3(phen)] absorbed on an alumina film.

Tsukube and coworkers(Mahajan et al., 2003)used rare-earth trisβ-diketonate complexes
for sensing of chloride ions by luminescence spectroscopy. When 3 equivalent of chloride ions
were added to a solution of [Eu(fod)3] in acetonitrile, the intensity of the5D0 → 7F2 transition
increases by a factor of 2. The Cl− anion-responsive luminescence could be detected by the
naked eye. The response upon addition of Br−, I− or ClO−

4 to [Eu(fod)3] was much smaller
than the response upon addition of Cl−, and the luminescence formed by the former anions
could not be detected visually. The [R(fod)3] complexes were also used for the construction
of an ion-selective electrode, where the rare-earth complexes were incorporated in a PVC
membrane.

10.5. Stationary phases in gas chromatography

The ability of the coordinatively unsaturated tris(β-diketonato)lanthanide complexes to ex-
pand their coordination sphere by adduct formation with Lewis bases is not only of impor-
tance for their application as NMR shift reagents (see section9). This ability can also be used
to prepare liquid stationary phases for gas chromatography, which are able to separate organic
compounds on the basis of their nucleophilicity.Feibush et al. (1972)studied the retention
of different alkanes, alkenes, alcohols, ketones and ethers by GC columns with solutions of
[R(β-diketonato)3] complexes in squalane as the stationary phase.Brooks and Sievers (1973)
investigated by GC the interaction of ketones and alcohols with a stationary phase consist-
ing of the NMR shift reagent [Eu(fod)3] in squalane. The alcohols were found to form more
stable complexes with [Eu(fod)3] than ketones.Picker and Sievers (1981)considered the use
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of pre-columns containing rare-earthβ-diketonates to retain selectively and separate nucle-
ophilic species from non-nucleophilic species. As the rare-earth component the europium(III)
complex of the ligandp-di(4,4,5,5,6,6,6-heptafluoro-1,3-hexanedionyl)benzene, H2(dihed),
has been used. The complex had the empirical formula [Eu2(dihed)2(OH)2(H2O)x ]. At high
temperature this complex looses water and polymerizes. The [Eu(dihed)]x column could se-
lectively retain oxygen donor molecules such as esters.Kowalski (1985, 1991)investigated
a stationary phase consisting of [Pr(fod)3] or [Eu(fod)3] in poly(dimethylsiloxane) to sep-
arate mixtures of nucleophilic compounds. The separation ability of the stationary phases
based on lanthanideβ-diketonates has been interpreted in terms of the HSAB-principle (hard
and soft acids and bases): the lanthanide chelates are ‘hard acids’ and interact primarily
with ‘hard bases’ e.g. aliphatic alcohols, and to a lesser extent with ‘softer bases’, such as
carbonyl compounds and aliphatic ethers, and very weakly with cyano compounds, with
aromatic compounds and alkenes(Kowalski, 1998b). Stationary phases containing tris[3-
(trifluoromethylhydroxymethylene)–(+)camphorato]lanthanide complexes (R= Pr, Eu, Er,
Dy, Yb) dissolved in polydimethylsiloxane have been used for the enantioselective separation
of racemic mixtures of chiral alcohols and ketones(Kowalski, 1998a). The thermal stability
of these kinds of stationary phases containing lanthanideβ-diketonates could be improved
by free radical crosslinking by 2,2′-azobis(2-methylpropionitrile)(Kowalski, 1992). The gas-
chromatographic separation of volatile rare-earthβ-diketonate complexes is described in sec-
tion 11.2.

11. Applications of volatile complexes

11.1. Volatileβ-diketonate complexes

Most rare-earth complexes have a very low vapor pressure and it is difficult to transform
them from the solid or liquid state into the vapor phase. The reason is that many of these
complexes are oligomers and/or exhibit strong intramolecular forces. With the advent of gas
chromatography in the beginning of the 1960s, attempts were made to obtain volatile rare-
earth complexes in order to separate a mixture of rare earths by this method. In view of
the popularity of rare-earthβ-diketonates at that time as luminescent materials, several re-
searchers have tried to design volatile rare-earthβ-diketonates. Firstly fluorinated ligands
such as hexafluoroacetylacetone, Hhfa, have been used, since it was known that fluorine
reduces the intramolecular forces(Bhaumik, 1965a, 1965b). Although the [R(hfac)3] com-
plexes sublime, they show considerable thermal decomposition at the sublimation temperature
(Richardson and Sievers, 1971). Typical organic molecules that can be purified by (vacuum)
sublimation, such as camphor, have an isometric shape. It has tried to obtain volatile rare-
earth complexes by usingβ-diketones with bulky substituents. High volatility was observed
for complexes of 2,2,6,6-tetramethyl-3,5-heptanedione, Hthd(Eisentraut and Sievers, 1965)
and of 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione, Hfod. The volatility of theβ-
diketonate complexes depends on the extent of fluorination. Thus the complexes containing
highly fluorinated ligands are more volatile than complexes with fewer fluorines substituted
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for hydrogens, in the order [R(hfac)3] ≫ [R(tfac)3] > [R(fod)3] ≫ [R(acac)3] (Sievers and
Sadlowski, 1978). It is thought that the fluorine atoms in the outer periphery of the rare-earth
complex reduces the van der Waals interactions and the intermolecular hydrogen bonding.

The volatility of these complexes increases when the radius of the trivalent lanthanide ion
decreases(Eisentraut and Sievers, 1967). For instance, the vapor pressure at 200◦C increases
from 0.2 mm for the [La(thd)3] complex to ca. 5 mm for the [Yb(thd)3] complex(Sicre et al.,
1969). Possible explanations for the size-related trend in volatility have been discussed(Sicre
et al., 1969). The smaller the ionic radius of the rare-earth ion is, the smaller is the size of
the correspondingβ-diketonate complex. In smaller complexes, the local dipoles of the polar
groups decrease or are better shielded from the attractive forces of neighboring molecules, so
that the intermolecular forces decrease. The smaller complexes have less tendency to form
oligomers. Mass effects can be ruled out because the volatility of the [Y(thd)3] complexes is
comparable to the volatility of the complexes [Ho(thd)3] and [Er(thd)3]. Although Y3+, Ho3+

and Er3+ have a similar ionic radius, Ho3+ and Er3+ ions have a much greater mass than the
Y3+ ion (Eisentraut and Sievers, 1965). A mixture of [R(thd)3] complexes can be separated on
a thermal-gradient fractional sublimation apparatus(Eisentraut and Sievers, 1965). [Ce(thd)4]
is more volatile than the [R(thd)3] complexes(Song et al., 2003a). Chou and Wang (1996)de-
veloped a mathematical model to predict the evaporation rates of [Ce(thd)4] from the surface
of the solid precursor. Hydratedβ-diketonate complexes do not sublime, but partial thermal
decomposition occurs(Leskelä et al., 1991a; Cunningham et al., 1967). The [R(acac)3] com-
plexes are practically non-volatile because they have the tendency to polymerize in order
to achieve a coordination number higher than six. For instance the non-volatile compound
[Y4(acac)10(OH)2] is formed from [Y(acac)3(H2O)3] upon heating(Barash et al., 1993). The
volatility of such complexes can be improved by replacing the water molecules in the first
coordination sphere by dimethylformamide (DMF) or tri-n-butylphosphinoxide(Richardson
and Sievers, 1971). Timmer et al. (1998)report a very high volatility for the adduct of
[Y(thd)3] with the triamine (CH3)2NCH2CH2N(CH3)CH2CH2N(CH3)2, despite the much
higher molecular mass of this adduct in comparison with [Y(thd)3]. Also [Y(thd)3(pyO)]
and [Y(thd)3(4-tert-But-pyO)] were found to be more volatile than the parent compound
[Y(thd)3]. Hydrated lanthanide tris acetylacetonates can be volatilized by mixing the solid
compound with 1,10-phenanthroline, because the mixing results in the formation of volatile,
mononuclear [R(acac)3(phen)] complexes(Kuzmina et al., 2000c). Studies with Lewis bases
other than 1,10-phenanthroline (for instance with hexamethylphosphortriamide or acetylace-
tonimine) showed that a volatile complex is formed only in the cases when the mononuclear
complexes are stable towards thermal dissociation. Addition of acetic acid to binary mixtures
[Nd(thd)3]-[Er(thd)3] and [Ho(thd)3]-[Er(thd)3] enhances the separation of these mixtures by
vacuum sublimation(Fenkhua et al., 1996).

The volatility of theβ-diketonate complexes can also be increased by formation of the
tetrakis complexes, because the latter are mononuclear. The first volatile heterobimetallic
compound was the ionic Cs[Y(hfac)4], which Lippard (1966)sublimed without decompo-
sition both in air and in vacuum. Addition of alkali metal acetylacetonate to [R(acac)3] com-
plexes results in the formation of volatile M[R(acac)4] complexes (M= Li, Na, Cs)(Zaitseva
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et al., 1995, 1999). A synergistic effect on the volatility of the [R(acac)3] was observed upon
addition of a highly volatile complex such as [Zr(acac)4] (Kuzmina et al., 2000c).

Sicre et al. (1969)measured the vapor pressure of the [R(thd)3] complexes as a function of
the temperature. With the exception of the lanthanum complex, a sharp break was observed
in the Clapeyron–Clausius plots (vapor pressure versus temperature) at a temperature match-
ing the melting point of the corresponding complex. The [R(thd)3] complexes exhibit a vapor
pressure of 1 mm at temperatures from 170◦C for [Lu(thd)3] to 225◦C for [La(thd)3]. More
than half of the [R(thd)3] complexes exhibit a higher vapor pressure than the saturated hydro-
carbonn-tetracosane (vapor pressure: 1 mm at 184◦C). This was unexpected, given the higher
molecular mass of the [R(thd)3] complexes (empirical formula: C33H57O6R) than that ofn-
tetracosane (C24H50). Moreover it was always thought that the more ionic bonding with the
larger resulting dipoles in theβ-diketonate complex would render them more volatile. It was
argued that the bulky ligands form a hydrocarbon shell around the complex, which shields the
polar groups from interactions with the neighboring molecules. The sublimation enthalpies of
the [R(thd)3] complexes are in the range 174–185 kJ mol−1 for the lighter lanthanides (La–Tb)
and in the range 150–160 kJ mol−1 for the heavier lanthanides (Tb–Yb)(Amano et al., 1980,
1981). The difference in sublimation enthalpies between the heavier and lighter lanthanides
has been discussed byAmano et al. (1979)and was attributed to a difference in crystal struc-
ture (monoclinic dimers for the lighter lanthanides and orthorhombic dimers for the heavier
lanthanides). The sublimation behavior of volatile rare-earthβ-diketonates is summarized in
table 9.

The volatility of the [R(thd)3] complexes makes them suitable for mass spectrometry
studies. Mass spectra have been reported for [Y(thd)3] (Girichev et al., 1993), [Gd(thd)3]
(Hirayama et al., 1985), [Tb(thd)3] (Leskelä et al., 1991a), Y(hfac)3 (Gleizes et al., 1998)and
[Ce(thd)4] (Leskelä et al., 1996; Leskelä et al., 1991b). Mészáros-Szcécsényi et al. (2002)
carried out evolved gas analysis (EGA) on [Sc(thd)3] and found [Sc(thd)2]+ as the major
scandium-containing species in the gas phase at 200–300◦C. Peters et al. (1982)were able
to demonstrate by means of electron impact mass spectrometry that dimeric (or higher) as-
sociates of [Eu(fod)3] and [Yb(fod)3] occur in the gas phase, even under the conditions of
high vacuum at which the mass spectrometry was performed. It was also shown that in the
gas phase 1:1 and 1:2 adducts of [R(fod)3] with n-propylamine exist. Compounds of the type
[R(fod)3]·Mfod (M = Na, K, Rb, Cs), which are frequently present in commercial NMR shift
reagents(Peters et al., 1981), could also be detected by mass spectrometry.Lippard (1966,
1967)studied the mass spectra of Cs[Y(hfac)4]. An intense peak atm/z = 843 was assigned
to the Cs[hfac)3]+ ion. This result indicates that the cesium ion is strongly bound to the com-
plex, and that loss of a hfac ligand precedes loss of Cs+. A possible explanation is strong
ion-pairing between the cesium ion and the fluorine atoms of the hfac ligands.

Shibata and coworkers(Shibata et al., 1985, 1986a, 1986b, 1986c)studied the molecu-
lar structure of [R(thd)3] complexes (R= Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Y) by gas-phase
electron-diffraction. The experimental data were consistent with a monomeric trigonal pris-
matic structure and it was stated that the rare-earth site has a C3 symmetry. The observed R–O
distances reflect the lanthanide contraction. Thetert-butyl groups rotate freely. The chelate
rings are folded around the O· · ·O axes (twisted chelate rings). However,Giricheva et al.
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Table 9
Sublimation behavior of volatile rare-earthβ-diketonates

Compound Sublimation
range (◦C)∗

Reference Sublimation
enthalpy (kJ mol−1)

Reference

[Y(thd)3] 215–251 Harima et al., 1990 – –
[La(thd)3] – – 180 Amano et al., 1981

144 Sicre et al., 1969
[Pr(thd)3] 249–290 Leskelä et al., 1991a 179 Amano et al., 1981

166 Sicre et al., 1969
[Nd(thd)3] – – 159 Sicre et al., 1969
[Sm(thd)3] 232–274 Leskelä et al., 1991a 181 Amano et al., 1981

151 Sicre et al., 1969
[Eu(thd)3] 229–266 Leskelä et al., 1991a 180 Amano et al., 1981

201 Amano et al., 1979
166 Sicre et al., 1969

[Gd(thd)3] 225–254 Leskelä et al., 1991a 162 Amano et al., 1979
[Tb(thd)3] 222–257 Leskelä et al., 1991a 174 (dimer) Amano et al., 1981

151 (monomer) Amano et al., 1981
142 Amano et al., 1979

[Dy(thd)3] – – 134 Amano et al., 1979
[Ho(thd)3] – – 153 Amano et al., 1981

132 Sicre et al., 1969
[Er(thd)3] – – 154 Amano et al., 1981

133 Sicre et al., 1969
[Tm(thd)3] 217–245 Leskelä et al., 1991a 156 Amano et al., 1981

132 Sicre et al., 1969
[Yb(thd)3] 216–250 Leskelä et al., 1991a 156 Amano et al., 1981

133 Sicre et al., 1969
[Ce(thd)4] 246–254 Leskelä et al., 1991a – –

140–200/150 Pa Richardson et al., 1968
[Ce(thd)3(phen)] 130–250/150 Pa Leskelä et al., 1996 – –
[Ce(tmp)3] 160–210/50 Pa Becht et al., 1993 – –
[Ce(fdh)4] 140/13.3 Pa Becht et al., 1993 – –
[Ce(fdh)4(phen)] 170/13.3 Pa Becht et al., 1993 – –

∗Determined by thermogravimetry.

(2003) point to the fact that the electron diffraction data may be described by two alterna-
tive models, one assuming a C3 symmetry and another assuming a D3 symmetry. Ab initio
and DFT calculations on [Lu(thd)3] gave structures which are comparable with those derived
from the experimental data(Belova et al., 2004). The gas-phase configuration of [La(thd)3]
was found to be different from that of the other [R(thd)3] complexes(Giricheva et al., 2002),
in the sense that the former complex has planar chelate rings. An antiprismatic trigonal struc-
ture was proposed for [Sc(acac)3], with a C3 symmetry(Ezhov et al., 1998)or a D3 symmetry
(Belova et al., 2002).

A few spectroscopic studies have been performed on lanthanideβ-diketonates in the va-
por phase. UV-spectroscopy has been used to determine the concentration of the rare-earth
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complexes in the vapor phase(Bhaumik, 1965a, 1965b; Rappoli and DeSisto, 1996). Jacobs
et al. (1975)studied the photophysical properties of [Tb(thd)3] in the vapor phase. The lu-
minescence lifetime was found to decrease from 1.2µs at 230◦C to 0.2µs at 300◦C. Dao
and Twarowski (1986)measured the luminescence lifetimes of [Eu(thd)3] and [Eu(fod)3] in
the gas phase as a function of the temperature. [Eu(fod)3] has a much longer lifetime than
[Eu(thd)3] at comparable temperatures: 6.8µs for [Eu(fod)3] at 190◦C and 0.93µs for
[Eu(thd)3] at 200◦C. The luminescence lifetimes are independent of the presence of argon
as a buffer gas and of the vapor pressure of the europium(III) chelate.

11.2. Gas chromatographic separation of the rare earths

In the 1960s attempts were made to separate mixtures of rare earths by gas chromatography
(Moshier and Sievers, 1965; Eisentraut and Sievers, 1965; Shigematsu et al., 1969a, 1969b;
Robards et al., 1987, 1988; Sokolov, 1988). Earlier experiments failed because of the low
volatility and the thermal instability of the rare-earth complexes known at that time(Moshier
and Sievers, 1965). For instance, the [R(acac)3] complexes are unsuitable for gas chromato-
graphic separation. The metal complexes must have a vapor pressure on the order of 0.1 to
1 mm to move through the column at a reasonable rate.Eisentraut and Sievers (1965)found
that the [R(thd)3] complexes were volatile and stable enough to separate them. A benzene
solution of the complexes was injected in the gas chromatograph and separated on a column
filled with the apolar stationary phase Apiezon N. The authors were surprised to found out
that the retention times could not be correlated with the molecular mass of the complexes,
but rather with the ionic radius of the rare-earth ion. Thus, the yttrium complex [Y(thd)3] has
about the same retention time as the erbium complex [Er(thd)3], although the atomic mass
of yttrium is about one-half of that of erbium (see also the discussion in section10.1). The
retention does not vary linearly, but exponentially with the ionic radius. For instance, when
[Sc(thd)3] is eluted from the column under given conditions after 2 minutes, the retention
time of [Ho(thd)3] is 4 minutes and that of [Nd(thd)3] is 15 minutes. Under these conditions,
it takes several hours to elute [La(thd)3]. Because the complexes of fluorinatedβ-diketones
have a higher volatility than the complexes of the non-fluorinatedβ-diketones, the fluorinated
rare-earth complexes have a sufficient high vapor pressure at relatively low column tempera-
tures. It is even possible to elute them at a temperature close to room temperature. The lower
column temperatures needed for elution, reduces the problem of thermal decomposition. One
reason why the rare-earthβ-diketonates are more suitable for application in gas chromatog-
raphy than other volatile rare-earth complexes (e.g. alkoxides) is that they do not exhibit high
reactivity towards atmospheric moisture or oxygen. This greatly facilitates sample preparation
or handling.Fujinaga and coworkers (1971, 1974)found that gas chromatographic separation
of volatile metal chelates could be improved by mixing ligand vapor with the carrier gas.
The addition of a constant small amount of ligand vapor to the carrier gas suppresses the
dissociation of the metal chelates in the column and releases the metal chelates adsorbed on
the solid support. These authors used this method to separate mixtures of [R(tfac)3] com-
plexes by gas chromatography(Fujinaga et al., 1976). Although earlier work in the 1960s
(Moshier and Sievers, 1965)has shown that the [R(acac)3] are unsuitable for separation of
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the rare earths, some authors continued to work with these compounds(Spitsyn et al., 1982;
Magazeeva et al., 1986). Butts and Banks (1970)were the first to report on mixed ligand
systems for gas chromatography. They separated the elements of the rare-earth series in the
form of the [R(hfac)3(tbp)2] complexes. These complexes were found to have a much higher
thermal stability than the [R(hfac)3] complexes.Sieck and Banks (1972)extended this work
to other ternary complexes of fluorinatedβ-diketonates and neutral Lewis bases.

Gas chromatography of rare-earthβ-diketonates is not only of interest for the separation of
mixtures of rare earths. The method can also be used for trace metal analysis. First, formation
of the volatile chelates is achieved by extraction of the rare-earth ions with theβ-diketonate
ligands from an aqueous solution into an immiscible organic solvent. Alternatively, direct
reaction between the ligand and the metal ions in the aqueous solution can be used (in the
absence of a solvent). After elution, the volatile rare-earthβ-diketonate complexes can be
detected by conventional detectors such as the flame ionization detector (FID) or the ther-
mal conductivity detector (TCD). Because the [R(tfac)3] and the [R(fod)3] complexes con-
tain electronegative fluorine atoms, they can be selectively detected at low concentrations by
an electron capture detector (ECD)(Sievers and Sadlowski, 1978). Burgett and Fritz (1972,
1973)studied the separation and quantitative determination of rare earths by gas chromato-
graphy of [R(thd)3(dbso)3] complexes.

11.3. Preparation of thin films by metal-organic chemical vapor deposition (MOCVD)

Chemical vapor deposition (CVD) is a process that involves deposition of a solid material
from a gaseous phase. The precursor gases (often diluted in carrier gases) are delivered into the
reaction chamber at temperatures close to room temperature. As the precursor gases pass over
or come into contact with a heated substrate, they react or decompose forming a solid phase,
which is deposited on the substrate. The substrate temperature is critical and can influence
the reactions that will take place. CVD coatings are usually only a few microns thick and are
generally deposited at relatively slow rates, on the order of a few hundred microns per hour.
Because materials are deposited from the gaseous state during CVD, the precursors must be
volatile, but must have at the same time a thermal stability high enough to allow the precursors
to be delivered to the reactor. Liquid precursors are preferred over solid precursors, because
liquids can be flash-vaporized with excellent reproducibility and negligible decomposition. In
contrast, the sublimation of solids is often slow and non-reproducible and leaves troublesome
residues. Sintering of solid precursors also affects volatility. For the ease of handling, the
compounds should be air and moisture stable. When the precursors are volatile coordination
compounds or organometallics, the termmetal-organic chemical vapor deposition(MOCVD)
is coined.

The most intensively used precursors for MOCVD of lanthanide complexes are the 2,2,6,6-
tetramethyl-3,5-heptanedionate (thd) chelates(Tiitta and Niinistö, 1997). Because of the ten-
dency of trivalent cerium to be oxidized to tetravalent cerium, [Ce(thd)3] is very unstable and
cannot be used as a precursor for MOCVD. However, the oxidation state+III of [Ce(thd)3]
can be stabilized by adding 1,10-phenanthroline to saturate the coordination sphere of the
cerium(III) ion (Uhlemann and Dietze, 1971). The salt used to prepare the [Ce(thd)3(phen)]
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complex has an influence on its properties(Leskelä et al., 1996). [Ce(thd)4] is often used as
a precursor to obtain CeO2 thin films, but the chemical and physical properties of [Ce(thd)4]
are strongly dependent on the methods of synthesis(Song et al., 2002). Because of ther-
mal decomposition during evaporation, solid [Ce(thd)4] should be volatilized at tempera-
tures lower than 200◦C (Song et al., 2002). The thd complexes have relatively high melt-
ing points, and they have to be used as solid precursors. In order to obtain precursors that
can be used in the liquid state,Tasaki et al. (1997)designed lanthanide complexes with
much lower melting points, by replacing the Hthdβ-diketone ligand by 2,2,6,6-tetramethyl-
3,5-octanedione (Htmod). The complexes with fluorinated ligands, such as [R(hfac)3] or
[R(fod)3], have a high volatility and are thermally stable, but have the disadvantage that
fluorine-containing species frequently contaminate the oxide film deposits(Chadwick et al.,
1996; McAleese and Steele, 1998)and that toxic decomposition products are formed. Con-
tamination by fluorides can be reduced by using moist oxygen to assist decomposition
and to remove the fluorine-containing species from the deposit(McAleese et al., 1996a;
McAleese and Steele, 1998). This can be considered as an in-situ defluorination technique.
But, it has been advised to avoid the use of fluorinated precursors for the production of epi-
taxial or high quality films(Leedham and Drake, 1996). A new class of anhydrous, volatile
and thermally stable MOCVD precursors are the adducts of tris(β-diketonato) complexes
with polyethers such as monoglyme or diglyme. These Lewis bases saturate the coordina-
tion sphere of the lanthanide ion, so that the complexes maintain their monomeric character
and the vapor pressure and stability is increased. The complex [Eu(hfac)3(diglyme)] was in-
vestigated byKang et al. (1997a)and was found to sublime intact. The synthetic procedure for
the compound was improved byMalandrino et al. (2001)and these authors also studied the
analogous compound [Eu(hfac)3(monoglyme)]. The glyme adducts of the [R(thd)3] proved to
be good candidates as MOCVD precursors too(Leedham and Drake, 1996).

The β-diketonate precursors can be used for the deposition of rare-earth oxide layer, ei-
ther alone or in combination with other metal oxides. Examples of binary rare-earth oxides
prepared by MOCVD include La2O3 (Bonnet et al., 1995), CeO2 (McAleese et al., 1996a;
Pan et al., 1998a; Lo Nigro et al., 2003), Pr2O3 (Bonnet et al., 1995), Nd2O3 (Langlet
and Shannon, 1990; Bonnet et al., 1995), Sm2O3 (Bonnet et al., 1995), Eu2O3 (Bonnet
et al., 1995), Gd2O3 (Bonnet et al., 1995; McAleese et al., 1996b), Dy2O3 (Bonnet et al.,
1995), Er2O3 (Bonnet et al., 1995; Hubbard and Espinoza, 2000)and Sc2O3 (Xu et al.,
2001). Not only oxides have been prepared by MOCVD, but also rare-earth fluoride thin
films, for example LaF3 (Malandrino et al., 1998a; Condorelli et al., 2000), CeF3 (Lo Ni-
gro et al., 2002), and GdF3 (Malandrino et al., 1996). Other rare-earth compounds pre-
pared by MOCVD include SrCeO3 (Pan et al., 1998b), LaNiO3 (Gorbenko and Bosak,
1998), PrGaO3 (Han et al., 1993b), NdGaO3 (Han et al., 1992), LaAlO3 (Malandrino et al.,
1997, 1998b), YAlO3 (Han et al., 1993a), Ce1−xGdxO2−x/2 (McAleese and Steele, 1998),
Gd2O3-doped CeO2 (Song et al., 2003a, 2003b), Eu2O3-doped Y2O3 (Hirata et al., 1997),
(La,Pr)0.7(Ca,Sr)0.3MnO3 (Gorbenko et al., 1997), yttria-stabilized zirconia(Chour et al.,
1997; Itoh and Matsumoto, 1999; Akiyama et al., 2002; Chevalier et al., 2003), RuO2-doped
yttria-stabilized zirconia(Kimura and Goto, 2003)and ytterbium-doped InP(Whitney et al.,
1988; Williams and Wessels, 1990). A lot of research activities have been devoted to obtain
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thin films of the high-temperature superconductor YBa2Cu3O7−x and related compounds by
MOCVD (Panson et al., 1989; Yamane et al., 1988; Dickinson et al., 1989; Ozawa, 1991;
Busch et al., 1991; Matsuno et al., 1992; Leskelä et al., 1993; Thomas et al., 1993; Yam-
aguchi et al., 1989, 1994; Richards et al., 1995; Otway and Obi, 1997; Weiss et al., 1997;
Galindo et al., 2000; Polyakov et al., 2000; Zama et al., 2000; Meng et al., 2002). In most
of these studies, [Y(thd)3] has been used as the precursor for the yttrium component.Panson
et al. (1989)chose [Y(fod)3] as the precursor. Developments in this field have been plagued
by the difficulties in finding a suitable precursor for the barium component(Wahl et al., 2000;
Tiitta and Niinistö, 1997). For instance, [Ba(thd)2] has a strong tendency to self-associate.
This results in a strong dependence of both the composition and the volatility on the method
of synthesis.

Many of the materials can be prepared as thin films by MOCVD contain at least two
different metal elements (e.g. LaNiO3 or Y2BaCu3O7). Their preparation requires as many
precursors as metal elements that have to be deposited. A new approach is the use a single-
source precursor, i.e. a volatile heterometallic compound, which contain all the metallic ele-
ments to be deposited(Gleizes, 2000). This approach allows a simplification of the MOCVD
process and the reactor design. A good control of the gas phase composition up to the de-
position zone is possible. The use of a single-source precursor is of great importance for
the growth of thin films of the high-temperature superconductor Y2BaCu3O7, because not
only three different metals have to be deposited, but also because of difficulties inherent
to the barium precursors for CVD (see above). High-molecular weight heterometallic pre-
cursors have the disadvantage of low volatility, but this can be overcome by performing the
MOCVD process under ultra-high vacuum. Gleizes and coworkers(Gleizes et al., 1998, 1999;
Kuzmina et al., 2001)developed a strategy to synthesize volatile f-d complexes, i.e. com-
plexes that contain both a lanthanide ion and a d-transition metal ion. They used d-metal
complexes withO-O ′-N -N ′ donor Schiff base ligands [M(Q)] as neutral ligands to coordina-
tively saturate tris(β-diketonato)lanthanide(III) complexes [R(dik)3], so that heterobimetallic
complexes with general formula [M(Q)Ln(dik)3] are obtained. The first examples of these
complexes were [Ni(salen)Y(hfac)3] and [Ni(salen)Gd(hfac)3] (Gleizes et al., 1998). Later
on, the studies were extended by variation of the Schiff base ligand (i.e. salophen instead of
salen) and of theβ-diketone (i.e. Hpta or Hthd instead of Hhfa)(Gleizes et al., 1999; Kuzmina
et al., 2001). It was shown by thermogravimetry and sublimation experiments that the volatil-
ity of the complexes mainly depends on the nature of the d-metal Schiff base complex.
For instance, [Cu(salophen)Ln(hfac)3] complexes are less volatile than [Cu(salen)Ln(hfac)3]
complexes, due to the strongerπ–π interactions between overlapping [Cu(salophen)] enti-
ties than between [Cu(salen)]. On the other hand, the complexes [M(salen)Ln(hfac)3] and
[M(salen)Ln(pta)3] have very comparable volatilities, although [R(hfac)3] and [R(pta)3] com-
plexes have a similar volatility. Mass spectrometric studies of [Ni(salen)Y(hfac)3] have shown
that both the heterobimetallic complex and the monometallic parent complexes [Ni(salen)]
and [Y(hfac)3] exist in the vapor phase(Gleizes et al., 1999). Due to the relatively low
thermal stability of [M(salen)R(β-diketonate)3] complexes, the partial vapor pressure of the
homometallic dissociation products rapidly increases with increasing temperature. Replace-
ment of [M(salen)] by the more volatile [M(acacen)] (H2acacen is the condensation product
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of acetylacetone with 1,2-diaminoethane) resulted in heterobimetallic complexes, much less
sensitive to dissociation upon sublimation(Kuzmina et al., 2001). Jardin et al. (1995)tested
[La(thd)3] as a volatile lanthanum(III) compound for the preparation of a ZBLAN fluoride
glass (ZrF4-BaF2-LaF3-AlF3-NaF glass), but the authors could not obtain a homogeneous
phase due to the low volatility or stability of the zirconium(IV)-containing or the barium(II)-
containing precursors.

11.4. Preparation of thin films by atomic layer deposition (ALD)

Atomic layer epitaxy(ALE) is a variant of MOCVD and was developed by T. Suntola in
Finland in the 1970s(Suntola and Antson, 1977; Suntola, 1989). He used the acronym ALE
to describe the layer-by-layer growth mechanism and the resulting epitaxial film. However,
such and epitaxial growth can only be achieved on matching single crystal substrates. Growth
on amorphous substrates such as glass, leads to amorphous films and the nameatomic layer
deposition(ALD) should be preferred.

An ALD growth process proceeds by exposing the substrate alternatively to vaporized anion
and cation precursors(Niinistö, 1998; Jones and Chalker, 2003). The substrate area is purged
with inert gas between the precursor pulses to eliminate gas-phase reactions and to remove
reaction products. In an ideal case, one monolayer of the first reactant is chemisorbed on the
substrate and this layer reacts with the second precursor pulsed onto the substrate, resulting in
the formation of a solid film(Nieminen et al., 2001a). In practice, a full monolayer growth per
cycle is not achieved due to the bulkiness of the precursors, but only a distinct fraction of a
monolayer is deposited during one cycle(Gourba et al., 2003). The deposition process is based
on alternating chemisorption of the precursors, surface reaction and desorption. ALD can be
used to deposit conformal and uniform thin films in a reproducible way. Thickness control of
the film by the number of deposition cycles is accurate and easy when the deposition is carried
out within certain temperature limit, i.e. the ‘ALD window’. ALD is a self-limiting deposition
process were the growth rate is independent of growth parameters such as temperature, vapor
pressure, precursor fluxes and pulse and purge times(Suntola, 1989; Niinistö et al., 1996). In
comparison with classic MOCVD, ALD has some advantages(Gourba et al., 2003). First of
all, gas phase reactions between the precursors are avoided. Secondly, the film thickness is
easily controllable by the number of reaction cycles. Thirdly, the ALD process can be carried
out at relatively low temperatures. The ALD process is especially suitable for applications
where exact control of the film thickness is needed or where deposition have to be performed
on uneven or porous substrates(Putkonen et al., 2002). In the past, the applications of ALD
have been mainly focused on binary systems, such as oxides or sulphides, but recently ternary
and quaternary systems are being investigated as well.

Atomic layer deposition has been used to obtain a variety of thin rare-earth binary oxide
films: Sc2O3 (Putkonen et al., 2001a), Y2O3 (Mölsä et al., 1994; Putkonen et al., 2001b),
La2O3 (Nieminen et al., 2001b)and CeO2 (Mölsä and Niinistö, 1994; Päiväsaari et al., 2002).
Typically, the [R(thd)3] complexes have been used as the precursor, except for CeO2, that
is prepared starting from [Ce(thd)4]. Rare-earth oxide thin films have several potential ap-
plications. The large dielectric constant makes CeO2 advantageous for stable capacitor de-
vices for large scale integration(Becht et al., 1993). CeO2 has a high refractive index and
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good transmittance in the visible part and near-infrared of the electromagnetic spectrum,
and it is therefore an interesting material for optical devices(McDevitt and Braun, 1964;
Wahid et al., 1992). It can also been used for a resistive type of oxygen sensor for combus-
tion gases(Fang et al., 2000). Potential applications of lanthanum oxide thin films include
dielectric layers in devices(Mahalingam et al., 1981)and protective coatings(Bonnet et al.,
1994).

Lanthanum sulfide, La2S3, thin films were grown by ALD, with [La(thd)3] and H2S as the
precursors(Kukli et al., 1998). The films grown below 400◦C were amorphous. At 500◦C
films of well-defined cubicγ -La2S3 could be deposited. However, the films contained a
significant amount of oxygen and carbon, probably originating from the [La(thd)3] precur-
sor. Upon annealing at 510–730◦C, the material reacted with residual oxygen in the bulk
of the film in lanthanum oxysulfide, La2O2S, and other oxysulfides were formed. Films of
lanthanum sulfide are of interest because of the wide transmission range in the infrared.
Cerium-doped strontium sulfide thin films are promising high-brightness blue phosphors for
thin film electroluminescent flat panel displays. The luminescence properties of this mater-
ial depend on the concentration, distribution and oxidation state of cerium in the SrS host
lattice and on the crystallinity of the thin films(Heikkinen et al., 1998). Only cerium(III)
is luminescent, not cerium(IV). In ALD deposition of SrS:Ce thin films, [Ce(thd)4] and
[Sr(thd)2] have been used as the precursors(Leskelä et al., 1991b; Heikkinen et al., 1998;
Niinistö, 1997). During the deposition process, cerium(IV) is reduced to cerium(III) by hy-
drogen sulfide. [Ce(thd)3(phen)] and [Ce(tpm)3] have also been used as the cerium precursor
(Leskelä et al., 1996). The electroluminescence properties were found to be dependent on
the cerium precursor used. Enhanced electroluminescence in comparison with [Ce(thd)4] was
obtained with [Ce(thd)3(phen)]. The luminescence color shifted towards the blue with the flu-
orinated precursor [Ce(tpm)3], but the luminance was poor and the growth rate of strontium
sulfide decreased. [Ce(thd)3(phen)] sublimed in two stages, which indicates a partial release
of the 1,10-phenanthroline adduct molecules during the sublimation process. Terbium-doped
calcium sulfide thin films were grown by ALD(Karpinska et al., 1995). The films showed a
bright green photoluminescence at room temperature.

Among the films of ternary compounds prepared by ALD are the ABO3 perovskite types of
LaCoO3 (Seim et al., 1997)and LaGaO3 (Nieminen et al., 2001a). These materials have po-
tential applications as electrodes, sensors, catalysts, superconductors and ferroelectrics. The
electric and magnetic properties of these perovskites can be controlled by changing the com-
bination of the metals A and B and by variation of the oxygen stoichiometry. In these studies,
[La(thd)3] is used as the lanthanum precursor and this compound is decomposed during the
ALD process by ozone.Haukka et al. (1997)studied the growth of mixed LaCeCuO ox-
ides on porous high surface area alumina by ALD. Films of YBa2Cu3O7 could be deposited
by ALD at 450◦C, which exhibited superconductivity after oxygen annealing(Mölsä, 1991;
Niinistö et al., 1996; Leskelä et al., 1993).

11.5. Fuel additives

Their high volatility and solubility in non-polar organic solvents make rare-earth com-
plexes suitable as fuel additive for combustion engines(Sievers and Sadlowski, 1978;
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Sievers and Wenzel, 1981; Hartle, 1977). The rare-earthβ-diketonates exhibit antiknock ac-
tivity and may promote combustion. Of the different rare-earthβ-diketonates studied, the
[R(thd)3] complexes exhibited the greatest antiknock activity(Sievers and Sadlowski, 1978).
Although the [Ce(thd)3] complex was found to be superior to every single pure [R(thd)3]
complex, a mixture of [R(thd)3] complexes performed equally well. This finding is impor-
tant because such a mixture can be prepared from mixed rare-earth oxides or even from a
cheap raw rare-earth ore. However, it was discovered that the [R(thd)3] complexes promote
the degradation of hydrocarbon fuel to such an extent that they are virtually useless as fuel ad-
ditives(Sievers and Wenzel, 1981). In order to overcome these problems, the newβ-diketone
2,2,7-trimethyl-3,5-octanedione, Htod, was designed and the corresponding [R(tod)3] com-
plexes were prepared(Sievers and Wenzel, 1981; Wenzel et al., 1985b). Besides the absence
of the undesirable side-effect of degradation of the hydrocarbon fuel, the [R(tod)3] complexes
have two additional advantages over [R(thd)3] complexes: their higher solubility in hydrocar-
bon solvents and the fact that the Htod ligand can be prepared from cheaper starting materials
(neopentanoic acid and methylisobutyl ketone). A typical additive concentrate contains 5 wt%
solutions of [R(tod)3] in xylene.

The fuel additives eliminate carbonaceous deposits from the walls of the combustion cham-
bers. These unwanted deposits reduce the volume of the combustion chamber, so that the en-
gine compression ratio increases, which in turn causes a proportional increase in the octane
number requirement of the engine. The deposits catalyze the combustion process with a result-
ing tendency to cause pre-ignition. Because of reduction of the heat transfer rate through the
cylinder walls by the deposits, the combustion temperature increases. Under these conditions
the engine exhibits a larger tendency to knock(Sievers and Wenzel, 1981). The rare-earth ox-
ides which are formed during the combustion of the rare-earth containing fuel additives may
act as high-surface catalysts dispersed in the combustion and exhaust system(Sievers and
Sadlowski, 1978). These rare-earth oxides catalyze the low-temperature oxidation of organic
compounds and the decomposition of nitrogen oxides, so that they reduce the emission of
harmful combustion products.

12. Solvent extraction

Solvent extraction is an important chemical separation process. A metal ion is extracted from
an aqueous phase to an immiscible organic phase by an extraction agents, which is often an
acidic organic compound such aβ-diketone. In the aqueous phase the extracting agent is de-
protonated and the deprotonated ligand forms a complex with the metal ions present in the
aqueous solution. When the complex is neutral, it is better soluble in the apolar organic phase
than in the aqueous solution, which causes the metal complex to be transferred from the aque-
ous to the organic phase. The organic phase is typically chloroform, dichloromethane, diethyl
ether, benzene toluene, cyclohexane or petroleum ether, but it can also consist in the pure
extracting agent. Thesynergistic effectin solvent extraction is the enhancement of the extrac-
tion of a metal ion with an acidic extracting agent by the addition of a neutral ligand(Mathur,
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1983). Examples of synergistic agents are tri-n-butylphosphate (tbp), tri-n-octylphosphine ox-
ide (topo), 1,10-phenanthroline (phen) or 2,2′-bipyridine. The synergistic effect is important
for the extraction of rare-earth ions. The mechanism of this effect is a better solubility of the
ternary rare-earth complexes of the extracting agent and the synergistic agents in comparison
with the hydrated complex formed when the extracting agent is present alone. The extraction
of rare-earth ions withβ-diketones has been intensively investigated in the 1950s, when this
process was of importance for the separation of fission products in the uranium fuel rods of
nuclear power plants.

Acetylacetone and benzoylacetone are not good reagents to extract trivalent rare-earth ions
from an aqueous to an organic phase in the absence of synergistic reagents(Brown et al., 1960;
Moeller et al., 1965). This is probably due to the fact that theseβ-diketones form hydrated
complexes with rare-earth ions, which are too hydrophilic to allow extraction into an apolar
organic phase. Because of the possibility to form water-free complexes with the rare-earth
ions, dipivaloylmethane (Hthd) is a much better extracting reagent(Sweet and Parlett, 1968).
The synergism in the extraction of trivalent rare-earth ions has been studied by many workers
(Healy, 1961a, 1961b; Yoshida, 1966; Scribner and Kotecki, 1965; Shigematsu et al., 1966,
1967, 1969b, 1970).

Fluorinated substituents have often been introduced into extractants. The acidity of the ex-
tracting agent is increased by the electron-withdrawing effect of the fluorinated group, and
the extracting agent can be used to extract metal ions from more acidic aqueous solutions.
For instance, the acid dissociation constant of acetylacetone (Hacac) is pKa = 8.82, whereas
the pKa value of 2-thenoyltrifluoroacetone (Htta) is 6.23. A popular ligand for the solvent ex-
traction of rare earths is 2-thenoyltrifluoroacetone (Htta). Therefore, metal ions are extractable
from aqueous solution at a lower pH with Htta than with Hacac. The fact that the fluorinatedβ-
diketonates can be used for extraction from acidic solution is of importance for the extraction
of metal ions that are easily hydrolyzed. 2-Thenoyltrifluoroacetone is a very popular extracting
agent, and was developed for the extraction of rare-earths from nuclear fuel wastes(Reid and
Calvin, 1950). It is either used alone(Poskanzer and Foreman, 1961; Alstad et al., 1974), or
in combination with various synergistic agents(Newman and Klotz, 1972; Bhatti et al., 1980;
Bhatti and Duyckaerts, 1983; Nakamura and Suzuki, 1986, 1988; Dukov, 1993; Dukov and
Jordanov, 1998, 1999). In the presence of quaternary ammonium ions Q+, the rare-earth
ions are extracted as Q+[R(tta)4]− species(Khopkar and Mathur, 1977; Genov et al., 1977;
Dukov and Genov, 1980, 1981; Noro and Sekine, 1993a, 1993b; Atanassova et al., 2002).
The hydration number of rare-earth complexes of 2-thenoyltrifluoroacetone obtained by ex-
traction into chloroform is about 3 from lanthanum(III) to holmium(III), and decreases
than steadily to 2.4 for lutetium(III)(Hasegawa et al., 1999). Desreux et al. (1978)investi-
gated the synergistic extraction of Eu3+ by Htta with1H-NMR. Otherβ-diketonates than 2-
thenoyltrifluoroacetone used for the extraction of rare-earth ions are hexafluoroacetylacetone,
benzoylacetone and pivaloyltrifluoroacetone(Nakamura and Suzuki, 1986; Le et al., 1997;
Matsubayashi and Hasegawa, 2001). Le et al. (1997)compared the extraction of the rare-earth
ions by benzoyltrifluoroacetone and theα-substitutedβ-diketone 4,4,4-trifluoro-3-methyl-1-
phenylbutane-1,3-dione. The authors found that rare earths were extracted at a lower pH with
benzoyltrifluoroacetone than with 4,4,4-trifluoro-3-methyl-1-phenylbutane-1,3-dione, due to
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Fig. 49. General formula of 1-aryl-3-methyl-4-acyl-5-pyrazolones in the keto form (left) and in the enol form (right).
X is an aromatic group and Y can be an aromatic or an aliphatic group.

Fig. 50. Structure of 1-phenyl-3-methyl-5-benzoyl-5-pyrazolone (Hpmbp) in the keto form.

the higher acidity of the former. However, the separation of the rare earths was better with
4,4,4-trifluoro-3-methyl-1-phenylbutane-1,3-dione, because of the smaller bite angle of this
ligand. Further research showed that the separability of the rare-earth ions is improved by
shorter O· · ·O distances in the metal complexes (i.e. a smaller bite angle)(Umetani et al.,
2000). If the β-diketone is modified by the introduction of bulky substituents at suitable po-
sitions to create a steric effect, the O· · ·O distances can be controlled and the separation can
be improved.Nakamura et al. (2002)investigated the synergistic extraction of rare earths
by 1-phenyl-3-isoheptyl-1,3-propanedione with 2,2′-bipyridine, 1,10-phenanthroline and 2,9-
dimethyl-1,10-phenanthroline.

The acylpyrazoles can be considered asα-substitutedβ-diketones. 1-Phenyl-3-methyl-4-
benzoyl-5-pyrazolone (Hpmbp) and other 1-aryl-3-methyl-4-acyl-5-pyrazolone are versatile
extraction reagents for rare-earth ions(Roy and Nag, 1978; Umitani et al., 1980; Sasayama
et al., 1983; Umetani and Freiser, 1987; Mukai et al., 1990, 1997, 2003)(figs. 49 and 50).
The pKa values of the 4-acyl-5-pyrazolones are between 2.5 and 4.0, so that these extractants
are more acidic than 2-thenoyltrifluoroacetone. Several authors have investigated the solvent
extraction of rare-earth ions with mixtures of acylpyrazolones and quaternary ammonium
salts(Sasaki and Freiser, 1983; Dukov and Genov, 1986). Umetani et al. (2000)investigated
the extraction of rare-earth ions with several 4-acyl-3-methyl-1-phenyl-5-pyrazolones, and
discussed the separability in terms of the O· · ·O distances. Bis(4-acylpyrazol-5-one) deriv-
atives are formed by linking two 4-acylpyrazol-5-one units by a polymethylene spacer of
varying length(Miyazaki et al., 1992)(fig. 51). The solvent extraction of scandium(III)
and yttrium(III) with these extracting agents has been investigated. 3-Phenyl-4-benzoyl-5-
isoxazolone is a highly acidic extracting agent (pKa = 1.23) (Jyothi and Rao, 1987, 1988,
1989, 1990)that can be used for the extraction of rare-earth ions(Le et al., 1993)(fig. 52).
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Fig. 51. Structure of bis(4-acylpyrazol-5-one) derivatives, with a polymethylene chain of varying length(Miyazaki
et al., 1992).

Fig. 52. Structure of 3-phenyl-4-benzoyl-5-isoxazolone in the keto form (left) and in the enol form (right).

Noro and Sekine (1992)noticed that the solvent extraction of Eu3+ with benzoyltrifluoroace-
tone into carbon tetrachloride was enhanced by the addition of bulky cations such as the tetra-
butylammonium ion. This was attributed to the fact that the tetrakis complex [Eu(btfac)4]− is
extracted as an ion pair with tetrabutylammonium, [Eu(btfac)4]−(C4H9)4N+, and that this ion
pair is more easily extracted than the tris complex [Eu(btfac)3]. Similar results were obtained
for the extraction of Pr3+ and Nd3+ with 2-thenoyltrifluoroacetone(Noro and Sekine, 1993a,
1993b).

Because of their lipophilic character and because they form adducts with anions, [R(fod)3]
complexes are used as carriers of anions in liquid membrane transport(Tsukube et al., 1996b).
The most efficient transport properties were found for the chloride ions.Ramkumar et al.
(1998)studied the transport of chloride and bromide ions through a Nafion 117 cation ex-
change membrane by [R(tta)3] complexes (R= Pr, Eu). Theβ-diketonate complexes were
immobilized by precipitation on the polymer membrane. Tsukube and coworkers(Tsukube
et al., 1996c, 1998, 2002; Tsukube and Shinoda, 2002)used tris complexes of fod for the
extraction of zwitterionic amino acids from an aqueous phase to a dichloromethane phase.
Good extractability was found for the hydrophobic amino acids phenylalanine, tryptophan,
leucine, valine and phenylglycine, whereas the hydrophilic amino acids glycine and alanine
were hardly extracted. The rare-earth ion is important in the extraction process, because of its
ability to expand its coordination sphere by adduct formation. [Cu(fod)2] is unable to transfer
the amino acids from the aqueous to the organic phase. The adducts of amino acids with the
rare-earth trisβ-diketonate complexes can be used to transport amino acids through a liquid
membrane consisting of dichloromethane. When a rare-earth complex of a chiralβ-diketone
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is used as the extracting agent, enantioselective extraction of amino acids is possible. Exam-
ples are the tris complexes of 3-(heptafluoropropylhydroxymethylene)-camphorate(Tsukube
et al., 1998). Whereas the extractability decreases with decreasing size of the rare-earth ion,
the enantioselectivity had the reversed order. The highest enantiomeric excess (49% ee) was
observed forL-glycine with ytterbium(III) tris[(3-heptafluoropropylhydroxymethylene)-(+)-
camphorate]. The type ofβ-diketonate has a pronounced effect on the enantioselective ex-
traction. Rare-earth complexes of 3-(trifluoromethylhydroxymethylene)-camphorates showed
only a modest enantiomer selectivity (<10% ee). The naturally occurring ionophore lasa-
locid enhances the extraction of [R(acac)3] complexes from an aqueous solution into a carbon
tetrachloride solution(Tsukube et al., 1996a). This effect was described as supramolecular
extraction based on a 1:1 complexation between lasalocid and the rare-earth complex.

13. Catalytic properties

Many organic reactions are catalyzed by Lewis acids. Typical examples are Friedel–Crafts
reactions (alkylations, acetylations), Fries rearrangement, Diels–Alder reactions, aldol reac-
tions, Michael reactions and epoxide ring openings(Yamamoto, 2000). The classic strong
Lewis acids such as AlCl3, FeCl3, SnCl4, TiCl4, or BF3 are very efficient catalysts, but are of-
ten so reactive that they are not compatible with sensitive functional groups and their chemos-
electivity is very low. Rare-earth salts have been used as mild Lewis acids in applications for
which the above mentioned strong Lewis acids are unsuitable. Very often the rare-earth tri-
flates, R(CF3SO3)3 have been applied as mild water-compatible Lewis acid catalysts. Several
excellent reviews have been published on this topic(Molander, 1989, 1992; Imamoto, 1994;
Kobayashi, 1994, 1999; Kobayashi et al., 2002). Because the tris(β-diketonato)lanthanide(III)
complexes that are being used as NMR shift reagents, and especially the compounds with
highly fluorinated ligands, are Lewis acids, it is not unrealistic to assume that these NMR
shift reagents can act as catalysts. Probably the first report of a reaction catalyzed by an NMR
shift reagent was the rearrangement of oxaspiropentane to cyclobutanone under the action of
[Eu(fod)3] (scheme 1) (Trost and Bogdanowicz, 1973a, 1973b).

Lanthanideβ-diketonates have been used as catalysts in Diels–Alder reactions. The first
example of a lanthanide-catalyzed cycloaddition was the dimerization of spiro[2.4]hepta-4,6-
diene by [Eu(tfn)3] (Morrill et al., 1975)(scheme 2). In the absence of the europium(III) com-
plex no dimerization took place. Because of the mild experimental conditions, this catalyst
has potential in Diels–Alder reactions where acid labile components are combined. An exam-
ple is the cycloaddition of cyclopentadiene with acrolein(Danishefsky and Bednarski, 1985).

Scheme 1.
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Scheme 2.

Scheme 3.

Scheme 4.

Most dienes react with acrolein at room temperature in 1–2 days. In most of the examples
studied, theendo-adduct was formed in excess. For instance, in the case of crotonaldehyde as
dienophile, theendo:exoratio was 10:1 (scheme 3).

Intense research on the use of NMR shift reagents as mild Lewis catalysts started after
Danishefsky reported that [Eu(fod)3] could catalyze hetero Diels–Alder reactions of the type
shown inscheme 4 (Bednarski and Danishefsky, 1983). Because of the high turnover rate,
small amounts of the catalyst (0.5 mol%) were sufficient to perform the reactions smoothly at
room temperature within 1–2 days. Heating has to be avoided because of the fragile character
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Scheme 5.

of both the reagents and the reaction products. Shortly afterwards, it has been shown that
[Yb(fod)3] could be used in this type of reactions as well(Danishefsky and Bednarski, 1984).
Probably because of the higher Lewis acidity of Yb3+, [Yb(fod)3] is a more active catalyst
than [Eu(fod)3].

In general, the [R(fod)3] complexes are efficient catalysts for promoting the cycloaddition
of electron-rich dienes with aldehydes. Many examples of Diels–Alder and hetero Diels–
Alder reactions where [R(fod)3] is used as the catalyst, have been reported in the literature
(Ruano et al., 2002; Wada et al., 1996; Dujardin et al., 1997, 1998, 2001; Bauer, 1996;
Bauer et al., 1996; Jarczuk and Jezewski, 1996; Helliwell et al., 1999). Other reactions cat-
alyzed by [R(fod)3] complexes include ene reactions(Deaton and Ciufoloni, 1997; Ciufolini
et al., 1997), 1,3-dipolar cycloadditions(Tamura et al., 1999), radical-mediated allylations
(Nagano and Kuno, 1994; Nagano et al., 1996), aldol reactions(Gu et al., 1992a, 1992b;
Terada et al., 1992; Mikami et al., 1991a), ring closure of vinylic epoxy alcohols(Oka et al.,
1997), rearrangement of allylic esters(Shull et al., 1996; Dai and Lee, 1999; Dai et al., 2000,
2001a, 2001b). Seven-, eight- and nine-membered cyclic ethers could be made by [Eu(fod)3]-
mediated reactions(Oka et al., 1997, 1998; Saitoh et al., 2003a, 2003b). [Eu(fod)3] can be a
valuable reagent for the synthesis of natural product, as shown bySaitoh et al. (2003b)for the
total synthesis of (+)-laurallene.

[Eu(dppm)3] is an efficient catalyst for the reaction of aldehydes orα,β-unsaturated alde-
hydes with ketene silyl acetals(Mikami et al., 1991b, 1993, 2002; Terada et al., 1994). Hdppm
is di(perfluoro-2-propoxypropionyl)methane. The [Eu(dppm)3] complex has a strong Lewis
acidity due to the highly fluorinated ligand. It was originally developed by Ishikawa and
coworkers(Kawa et al., 1982)as a chiral shift reagent (fig. 53).

Bednarski et al. (1983)were the first to report an example of asymmetric catalysis with
the chiral NMR shift reagent (+)-[Eu(hfbc)3] (scheme 5). The cyclocondensation reaction
exhibits a modest enantioselectivity for the l-isomer.

Anwander and coworkers(Gerstberger et al., 1999)immobilized rare-earth complexes on
the mesoporous silicate MCM-41 by first grafting [R{N(SiHMe2)2} 3(thf)x ] onto MCM-41,
followed by surface-confined ligand exchange with Hfod. This procedure yielded [MCM-
41]R(fod)x(thf)y (R = Sc, Y, La). The performance of this catalyst was tested in the hetero
Diels–Alder reaction between trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene and ben-
zaldehyde. A comparable activity was found for the yttrium(III) and scandium(III) com-
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Fig. 53. Structure of tris[di(perfluoro-2-propoxypropionyl)methanato]europium(III), [Eu(dppm)3].

plexes, whereas the activity of the lanthanum(III) complex was slightly lower. [MCM-
41]R(fod)x(thf)y was found to be a superior catalyst both to the homogeneous system
([R(fod)3] dissolved in a solvent) and to the material that was obtained by reaction be-
tween [Y(fod)3] and dehydrated MCM-41. The immobilized catalyst had a long term sta-
bility, although it was less reactive in the beginning of the reaction.Keller et al. (1997)
used polysiloxane-tetheredβ-diketonate complexes of praseodymium(III) and europium(III)
as catalysts for the Danishefsky-type Diels–Alder reactions.

14. Conclusions

During the last 50 years, hundreds, not to say thousands of research papers on rare-earth
β-diketonates have been published, and there is a strong evidence that these rare-earth coor-
dination compounds will remain popular in the near future. The rare-earthβ-diketonates are
excellent compounds to test theoretical models in the field of spectroscopy or photophysics.
Although the luminescent properties of these complexes have been explored to test their ap-
plicability in chelate lasers, organic light emitting diodes and planar optical waveguides, it is
very unlikely that the rare-earthβ-diketonate complexes will ever be used in real commercial
devices, because of their low photochemical stability. The rare-earthβ-diketonates are decom-
posed under the conditions required for materials processing (e.g. UV curing of polymers) or
under the operating conditions (e.g. UV pumping of chelate lasers). For stability reasons, it
is unlikely that OLEDs based on rare-earthβ-diketonates will find a commercial application,
in spite of the intense research efforts in this area. The rare-earthβ-diketonates were widely
used in the 1970s and 1980s as NMR shift reagents, but this application is now of minor
importance, because of the availability of high-field NMR spectrometers. The use of NMR
shift reagents is now largely restricted to specialty applications, such as determination of the
enantiomeric purity of chiral compounds. The rare-earthβ-diketonates are more likely to find
use in applications that are based on their volatility, such as reagents for chemical vapor de-
position. Here the low photochemical stability of the compounds is not a major issue, because
the β-diketonates are decomposed after deposition to oxides or other inorganic rare-earth
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compounds anyway. In luminescence application that don’t require a long term photochem-
ical stability of the compounds, the rare-earthβ-diketonates are useful. Examples of such
applications are fingerprint analysis or fluorimetric analysis (trace analysis of rare earths or
fluoroimmunoassay). Rare-earthβ-diketonates can be of further interest as mild Lewis acids
in for instance Diels–Alder reactions. It can be assumed that in this case [Pr(fod)3], [Eu(fod)3]
and especially [Yb(fod)3] will be used, because of the commercial availability of these com-
pounds as NMR shift reagents and because of their higher Lewis acidity in comparison with
otherβ-diketonate complexes.
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List of symbols and acronyms

acac acetylacetonato

(= 2,4-pentanedionato)

Ala alanine

ATP adenosine triphosphate

BINOL 1,1′-bi-2-naphthol

CD circular dichroism

CPL circularly polarized luminescence

CSR chiral shift reagent

cyclen 1,4,7,10-tetraazacyclododecane

EDTA ethylenediaminetetraacetic acid

ee enantiomeric excess

ESI electrospray ionization

LIS lanthanide induced shift

MRI magnetic resonance imaging

MS mass spectrometry

MTPA α-methoxy-α-

(trifluoromethyl)phenylacetic

acid

NIR near-infrared

NMR nuclear magnetic resonance

terpy 2,2′:6′2′′-terpyridine

1. Introduction

Rare earth metals possess characteristic 4f open-shell configurations and exhibit interesting
variability across the periodic series(Richardson, 1982; Alexander, 1995; Piguet and Bün-
zli, 1999; Kaltsoyannis, 1999). For example, the effective ionic radii of their trivalent states
range between 0.98 Å and 1.16 Å in the octa-coordinated complexes, and decrease in order
of atomic numbers(Shannon, 1976). Since the electron transfer ability, Lewis acidity, light-
emitting efficiency, and magnetic function of the rare earth cation systematically vary, we can
select the most suitable one and use it in the tailor-made synthesis of functional rare earth
materials. The trivalent rare earth cations are used as spectroscopic probes, because they have
similar coordination geometry and ionic radii to those of biologically active Ca2+ cation.
When they replace Ca2+ cations in biological systems, structural and environmental informa-
tion around the metal center can be spectroscopically read out.Salvadori et al. (1984)typically
employed Yb3+ ion to characterize the complex behaviors between rifamycin1 (scheme 1)
and Ca2+ ion. Several –OH groups in its chiral cyclic skeleton were demonstrated to coor-
dinate with the Ca2+ ion in a multidentate fashion.Messori et al. (1986)revealed that Yb3+

ion bound transferrin, iron carrier protein, up to a metal-to-protein ratio of 2:1, and concluded
that the two binding sites of the transferrin were indistinguishable or had comparable affini-
ties. Furthermore, luminescent materials, light converters(Sabbatini and Guardigli, 1993;
Parker, 2000; Kuriki et al., 2002), nuclear magnetic resonance (NMR) and magnetic reso-
nance imaging (MRI) reagents(Aime et al., 1998; Caravan et al., 1999), and organic and
biological catalysts(Imamoto, 1994; Komiyama et al., 1999; Molander and Romero, 2002;
Kobayashi et al., 2002)were developed from rare earth complexes, and successfully employed
in the fields of chemistry, biology, medicine and materials science.

This chapter describes unique molecular recognition properties of the rare earth com-
plexes as well as their applications in specific probing and sensing of the targeted sub-
strates. “Molecular recognition” is one of main subjects in all areas of molecular-based
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Scheme 1.

biology, physics, and chemistry. This has primarily been emphasized by natural products
such as proteins, nucleic acids, sugars, amino acids, hormones, and antibiotics, and also by
drugs, foods, and synthetic chemicals. When the rare-earth-containing receptor binds with
a particular substrate, specific interactions may occur in the inner and/or outer coordination
sphere. Since the resulting interactions often modify the complex characteristics, the pre-
cise information of the substrate can be read out by monitoring them(Miyake et al., 2001;
Tsukube and Shinoda, 2002).

Rare earth complexes have high coordination numbers and characteristic geometry which
are principally dependent on the natures of coordinating ligands, rare earth center, compet-
itive solvents, and outer sphere interactions. Most trivalent rare earth cations typically form
octa- or nona-coordinated complexes, in which mechanical distortions are usually required to
accommodate steric interactions. Since their coordination bonds have little or no directional-
ity, such steric constraints directly influence the complex structure and stability.Fukuda et al.
(2002)compared crystal structures of highly coordinated complexes including 13 kinds of rare
earth centers, with acetylacetonate and terpyridine ligands as well as additional nitrate anion
and water molecule (fig. 1). The nature of the metal ions significantly reflects the structures
of the highly coordinated complexes: (a) the largest La3+ cation gives a deca-coordinated
complex, [La(terpy)(acac)(NO3)2H2O] 2, which has four chelating ligands (tridentate terpy,
bidentate acac, and two NO−3 ) and one water molecule; (b) the smaller Pr3+ cation forms a
nona-coordinated complex, [Pr(terpy)(acac)(NO3)2H2O] 3, in which one NO−3 anion is mon-
odentate while the other one is bidentate; and (c) the Nd3+ and other smaller cations also
yield nona-coordinated complexes such as [Nd(terpy)(acac)(NO3)2] 4, but no water molecule
is bound to the metal ion. The coordination bonds involved in these rare earth complexes
have principally an ionic nature, and the spherical trivalent metal ions form kinetically labile
and stereochemically versatile complexes. Therefore, the designed rare earth metal complexes
meet the requirements for acting as selective receptors of external guest ligands.
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2 3 4

Size of metal center Large Medium Small
Coordination number 10 9 9
Ligand components 5 5 4

Fig. 1. Effect of the size of the rare earth ion on complexation behavior.

Fig. 2. Optical and magnetic sensing with rare earth complexes. Solid circle—very important, open circle—
important.

The rare earth complexes have potential not only in molecular recognition but also in sens-
ing and probing of the targeted substrates(Tsukube et al., 2002a). Fig. 2outlines applicability
of rare earth complexes in optical and magnetic sensing. They exhibit fascinating spectro-
scopic properties based on internal 4f→ 4f electronic transitions. Although their low tran-
sition probabilities require sensitization by the ligand to achieve intense luminescence, these
luminescent sensing materials have the crucial advantage of micro- to milli-second lifetimes.
Actually, several types of Nd3+, Eu3+, Tb3+, Er3+ and Yb3+ complexes have already been
used as luminescent tags for labeling biological substrates, in which efficient energy trans-
fer from chromophoric ligands to the metal ion occurs. Guest-responsive luminescent rare
earth complexes have recently been developed(Bruce et al., 2000; Gunnlaugsson et al., 2002;
Montalti et al., 2001). Both the intensity and splitting patterns of the observed emission
signals give detailed information on microenvironments around the excited rare earth ion.
Fig. 3 typically illustrates the chirality-responsive luminescence of Tb3+ tripodal complexes.
Two diastereomeric tris(2-pyridylmethyl)amine derivatives5 include a remarkable difference
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Fig. 3. Visual sensing of ligand chirality: non-luminescent Tb3+–(R,R)-5 complex; and luminescent Tb3+–(R,S)-5
complex. Reproduced, with permission, afterYamada et al. (2003).

Fig. 4. CD and CPL phenomena with rare earth complexes.

in Tb3+ luminescence intensity, which is large enough to be recognized by the naked eye
(Yamada et al., 2003). Although several organic fluorescent receptors have been developed as
optical sensing materials, these rare earth complexes can visually sense the precise molecular
information of the specific substrate via highly coordinated ternary complexes.

Chirooptical information from the rare earth complexes also gives deep insights into
the ligand coordination geometry, stereochemistry, electronic state, and other environment-
dependent parameters. Since chiral rare earth complexes exhibit circular dichroism (CD)
and/or circularly polarized luminescence (CPL) spectra (fig. 4), stereochemistry of the spe-
cific guest can be read out using three types of CD methods(Kuroda and Saito, 2000): (1) the
rare earth centers themselves exhibit CD spectra based on f–f transitions under chiral coordi-
nation environments (metal-based CD); (2) achiral, chromophoric ligands coordinating with
rare earth ions give intense CD signals upon complexation with polydentate chiral substrates
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(ligand-based CD); and (3) rare earth metal-based circularly polarized luminescence behaviors
are observed with some emissive rare earth complexes (metal-based CPL). In these processes,
the initial ligands should be carefully chosen and combined with suitable rare earth ions to
control the competitive coordinations of substrates, solvents, and other molecules. When a
racemic rare earth complex with highly chromophoric ligands is employed as a probe, di-
rect coordination of a chiral external substrate often induces intense ligand-based CD signals
(Nakanishi and Dillon, 1971; Tsukube and Shinoda, 2002). Several rare earth complexes fur-
ther present metal-based CD signals upon ternary complexation with chiral substrates, though
they are often too weak to be useful as sensors. The instruments for CPL measurements are
now commercially available, and a number of emissive Eu3+, Tb3+, and Dy3+ complexes
have been characterized as CPL probes.

Several rare earth complexes with a large number of unpaired 4f electrons and considerable
associated electronic magnetic moments are known to be effective NMR and MRI probes.
Although their theory and practical applications have been reviewed elsewhere(Aime et al.,
1998; Caravan et al., 1999), recent advances in this field are summarized below from the
stand-point of molecular recognition chemistry and sensing technology. A number of Pr3+,
Sm3+, Eu3+, Dy3+, and Yb3+ complexes are commercially available NMR shift reagents,
which provide spectral simplification and resolution enhancement. Since these shift reagents
give angular and distance information around the metal centers, they have further potential
as paramagnetic biological probes to gain structural information on amino acids, nucleotides,
and proteins. A series of Gd3+ complexes have received particular attention as MRI contrast
agents for medical imaging. Additional smart MRI contrast agents are currently required to
exhibit high sensitivity toward external stimuli such as pH andPO2, and intracellular concen-
trations of specific analytes.

In this chapter, we first overview basic coordination and molecular recognition chemistry
of rare earth complexes, and then detail their recent applications in sensing and probing
processes. There are many possibilities for their uses in optical and magnetic sensings of
the targeted substrates, but many difficulties nonetheless remain in the practical design of
such rare earth complexes. As described below, several multidentate macrocyclic and acyclic
chelators were successfully developed to generate structurally defined rare earth complexes.
Some of them exhibit characteristic molecular recognition profiles based on the formation of
highly coordinated ternary complexes, and also act as luminescence, CD, NMR, and MRI
sensors for specific guests.

2. Coordination chemistry and molecular recognition

2.1. Coordination and recognition of neutral substrates

When the rare earth cation is coordinatively unsaturated by the primary ligands, additional
neutral or anionic substrates coordinate onto the metal ion to form a highly coordinated
ternary complex.Fig. 5 schematically illustrates a complexation process in which europium
tris(2,2,6,6-tetramethyl-3,5-heptanedionate)6(Eu3+) binds two pyridine molecules to yield
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Fig. 5. Highly coordinated ternary complex between europium tris(β-diketonate)6 and two pyridine molecules.

Fig. 6. Stability constants of highly coordinated ternary complexes between rare earth tris(β-diketonates)7 and (S)-
2-amino-3-methyl-1-butanol. Redrawn, with permission, afterTsukube et al. (2001).

a highly coordinated species(Cramer and Seff, 1972; LaPlanche and Vanderkooi, 1983).
In this highly coordinated complex, the Eu3+ cation was electrically neutralized by three
β-diketonate anions and further bound two pyridine substrates to achieve octa-coordination.
Similar highly coordinated complexes were isolated, in which various nitrogen- and oxygen-
containing substrates were included. Since additional coordination of these external substrates
induces a geometrical rearrangement of the primaryβ-diketonate ligands in the inner coor-
dination sphere, the optical and magnetic properties of the rare earth tris(β-diketonates) vary
with the nature of the additional substrates. Therefore, this type of rare earth complexes have
a potential as effective receptors and sensing devices.

Tsukube et al. (2001)systematically determined logK values of the highly coordi-
nated ternary complexes between rare earth tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-
octanedionates)7 and 2-amino-3-methyl-1-butanol in CH3OH/CH2Cl2 (1/99) (fig. 6). The
logK values increase in the order Pr3+ < Eu3+ < Gd3+ < Dy3+ > Ho3+ > Yb3+, though
the ionic radii of the rare earth centers decrease in the order Pr3+ > Eu3+ > Gd3+ > Dy3+ >

Ho3+ > Yb3+. The smaller rare earth ions were confirmed to induce shorter and stronger
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coordination bonds with amino alcohols, but the resulting complexes have larger steric re-
pulsion between the amino alcohol and theβ-diketonate ligands.Yang and Brittain (1982)
reported similar stability constants between amino alcohols and europium tris(β-diketonates)
in CHCl3. Since this type of rare earth complexes exhibit much larger logK values for amino
alcohols than for the corresponding monoalcohol, monoamine, and diol substrates, they work
well as chemo-selective receptors for bidentate amino alcohols.

2.2. Coordination and recognition of charged substrates

Although there has been extensive development of various organic receptors to monitor the
targeted anions of biological, environmental, clinical, and industrial interests(Schmidtchen
and Berger, 1997; Beer and Gale, 2001; Wiskur et al., 2001), rare earth complexes were only
recently recognized as effective candidates for this purpose(Parker et al., 2002; Tsukube and
Shinoda, 2002). The rare earth tris(β-diketonates) typically have suitable features as selective
anion receptors: (1) several vacant coordination sites on the rare earth center are available for
external anionic species; (2) coordination and recognition of the external anion are modified
by an adequate combination of rare earth ion and primary ligand; and (3) stability, solubility,
and Lewis acidity are enhanced by use of fluorinated ligands.Table 1summarizes the stability
constants of highly coordinated ternary complexes between rare earth tris(β-diketonates)7
and four kinds of inorganic anions(Mahajan et al., 2003). Each rare earth complex forms
1:1 ternary complexes with several inorganic anions, and prefers the smaller (harder) Cl−

anion to the larger (softer) Br−, I− or ClO−
4 anions. TheK values for Cl− greatly depend

on the nature of the rare earth cation but exhibit a different trend from that of ionic radii:
K value, Pr3+ < Eu3+ ≈ Dy3+ > Yb3+; ionic radius of octa-coordinated rare earth ion
Pr3+ > Eu3+ > Dy3+ > Yb3+ (Shannon, 1976). As described in the case of bidentate amino

Table 1
Stability constants of highly coordinated ternary complexes between rare

earth tris(β-diketonates)7 and inorganic anions

Complex Stability constant (K (M−1)) in CDCl3

Cl− Br− I− CIO−
4

7 (Pr3+) [450] 79 ∗ 93
7 (Eu3+) 600 84 ∗ 52
7 (Dy3+) [610] 28 20 15
7 (Yb3+) [94] [11] 16 5

∗Too small to be determined. [ ]: partially insoluble.



MOLECULAR RECOGNITION AND SENSING VIA RARE EARTH COMPLEXES 281

Fig. 7. Potentiometric selectivity coefficients toward Cl− for ion-selective electrodes based on rare earth tris(β-
diketonates)7. (a = F−, b = Br−, c = I−, d = SCN−, e = OH−, f = HCO−

3 , g = CH3CO−
2 , h = NO−

3 ,

i = ClO−
4 , j = SO2−

4 ). Reproduced, with permission, afterMahajan et al. (2003).

alcohols, the smallest Yb3+ cation provides the largest steric repulsion betweenβ-diketonates
and the guest Cl− anion.

The rare earth tris(β-diketonates)7 also act as anion-selective electrode devices based on
characteristic anion coordination. When they are incorporated in poly(vinyl chloride) mem-
brane electrodes, near Nernstian responses are found for Cl− anion(Mahajan et al., 2003).
Fig. 7 indicates that the rare earth complex-based electrodes are highly selective towards
Cl− in comparison with F−, Br−, I−, SCN−, OH−, HCO−

3 , CH3CO−
2 , NO−

3 , ClO−
4 , and

SO2−
4 . Although Br−, I−, and SCN− anions compete with Cl− in the Pr3+, Dy3+, and

Yb3+ complexes, the Eu3+ complex gives satisfactorily high selectivity coefficients for Cl−:
pKCl,Br = −1.19 ≫ pKCl,I = −2.71 > pKCl,ClO4 = −2.94. The corresponding copper
bis(β-diketonate) exhibits extremely low electrode response and anion selectivity, indicating
that the rare earth complex offers unique anion-selective sensing at the water/polymer mem-
brane interface.

Trivalent rare earth cations form complexes with a series of hydroxycarboxylic acids and
amino acids in aqueous solutions, some of which are listed infig. 8. Earlier studies ofKatzin
(1968, 1969)revealed that these biological substrates effectively act as bidentate ligands to-
ward the rare earth cations. Rare earth complexes with multidentate chelators were recently
applied as receptors for zwitterionic amino acids of biological and artificial interests.Aime
et al. (2001a)characterized the complexation behaviors of zwitterionic amino acids with oc-
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Fig. 8. A series of water-soluble substrates for rare earth complexation.

Scheme 2.

tadentate cyclen8–Gd3+ complex (scheme 2) in aqueous media, and proposed that the –NH+
3

part of the amino acid guest interacts with the bound water molecule on the rare earth center.
The rare earth tris(β-diketonates)7 efficiently extract phenylalanine, tryptophan, leucine, and
phenylglycine from neutral aqueous solutions into organic media, though more hydrophilic
alanine and glycine are rarely extracted(Tsukube et al., 1996a, 1998). When the –CO−2 part
of the amino acid is directly coordinated to the neutral rare earth complex, the resulting an-
ionic species was thought to interact intramolecularly with the –NH+

3 function of the amino
acid. These rare earth tris(β-diketonates) further mediate transport of amino acids across bulk
liquid membranes(Tsukube et al., 1996b). The rare earth complex is an effective carrier un-
der neutral pH conditions, forming a highly coordinated ternary complex with amino acid on
one side of the membrane. The ternary complex moves across the membrane and releases the
guest amino acid into a receiving aqueous phase. In addition to oligopyridine derivatives and
β-diketonate ligands, polyaminocarboxylic acid ligands such as EDTA analogs were reported
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to form highly coordinated ternary complexes with rare earth ions and amino acids in aqueous
solutions(Kido et al., 1991). Therefore, rare earth complexes including multidentate ligands
act as effective receptors of charged substrates.

2.3. Coordination and recognition of chiral substrates

Chirality is an important information involved in many biological and artificial processes. Its
recognition requires that the receptor forms diastereomeric complexes with a pair of substrate
enantiomers, which have different structures and/or stability constants(Tsukube and Shinoda,
2000). Since the observed differences between the diastereomers are usually small, chiral
recognition is one of the most difficult tasks in molecular recognition chemistry and sensing
technology. The rare earth tris(β-diketonates) with chiral ligands9 achieve enantioselective
extraction of amino acids from neutral aqueous solution(Tsukube et al., 1996a, 1998). As
illustrated infig. 9, the extractability of tryptophan is dependent on the ionic radius, and de-
creases from Pr3+ or Eu3+ to Er3+ and then to Yb3+. The observed enantioselectivity has a
“reversed order”, and the highest enantioselectivity (49% ee) was recorded with Yb3+ com-
plex 9 for the most sterically crowded phenylglycine substrate. Although these rare earth
complexes usually have several stereoisomers in solution, the smaller rare earth ions provide
closer asymmetric interaction between the chiralβ-diketonate ligand and the amino acid sub-
strate, which results in an enhanced enantioselectivity in the extraction processes.Willner
et al. (1991)reported the enantiomer-selective transport of cationic amino acid ester salts, in
which the negatively charged ternary complexes between chiral europium tris(β-diketonate)
and inorganic anions act as carriers.

SinceBednarski and Danishefsky (1983)first reported the promoted hetero-Diels–Alder
reactions, several types of chiral rare earth complexes have been shown to exhibit dynamic

Fig. 9. Enantiomer-selective extraction of amino acids with chiral rare earth tris(β-diketonates)9. Redrawn, with
permission, afterMiyake et al. (2001).
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Scheme 3.

chiral recognition abilities in enantioselective catalysis such as cycloaddition, hydrogenation,
hydrosilylation, hydroamination, polymerization, and aldol reactions(Inanaga et al., 2002;
Aspinall, 2002). Shibasaki and Yoshikawa (2002)further developed the rare-earth-containing
multifunctional catalysts10(scheme 3), which show both Lewis acidity and Brönsted basicity,
and catalyze a variety of enantioselective transformations. Therefore, a rational design can add
both dynamic and static chiral recognition functions to the rare earth complexes.

3. Optical sensing via rare earth probes

3.1. Rare earth complexes for luminescence sensing

3.1.1. Introduction
Luminescence properties of rare earth complexes provide a useful methodology for detec-
tion and sensing of a targeted species. When a luminescent rare earth complex interacts with
the targeted guest, it acts as a signaling device responsive to the nature, concentration, and
reaction behavior of the guest. In addition to narrow and intense spectral shapes, rare earth
complexes generally feature long-lived luminescence signals at room temperature occurring
at constant wavelengths in the visible (Sm3+, Eu3+, Tb3+, and Dy3+) or near-IR spectral
ranges (Nd3+, Er3+, and Yb3+) (fig. 10). Since common organic fluorophores exhibit short-
lived emissions in variable spectral ranges, the rare earth complexes have practical advantages
not only as labeling reagents but also as sensing devices.

Since rare earth metals have spin-forbidden f–f transitions with very weak absorptivity,
there are two approaches to generate intense luminescence: (1) the use of intense light sources,
such as lasers, to directly excite the rare earth center and (2) the attachment of an appropriate
antenna chromophore to the ligands coordinated onto the rare earth center. The latter approach
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Fig. 10. Intense emission bands of trivalent rare earth ions. Reproduced, with permission, afterShinoda (2004).

Fig. 11. Luminescence processes in rare earth complexes. (1) excitation; (2) intersystem crossing; (3) energy transfer;
and (4) luminescence. Reproduced, with permission, afterShinoda (2004).

has more practical applications, because common fluorometers can record this type of lumi-
nescence spectra.Fig. 11illustrates the energy migration processes taking place in a rare earth
complex: excitation of the ligand chromophore, intersystem crossing, energy transfer, and rare
earth luminescence. When an organic ligand plays the role of a photo-antenna, the excitation
energy of the organic molecule is transferred from its triplet state to the rare earth center via an
electron exchange mechanism or via dipole moment coupling. The luminescence efficiency
is thus determined by several factors: (1) the efficiency of triplet state formation of the ligand
chromophore from its singlet excited state; (2) the efficiency of energy transfer from the triplet
state to the rare earth center; (3) the radiation efficiency of the rare earth complex; and (4) the
quenching efficiency by other species located in the environment of the metal ion.
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Among these four processes, the non-radiative quenching process from the excited to the
ground states of the rare earth ion is the most important factor in determining the luminescence
quantum yield. As the 4f electrons of the rare earth ion are shielded, the excited state can
live for a long period and return to the ground state by emitting light. Deactivation of the
excited state is often caused by energy transfer into the higher levels of vibrational modes that
energetically match the excited state of the rare earth ion. High frequency vibrations such as
O–H, N–H, and C–H stretchings are dominant in energy dissipation based on overlap with
Franck-Condon envelopes. The energy dissipation via molecular vibration competes with the
rare earth luminescence process. The lower the excited-state energy of rare earth ion, the more
efficient the energy dissipation process due to the larger Franck-Condon overlaps. Since water
and solvent molecules directly coordinating the rare earth center effectively quench its excited
states, nature of the coordinated species has great influence on the luminescence efficiency and
lifetime.

Several multidentate ligands yield thermodynamically stable rare earth complexes, in which
the metal centers are completely enclosed and significantly protected from solvation effects.
The octadentate cyclen derivatives are typical examples. They form quite stable and struc-
turally well-defined 1:1 complexes with rare earth ions, in which four cyclen nitrogen atoms
and four donor atoms on the sidearms cooperatively coordinate.Zucchi et al. (2002)pre-
pared tetraamide cyclens bearing aromatic chromophores11aand11b (scheme 4), and char-
acterized luminescence properties of their Sm3+, Eu3+, Tb3+, and Dy3+ complexes. These
rare earth complexes possess high quantum yields in aqueous solutions when phenacyl and
4-phenylphenacyl chromophores are excited: 23.1% for Tb3+–11a complex and 24.7% for
Eu3+–11b complex. The efficient energy conversion results from efficient intersystem cross-
ing in the chromophore as well as fast ligand-to-metal energy transfer.Charbonnière et al.
(2001)prepared a nonadentate ligand12 from 1,4,7-triazacyclononane and three 6-carboxyl-
2,2′-bipyridine units for luminescent Eu3+ complex. The crystal structure revealed that the
Eu3+ center is nona-coordinated and has no water nor solvent molecule in its inner coordina-
tion sphere. Its luminescence has a 1.85 ms lifetime in H2O with a quantum yield of 12% at
300 K. Other cage-type ligands give intensely luminescent rare earth complexes via effective
protection.Petoud et al. (2003)reported that multidentate ligand H3L (13) forms 2:1 com-
plexes [R(H2L)2]+ (R = Sm, Eu, Tb, and Dy) and intense luminescence spectra are observed
via ligand sensitization. Other authors prepared nona-coordinated complexes with tripodal lig-
and H3L (14), but its Eu3+ and Tb3+ complexes have modest luminescence quantum yields
in water (<1%) due to the low efficiency of the intersystem crossing process(Senegas et al.,
2003). Magennis et al. (2002)described highly luminescent Sm3+, Eu3+, Tb3+, and Dy3+

complexes with aryl-substituted imidodiphosphinate ligand15. The introduction of appro-
priate chromophoric sidearms in multidentate ligands generally leads to highly luminescent
rare earth complexes, and, in addition, such a simple ligand also forms solvent-free rare earth
complexes.

Luminescent rare earth complexes have been utilized as labeling agents of proteins and nu-
cleic acids for luminescent immunoassays and hybridization assays. Since Tb3+-dipicolinic
acid complex16 is highly luminescent, its conjugate with immunoglobulin works as a sen-
sitive luminescent probe in the immunoassay. Thanks to their long lifetimes allowing time-
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Scheme 4.
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resolved detection of the luminescence, rare earth complexes have great advantages of sen-
sitivity and detection limit over common organic fluorophores, thus, they provide prac-
tical alternatives to radioisotopes in labeling experiments. Recent examples of lumines-
cent labeling with rare earth complexes have been reviewed(Matsumoto and Yuan, 2003;
Turro et al., 2003).

Although Eu3+ and Tb3+ complexes generally exhibit intense luminescence at 10−5–
10−6 M concentration, practical sensory application requires that their luminescence changes
occur sensitively and selectively upon interaction with guest species and, also, that other ex-
isting species in the system do not perturb the luminescence process. Since the transition
probability and degeneracy strongly depend on the fine structure of the highly coordinated
complex, ligand-field splitting of the narrow emission bands, relative intensity, and other
luminescence properties of the rare earth complexes provide excellent indications of guest
recognition. Therefore, they can probe the microenvironments around the active sites of bio-
molecules as well as the concentration of biologically active species.

3.1.2. Luminescence sensing of neutral and anionic substrates
Recognition and sensing of anionic guests have been a spreading area in molecular recogni-
tion chemistry, material science, bioscience and related technology. Various anions including
DNAs, RNAs, proteins, and co-factors are significantly involved in biological processes. Sev-
eral receptors have recently been designed for the recognition of biologically relevant anions,
in which quaternary ammonium groups, metal complexes, and neutral hydrogen bond donor
groups bind anionic guests via electrostatic interactions. More recently, a series of rare earth
complexes have been pointed out as effective receptors for anion recognition(Tsukube and
Shinoda, 2002). Rare earth tris(β-diketonate) complexes7 typically form highly coordinated
complexes with anions as well as organic Lewis bases (see section2.2). NMR and MS spectro-
scopic characterizations revealed that one guest anion is bound to the rare earth complex and
forms a negatively charged ternary complex. When a solution of Eu3+ complex7 in CH3CN
is excited into theβ-diketonate absorption band, characteristic red luminescence signals are
seen at 593, 613, 652, and 700 nm(Mahajan et al., 2003). Addition of 3 equivalent Cl− anion
to this solution enhances the luminescence intensity at 613 nm by 2.0-fold, while Br−, I−,
or ClO−

4 anion only slightly increases the luminescence intensity. The observed selectivity on
luminescence clearly reflects the stability constants of highly coordinated complexes (table 1),
and indicates a hard anion preference of the rare-earth-containing receptor. Since the anion-
enhanced luminescence can be detectable by the naked eye (fig. 12), the rare earth complexes
are applicable in not only spectroscopic probing but also visual sensing of anions.

The series of neutral tripodal ligands17–22 were reported to form stable cationic com-
plexes with trivalent rare earth ions. Since they cannot wrap around large rare earth ions
completely, several coordination sites remain available on the rare earth center.Mazzanti
et al. (2002)reported crystal structures of rare earth complexes with tripodal ligands17
and 18 (fig. 13). Tris(2-pyridylmethyl)amine17 gives octa-coordinated complexes with
La3+ and Nd3+ ions including three halides and one neutral solvent molecule(Wietzke
et al., 1998, 2000). In contrast, this ligand forms hepta-coordinated complexes with Eu3+,
Tb3+, and Lu3+ ions, in which three chloride anions occupy the remaining sites(Wietzke
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Fig. 12. Visual sensing of Cl− anion with europium tris(β-diketonate)7. Reproduced, with permission, after
Mahajan et al. (2003).

Scheme 5.

et al., 1998). When tris[(2-pyrazinyl)methyl]amine18 was employed, an octa-coordinated
La3+ complex and a deca-coordinated Nd3+ complex were isolated(Wietzke et al., 1998;
Mazzanti et al., 2002). Yang, X.-P. et al. (2000, 2003)prepared 1:1 rare earth complexes with
tripodal ligands19and20(scheme 5). The coordination numbers of these complexes are inde-
pendent of the ionic radius but depend on the nature of the counter ions. The bidentate NO−

3
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Fig. 13. Crystal structures of 1:1 rare earth complexes with tripodal ligands17 and18. Redrawn, with permission,
afterWietzke et al. (1998, 2000)andMazzanti et al. (2002).
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anion give deca-coordinated complexes, [R(19 or 20)(NO3)3], while monodentate Cl− an-
ion gives octa-coordinated complexes, [R(19)Cl3(H2O)]. Wietzke et al. (1999)reported that
tripodal ligand21 bearing 2-benzimidazole rings preferentially forms 2:1 (L:M) rare earth
complexes with no coordinated anion due to strong intramolecularπ–π interactions. Further
combinations of tripodal ligands and rare earth cations provide wide variations in the anion
recognition and luminescence sensing processes.

When the tripodal17-Eu3+ and Tb3+ complexes are employed as luminescent anion recep-
tors, the coordinative guest anion easily occupies additional coordination site, and modifies
the overall shape of the luminescence spectra. Among F−, Cl−, Br−, I−, SCN−, NO−

3 , AcO−,
HSO−

4 , H2PO−
4 , and ClO−

4 anions, only Cl− and NO−
3 effectively enhanced the intensities of

Eu3+ and Tb3+ luminescence(Yamada et al., 2002, 2003). Formation of the highly coordi-
nated ternary complex between ligand17, the rare earth ion, and the external anion was con-
firmed by ESI MS method. The luminescence lifetimes of the ternary complexes are larger
than those of corresponding complexes without the added anions, suggesting that the quench-
ing process is suppressed by ternary complexation. The Eu3+ and Tb3+ complexes showed
different anion selectivities. The former showed the largest enhancement with NO−

3 and the
latter with Cl−. Methyl substituted tripods5 and 22 enhance the luminescence sensitivity
compared with simple tripod17, though they exhibit similar anion selectivity. The nature of
the ligand wrapped around the rare earth centers had great influence on anion coordination
and subsequent luminescence properties.

Charbonnière et al. (2002)prepared a multidentate ligand for luminescent rare earth com-
plexes23 (scheme 6) which includes bis(bipyridine) and phosphine-oxide units. The soft and
hard donors cooperatively coordinate to the rare earth center to form penta-coordinated com-
plexes, while the bipyridines also serves as good photo-antenna. Addition of 2 equivalents of
NO−

3 leads to 11-fold enhancement in europium luminescence and 7-fold enhancement in ter-
bium emission, while Cl−, F−, and AcO− generate much smaller effects. The authors pointed
out that the coordinative guest anion replaces the bipyridine unit, but the phosphine oxide unit
is still bound to the rare earth ion. The tetra-coordinated Eu3+ complex24 including soft ter-
pyridine and hard phosphine-oxide donors shows a 20-fold luminescence enhancement upon
addition of 3 equivalent of NO−3 (Prodi et al., 2003). Therefore, tetra- and penta-dentate lig-
ands are also useful in the design of luminescent rare earth complexes acting as anion-selective
sensory devices. A similar strategy can be applied in the design of luminescent anion receptors
effective in water.Mameri et al. (2004)prepared a heptadentate ligand leading to rare earth
complexes25. Since this ligand has enough coordinating atoms to protect the rare earth center
from hydration, ATP4− and HPO2−

4 anions were well-sensed in the neutral aqueous solution.
The formation of a ternary complex between ATP4− and the Eu3+ complex25 increases the
luminescence lifetime by replacing the bound water molecules, though the less effective en-
ergy transfer process decreases the luminescence intensity to 20% of its initial value.Best and
Anslyn (2003)combined an Eu3+ complex with quaternary ammonium cation units, and pre-
pared the hybrid anion receptor26. Since the Eu3+ center and additional cationic sites cooper-
atively bind 2,3-bisphosphoglycerate anion, this phosphate anion was detected by monitoring
the europium luminescence (fig. 14).
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Scheme 6.

A series of rare earth complexes with cyclen derivatives fitted pendant arms exhibit effec-
tive sensing abilities in water.Fig. 15illustrates the crystal structure of the27–Eu3+ complex
with an octadentate cyclen, in which one water molecule occupies the ninth coordination site
(Zucchi et al., 2001). The lifetime and NMR measurements confirmed that only one water
molecule is located in the first coordination sphere even in aqueous solution. In contrast, hep-
tadentate cyclen28 leaves two vacant sites on the rare earth center, and bidentate guest anions
are expected to occupy the two adjacent coordination sites. Therefore, cyclen derivatives can
be used to control the number of anion binding sites.

Dickins et al. (1998)reported that Eu3+ and Tb3+ complexes with heptadentate cyclen
28 sensed bicarbonate anion in neutral aqueous solution. Among F−, Cl−, Br−, I−, NO−

3 ,
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Fig. 14. Europium luminescence changes of hybrid receptor26upon addition of 2,3-bis(phosphoglycerate) anion in
50% MeOH/CH3CN. Reproduced, with permission, afterBest and Anslyn (2003).

Fig. 15. Rare earth complexes with octadentate cyclen27 and heptadentate cyclen28. Redrawn, with permission,
afterZucchi et al. (2001).
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Fig. 16. Crystal structures of highly coordinated ternary complexes between rare earth complexes of heptadentate
cyclen28and amino acid anions. Redrawn, with permission, afterDickins et al. (2004).

acetate, SO2−
4 , H2PO−

4 , citrate, and HCO−3 anions, HCO−3 decreased the hydration number
most efficiently and enhanced luminescence intensity, though lactate, citrate, and malonate
anions also provided bidentate coordination(Bruce et al., 2000). Since these bidentate guest
anions generate different bond lengths and bite angles, they probably provide different steric
hindrances and strains in the highly coordinated complexes.Dickins et al. (2002, 2004)fur-
ther applied Eu3+ and Yb3+ complexes with chiral cyclen28 to luminescence sensing of
amino acid anions. The crystal structures of ternary adducts between the Yb3+ complex and
amino acid anions (fig. 16) revealed that –NH2 and –CO−

2 groups of the amino acid cooper-
atively chelate and the two bound water molecules are replaced. Such bidentate coordination
effectively results in intense luminescence.

Gunnlaugsson et al. (2002, 2003a)reported effective luminescence sensing of aromatic
carboxylate guests using the Tb3+ complex with heptadentate cyclen29 (scheme 7). Re-
placement of the two coordinated water molecules with bidentate guest anion easily occurred.
Although the Tb3+ complex does not include intense chromophores, highly coordinated com-
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Scheme 7.

plexation promotes efficient energy transfer from the photo-excited guest anion to the Tb3+

center, and also suppresses the quenching process of the excited rare earth center by water
molecules. The ratio of Tb3+ luminescence intensities at several wavelengths significantly
depended on the nature of the bound aromatic anions, indicating that the symmetry of the
ligand field around the metal center is altered by the guest coordination.Terreno et al. (2003)
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prepared the Gd3+ and Yb3+ complexes30 and 31 as effective receptors forα-hydroxy-
carboxylates, andAtkinson et al. (2004)used the Eu3+ complex32 in the luminescence sens-
ing of phosphorylated glucose, serine, and tyrosine anions. These rare earth complexes have
structurally defined binding sites for anion recognition, and work as luminescent receptors
effective in water.

Neutral guest species can be similarly sensed by rare earth luminescence.Tsukube et al.
(2001)reported that amino alcohol derivatives formed highly coordinated 1:1 complexes with
europium tris(β-diketonate)7 in 1% MeOH/CH2Cl2 solution (fig. 6). The Eu3+ lumines-
cence observed at 611 nm was enhanced 2.2-fold upon addition of 10 equivalents of (S)- or
(R)-2-amino-1-ethanol, while corresponding diol, mono-alcohol, and mono-amine derivatives
induced no enhancement. A further application for sensing of biogenetic amines and catechol
amines can be envisaged.

3.1.3. Luminescence sensing of cationic substrates
Although proton and metal ions do not directly interact with the rare earth ions, they can
interact with the ligands in various ways, modifying the absorption bands, redox potentials,
energies of excited states, and ligand arrangements. Thus, overall luminescence profiles of
the rare earth complex including efficiencies of intersystem crossing, energy transfer, and
luminescence quenching processes are often sensitive to the external cationic species (fig. 17).

Rare earth complexes having both Lewis base and chromophoric moieties on the ligands
exhibited luminescence spectral changes upon protonation or metal complexation.Fig. 18
illustrates a typical example of a pH-responsive Eu3+ complex (33), in which the depro-
tonation of sidearm chromophores modifies the luminescence process(Lowe et al., 2001).
When the sulfonamide group on the cyclen sidearm is deprotonated, the resulting amide an-
ion strongly coordinates to the Eu3+ center. Since strong coordination from the sidearm anion
removes the bound water molecule and also brings the aromatic chromophore closer to the
metal center, the quantum yield of the europium luminescence is drastically enhanced. In
contrast, the protonated sidearm only weakly coordinated with the rare earth ion, and the
luminescence was switched off at acidic pH. When –CF3, –Me, and –OMe groups were sub-

Fig. 17. Cation binding effects on rare earth luminescence.
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Fig. 18. pH responsive rare earth complexes.

Scheme 8.

stituted at thepara-position of the phenyl ring, the apparent protonation constants (logKa)
were estimated as 5.7, 6.4, and 6.7, respectively. This means that the pH-responsive ranges
of these luminescent probes can be finely tuned by ligand architecture. The Eu3+ com-
plexes34 (Gunnlaugsson, 2001)and35 (Gunnlaugsson et al., 2001)exhibit pH-responsive
luminescence in a different fashion (scheme 8). Since the protonation of quinoline nitro-
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Fig. 19. Deprotonation and intramolecular acid-base pairing in Eu3+–36ccomplex system. Redrawn, with permis-
sion, afterWoods et al. (2003).

gen atom disturbs energy transfer processes, they act as pH probes. Sherry et al. success-
fully described another type of pH-responsive rare earth complex36 (Woods et al., 2003;
Woods and Sherry, 2003). When the cyclen36c – Eu3+ complex is employed, deprotona-
tion of the amide sidearm triggers structural changes and causes significant changes in the
europium luminescence patterns as shown infig. 19.

Incorporation of potential metal ion binding sites into the octadentate cyclen ligands results
in metal cation-specific luminescent probes.Gunnlaugsson and Leonard (2003)designed the
cyclen Tb3+ complex37 (scheme 9), in which a diaza-18-crown-6 ring was introduced on one
of the cyclen sidearms. This gave 40-fold enhancement of Tb3+ luminescence in the presence
of excess K+ cations, because the crown-bound K+ cation stabilizes the excited state of the
Tb3+ ion. The Eu3+ and Tb3+ complexes38are effective for sensing transition metal cations.
Luminescence intensity increases by 42% and 26% upon Zn2+ binding under extracellular
conditions(Reany et al., 2000). The Eu3+ complex39 shows reduced Eu3+ luminescence
intensity in the presence ofµM quantity of Cu2+, because this cation is strongly bound to
the appended phenanthroline ring and efficiently prevents energy transfer to the Eu3+ center
(Gunnlaugsson et al., 2003b).

3.1.4. Luminescence sensing of biological substrates
In addition to being luminescent molecular tags, several types of rare earth complexes exhibit
elaborate molecular recognition properties for biological substrates. A new class of DNA tar-
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Scheme 9.

geting reagents has been synthesized by introducing DNA intercalating units into luminescent
rare earth complexes.Govenlock et al. (1999)typically combined an octadentate cyclen-Eu3+

complex withN -methylphenanthridinium moiety (see40). �- and�-isomers of the Eu3+

complex40 (scheme 10) show different efficiencies in [(CG)6]2–phenanthroline intercalation
processes, though [(CG)6]2 is more strongly bound than [(AT)6]2. When Pd2+ porphyrinate
is linked to an Yb3+ cyclen complex(Beeby et al., 2000), the triplet quenching of the Pd2+

porphyrinate by the molecular oxygen is suppressed upon DNA binding. Thus, the Yb3+ com-
plex 41 exhibits DNA-responsive NIR luminescence signals.Glover et al. (2003)reported
hairpin-shaped Nd3+ complex42, in which two planar Pt2+ complexes act as strong DNA
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Scheme 10.



MOLECULAR RECOGNITION AND SENSING VIA RARE EARTH COMPLEXES 301

intercalators and also as effective sensitizers of Nd3+ NIR luminescence. Since the Nd3+

NIR luminescent rare earth complex has a long lifetime (670 ns) and is not perturbed by the
photoactive moieties of the targeted biomolecules and their environments, they provide an
effective methodology for sensing biological substrates.

3.2. Rare earth complexes for CD sensing

3.2.1. Introduction
Chirality provides crucial information not only in biological systems but also in industrial
processes. Several methods have been developed to determine the absolute configuration and
to characterize the stereochemical purity of a particular molecule, in which the interactions
between the chiral molecule and polarized light are read out. Circular dichroism (CD) spec-
troscopy is a well-established method, but limited to the measurement of chromophoric chiral
molecules. When non-chromophoric molecules are targeted, chromophoric probes should be
attached to amplify and transfer the chirality information of the target species. Some rare
earth complexes having chromophores were reported as effective CD probes that induced or
enhanced the CD signals upon highly coordinated complexation with the chiral targets. As
described above, they provide specific molecular recognition for chiral substrates, and the
chirality information of the bound species only can be sensed even in the presence of other
chiral species. In common chirality probing systems, the chromophores are covalently linked
with the chiral substrates. Since the covalent derivatization method usually requires labori-
ous procedures before and after CD measurements, the rare earth complexation method has
several advantages of facile procedures and high selectivity.

Rare earth complexes can offer three kinds of CD signals: ligand based CD; metal based
CD; and circularly polarized luminescence (CPL) (fig. 4). The two kinds of CD signals are
observed as the differences in absorption between left and right circularly polarized lights,
and reflect the chirality of the ground state. The CPL signal is an indication of the difference
in luminescence intensity between left and right circularly polarized light, and the chirality of
the excited state is characterized. When a chromophoric ligand is incorporated into a chiral
rare earth complex, intense ligand-based CD signals are often observed. In contrast, metal-
based CD or CPL measurements of rare earth complexes require highly concentrated sample
solutions, because their f–f transitions are forbidden. The observed signals consist of several
transitions arising from the 4f electronic configurations. Thus, the chirality information around
the metal center can be precisely analyzed by this method, in the case that one peak comes
from only one transition, such as the5D0 → 7F transition of Eu3+ (Riehl and Muller, 2005).
We discuss below CD and CPL probing profiles of various rare earth complexes. Based on rare
earth coordination chemistry, several strategies are successfully established for the chirality
sensing of amino acids, sugars, nucleic acids, and other biological substances.

3.2.2. Chirality sensing with ligand-based CD
Several types of rare earth complexes easily accommodate chiral substrates in their inner-
coordination spheres thanks to the high coordination number of the R3+ ions. When the rare
earth complex includes chromophoric ligands, it can act as an effective CD probe for chirality
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Fig. 20. Formation of CD active species via highly coordinated complexation (above) and CD chirality sensing of
phenylalanine with Gd3+ complex44 (below). Reproduced, with permission, afterTsukube and Shinoda (2002).

determination of the substrate (fig. 20). Since the complexation between the rare earth com-
plex and the chiral substrate results in asymmetric arrangements of the chromophoric ligands
around the rare earth center, the chiral substrate induces CD signals at the ligand absorption
bands, the sign of which is dependent on the substrate chirality.

Rare earth tris(β-diketonates) such as7 were used as effective CD probes for chiral bio-
logical substrates, even if they are CD silent. When they form highly coordinated complexes
with amino alcohols, the chiral bidentate amino alcohols are bound onto the metal center
and organize the diketonate ligands in an asymmetric fashion (fig. 6). Nakanishi and Dillon
(1971)andDillon and Nakanishi (1974)first employed rare earth tris(β-diketonate)6 to de-
termine the chirality of steroidal diols. Since the resulting highly coordinated complexes are
too thermodynamically unstable to obtain reproducible and reliable CD signals, the interac-
tion between theβ-diketonate ligand and the rare earth center had to be properly optimized.
Tsukube et al. (2001)successfully demonstrated that the use of fluorinatedβ-diketonate lig-
ands increased the stability of highly coordinated complexes and observed reproducible CD
spectra with much improved signal-to-noise ratios. The intensity of the CD signals induced
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Scheme 11.

at theβ-diketonate absorption bands correlated well with the ionic radius of the rare earth
ion: the smallest Yb3+ ion gives the most intense CD signals; and the bulky substituent in the
β-diketonate ligand also increases the CD intensity. Thus, the geometric match between the
β-diketonate and the guest species should be considered in designing CD probes of this type.

Rare earth porphyrinates have been developed as more sensitive CD probes for chiral amino
acids. The porphyrinates act as tetradentate ligands for rare earth metal ions and formed 1:1
complexes as well as sandwich-type 2:1 complexes. As the trivalent rare earth ion has larger
ionic radius than the cavity size of the porphyrin ring, the rare earth center locates above the
porphyrin plane and is coordinated by other anionic ligands and solvent molecules.Wong
et al. (1999)reported the crystal structure of cationic rare earth porphyrinates43 (scheme 11),
in which three water molecules directly coordinated to the Yb3+ centers while the Cl− an-
ion located outside the inner coordination sphere. When acetylacetonate was used as co-ligand
(see44), it coordinated in a bidentate fashion, but further coordination sites were still available
for accepting external guests. Since these rare earth porphyrinates exhibit strong absorptions
at their B bands (400–450 nm) and Q bands (550–600 nm), as observed with common por-
phyrin metal complexes, they act as highly sensitive CD probes.Tamiaki et al. (1997)and
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Scheme 12.

Tsukube et al. (1999)demonstrated that the series of Gd3+ porphyrinate complexes44 effi-
ciently extract chiral amino acids from neutral aqueous solutions into organic solutions. The
resulting organic phases include highly coordinated complexes and display characteristic CD
signals at the B and Q bands, though the employed complexes44are CD silent in the absence
of amino acids (fig. 20). Interestingly, the signs of the observed CD signals correlated well
with the configuration of the extracted amino acids, indicating that chirality information is
effectively amplified and detected by this type of CD probes. Some of the complexes44 also
extract dipeptides such as Ala–Ala and detect their chirality(Tamiaki et al., 2003). The signs
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Scheme 13.

of the CD signals observed at the B band are primarily determined by the stereochemistry of
C-terminal side amino acids, suggesting that the carboxylate group of the dipeptide strongly
coordinates to the Gd3+ center.

When two or more porphyrinate chromophores are bridged in an asymmetric fashion, the
chromophore absorption bands display an exciton coupled CD signal, and its sign provides
a good indication of the absolute configuration of the bridging chiral substrate.Kurtán et al.
(2001a, 2001b)andBorovkov et al. (2001)reported the flexible zinc porphyrin dimers45and
46 as CD probes for chiral diamine substrates (scheme 12). The two porphyrins are asym-
metrically positioned upon amine coordination and give intense CD signals in their B band
spectral ranges. When two rare earth porphyrinates are linked together, the resulting dimers
47and48simultaneously bind cystine and related polyions including two amino acid moieties
(Tsukube et al., 2002b). Adjustment of the spacer length of the porphyrinate dimer to fit the
binding sites of the targeted polyion allows precise discrimination between cystine and homo-
cystine. The formed ternary complexes give intense CD signals, the sign of which reflects the
absolute configuration of the bound polyion. Since their CD intensities were much higher than
those observed with the monomeric rare earth porphyrinate, the two rare earth porphyrinates
were suitably arranged in the dimer to give intense CD signals reflecting a supramolecular
chirality.

3.2.3. Chirality sensing with metal-based CD
The rare earth ions have many excited states and exhibit characteristic absorption bands in
the visible and near-infrared regions. Although they generally have low absorptivity and give
weak metal-based CD signals, the chiral environments around the metal centers can be sensed.
In particular, the f–f transition of the Yb3+ ion between the2F7/2 and2F5/2 levels is magnet-
ically allowed and generates a characteristic NIR luminescence band around 980 nm. Since
most organic compounds have no absorption in this spectral range, Yb3+ complexes act as
unique CD probes.Di Bari et al. (2000)reported the solution NIR CD spectrum of the chiral
Yb3+ complex49 (scheme 13). In such aC4 symmetric complex, the ground state (2F7/2) and
excited state (2F5/2) split into 4 and 3 doubly degenerated levels, respectively (fig. 21). The
energy differences between sub-levels in the ground state are so small that the higher levels
are sufficiently populated according to Boltzman distribution at room temperature, and thus
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Fig. 21. Electronic transitions of Yb3+ in a C4 symmetric complex. Redrawn, with permission, afterDi Bari et al.
(2000).

12 transitions take place around 980 nm. Indeed, complex49 exhibited several well-resolved
metal-based CD signals with different signs and amplitudes, which were good indications of
the fine complex structures.Di Bari et al. (2003)further discovered that the NIR CD spectra of
M3[Yb{( S)-binol}3] complexes10are very sensitive to the chiral coordination environments.

Lisowski et al. (2004)characterized macrocyclic Yb3+ complex50, in which two exter-
nal substrates locate on both sides of the macrocyclic plane. Since the intensity and shape
of its NIR CD signals were determined by the nature of axially coordinating anion, this
complex was are appropriate for anion sensing. The order of anion effects on the NIR CD
signals was confirmed to be PhSO−

3 < Cl− < NO−
3 < AcO− < phenylphosphate2−,

diphenylphosphate−. Because of the uncommon wavelength of the magnetically allowed f–f
transition, the structurally defined Yb3+ complexes are particularly promising NIR CD probes
for chemical and biological targets.

3.2.4. Chirality sensing with metal-based CPL
Metal-centered circularly polarized luminescence (CPL) can also be observed for rare earth
complex. Since the luminescence from a chiral rare earth complex is circularly polarized, the
chirality of the excited states can be determined. Most reported CPL studies have dealt with
luminescent Eu3+ and Tb3+ complexes. Racemic Tb3+ complex16 generates non-racemic
excited states upon interaction with chiral species. Its CPL signals are enantioselectively
quenched by biological vitamin B12 derivatives(Meskers and Dekkers, 2001), cytochromec
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Scheme 14.

(Meskers et al., 1998a), and blue copper proteins(Meskers et al., 1998b). The employed Tb3+

complex is trianionic, and the electrostatic interaction with positively charged protein surface
is significantly involved in their quenching processes. Since the replacement of amino acid
residues of the metalloproteins greatly modifies the quenching efficiency and enantioselectiv-
ity, local structures of the metalloprotein can be sensed by this type of CPL probes.

Maupin et al. (1998, 2000)applied chiral cyclen Yb3+ complexes51and52 (scheme 14) as
CPL probes. As described above (see section3.1.2), the nona-coordinated complex51 has a
helically twisted ligand arrangement, and shows high emission dissymmetry factors. Since its
helical twist angle is sensitively modified by the nature of the axially coordinated ligand, the
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guest-induced transition is monitored by CPL spectroscopy. A similar cyclen Yb3+ complex
based on the DNA intercalating unit52 gives an intense CPL spectrum and acts as a chirality
probe of DNA strands.

Rare earth complexes form highly coordinated ternary complexes with rapid ligand ex-
change, flexible conformation, and versatile stoichiometry. Since their CPL spectra give
unique information about their chirality, further advances in instrument technology and rare
earth complex chemistry will create more intelligent rare earth probes effective in life sciences
and materials technology.

4. Magnetic sensing via rare earth probes

4.1. Rare earth complexes for NMR sensing

4.1.1. Introduction
Since the trivalent rare earth metal cations have strong ionic characters and, except for La3+

and Lu3+, are paramagnetic, their complexes induce two types of “lanthanide-induced shifts”
(LIS) in NMR spectra: a “contact shift” resulting from the presence of unpaired electron
spin density at the resonating nucleus; and a “dipolar shift” caused by a dipolar interaction
between the electronic magnetic moment and the nuclear spin(Horrocks, 1970). Since the
anisotropic dipolar shift generally has a larger contribution than the isotropic shift, the dipo-
lar shift observed is proportional to the magnetic susceptibility anisotropy including two in-
dependent tensors,χ‖ andχ⊥. Fig. 22 shows the observed induced shifts forα-methylene
proton resonance ofn-hexanol (0.8 M) in the presence of rare earth tris(2,2,6,6-tetramethyl-
3,5-heptanedionate) complex6 (0.1 M) in CDCl3 (Horrocks and Sipe, 1971). Among the
early rare earth metals, Pr3+ complexes give the largest upfield shifts and Eu3+ complexes
provide the largest downfield shifts. Among the later rare earth metal complexes, the Dy3+

complexes cause the largest upfield shifts and Tm3+ complexes the largest downfield shifts.
Similar trends were confirmed for 4-picoline-N -oxide and 4-vinylpyridine. In the isostructural
series R(C2H5SO4)3·9H2O, the Pr3+, Nd3+, Sm3+, Dy3+, and Ho3+ salts haveχ‖ > χ⊥,
while the Er3+ and Yb3+ salts exhibit a reverse trendχ‖ < χ⊥. Thus, the relative tensor
size of the rare earth complex is important in determining the direction and amplitude of the
dipolar shift. Pr3+, Eu3+, and Yb3+ complexes have often been used as NMR shift reagents
because they induce large shifts without signal broadening(Forsberg, 1996). Although Gd3+

complexes severely broaden the signals due to seven singly occupied 4f-orbitals, some of
them were successfully employed in the MRI technique as described below.

Chiral NMR shift reagents (CSRs) have many practical applications in chemistry, biol-
ogy, medicine, and related fields. A pair of enantiomers exhibit markedly different biological
properties but provide the same chemical shifts in NMR measurements. Since the diastere-
omers have different chemical shifts(Wenzel and Wilcox, 2003; Jacobus and Raban, 1969;
Viswanathan and Toland, 1995; Parker, 1991), the chiral anions and cations have often been
mixed with pairs of enantiomers for signal separation(Jodry and Lacour, 2000). The effective
CSRs of rare earth metal complexes should have high stability in the presence of interfering
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Fig. 22. Shifts of the1H-NMR signal for theα-methylene proton ofn-hexanol induced by rare earth tris(β-
diketonates)6. Redrawn, with permission, afterHorrocks and Sipe (1971).

species and also binding sites available for coordination of external target substrate. When the
chiral rare earth complex forms a highly coordinated complex with a chiral substrate, the re-
sulting diastereomeric complex exhibits different chemical shifts from those of the stereoiso-
mers. This phenomenon has been widely applied in the determination of enantiomer excess
and/or assignment of absolute configuration of chiral substrates(Wenzel, 1987). Since com-
plexation of the chiral substrate does not involve any covalent bond, the substrate can be easily
recovered by column chromatographic or other separation techniques.

Table 2lists typical CSR reagents with Eu3+ ions which were used for the determination of
enantiomeric purity of several chiral organic substrates. Europium tris(β-diketonates)9, 53–
55 preferred oxygen- and nitrogen-containing biological substrates such as pheneturide56
(anticonvulsant)(Byrne and Rothchild, 1999), naproxen methyl ester57 (anti-inflammatory
agent)(Hanna and Lau-Cam, 1992), and chiral amines58 and 59 (McCreary et al., 1974;
Kawa et al., 1982). The Eu3+ complex54allows to distinguish the pairs of chiral ether60and
helical naphtho[9]annulenone61, the1H-NMR signals being well separated(McCreary et al.,
1974; Anastassiou and Hasan, 1982). Eu3+ complexes with chiral 1-(1-naphthyl)ethylureas62
are effective for NMR measurements of the chiral sulfoxides63 and64 as well as amine65,
alcohol66, and carboxylic acid67(Wenzel et al., 1997). Since most of rare earth CSRs operate
only in organic solvents, they are severely limited for targeting water-soluble substrates.



310 S. SHINODA et al.

Table 2
Typical chiral shift reagents containing Eu3+ ions and the substrates they resolve best

Complex/ligand Substrate Solvent

9: A = C3F7
53: A = CF3

56 57
CDCl3

54 58 60 61

C6D6
CDCl3
CCl4

55 59
CCl4

62

63 64 65
CDCl3

A = CH(CH3)2, CH2CH(CH3)2, C(CH3)3
66 67

This section focuses on recent advances in rare earth CSRs which allow chirality sens-
ing in aqueous solutions. Various substrates of biological and pharmaceutical importance are
known to exhibit chirality-dependent activities and functionalities in aqueous solutions. Be-
cause water and hydroxide provide particularly strong coordination with the rare earth center
in water, the targeted substrates should compete with the environmental water molecules in
the formation of highly coordinated ternary complexes with rare earth CSRs.

When the rare earth metal cation is unsaturatedly coordinated by the initial ligands,
the additional neutral or anionic substrate occupies the vacant sites of the metal ion to
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Fig. 23. External guest species yielding highly coordinated ternary complexes with rare earth tris(β-diketonates).

form a highly coordinated ternary complex, though water molecule and hydroxide an-
ion are particularly competing in aqueous media.Fig. 23 illustrates typical examples of
the external guest species for tris(β-diketonates) such as6, 7, and 9. These include two
water molecules(Phillips et al., 1968; Kooijman et al., 2000), imidazole (Wayda et al.,
1990), pyridine (Cramer and Seff, 1972), 2,2′-bipyridine (van Staveren et al., 2001; Batista
et al., 1998), 1,10-phenanthroline(Watson et al., 1972; Christidis et al., 1998), 2,2′:6′,2′′-
terpyridine(Holz and Thompson, 1988), polyether(Evans et al., 2002; Baxter et al., 1995),
phosphate(Petrov et al., 2002; Brittain, 1983), aliphatic amines(Brittain, 1979), alcohols
(Brittain and Richardson, 1976), acetone(Plakatouras et al., 1994), acetamide(Brittain,
1982), dimethylformamide(Cunningham and Sievers, 1980), and others(Wing et al., 1973;
Tsukuda et al., 2002). Some of the highly coordinated ternary complexes are stable and can be
isolated as crystals. The rare earth complexes with edta ligand have been also characterized.
Fig. 24compares two rare earth metal complexes, in which the metal cations are coordinated
by four carboxylate anions and two amine nitrogens of the edta ligand. Interestingly, the com-
plex with the larger Dy3+ ion has three additional water molecules(Nassimbeni et al., 1979)
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Fig. 24. Crystal structures of (a) [Dy(edta)(H2O)3]− and (b) [Yb(edta)(H2O)2]− complexes. Redrawn, with permis-
sion, afterNassimbeni et al. (1979)andSakagami et al. (1997).

and the complex with the smaller Yb3+ ion incorporates two water molecules(Sakagami et al.,
1997). Thus, a proper combination of primary ligand and rare earth ion allows the design of
effective CSRs having predetermined coordination numbers.

4.1.2. Chirality sensing in aqueous solutions
Reuben (1979, 1980)reported the first example of CSRs operating in aqueous media. The
enantiomeric methyl proton signals of the non-racemic mixture of lactate are separated in
the presence of EuCl3, indicating that the Eu3+ complex with the chiral lactate is formed
in situ and acts as an effective CSR. Since this pioneer work, several types of water-soluble
CSRs have been developed for detection of chiral, unprotectedα-amino acids without sig-
nal broadening.Kido et al. (1991)have successfully showed that an Eu3+ complex with
chiral polyaminocarboxylic acid68 (scheme 15) separates theα-proton signals ofL- or D-
phenylglycine. The stability constants of its highly coordinated ternary complexes were esti-
mated as 6.1 for theD-isomer and as 3.7 for theL-isomer at pH= 9.5. Their detailed structures
have not been determined, but the enantiomer-selective complexation resulted in a useful CSR
phenomenon. The cationic Yb3+ complex with chiral heptadentate ligand28was recently re-
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Scheme 15.

ported to resolve a pair of enantiomeric CH and CH3 resonances of lactate with large induced
shifts (��δ ∼ 10 ppm)(Dickins et al., 2001). As shown infig. 13, this type of cyclen-rare
earth complexes bind lactate and other bidentate substrates. Since the formation constants
of the highly coordinated ternary complexes with the two lactate enantiomers are almost the
same (logK = 3.7 in water for Eu3+–28complex)(Bruce et al., 2000), enantiomer-selectivity
in the thermodynamic sense is not always necessary for NMR chirality sensing.

Other rare earth metal complexes proved to be effective CSRs. The Eu3+ complexes with
chiral polyaminocarboxylic acid ligands69 (Peters et al., 1983)and70 (Kabuto and Sasaki,
1984, 1987, 1989, 1990; Kabuto et al., 1992)induce excellent separation of theα-H signals
of α-amino acids under weak acidic or weak alkaline aqueous conditions. The Eu3+ com-
plex with ligand70 was further used in enantiomer purity determination ofα-hydroxy car-
boxylic acids,α-methyl-α-amino acids, and aldonic acids. Although these Eu3+ complexes
with polyaminocarboxylic acid ligands68–70 work under acidic (pH= 3–5) or alkaline
(pH = 9–10) conditions, the Eu3+ complex with neutral polypyridine ligand71 is also effi-
cient in the case of unprotectedα-amino acids at neutral pH(Hazama et al., 1996). Its crystal
structure clearly indicates that it accommodates two chloride anions (fig. 25), which can be
easily replaced by bidentate substrates to give highly coordinated ternary complexes. This
resulted in theα-H signals of (S)-amino acids appearing at higher magnetic field than those
of the (R)-isomers. The Eu3+ complex with chiral diethylenetriamine-based ligand72 also
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Fig. 25. Crystal structure of [Eu(71)Cl2]+. Redrawn, with permission, afterHazama et al. (1996).

works as a CSR forα-amino acids and N-protected oligopeptide at neutral pH(Watanabe
et al., 2001).

The total charge of the rare earth metal complexes largely influences their CSR ability.
When Eu3+ complexes with polyaminocarboxylic acids68, 73, and74 are compared under
neutral pH conditions, the signal separation of isoleucine protons is apparently dependent on
the total charge of the CSRs: ligand68 having four COOH groups results in a broadening
of the signals of most protons; the complex with ligand73 having three COOH groups gives
slightly separatedα-CH andγ -CH3 proton signals; and the complex with ligand74 having
two COOH groups provided clearly separated signals for all protons. Since these three Eu3+

complexes have the same ligand chirality and high stability in water, both the structure and
charge of the employed rare earth metal complex should be considered in the design of CSRs
(Takemura et al., 2001).

4.1.3. Chirality sensing with hybrid probes
Grafting a receptor moiety onto rare earth metal complexes led to a new series of CSRs op-
erating in water. Dy3+ complexes with cyclodextrin derivatives75 (scheme 16) were syn-
thesized as hybrid-type CSRs in which the triaminotetracarboxylic acid moiety chelates the
rare earth ion while the chiral cyclodextrin accommodates aromatic compounds in its hy-
drophobic pocket(Wenzel et al., 1994, 2000). Wenzel et al. (2003)demonstrated that the
commercially available sulfonated and carboxymethylated cyclodextrins are effective CSRs
for water-soluble aromatic cations in the presence of Dy3+ or Yb3+. A crown ether deriv-
ative, which accommodates primary ammonium cations, also forms chelates with rare earth
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Scheme 16.

metal cations through itsβ-diol unit (see76). Its Yb3+ complex enhances the separation of
enantiomeric proton signals of several protonated primary amines(Wenzel et al., 2001).

4.1.4. Chirality sensing with dynamic probes
As mentioned above, some rare earth metal complexes with achiral ligands exist as racemic
mixtures in solution. Rare earth complexes such as30 and31 with heptadentate cyclens are
typically present as an equimolar mixture of�- and�-isomers according to the orientation
of the coordinating arms (fig. 26) (Terreno et al., 2003). When Yb3+ complex30b interacted
with (S)-α-hydroxylcarboxylate, each diastereomer exhibited different NMR chemical shifts,
and the absolute configuration of the substrate as well as the enantiomeric purity were de-
termined. The stability constantsK of the ternary adducts were determined for the Gd3+

complex30b. (S)-Tartrate [(HO)CH{CH(OH)CO−2 }CO−
2 ] exhibited largerK value (3000)

than (S)-lactate [(HO)CH(CH3)CO−
2 ] (1500), (S)-malate [(HO)CH(CH2CO−

2 )CO−
2 ] (500),

and (S)-trifluorolactate [(HO)CH(CF3)CO−
2 ] anions (90) at neutral pH. In the1H-NMR ex-

periments with30b, the more efficient tartrate anion preferred one predominant isomer to the
other, while lactate gave a mixture of two diastereomeric ternary complexes.

4.1.5. Chirality sensing with high resolution NMR spectrometers
High resolution NMR spectrometers often cause serious line broadening with common Pr3+-,
Eu3+-, and Yb3+-containing CSRs. To overcome this problem, other rare earth ions have
been incorporated in CSRs, which are less paramagnetic. Kabuto et al. reported that Sm3+

and La3+ complexes with ligands70 and71 separate the enantiomer resonances ofα-amino
acids without signal broadening(Sato et al., 1999; Inamoto et al., 2000). As shown infig. 27,
the Sm3+ complex with70 completely separates a pair of enantiomer signals of asparagine
with sharp line shapes, though its Eu3+ complex causes serious signal broadening. This Sm3+

complex induces well-separated1H-NMR signals for 15 kinds ofα-amino acids, though shifts
are inverted compared with those induced by the corresponding Eu3+ complex (seefig. 22).

Kabuto et al. successfully modified Mosher’s method to determine the absolute configura-
tion of chiral organic compounds with diamagnetic lanthanum tris(β-diketonate)77 (Omata
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Fig. 26. Diastereomeric complexes between (S)-α-hydroxycarboxylate with30b(Yb3+) complex.

et al., 2002). To determine the configuration of secondary alcohols or primary amines, (R)-
and (S)-MTPA chloride (MTPA= α-methoxy-α-(trifluoromethyl)phenylacetic acid) were re-
acted with substrates to yield pairs of diastereomers. Since the proton of the L1 or L2 group
is shielded by the phenyl ring (seefig. 28), the chemical shift difference (�δ = δS − δR) of
L1 between (R)- and (S)-derivatives is positive and that of L2 is negative(Dale and Mosher,
1973). When La3+ complex77 was added, the bidentate chelation of methoxy oxygen and
carbonyl oxygen to the La3+ center inverted the relative position of L1 and L2 groups with re-
spect to the phenyl ring. As a result, the relative positions of diastereomeric signals of MTPA
derivatives became inverted, compared with those obtained by the common Mosher’s method.
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Fig. 27. 1H-NMR (400 MHz) signals forα-CH group of asparagine (D/L = 1/2) in D2O: (A) [Sm–70]/[asparagine]
= 0.10, pH= 9.3; (B) [Eu–70]/[asparagine]= 0.02, pH= 8.9; (C) no shift reagent, pH= 9.3. Reproduced, with

permission, afterInamoto et al. (2000).

Several types of CSRs effective in aqueous or other polar media have been successfully
developed. Since their coordination chemistry was often not investigated in detail, further
characterization of their host-guest behavior with CD, CPL, luminescence and other spectro-
scopic methods would be useful to help more accurate design of new CSRs for biological
substrates.

4.2. Rare earth complexes for MRI sensing

4.2.1. Introduction
Magnetic resonance imaging (MRI) is one of the most effective NMR techniques in the clin-
ical field (Caravan et al., 1999; Tóth et al., 2004), which provides important information on
damaged tissues in the living body. The resonance of water proton exhibits spin–lattice (lon-
gitudinal) relaxation time (T1) and spin–spin (transverse) relaxation time (T2) which depend
on pH, temperature, and properties of their microenvironments(Lauffer, 1987). Many kinds
of Gd3+ complexes have already been employed as effective MRI contrast agents, because the
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Fig. 28. Configurational correlation models for (R)- and (S)-MTPA derivatives. Redrawn, with permission, after
Dale and Mosher (1973).
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Gd3+ center contains seven unpaired electrons, binds a considerable number of water mole-
cules, and rapidly exchanges them with bulk water molecules. Practical MRI contrast agents
should have (1) high solubility in neutral aqueous media, (2) high thermodynamic and kinetic
stability under physiological conditions, (3) non-toxicity, (4) fast excretion, and (5) tissue
selectivity.

Gd3+ complexes with macrocyclic and acyclic polyaminocarboxylic acid ligands78–80, 8
are typical MRI contrast agents(Caravan et al., 1999). Although they effectively encapsulate
the Gd3+ cation and form stable complexes in water (logK = 16–25), their metal centers have
free coordination sites for water molecules and their unpaired electrons reduce the relaxation
times T1 and T2 (fig. 29) (Ruloff et al., 1998; Aukrust et al., 2001; Dubost et al., 1991; Kumar
et al., 1994). The exchange processes of the coordinated water molecules (inner-sphere water)
and hydrogen-bonded water molecules (2nd-sphere water) with bulk water molecules have a
significant influence on the reduction of the relaxation times (fig. 30). Therefore, the structural
and electronic factors of the Gd3+ complex should be controlled to attain dynamic water
exchange.

When polyaminocarboxylic acid ligands81a and 81b (scheme 17) form Gd3+ com-
plexes, the chiral centers are induced on central nitrogen atoms besides chiral carbon cen-
ters. The resulting diastereomeric Gd3+ complexes exhibited different water exchange rates:
(1.4±0.1)×108 s−1 and (2.6±0.2)×108 s−1 for Gd3+–81acomplex;(1.8±0.1)×108 s−1

and(4.4±0.2)×108 s−1 for Gd3+–81bcomplex(Burai et al., 2003). In addition to the asym-
metry perturbations, other structural factors significantly influence the cation–water binding
interaction. Typically, the Gd3+ complexes82 and83 exhibit markedly different water co-
ordination modes, though both include octadentate cyclen ligands. The Gd3+ complex82
possessing a 7-membered chelate ring binds one water molecule which is easily exchanged
with bulk water molecules (1.1 × 108 s−1). On the other hand, no inner-sphere water mole-
cule coordinates to Gd3+ in complex83 including an 8-membered chelate ring(Congreve
et al., 2004). Water exchange phenomena are also controlled by the steric crowding around
the Gd3+ centers. Comparing macrocyclic ligands80, 84, and85, we note that the former
two yield monohydrated Gd3+ complexes with water exchange rates of 0.04 × 108 s−1 and
2.7× 108 s−1. In contrast, the Gd3+ complex with the latter ligand had no inner-sphere water
molecule. Preliminary X-ray structural study of the Gd3+–84 complex suggested that high
steric crowding of the carboxylate side arms destabilizes water coordination and facilitates
the water exchange process(Ruloff et al., 2002).

In addition to the common MRI contrast agents, other types of smart Gd3+ complexes
were recently developed which exhibited new sensing functions. Some of them worked as
responsive MRI reagents to pH (= − log[H+]), PO2 (partial oxygen pressure), pCa2+ (=
− log[Ca2+]), and other environmental factors. This section highlights recent advances in
such intelligent Gd3+ complexes, although the practical significance of various MRI reagents
has already been reviewed(Aime et al., 2003).

4.2.2. pH-sensing
There are several different exchange systems in biological cells such as H+/HCO−

3 ,
Cl−/HCO−

3 , and the ATP-dependent H+ pump. It is particularly noteworthy that pH in tu-
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Fig. 29. Crystal structures and thermodynamic stabilities of Gd3+ complexes with ligands8, 78–80. Redrawn, with
permission, after the cited references.
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Fig. 30. Water molecules around the Gd3+ ion.

mors is generally more acidic than in regular tissues(Tannock and Rotin, 1989), suggesting
that the production of lactic acid and the hydrolysis of ATP occurs rapidly in hypoxic regions
of tumors. Since microelectrodes are not available for in vivo pH measurements, a new series
of MRI reagents sensitive to pH differences is needed.

As described above for complex28, rare earth complexes with derivatized cyclen ligands
are amenable to binding by hydrogen carbonate and other bidentate anions. When the Gd3+

complex with chiral heptadentate cyclen86 (scheme 17) was used as an MRI probe(Dickins
et al., 1998), the two bound water molecules were replaced by bidentate hydrogen carbonate
anion (HCO−

3 ) at higher pH. Thus, this Gd3+ complex has water proton relaxivity which is
responsive to the pH of the system(Aime et al., 1999a).

The relaxivity of Gd3+ complexes is also determined by the molecular reorientation time,
and their pH-dependent mobility can be monitored by MRI. For example, polylysine and
polyornithine exhibit pH-dependent conformational changes: highly flexible structures at low
pH due to the repulsion among protonated amino groups; and rigid structures at high pH via
intramolecular hydrogen bond formation. The relaxivity value of the Gd3+ complex with
polyornithine-functionalized cyclen87 (scheme 18) largely changes in the pH range 4–8
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Scheme 17.

(Aime et al., 1999b). The Gd3+ complex with cyclen-based surfactant88 also showed pH-
responsive relaxivity around pH 6–8, because its deprotonated form aggregated, resulting in
an enhancement of the water proton relaxivity(Hovland et al., 2001).

Sherry et al. successfully proposed another type of pH-responsive MRI contrast agent with
a Gd3+ complex with cyclen36cpossessing hydroxylpyridyl substituents (seefig. 19) (Woods
et al., 2003). This complex exhibits a small relaxivity enhancement (25%) at pH 2–4 where
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Scheme 18.

prototropic exchange of the coordinated water molecules occurs. On the other hand, deproto-
nation of the amide sidearm results in the formation of intramolecular acid-base pair interac-
tion and a larger enhancement (84%) is observed at pH 6–9.

4.2.3. O2-sensing
Since partial oxygen pressure,PO2, is one of the important reporters of the biological envi-
ronments, thePO2-responsive MRI contrast agents are effective in image separation of arterial
and venous blood and the detection of tumors and related pathological states. Some redox-
active transition metal complexes have been employed for this purpose, in which the number
of unpaired electrons is coupled with the redox state of the metal center.Aime et al. (2000)
typically proposed the Mn2+/Mn3+ porphyrin complex89(scheme 18). Since the Mn2+ com-
plex is completely oxidized in presence of over 40 Torr of O2, the resulting Mn3+ com-
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Fig. 31. Ca2+ binding of Gd3+–91 complex. Redrawn, with permission, afterLi et al. (1999).

plex dramatically decreases the water proton relaxation rate. Eu2+/Eu3+ redox systems simi-
larly act asPO2-responsive MRI contrast agents. The Eu2+ (reduced) state, isoelectronic with
Gd3+, enhances relaxivity, while the Eu3+ (oxidized) state shows poor relaxivity. Cryptand
[2.2.2] 90 (scheme 18) forms an Eu2+ complex exhibiting several interesting features as a
PO2-responsive MRI contrast agent: (1) relative stability against oxidation; (2) high proton
relaxivity due to rapid water exchange; and (3) slow electron spin relaxation(Burai et al.,
2002). The rare earth complexes react with O2 and act as high-contrast MRI agents highly
sensitive to partial oxygen pressure.

4.2.4. Sensing of metal cations
Several kinds of metal cations regulate signal transduction, cellular processes, and related bi-
ological processes. Since their concentrations and distributions in the living tissues are impor-
tant indicators of disease states, metal-cation-sensitive MRI contrast agents are currently the
focus of attention.Li et al. (1999)reported that Ca2+-sensitive Gd3+ complex91 modulates
the relaxivity depending on the Ca2+ concentration (fig. 31). When Ca2+ is added, a trimetal-
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Fig. 32. Zn2+ binding of Gd3+–92 complex. Redrawn, with permission, afterHanaoka et al. (2001).

lic complex forms which exhibits an increased proton relaxation rate of approximately 80%.
Nagano and his colleagues designed Gd3+ complex92as a Zn2+-sensitive MRI contrast agent
(Hanaoka et al., 2001, 2002). BecauseN,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine
ligand prefers Zn2+ to Ca2+ and Mg2+ cations, the Gd3+ complex92exhibits Zn2+-sensitive
water proton relaxivity (fig. 32).

4.2.5. Temperature sensing
The temperature in the living cell has a large influence on the metabolic activity of an
organism. Some rare earth complexes have been developed as in vivo thermometers, be-
cause both of contact and pseudo-contact shifts vary with the local temperature. The Pr3+

complex with cyclen93 (scheme 19) is the first example of an in vivo NMR thermome-
ter based on a rare earth complex(Roth et al., 1996). The methoxy signal of the lig-
and sidearm did not broaden and sensitively shifted in vivo, upon raising the body tem-
perature of a rat by a few degrees. Tm3+ complexes with cyclens94 and 95 also exhib-
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Scheme 19.

ited 1H- and 31P-NMR chemical shifts highly sensitive to temperature(Zuo et al., 1998;
Rohovec et al., 1999). Because these two complexes have different hydrophobicity, they pos-
sess different biodistributions. Linear correlations between1H-/31P-NMR chemical shifts and
physiological environmental temperatures were consequently established.

4.2.6. MRI sensing with supramolecular probes
Gd3+ complexes with dendrimers and other macromolecular ligands are expected to have
large water proton relaxivity because of large rotational correlation time. They have long re-
tention times in blood, in contrast to common Gd3+ complexes, and allow the recording of
high-contrast images of blood vessels.Bryant, Jr. et al. (1999)prepared several generations
of dendrimers with octadentate cyclen–Gd3+ complexes96 (fig. 33). Total water proton re-
laxivity r1 of the dendrimer complex increases from 2880 to 66 960 mM−1 s−1 from the 5th

generation to the 10th generation. However, relaxivity values per Gd3+ ion of the high gen-
eration dendrimers are saturated at 36 mM−1 s−1. Since lower generation dendrimer-Gd3+

complexes are more quickly excreted by the kidneys, MRI agents of smaller dendrimers97
have been synthesized and their pharmacokinetics, whole-body retention and dynamics have
been evaluated in the mice system(Kobayashi et al., 2003).

Some Gd3+ complexes display high water proton relaxivity upon non-covalent interaction
with poly-β-cyclodextrins. For instance, the relaxivity of the Gd3+–98 complex increases
from 10 mM−1 s−1 to 61 mM−1 s−1 by addition of poly-β-cyclodextrin (15 kDa). Since ben-
zyl groups of the Gd3+ complex are included in theβ-cyclodextrin cavities, the interlocked
polymeric aggregates form in the water. This enhanced the water exchange contribution of the
2nd coordination sphere(Aime et al., 2001b).

Endohedral metallofullerenes were presented as a new family of Gd3+ complexes, in which
Gd3+ cations are nicely encapsulated inside fullerene cages. Since the Gd3+ cation is pro-
tected from chemical attack, the Gd3+–fullerenes are chemically stable and less toxic(Wilson,
1999). Water-soluble Gd3+ endohedral metallofullerene99 (scheme 20), was characterized as
an MRI contrast agent(Kato et al., 2003). Its water proton relaxivityr1 was estimated as being
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Fig. 33. Ethylenediamine-core polyamidoamine-dendrimers96 and97. Redrawn, with permission, afterKobayashi
et al. (2003).

Scheme 20.
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Scheme 21.

73 mM−1 s−1 (0.47 T, 19◦C) which is more than 17-fold longer than that of the common Gd3+

complex with polyaminocarboxylic acid78. An intense signal was detected in in vivo MRI
experiments imaging lung, liver, spleen, and kidney of mice after intravenous administration.
The water-soluble carboxylated Gd3+–fullerene100, Gd@C60[C(CO2H)2]10, has a compara-
ble water proton relaxivity (4.6 mM−1 s−1 at 20 MHz and 40◦C) to Gd3+–78 (Bolskar et al.,
2003). Although both Gd3+ complexes have similar biodistributions, complex100depresses
excess reticuloendothelial uptake as seen for other polyhydroxylated fullerenes. In these met-
allofullerene systems, the bulk water molecules do not directly coordinate to the Gd3+ centers
shielded by the fullerene cages, but hydrogen bonds with the paramagnetic (s = 1/2) met-
allofullerene surfaces induce short relaxation times of the bulk water protons.

4.2.7. Sensing of natural supramolecules
Since Gd3+–78complex is typically distributed in the extracellular water space of the body af-
ter intravenous administration, specific binding sites for a given protein were introduced into
rare earth complexes to develop tissue-selective MRI reagents(Aime et al., 1998). Meares
and Wensel (1984)prepared the bleomycin A2 conjugated EDTA complex, which is effec-
tive for the diagnosis and treatment of cancer. Such a large molecular weight Gd3+ com-
plex generally induces a pronounced enhancement of the relaxivity, due to a decrease in
the molecular tumbling rate. One successful example is the Gd3+ complex with ligand101
(scheme 21) which includes chiral polyaminocarboxylate and 4-ethoxybenzyl groups. Since
this complex is specifically uptaken by the hepatocytes, hepatic tumors can be selectively
detected and differentiated(Schmitt-Willich et al., 1999). Meijer et al. reported the biotiny-
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Fig. 34. Selective targeting of MRI contrast agents for sialyated cancer cells. Redrawn, with permission, after
Lemieux et al. (1999).

lated Gd3+ complex102, which strongly binds avidin (Ka ∼ 1015 M−1) (Langereis et al.,
2004). Its longitudinal relaxivityr1 was confirmed as 6.1 mM−1 s−1 (1.5 T and 20◦C), which
is slightly higher than that of the parent Gd3+–79 complex (4.2 mM−1 s−1). After com-
plexation with avidin, the Gd3+ complex102 exhibits an enhanced longitudinal relaxivity
(17.5 mM−1 s−1), probably due to a decrease in the molecular tumbling rate. Recently, Ko-
dadek et al. developed Gd3+ complex with an octadentate cyclen fitting with an oligopep-
tide (103). This complex specifically binds the yeast transcription repressor protein Gal80
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(Ka ∼ 5 × 105 M−1) (De León-Rodríguez et al., 2002). Its water proton relaxivity was esti-
mated as being 8.3 mM−1 s−1 (pH 7.4, 20 MHz, 25◦C), but complexation with Gal80 remark-
ably increased it to 44.8 mM−1 s−1. Since addition of bovine serum albumin rarely influences
the relaxation rate of water molecules, one may state that Gd3+–103 complex possesses a
specific affinity for Gal80.

Selective delivery of MRI contrast agents to the targeted cells is an effective methodol-
ogy for early detection and diagnosis of tumors. Bertozzi et al. proposed a new strategy for
exploiting differences in sialoside expression. PeracetylatedN -levulinoylmannosamine104
was converted to the correspondingN -levulinoyl sialic acid105 in human cells. Since the
aminooxy-functionalized contrast agent106reacts with the ketone group of105, the cell was
labeled with the contrast agent (fig. 34) (Lemieux et al., 1999). When the Eu3+ complex was
attached for facile detection and quantification, luminescence measurements revealed that an
adequate amount of Eu3+ complex was loaded on the cell surface. Thus, this method is ap-
plicable in the design of specific Gd3+ contrast agents.

Several biological environments were successfully detected by rare earth complexes. Since
their MRI contrast profiles were significantly controlled by the dynamics of the coordinated
water molecules and molecular tumbling, several external stimuli such as pH,PO2, and tem-
perature can be sensitively sensed. Further sophisticated contrast agents specific for certain
damaged tissues can be developed by bottom-up synthesis of rare earth complexes.

5. Conclusion

This chapter summarizes recent advances in the chemistry of rare earth complexes used in
molecular recognition and sensing technology. Based on their unique coordination chemistry,
rare earth cations and their complexes allow specific recognition and sensing of the targeted
substrates. Since they have versatile coordination characteristics, the structural, electronic,
magnetic, and other properties, the highly coordinated complexes can be finely optimized by
careful ligand design. A variety of intelligent sensory devices have been developed, particu-
larly for inorganic anions, amino acids, and other biologically important substrates. Tris(β-
diketonates), porphyrinates, and polyaminocarboxylate complexes, as well as complexes with
derivatized cyclens were shown to be efficient optical and magnetic probes in practical lumi-
nescence, CD, NMR, and MRI sensing techniques. In addition to ligand optimization, further
hybridization with functional molecules significantly enhanced the selectivity and sensitivity
of rare-earth-containing probes. Since rare earth complexes are widely used as labeling agents
in gene- and protein-science and technology, new rare earth compounds are expected to oc-
cupy a prominent place as intelligent materials in chemistry, biology, medicine, and related
technologies of the next generation.
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[Eu(dbm)4]−Cs+ 154
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[Eu(dbm)4]−(diethylammonium) 154
[Eu(dbm)4]−(dimethylbenzylammonium) 133
[Eu(dbm)4]−(hexadecyltrimethylammonium) 154
[Eu(dbm)4]−(imidazolium) 133
[Eu(dbm)4]−K+ 154
[Eu(dbm)4]−(morpholinium) 133
[Eu(dbm)4]−(N -hexadecylpyridinium) 155
[Eu(dbm)4]−Na+ 154
[Eu(dbm)4]−(octadecyltriethylammonium) 154
[Eu(dbm)4]−(piperidinium) 155
[Eu(dbm)4]−Rb+ 154
[Eu(dbm)4]−(tetraethylammonium) 154
[Eu(dbm)4]−(tetrahexylammonium) 155
[Eu(dbm)4]−(tetramethylammonium) 154
[Eu(dbm)4]−(tetrapropylammonium) 154
[Eu(dbm)4]−(triethylammonium) 133, 154
[Eu(dbp)4]−(tetraethylammonium) 155
[Eu(dbp)4]−(triethylammonium) 155
[Eu(dmbm)3(phen)] 172, 175
[Eu(dmh)3(bipy)] 131, 149
[Eu(dmh)3(phen)] 131
[Eu(dnm)3(phen)] 149, 177, 194, 213
[Eu(dnm)3(pip)] 159
[Eu(dppm)3] 249
[Eu(dtp)4]−(piperidinium) 155
[Eu(facam)3] 177
[EuF(hfac)3K(diglyme)]2 126
[Eu(fod)3] 122, 149, 158, 184, 220, 232, 233, 247,

248
[Eu(fod)3(4-picO)] 149
[Eu(fod)3(bipy)] 122, 149
[Eu(fod)3(bipy)]·2H2O 149
[Eu(fod)3(dmso)] 122, 149
[Eu(fod)3(H2O)] 149
[Eu(fod)3(H2O)2] 131, 188
[Eu(fod)3(phen)] 122, 149
[Eu(fod)3(py)2] 149
[Eu(fod)3(tppo)2] 149
[Eu(hfac)3] 149, 156, 218
[Eu(hfac)3]·2H2O 149
[Eu(hfac)3(bipy)(H2O)] 131, 135
[Eu(hfac)3(dhso)2] 149
[Eu(hfac)3(diglyme)] 126, 131, 149, 172, 175, 239
[Eu(hfac)3(dme)] 149
[Eu(hfac)3(monoglyme)] 172, 175
[Eu(hfac)3(phen)] 149
[Eu(hfac)3(terpy)] 149
[Eu(hfac)3(topo)2] 149
[Eu(hfac)3(tppo)2] 131
[Eu(hfac)4]−(2,4,6-collidinium) 155
[Eu(hfac)4]−(2,6-lutidinium) 155

[Eu(hfac)4]−Cs+ 133
[Eu(hfac)4]−(N -methylphenazinium) 155
[Eu(hfac)4]−(N -methylquinolinium) 155
[Eu(hfac)4]−(piperazinium) 155
[Eu(hfac)4]−(pyridinium) 155
[Eu(hfac)4]−(tetraethylammonium) 155
[Eu(hfac)4]−(tetramethylammonium) 155
[Eu(hfac)4]−(triethylammonium) 155
Eu(HSeO4)(SeO4) 50, 55
[Eu(mdbm)3(phen)] 172, 175
[Eu(mfa)3(phen)] 172, 175
[Eu(mhd)3(phen)] 149
[Eu(NO3)(tta)2(tppo)2] 122
[Eu(nta)4]−(N -hexadecylpyridinium) 155
[Eu(ntac)3(bipy)] 129, 131
[Eu(ntac)3(bipy)]·0.5(2-propanol) 131
[Eu(pta)3] 149
[Eu(ptp)4]−(tetrapropylammonium) 155
europium tris(β-diketonate) 279, 296, 309
europium(III)β-diketonate complexes in OLEDs

215
[Eu(tbp)4]−(2,4,6-trimethylpyridinium) 155
[Eu(tbp)4]−(isoquinolinium) 155
[Eu(tfa)4]−(isoquinolinium) 155
[Eu(tfac)3(dhso)2] 149
[Eu(tfac)3(tbp)2] 149
[Eu(tfac)3(topo)2] 149
[Eu(thd)2(dme)2] 126
[Eu(thd)3] 149, 219, 236
[{Eu(thd)3} 2(tetraglyme)] 149
[{Eu(thd)3} 2(triglyme)] 139, 150
[Eu(thd)3(bipy)] 131
[Eu(thd)3(dme)] 149
[Eu(thd)3(dmf)2] 131
[Eu(thd)3(monoglyme)] 131
[Eu(thd)3(phen)] 131, 149
[Eu(thd)3(py)] 149
[Eu(thd)3(py)2] 131
[Eu(thd)3(pyr)] 149
[Eu(thd)3(terpy)] 129
[Eu(thd)3(topo)2] 150
[Eu(tnb)4]−(isoquinolinium) 155
[Eu(tpb)3(phen)] 149
[Eu(trimh)3] 150
[Eu(tta)2(tppo)2(NO3)] 122
[Eu(tta)3] 150, 210, 218
[Eu(tta)3] 228
[Eu(tta)3(4-picO)2] 150
[Eu(tta)3(5-phenyl-phen)] 181
[Eu(tta)3(bath)] 181
[Eu(tta)3(bipy)] 131, 150, 188, 189
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[Eu(tta)3(bmbp)] 131
[Eu(tta)3(dbzso)2] 172, 175
[Eu(tta)3(dmso)2] 172
[Eu(tta)3(dppz)] 211
[Eu(tta)3(H2O)2] 131, 136, 172, 175, 186, 216
[Eu(tta)3(opb)] 150, 175
[Eu(tta)3(pha)2] 175
[Eu(tta)3(phen)] 126, 131, 150, 172, 181, 185,

188, 189, 199, 203, 216, 229, 232
[Eu(tta)3(ptso)2] 172, 175
[Eu(tta)3(terpy)] 150
[Eu(tta)3(topo)2] 200
[Eu(tta)3(topo)2] 228
[Eu(tta)3(tppo)2] 122, 131, 150, 175, 188
[Eu(tta)4]−(1,2-dimetylpyridinium) 155
[Eu(tta)4]−(1,4-dimethylpyridinium) 133
[Eu(tta)4]−(2,4,6-collidinium) 155
[Eu(tta)4]−(2,4,6-trimethylpyridinium) 155
[Eu(tta)4]−(4-aminopyridinium) 155
[Eu(tta)4]−(isoquinolinium) 155
[Eu(tta)4]−(N -methylisoquinolinium) 155
[Eu(tta)4]−(tetrahexylammonium) 155
[Eu(tta)4]−(tetrapropylammonium) 155
[Eu(tta)4]−(triethylammonium) 155
exciton coupled CD 305
extraction 283, 304
– enantioselective 283

f–f intensities 161
ferromagnetic coupling 159
fluorescence 162
[(fod)3R(OH2)R(fod)3] 158
fractoluminescence 179
Franck–Condon 286
fuel additives 242

gadolinium doped ceria
– mechanical strength 30
gadolinium doped ceria (Ce1−xGdxO2−δ) 14
gadolinium doped ceria (GDC)
– oxide ion conductivity 21
gas chromatographic separation of the rare earths

237
gas-phase electron-diffraction 235
Gd2O3 239
Gd2O3-doped CeO2 239
Gd2O(SeO3)2 70
Gd2(SeO3)3 70
Gd2(SeO4)3·4H2O 55
Gd2(SeO4)3·4H2O-II 50
Gd2(SeO4)3·8H2O-I 50

Gd3F(SeO3)4 80
Gd5O4Br3(SeO3)2 80
Gd9O8Cl3(SeO3)4 80
[Gd(acac)3] 123
[Gd(acac)3(dme)] 150
[Gd(acac)3(H2O)2] 131
[Gd(acac)3(phen)] 150
[Gd(bzac)3(H2O)2] 150
GDC 22
[Gd(dbm)4]−(piperidinium) 155
GdF3 239
[Gd(fod)3] 150
[Gd(fod)3(bipy)]·2H2O 150
[Gd(fod)3(H2O)] 150
[Gd(hfac)3{Cu(salen)}] 132
[Gd(hfac)3(diglyme)] 131
[Gd(hfac)3(H2O)(acetone)] 132
[Gd(hfac)4]−(triethylammonium) 155
Gd(HSeO4)(SeO4) 50, 55
[Gd(pta)3] 150
[Gd(thd)3] 150, 235, 236
[{Gd(thd)3} 2(heptaglyme)] 139, 150
[{Gd(thd)3} 2(hmteta)] 150
[{Gd(thd)3} 2(tetraglyme)] 139, 150
[{Gd(thd)3} 2(triglyme)] 150
[Gd(thd)3(diglyme)2] 150
[Gd(thd)3(monoglyme)] 132
[Gd(thd)3(phthalazine)] 150
[Gd(thd)3(py)] 150
[Gd(thd)3(pyr)] 150
[Gd(trimh)3] 150
[Gd(tta)3] 150
[Gd(tta)3]·2H2O 150
[Gd(tta)3(tppo)2] 132
geometrical isomers 129
glass-forming solvents 171, 206

(H3O)Ce2(SeO4)4 56
H3OCeIII CeIV (SeO4)4 50
(H3O)Nd(SeO3)(HSeO3)(ClO4) 80, 88
(H5O2)Sc(SeO4)2 50, 56
heat capacity 31, 32
helicates 158
hemicyanine 203
hemicyanine dyes withβ-diketonate counter ions

162
heptadentate cyclen
– Eu3+ complexes 294
– Gd3+ complex 315, 321
– Tb3+ complex 294
– Yb3+ complex 293, 294, 315
heptafluoroacetylacetone 125
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heterodinuclear d-f complexes 174
heteropolynuclear d-f complexes 127
hexafluoroacetylacetone 244
highly-symmetric complexes 129
Ho2O(SeO3)2 70
Ho2(SeO3)3 70
Ho2(SeO4)3·8H2O-II 50
[Ho(acac)3] 123
[Ho(acac)3(H2O)2]·H2O 132
[Ho(acac)3(H2O)2]·H2O·(Hacac) 132
HoCl(SeO3) 80, 81
[Ho(dbm)3(dmop)] 132
[Ho(dbm)3(H2O)] 129, 132
[Ho(fod)3] 151
[Ho(fod)3(bipy)]·2H2O 151
[Ho(fod)3(H2O)] 151
[{Ho(hfac)3} 2(tetraglyme)] 151
[Ho(hfac)3(H2O)2] 132, 141, 151
[Ho(hfac)3(H2O)2]·triglyme 151
[Ho(hfac)3(H2O)2](triglyme) 132, 141
[Ho(hfac)3(phen)] 137
[Ho(hfac)4]−(triethylammonium) 156
hole and oxide ion conductivity 26
[{Ho(tfac)3} 2(hmteta)] 151
[Ho(thd)3] 151, 159, 236, 237
[{Ho(thd)3} 2(triglyme)] 151
[Ho(thd)3(4-pic)2] 132
[Ho(thd)3(dmf)] 151
[Ho(thd)3(phthalazine)] 151
[Ho(thd)3(pivalic acid)] 132
[Ho(thd)3(py)] 151
[Ho(thd)3(pyr)] 151
[Ho(trimh)3] 152
[Ho(tta)3] 152
hydrolysis products 153
hyper-Rayleigh scattering 204
hyperpolarizability 203
hypersensitive transitions 157

inclusion compounds 127
indium tin oxide 207
infrared spectra 161
inner coordination sphere 286
inner-sphere water 319
intensity ratios 175, 176
internal conversion 163
intersystem crossing 163
intramolecular energy transfer 163
ion-selective electrode 281
ionic radius 276, 279, 280, 283, 289, 303

KDy(SeO4)2 57, 58
KEr(SeO4)2·H2O 58, 59
K[Eu(tta)4] 213
kinetic stability 156
KPr(SeO4)2 58

(La, Ca)(Cr, Co)O3 20
(La, Ca)(Cr, Ni)O3 20
(La, Ca)CrO3 19
– diffusivity 39
(La, Ca)MnO3 15
(La, Sr)(Co, Fe)O3 7
(La, Sr)CoO3 15
(La, Sr)(Fe, Co)O3 16
(La, Sr)(Ga, Mg, Co)O3−δ (LSGMC) 19
(La, Sr)(Ga, Mg)3 (LSGM)
– oxide ion conductivity 21
(La, Sr)(Ga, Mg)O3−δ (LSGM) 19
(La, Sr)MnO3 7, 15
– thermal expansion coefficients 34
(La,Pr)0.7(Ca,Sr)0.3MnO3 239
(La,Sr)(Ga,Mg,Co)O3 13
(La,Sr)(Ga,Mg)O3 13
(La,Sr)(Ti,Ce)O3 15
La0.5Sr0.5CoO3
– electrical conductivity 23
La0.75Ca0.25CrO3
– oxygen permeation flux 27–29
La0.75Ca0.25CrO3−δ 29
La0.7Ca0.3CrO3 25
– mechanical strength 30
La0.7Ca0.3CrO3-6
– hole and oxide ion conductivity 25
La0.7Sr0.3CrO3
– mechanical strength 30
La0.8Ca0.25CrO3−δ 27
La0.8Sr0.2MnO3
– electrical conductivity 23
La0.9Ca0.1CrO3 25
– oxygen permeation flux 27, 29
La0.9Ca0.1CrO3−δ

– hole and oxide ion conductivity 25, 26
La1−xCaxCrO3
– electrical conductivity 24
– heat capacity 31
– mean free path of phonon 33
– thermal conductivity 32, 33
– thermal diffusivity 30, 31
La1−xCaxCrO3−δ 26, 39
La1−xSrxCoO3
– heat capacity 32
La1−xSrxCr1−yCoyO3
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– mechanical strength 30
La1−xSrxCr1−yRuO3−δ 15
La1−xSrxCrO3
– electrical conductivity 24
La2O3 20, 239, 241
La2S3 242
La2(SeO3)3 67, 70
La2(SeO4)3·12H2O 50, 52
La2(SeO4)3·5H2O 50
La2Zr2O7 15, 24, 36
La9O8Br3(SeO3)4 80
[La(acac)3] 123, 145, 159
[La(acac)3(H2O)2] 130
[La(acac)3(phen)] 130, 145
[La(acac)3(tetraglyme)] 145
LaAlO3 239
[La(bzac)3] 159
[La(bzac)3(H2O)2] 145
LaCoO3 242
– heat capacity 32
LaCr1−xMgxO3
– electrical conductivity 24
(LaCrO3) 16
LaCrO3 31
– electric conductivity 25
– thermal expansion coefficients 34
[La(dbm)3)] 146
[La(dbm)3(dmop)] 130
[La(dbp)4]−(triethylammonium) 154
[La(dipydike)3]2 130, 136
LaF3 239
[La(facam)3] 146
[La(fod)3] 146
[La(fod)3(bipy)]·2H2O 146
[La(fod)3(H2O)] 146
[La(fod)3(phen)] 146
LaF(SeO3) 80, 83
LaGaO3 242
[La(hfac)3] 146
[{La(hfac)3} 2(heptaglyme)] 146
[La(hfac)3]·2H2O 146
[La(hfac)3(bipy)2] 130, 136
[La(hfac)3(diglyme)] 130, 146
[La(hfac)3(H2O){Cu(salen)}] 130
[La(hfac)3(monoglyme)] 130
[La(hfac)3(phen)2] 136
[La(hfac)3(triglyme)] 130, 146
[La(hfac)4]−(2,6-lutidinium) 154
[La(hfac)4]−(triethylammonium) 154
La(HSeO3)(SeO4)·2H2O 100
La(HSeO4)3 50, 55

LaMnO3
– heat capacity 32
– thermal conductivity 32, 33
– thermal diffusivity 30, 31
Langmuir–Blodgett films 197
LaNiO3 239, 240
lanthanide shift reagents 219
lanthanide-induced shifts 308
lanthanum gallate based oxides (LSGM) 13
– thermal expansion coefficients 34
La(OH)3 20
LaSrGaO4 19
[La(tfac)3] 146
[La(tfac)3]·2H2O 146
[La(thd)3] 146, 159, 236, 237, 241, 242
[La(thd)3(phthalazine)] 146
[La(thd)3(pyr)] 146
[La(thd)3(tetraglyme)] 146
[La(thd)3(triglyme)] 146
[La(tod)3] 146
[La(tod)3]·2H2O 146
[La(tta)3] 146
[La(tta)3]·2H2O 146
[La(tta)3(phen)] 146
[La(tta)4]−(quinolinium) 133
[La(tta)4]−(triethylammonium) 154
Lewis bases 119
Li3Lu5(SeO3)9 89, 90
Li[Eu(tta)4] 213
ligand exchange 156
ligand-to-metal charge-transfer state 168
liquid crystal displays 216
liquid crystals 200
[Ln(btfac)3]·nH2O 184
[Ln(tta)3]·nH2O 184
LSGM 30
LSGM9 22
LSGMCo 6
Lu2SeO3)3 70
[Lu(fod)3] 153
[Lu(fod)3(H2O)] 132, 135, 153
[Lu(fod)3(phen)] 153
luminescence 162
– decay times 171
– enhancement 288, 291, 294, 296, 298
– in vapor phase 236, 237
– intensity 166, 167
– lifetime 172, 291, 301
– NIR (near infrared) 299, 305
– polarized 177, 194
– quantum yield 169, 170, 286
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– sensing 284, 288
– standards for quantum yields 170
luminescent hourglass inclusions 177
luminescent visualization of latent fingerprints 230
[Lu(pta)3] 153
[Lu(thd)3] 132, 153
[Lu(thd)3(3-pic)] 132, 135
[Lu(thd)3(py)] 153
[Lu(trimh)3] 153
[Lu(tta)3]·2H2O 153

(M, M ′)TiO3 (M = Ca, Sr, Ba) (M′ = La, Sm, Pr,
Gd, Nd, Y, Er, etc.) 17

magnetic anisotropy 160
magnetic circularly polarized luminescence 177
magnetic properties 159
magnetic resonance imaging 317
magneto-chiral anisotropy 178
magneto-chiral dichroism 178
magneto-chiral luminescence anisotropy 178
MCM-41 196
mean free path of phonon 33
mechanoluminescence 179
melting point 144, 145
metal-organic chemical vapor deposition 238
metallofullerene 326
metallomesogens 201
Michler’s ketone 167
mixed-valent oxo-selenates(VI/IV) 99
MnNdCl(SeO3)2 90
MnRCl(SeO3)2 92
MnSmCl(SeO3)2 90
modifications of Er2(SeO4)3 51
modifications of Sc2(SeO4)3·5H2O
– crystal structures of 54
modifications of Sc2(SeO4)3·5H2O 52
molar magnetic susceptibility 159
monocapped square antiprism 139
mordenite 196
Mosher’s method 315
M[Pr(acac)4] (M = Li, Na) 124
MRI contrast agent 278, 317, 329
MTPA 318

Na3.68Dy1.44(SeO4)4 58, 59
NaCe(SeO4)2·2H2O 58
NaEr(HSeO4)2(SeO4)·5H2O 58, 60
Na[Eu(tta)4] 213
naked-eye detection 277, 288, 289
NaLa(SeO3)2 90
NaLa(SeO4)2·2H2O 58, 59

NaPr(SeO4)2 57, 58
NaR(SeO3)2 88
NaSm(SeO3)(SeO4) 101
NaSm(SeO4)2·2H2O 58
NaY(SeO3)2 90
Nd2O3 239
Nd2(Se2O5)3(H2SeO3)·2H2O 76
Nd2(SeO3)2(SeO4)·2H2O 99
Nd2(SeO3)3 70
Nd2(SeO4)3·8H2O-I 50
Nd3F(SeO3)4 80
[Nd4(acac)10(OH)2] 139
Nd9O8Cl3(SeO3)4 80
[Nd(acac)3] 123, 153
[Nd(acac)3] (crystalline) 147
[Nd(acac)3(H2O)2]·(acetone) 130
[Nd(acac)3(phen)] 147
[Nd(bzac)2(OH)(H2O)] 127
[Nd(bzac)3] 127
[Nd(bzac)3(H2O)2] 147
[Nd(bzac)(OH)2(H2O)2] 127
NdCl(SeO3) 80, 81
[Nd(dbm)3(bath)] 214
[Nd(dbm)3(H2O)] 130
[Nd(dbp)4]−(triethylammonium) 154
[Nd(fod)3] 147
[Nd(fod)3(bipy)]·2H2O 147
[Nd(fod)3(H2O)] 147
NdGaO3 239
[Nd(hfac)3] 218
[Nd(hfac)3]·H2O 147
[Nd(hfac)3(diglyme)] 130, 147
[Nd(hfac)4]−(2,6-lutidinium) 154
[Nd(hfac)4]−(pyridinium) 154
[Nd(hfac)4]−(triethylammonium) 154
Nd(HSeO3)3 76
Nd(HSeO4)(Se2O7) 50, 55
[Nd(pmtfp)3(dmso)2] 147
[Nd(pta)3] 147
[Nd(tfac)3(H2O)2] 134
[Nd(thd)3] 147, 236, 237
[{Nd(thd)3} 2(triglyme)] 147
[Nd(thd)3(diglyme)2] 147
[Nd(thd)3(phthalazine)] 147
[Nd(thd)3(pyr)] 147
[Nd(tmod)3] 147
[Nd(tod)3] 147
[Nd(trimh)3] 147
[Nd(tta)3] 147
[Nd(tta)3]·2H2O 147
[Nd(tta)3(bipy)] 131
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[Nd(tta)3(phen)] 147
[Nd(tta)3(tppo)2)] 131
[Nd(tta)4]−(pyridinium) 133
[Nd(tta)4]−(triethylammonium) 154
nematic liquid crystals 203, 216
(NH4)3Sc(SeO4)3 58, 59
(NH4)Pr(SeO4)2·5H2O 58
nine-coordinate complexes 139
nitrile solvent 206
nitronyl nitroxides 159
NMR shift reagents 218, 278
NMR solvents 223
non-coordinated polydentate ligand 135
non-stoichiometric selenate 59
nonanuclear rare-earth oxo-hydroxo clusters 141
nonlinear optical materials 203

O2-sensing 323
octadentate cyclen 286, 298
– Eu3+ complex 293
– Eu3+ complex 292, 298, 299
– Gd3+ complex 282, 319, 322, 329
– Yb3+ complexes 307
organic light-emitting diodes (OLEDs) 206
– three-layer 207
ormosils 186
oxo-selenate(IV)-hydrates 73
oxo-selenates R2(SeO3)3
– structure types 67
oxo-selenates(IV) R2(SeO3)3 67
oxo-selenate(VI)-hydrates 49
oxygen permeation flux 27, 28

paramagnetic effect 165
Pd2+ porphyrinate 299
pH-response 296, 298
pH-responsive 297
pH-sensing 319
[(Ph2SiO)2O]2Sc3(acac)5] 135
phase diagram of the system Nd2O3/SeO2 99
phase transition of Nd2(SeO3)3 97
phosphorescence 162
photoacoustic spectroscopy 166
photoluminescence 162, 163
photostability 206
piezoluminescence 179
piperidine method 121, 125
(pipH)[Eu(tta)4] 186
pivaloyltrifluoroacetone 244
PMMA 190
polarizability 203

polarized absorption spectra 144
polarized luminescence 177, 194
polymeric optical amplifiers 217
polymeric optical waveguides 217
Pr2O3 239
Pr2(SeO3)3 70
Pr2(SeO4)3·4H2O 55
Pr2(SeO4)3·4H2O-I 50
Pr2(SeO4)3·5H2O 50
Pr4(SeO3)2(SeO4)F6 100
Pr9O8Br3(SeO3)4 80
Pr9O8Cl3(SeO3)4 80
[Pr(acac)3] 124
[Pr(acac)3(H2O)2] 130, 173
[Pr(acac)3(phen)] 130, 146
[Pr(bzac)3(H2O)2] 146
[Pr(dbm)3(bath)] 214
[Pr(dbm)3(H2O)2] 173
[Pr(facam)3] 147
[Pr(fod)3] 146, 158, 184, 220, 233
[Pr(fod)3(bipy)]·2H2O 147
[Pr(fod)3(H2O)] 146
PrGaO3 239
[Pr(hfac)3] 147
[Pr(hfac)3(diglyme)2] 147
[Pr(hfac)3(pmdeta)] 147
[Pr(hfac)4]−(triethylammonium) 154
properties of oxo-selenates(IV)
– thermal behaviour 94
properties of oxo-selenates(VI) 61
– thermal behaviour 61
– vibrational spectra 63
Pr(Se2O5)(HSeO3)(H2SeO3) 76
[Pr(thd)3] 147, 159, 184, 219, 236
[Pr(thd)3(phthalazine)] 147
[Pr(thd)3(pyr)] 147
[Pr(thd)3(tetraglyme)] 147
[Pr(tod)3] 147
[Pr(trimh)3] 147
[Pr(tta)3] 147
[Pr(tta)3(H2O)2] 173
[Pr(tta)4]−(tetrabutylammonium) 133
purification
– liquid chromatography 127
– recrystallization 126
– vacuum sublimation 126
purification ofβ-diketonates 126
PVA 190
(pyH)+[Eu(tta)4]− 214

quenching 285, 291, 295, 307
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[R2(fod)6] 158
R2Se1.5O6 72
R2Se2O7 72
R2Se3.5O10 72
R2Se4O11 72
R2Se5O13 72
R2(SeO4)3·8H2O-I 51
R2(SeO4)3·8H2O-II 51
R2SeO5 72
[R3(fod)9] 158
R3F(SeO3)4 83
R3O2Cl(SeO3)2 85
R4O3Cl2(SeO3)2 85
R5O4X3(SeO3)2 86
R5O(OiPr)13 124
R9O8X3(SeO3)4 86
[R(β-diketonate)2(OH)(H2O)] 127
[R(acac)3] 234
[R(acac)(terpy)(NO3)2(H2O)n] 122
radiationless deactivation 164
rare earth doped ceria (RDC) 13, 19
– thermal expansion coefficients 34
rare earth porphyrinates 303
rare earth tris(β-diketonates) 280, 281
– as CD probe 302
– as CSR reagent 309
– binding with amino acids 282
– binding with amino alcohols 279, 296
– binding with anions 280, 281, 288, 289
– coordination chemistry 278, 311
– extraction of amino acids 283
– for NMR sensing 308, 309
– tetrakis complexes 121, 154, 157, 158
rare-earth bis(trimethylsilyl)amides 124
rare-earth isopropoxides 124
rare-earth porphyrin complexes 128
RbCe(SeO4)2·5H2O 58, 60
RbNd(SeO4)2·3H2O 58, 60
RCl(SeO3) 81
[R(dbm)2(OH)] 123
[R(dbm)3] 126
[R(dbm)3]·H2O 123
[R(dbm)3(H2O)] 129, 161
RDC 6
recrystallization 126
relaxivity 321, 322
resonance levels 164
[R(facam)3] 226
[R(fod)3] 126, 127, 153, 158, 234, 239, 246
[R(hfac)3] 234, 238, 239
[R(hfac)3(diglyme)] 124

[R(hfbc)3] 226
R(HSeO3)(SeO3) 74
R(HSeO3)(SeO3)·2H2O 74
rifamycin 274
R(OiPr)3 124
R(Se2O5)(NO3)·3H2O 88
[R(tfac)3] 234, 237
[R(thd)3] 126, 127, 139, 158, 237, 243
[R(tod)3] 243

Sc2O3 239, 241
Sc2(SeO3)3 70
Sc2(SeO4)3 48, 50
Sc2(SeO4)3·5H2O-I 50
Sc2(SeO4)3·5H2O-II 50
[Sc(acac)3] 130, 135, 145
scandium doped zirconia (ScSZ) 13
– oxide ion conductivity 21
– thermal expansion coefficients 34
scanning near-field optical microscopy (SNOM)

193
[Sc(dbm)3] 130, 135
[Sc(facam)3] 145
Schiff base 201
Sc(HSeO3)3 76
ScH(SeO4)2·2H2O 50
[Sc(pta)3] 145
ScSZ 6, 19
[Sc(thd)3] 145, 159, 235, 237
[Sc(trimh)3] 145
[Sc(tta)3] 145
[Sc(tta)3(bipy)] 145
[Sc(tta)3(phen)] 145
second harmonic generation 203
selectivity coefficient 281
self-association 158
sensitized chemiluminescence 183
SeO2-poor oxo-selenates(IV) 72
SeO2-rich oxo-selenates(IV) 72
seven-coordinate complexes 129, 135
silica glasses 185
single-layer OLED 207
six-coordinate complexes 128
(Sm, Sr)CoO3 15
Sm2O3 239
Sm2O(SeO3)2 70
Sm2(Se2O5)2(SeO3) 70
Sm2Se5O13 72
Sm2(SeO3)3 70
Sm2(SeO4)3·8H2O-I 50
[Sm2(thd)4(Pc)] 144
Sm3F(SeO3)4 80
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Sm9O8Cl3(SeO3)4 80
[Sm(acac)3] 123, 124
[{Sm(acac)3} 2(heptaglyme)] 147
[Sm(acac)3(bipy)] 147
[Sm(acac)3(H2O)2] 130
[Sm(acac)3(phen)] 130, 147
smart sensors for structural damage monitoring

182
[Sm(bzac)3(H2O)2] 147
[Sm(facam)3] 148
[Sm(fod)3] 148
[Sm(fod)3(bipy)]·2H2O 148
[Sm(fod)3(H2O)] 148
[{Sm(hfac)3} 2(tetraglyme)] 148
[Sm(hfac)3(bipy)2] 137
[Sm(hfac)3(bipy)]·(bipy) 130
[Sm(hfac)3(bipy)(H2O)]·(bipy) 137
[Sm(hfac)3(diglyme)] 130, 147
[Sm(hfac)4]−(triethylammonium) 154
[Sm(pta)3] 148
[Sm(thd)2(dme)2] 126
[Sm(thd)3] 148, 236
[Sm(thd)3(dmap)] 130
[Sm(thd)3(dme)] 148
[Sm(thd)3(dmf)] 148
[Sm(thd)3(monoglyme)] 130
[Sm(thd)3(phthalazine)] 148
[Sm(thd)3(py)] 148
[Sm(thd)3(pyr)] 148
[Sm(trimh)3] 148
[Sm(tta)3] 148
[Sm(tta)3(phen)] 148, 199
[Sm(tta)3(tppo)2] 214
[Sm(tta)3(tppo)2(NO3)] 148
[Sm(tta)4]−(1,2,6-trimethylpyridinium) 133
[Sm(tta)4]−(1,2-dimethylpyridinium) 133
[Sm(tta)4]−(tetrabutylammonium) 133
SOFC electrolytes
– oxide ion conductivity 10
sol-gel glasses 185
solubility 157
– in organic solvents 157, 223
– in supercritical CO2 157
– in water 157
solution structure 157
solvent extraction 243
sparkle model 172
spin–lattice relaxation time 317
spin–spin relaxation time 317
square antiprism 128
SrCeO3 239

SrLaGa3O7 19
stability constant of ternary complex
– difference between diastereomers 283
– with amino acid 312
– with amino alcohol 279
– with carboxylate 315
– with inorganic anion 280, 288
stability in aqueous solution 158
standard molar enthalpies of formation 159
standard molar enthalpies of sublimation 159
stationary phases in gas chromatography 232
stretched polyethylene films 177
stretched polymer 195
structural isomers 129
structural properties 128
structure of the oxide-selenites R2O(SeO3)2 74
sublimation behavior 236
super cages 195
synergistic effect 243
synthesis by extraction 126
synthetic strategies 121
system Nd2O3–SeO2–H2O 76
systems R2O3/RX3/SeO2 78
systems R2O3/SeO2 73
systems R2O3/SeO2/H2O 76
systems R2O3·RF3·SeO2 82
systems R2(SeO3)3·A2SeO3 88

Tb2O(SeO3)2 70
Tb2Se2O7 73
Tb2(SeO3)3 70
Tb2(SeO4)3·8H2O-I 50
[Tb2(thd)6] 139
[Tb2(tod)6] 139, 151
Tb3O2Cl(SeO3)2 80, 84, 85
Tb5O4Cl3(SeO3)2 80
[Tb(acac-F7)3(tppo)2] 132
[Tb(acac)3] 123, 156, 157, 209
[Tb(acac)3(bipy)] 150
[Tb(acac)3(Cl-phen)] 216
[Tb(acac)3(dam)] 188
[Tb(acac)3(phen)] 150, 186, 188, 200, 210
[Tb(dbm)3(dmop)] 132
[Tb(dbm)3(phen)] 214
[Tb(dbp)4]−(triethylammonium) 155
[Tb(dtp)4]−(piperidinium) 155
[Tb(facam)3] 150
[Tb(fod)3] 150
[Tb(fod)3(bipy)]·2H2O 151
[Tb(fod)3(H2O)] 151
[Tb(hfac)3] 156
[Tb(hfac)3(diglyme)] 132, 150
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[Tb(hfac)3(phen)] 200
[Tb(hfac)3(tppo)2] 132
[Tb(hfac)4]−(2,4,6-collidinium) 155
[Tb(hfac)4]−(2,6-lutidinium) 155
[Tb(hfac)4]−(pyridinium) 155
[Tb(hfac)4]−(triethylammonium) 155
[Tb(pmip)3(tppo)2] 151
[Tb(pta)3] 151
[{Tb(tfac)3} 2(tetraglyme)2] 151
[Tb(tfac)3(phen)] 188, 200
[Tb(thd)3] 151, 157, 235, 236
[{Tb(thd)3} 2(triglyme)] 139, 151
[Tb(thd)3(dmap)] 132
[Tb(thd)3(phthalazine)] 151
[Tb(thd)3(py)] 151
[Tb(thd)3(pyr)] 151
[Tb(thd)3(tmeda)] 151
[Tb(tod)3] 157
[Tb(trimh)3] 151
[Tb(tta)3] 151
[Tb(tta)3(phen)] 122, 151, 200
[Tb(tta)4]−(2,4,6-trimethylpyridinium) 156
[Tb(tta)4]−(pyridinium) 155
[Tb(tta)4]−(triethylammonium) 155
temperature sensing 325
ten-coordinate complexes 136
TEOS 186
ternary oxo-selenates(VI) 57
ternary rare-earthβ-diketonates 119
terpyridine 275
tetraethyl orthosilicate 186
tetrakisβ-diketonates
– adduct formation 157
– dissociation 157
– electrochemical properties 158
– melting points 154
– synthesis 121
tetramethoxy orthosilicate 186
the electronic and hole conductivity 22
thermal behaviours of the acidic selenites 94
thermal conductivity 32, 33
thermal decomposition schemes of

oxo-selenites(IV) 95
thermal diffusivity 30, 31
thermal expansion coefficient 34
thermochemical investigations of oxo-selenates(IV)

97
thermodynamic properties 159
thermodynamical data of compounds in the systems

R2O3/RX3/SeO2 98

thermodynamical data of compounds in the systems
R2O3/SeO2 98

time-resolved luminescent immunoassay 229
Tm2O(SeO3)2 70
Tm2(SeO3)3 70
[Tm(acac-F7)3(tppo)2] 132
[{Tm(acac)3} 2(heptaglyme)] 152
[Tm(acac)3(H2O)2]·H2O 132
[Tm(acac)3(phen)] 214
[Tm(fod)3] 152
[Tm(fod)3(bipy)]·2H2O 152
[Tm(fod)3(H2O)] 152
TMOS 186
[Tm(ppa)3(H2O)2] 174
[Tm(thd)3] 152, 236
[{Tm(thd)3} 2(tetraglyme)] 152
[{Tm(thd)3} 2(triglyme)] 152
[Tm(thd)3(phthalazine)] 152
[Tm(thd)3(py)] 152
[Tm(thd)3(pyr)] 152
[Tm(tta)3] 152
trace analysis of lanthanide ions 227
transport 282
triboluminescence 163, 179
tricapped trigonal prism 141
triplet state energy 164
tripodal ligand 288
– nonadentate 286
– tetradentate 290, 291
tris(2-pyridylmethyl)amine 276, 288
tris(methyl)lanthanum 124
Triton X-100 227
two-layer OLED 207

vibrational spectra of oxo-selenates(IV) 96
vibronic coupling 164
vibronic spectra 176
volatileβ-diketonate complexes 233

water exchange rate 319
water proton relaxivity 326

xerogel 186

Y2BaCu3O7 240
Y2O3 241
Y2(SeO3)3 70
Y2(SeO4)3·8H2O-II 50
[Y2(tod)6] 139
[Y4(acac)10(OH)2] 139
[Y(acac)3] 123
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[Y(acac)3(dmso)(H2O)]·(dmso) 130
[Y(acac)3(H2O)2]·(H2O) 130
[Y(acac)3(phen)] 130, 145, 214
YAlO3 239
Yb2(SeO3)3 70
Yb2(SeO4)3 48, 50
Yb2(SeO4)3·8H2O-II 50
Yb4O3Cl2(SeO3)2 80
[Yb(acac)3] 132
[Yb(acac)3(H2O)] 132, 135
[Yb(acac)3(H2O)2] 132
[Yb(dbm)3(bath)] 214
[Yb(fod)3] 152, 220, 249
[Yb(fod)3(bipy)]·2H2O 152
[Yb(fod)3(H2O)] 152
[Yb(hfac)4]−(triethylammonium) 156
[Yb(pta)3] 152
[Yb(thd)3] 152, 157, 236
[Yb(thd)3(diglyme)] 152
[Yb(thd)3(phthalazine)] 152
[Yb(thd)3(py)] 152
[Yb(thd)3(pyr)] 152
[Yb(thd)3(triglyme)] 152
[Yb(trimh)3] 153
[Yb(tta)3] 153
[Y(bzac)3(H2O)] 130, 135
[Y(facam)3] 145
[Y(fod)3] 145, 240
[Y(fod)3(bipy)]·2H2O 145, 153
[Y(fod)3(H2O)] 145
[Y(fod)3(phen)] 145
[Y(hfac)3(H2O)2Cu(acac)2] 128
[Y(hfac)3(H2O)2][Cu(acac)2] 130, 141
[Y(hfac)3(tetraglyme)] 145
[Y(hfac)3(triglyme)] 145
[Y(hfac)4]−Cs+ 133

[Y(pta)3] 145
Y(Se2O5)NO3·3H2O 80
YSZ 6, 19, 21
[Y(thd)3] 124, 130, 145, 159, 235–237, 240
[{Y(thd) 3} 2(triglyme)] 139
[Y(thd)3(4-Et-pyO)] 145
[Y(thd)3(4-tert-But-pyO)] 145
[Y(thd)3(bipy)] 145
[Y(thd)3((CH3)3NO)] 145
[Y(thd)3(diglyme)] 145
[Y(thd)3(dmf)] 145
[Y(thd)3(dmso)] 145
[Y(thd)3(Et3PO)] 145
[Y(thd)3(H2O)] 130, 135, 141
[Y(thd)3(hmteta)] 145
[Y(thd)3(Ph3PO)] 145
[Y(thd)3(phen)] 145
[Y(thd)3(pyO)] 145
[Y(thd)3(pyr)] 145
[Y(thd)3(tmeda)] 145
[Y(thd)3(triglyme)] 145
[Y(tmod)3] 145
yttria stabilized zirconia (YSZ) 9
– ionic conductivity 21
– mechanical strength 29
– the electronic and hole conductivity 22
– thermal conductivity 32, 33
– thermal diffusivity 30, 31
– thermal expansion coefficients 34
[Y(trimh)3] 145
[Y(tta)3] 145
[Y(tta)3(phen)] 145, 200

zeolite-X 195
zeolite-Y 196
zirconia glasses 186
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