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ABSTRACT 

 

The research summarized in this dissertation is aimed at the design and 

exploratory synthesis, characterization, and property investigation of lanthanide-based 

functional materials.  The substances prepared in this work, including small molecular 

complexes and nanostructured particles, are of fundamental scientific interest as well as 

practical significance due to the unique chemical and physical properties of the 

lanthanide elements.  Envisioned applications include their uses as light-emitting 

materials in modern display technology, optical amplifiers, and high-density magnetic 

recording media.  This research seeks to develop general methods for directing the 

formation of lanthanide materials, particularly as a means of influencing the physical 

properties of such materials.  These efforts are elaborated in distinct yet related projects. 

In Chapter 2, exploratory synthesis, structural characterization, and photo-

physical investigation of adducts of lanthanide β-diketonates with a tridentate neutral 

ligand, TPTZ are described. 

In Chapter 3, analogous studies utilizing p,p’-disubstituted bipyridine and 

phenathroline type bidentate neutral ligands are detailed.  The structures of the complexes 

have been established by single crystal X-ray diffraction.  Compositional and structural 

differences among the various complexes are caused by different structural and electronic 

properties of the ligands and overall steric compactness of the coordination sphere.  Red 

and green luminescence characteristics of Eu(III) and Tb(III) ions are observed for the 
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corresponding complexes, upon UV excitation, consistent with the well-established 

ligand-mediated energy transfer and light emission mechanism. 

In Chapter 4, the electroluminescence properties of various europium complexes 

are evaluated for their potential as emissive materials in organic light-emitting diodes. 

The synthesis and characterization of Er-doped LaPO4 nanoparticles are described 

in Chapter 5 together with the preparation and studies of hybrid nanocomposites 

composed of nanoparticle-doped sol-gels.  A single-mode waveguide system was 

fabricated, wherein Er-doped nanoparticles solubilized in a sol-gel matrix has shown 

promising performance in propagating light signals (1.54 µm) without significant optical 

losses.   

In Chapter 6, synthesis, electron microscopic characterization and magnetic 

studies of crystalline Sm(III)- and Eu(III)-doped Fe3O4 nanoparticles are detailed.  

Magnetic studies suggest the ferromagnetic behavior of the lanthanide-doped Fe3O4 

nanoparticles at room temperature and therefore, the significant effects of lanthanide 

doping. 



 24

CHAPTER 1 

Lanthanide Chemistry: An Overview of Optical and Magnetic 

Properties 

 

The rare earth elements [atomic number 57 (La) to 71 (Lu), 21 (Sc), and 39 (Y)] 

present the largest group of chemically similar elements.1  Their physical properties, 

however, differ distinctly due to the subtle features of electronic structure.  The elements 

from Ce through Lu are generally denoted as the lanthanide series.2  These elements form 

a bridge between the very reactive alkaline earth metallic elements and the transition 

metals.  The practice of lanthanide chemistry has been broadened in many disciplines 

including condensed matter physics, solid-state chemistry, solution chemistry, 

biochemistry, and materials sciences.3-16  The scientific and technological interests of the 

lanthanide series are mainly due to their unique optical and magnetic properties.  These 

intriguing and unusual properties are a consequence of the f-electronic configuration of 

the lanthanide elements.17 

 The electronic configurations of the lanthanide series are shown in Figure 1.1.17  

These elements have incomplete, partially filled 4f levels except La, Yb, and Lu.  

Although the different lanthanides are distinguished by the number of 4f electrons, no 

correlation can be observed between the extent of electron filling and the chemical 

properties.  The reasoning is due to the closeness of 4f electrons to the atomic nucleus, 

resulting in a small average radial extent than those to the 6s or 5d electrons.   The 

chemical properties of lanthanide elements are indeed very similar due to the fact that the 
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chemistry of the elements is mainly governed by the nature of the outer most electrons, 

the valence electrons, in addition to the atomic size. 

  

Table 1.1. Electronic configurations of the lanthanide elements. 

Atomic Number Element Electronic 

Configuration 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

[Xe] 6s2 5d1 

[Xe] 6s2 4f 2 

[Xe] 6s2 4f 3 

[Xe] 6s2 4f 4 

[Xe] 6s2 4f 5 

[Xe] 6s2 4f 6 

[Xe] 6s2 4f 7 

[Xe] 6s2 4f 75d1

[Xe] 6s2 4f 9 

[Xe] 6s2 4f 10 

[Xe] 6s2 4f 11 

[Xe] 6s2 4f 12 

[Xe] 6s2 4f 13 

[Xe] 6s2 4f 14 

[Xe] 6s2 4f 145d1
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The luminescent properties of lanthanides have intrigued scientists since the 

1950s.18  Among the lanthanide ions that emit in the visible range of the spectrum, 

Eu(III), Tb(III), and Tm(III) are most attractive due to the emission of the three primary 

colors red, green, and blue, respectively (Figure 1.1).19, 20  Potential applications include 

light emitting diodes (OLEDs), liquid crystals, fluoroimmunoassays, and biophysics.8, 9, 21  

Lanthanide ions that emit in the near-IR (NIR) region have applications in laser 

technology and optical telecommunication systems.22, 23 

 

 

900 1500 

 

Figure 1.1. Emission wavelengths of common lanthanide(III) ions: [Tb(III), Eu(III), 

Yb(III), and Er(III) ions have been used in this study]. 

 

 f-f electronic transitions of lanthanides in their +3 oxidation state in aqueous 

solution, and in coordination and inorganic solid states lead to the emission of light.1  

Two important factors are related to these f-f transitions.  First, the 4f electrons, which are 

well shielded from the more spatially extended filled 5s and 5p orbitals, are prevented for 

EEuu((IIIIII))TTbb((IIIIII))TTmm((IIIIII))  
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(547 nm)(478 nm) (980 nm) (1540 nm)(614 nm)
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being involved in bonding or affected by the coordination environment of the lanthanide 

ion.24  In other words, the influence of the host lattice or the coordinated ligands on the 

transitions within the 4f shell is insignificant.  Therefore, the atomic properties of 

lanthanide ions are typically retained after complexation.  The extremely sharp 

characteristic emission bands of the lanthanides are the consequences with peak widths 

narrower than 10 nm.  The electronic transitions of the lanthanide(III) ions with their 

characteristic emission wavelengths are summarized in Table 1.2.25  Second, the majority 

of the electronic transitions involving redistribution of electrons within the 4f orbitals are 

Laporte forbidden, leading to very low absorption cross-sections and low molar 

absorptivities (ε<1 M-1cm-1).26  The forbidden nature of such transitions renders direct 

photo-excitation of lanthanide ions difficult, unless sensitization is utilized.27, 28  For 

example chelating organic chromophores with suitable photophysical properties can be 

employed to sensitize the lanthanide ions as shown in Figure 1.2.  The forbidden nature 

of the f-f transitions also results in longer luminescence lifetimes, in the micro- to 

millisecond range.29     
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Table 1.2. Main electronic transitions and maximum emission wavelengths 

Transition λemi [nm] 

(λemi) of lanthanide(III) ions. 

Ion 
 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

 
3P0 H4
3P0                   3H5

4F3/2                 I11/2

4G5/2                6H7/2

D0                F1

6

D4                7F4

4F /2
4F9/2                 H13/2

F5                 I6

 

520 

1060 

600 

595 

590 

580 

1479 

 

 
 
 
 
 

 
 
 
 

 
 
 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

                  3

1D                    2
3H4

3P0                   3H6
3P0                   3F2

 
4F3/2                 4I9/2

4

4F                  3/2
4I13/2

 
4G5/2                6H5/2

4G5/2                6H9/2
4G                 5/2

6H11/2
4G5/2                6H13/2

 
5D0                7F0
5 7

5D0                7F2
5D0                7F3
5D0                7F4

 
P7/2                8S7/2

 
5D4                7F5
5

5D                 4
7F3

5D4                7F2
5D4                7F1

 
9/2                 6H15

6

4F9/2                 6H11/2
 

5F5                 5I7
5 5

490 

610 
630 
640 

 
880 

1330 
 

560 

650 
710 
790 

 
580 

615 
650 
690 

 
311 

 
545 

623 
655 
670 

 
478 

670 
 

975 
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Table 1.2 continued 

 
Er 

Tm 

Yb 

5I6                  5I8
 

4I /2

4 H4

2

1148 
 

 

 
 

 
 
 

13/2                  I4
15

 
1G4                 3H6
1G                  3
3F4                 3H6
3F4                 3H4

 
F                  5/2

2F7/2

1540 
 

478 
650 
790 
1465 

 
980 

 

 

 

 

Chromophore 

 

 

Figure 1.2. Sensitization of lanthanide luminescence by energy transfer from an excited 

chromophore. 
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The sensitization of lanthanide luminescence was proposed in 1942, when 

Weissm

y studied by 

Crosby

an observed intense lanthanide-centered luminescence in complexes with ligands 

bearing chromophoric groups.30  Organic chromophores, with higher molar absorptivities, 

are efficient light absorbers compared to the lanthanide(III) ions themselves.  

Subsequently the absorbed energy can be transferred from the organic ligand to the 

lanthanide ion by an intra-molecular energy transfer.  The first coordinated ligands used 

as an “antenna” were the aromatic carboxylic acids, aldehydes and alcohols. 

This ligand-mediated energy transfer mechanism has been extensivel

 and coworkers (Figure 1.3).31-33  The sensitization process starts with absorption 

of light by the organic ligands and subsequent population of the singlet excited state of 

the ligand.34  The singlet state can decay radiatively (ligand-based fluorescence) or non-

radiatively to the ground state, but it can also undergo intersystem crossing (ISC) to 

populate the triple state.  The triplet state can also decay either radiatively (ligand-based 

phosphorescence) or non-radiatively.  When coordinated to a lanthanide(III) ion, an intra-

molecular energy transfer can occur from the excited triplet level to lanthanide emissive 

state(s) by a Forster-type dipole-dipole exchange mechanism.35  The magnitude of the 

Forster energy transfer is proportional to 1/r6, where r is the distance between the donor 

(D), the ligand or sensitizer, and the acceptor (A), the lanthanide ion.  The lanthanide(III) 

ion can then undergo a radiative transition to a lower 4f-state, resulting in characteristic 

line-like lanthanide luminescence.  Although not nearly as prevalent, other mechanisms 

are also possible36, including direct energy transfer from the ligand singlet state to the 

resonance levels of the lanthanide ion.37  It may also deactivate by non-radiative decay 
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processes.18  The main basis of radiationless deactivations is vibronic coupling with high 

energy frequency oscillators such as O-H, N-H, or C-H bonds present in the ligands 

and/or the solvent molecules coordinated or in proximity to the lanthanide ion.38, 39  For 

example, Eu(III)-emission is quenched by the O-H and O-D vibrational overtones as 

illustrated in Figure 1.4.  The energy gap between the emissive state 5D0 and the highest 

level of the ground multiplet 7F6 is easily bridged by three vibrational quanta of the O-H 

bond.  Quenching by C-H and N-H oscillators has been less well studied than O-H 

quenching.  If the O-H bonds are replaced by O-D, the number of vibrational quanta 

necessary to bridge the gap increases to five, and the vibrational quenching process is less 

efficient.39, 40  

  Singlet

 

Figure 1.3. Schematic representation of the sensitization mechanism of lanthanide(III) 
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Figure 1.4. Vibrational quenching of Eu(III)-emission via O-H and O-D bonds. 

 

ave 

ptimal energy matches between the ligand singlet and the triplet states and also the 

ligand 

In order to populate the lanthanide emissive state(s), it is necessary to h

o

triplet and the lanthanide emissive states.37, 41  If the ligand triplet levels are below 

the resonance levels of the lanthanide ion, ligand fluorescence or phosphorescence can be 

observed instead, or no light emission is observed at all.  Back transfer from the 

lanthanide emissive states into the ligand triplet energy levels is also a possibility if the 

two energy levels are very close or similar to each other.  It is also possible to observe 

weak lanthanide-centered luminescence along with ligand phosphorescence, indicating 

inefficient energy transfer from ligand triplet levels to the lanthanide ion.  Thus, 
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lanthanide-centered luminescence is a function of the energy gap between the ligand 

singlet and triplet level(s) and the lanthanide emissive state(s).  Fine tuning of lanthanide 

luminescence can then be achieved by careful design of ligands. 

We have been interested in developing new lanthanide complexes for potential 

applications in organic light-emitting devices and optical amplifiers.37, 42-44  Complexes of 

interest

 structures and synthetic methods, 

similar

 are the lanthanide β-diketonates, the most popular and the most extensively 

studied class of lanthanide coordination compounds.  Tuning of the energy levels of the 

ligands is achieved by functionalization of the β-diketonate ligands through fluorination, 

and/or incorporation of aromatic substituents.  The reduction or elimination of high-

energy vibronic oscillators such as OH groups is achieved by substituting such solvent 

molecules with Lewis basic N-donor neutral ligands. 

Although we have made progress in identifying highly luminescent complexes in 

the visible range by exploring a range of lanthanide

 structural types have limited applications in devices using near IR (NIR) 

emission.  The main reasoning is primarily due to the closeness of the NIR phonon 

energy to the vibrational energy of C-H, O-H, and/or N-H groups present in the organic 

ligands or the solvent molecules.45-47  In order to prevent the aforementioned luminescent 

quenching, we prepare near-IR emissive nanoparticles using Er-doped phosphate where 

phosphate is used as the matrix.48, 49 
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Another important area of our research involves seeking lanthanide-based 

materia

in and orbital angular momenta are responsible for the magnetic moments 

of lanth

μ = gj √J(J+1) 

 

where the Lande g-factor is defined by gj = 3/2 + [S(S+1) – L(L+1)]/2J(J+1) 

ls with improved magnetic properties.17, 50  All lanthanide ions except La(III) and 

Lu(III) contain unpaired electrons and are thus paramagnetic.17  Their magnetic 

properties are determined entirely by the ground state, as the excited states are thermally 

inaccessible.   

Both sp

anide ions.  Therefore they are generally well-described from the coupling of spin 

and orbital angular momenta (Russell-Saunders Coupling Scheme).51  These magnetic 

properties are essentially independent of the environment of the lanthanide ion, making 

their coordination geometries hard to distinguish.  Thus, larger spin orbital coupling 

constants but smaller ligand field effects are observed for lanthanide ions.17 

The magnetic moments (μ) are given by the Lande formula: 

 

(S=multiplicity, L=orbital angular momentum, and J=total angular momentum).  This 

differs from the familiar μ = √n(n+2) formula, where n is the number of unpaired 

electrons, [or √4S(S+2), spin only formula], often applicable to the 3dn transition metal 

ions, as in this case, the orbital contribution to the moment is quenched by the interaction 

of the metal 3d orbitals with the ligands. 
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Lanthanide metals and alloys have interesting ordered magnetism effects.  Among 

the magnetic applications, permanent bulk magnets composed of Sm and Nd are 

important due to their higher magnetic flux produced with a smaller mass.51, 52  

Lanthanide-containing materials are promising candidates for a wide range of magnetic 

applications, including high density magnetic recording, data storage, and magnetic 

resonance imaging (MRI).53, 54  We have recently started to explore this exciting area of 

research to improve the magnetic properties of these materials by doping lanthanide ions 

into other inorganic host materials such as transition metal oxides and alloys. 

The principles discussed in this introductory chapter clearly indicate that the 

lanthanide containing materials are useful and potential candidates for optical and 

magnetic applications. The goals of this work are focused on the exploratory synthesis 

and property investigation of a number of discrete lanthanide-containing functional 

materials, including small molecular complexes and nanostructured particles.  The 

specific goals of this study are: 

 

1. molecular design and synthesis of novel lanthanide complexes with carefully 

chosen ligand combinations for optical applications (visible and near IR); 

2. structural characterization and elucidation of the coordination chemistry of the 

lanthanide complexes (using single crystal X-ray diffraction studies); 

3. investigation of the photoluminescence and electroluminescence properties of 

the complexes and evaluation of the structure property relationships to 

identify structural improvements for desired applications; 
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4. developing novel synthetic methodologies for the construction of lanthanide-

containing nanomaterials with potential optical and magnetic applications; and 

5. elucidation of the structures of these novel nanomaterials and study of their 

optical and magnetic properties. 

 

The research carried out to achieve these goals, is detailed in the following 

chapters.  In Chapter 2, synthesis, structural characterization, and photo-physical 

investigation of lanthanide β-diketonates with a tridentate neutral ligand, 2,4,6-tri(2-

pyridyl)-1,3,5-triazine (TPTZ) are described.  In Chapter 3, this study is extended to 

synthesis of lanthanide β-diketonates with p,p’-dubstituted bipyridine and phenathroline 

type bidentate neutral ligands.  Electroluminescent studies of the synthesized lanthanide 

β-diketonates as promising candidates for organic light emitting diodes (OLEDs) are 

detailed in Chapter 4.  Preparation of Er-doped LaPO4 nanoparticles and their potential 

applications as near-IR emitting materials in telecommunication systems are presented in 

Chapter 5.  Finally, Chapter 6 details the synthesis, structural characterization, and 

magnetic studies of lanthanide-doped iron oxide nanoparticles as potential candidates for 

magnetic recording.  Some of the explored structural types of lanthanide materials and 

their synthetic methods described in this work are novel while some provide support of 

existing concepts or information. 
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CHAPTER 2 
 
Lanthanide β-diketonate Adducts Featuring a Tridentate TPTZ (2,4,6-

tri(2-pyridyl)-1,3,5-triazine) Ligand 
 

 

Abstract 

Adducts of lanthanide β-diketonates of the general formula LnL3(TPTZ) were 

synthesized [Ln=Eu(III), Tb(III); L is the conjugate base of dibenzoylmethane (HDBM), 

1-benzoylacetone (HBA),  2-thenoyltrifluoroacetone (HTTA), 4,4,4-trifluoro-1-phenyl-

1,3-butanedione (HBTFAC) or 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate (HHFAC);  

TPTZ=2,4,6-tri(2-pyridyl)-1,3,5-triazine, a rigid Lewis base with a large π system].  In 

addition to these standard adducts, an Eu(III) complex with an uncommon ligand 

composition  [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] was also synthesized. The 

structures of these new complexes were established by single crystal X-ray diffraction. 

The lanthanide ion in each of these complexes is nonacoordinate with six oxygen atoms 

and three TPTZ nitrogen atoms forming a coordination polyhedron best describable as a 

monocapped square antiprism.  The difference in the composition and structure between 

(Eu(HFAC)3(TPTZ) and [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] is caused by 

simply reversing the order of ligand (HFAC and TPTZ) addition during synthesis and is 

rationalized in terms of the structural and electronic properties of the ligands and the 

overall steric bulk of the coordination sphere. Upon UV excitation, characteristic red and 

green luminescence was observed for the Eu(III) and Tb(III) complexes, respectively, 

consistent with the well-established mechanism of ligand-mediated energy transfer for 
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lanthanide-based light emission.  All complexes showed significantly enhanced 

luminescence quantum yields when compared with the corresponding aqua analogues.  

Both Eu(BTFAC)3(TPTZ) and Eu(HFAC)3TPTZ have high photoluminescence quantum 

yields of 69.7% (chloroform) and 60 % (dichloromethane), respectively.  
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2.1. INTRODUCTION 
 
 
 

The usefulness of optical and light emitting materials depends critically on the 

molecular structure of the lanthanide complexes used as active components in emitting 

devices.1, 2  This dependence is reflected in a number of aspects including saturation of 

the coordination sphere of these rather bulky lanthanide ions to minimize potentially 

luminescence-quenching solvent interactions, use of ligands capable of promoting ligand-

mediated energy transfer and avoidance of ligands capable of luminescence-quenching 

via vibrational coupling with the lanthanide metal center.3-9  The stability of the complex 

and its facility in device fabrication are also considerations in design of practically useful 

materials.  

Arguably, the most common lanthanide complexes based on the above 

considerations are lanthanide β-diketonates.2  The β-diketonate ligands are 1,3-diketones 

bearing two carbonyl groups, separated by one carbon atom, the α-carbon.  Generally the 

substituents on the α-carbon are hydrogen atoms.  However, substituents on the carbonyl 

groups can be varied from alkyl groups, fluorinated alkyl groups to aromatic groups.  The 

β-diketonate ligands employed through out this study are shown in Figure 2.1. 
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Figure 2.1. Molecular structures of the β-diketonates used in this study. 
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The simplest β-diketonate is the acetylacetone (HACAC), and other β-diketonates 

can be considered as HACAC derivatives.  The choice of the substituent influences the 

properties of the resulting lanthanide complex.  For example, the coordination number of 

the lanthanide ion, the solubility and the volatility of the complexes are influenced by the 

molecular structure of the β-diketonate ligand used.2, 10  These ligands also influence the 

photo-physical characteristics of the complexes as well.  For example, β-diketonates with 

aromatic substituents have a strong light absorption compared to those with aliphatic 

substituents.  Most of all, these substituents present in the β-diketonates have a 

remarkable effect on the position of singlet and triplet energy levels, which control the 

efficiency of lanthanide luminescence.2, 11-13   

 β-diketonates exhibit keto-enol tautomerism as shown in Scheme 2.1.14  The 

degree of enol formation depends on the substituents.  For example, the presence of 

electron withdrawing CF3 groups favors the enol form over the keto form.15  β-

diketonates are typically deprotonated, by removing a proton from the α-carbon before 

reacting them with a trivalent lanthanide ion.16, 17  The presence of two carbonyl groups 

increases the acidity of the proton in the α-carbon so that a weak base can be used to 

remove the proton.  The negative charge of the ligand is delocalized in the lanthanide β-

diketonate forming a six membered chelate ring.2  Lanthanide ions are Lewis acids and 

prefer anionic ligands with Lewis basic donor atoms such as oxygen.18   
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Scheme 2.1 
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When three β-diketonate ligands coordinate a trivalent lanthanide ion, an 

electrically neutral complex is produced.  Unless a sterically encumbering β-diketonate 

ligand is used, additional ligands such as water and other Lewis bases are necessary in 

order to fulfill the high coordination requirements of these large metal ions.  For practical 

applications, non-aqueous neutral ligands are typically used, as high phonon energy OH 

oscillators can bridge off at very high rates the energy of the excited states of a lanthanide 

ion, leading to low quantum efficiency of light emission.4  In addition to these molecular 

structures, it is also desirable to produce tetrakis complexes in the presence of excess β-

diketonate ligands.17  These possibilities are depicted in Figure 2.2. 
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Figure 2.2. Molecular structures of representative lanthanide β-diketonates: (a) Ln(β-

diketonate)3(H2O)2, (b) [Ln(β-diketonate)4]-, (c) Ln(β-diketonate)3(bipy). 
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Both anionic complexes featuring four diketonate ligands and electrically neutral 

complexes containing both diketonate and other ligands have been studied as 

luminescence materials.13, 16, 19-26  Their photophysical properties, thermal and chemical 

stabilities, and processibility can be modified and fine-tuned by judicious choice of 

ligand combinations.  The challenges in this endeavor are to identify the novel neutral 

ligands that satisfy the above mentioned requirements and to develop various strategies 

for their synthesis.  Of particular interest are complexes featuring three diketonate ligands 

and one or more neutral ligands (L) of the general formula Ln(β-diketonate)3L, for which 

impressive photoluminescence properties have been realized.27 

 Neurtal ligands (L) can be divided into several categories based on their number 

of coordinating atoms and chelation mode(s).  Monodentate or bidentate ligands are 

commonly used due to the eight coordination numbers generally achieved in resulting 

lanthanide complexes.  However, tridentate ligands provide more protection of the 

lanthanide metal center, preventing solvent molecules from entering the primary 

coordination sphere.  Several choices of such neutral ligands are present in the literature 

(Figure 2.3).2  Most of these ligands are either oxygen-donor or nitrogen-donor Lewis 

bases. 

The luminescent property of the Lewis base adduct of a lanthanide β-diketonate 

depends not only on the diketonate but also on the accompanying neutral ligand(s).  

Similarly to the negatively charged ligands, the neutral ligands contribute to the overall 

stability of the resulting complex.  Other properties such as thermal stability, solubility, 

and film-forming characteristics (for the fabrication of light-emitting devices) are also 
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strongly dependent on the nature of the ligands.  We have been looking at ligand design 

as a fundamental means of enhancing the luminescent efficiency and thermal stability of 

these complexes and improving the charge-carrier transporting ability in working 

devices.28  Work by others has also validated this ligand design approach for producing 

improved electroluminescent lanthanide materials.29, 30  Based on such considerations, we 

have recently begun the quest for adducts of lanthanide β-diketonates with unique neutral 

ligands. 

Our choice of neutral ligand L is 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ), a 

bulky aromatic compound featuring three 2-pyridyl rings fixed on a central 1,3,5-triazine 

platform (Figure 2.4).31  This ligand has been studied previously for its application in 

actinide-lanthanide group separations in a synergistic extraction system where in TPTZ 

coordinates Am(III)  more strongly than Eu(III) at low pH (pH = 1).32 
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Figure 2.3. Representative Lewis basic neutral ligands used for forming adducts with 

lanthanide tris-β-diketonates. 
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Figure 2.4. Structure of TPTZ ligand used for the synthesis. 

 

Lanthanide complexes with TPTZ ligand were first reported by Durham and co-

workers.33  The first examples are the TPTZ adducts of hydrated lanthanide chlorides and 

nitrates.  TPTZ may have two coordination modes [(a) bidentate and (b) tridentate] as 

shown in Figure 2.5.  Only a few structurally characterized lanthanide complexes exist in 

which TPTZ acts as a tridentate ligand coordinating the lanthanide ion with one of the 

three pyrazine nitrogen atoms and the three pyridyl nitrogen atoms (Figure 2.6).32, 34-36 
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Figure 2.5.  Possible coordination modes of TPTZ. 
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Figure 2.6.  Examples of structurally characterized TPTZ adducts of lanthanide 

salts. 
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However, TPTZ adducts of lanthanide β-diketonates were unknown prior to our 

work.  In addition to the novelty of such complexes, the bulky ligand, by offering three 

coordinating atoms, helps protect the lanthanide ion from interacting with solvent 

molecules, and therefore from suppressing solvent-based vibrational coupling and 

luminescence quenching.4  On the other hand, the aromatic rings of TPTZ are excellent 

antennas for absorbing UV light and for the sensitization of lanthanide-centered 

luminescence.  Furthermore, the remaining nitrogen atoms allow for further coordination 

to other metals, particularly transition metals.37-40  Thus, structurally sophisticated 

heterometallic complexes may be envisioned, for which novel magnetic as well as 

luminescence properties can be expected. 

As a first step to many of the research opportunities elaborated above, we have 

prepared the TPTZ adducts of several lanthanide β-diketonates, wherein the lanthanide 

ion is Eu(III) or Tb(III) while the β-diketone is dibenzoylmethane (HDBM), 1-

benzoylacetone (HBA), thenoyltrifluoroacetone (HTTA), 4,4,4-trifluoro-1-phenyl-1,3-

butanedione (HBTFAC) or 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate (HHFAC).  The 

Eu(III) and Tb(III) complexes are potentially useful red- and green-emitting materials in 

organic light-emitting devices.  In this chapter, we describe in detail the synthesis, 

structural characterization by single-crystal X-ray diffraction, and photoluminescence 

studies of these new members of the lanthanide β-diketonate family. 
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2.2. EXPERIMENTAL 

 

General considerations. 

EuCl3•6H2O, TbCl3•6H2O, MgSO4, dibenzoylmethane (HDBM), 1-

benzoylacetone (HBA), thenoyltrifluoroacetone (HTTA), 4,4,4-trifluoro-1-phenyl-1,3-

butanedione (HBTFAC),  1,1,1,5,5,5-hexafluoro-2,4-pentanedione (HHFAC),  2,4,6-

tri(2-pyridyl)-1,3,5-triazine (TPTZ), and potassium tert-butoxide (KOBut) were 

purchased from Aldrich and used without further purification.  Elemental analyses (CHN) 

were performed by Desert Analytics Laboratory, Tucson, Arizona.  

 

Synthesis of Tb(DBM)3TPTZ. 

A mixture of TPTZ (0.312 g, 1.00 mmol) and TbCl3•6H2O (0.265 g, 1.00 mmol) 

in 15 mL of absolute ethanol was stirred under reflux for 30 min to afford a clear 

solution.  To this mixture, a solution of KOBut (0.800 g, 7.130 mmol) and HDBM (0.672 

g, 3.00 mmol) in 20 mL of absolute ethanol were added over 10 min.  The resulting 

mixture was stirred at 50°C for 1 h, and then at room temperature for an additional 30 

min.  Ethanol was removed under vacuum, and the residue was washed with copious 

deionized water.  The crude product thus obtained was dissolved in a minimum amount 

of chloroform, and the solution was dried over anhydrous MgSO4.  The filtrate was 

collected, from which a yellow solid was obtained upon removal of the solvent.  Upon 

recrystallization from ethanol/chloroform (v/v 2:1), analytically pure product was 
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obtained as a yellow crystalline solid (0.73 g, 64.0%).  Anal. Calcd for C63H45N6O6Tb: C, 

66.32; H, 3.98; N, 7.36.  Found: C, 66.44; H, 3.96; N, 7.08. 

 

Synthesis of Eu(DBM)3TPTZ. 

A mixture of TPTZ (0.312 g, 1.00 mmol) and EuCl3•6H2O (0.366 g, 1.00 mmol) 

in 20 mL of absolute ethanol was stirred at 50ºC for 10 minutes to afford a clear solution.  

White crystals formed within minutes as the clear mixture was allowed to cool to room 

temperature.  To this mixture was added with stirring a solution of KOBut (0.800 g, 7.130 

mmol) and HDBM (0.672 g, 3.00 mmol) in 20 mL of absolute ethanol.  The resulting 

mixture was stirred under reflux for 1.5 h, and then for an additional 0.5 h at room 

temperature under nitrogen.  Purification of the reaction mixture followed the procedures 

detailed above for Tb(DBM)3TPTZ.  Analytically pure product was obtained as a pale 

yellow crystalline solid (0.57 g, 60.0%) upon recrystallization from ethanol:acetone 

(v/v/v 2:1).  Anal. Calcd for C63H47N6O7Eu: C, 65.69; H, 4.11; N, 7.29.  Found: C, 65.55; 

H, 4.22; N, 7.56. 

 

Synthesis of Eu(BA)3TPTZ. 

A mixture of TPTZ (0.312 g, 1.00 mmol) and EuCl3•6H2O (0.366 g, 1.00 mmol) 

in 20 mL of absolute ethanol was stirred at 50ºC for 10 min to afford a clear solution.  To 

this mixture was added with stirring a solution of KOBut (0.600 g, 5.347 mmol) and 

HBA (0.487 g, 3.00 mmol) in 15 mL of absolute ethanol.  The resulting mixture was 

stirred at 60°C for 0.5 h, and then at room temperature under nitrogen for an additional 
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1.5 h.  Purification of the reaction mixture followed the procedures detailed above for 

Tb(DBM)3TPTZ.  Analytically pure product was obtained as a pale yellow crystalline 

solid (0.57 g, 60.0%) upon recrystallization from ethanol:chloroform:hexane (v/v/v 

2:1:1).  Anal. Calcd for C48H40N6O6.5Eu: C, 60.25; H, 4.11; N, 8.80.  Found: C, 60.25; H, 

4.34; N, 9.01. 

 

Synthesis of Eu(BTFAC)3TPTZ. 

EuCl3•6H2O was allowed to react with TPTZ as described above.  To this mixture 

was added with stirring a solution of KOBut (0.336 g, 3.00 mmol) and HBTFAC (0.648 

g, 3.00 mmol) in 20 mL of absolute ethanol.  The resulting mixture was stirred at 60°C 

for 30 min, and then at room temperature under nitrogen for an additional 3 h.  The 

mixture was filtered and the solid was washed with copious de-ionized water to remove 

KCl byproduct.  The crude product thus obtained was washed with hexane (3 mL), 

dissolved in acetone (50 mL), and the solution was dried over anhydrous MgSO4.  The 

filtrate was collected, from which a pale yellow solid was obtained upon removal of the 

solvent.  Recrystallization from ethanol:acetone (v/v 1:1) afforded analytically pure 

product as a pale yellow crystalline solid (0.63 g, 57.0%).  Anal. Calcd for 

C48H30N6O6F9Eu: C, 51.95; H, 2.72; N, 7.57.  Found: C, 51.56; H, 2.54; N, 7.37. 

 

Synthesis of Eu(TTA)3TPTZ. 

Starting with EuCl3•6H2O (0.366 g, 1.00 mmol) and adopting an otherwise 

identical preparative and purification procedure for Eu(BTFAC)3TPTZ, the product was 
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obtained as a pale yellow crystalline solid (1.00 g, 78.0%).  Anal. Calcd for 

C42H24N6O6F9S3Eu: C, 44.72; H, 2.14; N, 7.45.  Found: C, 44.38; H, 2.20; N, 7.45. 

 

Synthesis of [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-]. 

EuCl3•6H2O was allowed to react with TPTZ as described above.  To this solution 

was added over 10 min a solution of KOBut (0.336 g, 3.00 mmol) and HHFAC (0.624 g, 

3.00 mmol) in 10 mL of absolute ethanol, and the resulting mixture was stirred at 60°C 

for 1 h under nitrogen, and then at room temperature for 3 h.  The mixture thus obtained 

was filtered, and the solid was washed with copious de-ionized water to remove KCl.  

The crude product was dissolved in acetone, and the solution was dried over anhydrous 

MgSO4.  The filtrate was collected, from which a pale yellow solid was obtained upon 

removal of the solvent.  Recrystallization from ethanol:acetone (v/v 1:1) produced a 

crystalline solid as the analytically pure product (0.64 g, 61.0%).  Anal. Calcd for 

C32H22N6O8F15Eu: C, 36.41; H, 2.10; N, 7.96.  Found: C, 36.33; H, 2.06; N, 8.09. 

 

Synthesis of Eu(HFAC)3(TPTZ).  

Using a modified literature procedure22, Eu(HFAC)3(H2O)2 was first prepared.  

Briefly, HHFAC (0.624 g, 3.0 mmol) was added to a solution of KOBut (0.336 g, 3.0 

mmol) in H2O (10 mL).  The resulting clear solution was stirred for 10 min at room 

temperature and then added to an aqueous solution of EuCl3•6H2O (0.366 g 1.0 mmol in 

10 mL H2O).  The mixture was stirred at 60ºC for 30 min under nitrogen and then for 2.5 

h at room temperature.  The mixture was filtered, and the precipitate was washed with 
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cold deionized water (2x100 mL) and dried under vacuum at room temperature for 12 h.  

If necessary, the product was recrystallized from acetone:ethanol (v/v 1:1). 

To a solution of Eu(HFAC)3(H2O)2 (0.808 g, 1.0 mmol) in acetone (15 mL) was 

added TPTZ (0.312 g, 1.00 mmol) in ethanol (15 mL).  The mixture was stirred at 60ºC 

for 0.5 h and then overnight at room temperature.  The mixture was filtered, and the 

filtrate was allowed to evaporate at room temperature to afford analytically pure product 

(0.73 g, 67.0%).  Anal. Calcd for C33H15N6O6F18Eu: C, 36.52; H, 1.39; N, 7.74.  Found: 

C, 36.65; H, 1.36; N, 7.80. 

 

X-ray Structure Determinations. 

Single crystals of Tb(DBM)3TPTZ suitable for X-ray diffraction studies were 

obtained by directly layering of a saturated chloroform solution with diethyl ether at 

room temperature.  Single crystals of Eu(BTFAC)3(TPTZ), Eu(TTA)3(TPTZ),  

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-], and Eu(HFAC)3(TPTZ) were produced by 

slow evaporations of ethanol:acetone (v/v 1:1) solutions, while single crystals of 

Eu(BA)3TPTZ were obtained from ethanol:chloroform:hexane (v/v/v 2:1:1). 

A crystal was mounted on a glass fiber in a random orientation.  Examination of 

the crystal was carried out on a Bruker SMART 1000 CCD detector X-ray diffractometer 

at 170(2)K and a power setting of 50 KV, 40 mA.  Data were collected on the 

SMART1000 system using graphite monochromated Mo Kα radiation (λ = 0.71073 Å).   
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The frames were integrated using narrow frame algorithm of the Bruker SAINT41 

software package and empirical absorption and decay corrections were applied using the 

SADABS program.42  Neutral atom scattering factors were taken from Cromer and 

Waber.43 The structures were solved using SHELXS in the Bruker SHELXTL (Version 

5.0) software package.44  Refinements were performed using SHELXL and illustrations 

were made using XP and DIAMOND.  

The structures were solved by direct methods followed by Fourier synthesis.  

Full-matrix least-square refinements minimizing the function ∑w (Fo
2 – Fc

2) were applied 

to the compounds.  All non-hydrogen atoms were refined anisotropically.  Hydrogen 

atoms were added at idealized positions, constrained to ride on the atom to which they are 

bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom.     

 

Photophysical Studies. 

Electronic absorption spectra in the solid state and chloroform or dichloromethane 

solutions were recorded on a Perkin Elmer Lambda 10 spectrophotometer.  

Photoluminescence studies were carried out with a Fluorolog-3 fluorometer.  The measured 

solid-state and solution-phase luminescence for the Tb(III) and Eu(III) complexes was 

excited by the light from a Xe-Arc lamp and detected using a photo multiplier tube at an 

angle of 90° with respect to the incident beam.   

Photoluminescence quantum yields were measured and calculated using cresyl 

violet perchlorate45 (quantum yield Ф=0.54 in methanol; λmax=320, 590 nm; λemi=620 

nm) and rhodamine 6G46 (Ф=0.95 in ethanol; λmax=530 nm; λemi=550 nm) as the 



 55

standards.  Corrections were made for the instrumental parameters and differing 

refractive indices of the solvents used.47, 48  The relative quantum yields were calculated 

using the following established equation where Abs, A, and n denote the absorbance at 

the excitation wavelength, integrated area of the corrected emission spectrum, and 

refractive index of the solvent, respectively.  Subscript R and S refer to the reference and 

the unknown sample, respectively.8, 49  The luminescence measurements were performed 

using chloroform or dichloromethane solutions (1-5×10-5 M) of the title complexes with 

absorbance values of < 0.2.  The experimental uncertainty for the quantum efficiency 

calculations was found to be 10%.   

 

ФS = ФR(AbsR/AbsS)(AS/AR)(nS
2/nR

2) 

 

Luminescence titration experiments. 

 

The stoichiometry of each of the complexes Tb(DBM)3TPTZ, Eu(BA)3TPTZ, 

Eu(BTFAC)3TPTZ, and Eu(TTA)3TPTZ in the solution phase was evaluated by titration 

of the specific lanthanide chloride solution (1-5×10-5 M) with TPTZ and the 

corresponding β-diketone in ethanol solution.  A stock solution of the β-diketonate ligand 

was freshly prepared by deprotonation of the β-diketone using a stoichiometric amount of 

KOBut.  Following each addition of the ligand (TPTZ or β-diketonate) solution, the 

integrated emission intensities of the 5D0 → 7F2 (for Eu(III) at 614 nm) and 5D4 → 7F5 

(for Tb(III) at 544 nm) transitions were monitored.   
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2.3. RESULTS AND DISCUSSION 

 

2.3.1 Synthesis and Characterization. 

 

Most of the lanthanide β-diketonates reported were synthesized either by a one-

pot synthesis in which the lanthanide starting material [LnCl3•xH2O or Ln(NO3)3•xH2O], 

a β-diketone, and a selected neutral ligand were reacted in the presence of a suitable base 

or by first making the electrically neutral β-diketonate hydrates [Ln(β-

diketonate)3(H2O)2], followed by substitution of the aqua ligand(s) for a chosen neutral 

ligand of a different type.16, 50  However, isolation of unexpected cluster-type polynuclear 

lanthanide oxo/hydroxo complexes have recently been reported where the Lewis base 

apparently promoted the deprotonation of the lanthanide-coordinated and activated water 

molecules, leading to the formation of the bridging hydroxo groups and subsequent 

assembly of the polynuclear species.51   

During synthesis of our Eu(III) and Tb(III) complexes, the Lewis base ligand 

(TPTZ) was introduced prior to the coordination of DBM, BA, TTA, or BTFAC ligands 

(Scheme 2.2) in order to suppress possible hydrolysis of the lanthanide ion.  The pre-

occupation of part of the coordination sphere by the rather bulky tridentate TPTZ ligand 

also helps prevent the undesirable yet frequently encountered formation of anionic 

tetrakis(β-diketonate), as the metal center is discouraged to accommodate more than three 

additional bidentate ligands.16  Thus, electrically neutral and coordinatively saturated 

complexes were obtained as desired. 
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Eu(BA)3(TPTZ): Ln=Eu; X=HBA; R=C6H5, R1=CH3

Eu(BTFAC)3(TPTZ): Ln=Eu; X=HBTFAC; R=C6H5, R1=CF3  

 

Surprisingly, when the same procedure was applied for the synthesis of 

Eu(HFAC)3(TPTZ), a complex formulated as 

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] was instead isolated in good yield (Scheme 

2.3.a).  Only two diketonate ligands are incorporated into the coordination sphere, 

although the initial molar ratio of Eu(III) to HFAC is 1 to 3.  Charge balancing is 

provided by CF3CO2
- whose formation is also worth noting since it was not present in the 

starting materials. 
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Scheme 2.3 
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  This in situ formation of CF3CO2
- is not unprecedented; it has been observed by 

other researchers as the result of HHFAC decomposition via the reverse reaction of 

Claissen condensation, a process facilitated by a base in the presence of a trace amount of 

water (Scheme 2.4).52, 53  In the present case, the uncoordinated nitrogen atoms of TPTZ 

may serve as the base catalyst for the decomposition of the third HHFAC that is used for 

Eu(III) coordination.   
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Scheme 2.4 
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The TPTZ adduct initially planned for, Eu(HFAC)3(TPTZ), was subsequently 

synthesized by using the more traditional approach.  EuCl3•6H2O was reacted with three 

equivalents of HHFAC/base to form Eu(HFAC)3(H2O)2, whose aqua ligands were then 

substituted for TPTZ under mild conditions (Scheme 2.3b).  

All compounds were produced in good to excellent yields.  They are air-stable 

and readily soluble in solvents such as acetone, chloroform, and dichloromethane but 

sparingly soluble in alcohols.  Product purification by recrystallization from alcohol and 

one of these solubilizing solvents proved to be facile.  Satisfactory microanalysis results 

(CHN) were obtained for all complexes. 
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2.3.2. X-ray Structural Determination. 

 

Tb(DBM)3(TPTZ) and  Eu(DBM)3(TPTZ) crystallize in the P21/c space group 

whereas Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] and Eu(HFAC)3(TPTZ) crystallize in 

the Pī space group.  The complexes Eu(BA)3(TPTZ), Eu(TTA)3(TPTZ), and 

Eu(BTFAC)3(TPTZ) crystallize in the space groups P21/n, P212121, and Pī, respectively.  

Crystallographic data and structural refinement parameters for the complexes are reported 

in Tables 2.1-2.7. 

The molecular structures of all seven complexes established by single crystal X-

ray diffraction are shown in Figures 2.7-2.13.  Selected metric values of bond distances 

and angles are summarized in Tables 2.8-2.14.  One of the CF3 groups in 

Eu(BTFAC)3(TPTZ), Eu(TTA)3(TPTZ), [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-], 

and Eu(HFAC)3(TPTZ) complexes is disordered.  CF3 groups are commonly disordered 

in previously reported lanthanide β-diketonates.20  One of the thienyl groups is also found 

to be disordered in Eu(TTA)3(TPTZ).  However these disorders do not affect the final 

refinement of the title compounds. 

In each of these complexes, (β-diketonate=DBM, BA, TTA, BTFAC and HFAC), 

the lanthanide ion is situated in a coordination sphere composed of six oxygen atoms of 

the β-diketonate ligands and three nitrogen atoms of the TPTZ ligand.  The coordination 

polyhedron can be best described as a distorted square antiprism monocapped by the 

central coordinating nitrogen atom.  That of Eu(DBM)3(TPTZ) is shown in Figure 2.14 as 

a representative.  The rather crowded coordination environment effectively protects the 
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lanthanide center from any substantial interactions with potentially luminescence-

quenching solvent molecules. 

Table 2.1.  Crystal Data and Structure Refinement for Tb(DBM)3(TPTZ). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 28.32˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 
RMS diff. density (e Å-3) 

C63H45TbN6O6
1140.97 
170(2) 
0.71073 
Monoclinic 
P21/c 
 
9.5880(10) 
23.062(3) 
24.482(3) 
96.617(2) 
5377.3(10) 
4 
1.409 
1.374 
2312 
0.30x0.20x0.10 
1.22 to 26.00 
-11≤h≤11, -28≤k≤28, -30≤l≤30 
57456 
10559 [R(int)=0.1650] 
100.0 % 
Semi-empirical from equivalents 
0.8749 and 0.6834 
Full-matrix least-squares on F2

10559 / 243 / 685 
0.980 
R1=0.0634, wR2=0.1143 
R1=0.1292, wR2=0.1356 
1.162 and -1.425 
0.134 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Table 2.2  Crystal Data and Structure Refinement for Eu(DBM)3(TPTZ). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 29.81˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 
RMS diff. density (e Å-3) 

C66H51EuN6O7
1192.09 
170(2) 
0.71073 
Monoclinic 
P21/c 
 
17.442(2) 
12.9061(16) 
24.942(3) 
90.744(2) 
5614.2(12) 
4 
1.410 
1.178 
2432 
0.30x0.42x0.52 
1.78 to -29.81 
-23≤h≤23, -17≤k≤17, -34≤l≤33 
75583 
15010 [R(int)=0.0230] 
93.3 % 
Semi-empirical from equivalents 
0.7188 and 0.5794 
Full-matrix least-squares on F2

15010 / 261 / 724 
1.053 
R1=0.0293, wR2=0.0741 
R1=0.0354, wR2=0.0776 
1.705 and -0.878 
0.081 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 

 

 

 

 



 63

Table 2.3.  Crystal Data and Structure Refinement for Eu(TTA)3(TPTZ). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 28.32˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 
RMS diff. density (e Å-3) 

C46H36EuF9N6O8S3 
1219.95 
170(2) 
0.71073 
Orthorhombic  
P212121
 
10.4683(8) 
15.5897(12) 
30.023(2) 
90° 
4899.7(7) 
4 
1.654 
1.5014 
2440 
0.294 x 0.174x 0.071 
1.36 to 26.47 
-13≤h≤13,-19≤k≤19 ,-37≤l≤37 
54175 
10075 [R(int)=0.1213] 
99.6 % 
Semi-empirical from equivalents 
1.0 and 0.895317 
Full-matrix least-squares on F2 

10075 / 855 / 725 
1.108 
R1 = 0.0593, wR2 = 0.1352 
R1 = 0.1236, wR2 = 0.1786 
2.304 and -1.069 
0.183 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Table 2.4.  Crystal Data and Structure Refinement for Eu(BA)3(TPTZ). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 23.27˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 
RMS diff. density (e Å-3) 

C48H39EuN6O6
947.81 
170(2) K 
0.71073 
Monoclinic 
P21/n 
 
12.265(3) 
27.548(6) 
12.472(3) 
93.576(5) 
4205.9(17) 
4 
1.497 
1.549 
1920 
0.228 x 0.223 x 0.101 
1.80 to 23.27 
-13≤h≤13,-28≤k≤30 ,-13≤l≤12 
25900 
6045[R(int)=0.1742] 
99.9 % 
Semi-empirical from equivalents 
1.0 and 0.633047 
Full-matrix least-squares on F2

6045 / 115 / 554 
1.095 
R1 = 0.0663,wR2 = 0.1532 
R1 = 0.1777,wR2 = 0.2247 
2.004 and -1.680 
0.172 
 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Table 2.5.  Crystal Data and Structure Refinement for Eu(BTFAC)3(TPTZ). 

Empirical formula 
ormula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 28.32˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 
RMS diff. density (e Å-3) 

C50H36EuF9N6O7
1155.81 
170(2) 
0.71073 
Triclinic 
Pī  
 
11.0603(10) 
15.0588(13) 
15.3027(14) 
92.666(2)° 
2418.8(4) 
2 
1.587 
1.390 
1156 
0.269 x 0.310 x 0.370 
1.33 to 26.42 
-13≤h≤13,-18≤k≤18 ,-19≤l≤19 
26593 
9826[R(int)=0.0329] 
98.8 % 
Semi-empirical from equivalents 
0.7062 and 0.6274 
Full-matrix least-squares on F2

9826 / 0 / 662 
1.080 
R1=0.0490, wR2=0.1120 
R1=0.0633, wR2=0.1180 
1.674 and -0.639 
0.096 
 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Table 2.6.  Crystal data and structure refinement for 
[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2

-]. 
 

Empirical formula C34H30EuF15N6O10
Formula weight 1119.60 
Temperature (K) 180(2) 
Crystal system Triclinic 
Space group Pī  
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

10.3854(15)  
13.3089(18) 
16.452(2) 
93.673(3) 
104.942(2) 
103.719(2) 

Volume (Å3) 2115.3(5)  
Z 2 
Density (calculated) (mg/m3) 1.758  

Absorption coefficient (mm-1) 1.610  
F(000) 1108 
Theta range for data collection (°) 1.29 to 25.00 
Index ranges -12≤h≤12, -15≤k≤15, -19≤l≤18
Reflections collected 12200 
Independent reflections 7389 [R(int) = 0.0473] 
Completeness to θ=25.00°(%) 99.1 
Max.and min. transmission 0.4642 and 0.3449 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7389 / 6 / 668 
Goodness-of-fit on F2 1.052 
Final R indices [I>2σ(I)] R1 = 0.0414, wR2 = 0.1118 
R indices (all data) R1 = 0.0446, wR2 = 0.1145 
Largest diff. peak and hole (e.Å-3) 2.803 and -1.652 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Table 2.7.  Crystal data and structure refinement for Eu(HFAC)3(TPTZ). 
 

Empirical formula C35H21EuF18N6O7
Formula weight 1131.54 
Temperature (K) 180(2) 
Crystal system Triclinic 
Space group Pī 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

10.7819(14) 
13.4118(17)
14.8428(19) 
98.559(2) 
95.931(2) 
97.830(2) 

Volume (Å3) 2085.8(5) 
Z 2 
Density (calculated) (mg/m3) 1.802  

Absorption coefficient (mm-1) 1.638 
F(000) 1108 
Theta range for data collection (°) 1.40 to 25.00 
Index ranges -12≤h≤12, -15≤k≤15, -17≤l≤17
Reflections collected 12328 
Independent reflections 7309 [R(int) = 0.0156] 
Completeness to θ=25.00°(%) 99.6 
Max.and min. transmission 1.0000 and 0.8472 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7309 / 0 / 664 
Goodness-of-fit on F2 1.034 
Final R indices [I>2σ(I)] R1 = 0.0298, wR2 = 0.0829 
R indices (all data) R1 = 0.0325, wR2 = 0.0850 
Largest diff. peak and hole (e.Å-3) 0.873 and -0.702 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Figure 2.7.  An ORTEP view of the crystal structure of Tb(DBM)3(TPTZ) with partial 

atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 

 

 
 

Figure 2.8.  An ORTEP view of the crystal structure of Eu(DBM)3(TPTZ) with partial 

atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 
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Figure 2.9.  An ORTEP view of the crystal structure of Eu(TTA)3(TPTZ) with partial 
atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 

 

 
 

Figure 2.10.  An ORTEP view of the crystal structure of Eu(BA)3(TPTZ) with partial 
atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 
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Figure 2.11.  An ORTEP view of the crystal structure of Eu(BTFAC)3(TPTZ) with 
partial atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 

 

 
Figure 2.12.  An ORTEP view (50 % thermal ellipsoids) of the crystal structure of 

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] 
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Figure 2.13.  An ORTEP view of the crystal structure of Eu(HFAC)3(TPTZ).  Thermal 
ellipsoids are drawn at the 50% probability level. 

 
 
 

 
  
Figure 2.14. Coordination polyhedron of the europium atom in Eu(DBM)3TPTZ showing 

six oxygen and three nitrogen atoms from the DBM and TPTZ ligands, respectively. 
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Table 2.8.  Selected Bond Distances (Å) and Angles (˚) of Tb(DBM)3(TPTZ). 
 

Bond lengths 
Tb(1)-O(1) 
Tb(1)-O(2) 
Tb(1)-O(3) 
Tb(1)-O(4) 
Tb(1)-O(5) 
Tb(1)-O(6) 
Tb(1)-N(1) 
Tb(1)-N(2) 
Tb(1)-N(3) 

2.380(4) 
2.335(4) 
2.394(5) 
2.327(4) 
2.322(4) 
2.421(4) 
2.626(5) 
2.596(5) 
2.640(5) 

Bond angles 
O(1)-Tb(1)-O(2) 
O(3)-Tb(1)-O(4) 
O(5)-Tb(1)-O(6) 
O(1)-Tb(1)-N(2) 
O(3)-Tb(1)-N(2) 
O(5)-Tb(1)-N(2) 

71.0(2) 
73.0(2) 
70.6(1) 
113.5(2) 
66.4(2) 
114.0(2) 

 

 

Table 2.9.  Selected Bond Distances (Å) and Angles (˚) of Eu(DBM)3(TPTZ). 
 

Bond lengths 
Eu(1)-O(1) 
Eu(1)-O(2) 
Eu(1)-O(3) 
Eu(1)-O(4) 
Eu(1)-O(5) 
Eu(1)-O(6) 
Eu(1)-N(1) 
Eu(1)-N(2) 
Eu(1)-N(3) 

2.3563(14) 
2.3671(14) 
2.4042(14) 
2.3550(15) 
2.4213(14) 
2.4017(14) 
2.6965(17) 
2.6757(16) 
2.7085(17) 

Bond angles 
O(1)-Eu(1)-O(2) 
O(3)-Eu(1)-O(4) 
O(2)-Eu(1)-O(6) 
O(1)-Eu(1)-N(2) 
O(4)-Eu(1)-N(2) 
O(1)-Eu(1)-N(1) 

69.49(5) 
72.58(5) 
127.24(5) 
139.26(5) 
128.59(5) 
86.78(5) 
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Table 2.10.  Selected Bond Distances (Å) and Angles (˚) of Eu(BA)3(TPTZ). 
 

Bond lengths 
Eu(1)-O(34) 
Eu(1)-O(14) 
Eu(1)-O(24) 
Eu(1)-O(12) 
Eu(1)-O(32) 
Eu(1)-O(22) 
Eu(1)-N(41) 

Eu(1)-N(412) 
Eu(1)-N(418) 

2.324(10) 
2.349(9) 
2.385(9) 
2.406(9) 
2.426(10) 
2.466(9) 
2.661(11) 
2.618(11) 
2.684(11) 

Bond angles 
O(12)-Eu(1)-O(14) 
O(22)-Eu(1)-O(24) 
O(32)-Eu(1)-O(34) 
O(12)-Eu(1)-N(412) 
O(22)-Eu(1)-N(412) 
O(32)-Eu(1)-N(412) 

73.3(3) 
70.1(3) 
70.1(3) 
68.9(3) 
109.6(3) 
116.3(3) 

 
 
 

Table 2.11.  Selected Bond Distances (Å) and Angles (˚) of Eu(TTA)3(TPTZ). 
 

Bond lengths 
Eu(1)-O(12) 
Eu(1)-O(14) 
Eu(1)-O(22) 
Eu(1)-O(24) 
Eu(1)-O(32) 
Eu(1)-O(34) 
Eu(1)-N(41) 
Eu(1)-N(48) 
Eu(1)-N(414) 

2.602(7) 
2.347(6) 
2.404(6) 
2.397(6) 
2.399(6) 
2.425(6) 
2.602(7) 
2.580(7) 
2.634(8) 

Bond angles 
O(12)-Eu(1)-O(14) 
O(22)-Eu(1)-O(24) 
O(32)-Eu(1)-O(34) 
O(12)-Eu(1)-N(48) 
O(22)-Eu(1)-N(48) 
O(32)-Eu(1)-N(48) 

72.5(2) 
68.9(2) 
70.6(2) 
67.0(2) 
72.9(2) 
143.8(2) 
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Table 2.12.  Selected Bond Distances (Å) and Angles (˚) of Eu(BTFAC)3(TPTZ). 
Bond lengths 

Eu(1)-O(1) 
Eu(1)-O(2) 
Eu(1)-O(3) 
Eu(1)-O(4) 
Eu(1)-O(5) 
Eu(1)-O(6) 
Eu(1)-N(1) 
Eu(1)-N(3) 
Eu(1)-N(2) 

2.418(3) 
2.397(3) 
2.394(4) 
2.433(3) 
2.416(3) 
2.373(3) 
2.631(4) 
2.607(3) 
2.629(4) 

Bond angles 
O(1)-Eu(1)-O(2) 
O(3)-Eu(1)-O(4) 
O(5)-Eu(1)-O(6) 
O(1)-Eu(1)-N(2) 
O(3)-Eu(1)-N(2) 
O(5)-Eu(1)-N(2) 

71.0(1) 
68.0(1) 
71.5(1) 
138.7(1) 
79.8(1) 
82.4(1) 

 
 

Table 2.13.  Selected bond distances (Å) and angles (˚) of Eu(HFAC)3(TPTZ). 
Bond lengths 

Eu(1)-O(1) 2.354(2) 
Eu(1)-O(2) 2.374(2) 
Eu(1)-O(3) 2.503(2) 
Eu(1)-O(4) 2.392(2) 
Eu(1)-O(5) 2.438(2) 
Eu(1)-O(6) 2.406(2) 
Eu(1)-N(1) 2.539(2) 
Eu(1)-N(4) 2.581(3) 
Eu(1)-N(5) 2.576(3) 

Bond angles 
O(1)-Eu(1)-O(2) 74.83(9) 
O(2)-Eu(1)-O(3) 
O(3)-Eu(1)-O(4) 

72.57(8) 
67.79(8) 

O(1)-Eu(1)-O(5) 
O(5)-Eu(1)-O(6) 

75.57(8) 
69.00(8) 

O(6)-Eu(1)-N(5) 67.84(8) 
O(4)-Eu(1)-N(4) 67.41(8) 
N(1)-Eu(1)-N(4) 62.87(8) 
N(1)-Eu(1)-N(5) 63.20(8) 
N(4)-Eu(1)-N(5) 126.03(8) 
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Table 2.14.  Selected bond distances (Å) and angles (˚) of 
[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2

-]. 
 

Bond length 
Eu(1)-O(1) 2.390(3) 
Eu(1)-O(2) 2.435(3) 
Eu(1)-O(3) 2.437(3) 
Eu(1)-O(4) 2.411(3) 
Eu(1)-O(5) 2.450(3) 
Eu(1)-O(6) 2.400(3) 
Eu(1)-N(1) 2.534(3) 
Eu(1)-N(4) 2.570(3) 
Eu(1)-N(5) 2.581(3) 

Bond angles 
O(1)-Eu(1)-O(2) 69.92(11) 
O(1)-Eu(1)-O(4) 
O(4)-Eu(1)-O(3) 

101.00(11) 
69.96(10) 

O(6)-Eu(1)-O(3) 69.85(10) 
O(2)-Eu(1)-O(5) 73.56(11) 
O(6)-Eu(1)-N(4) 82.63(10) 
O(5)-Eu(1)-N(5) 81.34(11) 
N(1)-Eu(1)-N(4) 63.64(10) 
N(1)-Eu(1)-N(5) 62.73(10) 
N(4)-Eu(1)-N(5) 126.34(10) 

 
 

The Eu(III) center in [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] is coordinated 

by six oxygen atoms from two HFACs, one H2O, one EtOH, and three nitrogen atoms 

from one TPTZ molecule.  For this complex, the charge-balancing CF3CO2
- is hydrogen-

bonded with the OH group of the Eu(III)-bound EtOH.  For complex Eu(HFAC)3TPTZ, 

there is a molecule of EtOH, hydrogen-bonded to the metal free N3 and N6 of the TPTZ 

ligand. 

The aromatic rings of the TPTZ ligand are nearly coplanar in each of the seven 

complexes.  Within the same complex, the Ln-N bond to the central coordinating N is the 

shortest (indicated in bold face in Tables 2.8–2.14), in agreement with observations made 
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by others.32, 34-36  It is also of interest to note that the Eu-N(central) bonds [2.6757(16) Å 

for Eu(DBM)3TPTZ; 2.618(11) Å for Eu(BA)3TPTZ; 2.580(7) Å for Eu(TTA)3TPTZ; 

2.607(3) Å for Eu(BTFAC)3TPTZ] are all noticeably longer than those of 

[Eu(TPTZ)Cl3(MeOH)2] [2.555(4) Å] and [Eu(TPTZ)(NO3)3(H2O)•2EtOH] [2.576(2) Å], 

the only other two Eu-TPTZ complexes reported in the literature prior to our studies.32, 36  

A similar behavior is observed for the Tb-N (central) bond distance of 

Tb(DBM)3TPTZ [2.596(5) Å] versus that of Tb(TPTZ)(NO3)3(H2O) [2.545(2) Å], the 

only other TPTZ-Tb adduct reported.36  The TPTZ ligand is understandably forced 

further away from the metal center by the bulkier diketonate ligands than if it is in a less 

coordinatively congested environment.  By a similar argument, the presence of a bulky 

TPTZ ligand causes noticeably longer Eu-O distance (average) in the present adducts 

than those of closely related complexes with smaller neutral ligands.  

 For example, the average Eu-O distance of Eu(DBM)3(TPTZ) is 2.384 Å versus 

2.348 Å of Eu(DBM)3L [L= 2-(4’-dimethylaminophenyl)imidazo[4,5-f]1,10-

phenanthroline]25;  the corresponding value for Eu(BTFAC)3TPTZ is 2.405 Å versus 

2.360 Å for Eu(BTFAC)3(2,2’-dipyridyl).20   

The Eu-O(HFAC) distances of [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] range 

from 2.390(3) Å to 2.450(3) Å, with an average of 2.420(8) Å.  For Eu(HFAC)3TPTZ, 

the corresponding values are from 2.354(2) Å to 2.503(2) Å, with an average of 2.411(4) 

Å.  These distances are within the range reported for similar complexes.19, 23, 54, 55 

  As compared with previously discussed TPTZ adducts of europium β-diketonates, 

a number of structural features of [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] and 
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Eu(HFAC)3TPTZ merit further discussion.  The Eu-N1(middle) distances [2.534(3) Å for 

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] and 2.539(2) Å for Eu(HFAC)3TPTZ] are 

noticeably shorter than those of Eu(β-diketonate)3(TPTZ).  The corresponding values are 

2.580(7) Å (TTA, thenoyltrifluoroacetone), 2.607(3) Å (BTFA, 4,4,4-trifluoro-1-phenyl-

1,3-butanedione), 2.618(11) Å (BA, 1-benzoylacetone), and 2.676(2) Å (DBM, 

dibenzoylmethane).  They are even shorter than those of Eu(TPTZ)Cl3(MeOH)2 [2.555(4) 

Å] and Eu(TPTZ)(NO3)3(H2O) [2.576(2) Å] whose Eu(III) ions are situated in a less 

sterically congested environment.32, 36   

This observation may be rationalized in terms of the electron withdrawing power 

of the fluorinated ligands; HFAC is less reactive toward the Eu(III) center due to the 

relatively low electron density on its O atoms.  As a result, the net positive charge of the 

lanthanide ion with HFAC coordination is probably higher than when non-fluorinated 

ligands are utilized.  A corollary is that the TPTZ ligand is more strongly bound to 

Eu(III) in the case of HFAC coordination, resulting in a shorter Eu-N distance.    

The preoccupation of part of the coordination sphere by the bulky TPTZ ligand in 

the synthesis of [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] may have prevented the 

coordination of three HFAC ligands, particularly if the relatively weak coordinating 

ability of the HFAC ligand is considered.  A similar observation was made in the 

synthesis of Yb(HFAC)2(NO3)(terpy) (terpy=2,2’:6’,2”-terpyridine) where Yb(III) ion is 

coordinated to two HFAC ligands instead of three due to the preoccupation of the metal 

center by terpy, which has a similar steric bulk of coordination to that of TPTZ.56    
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The non-coordinating arm of the TPTZ ligand in Eu(BA)3TPTZ and 

Eu(BTFAC)3TPTZ is close in space to a corresponding arm of a nearby complex 

molecule.  As such, π−dimers are formed, with a separation between two TPTZ ligands 

of 3.155 Å and 3.285 Å, shown in Figures 2.15 and 2.16, respectively.  The formation of 

such π−dimers raises an interesting question of whether excimers can form in the solid 

state, which is a point inviting further investigation. 

 
 

Figure 2.15.  The TPTZ ligands stack to form a centrosymmetric dimer in the crystal 

structure of Eu(BA)3TPTZ.  The closest contact between the TPTZ ligands is 3.155 Å. 

 
Figure 2.16.  The TPTZ ligands stack to form a centrosymmetric dimer in the crystal 

structure of Eu(BTFAC)3TPTZ. The closest contact between the TPTZ ligands is 3.285Å. 
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2.3.3. Electronic Spectroscopic and Photoluminescence Studies. 

 

Luminescence Titration Experiments. 

It is a possibility that the partial decomplexation of lanthanide chelates takes place 

in the solution phase at relatively low concentrations.  Another possibility is the existence 

of several different complex species in the solution.  Therefore, evaluation of the 

stoichiometric ratios among the lanthanide ion and the coordinated ligands in solution 

under similar concentrations used for photophysical studies including relative quantum 

yield calculations is of particular importance.57, 58  This will provide evidence for the 

stability of the lanthanide complexes at low concentrations.  Despite the above fact, it will 

help to identify the structural similarities of the complexes in solution phase compared to 

those in the solid state determined by X-ray crystallography. 

The stoichiometry of Tb(DBM)3(TPTZ), Eu(BA)3(TPTZ),  Eu(TTA)3(TPTZ), and 

Eu(BTFAC)3(TPTZ) in the solution phase was evaluated by titration of the specific 

lanthanide chloride solution (1-5×10-5 M) with TPTZ and the corresponding β-diketone.  

These concentrations, comparable to those for the measurements of luminescence quantum 

yields, are relatively low and were used to minimize the inner and outer filter effects and 

the concentration quenching.  The filter effects may be due to the re-absorption of emitted 

radiation.  For the title complexes, re-absorption may be negligible because the π to π* 

transition energies of the ligands are higher than those of metal-centered emission.59  But it 

is important to minimize the collisional deactivations caused by the surrounding molecules 

at higher molar concentrations.    
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Following addition of each aliquot of the ligand (both TPTZ and β-diketonate), 

the integrated emission intensities of the 5D0 → 7F2 (for Eu3+ at 614 nm) and 5D4 → 7F5 

(for Tb3+ at 544 nm) transitions were monitored (Figures 2.17-2.21).  The stoichiometry 

of the association between lanthanides [Eu(III), Tb(III)] and TPTZ was found to be 1:1 

while those of Eu(III) and β-diketonate ligands (BTFAC, TTA and BA) were found to be 

1:3.  This provides definitive evidence for the identical stoichiometries of the title 

complexes in both solid state and solution.  In other words, the complexes remained 

undissociated in solution, even at the relatively low concentrations utilized.   A similar 

experiment was not referred for Tb(DBM)3(TPTZ) since the sensitization of Tb(III) 

luminescence by DBM was weak to allow a reliable determination of the Tb(III):DBM 

ratio.  This finding is consistent with the results presented in a later discussion (page 89) 

of the spectroscopic and luminescence studies of Tb(DBM)3TPTZ in chloroform. 
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Figure 2.17.  Titration curve of EuCl3•6H2O with TPTZ. 
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Figure 2.18.  Titration curve of Eu(TPTZ)Cl3•2H2O with KOBut/HBTFAC. 
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Figure 2.19.  Titration curve of Eu(TPTZ)Cl3•2H2O with KOBut/HTTA. 
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Figure 2.20.  Titration curve of Eu(TPTZ)Cl3•2H2O with KOBut/HBA. 
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Figure 2.21.  Titration curve of TbCl3•6H2O with TPTZ. 
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UV-Vis Absorption Studies. 

Electronic spectroscopic studies have been carried out for Tb(DBM)3(TPTZ), 

Eu(DBM)3(TPTZ), Eu(BA)3(TPTZ),  Eu(TTA)3(TPTZ), and Eu(BTFAC)3(TPTZ) in both 

chloroform solutions and in the solid state.   

The electronic absorption spectra of Eu(DBM)3(TPTZ) and Tb(DBM)3(TPTZ) are 

identical in chloroform, and each show three maxima at 250, 285, and 355 nm, 

independent of the central lanthanide metal (Figure 2.22).  This observation is consistent 

with ligand-based absorptions [DBM (250 and 345 nm) and TPTZ (250 and 282 nm)] of 

these complexes.  Eu(BA)3(TPTZ), Eu(TTA)3(TPTZ), and Eu(BTFAC)3(TPTZ) also 

show ligand-based absorption in the range of 230 nm to 385 nm (Figures 2.23-2.25). 
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Figure 2.22.  Absorption spectra of Tb(DBM)3(TPTZ), TPTZ, and HDBM. 
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Figure 2.23. Absorption spectra of Eu(BTFAC)3(TPTZ), TPTZ, and HBTFAC. 
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Figure 2.24.  Absorption spectra of Eu(TTA)3(TPTZ), TPTZ, and HTTA. 
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Figure 2.25.  Absorption spectra of Eu(BA)3(TPTZ), TPTZ, and HBA. 

 

The electronic absorption spectra obtained for Eu(HFAC)3(TPTZ) and its ligands 

(HHFAC and TPTZ) in dichloromethane are shown in Figure 2.26.  TPTZ shows 

absorption bands at 247 and 282 nm, whereas a strong absorption is shown at 275 nm for 

HHFAC.  The spectrum of Eu(HFAC)3(TPTZ) (λmax=295 nm) contains essentially the 

combined ligand absorptions, but with slight red shifts due to metal complexation.  

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] displays almost identical ligand-based 

absorptions in the range of 225 nm to 350 nm. 
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Figure 2.26. Absorption spectra of Eu(HFAC)3(TPTZ), TPTZ, and HHFAC. 
 

 
 
 
Photoluminescence Studies. 

 

The electronic excitation and photoluminescence of Tb(DBM)3(TPTZ), 

Eu(BA)3(TPTZ), Eu(TTA)3(TPTZ), Eu(BTFAC)3(TPTZ), and Eu(DBM)3(TPTZ) were 

also studied.  All the Eu(III) complexes and the Tb(III) complex display vivid red and 

green luminescence in both solid state and solution, respectively. 
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Figure 2.27.  Excitation (----) and emission (─) spectra of Tb(DBM)3(TPTZ). 
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Figure 2.28.  Excitation (----) and emission (─) spectra of Eu(BTFAC)3(TPTZ). 
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Figure 2.29.  Excitation (----) and emission (─) spectra of Eu(TTA)3(TPTZ). 
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Figure 2.30.  Excitation (----) and emission (─) spectra of Eu(BA)3(TPTZ). 
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Figure 2.31.  Excitation (----) and emission (─) spectra of Eu(DBM)3(TPTZ) in 

chloroform solution. 

 

It is clear that the excitation of these complexes is mostly ligand based.  The 

maximum emission of the Tb(III) complex was observed when the complex was excited 

at 290 nm, suggesting that ligand-to-Tb(III) energy transfer is mainly mediated by the 

TPTZ ligand (Figure 2.27).  In contrast, the strongest emissions of Eu(BA)3(TPTZ), 

Eu(TTA)3(TPTZ), Eu(BTFAC)3(TPTZ), and Eu(DBM)3(TPTZ) were observed when the 

complexes were excited at 345, 355, 342 nm, and 350 nm, respectively.  These excitation 

wavelengths correspond to the absorption spectra of the corresponding β-diketonate 

ligands (Figures 2.28-2.31), suggesting that energy transfer occurs through the excited β-

diketonate ligands.  These observations are in line with the commonly accepted notion of 
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the antenna effect for lanthanide luminescence.60, 61  The electronic excitation and 

photoluminescence of [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] and 

Eu(HFAC)3(TPTZ) were also studied in dichloromethane at room temperature, and they 

exhibit similar properties (Figure 2.32).  The excitation spectrum resembles the 

absorption spectrum, confirming that energy transfer occurs from the ligands to the 

Eu(III) ion. 
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Figure 2.32.  Excitation (---) and emission (─) spectra of Eu(HFAC)3(TPTZ) in 

dichloromethane solution. 

 

   As shown in Figure 2.27, four narrow emission peaks, assigned to 5D4 → 7F6 (490 

nm), 5D4 → 7F5 (544 nm), 5D4 → 7F4 (587 nm), and 5D4 → 7F3 (620 nm) transitions of 

Tb(III), are observed, of which the emission originated from the  5D4 → 7F5 transition is 
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the strongest.  As shown in Figures 2.28 to 2.32, five narrow emission peaks are observed 

in the range 570–715 nm, characteristic of Eu(III)-originated luminescence. These 

transitions can be assigned to 5D0 → 7F0 (582 nm), 5D0 → 7F1 (593 nm), 5D0 → 7F2 (614 

nm), 5D0 → 7F3 (653 nm) and 5D0 → 7F4 (705 nm) transitions, among which the 5D0 → 

7F2 electronic dipole transition is the strongest. 

The photoluminescence quantum yields of Tb(DBM)3(TPTZ), Eu(DBM)3(TPTZ), 

Eu(BA)3(TPTZ), Eu(TTA)3(TPTZ), and Eu(BTFAC)3(TPTZ) were found to be 3.4, 17.4, 

15.5, 40.2, and 69.7%, respectively (Table 2.15).  As expected, these lanthanide β-

diketonate adducts with TPTZ display higher emission quantum yields than their aqua 

analogs.4, 62  In terms of photoluminescence quantum yield, Eu(BTFAC)3(TPTZ) is 

among the most efficient Eu(III) complexes whose ligands do not feature any substitution 

of H for D. 

Table 2.15. Quantum yields of Eu-TPTZ adducts. 

Compound Ф (%) 

Eu(DBM)3(H2O)2

Eu(DBM)3(TPTZ) 

Eu(TTA)3(H2O)2

Eu(TTA)3(TPTZ) 

Eu(BA)3(H2O)2

Eu(BA)3(TPTZ) 

Eu(BTFAC)3(H2O)2

Eu(BTFAC)3(TPTZ) 

1.0 

17.4 

23.0 

40.2 

15.0 

15.5 

22.0 

69.7 
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The photoluminescence quantum yields of 

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] and Eu(HFAC)3(TPTZ) were determined to 

be 52% and 60%, respectively.  The excitation wavelength maxima of these two 

complexes (295 nm) is close to the absorption maxima of HHFAC (275 nm) and TPTZ 

(282 nm).  As such, both ligands are presumably responsible for the ligand-mediated 

energy transfer, resulting in effective population of the Eu(III) 5D0 emissive state and 

high quantum yields of light emission.  Thus, TPTZ ligand not only saturates the 

coordination sphere but also enhances the ligand-mediated energy transfer.  This may be 

the reason why the quantum yield observed for 

[Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] is still high despite the presence of 

luminescence-quenching water and ethanol ligands.  In fact, these two complexes possess 

the highest quantum yields among all the reported Eu(III)-HFAC complexes, lending 

further support to the significant role(s) of TPTZ.  The comparably high values for 

Eu(TTA)3(TPTZ) and Eu(BTFAC)3(TPTZ) may be the result of a better match in energy 

between the ligand singlet and triplet excited states and/or a better match between the 

ligand triple excited state and the metal ion’s emissive states, with the TPTZ ligand 

providing site-protection.2, 30  
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2.4. SUMMARY AND PERSPECTIVES 

Several new lanthanide β-diketonate adducts with the neutral ligand TPTZ were 

synthesized as potential emitting materials in light-emitting devices.  The structures were 

established using single crystal X-ray diffraction.  In each case, the lanthanide center is 

coordinatively saturated with three β-diketonate ligands and a TPTZ ligand.  

Luminescence titration experiments in solution demonstrated that the complexes maintain 

structural integrity in solution.   

By adopting a similar procedure for the synthesis of the above mentioned 

lanthanide complexes in which a TPTZ complex with the starting EuCl3 hydrate was 

prepared followed by the substitution of Cl- for the diketonate ligands, an unexpected 

complex formulated as [Eu(HFAC)2(H2O)(EtOH)(TPTZ)][CF3CO2
-] was obtained.  The 

desired complex, Eu(HFAC)3(TPTZ), was subsequently produced by using a more 

traditional route of synthesizing the hydrated lanthanide diketonate first, followed by the 

replacement of the aqua ligands by TPTZ.   

All the complexes display bright photoluminescence characteristic of Eu(III) ion 

or Tb(III) ion upon UV excitation.  Photoluminescence studies of these novel complexes 

confirmed that excitation of the complexes is originated from the ligand excitation and 

the emission is characteristic of the lanthanide ion.  It is likely that the bulky TPTZ ligand 

enhances the luminescence efficiency of the title complexes over the aqua species by 

effectively shielding the lanthanide ions from interacting with luminescence-quenching 

solvent molecules. 
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CHAPTER 3 

Lanthanide β-diketonate Adducts Featuring Nitrogen p,p’-disubstituted 

Bipyridine and Phenanthroline Ligands 

 

Abstract 

Europium complexes featuring fluorinated β-diketonate ligands 

[thenoyltrifluoroacetone (TTA), 4,4,4-trifluoro-1-phenyl-1,3-butanedione (BTFAC), and 

1,1,1,5,5,5-hexafluoro-2,4-pentanedionate (HFAC)] and nitrogen p,p’-disubstituted 

bipyridine and phenanthroline ligands [4,4’-dimethoxy-2,2’-bipyridine (dmbipy) and 4,7-

dimethyl-1,10-phenanthroline (dmphen)] and terbium acetyacetonate (ACAC) complexes 

featuring 4,4’-dimethyl-2,2’-dipyridyl (dmdp) and dmphen were synthesized.  Their 

structures were determined by single crystal X-ray diffraction.  Octacoordinate 

complexes were obtained using trifluorinated TTA, BTFAC, and ACAC, while 

nonacoordinated complexes were produced using hexafluorinated HFAC.  The 

differences in coordination number and bond lengths of these complexes are rationalized 

in terms of the electronic and steric features of the ligands.  UV excitation of the 

complexes led to red and green luminescence characteristic of trivalent europium and 

terbium ions, respectively.         
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3.1. INTRODUCTION 

 

Lanthanide β-diketonates can be prepared as stable and highly efficient 

luminescent complexes by using the readily accessible β-diketonate and N-donar neutral 

ligands.1-10  Among the many β-diketonate ligands studied, those that are equipped with 

fluorinated functional groups received particular attention because the presence of C-F 

bonds, as opposed to C-H bonds, a higher-energy frequency oscillations, help reduce 

nonradiative quenching of lanthanide luminescence.2, 11-15  Recent work by our group (see 

Chapter 2) and others have shown that lanthanide complexes with fluorinated ligands 

have exhibit increased luminescence quantum yields.16, 17  Additional advantages of using 

fluorinated ligands include enhanced thermal stability and volatility of the complexes; 

both are of significance in practical applications of luminescent lanthanide materials.18, 19    

Encouraged by our success in using fluorinated β-diketonate ligands with TPTZ 

ligand for the synthesize of highly luminescent lanthanide complexes, we began to 

explore the synthesis and characterization of analogous Eu(III) and Tb(III) complexes 

using carefully selected neutral ligands.  The ligands of interest are the p,p’-disubstituted 

bipyridine and phenathroline type ligands [4,4’-dimethoxy-2,2’-bipyridine (dmbipy), 

4,4’-dimethyl-2,2’-dipyridyl (dmdp), and 4,7-dimethyl-1,10-phenanthroline (dmphen)] 

(Figure 3.1).   
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Figure 3.1. Molecular structures of the p,p’-disubstituted neutral ligands used for 

the lanthanide complex synthesis. 

 

Lanthanide β-diketonates with the chelating nitrogen donor 2,2’-bipyridine (bipy) 

and 1,10-phenanthroline (phen) ligands were first reported more than four decades ago.1, 

8, 20  Since then, a significant number of lanthanide β-diketonates with bipy and phen 

ligands have been structurally characterized by single crystal X-ray diffraction.2, 4, 5, 21  

Some of these complexes exhibit promising optical applications.1, 9, 19, 22-26  However the 

number of reports describing p,p’-disubstituted bipy and phen ligand-containing 

lanthanide complexes is relatively small, and only a very few such complexes have been 

characterized using X-ray crystallography (Figure 3.2).10, 27-29  Among these complexes, 

Eu(TTA)3(dmdp) and Eu(DBM)3(dmdp) are additionally interesting due to their 

mechanically induced luminescence, known as triboluminescence.  
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Figure 3.2.  Examples of structurally characterized p,p’-disubstituted bipy adducts of 

lanthanide β-diketonates. 

 

A semiquantitative comparison of the fluorescence intensities of complexes with 

Eu(III) and Tb(III) unsubstituted and para-dimethyl substituted bipy chelating ligands 

was presented by Sinha and collegues.30  An overall enhancement of 5D0
7F2 

[Eu(III)] and 5D4
7F5 [Tb(III)] transition intensities upon substitution by electron-

donating methyl groups of the bipy ligands. 
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  A recent report discussed the influence of different substituents in p,p’-positions 

of bipy and phen type ligands on the coordination capability of the ligands and the 

physical properties of their lanthanide complexes of the general formula, 

Ln(ACAC)3(L).10  An enhanced basicity of the coordinating nitrogen atoms and resulting 

high reactivity were observed by introducing electron donating OCH3 groups in the p,p’-

positions of the bipy ligand.  On the other hand, bidentate neutral ligands, 4,4’-

dimethoxy-2,2’-bipyridine (dmbipy) and 4,7-dimethyl-1,10-phenanthroline (dmphen) 

have been suggested for the development of luminescent lanthanide-containing liquid 

crystalline materials.31-34 

Tb(III)-ACAC complexes with substituted bipy and phen ligands are rarely 

reported in the literature.  Tb(ACAC)3(bath) and Tb(ACAC)3(dmbipy) (Figure 3.3) were 

reported with impressive luminescence properties even though their structures have not 

been crystallographically characterized.9, 10  Tb(ACAC)3(bath) having the diphenyl 

substituted phenanthroline (bath), exhibits improved luminescence over 

Tb(ACAC)3(phen).  Nearly 100% sensitization efficiency of the Tb(III) center by dmbipy 

was evident by the very similar quantum yields observed for the free dmbipy ligand and 

the complex, Tb(ACAC)3(dmbipy). 
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Figure 3.3. Examples of literature reported Tb(III)-ACAC complexes with p,p’-

disubstituted phen and bipy ligands. 

 

The β-diketonate ligands, benzoyltrifluoroacetone (HBTFAC), 

hexafluoroacetylacetone (HHFAC), and thenoyltrifluoroacetone (HTTA), utilized for the 

synthesis of Eu(III) complexes in the present work are among the most commonly used 

fluorinated β-diketonate ligands.  The difference in the structure and the number of 

fluorine atoms of these β-diketonate ligands permits study of varying steric and electronic 

effects and luminescence efficiency of the resulting lanthanide complexes.  Among the 

fluorinated ligands studied, hexafluoro HFAC ligand is of particular interest due to its 

ability to suppress the vibrational relaxations of low energy Eu(III) emission compared to 

that of other β-diketonates and to deviate the coordination number and/or ligand 

composition of the resulting lanthanide complex.  An interesting study of the influence of 

electron-withdrawing fluorine atoms of the HFAC ligands on the coordination number of 
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the lanthanide series has been recently reported, wherein HFAC allows for the 

coordination of additional nitrogen donor neutral ligands or solvent molecules, depending 

on the size and the Lewis acidity of the lanthanide ion used.35 

However to our knowledge, p,p’-disubstituted bipy and phen ligand containing 

Eu(III) complexes with these fluorinated ligands have not yet been studied.  We thus 

intended to investigate the coordination behavior and the luminescence properties of such 

Eu(III) complexes by using β-diketonate ligands (with different degree of fluorination) 

and p,p’-disubstituted bipy and phen type ligands.  Our initial goal was to determine the 

molecular structures of these complexes using single crystal X-ray diffraction in order to 

make comparisons with existing complexes and speculations for future efforts.  While 

studying the chemistry of these novel molecules, our ultimate goal is to create highly 

luminescence lanthanide species for optical applications including light-emitting diodes. 

We summarize in this chapter the synthesis, structural characterization, and 

photoluminescence properties of five new europium complexes featuring fluorinated β-

diketonates (TTA, BTFAC, and HFAC) and two new terbium complexes featuring 

ACAC, all with nitrogen p,p’-disubstituted derivatives of 2,2’-bipyridine and 1,10-

phenanthroline ligands.   
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3.2. EXPERIMENTAL 

General Considerations. 

EuCl3⋅6H2O, TbCl3⋅6H2O, 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (HHFAC), 

2,4-pentanedione (HACAC), thenoyltrifluoroacetone (HTTA), 4,4,4-trifluoro-1-phenyl-

1,3-butanedione (HBTFAC),  4-4’-dimethoxy-2,2’-bipyridine (dmbipy), 2,2’-dimethyl-

4,4’-dipyridyl (dmdp), 4,7-dimethyl-1,10-phenanthroline (dmphen), and potassium tert-

butoxide (KOBut) were purchased from Aldrich and used without further purification.  

Elemental analysis (CHN) was performed by Numega Resonance Laboratory, San Diego, 

California. 

 

Synthesis of Eu(TTA)3(dmbipy). 

To an aqueous solution of KOtBu (0.336 g, 3 mmol in 20 mL of H2O) was added 

HTTA (0.666 g, 3 mmol).  The mixture was stirred for 10 min. and the resulting clear 

solution was added to an aqueous solution of EuCl3⋅6H2O (0.366 g, 1 mmol in 10 mL of 

H2O) to afford a white precipitate.  This mixture was stirred under nitrogen at 60˚C for 30 

min. and then at room temperature for an additional 3 h.  The precipitate was filtered off, 

washed with cold H2O (2 х 100 mL), hexane (3 mL), and dried under vacuum for 12 h.  

Further purification of the product, Eu(TTA)3(H2O)2, was achieved by recrystallization 

from acetone:ethanol (v/v 1:1). 

To a solution of Eu(TTA)3(H2O)2 (0.426 g, 0.5 mmol) in acetone (15 mL) was 

added dmbipy (0.108 g, 0.5 mmol in 15 mL of acetone).  The resulting clear mixture was 

stirred at 60˚C for 30 min. and then at room temperature for an additional 12 h.  The 
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mixture was filtered, and the filtrate was allowed to evaporate at room temperature to 

afford analytically pure product as a pale yellow solid (0.43 g, 83.0%).  Anal. Calcd for 

C36H24N2O8F9S3Eu: C, 41.91; H, 2.34; N, 2.72.  Found: C, 41.74; H, 2.45; N, 2.86. 

 

Synthesis of Eu(BTFAC)3(dmbipy). 

Eu(BTFAC)3(dmbipy) was prepared by starting with HBTFAC (0.648 g, 3.00 

mmol) using otherwise identical preparative and purification procedures to those for 

Eu(TTA)3(dmbipy) and was obtained as a white crystalline solid (0.44 g, 86.0%).  Anal. 

Calcd for C42H30N2O8F9Eu⋅H2O: C, 48.92; H, 3.12; N, 2.71.  Found: C, 48.46; H, 2.97; 

N, 2.71. 

 

Synthesis of Eu(HFAC)3(dmbipy)(H2O). 

Eu(HFAC)3(dmbipy)(H2O) was prepared by starting with HHFAC (0.624 g, 3.00 

mmol) using otherwise identical preparative and purification procedures to those for 

Eu(TTA)3(dmbipy) and was obtained as a white crystalline solid (0.29 g, 47.0%).  Anal. 

Calcd for C39H29N4O11F18Eu⋅1.5CHCl3: C, 34.67; H, 2.19; N, 3.99.  Found: C, 34.63; H, 

2.00; N, 3.99. 

 

Synthesis of Eu(TTA)3(dmphen). 

By adopting otherwise identical preparative and purification procedures to those 

used for Eu(TTA)3(dmbipy), this complex was synthesized by using dmphen [0.104 g, 

0.5 mmol in ethanol/dichloromethane (15mL/15mL)].  The product was obtained as a 
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pale yellow crystalline solid (0.41 g, 80.0 %).  Anal. Calcd for C38H24N2O6F9S3Eu⋅H2O: 

C, 43.80; H, 2.52; N, 2.70.  Found: C, 43.52; H, 2.67; N, 2.91. 

 

Synthesis of Eu(HFAC)3(dmphen)(EtOH). 

By adopting otherwise identical preparative and purification procedures for the 

synthesis of Eu(HFAC)3(dmbipy)(H2O), this complex was synthesized by using dmphen 

[0.104 g, 0.5 mmol in ethanol/dichloromethane (15mL/15mL)].  The product was 

obtained as a white crystalline solid (0.30 g, 60.0%).  Anal. Calcd for 

C43H29N4O7F18Eu⋅2H2O: C, 42.50; H, 2.93; N, 4.41.  Found: C, 42.51; H, 2.44; N, 4.62. 

 

Synthesis of Tb(ACAC)3(dmdp). 

A mixture of TbCl3•6H2O (0.265 g, 1.00 mmol) in 10 mL of absolute ethanol was 

brought up to reflux, to which a solution of dmdp (0.184 g, 1.00 mmol) in 10 mL of 

absolute ethanol was added under stirring to afford a clear solution.  The clear mixture 

was allowed to cool to room temperature, from which white crystals appeared within 

minutes.  To this mixture was added a solution of KOBut (0.336 g, 3.00 mmol) and 

HACAC (0.300 g, 3.00 mmol) in 10 mL of absolute ethanol, and the resulting mixture 

was stirred at 60°C for 1 h, and then at room temperature for an additional 1.5 h.  Ethanol 

was removed under vacuum, and the residue was washed with copious deionized water.  

The crude product thus obtained was dissolved in a minimum amount of 

dichloromethane, and the solution was dried over anhydrous MgSO4.  The filtrate was 

collected, and a white solid was obtained upon removal of the solvent.  Upon 
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recrystallization from dichloromethane/diethyl ether (v/v 2:1), analytically pure product 

was obtained as a white crystalline solid (0.51 g, 79.7%).  Anal. Calcd for 

C27H33N2O6Tb: C, 50.63; H, 5.19; N, 4.37.  Found: 50.54; H, 4.97; N, 4.55. 

 

Synthesis of Tb(ACAC)3(dmphen). 

To an aqueous solution of KOtBu (0.672 g, 6 mmol in 15 mL of H2O) was added 

HACAC (0.600 g, 6 mmol).  The mixture was stirred for 10 min and the resulting clear 

solution was added to an aqueous solution of TbCl3⋅6H2O (0.747 g, 1 mmol in 10 mL of 

H2O) to afford a white precipitate.  This mixture was stirred under nitrogen at 60˚C for 30 

min and then at room temperature for an additional 2 h.  The precipitate was filtered off, 

washed with cold H2O (2 х 100 mL), hexane (3 mL), and dried under vacuum for 12 h.  

Further purification of the product, Eu(ACAC)3(H2O)2, was achieved by recrystallization 

from dichloromethane:ethanol (v/v 1:1). 

To a solution of Eu(ACAC)3(H2O)2 (0.098 g, 0.2 mmol) in dichloromethane (5 

mL) was added dmphen (0.042 g, 0.5 mmol in 10mL/10 mL of dichloromethane/ethanol).  

The resulting clear mixture was stirred at 60˚C for 30 min and then at room temperature 

for an additional 12 h.  The mixture was filtered, and the filtrate was allowed to evaporate 

at room temperature to afford analytically pure product as a white solid (0.083 g, 62.4%).  

Anal. Calcd for C29H33N2O6Tb: C, 52.42; H, 5.01; N, 4.22.  Found: C, 52.33; H, 5.19; N, 

4.18. 
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X-ray Structure Determinations. 

The molecular structures of the complexes were established by single-crystal X-

ray diffraction.  Single crystals suitable for X-ray crystallography were obtained by slow 

evaporation of saturated solutions of the europium-dmbipy complexes in 

ethanol:acetone:diethyl ether  (v/v/v 1:1:0.5) and europium-dmphen complexes in  

ethanol:acetone:dichloromethane (v/v/v 1:1:1) at room temperature.  Single crystals of 

the terbium complexes were obtained from dichloromethane:diethyl ether (v/v 2:1). 

A crystal was mounted on a glass fiber in a random orientation.  Examination of 

the crystal was carried out on a Bruker SMART 1000 CCD detector X-ray diffractometer 

at 170(2)K and a power setting of 50 KV, 40 mA.36  Data were collected on the 

SMART1000 system using graphite monochromated Mo Kα radiation (λ = 0.71073 Å).  

The structures were solved using SHELXS in the Bruker SHELXTL (Version 6.12) 

software package (Bruker, 2001).37  Refinements were performed using SHELXL, and 

illustrations were made using DIAMOND.  

Structural solution was achieved utilizing direct methods followed by Fourier 

synthesis.  Hydrogen atoms were added at idealized positions, constrained to ride on the 

atom to which they are bonded and given thermal parameters equal to 1.2 or 1.5 times 

Uiso of that bonded atom.  Details on data collection and structure refinements are given 

in Tables 3.1 – 3.7. 

Several CF3 groups are disordered in Eu(TTA)3(dmbipy), Eu(BTFA)3(dmbipy), 

and Eu(HFAC)3(dmbipy)(H2O).  Disordering of ligand CF3 and thienyl groups are 

common in the structural determination of lanthanide β-diketonates featuring such 
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groups.  However, such disorder does not affect the final refinements of the title 

complexes. 

 

Photophysical Studies. 

Electronic absorption spectra were recorded on a Perkin Elmer Lambda 10 

spectrophotometer in dichloromethane.  Photoluminescence studies were carried out with a 

Fluorolog-3 fluorometer.  The measured fluorescence in the visible range was excited by 

the radiation from a Xe-Arc lamp and detected with a photo multiplier tube at an angle of 

90° to the incident beam.  Photoluminescent quantum yields were measured and calculated 

using cresyl violet perchlorate38 (Ф=0.54 in methanol) or rhodamine 6G39 (Ф=0.95 in 

ethanol) as the standards.  Details of the calculations of the relative quantum yields can be 

found in Chapter 2. 
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3.3. RESULTS AND DISCUSSION 

 

3.3.1. Synthesis and Characterization. 

The literature procedure for the synthesis of Eu(TTA)3(H2O)2 was adopted for the 

synthesis of Eu(β-diketonate)3(H2O)2 and Tb(ACAC)3(H2O)2 complexes.27  The 

procedure reported for the synthesis of Eu(HFAC)3(TPTZ) in Chapter 2 was adopted for 

the ensuing substitution of aqua ligands for bidentate neutral ligands, 4,4’-dimethoxy-

2,2’-bipyridine (dmbipy) or 4,7-dimethyl1,10-phenanthroline (dmphen).16  However, 

during the synthesis of Tb(ACAC)3(dmdp), the neutral ligand 2,2’-dimethyl-4,4’-

dipyridyl (dmdp) was introduced prior to the reaction of ACAC ligands.  This procedure 

is very similar to the synthesis of Tb(DBM)3(TPTZ) as described in Chapter 2.17  

The molar ratio between Eu(III) or Tb(III) and β-diketonate ligands was kept at 

1:3 in order to minimize the formation of anionic tetrakis β-diketonate complexes.8, 40  

The hydrated complex can be obtained in a relatively pure form by slow addition of the 

β-diketonate ligand/base mixture to the aqueous solution of the lanthanide salt.  If 

necessary, the crude products were further purified by recrystallization from 

acetone/ethanol for [Eu(β-diketonate)3(H2O)2] or dichloromethane/ethanol for [Tb(β-

diketonate)3(H2O)2].  The aqua ligands were then replaced by reacting the hydrates with 

dmbipy or dmphen.  Substitution of the neutral ligands with electron-donating methoxy 

and methyl groups putatively enhances the coordinating ability over their unsubstituted 

parents, as discussed by Bellusci et al.10 
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3.3.2. X ray Structural Determination.    

Eu(TTA)3(dmbipy) and Eu(BTFAC)3(dmbipy) crystallize in the Pbca space group 

whereas Eu(HFAC)3(dmbipy)(H2O), Eu(TTA)3(dmphen), Eu(HFAC)3(dmphen)(EtOH), 

Tb(ACAC)3(dmdp), and Tb(ACAC)3(dmphen) crystallize in the P21/n space group.  The 

molecular structures of the five Eu(III) and two Tb(III) complexes are shown in Figures 

3.4-3.10.  Selected metric values of bond distances and angles are summarized in Tables 

3.8-3.14.  Disordered CF3 groups were refined by splitting the fluorinated atoms in a 

tetrahedral geometry. 

Eu-O bond distances of Eu(TTA)3(dmbipy) [2.355(7)-2.393(6) Å; average 2.364 

Å], Eu(BTFAC)3(dmbipy) [2.367(4)-2.390(4) Å; average 2.375 Å],  

Eu(HFAC)3(dmbipy)(H2O) [2.379(2)-2.510(2) Å; average 2.430 Å], Eu(TTA)3(dmphen) 

[2.329(3)-2.412(3) Å; average 2.366 Å], and Eu(HFAC)3(dmphen)(EtOH) [2.386(2)-

2.494(2) Å; average 2.435 Å] are within the normal bond distance range for europium β-

diketonates.2, 35, 41-43  However, a more careful analysis of the metric data revealed a 

subtle, yet noticeable difference in the Eu-O distance amongst the five complexes.  The 

Eu-O bonds are longer (2.430 and 2.435 Å) in the HFAC complexes than in the TTA 

(2.364 and 2.366 Å) and BTFAC (2.375 Å) complexes. 

 

 

 

 

 



 110

Table 3.1.  Crystal Data and Structure Refinement for Eu(TTA)3(dmbipy). 
 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to (θ= 25.00˚) 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 

C72H48EuF18N4O16S6 
2063.42 
180(2) 
0.71073 
Orthorhombic 
Pbca
 
20.872(3) 
16.879(2) 
22.041(3) 
90° 
7764.8(17) 
4 
1.765 
1.874 
4080 
0.40 x 0.30 x 0.15 
1.85 to 25.00 
-24≤h≤22,-18≤k≤20, -25≤l≤26 
43214 
6820[R(int) = 0.1271] 
100.0 % 
Empirical (Bruker SADABS) 
1.0 and 0.4754 
Full-matrix least-squares on F2 

6820 / 0 / 517 
1.000 
R1 = 0.0710, wR2 = 0.1612 
R1 = 0.1283, wR2 = 0.1840 
2.295 and -1.800 

 
R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo

2-Fc
2)2]/ ∑[w(Fo

2)2]}1/2. 
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Table 3.2.  Crystal Data and Structure Refinement for Eu(BTFAC)3(dmbipy). 
 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to (θ= 23.27˚) 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 

C42H30EuF9N2O8
1013.64 
170(2) 
0.71073 
Orthorhombic 
Pbca
 
20.908(8) 
17.001(7) 
22.754(9) 
90° 
8088(5) 
8 
1.665 
1.648 
4032 
0.29 × 0.25 × 0.20 
1.80 to 25.00 
-24≤h≤24,-20≤k≤20,-27≤l≤27 
75444 
7114 [R(int) = 0.1100] 
100.0 % 
Semi-empirical from equivalents 
0.7308 and 0.6464 
Full-matrix least-squares on F2

7114 / 84 / 579 
1.161 
R1 = 0.0599, wR2 = 0.856 
R1 = 0.0898, wR2 = 0.0931 
0.91 and -0.62 

 
R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo

2-Fc
2)2]/ ∑[w(Fo

2)2]}1/2. 
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Table 3.3.  Crystal Data and Structure Refinement for Eu(HFAC)3(dmbipy)(H2O). 
 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to (θ= 27.04˚) 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 

C33H23EuF18N3O10
1115.50 
170(2) 
0.71073 
Monoclinic 
P21/n 
 
10.4247(12) 
25.171(3) 
15.4695(17) 
97.596(2)° 
4023.6(8) 
4 
1.841 
1.700 
2188 
0.37 x 0.26 x 0.26 
1.56 to 27.04 
-13≤h≤13,-32≤k≤32,-19≤l≤19 
45493 
8793 [R(int)=0.0387] 
99.7 % 
Semi-empirical from equivalents 
0.6691 and 0.5757 
Full-matrix least-squares on F2

8793 / 678 / 641 
1.094 
R1 = 0.0372, wR2=0.0756 
R1 = 0.0484, wR2=0.0794 
1.079 and -0.518 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Table 3.4.  Crystal Data and Structure Refinement for Eu(TTA)3(dmphen). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 26.50˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 

C77H56Cl2Eu2F18N4O12S6 
2138.44 
170(2) 
0.71073 
Monoclinic  
P21/n 
 
18.6012(11) 
20.2640(12) 
21.7675(13) 
92.9450(10)° 
8194.1(8) 
4 
1.733 
1.839 
4240 
0.27 × 0.26 × 0.20 
2.2 to 25.0 
-23≤h≤23,-25≤k≤25, -27≤l≤27 
89842 
17047 [R(int) = 0.0491] 
99.9 %  
semi-empirical from equivalents 
0.7088 and 0.6347 
Full-matrix least-squares on F2 

17047 / 24 / 1126 
1.057 
R1 = 0.0470, wR2 = 0.1099 
R1 = 0.0636, wR2 = 0.1171 
1.63 and −1.13 
 

 
R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo

2-Fc
2)2]/ ∑[w(Fo

2)2]}1/2. 
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Table 3.5.  Crystal Data and Structure Refinement for Eu(HFAC)3(dmphen)(EtOH). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 25.00˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 

C45H33EuF18N4O7
1235.71 
180(2) 
0.71073 
Monoclinic 
P21/n 
 
12.3239(14) 
27.050(3) 
14.6778(16) 
92.820(2)° 
4887.1(9) 
4 
1.679 
1.405 
2448 
0.35 x 0.32 x 0.25 
2.05 to 25.00 
-14≤h≤14, -31≤k≤32, -17≤l≤16 
28471 
8612 [R(int)=0.0241] 
99.9 % 
Empirical (Bruker SADABS) 
1.0000 and 0.8013 
Full-matrix least-squares on F2

8612 / 29 / 843 
1.000 
R1 = 0.0305, wR2 = 0.0787 
R1 = 0.0395, wR2 = 0.0819 
0.800 and -0.468 

 
R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo

2-Fc
2)2]/ ∑[w(Fo

2)2]}1/2. 
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Table 3.6.  Crystal data and structure refinement for Tb(ACAC)3(dmdp). 
 

Empirical formula C28H34Cl3N2O6Tb 
Formula weight 759.84 
Temperature (K) 170(2) 
Wavelength (Å) 0.71073 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

 
12.184(3) 
15.404(3) 
17.522(4) 
90° 
100.107(4)° 
90° 

Volume (Å3) 3237.6(12) 
Z 4 
Density (calculated) (Mg/m3) 1.559 

Absorption coefficient (mm-1) 2.472 
F(000) 1520 
Crystal size (mm3) 0.166 x 0.101 x 0.090 
Theta range for data collection (°) 1.70 to 26.38° 
Index ranges -15≤h≤15,-19≤k≤19,-21≤l21 
Reflections collected 34739 
Independent reflections 6608 [R(int) = 0.1345] 
Completeness to theta = 25.00° (%) 99.6 
Absorption correction Multiscan 
Max.and min. transmission 0.8 and 0.35235 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6608 / 13 / 369 
Goodness-of-fit on F2 1.015 
Final R indices [I>2sigma(I)] R1 = 0.0518, wR2 = 0.1133 
R indices (all data) R1 = 0.1056, wR2 = 0.1381 
Largest diff. peak and hole (e.Å-3) 1.107 and -2.443 

 
R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo

2-Fc
2)2]/ ∑[w(Fo

2)2]}1/2. 
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Table 3.7.  Crystal data and structure refinement for Tb(ACAC)3(dmphen). 
 

Empirical formula C30H35Cl2N2O6Tb 
Formula weight 749.42 
Temperature (K) 180(2) 
Wavelength (Å) 0.71073 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
Γ (°) 

 
8.8677(7) 
15.6723(11) 
23.5518(17) 
90° 
98.7570(10)° 
90° 

Volume (Å3) 3235.0(4) 
Z 4 
Density (calculated) (Mg/m3) 1.539 

Absorption coefficient (mm-1) 2.393 
F(000) 1504 
Crystal size (mm3) 0.38 x 0.35 x 0.35 
Theta range for data collection (°) 2.18 to 25.00° 
Index ranges -10≤h≤10,-18≤k≤18,-27≤l≤25 
Reflections collected 18458 
Independent reflections 5698 [R(int) = 0.0290] 
Completeness to theta = 25.00° (%) 99.9 
Absorption correction Empirical (Bruker SADABS) 
Max.and min. transmission 1.0000 and 0.7279 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5698 / 11 / 383 
Goodness-of-fit on F2 1.000 
Final R indices [I>2sigma(I)] R1 = 0.0302, wR2 = 0.0757 
R indices (all data) R1 = 0.0406, wR2 = 0.0787 
Largest diff. peak and hole (e.Å-3) 1.149 and -1.251 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2={ Σ[w(Fo
2-Fc

2)2]/ ∑[w(Fo
2)2]}1/2. 
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Figure 3.4.  An ORTEP view of the crystal structure of Eu(TTA)3(dmbipy) with partial 

atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 

 

Figure 3.5.  An ORTEP view of the crystal structure of Eu(BTFAC)3(dmbipy) with 

partial atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 
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Figure 3.6.  An ORTEP view of the crystal structure of 

[Eu(HFAC)3(dmbipy)(H2O)].dmbipy.  Thermal ellipsoids at the 50% probability level. 

 

Figure 3.7.   An ORTEP view of the crystal structure of Eu(TTA)3(dmphen) with partial 

atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 
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Figure 3.8. Molecular Structure of [Eu(HFAC)3(dmphen)(EtOH)].dmphen.  

Displacement ellipsoids for non-H atoms are shown at the 50% probability level. 

 

 

Figure 3.9.  An ORTEP view of the crystal structure of Tb(ACAC)3(dmdp).  Thermal 

ellipsoids are drawn at the 50% probability level. 
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Figure 3.10.  An ORTEP view of the crystal structure of Tb(ACAC)3(dmphen).  Thermal 

ellipsoids are drawn at the 50% probability level. 

 

Table 3.8. Selected Bond Distances (Å) and Angles (˚) of Eu(TTA)3(dmbipy). 
Bond lengths 

Eu(1)-O(1) 
Eu(1)-O(2) 
Eu(1)-O(3) 
Eu(1)-O(4) 
Eu(1)-O(5) 
Eu(1)-O(6) 
Eu(1)-N(1) 
Eu(1)-N(2) 

2.359(7) 
2.360(6) 
2.355(7) 
2.358(7) 
2.357(6) 
2.393(6) 
2.551(8) 
2.544(7) 

Bond angles 
O(1)-Eu(1)-O(2) 
O(2)-Eu(1)-O(3) 
O(3)-Eu(1)-O(4) 
O(4)-Eu(1)-O(5) 
O(5)-Eu(1)-O(6) 
O(1)-Eu(1)-N(1) 
O(6)-Eu(1)-N(2) 
N(1)-Eu(1)-N(2) 

71.4(2) 
107.4(2) 
72.4(2) 
144.2(2) 
72.1(2) 
79.3(2) 
73.0(2) 
62.8(2) 
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Table 3.9. Selected Bond Distances (Å) and Angles (˚) of Eu(BTFAC)3(dmbipy). 
 

Bond lengths 
Eu–O(11) 
Eu–O(12) 
Eu–O(21) 
Eu–O(22) 
Eu–O(31) 
Eu–O(32) 
Eu–N(41) 
Eu–N(42) 

2.367(4) 
2.364(4) 
2.370(4) 
2.384(4) 
2.373(4) 
2.390(4) 
2.566(5) 
2.567(4) 

Bond angles 
O(11)–Eu–O(12) 
O(12)–Eu–O(21) 
O(21)–Eu–O(22) 
O(22)–Eu–O(31) 
O(31)–Eu–O(32) 
O(11)–Eu–N(41) 
O(32)–Eu–N(42) 
N(41)–Eu–N(42) 

71.51(13) 
106.80(14) 
71.67(13) 
142.76(13) 
71.06(13) 
78.46(14) 
75.00(13) 
62.58(14) 

 
 

Table 3.10. Selected Bond Distances (Å) and Angles (˚) of Eu(HFAC)3(dmbipy)(H2O). 
 

Bond lengths 
Eu(1)-O(1) 
Eu(1)-O(2) 
Eu(1)-O(3) 
Eu(1)-O(4) 
Eu(1)-O(5) 
Eu(1)-O(6) 
Eu(1)-O(9) 
Eu(1)-N(1) 
Eu(1)-N(2) 

2.379(2) 
2.463(2) 
2.406(2) 
2.409(2) 
2.417(2) 
2.510(2) 
2.445(2) 
2.590(3) 
2.606(3) 

Bond angles 
O(1)-Eu(1)-O(2) 
O(2)-Eu(1)-O(3) 
O(3)-Eu(1)-O(4) 
O(4)-Eu(1)-O(5) 
O(5)-Eu(1)-O(6) 
O(1)-Eu(1)-N(1) 
O(6)-Eu(1)-N(2) 
N(1)-Eu(1)-N(2) 

69.56(8) 
70.21(8) 
72.43(8) 
71.36(8) 
68.11(8) 
36.14(8) 
128.59(8 
62.18(8) 
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Table 3.11.  Selected Bond Distances (Å) and Angles (˚) of Eu(TTA)3(dmphen). 
 

Bond lengths 
Eu(1)–O(1) 
Eu(1)–O(2) 
Eu(1)–O(3) 
Eu(1)–O(4) 
Eu(1)–O(5) 
Eu(1)–O(6) 
Eu(1)–N(1) 
Eu(1)–N(2) 

2.373(3) 
2.347(3) 
2.373(3) 
2.365(3) 
2.329(3) 
2.412(3) 
2.594(4) 
2.568(4) 

Bond angles 
O(1)–Eu(1)–O(2) 
O(2)–Eu(1)–O(3) 
O(3)–Eu(1)–O(4) 
O(4)–Eu(1)–O(5) 
O(5)–Eu(1)–O(6) 
O(1)–Eu(1)–N(1) 
O(6)–Eu(1)–N(2) 
N(1)–Eu(1)–N(2) 

71.82(12) 
149.22(12) 
70.99(11) 
85.15(12) 
72.61(12) 
76.34(12) 
83.75(12) 
62.89(12) 

 
 
Table 3.12.  Selected Bond Distances (Å) and Angles (˚) of 
Eu(HFAC)3(dmphen)(EtOH). 

Bond lengths 
Eu(1)-O(1) 
Eu(1)-O(2) 
Eu(1)-O(3) 
Eu(1)-O(4) 
Eu(1)-O(5) 
Eu(1)-O(6) 
Eu(1)-O(7) 
Eu(1)-N(1) 
Eu(1)-N(2) 

2.398(3) 
2.414(2) 
2.494(2) 
2.386(2) 
2.479(2) 
2.440(2) 
2.456(2) 
2.599(3) 
2.590(3) 

Bond angles 
O(1)-Eu(1)-O(2) 
O(2)-Eu(1)-O(3) 
O(3)-Eu(1)-O(4) 
O(4)-Eu(1)-O(5) 
O(5)-Eu(1)-O(6) 
O(1)-Eu(1)-N(1) 
O(6)-Eu(1)-N(2) 
N(2)-Eu(1)-N(1) 

73.91(8) 
66.92(8) 
68.83(8) 
134.86(7) 
68.15(7) 
137.06(9) 
70.53(8) 
63.02(9) 
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Table 3.13. Selected Bond Distances (Å) and Angles (˚) of Tb(ACAC)3(dmdp). 
 

Bond lengths 
Tb(1)-O(12) 
Tb(1)-O(14) 
Tb(1)-O(22) 
Tb(1)-O(24) 
Tb(1)-O(32) 
Tb(1)-O(34) 
Tb(1)-N(41) 
Tb(1)-N(412) 

2.347(5) 
2.314(5) 
2.318(5) 
2.371(5) 
2.386(5) 
2.332(5) 
2.557(6) 
2.578(5) 

Bond angles 
O(12)-Tb(1)-O(14) 
O(14)-Tb(1)-O(22) 
O(22)-Tb(1)-O(24) 
O(24)-Tb(1)-O(32) 
O(32)-Tb(1)-O(34) 
O(34)-Tb(1)-N(412) 
N(412)-Tb(1)-N(41) 
N(41)-Tb(1)-O(12) 

73.57(17) 
81.99(17) 
74.15(17) 
73.50(17) 
72.99(18) 
80.56(18) 
62.95(17) 
74.61(17) 

 

Table 3.14.  Selected Bond Distances (Å) and Angles (˚) of Tb(ACAC)3(dmphen). 
 

Bond lengths 
Tb(1)-O(1) 
Tb(1)-O(2) 
Tb(1)-O(3) 
Tb(1)-O(4) 
Tb(1)-O(5) 
Tb(1)-O(6) 
Tb(1)-N(1) 
Tb(1)-N(2)  

2.346(3) 
2.358(3) 
2.322(3) 
2.370(3) 
2.314(3) 
2.345(3) 
2.614(3) 
2.588(3)  

Bond angles 
O(1)-Tb(1)-O(2) 
O(2)-Tb(1)-O(3) 
O(3)-Tb(1)-O(4) 
O(4)-Tb(1)-O(5) 
O(5)-Tb(1)-O(6) 
O(6)-Tb(1)-N(1) 
N(1)-Tb(1)-N(2) 
N(2)-Tb(1)-O(1)  

72.31(10) 
146.10(10) 
72.02(9) 
80.67(10) 
72.87(9) 
77.47(9) 
62.29(9) 
91.34(10)  
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Clearly, metal coordination is influenced by the nature of the β-diketonate ligand, 

which can be rationalized by considering the enhanced electron-withdrawing power of 

the hexafluorinated HFAC ligand versus the trifluorinated TTA and BTFAC ligands; the 

coordinating ability of the oxygen atom in the former is weaker due to the presence of an 

additional electron-withdrawing CF3 group in the former.  The consequences are two-

folds:  First, as bonding interactions of lanthanide compounds are primarily ionic, weaker 

interactions lead to longer Eu-O bonds, as observed.  Second, a larger ligand-metal 

separation (the longer Eu-O bonds) releases more of the steric congestion around the 

lanthanide ion when compared with the complexes with TTA or BTFAC.  This facilitates 

accommodation of the coordination-saturating neutral ligand(s), and possibly, a larger 

number of such ligands, thus resulting in a different metal coordination.  This second 

anticipated consequence is clearly supported by the structures of the two HFAC 

complexes in comparison with the other three (two with TTA and one with BTFAC 

ligand).  Specifically, complexes of the hexafluorinated HFAC ligand feature an 

nonacoordinate metal center whose coordination polyhedron can be viewed as a distorted 

square antiprism monocapped by a coordinated solvent molecule 

(Eu(HFAC)3(dmbipy)(H2O) or in Eu(HFAC)3(dmphen)(EtOH)).  The coordination 

polyhedron of Eu(HFAC)3(dmbipy)(H2O) is shown in Figure 3.11 as a representative 

structure.  Corroborating nonacoordinate complexes with the same β-diketonate ligand, 

Sm(HFAC)3(bipy)(H2O) and Eu(HFAC)3(bipy)(H2O), have recently appeared in the 

literature.35, 44  In comparison, the use of the trifluorinated TTA and BTFAC ligands 

affords octacoordinate complexes whose coordination polyhedra may be best described 



 125

as distorted square antiprism.  That of Eu(TTA)3(dmbipy) is shown as a representative 

(Figure 3.12). 

 

 

Figure 3.11. Coordination polyhedron of Eu(III) in Eu(HFAC)3(dmbipy)(H2O) showing 

seven oxygen atoms (from HFAC and H2O) and two nitrogen atoms (from dmbipy). 

 

 

Figure 3.12. Coordination polyhedron of Eu(III) in Eu(TTA)3(dmbipy) showing six 

oxygen and two nitrogen atoms from the TTA and dmbipy ligands, respectively. 
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Note that the dependence of lanthanide coordination on the size of the metal ion 

has previously been demonstrated by using adducts of lanthanide complexes of HFAC 

with bipyridine and phenanthroline.35  With a lighter and bulkier lanthanide ion such as 

La(III), inclusion of two bipy or phen ligands to achieve a coordination number of 10 is 

possible, while a heavier and smaller metal ion such as Er(III) can only accommodate one 

such neutral ligand to produce an octacoordinate complex.35, 45  With an intermediate 

lanthanide ion such as Sm(III) or Eu(III), the nonacoordinate complexes 

Sm(HFAC)3(bipy)(H2O) and Eu(HFAC)3(bipy)(H2O) are obtained.  For the same β-

diketonate ligand, the two nonacoordinate complexes reported herein offer additional 

evidence to support the gradual transition of the coordination behavior across the 

lanthanide series. 

The Tb(III) ion in both complexes is also situated in a square antiprism 

coordination sphere composed of six oxygen atoms and two nitrogen atoms from ACAC 

ligands and dmdp or dmphen neutral ligand, respectively.  The Tb-O bond distances of 

Tb(ACAC)3(dmdp) [2.314(5)-2.386(5) Å; average 2.345 Å] and Tb(ACAC)3(dmphen) 

[2.314(3)-2.370(3) Å; average 2.342 Å] are within the normal bond distances observed 

for similar complexes in the literature.29, 46 

The average Ln-N bond distances of the complexes [2.342 Å for 

Eu(TTA)3(dmbipy), 2.342 Å for Eu(BTFAC)3(dmbipy), 2.342 Å for 

Eu(HFAC)3(dmbipy)(H2O), 2.342 Å for Eu(TTA)3(dmphen), 2.342 Å for 

Eu(HFAC)3(dmphen)(EtOH), 2.342 Å for Tb(ACAC)3(dmdp) and 2.342 Å for 
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Tb(ACAC)3(dmphen)] are also within the normal bond distances reported for similar 

complexes.29, 35, 44, 47-49 

The Eu-N bond length is normal, and the difference amongst the five complexes 

is insignificant.  Although one may expect a shorter Eu-N bond in the HFAC complexes 

due to the higher metal Lewis acidity, such effects may be offset by the increasing steric 

hindrance expected from a shortened Eu-N bond, especially when an additional neutral 

ligand is present.  Interestingly, a molecule of non-coordinating dmbipy or dmphen is 

found in the solid state, engaging in π-π interactions with the coordinated neutral ligand.  

The aromatic centroid-centroid separation is 3.301–3.429 Å in 

Eu(HFAC)3(dmbipy)(H2O) and 3.459–3.606 Å in Eu(HFAC)3(dmphen)(EtOH).  Similar 

π-π interactions have also been observed in Sm(HFAC)3(bipy)(H2O) and 

Eu(HFAC)3(bipy)(H2O).35, 44  The prevalent π-π interactions observed in complexes with 

the less basic HFAC ligand (and hence more acidic metal ion) invites further 

investigation.  It is reasonable to view the situation as one similar to the cocrystallization 

of hexafluorobenzene and benzene; the metal-bound and thus more electron-deficient 

aromatic ligand and the free ligand are similar to hexafluorobenzene and benzene, 

respectively.  These observations further support the dominating influence of ligands on 

metal coordination behavior in lanthanide β-diketonates.   

Aromatic-aromatic interactions have also been observed in Eu(TTA)3(dmphen), 

but between coordinated dmphen ligands (Figure 3.13).  The closest distance between the 

two dmphen ligands is 3.9585 Å.  In addition, the solid state structure of this complex 

shows two slightly different orientations of the TTA and dmphen ligands with respect to 
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the Eu(III) center.  The two unique coordination geometries differ by subtle changes in 

the coordination environment and by slight conformational differences of the ligands 

caused by free rotation about some of the single bonds.  In both complexes the 

phenanthroline ligand is essentially planar, and overlaying the mean planes shows 

relative positional difference of the remaining ligands (Figure 3.14).  A similar behavior 

was reported for adducts of a series of lanthanide β-diketonates with 2,9-dimethyl-1,10-

phenathroline.50 

 

 

 

Figure 3.13. Aromatic stacking interactions between the two unique phenanthroline 

ligands in Eu(TTA)3(dmphen). 
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Figure 3.14. An overlay (rms deviation = 0.0338Å) of the two least-squares planes fitted 

through the phenthroline ligands, showing the differences in coordination environment of 

the two europium centers, and the conformational differences of the remaining ligands in 

Eu(TTA)3(dmphen). 
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3.3.3. Electronic Spectroscopic and Photoluminescence Studies. 

 

Electronic spectra were obtained for Eu(TTA)3(dmbipy), Eu(BTFAC)3(dmbipy), 

Eu(HFAC)3(dmbipy)(H2O), Eu(TTA)3(dmphen), Eu(HFAC)3(dmphen)(EtOH), 

Tb(ACAC)3(dmdp), and Tb(ACAC)3(dmphen) in dichloromethane solutions.  All the 

complexes show ligand-based absorptions in the range of 220 to 400 nm (Figures 3.15-

3.21). 

 

250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce

Wavelength (nm)

 Eu(TTA)
3
(dmbipy)

 dmbipy
 HTTA

 

Figure 3.15. Absorption spectra of Eu(TTA)3(dmbipy), dmbipy, and HTTA in 

dichloromethane solution. 
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Figure 3.16. Absorption spectra of Eu(BTFAC)3(dmbipy), dmbipy, and HBTFAC 

in dichloromethane solution. 
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Figure 3.17. Absorption spectra of Eu(HFAC)3(dmbipy)(H2O), dmbipy, and 

HHFAC in dichloromethane solution. 
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Figure 3.18. Absorption spectra of Eu(TTA)3(dmphen), dmphen, and HTTA in 

dichloromethane solution. 
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Figure 3.19. Absorption spectra of Eu(HFAC)3(dmphen)(EtOH), dmphen, and HHFAC 

in dichloromethane solution. 
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Figure 3.20. Absorption spectra of Tb(ACAC)3(dmdp), dmdp and HACAC in 

dichloromethane solution. 
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Figure 3.21. Absorption spectra of Tb(ACAC)3(dmphen), dmphen and HACAC 

in dichloromethane solution. 
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Upon UV excitation, all the Eu(III) and Tb(III) complexes exhibit vivid red and 

green emission, respectively, in both the solid state and solution.  The electronic 

excitation and photoluminescence spectra of the lanthanide complexes reported herein are 

shown in Figures 3.22-3.28. 

The five narrow emission peaks observed for the Eu(III) complexes can be 

assigned to 5D0
 7Fn (n= 0-4) transitions, of which the emission at 613 nm originating 

from 5D0
7F2 electronic dipole transition is the strongest (Figures 3.22-3.26).  

Intensities of the strongest emissions of Eu(TTA)3(dmbipy), Eu(BTFAC)3(dmbipy), 

Eu(HFAC)3(dmbipy)(H2O), Eu(TTA)3(dmphen), and Eu(HFAC)3(dmphen)(EtOH) are 

maximal when the complexes are excited at 345, 331, 300, 343, and 306 nm, 

respectively.  These excitation wavelengths are close to the absorption maxima of the 

corresponding β-diketonate ligands, suggesting that the sensitization of the emissive 

metal center is by energy transfer mediated by these ligands, consistent with the well-

established mechanism of ligand-sensitized luminescence.51-53 

  As shown in Figures 3.27 and 3.28, four narrow emission peaks, assigned to 5D4 

→ 7Fn (n=6-3) transitions of Tb(III), are observed, of which the emission originating 

from the  5D4 → 7F5 (544 nm) transition is the strongest.  The maximum emission of the 

Tb(III) complexes were observed when these complexes were excited at 300 nm.  

Absorption maxima of free HACAC, dmdp, and dmphen ligands are around 273, 282, 

and 265 nm.  These observations suggest that ligand-to-Tb(III) energy transfer is 

mediated by both ACAC and dmdp ligands in Tb(ACAC)3(dmdp) but mainly by the 

ACAC ligands in Tb(ACAC)3(dmphen). 
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Figure 3.22.  The excitation (---) and emission (─) spectra of Eu(TTA)3(dmbipy) in 

CH2Cl2. 
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Figure 3.23. The excitation (---) and emission (─) spectra of 

Eu(BTFAC)3(dmbipy) in CH2Cl2. 
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Figure 3.24.  The excitation (---) and emission (─) spectra of Eu(HFAC)3(dmbipy)(H2O) 

in CH2Cl2. 
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Figure 3.25.  The excitation (---) and emission (─) spectra of Eu(TTA)3(dmphen) in 

CH2Cl2. 
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Figure 3.26.  The excitation (---) and emission (─) spectra of 

Eu(HFAC)3(dmphen)(EtOH) in CH2Cl2. 
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Figure 3.27.  The excitation (---) and emission (─) spectra of Tb(ACAC)3(dmdp) in 

CH2Cl2. 
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Figure 3.28.  The excitation (---) and emission (─) spectra of Tb(ACAC)3(dmphen) in 

CH2Cl2. 

 

The photoluminescence quantum yields of Eu(TTA)3(dmbipy), 

Eu(BTFAC)3(dmbipy), Eu(HFAC)3(dmbipy)(H2O), Eu(TTA)3(dmphen), 

Eu(HFAC)3(dmphen)(EtOH),  Tb(ACAC)3(dmdp), and Tb(ACAC)3(dmphen) were found 

to be 23.4, 18.1, 48.6, 34.0, 38.7, 3.48, and 0.14%, respectively.  Clearly the HFAC 

ligand-bearing complexes display higher quantum yields than the other complexes.  This 

may be directly related to the suppression of vibrational quenching of luminescence with 

use of highly fluorinated ligands.11  The relatively highly quantum yields of Eu(III) 

complexes suggest potential applications of these complexes in electroluminescent 

devices. 
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3.4. SUMMARY AND PERSPECTIVES 

Several new Eu(III) complexes with fluorinated β-diketonate ligands and Tb(III) 

complexes with ACAC ligands using nitrogen p,p’ disubstituted bipyridine and 

phenanthroline ligands were synthesized.  Their structures were established by single-

crystal X-ray diffraction.  The lanthanide coordination behavior is significantly 

influenced by the β-diketonate ligands utilized, and to a much less extent, by the neutral 

ligands.  The disparity of bond distance and coordination number can be rationalized in 

term of the electronic and steric properties of the ligands.  This work not only contributes 

several new members of the luminescent lanthanide complexes, it also offers much 

needed supporting evidence for drawing the conclusions elaborated above, that is, subtle 

but significant coordination behavior change can be achieved by judiciously chosen 

ligands.  Photoluminescence studies show that excitation of the complexes is ligand 

based, and that the emission is characteristic of trivalent lanthanide ions utilized. 
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CHAPTER 4 

Europium β-diketonates for Red-emitting Electroluminescent Devices 
 
 
 
Abstract  
 

Organic light-emitting devices were fabricated wherein europium β-diketonates of 

the general formula Eu(X)3(L) [L = 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) or 4,4’-

dimethoxy-2,2’-bipyridine (dmbipy); X is the conjugate base of 4,4,4-trifluoro-1-phenyl-

1,3-butanedione (HBTFA), thenoyltrifluoroacetone (HTTA), or 1,1,1,5,5,5-hexafluoro-

2,4-pentanedione (HHFAC)] are the active emitting materials.  Red luminescence 

characteristic of Eu(III) at about 614 nm was observed in each of the five devices that 

share the general configuration ITO/NPB/Eu(X)3L:CBP/BCP/AlQ/LiF/Al [ITO, indium 

tin oxide; NPB, 4,4’-bis[n-(1-naphthyl)-N-phenyl-amino]biphenyl; CBP, 4,4’-N,N’-

dicarbazolebiphenyl; BCP, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline; AlQ, tris(8-

hydroxy)quinoline aluminum].  Encouraging device performance was obtained with use 

of Eu(TTA)3(TPTZ) or Eu(HFAC)3(TPTZ).  The device utilizing Eu(TTA)3(TPTZ) 

exhibited a maximum brightness of 781 cd/m2 and a current efficiency of 1.94 cd/A.  The 

current efficiency reached 4.76 cd/A at a brightness of 110 cd/m2.  With 

Eu(HFAC)3(TPTZ), a maximum brightness of 1537 cd/m2 and a current efficiency of 

0.24 cd/A were achieved at a drive voltage of 16.5 V. 
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4.1. INTRODUCTION 

Electroluminescence is the emission observed in materials under the influence of 

an external electric field.1  In electroluminescence, electrical energy is transformed into 

light energy by the recombination of electrons and holes in the emissive material.2  

Electroluminescent organic materials have been known since the 1960s.3, 4  However 

development of such materials as potential candidates in the devices so called organic 

light emitting diodes” (OLEDs) didn’t begin until the late 1980s.  OLED displays offer a 

number of advantages over established display technologies such as cathode ray tubes 

and liquid crystal displays.5  These include greater viewing angles (Figure 4.1), lighter 

weight, higher luminance with brighter and sharper images, no back lighting 

requirements, quicker response, better resolution, and lower power consumption.6  

Consequently, OLEDs are heralded as the technology for the next generation of energy-

efficient, full-color, large-area, flat panel displays.7, 8  Tremendous research and 

development efforts from both industrial and academic laboratories are being devoted to 

this exciting field of research.9-16 

 

Figure 4.1. A display side-view of a liquid crystal (left) and an OLED (right).  A much 

wider viewing angle is shown.17, 18 
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 Working on the principle of electroluminescence, such a device in its simplest 

form consists of a thin layer of light-emitting organic materials sandwiched between two 

electrodes (Figure 4.2).  These layers can be deposited by various techniques such as 

chemical vapor deposition, plasma deposition, or spin coating from a solution.  The 

cathode is a metal with a low work function such as aluminum, magnesium, calcium or 

an alloy composed of these metals.  The anode is a high work function material and is 

typically a transparent layer of indium tin oxide (ITO).1 

When a voltage is applied across the device (electrical excitation), holes and 

electrons are injected from the anode and the cathode, respectively.  Holes are transported 

via the highest occupied molecular orbital (HOMO) whereas the electrons are transported 

via the lowest unoccupied molecular orbital (LUMO).  The HOMO and LUMO are 

respectively analogous to the valence and conduction bands of a semiconductor.2  The 

efficiency of hole and electron transport is determined by the mobilities of both charge 

carriers in the emissive organic layer.  These charge carriers migrate and recombine to 

form excitons in the emissive layer, about 25% of which are singlets and 75% are triplets 

based on spin statistics.19  The singlet excitons subsequently decay to the ground state 

with light emission, while the triplets tend to deactivate non-radiatively.  As a result, the 

maximum internal quantum efficiency of an electroluminescence device is estimated to 

be about 25%.  The emission color depends on the particular emitting material used. 
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Figure 4.2. A single-layer organic light-emitting device. 

 

 The emissive organic layer should have a higher quantum efficiency for 

photoluminescence.  In addition, it must also have good hole- and electron-transporting 

properties.  However, most common organic compounds have very poor charge 

transporting capabilities.  Therefore, additional hole-transporting and electron-

transporting layers are frequently utilized in OLEDs (Figure 4.3) to improve charge 

injection and transport.1, 2     

 

Figure 4.3. A three-layer organic light-emitting device. 
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 A hole transport material should have a high hole mobility and a low ionization 

potential for the efficient injection of holes from the anode and should also help prevent 

the migration of excitons from the emissive layer.  Lastly, a hole transport layer should 

be transparent to the emitted radiation in order to reduce the optical losses within the 

device.  Organic molecular species or polymers are often used as hole transporting and 

electron transporting materials in OLEDs.20-26  Poly(N-vinylcarbazole) [PVK] and N,N-

diphenyl-N,N-bis(3-methylphenyl)-[1,1’-biphenyl]-4,4’-diamine [TPD] are commonly 

used as hole-transporting materials (Figure 4.4 a).25-30  Among the commonly used 

electron-transporting materials are 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole 

[PBD] and tris(8-hydroxyquinoline)aluminum [AlQ] (Figure 4.4 b).20, 21, 27, 29, 30  
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Figure 4.4. Chemical structures of (a) hole- and (b) electron-transporting 

materials typically used in OLEDs. 
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The performance of an OLED is tested by measuring the brightness of the light 

emission known as the luminance [cd/m2]).  Current-voltage and luminance-voltage 

characteristics are also used to evaluate OLED performance.  There are several 

approaches to report the efficiency of an OLED including measuring the external 

quantum efficiency (ηext) as a percentage, the luminous power [ηp, lm/W] or the luminous 

efficiency [also known as the current efficiency (ηL), cd/A].31  The turn-on-volatge of an 

OLED is defined as the voltage necessary to have a luminance of 1 cd/m2, which 

corresponds to the brightness of a typical wax candle.  It is important to lower this value 

as much as possible for low power consumption of such devices.  The luminance of an 

OLED will increase up to a maximum value with increasing drive voltage; further 

voltage increments will result in decreasing the luminance.  Frequently the operating 

voltage of an OLED at a luminance of 100 cd/m2, which is the brightness of a typical 

computer screen, is also reported for comparison. 

The most critical component of an OLED is likely the emissive material.  The 

quest for new and better organic electroluminescence materials has exploded since Tang 

and Van Sylke (1987) demonstrated green emission of AlQ in a bilayer device.32  The 

efficient injection of holes and electrons was shown tobe provided from an ITO anode 

and an alloyed Mg:Ag cathode.  A transparent aromatic organic diamine layer was used 

as the hole transport layer.  Bright green emission of AlQ (λmax=550 nm) was achieved 

with a luminance of more than 1000 cd/m2 below 10 V.  Another breakthrough came in 

1990 when Burroughes and coworkers reported for the first time the generation of 
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electroluminescence from a single-layer of semiconducting π-conjugated polymer poly(p-

phenylene-vinylene) [PPV] (Figure 4.5) between metallic electrodes.33 

   

Figure 4.5. Molecular Structure of PPV. 

 

Research and development of OLEDs, especially those using polymeric 

electroluminescence materials, has since advanced rapidly.7-10, 15  Certain polymeric 

materials have now reached realistic specifications for device applications, and 

electroluminescence across the whole visible spectrum has been realized.9, 10 

 Significant progress notwithstanding, molecular and polymeric 

electroluminescence materials share a number of imperfections, including generally 

broad spectra of light emission, low spectral purity, inherently limited quantum 

efficiency, and strongly coupled processing and emission properties.  These important 

issues must be addressed if the full technical, and ultimately market, potentials of OLEDs 

are to be realized. 

 Solutions to these problems are being vigorously sought.  For example, Forrest, 

Thompson and their coworkers have developed phosphorescent materials for achieving 

high-efficiency electroluminescence.34-37  Another prominent approach is to use 

photoluminescence lanthanide complexes as electroluminescence materials.2, 38, 39  This 

class of emitters may hold greater potential due to a number of advantages envisioned or 

n
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realized over the much studied conjugated polymers and other non-lanthanide metal 

complexes for the development of this relatively new display technology.  Briefly, these 

include extremely narrow light emission, high quantum efficiency, and flexibility in 

improving the processibility of the material without affecting emission characteristics.  

All these useful properties are consequences of the f-electronic structure of the lanthanide 

elements and the unique ligand-promoted energy transfer mechanism for light 

emission.40, 41  Because of the sharp emission bands of the lanthanide ions with a full 

width at half maximum of less than 15 nm, compared to 80 to 100 nm in organic 

materials, lanthanide luminescence is highly monochromatic.  Broad emission bands of 

organic materials produce dull colors.  A saturated monochromatic emission is necessary 

for the development of full-color displays based on OLEDs.  

The key advantage of using lanthanide complexes, however, lies in the unique 

energy transfer mechanism of lanthanide-centered luminescence as explained in Chapter 

1.40, 42, 43  The lanthanide emitting states are populated by energy transfer from the ligand 

triplet states, which themselves are populated via intersystem crossing from the ligand 

singlet states.40  This advantage points to the possibility of utilizing both singlet and 

triplet excitons for light emission and of approaching a 100% internal quantum efficiency 

when lanthanide complexes are used for electroluminescence.1, 2  Ligands coordinated to 

the lanthanide ion can be modified or changed to obtain a better energy match between 

the ligand singlet and triplet energy levels and triplet and the lanthanide emissive state(s), 

resulting in efficient ligand to metal energy transfer.  This process does not affect the 

lanthanide emission wavelength as the ligand orbitals have little influence on the metal 
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orbitals due to the ionic nature of the lanthanide ligand bonding and the well shielded 

nature of the lanthanide 4f electrons by the filled 5s and 5p orbitals.44 

Not surprisingly, an increasing number of studies of lanthanide-based 

electroluminescent materials have appeared in the literature, including reviews of 

exciting progresses in the field.2, 45-49  In 1990, Kido and coworkers reported the first 

lanthanide complex, Tb-tris-acetylacetonato, [Tb(ACAC)3(H2O)2] as an 

electroluminescent material in an organic light emitting double-layer device with the 

configuration of [ITO/TPD/ Tb(ACAC)3(H2O)2/Al].45  Al and ITO were used as the 

cathode and the anode, respectively.  TPD was used as the hole injecting layer while 

Tb(ACAC)3(H2O)2  was used as both the emitting and electron-transporting layer (Figure 

4.6).  The device was fabricated by vacuum deposition and exhibited the characteristic 

Tb(III) green emission at around 544 nm with a luminance of 7 cd/m2 when operated in a 

continuous DC mode.  The current efficiency of the device was found to be 0.4 mA/cm2 

at the above brightness.  The brightness of the device was very low, but the 

electroluminescence spectrum was found to be identical to the corresponding 

photoluminescence spectrum, indicating the luminescence originated from the lanthanide 

ion. 
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Figure 4.6. Configuration of electroluminescent device and the molecular 

structure of Tb(ACAC)3(H2O)2. 

 

The same group of researchers were the first to observe the red 

electroluminescence from a Eu(III) complex, tris-(theonyltrifluoroacetonate)-Eu(III), 

[Eu(TTA)3(H2O)2] in 1991 using PBD as the electron-transporting layer and 

poly(methylphenylsilane) (PMPS) as the hole-transporting layer in the emitting device 

(Figure 4.7).50, 51  Since Eu(TTA)3(H2O)2 is nonvolatile, the complex was spin coated 

with the polysilane matrix on to a ITO surface.  Red emission characteristic of Eu(III) 

was observed starting at 12 V, and a maximum luminance of 0.3 cd/m2 was obtained at 

18 V.  The luminance of these devices was proportional to the injection current as well as 

the bias voltage.  
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Figure 4.7. Configuration of the electroluminescence device and the molecular 

structures of the materials. 

 

 Electroluminescence intensity and efficiency can be improved by using a second 

ligand coordinated to the lanthanide β-diketonate.  The ligands of interest are Lewis bases 

such as phenantroline and their derivatives.52  The neurtal ligands help satisfy the high 

coordination requirement of the bulky lanthanide ion, and perhaps more importantly, 

reduce quenching of luminescence due to dipole-dipole coupling with high energy O-H 

oscillators that are frequently associated with the original synthesis of the complexes.53  

These neutral ligands, similarly to their negatively charge counterparts, may also serve as 

antenna to promote energy transfer for light emission, resulting in improved 

luminescence intensities of the devices.  The ligands also help to increase the volatility 

and the stability of the complexes.54  Proof of concept has been demonstrated by reported 

electroluminescence devices, where lanthanide β-diketonate adducts with Lewis basic 

ligands were utilized as emitting materials (Figure 4.8).26, 52, 54, 55  For example, enhanced 
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red electroluminescence was observed by using Eu(DBM)3(phen) as the emitting 

material.52  The multilayer device consists of 

ITO/TPD/Eu(DBM)3(phen):PBD/AlQ/Mg:Ag where Eu(DBM)3(phen) was coevaporated 

with the carrier transport material, PBD.  Characteristic Eu(III) emission at around 614 

nm was observed for this device with a luminance of 460 cd/m2 at a driving voltage of 16 

V. 
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Figure 4.8. Ternary Eu(III) and Tb(III) β-diketonate complexes used as emissive 

materials in organic light emitting devices. 

 

Zhang and coworkers also demonstrated the importance of neutral ligands by 

using Eu(TFACAC)3(bipy) as the emitting material in an electroluminescence device 

configured as ITO/PVK/PVK:PBD:Eu(TFACAC)3(bipy)/PBD/Al (Figure 4.9).56  A 
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maximum luminance of 68 cd/m2 was observed at 20 V for this device.  However, an 

identical device using Eu(TFACAC)3(H2O)2 produced less than 20 cd/m2. 

                                            

    

Figure 4.9. Configuration of the electroluminescence device using Eu(TFACAC)3(bipy) 

as the emitting material and the molecular structure of Eu(TFACAC)3(bipy). 

 

Phenathroline derivatives have also been used to prepare electroluminescent 

europium complexes, and better performances have been obtained.  For example by using 

dipyrido[3,2-a:2’,3’-c]phenazine (DPpz) [in Eu(TTA)3(DPpz)] and 3,4,7,8-tetramethyl-

1,10-phenanthroline (Tmphen) [in Eu(DBM)3(Tmphen)] (Figure 4.10a) as the neutral 

ligand, respective luminances of 1670 cd/m2 (13.6 V), and 2450 cd/m2 (20 V) were 

achieved.57, 58  Matsumura and coworkers chose triphenyl phosphine oxide (TPPO) as the 

second ligand to synthesize Eu(DBM)3(TPPO) and observed  a high luminance (up to 

380 cd/m2) (Figure 4.10b). 59 
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Figure 4.10. Molecular structures of the europium complexes with high 

electroluminescence performance. 

 

Progress and potential notwithstanding, the translation (or lack thereof) of the 

high photoluminescence efficiency of lanthanide complexes into an electroluminescence 

efficiency of comparable magnitude remains a challenge.  A number of factors, both 

engineering-type (device configuration, interfacial interactions, ancillary electron and 

hole-transporting materials, etc.) and chemically-based (thermal stability, volatility, 

charge-transporting capability, etc.), are believed to be responsible for this 

underachievement.16, 38, 48, 49, 52 

The Zheng group has been interested in addressing some of the more chemically 

oriented issues by synthesizing novel lanthanide complexes with β-diketonate ligands.  
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By modifying the ligand electronic structure via the introduction of judiciously selected 

functional groups, complexes with an enhanced ability to transport charge carriers or to 

balance the transport of charge carriers can be designed.  For example, by utilizing a 

green-emitting terbium complex with β-diketonate ligands equipped with electron-

withdrawing oxadiazolyl functional groups, we have previously achieved significantly 

improved device performance (Figure 4.11).60  In comparison, an otherwise identical 

device utilizing a terbium complex of the unmodified ligand produced little green 

emission upon electroexcitation. 
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Figure 4.11. Molecular structure of the first oxadiazole-functionalized Tb(III) β-

diketonate. 

 

As part of our continued efforts, we have recently synthesized a number of new 

adducts of lanthanide complexes of fluorinated β-diketonates with neutral polypyridyl-

based ligand(s) as described in Chapters 2 and 3.  The presence of C-F bonds, as opposed 

to higher-energy frequency oscillator C-H bonds, help reduce non-radiative quenching of 

lanthanide luminescence.61  Additional advantages of using fluorinated ligands include 
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enhanced thermal stability and volatility of the complexes;62 both are of significance in 

practical applications of luminescent lanthanide materials. 

In this chapter, the fabrication and performance of five electroluminescent devices 

using the readily prepared red-emitting europium complexes are reported.  The molecular 

structures of the complexes are collected in Figure 4.12, together with the abbreviations 

of the ligands utilized. 
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Figure 4.12.  Molecular structures of Eu complexes utilized in the present studies. 
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4.2. EXPERIMENTAL 

 

General Considerations 

Reagents were purchased from Aldrich.  4,4’-bis[n-(1-naphthyl)-N-phenyl-

amino]biphenyl, tris(8-hydroxy)quinoline aluminum, 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline, and 4,4’-N,N’-dicarbazolebiphenyl were used after sublimation.  

EuCl3•6H2O, 2,4,6-tri(2-pyridyl)-1,3,5-triazine, 1,1,1,5,5,5-hexafluoro-2,4-pentanedione, 

theonyltrifluoroacetone, 4,4,4-trifluoro-1-phenyl-1,3-butanedione,  4,4’-dimethoxy-2,2’-

bipyridine, and potassium tert-butoxide were used as received. 

Detailed synthesis, structural characterization, and photoluminescence studies of 

the five complexes utilized in this work, namely, Eu(BTFAC)3(TPTZ), 

Eu(TTA)3(TPTZ), Eu(HFAC)3(TPTZ), Eu(BTFAC)3(dmbipy), and Eu(TTA)3(dmbipy) 

are reported in Chapters 2 and 3. 

   

Device fabrications and performance measurements 

Electroluminescence devices were fabricated using the five europium complexes 

as the red-emitting materials.  Two device configurations were adopted. 

 

Configuration 1: ITO/NPB(60 nm)/Eu(X)3(L):CBP(60 nm)/AlQ(50 nm)/LiF(0.5 

nm):Al(100 nm). 

Configuration 2: ITO/NPB(60 nm)/Eu(X)3(L):CBP(60 nm)/BCP(20 nm)/AlQ(40 

nm)/LiF(0.5 nm):Al(100 nm).   
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A thin-layer of BCP was incorporated in between the layers of the complex-doped 

CBP and AlQ in the second configuration.  Schematic presentation of each device 

configuration and the molecular structures of the device components are shown in Figure 

4.13 and 4.14, respectively. 

Onto a clean ITO glass substrate,63 a thin layer of NPB was deposited by vacuum 

deposition at 10-5 Pa, following which thin layers of the other materials were successively 

deposited.  The purely organic compounds and the europium complexes were deposited 

at a rate of 1-2 Å/s and 0.1-0.2 Å/s, respectively.  The working diode had an active area 

of 4.0 mm2.  The layer thickness and the deposition rates were monitored and controlled 

using an IL-1000 quartz crystal monitor. 

The current-voltage and brightness-voltage characteristics of the light emitting 

devices fabricated were measured using a computer-controlled Keithley 2400 source 

meter unit with a calibrated silicon diode.  The electroluminescence measurements were 

carried out using a Hitachi F-4500 fluorescence spectrophotometer.  

 Current efficiency (ηL) of each device was calculated using the following 

equation.31 

ηL = AL/IOLED

L is the luminance of the light emitting device (cd/m2), A is the device active area (m2), 

and IOLED is the device current (A). 
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Figure 4.13. Configurations of the electroluminescent devices utilized. 

 

    

Figure 4.14. Molecular structures of the materials used for device fabrication. 
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4.3. RESULTS AND DISCUSSION 

Our previous studies show that upon UV excitation all the complexes emit vivid 

red luminescence at about 614 nm, characteristic of a trivalent europium ion (Chapters 2 

and 3).  We sought to generate luminescence by electrical excitation through fabrication 

of thin-layer organic light-emitting diodes and performance measurement of these 

devices. 

The lanthanide complexes were doped into a host of 4,4’-N,N’-

dicarbazolebiphenyl (CBP), as typically practiced in the production of lanthanide-based 

electroluminescent devices.49, 58  The use of an appropriate matrix enhances the film-

forming ability of the lanthanide complex and helps reduce concentration quenching of 

lanthanide luminescence.  In addition to these useful properties, CBP has been 

demonstrated to facilitate transport of both charge carriers.47  Other molecular and 

polymeric species, such as 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole 

(PBD)64 and poly(9-vinylcarbazole) (PVK),65 have also been used for similar purposes as 

illustrated in the introduction.  

Doping levels of the europium complexes in CBP host matrix were varied from 

3% to 20% by weight.  The best performance was achieved with the following doping 

concentration: 3% Eu(BTFAC)3(TPTZ), Eu(HFAC)3(TPTZ), or Eu(TTA)3(dmbipy); 5% 

Eu(TTA)3(TPTZ) and 6% Eu(BTFAC)3(dmbipy).   

As a prototype of the working device, Configuration 1 was adopted.  The layer of 

Eu(TTA)3(TPTZ) doped into CBP as the emissive material was sandwiched by NPB and 

AlQ for facilitating the transport of holes and electrons, respectively.  A thin layer of LiF 
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was used between the Al cathode and AlQ to facilitate injection of electrons.  Deposition 

of LiF in between the organic layer and Al metal cathode has been known to form 

excellent interfaces for the injection of electrons into the active organic layer, resulting in 

improved electroluminescence performances in organic light-emitting devices.66, 67 

 

400 500 600 700 800

0.000

0.002

0.004

0.006

0.008

0.010

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 Bias12V
 Bias15V
 Bias18V
 Bias21V
 Bias24V

 

Figure 4.15.  Electroluminescence spectra of Eu(TTA)3(TPTZ) in a device adopting 

Configuration 1. 

 

Electroluminescence spectra were recorded under different bias voltages (Figure 

4.15).  Green emission from AlQ at λmax = 532 nm32 can be clearly seen in addition to the 

Eu(III) red emission at 614 nm at all the voltages studied, whilst although initially 

insignificant, became dominant when the driving voltage reached 18 V.  The undesired 

emission from AlQ has been observed previously and is a common drawback in this type 

of emitting devices.  This is due to the faster current of holes into the AlQ layer whereby 
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the oppositely charged carriers recombine to produce the excitons whose energy is then 

absorbed by AlQ for green light emission.  This not only reduces the device efficiency 

but also produces an undesirable polychromatic light output.  

To correct this problem, Configuration 2 was adopted wherein a seemingly minor 

but technically significant layer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 

a well studied electron-transporting and hole-blocking material, was incorporated in 

between the layers of AlQ and the europium complex.  Balancing the charge injection 

using BCP has been previously demonstrated under similar light emitting device 

configurations.63, 68  

Efficient pure red electroluminescence from Eu(TTA)3(TPTZ) was then 

successfully achieved, as shown in Figure 4.16a.  This suggests a more balanced transport 

of charge carriers and a more confined exciton formation in the layer of the emissive 

complex.  A maximum brightness of 781 cd/m2 at 24 V with a current efficiency of 1.94 

cd/A was obtained.  The current efficiency reached 3.03 and 4.76 cd/A when the 

brightness was 334 cd/m2 and 110 cd/m2, respectively.  Such high current efficiencies are 

essential for the practical application of an OLED.   

The current-voltage and luminance-voltage characteristics of device 2 containing 

Eu(TTA)3(TPTZ) is shown in Figure 4.16b.  Brightness increases as the current and the 

bias voltage increase for this device, as commonly observed for similar devices. 
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The other europium complexes also produced the red electroluminescence 

characteristic of trivalent europium ion in otherwise identical devices.  Improved device 

performance data, obtained with the use of Eu(HFAC)3(TPTZ) and 

Eu(BTFAC)3(dmbipy), are shown in Figures 4.17 and 4.18, respectively.  For 

Eu(HFAC)3(TPTZ), a maximum brightness of 1537 cd/m2 with a current efficiency of 

0.24 cd/A was achieved at 16.5 V.  In terms of brightness, the device using this complex 

compares favorably with other high performance europium complexes.58, 62, 69  For 

Eu(BTFAC)3(dmbipy) a brightness of 877 cd/m2 with a current efficiency of 0.24 cd/A 

were obtained at 12.0 V. 

Devices fabricated using Eu(BTFAC)3(TPTZ) and Eu(TTA)3(dmbipy) produced 

less pure red luminance (7.25 and 181 cd/m2, respectively) at around 15 V (Figures 4.19 

and 4.20).  Performance data for all five complexes are summarized in Table 4.1 for 

comparison.   The turn on voltages, for the Configuration 2 fabricated using 

Eu(BTFAC)3(TPTZ), Eu(TTA)3(TPTZ), Eu(HFAC)3(TPTZ), Eu(BTFAC)3(dmbipy), and 

Eu(TTA)3(dmbipy) were found to be around 12.5, 8.0, 7.0, 5.5, and 8V, respectively. 
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Figure 4.16. Device performance of Eu(TTA)3(TPTZ) by adopting Configuration 2.  (a) 
Electroluminescence spectra, and (b) current-voltage-luminance characteristics. 
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Figure 4.17. Device performance of Eu(HFAC)3(TPTZ) by adopting Configuration 2.  
(a) Electroluminescence spectra, and (b) current-voltage-luminance characteristics. 
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Figure 4.18. Device performance of Eu(BTFAC)3(dmbipy) by adopting Configuration 2.  
(a) Electroluminescence spectra, and (b) current-voltage-luminance characteristics. 
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Figure 4.19. Device performance of Eu(BTFAC)3(TPTZ) by adopting Configuration 2.  

(a) Electroluminescence spectra, and (b) current-voltage-luminance characteristics. 
 
 
 



 167

(a) 
 

300 400 500 600 700 800

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 Bias12V
 Bias15V
 Bias18V

 
 

(b) 

0 2 4 6 8 10 12 14 16 18 20 22 24
-5

0

5

10

15

20

25

30

35
 Current (mA)
 CBrightness (cd/m2)

Bias Voltage(V)

C
ur

re
nt

 (m
A

)

0

200

400

600

800

1000

1200

B
rightness (cd/m

2)

 
Figure 4.20. Device performance of Eu(TTA)3(dmbipy) by adopting Configuration 2.  

(a) Electroluminescence spectra, and (b) current-voltage-luminance characteristics. 
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Table 4.1. Device performance data for all complexes using Configuration 2. 

 

Compound Voltage (V) Luminance (cd/m2) Current efficiency 
(cd/A) 

 
Eu(BTFAC)3(TPTZ) 

 
 

Eu(TTA)3(TPTZ) 
 
 
 
 

Eu(HFAC)3(TPTZ) 
 
 
 

Eu(BTFAC)3(dmbipy) 
 
 
 

Eu(TTA)3(dmbipy) 

 
12.5 
15.0 
 
8.0 
17.5 
21.0 
24.0 
 
7.0 
11.0 
16.5 
 
5.5 
8.0 
12.0 
 
8.0 
13.5 
15.0 

 
0.90 
7.25 
 
1.25 
110 
334 
781 
 
1.25 
106 
1537 
 
3 
98 
877 
 
2.1 
91.8 
181 
 

 
0.08 
0.27 
 
8.98 
4.76 
3.03 
1.94 
 
0.38 
0.89 
0.24 
 
1.19 
0.51 
0.24 
 
0.32 
0.22 
0.21 

 

Emission from CBP host at about 400 nm was not observed in any of these 

devices.  This provides evidence for the main electroluminescence process to be due to 

carrier trapping.58  Specifically, injected electrons and holes through the CBP host 

molecules are first trapped by the europium complexes followed by formation of the 

excitons.62, 70  Decreased brightness and current efficiency of the devices were observed 

however at relatively higher current values.  This can be rationalized as a result of triplet-

triplet annihilation of CBP host molecules following back transfer from the negatively 

charged β-diketonate ligands.  
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Green emission of AlQ was observed even in the device with Configuration 2 

when the driving voltage and thus the current were increased.  For example, a broad 

emission at 535 nm with a relatively lower intensity than that of the Eu(III)-based narrow 

emission was observed for Eu(TTA)3(TPTZ) in Configuration 2 when the bias voltage 

was increased to 27 V.  Emission from doped europium complexes may be saturated at 

such higher bias voltages with high current densities.  It is also possible a population of 

holes may overcome the energy barrier between the hole blocking BCP and the AlQ 

layer, allowing the formation of excitons within the AlQ molecules that are responsible 

for the broad emission at 535 nm. 

 

4.4. SUMMARY AND PERSPECTIVES 

 

The electroluminescence properties of five new europium complexes 

[Eu(BTFAC)3(TPTZ), Eu(HFAC)3(TPTZ), Eu(TTA)3(dmbipy), Eu(TTA)3(TPTZ), and 

Eu(BTFAC)3(dmbipy)] were evaluated.  Pure red emission of trivalent europium ion can 

be obtained by incorporating the europium complexes in appropriately configured light 

emitting devices.  In all the devices studied, inclusion of a hole-blocking material (CBP) 

was necessary in order to achieve a monochromatic red emission.  Promising 

performances in terms of luminescence brightness and current efficiency were obtained 

using three of the five complexes studied. 
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CHAPTER 5 

Erbium-based Materials for Near Infrared (NIR) Emission 
 
 
Abstract  
 
 

New functional molecular and nanostructured materials based on Er(III) have 

been synthesized and characterized as potential near infrared (NIR) emitters in 

optical telecommunication systems.  The Er(III)-based molecular complex was 

composed of DBM (dibenzoylmethane) and TPTZ (2,4,6-tri(2-pyridyl)-1,3,5-

triazine) organic chelating ligands.  During our attempts to create Er(III)-containing 

nanostructured materials, Er(III) and Yb(III) ions were co-doped in transparent, 

refractive index matched, and highly re-dispersible, lanthanum phosphate 

nanoparticles.  The optical properties of these nanoparticles as active dopants in 

organic-inorganic hybrid sol-gels adopting 3-methacryloxypropyl trimethoxysilane 

(MAPTMS) as a precursor were studied.  Clear solutions up to 85 wt% of the 

nanoparticle doping were obtained, and thin-films generated by spin coating of such 

solutions were found to be crack-free and to present themselves as viable candidates 

as core materials for fabricating waveguide amplifiers.  A 980-nm laser pumped 

photoluminescence was observed at 1535 nm from all the bulk samples of the 

nanocomposites and the Er-complex.  The lifetime of the 85 wt% nanoparticle-doped 

composite was measured to be 93 μs, indicating an intermediate relaxation rate 

between that of an erbium organic complex and annealed erbium-doped glass.  The 

refractive indices of the nanocomposites are very close to that of the optical fiber and 
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provide a suitable index difference from an undoped and metal oxide tuned sol-gel, 

inviting future studies of using them as core amplifying materials in efficient single-

mode waveguide systems.  An optical signal enhancement of 2dB/cm at 1527 nm 

was obtained from a reverse mesa waveguide with a 200 mW 980 nm pump laser. 
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5.1. INTRODUCTION 

 

Today’s requirements for sophisticated optical networks are ever changing due to 

the unrelenting growth in data-communications traffic, the evolution of wavelength-

division multiplexing from long-distance applications into metropolitan networks, and 

demand for the high bandwidth.1-5  The needs for integrated optics assembled from 

compact and multifunctional components are therefore compelling.  The key challenge in 

integration is coupling losses between the different functions, in addition to the 

compactness of individual components. 

Optical amplification can be the enabler, turning high insertion loss devices into 

loss-less ones.  Doped Fiber Amplifiers (DFAs) are optical amplifiers that use a doped 

optical fiber as the gain medium to amplify an optical signal.1  The signal to be amplified 

and a pump wavelength are multiplexed into the doped fiber where the signal can be 

amplified through the interaction with doping ions (Figure 5.1). 

The amplification window of an optical amplifier is the range of optical 

wavelengths within which the amplifier yields a usable gain.  The amplification window 

is defined by the dopant ions used, the structure of the optical fiber and the pump 

wavelength(s) used. 

 

 

 

http://en.wikipedia.org/wiki/Dopant
http://en.wikipedia.org/wiki/Optical_fiber
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Multiplexing
http://en.wikipedia.org/wiki/Ions
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Doped Fiber 

Input Signal Output Signal 

 

Figure 5.1. A schematic representation of a fiber amplifier; (WDM=wavelength 

division multiplexer). 

 

The technology based on erbium-doped fiber amplifiers (EDFAs), whose 

characteristic gain bandwidth falls within the third telecommunications window of 1.5 

μm commonly used in fiber optic communication systems, is arguably the most mature 

one.6-8  Two bands have been developed in the third transmission window; the 

conventional or C-band, from approximately 1525 nm – 1565 nm, and the long, or L-

band, from approximately 1570 nm to 1610 nm.  Both of these bands can be amplified by 

EDFAs, but it is normal to use a different amplifier, each optimized for the respective 

band.  EDFAs have two pumping bands at 980 nm and 1480 nm.  The 980 nm band has a 

higher absorption cross-section and is generally used where low-noise performance is 

required.  The absorption band is relatively narrow.  Therefore wavelength-stabilized 

laser sources are typically needed.1 

Pump 

WDM WDM
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However, the current fiber amplifiers are practically too long to meet the 

challenges presented by integrated optics;9 optical amplifiers capable of achieving high 

optical gains over a short length and with the possibility of coupling with other 

components are needed. 

To this end, the development of erbium-doped waveguide amplifiers presents a 

promising solution.7, 8, 10-12  Instead of using a fiber as a waveguide, the key difference 

here is to miniaturize the amplifier by applying erbium doping to a waveguide circuit.  

This creates the potential for integration, which is a distinct advantage over EDFA.  Such 

an amplifier can be coupled with other components such as splitters, combiners, 

modulators, optical switches, or arrayed waveguide gratings to form lossless or amplified 

components that do not suffer from insertion loss when added to an optical network.4, 5, 13   

To make such an active, amplifying waveguide, erbium-doped materials are used 

as the core to be encapsulated by the cladding material(s).  There are several issues to be 

addressed in a waveguide amplifier design.  First is the quenching of erbium-originated 

luminescence due to the clustering of erbium ion and/or vibrational coupling with high-

phonon energy quenchers such as OH and CH.14-16 
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hυ
λ=1550 nm

980 nm  
pump 

OH/CHEr(III)

4I15/2

4I13/2

4I11/2

Figure 5.2. Nonradiative quenching of excited Er(III) ions in a polymer matrix. 

 

As shown in Figure 5.2, matrix and chelate dominated nonradiative relaxation 

processes are the primary limitation in these devices.17  High phonon energy OH and 

other OH-like oscillators present in the matrix material can bridge off the energy from the 

excited Er(III) ions at very high rates.  In addition to the OH groups (~ 3400 cm-1) present 

in either residual solvents such as water and alcohol or uncondensed complexes (R-OH, 

R=Si or Zr)15 after low-temperature processing, CH groups (~ 2960 cm-1) from the 

organic portion of the matrix components or chelating ligands may be responsible for fast 

nonradiative quenching on the 4I13/2  4I15/2 electronic transition in Er(III) ions as well.17  

Furthermore many other organic functional groups with higher order overtones in or near 

1550 nm region may also have significant quenching effects.18 

The second issue to be addressed is the solubility of the erbium-doped materials 

in the host, which determines the concentration of erbium doping and is critical to 

whether phase separation between the dopant and matrix will occur.  The third issue is 
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the match of refractive index of the erbium-doped materials with that of optical fibers.  A 

good match is critical in minimizing the optical loss when the amplifiers are coupled to 

other components in integration. 

Molecular erbium complexes and Er(III) doped nanoparticles have been 

synthesized as potential candidates towards optical telecommunication, and their NIR 

emission characteristics have been studied.19-22  Among the Er(III) complexes reported, 

higher coordination complexes are of particular interest due to their well protected 

coordination sphere from solvent interactions and sensitization of the Er(III) center via 

the coordinated aromatic ligand-excitation as the direct excitation of Er(III) is inefficient 

due to the very low absorption coefficients of f-f transitions.19, 23, 24  Utilization of 

chelating ligands has technical advantages as the lanthanide ion salts have limited 

solubility in organic media commonly used in device fabrication.  It is a possibility that 

such lanthanide salts can aggregate in these media resulting in concentration quenching.  

Encapsulating Er(III) ions in organic ligands helps to incorporate them in organic host 

materials at higher concentrations. 

Some examples of the designed ligands capable of coordinating to the Er(III) 

metal are shown in Figure 5.3.25-29  These ligands have multiple coordination sites, 

forming thermodynamically stable complexes with Er(III) ion.  The complexes show 

characteristic NIR emission of Er(III) at around 1530 nm upon excitation of the organic 

ligand with UV or visible light.  For example, Er(III) complexes coordinated to ligands 1, 

2, 3, and 4 (Figure 5.3) can be effectively sensitized using 480, 488, 278, and 279 nm 

wavelength ligand-based excitations, respectively.  However, the observed luminescence 



 177

lifetimes (τ) of the Er.1 (1.46 μs), Er.2 (0.8 μs), Er.3 (0.1 μs) and Er.4 (1.2 μs) complexes 

are very low due to the nonradiative deactivation of the excited Er(III) ions by the 

molecular vibrations of the organic ligands present, primarily via C-H coupling.17, 30  

During our search for novel functional materials that emit NIR radiation, we have 

synthesized a nonacordinate Er(III) complex [Er(DBM)3(TPTZ)] and completed 

structural characterization using single crystal X-ray diffraction studies.  NIR emission 

upon 980 nm laser excitation is also presented in this chapter. 
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Figure 5.3. Molecular structures of the ligands capable of coordinating to Er(III). 



 178

Further research has been carried out in order to minimize the vibrational 

quenching of Er(III) luminescence.  These include the use of deuterated and fluorinated 

ligands for the formation of Er(III) complexes and/or deuterated and fluorinated host 

materials for the doping of Er(III) (Figure 5.4).12, 19, 20, 31-34   
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Figure 5.4. Molecular structures of Er(HFAC)3(TPPO)2 and K[Er(HFAC)4]. 

 

In addition to the deuteration or fluorination of the chelating organic ligands, 

various alternative inorganic matrices with no or minimal vibrational deactivating groups 

have been proposed to enhance both the luminescence life time and the optical gain.  

Among these inorganic materials are silicate and phosphate glasses, pure SiO2, aluminum 

oxide (Al2O3), and lithium niobate (LiNbO3).17, 35  Incorporation of Er(III) ions in 

nanoscale host matrices such as LaPO4, LaF3 and LaVO4 have also proven to be 

successful in achieving high luminescence lifetimes.32, 36-42 

However, these approaches do not adequately address the issue of clustering of 

erbium ions.  Nor do they provide solutions to the other issues raised above. 
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In an attempt to address the aforementioned issues, we designed a system based 

on the co-doping of Er(III) and Yb(III) into nanostructured lanthanum phosphate 

(LaPO4), followed by dispersing such doped nanoparticles into an organic-inorganic 

hybrid sol-gel host material.  Doping Er(III) into an optically transparent and 

nanostructured matrix not only provides a unique way of finely distributing the active 

Er(III) ions, it also offers efficient protection of the Er(III) center since the product can 

have a complete absence of OH and CH groups with high temperature treatment.14  The 

co-doping of Yb(III) increases the pump absorption cross section and therefore results in 

significantly lower pumping power (Figure 5.5).7 
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Figure 5.5. Schematic diagram for sensitization mechanism of Er(III) by Yb(III). 
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If the doped nanoparticles are reasonably soluble in a host material, a high 

concentration of Er(III) may be anticipated, while the potential problem of Er(III) 

clustering in the host material is mitigated.  Using 3-methacryloxypropyl 

trimethoxysilane (MAPTMS) as a precursor (Figure 5.6), an organic-inorganic hybrid 

sol-gel material was synthesized, into which the erbium-doped LaPO4 nanoparticles are 

highly soluble.  Equally exciting is the match of the refractive index of this 

nanocomposite with those of the undoped sol-gel hybrid and optical fibers.  As such, 

active waveguides using the undoped sol-gel hybrid as the cladding material can be 

fabricated, and when coupled with optical fibers, minimal optical loss is anticipated.43  

Details of material preparation, characterization, and optical studies pertinent to the 

formation of an erbium-doped waveguide amplifier are described below. 
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Figure 5.6. Molecular structure of MAPTMS. 
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5.2. EXPERIMENTAL 

General Considerations. 

Reagents were purchased from Aldrich or VWR.  ErCl3⋅6H2O, dibenzoylmethane 

(DBM), 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ), potassium tert-butoxide,  N-(2-

aminoethyl)-3-aminopropyl trimethoxysilane, 3-methacryloxypropyl trimethoxysilane 

(MAPTMS) and photoinitiator IRGACURE 819 (CIBA) were used as received.  

Elemental analyses (CHN) were performed by Desert Analytics Laboratory, Tucson, 

Arizona.  

 

Synthesis of Er(DBM)3TPTZ. 

A mixture of TPTZ (0.312 g, 1.00 mmol) and ErCl3•6H2O (0.382 g, 1.00 mmol) 

in 15 mL of absolute ethanol was stirred under reflux for 30 min to afford a clear 

solution.  To this mixture was added over 10 min a solution of KOBut (0.800 g, 7.130 

mmol) and DBM (0.672 g, 3.00 mmol) in 20 mL of absolute ethanol, and the resulting 

mixture was stirred at 50°C for 1 h and then at room temperature for an additional 30 

min.  Ethanol was removed under vacuum, and the residue was washed with copious 

deionized water.  The crude product thus obtained was dissolved in a minimum amount 

of chloroform, and the solution was dried over anhydrous MgSO4.  The filtrate was 

collected, from which a yellow solid was obtained upon removal of the solvent.  Upon 

recrystallization from ethanol/chloroform (v/v 2:1), analytically pure product was 

obtained as a pale yellow crystalline solid (1.02 g, 88.8%).  Anal. Cald for 

C63H46N6O6.5Er: C, 65.32; H, 4.00; N, 7.25.  Found: C, 65.45; H, 4.33; N, 7.28. 
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Synthesis of LaPO4:Er Nanoparticles. 

The literature procedure for nanoparticle preparation was adopted with minor 

modifications.36  Hydrated lanthanide trichlorides (total 10 mmol, molar ratio of La:Er = 

0.99:0.01; ErCl3•6H2O 0.0382 g, 1.00 mmol; LaCl3•7H2O 3.676 g, 9.90 mmol) were 

dissolved in methanol (10 mL), and the resulting clear solution was mixed with 

tributylphosphate (10.66 g, 40.00 mmol).  After removal of methanol using a rotary 

evaporator, phenyl ether (30 mL) was added, and the mixture was kept under vacuum at 

80°C for at least 0.5 h for water removal.  Trihexylamine (8.1 g, 30.00 mmol) and a 2 M 

solution of dry phosphoric acid in hexyl ether (1.372 g H3PO4/7 mL hexyl ether) were 

added, and the solution was heated at 200°C under nitrogen for 24 h to produce a clear 

solution.  A clear colloidal solution of lanthanide phosphate nanoparticles was obtained.  

Phenyl ether was then removed by vacuum distillation at 150°C, and the concentrated 

residue was dissolved in methanol (150 mL) and loaded in an ultrafiltration stirring cell 

membrane (Millipore, 5000 Da membrane pore size).  After washing with methanol 

several times, the nanoparticles were dried under vacuum at room temperature. 

 

Synthesis of LaPO4:Er,Yb Nanoparticles. 

The nanoparticles were obtained starting with hydrated lanthanide trichlorides 

(total 10 mmol, molar ratio of La:Yb:Er = 0.76:0.21:0.03) and adopting otherwise 

identical preprarative and purification procedures described for LaPO4:Er nanoparticles. 
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Preparation of Nanoparticle-doped Sol-gel Material. 

3-methacryloxypropyl trimethoxysilane (MAPTMS) was hydrolyzed with a few 

drops of 0.01 N aqueous HCl solution.  A small amount of N-(2-aminoethyl)-3-

aminopropyl trimethoxysilane was added to the hydrolyzed solution to ensure a complete 

silica condensation.36  To this solution was added LaPO4:Er [300 mg per 1 mL hybrid 

sol-gel solution] or LaPO4:Er,Yb nanoparticles [35, 70, or 85%(wt)] in cyclopentanone 

and a small amount of photoinitiator IRGACURE 819 (CIBA).  The mixture thus 

obtained was stirred for 2 h, and then illuminated with UV light for 1 h, followed by 

baking under vacuum at 150°C for 8 h to afford clear bulk samples.  The thin films of 

these nanocomposites were prepared by spin coating on silicon wafers at 500 rpm. 

 

Preparation of the Reverse Mesa Waveguide. 

 A reverse mesa substrate is prepared using MAPTMS and zirconium n-propoxide 

(with a molar ratio Si/Zr = 85:15) as precursors.  A 5 μm hybrid sol-gel undercladding 

layer was spin-coated onto a SiO2-on-Si wafer (SiO2 ~6 μm) and cured for 1.5 h at 

150°C.  Another 3 μm layer of hybrid sol-gel was spin-coated on the top of the cured 

undercladding layer and soft baked for 10 mins at 90 °C.  The hybrid sol-gel film was 

then exposed to UV radiation (λpeak = 360 nm) at an intensity of 11.5 mW/cm2 for 4 min 

through a photomask.  After the UV exposure, the patterned film was etched in 2-

propanol for 30 s, dried with nitrogen, and then baked at 150°C in vacuum for 1.5 h. The 

refractive index of the hybrid sol-gel is 1.485. 
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The La.76Yb.21Er.03PO4/MAPTMS nanocomposite with a weight ratio of 70:30 was 

incorporated onto the reverse mesa substrate via spin-coating, and the active layer was 

UV cured and baked at 150°C in vacuum for 2 h.  After another hybrid sol-gel layer (~1.5 

μm) was spin-coated as the top cladding, the fabricated reverse mesa waveguide was 

baked at 75°C in vacuum for 8 h.  A microscopic image of the reverse mesa waveguide 

cross-section is shown in Figure 5.7 (left) along with its schematic illustration (right). 

 

 

Figure 5.7. A microscopic image of the reverse mesa waveguide cross-section 

(left) and the schematic illustration (right). 

 

 

Surface Characterization of LaPO4:Er,Yb Nanoparticles and Particle-doped Sol-gel 

Material. 

The purified nanoparticle-doped sol-gel material was dissolved in cyclopentanone 

and then spin-coated on silicon wafer.  The surface morphology of the nanocomposite 

films was analyzed by using Atomic Force Microscopy (AFM) with tapping mode.  The 
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nanoparticle size and the morphology were probed by Transmission Electron Microscopy 

(TEM) operated at 60 keV.  On to a carbon coated TEM grid at room temperature, a drop 

of dilute solution of the nanoparticles (in cyclopentanone) was added and slowly 

evaporated. 

 

Photophysical Studies. 

The absorbance measurements were performed using a Carey 5 spectrometer.  

Photoluminescence studies were carried out at room temperature using a 980-nm 

excitation laser diode (ADC Telecommunications), a grating monochromator and an 

InGaAs detector (Thorlabs).  A chopper and a lock-in amplifier were used for signal 

amplification.  The lifetime of 1535-nm photoluminescence of the nanocomposite was 

measured by using a HP 8116A function generator to modulate the drive current of the 

laser diode and to create rectangular pulses with a peak pump power of 50 mW at 100 

Hz.  An HP 54510A digitizing oscilloscope was used to trace the voltage readout decay 

of the photo detector.  The refractive indices at 1550 nm were measured using a Metricon 

2010 prism coupler. 

 

X-ray Structure Determination. 

Single crystals of Er(DBM)3TPTZ suitable for X-ray diffraction studies were 

obtained by directly layering in saturated chloroform solutions with diethyl ether at room 

temperature.  A block shape single crystal was mounted on a glass fiber in a random 

orientation.  Examination of the crystal was carried out on a Bruker SMART 1000 CCD 
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detector X-ray diffractometer at 170(2)K and a power setting of 50 KV, 40 mA.  Data 

were collected on the SMART1000 system using graphite monochromated Mo Kα 

radiation (λ = 0.71073 Å). 

The frames were integrated using the Bruker SAINT software package's narrow 

frame algorithm, and empirical absorption and decay corrections were applied using the 

SADABS program.44  The structures were solved using SHELXS in the Bruker 

SHELXTL (Version 5.0) software package.45  Refinements were performed using 

SHELXL and illustrations were made using DIAMOND.  

The structure was solved by direct methods followed by Fourier synthesis.  Full-

matrix least-square refinements minimizing the function ∑w (Fo
2 – Fc

2) were applied to 

the compound.  All non-hydrogen atoms were refined anisotropically.  Hydrogen atoms 

were added at idealized positions, constrained to ride on the atom to which they are 

bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom.  

The final anisotropic full-matrix least squares refinement based on F2 of all reflections 

converged at R1=0.0559, wR2=0.0765, and goodness-of-fit=0.905.  
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5.3. RESULTS AND DISCUSSION 

 

5.3.1. Synthesis and Characterization of Er(DBM)3(TPTZ). 

A similar synthetic procedure used for the synthesis of Tb(DBM)3(TPTZ), as we 

described in Chapter 2, was followed for the synthesis of Er(DBM)3(TPTZ) (Scheme 

5.1).46  TPTZ ligand was introduced prior to the coordination of DBM ligands in order to 

prevent formation of hydroxo species or the tertakis(β-diketonate) complex. 

Er(DBM)3(TPTZ) is air stable and soluble in solvents such as acetone, chloroform 

and dichloromethane, but sparingly soluble in alcohols.  Product purification by 

recystallization from ethanol and chloroform was successful.  Microanalysis results 

(CHN) were consistent with the theoretical values based on the proposed formula.   

 

Scheme 5.1 

N

N

N
N

N

N

N
N

N

N
N

N
ErCl3.2H2O

ErCl3.6H2O
O O

N

N

N
N

N

N

O

O O

O
Er

+

(i) (ii)

(i) EtOH, ref lux (ii) KOBut, HDBM, 50oC

 

 Er(DBM)3(TPTZ) crystallizes in the space group I2/a.  Crystallographic data and 

the structural refinement parameters are reported in Table 5.1. 
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Table 5.1.  Crystal Data and Structure Refinement for Er(DBM)3(TPTZ). 

Empirical formula 
Formula weight (g mol-1) 
Temperature (K) 
Wavelength (Å) 
Crystal system 
Space group 
Unit cell dimensions 
a (Å) 
b (Å) 
c (Å) 
β (˚) 
Volume (Å3) 
Z 
Density (calculated) (mg/m3) 
Absorption coefficient (mm-1) 
F(000) 
Crystal size  (mm3) 
θ range for utilized data (˚) 
Limiting Indices 
Reflections utilized 
Independent reflections 
Completeness to θ = 28.32˚ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole (e Å-3) 
RMS diff. density (e Å-3) 

C65H50ErN6O6 
1186.37 
170(2) 
0.71073 
Monoclinic 
I2/a 
 
25.3385(12) 
17.0616(8) 
26.3956(13) 
109.8140(10) 
10735.7(9) 
8 
1.468 
1.625 
4816 
0.19x0.19x0.18 
1.45 to 28.32 
-33≤h≤33, -22≤k≤22, -35≤l≤35 
67549 
13252 [R(int)=0.1232] 
99.1 % 
Semi-empirical from equivalents 
0.7567 and 0.7470 
Full-matrix least-squares on F2 

13251 / 250 / 730 
0.905 
R1=0.0346, wR2=0.0717 
R1=0.0559, wR2=0.0765 
1.260 and -0.586 
0.109 

R1=Σ║Fo│-│Fc║/ ∑│Fo│, wR2=1/2. 
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The molecular structure of Er(DBM)3(TPTZ) determined by single crystal X-ray 

diffraction studies is shown in Figure 5.8.  The central Er(III) is situated in a coordination 

sphere composed of six oxygen atoms and three nitrogen atoms from DBM and TPTZ 

ligands, respectively.  The coordination polyhedron, described as a distorted monocapped 

square antiprism resembles the coordination polyhedra observed for the Eu(III) and 

Tb(III) complexes in Chapter 2.46   

     

 
 

Figure 5.8.  An ORTEP view of the crystal structure of Er(DBM)3(TPTZ) with partial 

atomic labeling.  Thermal ellipsoids are drawn at the 50% probability level. 
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Solvent molecules coordinating the Er(III) center were not observed in the crystal 

structure as expected when a bulky terdentate TPTZ ligand along with rather crowded 

three DBM ligands were used during the synthesis.  It is important to avoid coordinated 

solvent molecules in the primary coordination sphere to minimize the vibrational 

quenching of Er-based NIR emission.  Selected metric parameters describing the bonding 

in the complex are summarized in Table 5.2. 

 

Table 5.2.  Selected Bond Distances (Å) and Angles (˚) of Er(DBM)3(TPTZ). 
 
 

Bond lengths 

Er(1)-O(1) 

Er(1)-O(2) 

Er(1)-O(3) 

Er(1)-O(4) 

Er(1)-O(5) 

Er(1)-O(6) 

Er(1)-N(1) 

Er(1)-N(2) 

Er(1)-N(3) 

2.308(2) 

2.373(2) 

2.376(2) 

2.314(2) 

2.294(2) 

2.326(2) 

2.655(2) 

2.568(2) 

2.582(2) 

Bond angles 

O(1)-Er(1)-O(2) 

O(3)-Er(1)-O(4) 

O(5)-Er(1)-O(6) 

O(1)-Er(1)-N(2) 

O(3)-Er(1)-N(2) 

O(5)-Er(1)-N(2) 

70.7(1) 

70.6(1) 

75.1(1) 

138.0(1) 

69.7(1) 

132.6(1) 
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The atoms of the TPTZ ligand are almost co-planar.  The Er-N [2.568(2)-2.655(2) 

Å; average 2.602 Å] and Er-O [2.294(2)-2.376(2) Å; average 2.332 Å] bond lengths are 

within the normal Er-N and Er-O bond lengths observed for similar complexes.28, 47, 48  

However the Er-N bond distances are noticeably longer than the corresponding values 

reported for the only other known Er-TPTZ complex [Er(TPTZ)(NO3)2(H2O)] [2.513(2)-

2.562(3) Å; average 2.534 Å].49  This may be due to steric hindrance caused by the bulk 

of the three DBM ligands.  Corroborating are the longer Eu-O distances than those 

observed for closely related compounds.  A similar behavior was observed for the Eu(III) 

and Tb(III)-TPTZ adducts reported in Chapter 2. 

 

5.3.2. Synthesis and Characterization of LaPO4:Er,Yb Nanoparticles and Particle-

doped Sol-gel Material. 

The use of LaPO4 for the shielding of Er(III) and prevention of its luminescence 

quenching has been shown in previous solution studies.32  To examine the potential to 

fabricate a polymeric active waveguide using erbium doped lanthanum phosphate 

nanoparticles for 1550 nm optical amplification, we initially incorporated Er(III) into 

LaPO4 nanoparticles with a molar ratio of Er:La=1:99.  The nanoparticles were found to 

be highly soluble in MAPTMS forming clear solutions.  Preliminary experiments 

demonstrated that 300 mg of Er-doped LaPO4 nanoparticles can be dispersed in 1 mL of 

the precursor solution without phase separation.50  Figure 5.9 shows the atomic force 

microscopic (AFM) image of the LaPO4:Er/MAPTMS nanocomposite. 
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1μm × 1μm

 

Figure 5.9. AFM image of LaPO4:Er nanoparticle doped MAPTMS nanocomposite. 

 

It is well known that Yb(III) co-doping with Er(III) enhances the energy 

absorption, as Yb(III) has a higher absorption cross section than Er(III).51, 52  This may 

lead to Er(III) excitation by using significantly reduced pumping power of the laser.  A 

systematic study revealed that this energy transfer is more efficient with up to 20 wt% 

Yb(III) doping level, but significant improvement of NIR emission was not observed 

with 25 wt% doping of Yb(III).53  Therefore a doping concentration of 21% Yb(III) was 

used in the next step.  LaPO4:Er,Yb nanoparticles were synthesized with Yb and Er 

doping (21 and 3 mol%, respectively) into the LaPO4 matrix.  The nanoparticle size was 

analyzed using transmission electron microscopy (TEM) (Figure 5.10).  The average 

nanoparticle diameter was found to be 6 nm. 
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20 nm 

Figure 5.10. TEM image of the La0.76Yb0.21Er0.03PO4 particles. 

 

An amazingly high concentration of doping of the LaPO4:Er,Yb nanoparticle up 

to 85 wt% was achieved, and crack-free thin films were also obtained after heat treatment 

of spin-coated thin films.  

AFM images of the nanocomposite films are shown in Figure 5.11 with 35, 70, 

and 85 wt% LaPO4:Er,Yb nanoparticle concentrations in MAPTMS.  The film generated 

directly by spin-coating of an organic solution of the nanoparticle (100 wt% of 

nanoparticle) was also studied for comparison.  The RMS roughness of the 35, 70, 85, 

and 100 wt% nanoparticle-doped films were determined to be 1.15, 1.08, 0.96, and 0.74 

nm, respectively. 

Although micron-sized crackings were observed in the pure nanoparticle film, 

aggregation or phase separation was not observed for the dispersed nanoparticles, even at 

doping concentrations as high as 85 wt%. 
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  (A)     (B) 

   

  (C)     (D) 
 

Figure 5.11.  AFM images of La0.76Yb0.21Er0.03PO4 particle-doped MAPTMS films.   
(A) 35% (B) 70% (C) 85%, and (D) 100% wt. nanoparticles. 
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5.3.3. Photoluminescence Studies of Er(DBM)3(TPTZ). 

When a chloroform solution of Er(DBM)3TPTZ was excited by a 980-nm pump 

laser,  NIR emission, shown in Figure 5.12 was observed.  The maximum intensity peak 

is located at 1527 nm, assigned to 4I13/2 → 4I15/2, with a full width at half-maximum 

(FWHM) of 81 nm.  This value is greater than those of an erbium-doped phosphate glass 

(55 nm)51 and an erbium complex doped in epoxy resin polymers (47 nm)8 but is 

comparable to those of erbium polydentate cage complexes (70 nm)17 in organic solutions 

and erbium tris(8-hydroxy)quinoline (73 nm)3 doped in sol-gels.  A broad spectrum 

enables a wide gain bandwidth for optical amplification in telecommunication systems.  

However, the luminescence lifetime was very short and could not be measured under the 

experimental conditions due to the vibrational relaxation processes originated from the 

organic ligands.  
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Figure 5.12.  The emission spectrum of Er(DBM)3TPTZ in CHCl3. 
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5.3.4. Photophysical Studies of LaPO4:Er,Yb nanoparticles and particle-doped 

MAPTMS composites. 

 

The MAPTMS solutions of the nanoparticle and the solid state films exhibited 

excellent optical transparency.  This is shown in Figure 5.13 using a photograph of the 

La0.99Er0.01PO4 nanoparticle doped sol-gel solution (300 mg/mL) in a 1 cm cell. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Picture of La0.99Er0.01PO4 nanoparticle doped sol-gel solution (300 mg/mL).  

The inset shows the La0.99Er0.01PO4 nanoparticles. 
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The absorption spectrum of the solution prepared by dissolving 100 mg of 

La0.76Yb0.21Er0.03PO4 nanoparticles in 1 mL cyclopentanone is shown in Figure 5.14.  A 

solution of 100 mg of La0.76Er0.01PO4 nanoparticles in 1 mL of cyclopentanone was used 

as the blank.  The signature absorption peaks of Er(III) and Yb(III) are realized with the 

strongest absorption band at about 980 nm, which can be assigned to the 2F7/2 → 2F5/2 

transition of Yb(III).  Additional weaker lines corresponding to f-f electronic transitions 

of Er(III) were observed in the range of 370–700 nm.  A similar absorption spectrum was 

reported for dodecylamine-capped LuPO4:Er,Yb nanoparticles in toluene36, indicating 

minimal changes of absorption peaks by changing the matrix from LuPO4 to LaPO4.   
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Figure 5.14. Absorption spectrum of LaPO4:Yb, Er nanoparticles. 
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The photoluminescence spectrum of Er(III) upon 980-nm laser pump excitation of 

Er(III) in LaPO4:Er (300 mg) doped MAPTMS (1 mL) is shown in Figure 5.15.  Here, 

the Er(III) ions are directly excited by an electron being promoted from the 4I15/2 to the 

4I11/2 excited level followed by non-radiative relaxation to the metastable 4I13/2 state.  The 

corresponding spectrum of Er(III) upon 980-nm excitation of Yb(III) in LaPO4:Er,Yb 

nanoparticle (85%) doped MAPTMS solution is also shown (Figure 5.16).  Here, the 

excitation occurs via the sensitizer Yb(III)  2F7/2 → 2F5/2 transition followed by efficient 

excitation energy transfer from the 2F5/2 level of Yb(III) to the 4I11/2 level of Er(III). 

The emission peak at 1540 nm in Figure 5.15 can be assigned to the 4I13/2 → 4I15/2 

transition of Er(III).  This observation confirms the energy transfer from Yb(III) to Er(III) 

in MAPTMS.  The threshold 980-nm pump power used for the excitation of 

LaPO4:Er/MAPTMS can be reduced from 100 mW to 20 mW by introducing Yb(III) ions 

into the matrix. 

The full width at half maximum (FWHM) of ca. 50 nm of the Er(III) emission 

was observed.  The magnitude of this value is intermediate when compared to other 

reported Er(III) doped-matrices.  For example, it is larger than that of erbium-doped silica 

glass (30-40 nm)54, comparable with erbium-doped phosphate glass (55 nm)51, but 

smaller than those of erbium-doped cage complexes (70 nm)17 and Er(DBM)3TPTZ (81 

nm) in organic solutions. 
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Figure 5.15. Photouminescence spectrum of La0.99Er0.01PO4/MAPTMS nanocomposite. 

1200 1300 1400 1500 1600 1700 1800

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)
 

Figure 5.16. Photouminescence spectrum of  La0.76Yb0.21Er0.03PO4 (85%)/MAPTMS 

nanocomposite. 
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The luminescence lifetime of the La0.99Er0.01PO4/MAPTMS and 

La0.76Yb0.21Er0.03PO4/MAPTMS nanocomposites was determined to be 220 and 93 μs, 

respectively, using a single exponential decay fit (Figures 5.17 and 5.18, respectively).  

The luminescence lifetime was found to be independent of the MAPTMS weight ratio in 

the La0.76Yb0.21Er0.03PO4/MAPTMS nanocomposites, indicating that the Er(III) excited 

state is affected by the interior composition of the nanoparticles rather than the polymer 

matrix materials.  However the lifetime observed at a higher Er(III) concentration was 

lower compared to that at a lower Er(III) concentration in the nanoparticles.  This may be 

due to the luminescence quenching by Er(III) at a relatively high concentration. 

These values are much smaller than that of erbium-doped phosphate glasses (7.9 

ms)51, but much larger than that of erbium polydentate cage complexes (1 μs).17  

LaPO4:Er nanoparticles in dueterated solvents show relatively higher lifetimes up to 1.7 

ms in their decay profiles by creating an O-H and C-H free environment.32  Therefore, the 

observed lower lifetime may be a result of the residual O-H and C-H groups present 

closer to the nanoparticles. 
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Figure 5.17. Photoluminescence decay curve of 300 mg/1mL La0.99Er0.01PO4 

nanoparticle-doped hydrolyzed MAPTMS under 980 nm excitation. 
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Figure 5.18. Photoluminescence decay curve of  La0.76Yb0.21Er0.03PO4 (85%)  

in 15% hydrolyzed MAPTMS under 980 nm excitation. 
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The refractive indices of the spin coated La0.99Er0.01PO4 nanoparticle doped hybrid 

sol-gel films were measured to be 1.5073, 1.5018, 1.4975, and 1.4966 at 630, 830, 1300, 

and 1550 nm, respectively, as shown in Figure 5.19. 
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Figure 5.19. Refractive indices of La0.99Er0.01PO4  doped sol-gel. 

 

The refractive index measurements of La0.76Yb0.21Er0.03PO4/MAPTMS composites 

at different doping levels (0, 35, 70, 85, 100 wt %) of La0.76Yb0.21Er0.03PO4 nanoparticles 

are shown in Figure 5.20, ranging from 1.478 to 1.535.  An increment of refractive index 

at 1550 nm was observed with increasing the doping percentage of the nanoparticles.  

The difference between the refractive indices of the 35, 70, 85, and 100 wt% 

nanoparticle-doped hybrid material and undoped MAPTMS (n = 1.4785) is 0.0066, 

0.035, 0.0553, and 0.0567, respectively, suggesting a good match in terms of refractive 
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index of the nanocomposite materials (core) with the undoped matrix (cladding) and 

optical fibers.  If necessary, the refractive index of the cladding material can be fine tuned 

by the addition of zirconium n-propoxide or aluminum butoxide, as reported by others.4, 5  
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Figure 5.20. Measured refractive indices of La0.76Yb0.21Er0.03PO4/MAPTMS 

composites with different nanoparticle weight ratios. 

 

Using a composite material with 70 wt% loading of the nanoparticle in 30% of 

MAPTMS, a 4-mm waveguide with a reverse-mesa configuration was fabricated and 

tested for optical signal enhancement.  The waveguide was cut short because the current 

waveguide design is not yet optimized for low-loss propagation.  The 980 nm pump and 

the 1527 nm signal were coupled into an optical fiber through a waveguide division 

multiplexer, and the core of the optical fiber was aligned with that of the reverse mesa 
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waveguide.  The 1527 nm output through the reverse mesa was collimated and recorded 

using an IR camera (Figure 5.21). 

 

 

Figure 5.21. Output of the reverse mesa waveguide. 

 

The output beam remained circular over the short propagation distance.  When the 

pump power was increased to 200 mW, an IR power meter measured 330 µW of 1527 

nm power, compared with the signal power of 270 µW without the pump.  The optical 

signal enhancement at 1527 nm was calculated to be about 2 dB/cm, and this result 

indicates that hybrid sol-gel reverse mesa waveguides using active lanthanide phosphate 

nanoparticles are promising candidates for integrated optical amplifiers, for applications 

such as lossless splitters, which are needed in increasingly demanding optical access 

network architectures. 
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5.4. SUMMARY AND PERSPECTIVES 

In conclusion, we examined the basic optical properties of Er(DBM)3(TPTZ) and  

lanthanum phosphate nanoparticle co-doped with Er(III) and Yb(III) ions dispersed in 

organic-inorganic hybrid sol-gel material as NIR emitting materials for their potential 

applications in optical telecommunication systems.  It has been found that composites 

with nanoparticle loading as high as 85 wt% and good optical clarity can be achieved.  

The transparency of the nanoparticles, their high solubility in sol-gel material precursor 

solutions, the good match of their refractive index with those of optical fiber and the un-

doped sol-gel hybrid, and the optical signal enhancement of 2 dB/cm at 1527 nm all point 

to the promising application of such nanoparticles in the fabrication of compact and 

highly efficient waveguide amplifiers. 
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CHAPTER 6 

Lanthanide(III)-doped Fe3O4 Nanoparticles Synthesized Using High 

Temperature Decomposition of Metal-organic Precursors 

 

 

Abstract 

 

Lanthanide-doped Fe3O4 nanoparticles have been synthesized for the first time via 

thermal decomposition of Fe(ACAC)3, Ln(ACAC)3(H2O)2 [Ln=Sm(III) and Eu(III)] in 

1,2-hexadecanediol with the presence of surfactant molecules (oleic acid and oleyl 

amine).  As-synthesized nanoparticles were characterized using transmission electron 

microscopy (TEM), X-ray powder diffraction (XRD), photoelectron spectroscopy (XPS), 

thermogravimetric analysis (TGA), and vibration sample magnetometry (VSM).  The 

average particle size (diameter) of highly crystalline Sm(III)- and Eu(III)-doped 

nanoparticles were found to be 12 and 9 nm, respectively by TEM studies.  The oxidation 

states of the metal ions [Fe(II), Fe(III), Sm(III), and Eu(III)] were confirmed by XPS 

analysis.  Incorporation of lanthanide ions did not significantly alter the magnetite 

(Fe3O4) cubic spinel structure of the nanoparticles as shown in XRD experiments.  

Nanoparticles doped with Sm(III) or Eu(III) exhibit ferromagnetic behavior at room 

temperature with a coercivity of 85.7 and 74.3 Oe, respectively, indicating their potential 

applications as materials for magnetic recording.   
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6.1. INTRODUCTION 

 

Preparation and processing of fine magnetic particles composed of transition 

metal or lanthanide oxides have been motivated for the last several decades not only by 

their fundamental scientific interest but also by their many technological applications.1-8  

Preparation of nanoparticles of a desired size, with narrow size distribution, is critical as 

the magnetic properties of metal oxide particles are significantly affected by the particle 

size.9, 10  A variation in chemical composition of these magnetic nanoparticles can also 

modulate the magnetic properties even without varying the particle size.11  Certainly, 

when different doping ions are introduced into the oxide matrix, the atomic level 

magnetic interactions can be altered, and hence, the magnetic properties can be fine 

tuned.12-15  The envisioned applications of these metal oxide nanoparticles are expensive 

including high density data storage, magnetic separation, electronic and computer 

industry, and biomedicine such as drug delivery and magnetic resonance imaging 

(MRI).7, 16-24 

Evaluation of the magnetic properties of such materials occurs by measuring 

several parameters including the coercivity (Hc), saturation magnetization (ms), and 

magnetic remanence (R).  A graphical representation of these parameters is shown in 

Figure 6.1. 
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Figure 6.1. Hysteresis curve of a typical ferromagnetic material. 

After a ferromagnetic material is magnetized in one direction, it will not relax 

back to zero magnetization when the imposed magnetizing field is removed.18  The 

amount of magnetization at its saturation level is known as the saturation magnetization 

(ms).  The amount of magnetization retained at zero driving field is called its remanence 

(R).  A magnetic field in the opposite direction must be exposed to drive the remanence 

back to zero; the amount of reverse driving field required to demagnetize the remanence 

is called its coercivity or the coercive field (Hc).25 

If an alternating magnetic field is applied to the material, its magnetization will 

trace out a hysteresis loop, which is related to the existence of magnetic domains in the 

material.  The magnitude of the coercive field of a ferromagnetic material can be 

determined via simple graphical analysis of the hysteresis loop.  This property of 

http://hyperphysics.phy-astr.gsu.edu/Hbase/solids/ferro.html#c1
http://hyperphysics.phy-astr.gsu.edu/Hbase/solids/ferro.html#c4
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ferrromagnetic materials is useful as a magnetic memory.  Some compositions of 

ferromagnetic materials will retain an imposed magnetization indefinitely and are useful 

as permanent magnets. 

Ferromagnetic materials exhibit a long-range ordering phenomenon at the atomic 

level which causes the unpaired electron spins to line up parallel with each other in a 

region called a domain (Figure 6.2). 

 

 (a) (b) 

Figure 6.2. Magnetic domains in the (a) absence (b) presence of an external magnetic 

field. 

The main implication of the domains is that there is already a high degree of 

magnetization in ferromagnetic materials within individual domains, but that in the 

absence of an external magnetic field those domains are randomly oriented.  A modest 

applied magnetic field can cause a larger degree of alignment of the magnetic domains 

with the external field, giving a large multiplication of the applied field.  Another 

argument is that the illustrations of the domains are conceptual only and are not meant to 

give an accurate scale of the size or shape of domains.  The microscopic evidence about 

magnetization suggest that the net magnetization of ferromagnetic materials in response 

http://hyperphysics.phy-astr.gsu.edu/Hbase/solids/ferro.html#c2#c2
http://hyperphysics.phy-astr.gsu.edu/Hbase/solids/ferro.html#c4#c4
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to an external magnetic field may actually occur to a greater extent by the growth of the 

domains parallel to the applied field at the expense of other domains rather than the 

reorientation of the domains themselves as implied in the sketch. 

Metal doped iron oxide materials are a very important class of materials.  By 

adjusting the chemical identity of the metal, the magnetic configurations of the resulting 

materials can be molecularly engineered to provide a wide range of magnetic properties 

towards variety of applications as mentioned above.  Due in part to this versatility, 

nanoscopic metal-doped iron oxide materials have been among the most frequently 

chosen systems for studies of nanomagnetism.  Transition metals such as Co(II), Ni(II), 

Mn(II) and Pt(II) have often been used as the second metal in these “nano oxides”.1, 2, 15, 

26-29 

Lanthanide oxide nanoparticles [Ln2O3], on the other hand, have attracted rapidly 

growing interest due to their unique optical and magnetic properties and promising 

applications in, for example, luminescent displays, optical communication, bio-chemical 

probes, and medical diagnostics.30, 31    

Commonly used solution phase procedures for the synthesis of metal-doped Fe3O4 

nanoparticles include coprecipitation of the dopant metal ions and Fe(III) by a base such 

as NaOH or NH4OH in an aqueous solution or in a reverse micelle template.10, 32-36  

Similar methods have been used to synthesize Ln2O3 and lanthanide-doped iron oxide 

nanoparticles.11, 14, 37-39  The main difficulty during the precipitation is to control the 

particle size and the size distribution, particularly for particles that are smaller than 20 

nm. 
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Another methodology that has been successfully applied for making 

monodispersed Fe3O4 nanoparticles is the decomposition of simple salts or 

organometallic precursors of Fe(III) using a high-boiling solvent such as diphenyl ether 

or dioctyl ether.9, 26  Fe(III) complexes reported for this purpose include Fe(Cup)3 

(Cup=N-nitrosophenylhydroxylamine), Fe(CO)5, Fe(OAc)2 [OAC= acetate], and 

Fe(ACAC)3 [ACAC=acetylacetonate].40-46  This synthesis has been extended to the 

synthesis of monodispersed transition metal-doped Fe3O4 nanoparticles.26  For example, 

Fe(CO)5 and Fe(ACAC)3 were used as the starting material for the synthesis of metal 

ferrite MFe2O4 [M=Co(II), Ni(II), and Mn(II)] nanoparticles.  Particle growth could be 

controlled by carefully chosen surfactant and solvent combinations used for the synthesis.  

Recently, this method has been used for the synthesis of Ln2O3 nanoparticles.8, 47  A 

series of colloidal Ln2O3 nanocrystals (Ln=La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, and Er) have 

been prepared by the thermolysis of their benzoylacetonate comeplexes [Ln(BA)3(H2O)2; 

BA=1-benzoylacetonate] in oleic acid and oleyl amine solvents.31 

Magnetic anisotropy of these materials can be increased by incorporating 

transition metal ions into the iron oxide matrix as demonstrated by several researchers.15, 

29  For example, Fe3O4 nanoparticles synthesized using high temperature solution phase 

decomposition of Fe(ACAC)3 are superparamagnetic at room temperature, and hysteresis 

was not observed.  However, CoFe2O4 nanoparticles synthesized with Co(ACAC)2 as the 

co-reactant and otherwise identical procedures  to Fe3O4, are ferromagnetic at room 

temperature with a coercivity of 400 Oe.26 
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It has also been suggested that the magnetic properties of iron oxide nanoparticles 

can be modulated via careful doping of lanthanide ions.11, 23, 48, 49  However, little is 

known concerning the effect of lanthanide ion doping on the magnetic properties of iron 

oxide nanoparticles.  Ions of the lanthanide series possess a variety of magnetic properties 

including varied magnetic moments ranging from 0 [diamagnetic ions such as La(III)] to 

10.63 μB [Dy(III)].50  The magnetic anisotropy of lanthanide ions, due to the great 

variation in the f electron orbital contribution, is a key parameter that controls the 

magnetic transition temperature between the superparamagnetic and ferromagnetic 

phases in such nanomaterials.  Possible factors contributing to the changes in magnetic 

properties of lanthanide-doped nanoparticles are the total number of unpaired electrons, 

the magnetic moment, and the strength of spin orbital coupling of lanthanide ions.11  

Therefore, lanthanide ions are interesting candidates for doping iron oxide nanoparticles 

to modulate their magnetic characteristics.  

The design and the synthesis of lanthanide-doped iron oxide nanoparticles have 

not yet been fully explored towards these achievements, even though the expectations are 

high due to the improved magnetic properties observed in several literature reports.1, 11, 39  

Therefore, it is important to develop synthetic methods that yield monodispersed 

nanoparticles of tunable size, shape, and composition. 

Lanthanide-doped iron oxides were firstly prepared by sintering the mixtures of 

lanthanide oxides (Ln2O3) and iron oxides (Fe2O3) at elevated temperatures.51  This 

method resulted in multiphase particles with impurities.  Coprecipitation of lanthanide 

salts with iron salts [such as nitrates and chlorides] analogous to those described for 
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transition metal-doped iron oxides described above (using an aqueous base) was then 

introduced to synthesize these nanomaterials.1  For example, Sm(III)-doped maghemite  

(Fe2O3) nanoparticles were synthesized using a hydrothermal coprecipitation of aqueous 

solutions of FeCl3 and Sm(NO3)3 in alkaline medium.3  The magnetic behavior of these 

materials is superparamagnetic at room temperature (300 K), but hysteresis was not 

observed in the investigated magnetic field.  Recently, nanocrystalline lanthanide-doped 

iron oxides (Ln=La, Sm, Gd,  Dy, Er, Yb and Y) were reported using a similar synthetic 

approach showing a weak ferromagnetic behavior at room temperature.14  Increased 

coercivity values have also been observed in the cobalt ferrite nanoparticles via 

lanthanide doping.11 

It is surprising that the decomposition of metal precursors has not yet been 

employed for the synthesis of lanthanide-doped iron oxide nanoparticles even though the 

method is successful in preparing lanthanide oxide and iron oxide nanoparticles 

independently as discussed above.  However, thermal decomposition of Sm(ACAC)3 

along with Co2(CO)8 have been utilized to synthesize Sm-Co alloy nanoparticles with 

improved magnetic properties.52, 53 

We have recently begun to develop a synthetic method based on the simultaneous 

hydrothermal decomposition of iron and lanthanide acetylacetonates [Fe(ACAC)3, 

Sm(ACAC)3(H2O)2, and Fe(ACAC)3(H2O)2] to produce highly monodispersed Ln(III)-

doped Fe3O4 nanoparticles [Ln=Sm and Eu].  The ongoing research is aimed at 

addressing two problems associated with the synthesis and property control of this unique 

class of nanomaterials: the lack of general synthetic methods and the inability to control 
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the size and morphology of such materials.  In this chapter, the attempts to create novel 

lanthanide-doped iron oxide nanoparticles will be discussed along with their structural 

characterization and magnetic studies. 

   

6.2. EXPERIMENTAL 

 

General Considerations. 

Reagents were of commercial origin and used as received.  Fe(ACAC)3, 

Sm(ACAC)3(H2O)2, 1,2-hexadecanediol, oleic acid, oleyl amine, and diphenyl ether were 

purchased from Aldrich.  Eu(ACAC)3(H2O)2 was synthesized using the procedure for the 

synthesis of Eu(TTA)3(H2O)2 in Chapter 3.  Air sensitive reactions were performed using 

standard Schlenk techniques under dry nitrogen atmosphere.  Molecular structures of the 

reagents used for the synthesis are depicted in Figure 6.3. 

 

Synthesis of Sm(III)-doped Fe3O4 nanoparticles. 

A three-neck round bottom flask was charged with Fe(ACAC)3 (0.47 mmol, 0.165 

g), Sm(ACAC)3⋅2H2O (0.093 mmol, 0.042 g), and 1,2- hexadecanediol (1.12 mmol, 

0.289 g).  Phenyl ether (10 mL) was added to the flask, and the mixture was stirred under 

nitrogen at room temperature for 20 min.  The mixture was then heated to 100˚C to afford 

an orange solution.  Oleylamine (1.0 mmol, 0.267 g) and oleic acid (1.0 mmol, 0.282 g) 

were injected into the flask.  The reaction mixture was refluxed at 260˚C for 22 h to give 

a black dispersion.  After the mixture was allowed to cool to room temperature, ethanol 
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(60 mL) was added to precipitate the nanoparticles, and the black solid was isolated by 

centrifugation (4000 rpm, 20 min).  The crude product was redispersed in toluene (15 

mL) and precipitated out by adding ethanol (60 mL).  The precipitate was isolated by 

centrifugation (4000 rpm, 30 min).  Pure Sm(III)-doped Fe3O4 nanoparticles can be 

redispersed in nonpolar solvents such as toluene, hexane, or dichloromethane and stored 

in a cold room at 4˚C.  As prepared nanoparticles are shown in Figure 6.4. 

 

Synthesis of Eu(III)-doped Fe3O4 nanoparticles. 

Starting with Eu(ACAC)3(H2O)2 (0.060 mmol, 0.029 g) and Fe(ACAC)3 (0.50 

mmol, 0.176 g) and  adopting otherwise identical preparative and purification procedures 

to the synthesis of Sm(III)-doped Fe3O4 nanoparticles, the product was obtained as a 

black solid.  The Eu(III)-doped Fe3O4 nanoparticles were dispersed in toluene and stored 

in a cold room at 4˚C. 

 

Characterization of Ln(III)-doped Fe3O4 nanoparticles. 

The size of the nanoparticles was determined using a JEM100CX II transmission 

electron microscope (TEM) (JEOL) with an operating voltage of 60 kV, using in-house 

prepared cupper grids (Cu, hexagon, 300 mesh).  Samples for TEM were prepared by 

making a clear dispersion of the nanoparticles in toluene and drop casting them on a 

carbon coated copper grid.  The samples were dried at room temperature by natural 

solvent evaporation.  Structural details were elucidated using high resolution TEM 

(HRTEM) using a JEM-3010 microscope at 300 kV.  Vibration sample magnetometric 
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(VSM) measurements of the nanoparticles were obtained using a Waker HF 9H 

electromagnet with a Lakeshore 7300 controller and a Lakeshore 668 power supply.  

Magnetic measurements were carried out both at room temperature (300 K) and at low 

temperature (60 K) with a maximum applied magnetic field of 15 kOe and a ramp rate of 

33 Oe/s. 

 Crystal structure and the phases of the nanoparticles were identified by X-ray 

diffraction (XRD) using an X’pert X-ray diffractometer (PW1827) (Phillips), with a Cu 

radiation source (Kα=1.5418 Å) at 40 kV and 30 mA.  The scan angle was varied in 

between 20 and 80° with a scan size of 0.2° and a scan time of 0.5 s per 0.2°.  The surface 

properties and the particle composition was analyzed by using energy dispersive X-ray 

spectrometry (EDX), scanning electron microscopy (STEM), thermogravimetric analysis 

(TGA), and X-ray photoelectron spectroscopy (XPS). 

TGA was performed using TGA Q50 by TA instruments under a stable air and N2 

flow.  The temperature was varied from 20˚C to 900˚C at a rate of 10˚C /min.  The XPS 

analysis was carried out using KRATOS 165 Ultra photoelectron spectrometer, with a 

monochromatic Al Kα (hυ=1486.6 eV) radiation source.  Binding energy was calibrated 

with the measurement of the adventitious C 1s (Eb=284.6 eV) signal that is caused from 

carbon in the hydrocarbon chain of the surfactant molecules present. 
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Figure 6.3. Molecular structures of the reagents used in nanoparticle synthesis. 

 

   

(a)    (b) 

Figure 6.4. As prepared Sm(III)-doped Fe3O4 nanoparticles (a) in dichlorotmethane 

solution (b) after vacuum drying. 
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6.3. RESULTS AND DISCUSSION 

 

6.3.1. Synthesis. 

 Literature procedures for the synthesis of Fe3O4 nanoparticles were modified for 

the current synthesis.9, 26  Here the metal complexes were decomposed and reduced in the 

presence of a reducing agent and surfactant molecules.  In addition to the Fe(III) 

precursor [Fe(ACAC)3], lanthanide ions were introduced in the form of a lanthanide 

complex with the general formula Ln(ACAC)3(H2O)2 (Scheme 3.1).  A common 

chelating agent (ACAC) was used in all the syntheses described herein.  Oleic acid and 

oleyl amine were used as the surfactant molecules to stabilize the nanoparticles.  It has 

been suggested that the carboxylic and amine functional groups present in oleic acid and 

oleyl amine coordinate to the surface metal ions in Fe3O4 nanoparticles.54  These surface-

bound surfactant molecules stabilize the nanoparticles and render the particles soluble in 

non-polar organic solvents.  The surfactant molecules may also play an important role in 

achieving a desired size of nanoparticles by controlling the particle growth during the 

synthesis.  They prevent further oxidation of the oxide nanoparticles by serving as an 

insulating layer passivating the particle surfaces. 

In the present synthesis, the metal precursors were initially heated to 100˚C to 

create a homogenous solution before addition of the surfactants.  It has been suggested 

that the nucleation of Fe3O4 nanoparticles and the growth of the crystallites are slow 

processes.26  Due to this fact, it is important to first heat the metal precursors to a higher 



   219

temperature (100˚C in here) for a certain period of time before further heating it to the 

refluxing temperature of the solvent in order to achieve monodispersed  nanoparticles. 

 The reduction of metal salts to metal particles using diol or polyalcohols is 

referred to as the polyol process.16, 55  Ethylene glycol and glycerol were initially used for 

this purpose.  Several polyols have been tested as reducing agents in the reaction with 

Fe(ACAC)3 to produce iron oxide nanoparticles.56  Since 1,2-diols with long chain 

hydrocarbon chains such as 1,2-hexadenacediol and 1,2-dodecanediol react well with 

Fe(ACAC)3 to produce highly crystalline Fe3O4 nanoparticles;26  1,2-hexadecane was 

used as the reducing agent in our reactions.  The reduction mechanism is not fully 

explored although the oxidation of the diol has been observed.57  Furthermore, the 

oxidized form of 1,2-hexadecanediol (aldehyde or the carboxylic acid) may serve as a 

surface stabilizing agent. 

 

 

Scheme 6.1 
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6.3.2. Transmission Electron Microscopic (TEM) Studies. 

 

The molar ratio of Fe(III) to Sm(III) was varied throughout the initial syntheses  

to fine tune the particle size distribution.  Our results indicate that the synthesis carried 

out using an initial Fe(III) to Sm(III) molar ratio of 5:1 produced highly monodispersed 

nanoparticles.  Figure 6.5 shows the low-resolution TEM image of Sm(III)-doped Fe3O4 

nanoparticles (with an initial molar ratio of Fe(III):Sm(III) = 5:1).  The average particle 

size is 12 ± 1.4 nm.  For comparison, Fe3O4 nanoparticles were also synthesized using an 

otherwise identical procedure (without any Sm(III) addition) and their TEM image 

confirms an average particle size of 4 ± 2 nm (Figure 6.6).  Surprisingly, Sm(III)-doped 

particles are significantly larger than those Fe3O4 particles.  Sm(III)-doped Fe3O4 

nanoparticles are highly monodispersed and are orderly arranged in parallel lines upon 

solvent evaporation.   

Inspired by our low resolution TEM images, were performed high resolution 

TEM (HRTEM) in order to gather more information about the Sm(III)-doped Fe3O4 

nanoparticles (Figure 6.7).  It can clearly be seen the single crystallinity of the 

nanoparticles as indicated by the lattice fringes in the images correspond to a group of 

atomic planes within a single particle.  EDX experiments were performed to confirm the 

presence of both Fe and Sm in the nanoparticles as shown in Figure 6.8.  The presence of 

Sm and Fe are obvious in addition to the peaks corresponding to C, O, Cu and Si.  The 

presence of Cu and Si are from the TEM grids used for the analysis.  C and O are present 

in both the TEM grids and the surfactant molecules.  Scanning TEM (STEM) was used to 
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scan the Fe and Sm elemental composition across the TEM grid (Figure 6.9).  The STEM 

bright field analysis proves that the nanoparticles are rich in Fe as expected from the 

initial Fe:Sm ratio. 

 30 nm 

Figure 6.5. TEM image of Sm(III)-doped Fe3O4 nanoparticles. 
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 30 nm 

Figure 6.6. TEM image of Fe3O4 nanoparticles. 

5 nm 1 nm
 

Figure 6.7. High resolution TEM images of Sm(III)-doped Fe3O4 nanoparticles 

showing lattice fringes. 
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Figure 6.8. EDX bright field studies of Sm(III)-doped Fe3O4 nanoparticles. 

 

      

+

Figure 6.9. STEM images of Sm(III)-doped nanoparticles. 

 



   224

In an attempt to expand our synthesis towards the preparation of Fe3O4 

nanoparticles doped with other lanthanide ions, Eu(III)-doped Fe3O4 nanoparticles were 

synthesized using identical procedures.  Low resolution TEM images of such doped 

particles are shown in Figures 6.10 and 6.11.  Two Fe(III) to Eu(III) molar ratios (4:1 and 

9:1) were used for the synthesis.  At the lower Eu(III) concentration, nanoparticles had a 

wide size distribution ranging from 2 to 9 nm (Figure 6.10).  Triangular particles were 

observed among the nanoparticles suggesting the controlled metal reduction kinetics 

during the particle growth.57  When the reduction process occurs at a sufficiently high 

rate, the final product takes the thermodynamically favored shape.  As the reduction 

becomes substantially slower, however, nucleation and growth will be kinetically 

controlled, and the final product can take a range of shapes that deviate from the 

thermodynamic stable species.58, 59  In the last several years, kinetic control has been 

demonstrated as a simple and versatile approach to the shape-controlled synthesis of 

metal nanostructures.  Reduction kinetics can often be controlled by varying experimental 

parameters such as temperature, time, concentration of metal ions, and the nature of the 

reducing agent.  However, in the present case, the reduction rate was not sufficiently low 

enough to selectively produce the kinetically favored triangular shapes.  On the other 

hand, a more thermodynamically favored product was observed by increasing the Eu(III) 

dopant concentration as shown in Figure 6.11.  The nanoparticles have a narrower size 

distribution with an average particles size of 9 nm.     

 

 



   225

 
10 nm 

Figure 6.10. TEM image of Eu(III)-doped Fe3O4 nanoparticles (Initial molar ratio, 

Fe(III):Eu(III)=9:1). 

 

 

30 nm 

Figure 6.11. TEM image of Eu(III)-doped Fe3O4 nanoparticles (Initial molar ratio, 

Fe(III):Eu(III)=4:1). 
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6.3.3. Thermogravimetric Analysis (TGA). 

The TGA curve of Sm(III)-doped Fe3O4 nanoparticles is shown in Figure 6.12.  

Weight loss of the nanoparticles was not observed below 100˚C.  However a slight 

weight loss (about 2%) was visible from 140 to 240˚C.  This may be due to physically 

adsorbed water molecules on the surface of the particles and/or in the surfactant 

molecules.  A significant weight loss event was observed between 240 and 512˚C, 

possibly attributable to the desorption of surface-bound surfactant molecules, such as 

oleic acid and oleyl amine.  A similar weight loss was reported between 200 and 400˚C 

for a similar TGA study of Fe3O4 nanoparticles.9 
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Figure 6.12. Thermogravimetrical graph of Sm(III)-doped Fe3O4 nanoparticles. 
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6.3.4. X-ray Powder Diffraction (XRD) Studies. 

Shown in Figure 6.13 is the XRD pattern of as-prepared Sm(III)-doped Fe3O4 

nanoparticles.  The diffraction peaks confirm that the nanoparticles have a cubic spinel 

structure of Fe3O4 (Magnetite) [Joint Committee on Powder Diffraction Standards 

(JCPDS) 76-1849 and Inorganic Crystal Structural Database (ICSD) 28664].  The crystal 

structure and the phases of magnetite (Fe3O4) are well studied by using X-ray powder 

diffraction.  The XRD pattern of Fe3O4 taken from ICSD is shown in Figure 6.14 for 

comparison.  A very similar XRD pattern was observed for the as-prepared Eu(III)-doped 

Fe3O4 nanoparticles (Figure 6.15).  A significant change was not observed in the XRD 

patterns of doped nanopartcles.  This indicates that the incorporation of Sm(III) and 

Eu(III) does not alter the basic crystal structure of Fe3O4 nanoparticles.   

The oxygen atoms in magnetite (Fe3O4) form a close packed face-centered cubic 

sublattice with Fe(II) located in octahedral sites and with Fe(III) equally distributed in 

octahedral and tetrahedral sites (inverse spinel structure).60  The cubic unit cell has a 

lattice constant of 8.396 Å and contains eight formula units and can be denoted as 

(Fe8
3+)tetr[Fe3+Fe2+]8

octO32.  Along the (111) axis, the oxygen layers are cubic close 

packed.  Transition metals can occupy either one of these sites.15  On the other hand, 

lanthanide(III) ions exhibit distorted six coordination sites or face-capped octahedral 

seven coordination sites in the Ln2O3 crystal structure.50  Therefore in the present case, 

lanthanide(III) ions may occupy some of the octahedral sites in the Fe3O4 inverse spinel 

structure. 
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Figure 6.13. X-ray powder diffraction data of Sm(III)-doped Fe3O4 nanoparticles. 
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Figure 6.14. Reference XRD spectrum of Fe3O4 (ICSD 28664). 
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Figure 6.15. X-ray powder diffraction data of Eu(III)-doped Fe3O4 nanoparticles. 

 

6.3.5. X-ray Photoelectron Spectroscopy (XPS). 

XPS analysis confirms the presence of Fe and Sm, O, and C in the Sm(III)-doped 

Fe3O4 nanoparticles (Figure 6.16).  Similarly the XPS spectrum of Eu(III)-doped Fe3O4 

nanoparticles (Figure 6.17) confirms the presence of Eu in addition to Fe, O, and C.  

More careful analysis of the Fe2p peaks in the XPS spectrum of Sm(III)-doped Fe3O4 

nanoparticles (Figure 6.18) show the Fe2p1/2 and Fe2p3/2 peaks at around 710 and 724 eV, 

respectively, thus confirming the presence of Fe(III).61  Similar results were observed by 

analyzing the Fe2p peaks [Fe2p1/2 (710 eV) and Fe2p3/2 (723 eV)] of Eu(III)-doped Fe3O4 

nanoparticles.  Comparable binding energies were observed in recently reported Fe3O4 

nanoparticles synthesized using a chemical coprecipitation method.54 
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Figure 6.16. Full XPS spectrum of Sm(III)-doped Fe3O4 nanoparticles. 

 

Figure 6.17. Full XPS spectrum of Eu(III)-doped Fe3O4 nanoparticles. 
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Figure 6.18. XPS Fe2p peaks of Sm(III)-(black), Eu(III)-doped (red) Fe3O4 nanoparticles 

and Fe2O3 (blue) powder. 

 

Broadening of the Fe2p1/2 peak with a shoulder (at 708 eV) and Fe2p3/2 peak with 

a shoulder (722 eV) indicates the presence of Fe(II) in Fe3O4.54  This broadening is not 

observed in the Fe2O3 powder used for comparison.  Furthermore, the satellite peak 

located at 718.5 eV, a characteristic of Fe(III) in Fe2O3, is absent in the lanthanide-doped 

samples, indicating the structural differences between Fe2O3 and Fe3O4.  The Fe(0) peak 

typically occurs at 706.5 eV.54  Therefore, the presence of a shoulder peak extending to 

706.5 eV in the Eu(III)-doped Fe3O4 sample suggests the presence of Fe(0) in the 

nanoparticle core. 
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Figure 6.19. Sm 3d5/2 spectrum of Sm(III)-doped Fe3O4 nanoparticles. 

 

 

Figure 6.20. Sm 3d5/2 spectrum of reference Sm2O3. 
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Figure 6.21. Eu 3d5/2 spectrum of Eu(III)-doped Fe3O4 nanoparticles. 

 

 

Figure 6.22. Eu 3d5/2 spectrum of reference Eu2O3. 
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The XPS spectra of lanthanide ions are not commonly used and are still a 

primitive area of research.  However, several researchers have characterized different 

lanthanide oxides and simple salts using XPS.62, 63  Among the XPS spectra reported, 

ambiguity may exist among different binding energies observed, depending on the 

various factors including the calibration method used.  Eu- and Sm-3d5/2 regions of 

Sm(III)- and Eu(III)-doped Fe3O4 nanoparticles are shown along with their oxides for 

comparison (Figures 6.19-6.22).  By evaluating the binding energy values (3d5/2) of 

Sm(III) (1081 and 1108 eV) and Eu(III) (1134 and 1164 eV) present in the nanoparticles 

with their standards [Sm2O3 (1082 and 1108 eV) and Eu2O3 (1132 and 1162 eV)], it can 

be concluded that these lanthanides are present in their +3 oxidation states in the 

nanoparticles.  Subtle changes observed [mainly in the case of Eu(III)] may be due to the 

different coordination environments occupied in the crystal structure as observed by 

others in other europium-oxo compounds.63 

 

 

 

 

 

 

 

 

 



   235

6.3.6. Magnetic Studies. 

As-synthesized Sm(III)-doped Fe3O4 nanoparticles exhibit interesting magnetic 

properties.  As shown in Figure 6.23, the vacuum-dried nanoparticles can be attracted by 

an external permanent magnet.  Figure 6.24 depicts the formation of ordered nanoparticle 

patterns in an external magnetic field that was applied parallel to a TEM grid after drop 

casting a dilute nanoparticle solution in toluene.  Formation of self assembled single 

nanoparticle chains was observed by using more dilute nanoparticle solutions under the 

same magnetic field ((Figure 6.25).  However, we were unable to obtain such ordered 

patterns by using undoped Fe3O4 nanoparticles under identical experimental conditions. 

 

 

Figure 6.23. A picture of vacuum dried Sm(III)-doped Fe3O4 nanoparticles attracted to 

an external permanent magnet. 

 

The magnetization (hysteresis) curves of Sm(III)- and Eu(III)-doped Fe3O4 

nanoparticles are shown in Figures 6.26 and 6.27, respectively.  The magnetic properties 

of the nanoparticles synthesized are summarized in Table 6.1.  The saturation 

magnetization (ms) of Sm(III)- and Eu(III)-doped Fe3O4 nanoparticles at room 

temperature are 31.3 and 23.6 emu/g, respectively.  These values are within the same 
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range observed for Ln(III)-doped Fe3O4 nanoparticles synthesized using a literature 

reported precipitation method.1  However, the saturation magnetization values observed 

are lower than those observed for undoped Fe3O4 particles synthesized using 

hydrothermal decomposition methods.9, 26 

The synthesized Sm(III)- and Eu(III)-doped Fe3O4 nanoparticles indicate 

ferromagnetic behavior at room temperature with a coercivity (Hc) value of 85.7 and 74.3 

Oe, respectively.   However, as-synthesized Fe3O4 nanoparticles with a similar particle 

size do not show any hysteresis or coercivity due to their superparamagnetic behavior at 

room temperature.9, 26  The emerging of superparamagnetism at room temperature was 

due to the fact that the Fe3O4 particle size was smaller than a single domain (around 54 

nm).64  Deviation from the superparamagnetism in the present case, therefore, may be due 

to the introduction of lanthanide ions into the Fe3O4 matrix.  Thus, incorporation of 

Sm(III) and Eu(III) in the Fe-O matrix increases the magnetic anisotropy of the materials.   
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  (a) 

 250 nm 

   

(b) 

 

180 nm 

Figure 6.24. Ordered nanoparticle patterns observed in an applied parallel magnetic field. 
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Figure 6.25. Self-assembled single nanoparticle chains under an external parallel 

magnetic field. 
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Figure 6.26. Hysteresis loops of Sm(III)-doped Fe3O4 nanoparticles at 60 K and room 

temperature. 
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Figure 6.27. Hysteresis loops of Eu(III)-doped Fe3O4 nanoparticles at 60 K and room 

temperature. 

 

 

Table 6.1. Magnetic properties of Ln(III)-doped Fe3O4 nanoparticles. 

 Sm(III)-doped Fe3O4 

nanoparticles 

Eu(III)-doped Fe3O4 

nanoparticles 

ms
60K (emu/g) 42.1 29.8 

Hc
60K (Oe) 96.3 91.6 

ms
300K (emu/g) 31.3 23.6 

Hc
300K (Oe) 85.7 74.3 
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6.4. SUMMARY AND PERSPECTIVES 

 Uniform Sm(III)- and Eu(III)-doped Fe3O4 nanoparticles were successfully 

synthesized for the first time using a high temperature decomposition of metal 

acetylacetonates.  As-prepared nanoparticles were characterized using various techniques 

including TEM, XPS, TGA, XRD, and VSM.  Incorporation of lanthanide ions produced 

particles of larger size comparative to the undoped Fe3O4 nanoparticles under otherwise 

identical conditions.  Magnetic studies suggest the ferromagnetic behavior of the 

lanthanide-doped Fe3O4 nanoparticles at room temperature opposed to the 

superparamagnetic behavior of undoped Fe3O4 nanoparticles, indicating the significant 

effect of lanthanide ions on the coercivity of the Fe3O4 particles.  The current synthetic 

method can be extended to synthesize Fe3O4 nanoparticles doped with other metal ions in 

the lanthanide series. 
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CHAPTER 7 

Overall Summary and Future Directions 

 

The research detailed in this dissertation is concerned with the design, exploratory 

synthesis, characterization, and property investigation of two distinct classes of 

lanthanide-containing materials, namely, molecular lanthanide complexes and 

nanostructured particles.  Our objectives of developing lanthanide-containing materials 

with interesting and potentially applicable optical and magnetic characteristics have been 

achieved through the synthesis of a series of molecular lanthanide β-diketonated 

complexes, lanthanide phosphate nanoparticles and lanthanide-doped iron oxide 

nanoparticles. 

The interesting properties of these materials have been demonstrated by photo- 

and electroluminescence and magnetic studies.  Fabrication of electroluminescence 

devices utilizing the molecular complexes and optical amplifiers using Er-doped 

lanthanum phosphate nanoparticles as the active amplifying material indicate the possible 

applications of such materials for advanced display technology and optics.  The unique 

ferromagnetic properties demonstrated for the Sm- and Eu-doped Fe3O4 suggests the 

potential for producing magnetic materials useful for recording and biomedical imaging. 

 There are several future aspects for further development.  The synthesis of 

lanthanide TPTZ adducts can be further modified to prepare transition and lanthanide 

mixed-metal systems.  Noncoordinated two nitrogen atoms present in TPTZ ligand can 

be coordinated to a second metal ion, particularly a transition metal.  Thus the 
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sensitization of the lanthanide ion may be possible via an excited transition metal 

complex (probably through a metal to ligand charge transfer (MLCT) state).  These 

modifications provide a platform for further investigating the electronic communication 

between transition metal and lanthanide ions.  It is well known that many transition metal 

complexes absorb visible light.  Therefore, a mixed-metal complex may be excited at 

visible wavelengths with potential applications in fluoroimmunoassays and biological 

imaging in addition to light emitting diodes.  An example structure containing Ru(II) and 

Eu(III) is shown in Figure 7.1. 
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Figure 7.1. A representative structure of Ru-Eu mixed metal system. 

 

As mentioned in Chapter 5, direct excitation of Er(III) ions at 980 nm is less 

efficient because of the very low absorption cross-section, whereas Yb(III) ions have a 
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higher absorption cross-section at the same wavelength.  The above proposed molecular 

design can be extended to synthesize lanthanide complexes where Er(III) [acceptor] and 

Yb(III) [senitizer or the donor] coexist in a single molecule as shown in Figure 7.2.  

Thus, the NIR luminescence of the Er(III) may be significantly enhanced through energy 

transfer from Yb(III) ions to the Er(III) ions.  Furthermore fluorinated β-dikeotnates may 

be used to minimize the vibrational quenching of the Er(III) emission. 
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Figure 7.2. Proposed structure of Er-Yb mixed-metal complex. 

 

The observed fluorescence lifetime of the LaPO4:Er, Yb nanoparticles (in Chapter 

5) can be enhanced by modifying the synthesis to produce LaPO4:Er, Yb core/shell 

structures.  The procedure described in Chapter 5 can be used to synthesize the LaPO4:Er, 

Yb core followed by the incorporation of a LaPO4 shell.  A significant number of non-

radiative centers existing on the surface of LaPO4:Er, Yb nanoparticles may be 
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eliminated by the shielding effect of the LaPO4 shell.  On the other hand, in the core shell 

structure, the distance between the Er(III) luminescent centers and the surface quenchers 

is increased.  As a result, improved luminescence intensities and longer luminescence 

lifetimes may be achieved by eliminating the surface-trap states and suppressing the 

quenching in energy transfer processes. 

The synthesis developed in Chapter 6 may be modified for the synthesis of 

nanoparticles of other lanthanide-transition metal oxides to investigate their magnetic 

properties with the hope of gaining a better understanding of these intriguing 

observations.  For example, other members of the lanthanide series such as Er(III), 

Pr(III), and Gd(III) may be used to synthesize Ln(III)-doped iron oxide nanoparticles.  

Furthermore, the current method may be modified to synthesize lanthanide-transition 

metal alloys such as lanthanum-nickel (La-Ni) and samarium-iron (Sm-Fe).  A 

macroscopic lanthanum-nickel alloy has been shown to possess the capacity of storage 

hydrogen.  Reducing its size to the nanometer regime is expected to drastically enhance 

the surface area of this material, which in turn, will significantly increase its capacity in 

storing hydrogen, which is a grand challenge facing many chemists, chemical engineers, 

and materials scientists. 
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