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Chapter 1
General Introduction

1.1 Luminescence of Trivalent Lanthanide Ion

The luminescence properties of lanthanide (rare-earth) compounds have been
fascinating many researchers for decades [1-9]. An attractive feature of lumi-
nescent lanthanide compounds is their line-like emission, which results in a high
color purity of the emitted light. The trivalent ions of the lanthanide series are
characterized by a gradual filling of the 4f orbitals, from 4f° (for La(IlD)) to 4f™
(Lu(III)) as summarized in Table 1.1. One of the most interesting features of these
ions is their photoluminescence. Several lanthanide ions show luminescence in the
visible or near-infrared spectral regions upon irradiation with ultraviolet (UV)
radiation. The color of the emitted light depends on the lanthanide ion. For
instance, Eu(Ill) emits red light, Tb(III) green light, Sm(III) orange light, and
Tm(II) blue light. Yb(IIl), Nd(III), and Er(IIl) are well-known for their near-
infrared luminescence, and Gd(III) emits in the UV region. Therefore, lantha-
nide(IlI) compounds are the popular luminescent materials for application in
electroluminescent (EL) devices, optical amplifiers, lasers, bio-sensing, and so on.

The lanthanides in the stable (III) oxidation state are simply characterized by an
incompletely filled 4f shell. The 4f orbital is shielded from the surroundings by the
filled 5s2 and 5p2 orbitals. Therefore, the influence of the host media on the optical
transition within the 4f" configuration is small. The energy levels of the trivalent
Eu ion are given in Fig. 1.1. The energy levels are actually split by the geometric
field (crystal or ligand fields). As a matter of fact, the splitting is very small due to
the shielding by 5s* and 5p” electrons, whereas the geometric field strength in the
case of the transition metal ions (d") is characteristically several tens of thousands
of ecm™; for the lanthanide(III) ions (f*), it amounts to several hundreds of cm™ .

In a configurational coordinate diagram, these level appear as parallel parabolas
(small off-set, Fig. 1.2), because the 4f electrons are well shielded from their
surroundings. Emission transitions yield, therefore, sharp lines in the spectra. The
emission of light radiation for lanthanide(III) ions comes mainly from the electric
dipole transition. Transitions that occur in the 4f inner shell of free ions are
forbidden because they do not correspond to a change of parity. However, the

K. Miyata, Highly Luminescent Lanthanide Complexes 1
with Specific Coordination Structures, Springer Theses,
DOI: 10.1007/978-4-431-54944-4_1, © Springer Japan 2014
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Table 1.1 Electronic structure of the trivalent lanthanide ions

Element Symbol Atomic Configuration Ground state
number (Z) Ln(III) Ln(IIT)
Lanthanum La 57 [Xe] IS,
Cerium Ce 58 [Xelaf! %Fs),
Praseodymium Pr 59 [Xel4f? H,
Neodymium Nd 60 [Xel4f? o
Promethium Pm 61 [Xe]4f4 514
Samarium Sm 62 [Xeldfd Hs),
Europium Eu 63 [Xe]4fs Fo
Gadolinium Gd 64 [Xel4t’ 8.,
Terbium Tb 65 [Xel4f® "Fq
Dysprosium Dy 66 [Xel4f® Hispn
Holmium Ho 67 [Xel4f'® g
Erbium Er 68 [Xel4f!! Ty
Thulium Tm 69 [Xel4f!? *He
Ytterbium Yb 70 [Xelaf'? Ry
Lutetium Lu 71 [Xel4f' 1S,
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transitions that are forbidden by odd parity become partially allowed by mixing 4f
and 5d states through the ligand field. Since the parity does not change dramati-
cally in such a transition, the lifetime of the excited state is long (>1 ps).

1.2 Luminescent Lanthanide Complex

The 1930s and early 1940s witnessed the first spectroscopic studies of lanthanide
ions in solution. Freed et al. found that the relative intensities of the absorption
lines of Eu(IIl) were different in various solvents [10], and Weissman discovered
that complexes of Eu(Ill) with certain ultraviolet absorbing ligands were highly
luminescent when excited with ultraviolet light [11]. Since Eu(IIl) itself has only a
few very weak absorption bands, the solution of this ion does not exhibit very
bright luminescence. Obviously, certain organic ligands can serve to photosensi-
tize the luminescence of lanthanide ions. It was also found that lanthanide ions
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quench the fluorescence of organic ligands [12]. Those studies can be considered
as the starting points for the research and development of luminescent lanthanide
complexes. It took, however, about 20 years before photochemists took a serious
interest in these materials. At the 1990s, the field received a new impulse when it
became clear that lanthanide complexes could find widespread use in medical
diagnostics [13]. In the second half of that decade, lanthanide ions also started to
receive the attention of the growing group of supramolecular chemists.

Luminescent lanthanide complexes consist of a lanthanide ion encapsulated in a
ligand. Generally speaking, the ligand can be tailored to contain built-in func-
tionalities that give the overall complex desired properties. Parameters such as
solubility, electrochemical activity, binding affinity for other molecular building
blocks, responsively to external stimuli (such as the presence of certain ions) etc.
are all influenced by the overall structure of the ligand. In most cases, the ligand
contains a light-absorbing group in the form of an organic chromophore as
illustrated in Fig. 1.3a [14-21]. Such a group is generally referred to as the antenna
chromophore, in analogy to the light-harvesting center in photo-synthetic reaction
center. The photonic energy absorbed by this antenna can be transferred to the
encapsulated lanthanide ion, thus circumventing the photo-excitation bottleneck
posed by the small absorption of lanthanide ions.

Indirect excitation, in other words, sensitization has to be used and proceeds in
three steps. First, light is absorbed by the immediate environment of the Ln(III) ion
through the attached organic ligands. Energy is then transferred onto one or several
excited states of the metal ion, and finally, the metal ion emits light. A multitude of
organic ligands bearing aromatic chromophores has been proposed for this pur-
pose, derived, for instance, from bipyridine, terpyridine, terphenylene, quinoline,
or substituted phenyl and naphthyl groups. Although often discussed and modeled
in terms of a simple ligand (S;) — ligand (T;) — Ln* energy flow which can be
optimized by adjusting the energy gap between the lowest ligand triplet state and
the Ln(III) emitting level [22-24], sensitization of trivalent lanthanide ions is an
exceedingly complex process involving numerous rate constants (Fig. 1.3b)
[25, 26]. The characteristic luminescent properties of lanthanide complexes have
been extensively studied [27-69].
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Fig. 1.3 a A schematic representation of the antenna effect occurring in monometallic Eu(III)
complexes possessing aromatic light-harvesting chromophores and b associated energy level
diagram (ISC = intersystem crossing, ET = energy transfer)

The author describes the strategies for design of strong-luminescent lanthanide
complexes from the next section.

1.3 Molecular Design for Enhancement of Luminescence
of Lanthanide Complex

1.3.1 Suppression of Vibrational Relaxation

The energy transfer process via vibrational excitation has been considered as a
dominant process that quenches the excited states of lanthanide ion. For instance,
in the case of Nd(III), the difficulty in the enhancement of luminescence of Nd(III)
in liquid systems is explained as being due to the radiationless relaxation of the
emitting level (4F3,2) via vibrational excitation of the liquid matrix, which is made
up of ligand and solvent molecules (Fig. 1.4a). The vibrational transition proba-
bility is proportional to the Frank—Condon factor, i.e., the overlap integrals
between the energy gap and the vibrational energy. In terms of the energy gap
theory, the rate constant for the radiationless transition Wg is given by the fol-
lowing expression:
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Fig. 1.4 a The radiationless transition via vibrational relaxation, b Franck—Condon function,
c the vibrational energy levels and matching the electronic energy gap of Nd(III) ion
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Wer :%JZF (1.1)

where p is the density of states, J is the coupling constant between the electronic
wave functions due to nuclear motion, and F the Frank—Condon factor. The factor
F should be estimated quantitatively when the approximation using the undistorted
oscillator model is adopted. In the model, F is given by

_exp(=y)y’

F y!

(1.2)

If y is assumed to be 1, the Frank—Condon factor decreases with increasing
vibrational quantum number v, as shown in Fig. 1.4b. The energy gap of the
crucial radiative transition in Nd(III) (4F3/2—4115,2: 5400 cm_l) matches well the
vibrations of the C—H and O-H bonds (5900 and 6900 cm ™", respectively) with
vibrational quantum number v = 2, and vibrational excitation leads to effective
quenching of the excited state of Nd(III). In contrast, C-D, C-O, C-C, and C-F
bonds give larger vibrational quanta (v = 3, 5 Fig. 1.4c). In theoretical calcula-
tions, the Frank—Condon factors of C—H and C-F are determined to be 0.18 and
0.0031, respectively. These facts suggest that if organic ligands surrounding
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Nd(III) ion can be constructed with C—D and C-F bonds instead of C—H bonds, the
radiationless transition through vibrational excitation should be suppressed
(Fig. 1.5). This theoretical understanding led to the first successful utilization of
deuterated hexafluoroacetylacetone (hfa-D) as an effective ligand, which enables
the resulting Nd(II) complex to exhibit near-infrared luminescence. The absence
of C-H and O-H vibrations should make it possible to observe luminescence from
Nd(II) in an organic solvent [70].

1.3.2 Control of Coordination Structure

The luminescence properties of lanthanide complexes are mainly derived from the
electric transitions in 4f orbitals. Generally, 4f orbitals of lanthanide are shielded
from direct perturbations by outer filled 5s and 5p shells [71]. The electric dipole
transitions from the 4f inner shell of lanthanide ions are intrinsically forbidden
because of their odd parity. However, they can be partially allowed upon mixing 4f
and 5d states through the ligand field effects. The partially allowed transitions and
electrically shielded nature of the excited states promote long emission lifetimes
and characteristic sharp emission bands. Radiative rates of lanthanide complexes
are linked to their geometric structures. If there is no inversion symmetry at the
lanthanide ion sites, uneven ligand field components can mix with opposite-parity
states in 4f"-configuration levels. Electric dipole transitions of lanthanide com-
plexes are then no longer strictly forbidden in the ligand fields, resulting in faster
radiative rates and higher emission quantum yields. Richardson and Reid have
estimated the transition intensity parameters of lanthanide complexes from the
ligand field [72, 73]. Binnemans has proposed to evaluate the transition intensity
by using Judd-Ofelt analysis [14]. Since these studies, it has been widely accepted
that the radiative transition probability between 4f orbitals is enhanced by reducing
the coordination structure’s geometrical symmetry [74-82].

In order to prepare intensely luminescent lanthanide complexes, a large radi-
ative rate constant is necessary based on reducing the geometrical symmetry.
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Lanthanide complexes with odd parity can be created using certain geometric and
coordination structures. Hasegawa has reported on Eu(IIl) complexes with low-
vibrational frequency (LVF) hfa (hexafluoroacetylacetone) and tppo (triphenyl-
phosphine oxide) ligands, Eu(hfa)s;(tppo),, for which the chemical structure is
shown in Fig. 1.6 [83]. The coordination structure composed of LVF phosphine
oxides (P = O: 1125 cm™ ") and hfa ligands are expected to provide the Eu(III)
complex with a high emission quantum yield and a relatively small nonradiative
rate constant. The coordination geometry of Eu(hfa);(tppo), is categorized as a
square antiprism (8-SAP) which has no inversion center. The characteristic 8-SAP
structure is composed of three hfa and two tppo ligands, which leads to a reduction
of the geometrical symmetry of the Eu(Ill) complex and consequently
Eu(hfa);(tppo), shows a high emission quantum yield (@ = 65 %) and a fast
radiative rate constant.

1.4 Lanthanide Complex with Thermostability

Lanthanide complexes have been also recognized as attractive compounds for
fabricating lanthanide-doped polymers which are applicable to luminescent dis-
plays, plastic optical devices, and thin-film lasers [84—86]. In order to achieve the
effective luminescence of lanthanide ion in polymer matrices, lanthanide com-
plexes are required to possess high thermal stability. Luminescent plastics
including lanthanide complexes are manufactured by mixing plasticizers and
polymers at extremely high temperature. For example, polycarbonate, which is one
of the major plastics for industrial products, is processed at 290 °C [87]. The
thermostability of lanthanide complexes should be stable above 300 °C for optic
applications such as lightings, displays, and optoelectronic devices. With this
criterion in mind, Manseki has developed thermostable tetranuclear Eu(IIl) com-
plexes, [Eus(u-O)(L)10] (L = 2-hydroxy-4-octyloxybenzophenone), having effec-
tive photosensitized luminescence as illustrated in Fig. 1.7 [88]. Differential
scanning calorimetry (DSC) measurements indicated that the decomposition points
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of tetranuclear Eu(IIl) complexes were 309 °C. Although many types of lumi-
nescent organic dyes are generally decomposed at temperatures under 200 °C, this
disadvantage can be overcome by using polynuclear complex and coordination
polymer (Sect. 1.5).

1.5 Lanthanide Coordination Polymer

Lanthanide coordination polymers and metal-organic frameworks composed of
lanthanide ions and organic linker ligands have attracted considerable attention.
The one-dimensional alternating sequence of metal ions and organic ligands
exhibits remarkable characteristics as novel organic materials with (1) ease of
preparation, (2) various structures, and (3) unique physical properties by the
combination of metal ions and organic ligands [89-94]. Although lanthanide
coordination polymers have been an active research field for about a decade [95—
98], most of the attention has been paid to the structural characterization of these
compounds. More recently, luminescence studies of the coordination polymers
have been reported [99-106].

One of the significant characteristics of coordination polymers is their high
thermal stability as well as polynuclear complexes. For instance, Carlos has
reported novel three-dimensional lanthanide-organic frameworks with 2, 5-pyri-
dinedicarboxylic acid [107]. Reddy has developed thermostable Eu(Ill) coordi-
nation polymers with 4-(dipyridin-2-yl)aminobenzoate ligands [63]. However,
their emission quantum yields have been relatively low, because previous lan-
thanide coordination polymers contain numerous C—H and O-H bonds close to the
metal center, which lead to the radiationless transition via vibrational relaxations
as introduced in Sect. 1.3 [108-110]. To enhance emission quantum yields of
lanthanide coordination polymers, the coordination sites of the organic linker
ligands should be composed of low-vibrational frequency (LVF) modes for the
suppression of vibrational relaxation. Luminescent coordination polymer with both
high thermostability and strong-luminescent property is required as a novel
luminophore in the field of future opto-electronic devices.
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1.6 Objectives

As mentioned above, design of coordination structures of lanthanide complexes
enable precise manipulations of the electron transitions in f orbitals. The geo-
metrical, vibrational, and steric structures of lanthanide complexes are directly
linked to luminescence properties such as emission quantum yield, radiative, and
nonradiative rate constants. The control of the coordination structures of lantha-
nide complexes is expected to provide desirable emission properties. Lanthanide
polynuclear complexes and coordination polymers have been also studied from the
viewpoint of thermostability of complexes. However, the correlation between
coordination structures and photophysical properties of lanthanide complexes has
been scarcely investigated, and the optimum coordination environment for strong-
luminescent properties has been still unclear. Additionally, lanthanide coordina-
tion polymer with both high thermostability and strong-luminescent properties has
not been previously reported.

In this thesis, the control of coordination structures and functionalization of
luminescent lanthanide(IIT) complexes with LVF hfa and phosphine oxide ligands
were investigated. In particular, the author constructed (1) lanthanide coordination
polymer with thermostability and thermosensing ability and (2) lanthanide com-
plexes with novel asymmetric coordination structures to improve their emission
quantum Yyields.

1.7 Contents of this Thesis

This thesis consists of a total of seven chapters. In this chapter, the previous studies
are overviewed and the significance and objectives in this study are described. In
Chap. 2, lanthanide coordination polymers composed of Eu(Ill) ions and phos-
phine oxide linkers are proposed to improve thermostability of lanthanide com-
pounds. The characteristic structures, thermogravimetric analyses and remarkable
photophysical properties of coordination polymers are also demonstrated.
Chapter 3 presents a novel temperature-sensing material, chameleon luminophore,
that has a high thermostability and thermosensing ability based on the results of
Chap. 2. It is composed of color-changing luminescent coordination polymers
containing Eu(IIl) and Tb(III) ions. The dual emission bands of Eu(III) and Tb(II)
ions are expected to enable more accurate temperature measurements than pre-
vious lanthanide complexes. Temperature-sensing dyes with thermostable struc-
tures and dual sensing units are demonstrated for the first time. In Chap. 4, novel
nona-coordinated Eu(IIl) complexes with three kinds of low-vibrational frequency
triphosphine oxides are reported. The characteristic luminescence properties of
nona-coodinated Eu(Ill) complexes are elucidated in terms of geometrical,
vibrational, and chemical structures. In Chap. 5, Eu(Ill) and Sm(III) complexes
with novel asymmetric structures composed of oxo-linked bidentate phosphine


http://dx.doi.org/10.1007/978-4-431-54944-4_2
http://dx.doi.org/10.1007/978-4-431-54944-4_2
http://dx.doi.org/10.1007/978-4-431-54944-4_3
http://dx.doi.org/10.1007/978-4-431-54944-4_3
http://dx.doi.org/10.1007/978-4-431-54944-4_2
http://dx.doi.org/10.1007/978-4-431-54944-4_2
http://dx.doi.org/10.1007/978-4-431-54944-4_4
http://dx.doi.org/10.1007/978-4-431-54944-4_4
http://dx.doi.org/10.1007/978-4-431-54944-4_5
http://dx.doi.org/10.1007/978-4-431-54944-4_5

10 1 General Introduction

oxides are reported. From the results of the structural and photophysical
measurements, remarkably strong luminescence properties of lanthanide com-
plexes with characteristic trigonal dodecahedron structures (8-TDH) are demon-
strated for the first time. Based on the findings of Chap. 5, solvent-dependent
luminescence of octa-coordinated Eu(IIl) complexes are described in Chap. 6. The
relationships between photophysical properties and coordination structures in
various organic media are discussed. Finally, all the results and achievements in
this study are summarized in Chap. 7.
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Chapter 2

Luminescence Properties of Thermostable
Lanthanide Coordination Polymers

with Intermolecular Interactions

2.1 Introduction

Luminophores with high thermal stability are promising candidates as active
materials for electroluminescent (EL) devices, lasers and luminescent biosen-
sing applications. As described in Chap. 1, lanthanide polynuclear complexes,
coordination polymers, and metal-organic frameworks have been widely studied
from the viewpoint of thermostable structure [1-7]. For example, Marchetti has
reported a thermostable coordination polymer with Eu(IIl) ions and 4-acyl-pyr-
azolone ligands [8]. Wang has also reported that the decomposition point of a
lanthanide coordination polymer with glutaric acid is over 300 °C [9]. However,
their emission quantum yields have been extremely low, because their coordina-
tion polymers are attributed to the nonradiative transition via vibrational relaxation
of high-vibrational frequency O-H bonds in polymer structure [10, 11]. Lumi-
nescent coordination polymer with both high thermostability and emission quan-
tum efficiency is required as a novel luminophore in the field of future
opto-electronic devices.

Here, the author considers that the introduction of low-vibrational frequency
(LVF) ligands as a linker part in the polymer chains would result in the preparation
of a lanthanide coordination polymer with strong luminescence properties.
Strongly luminescent lanthanide complexes composed of LVF hfa and bidentate
phosphine oxide ligands have been described in former chapters. The author also
proposes that the introduction of aromatic aryl groups in the linker part of lan-
thanide coordination polymer is effective for the construction of thermostable
luminophores with intermolecular interactions, such as CH/F, n—n, and CH/n
interactions.

In this chapter, the author reports on novel coordination polymers composed of
Eu(III) ion and 4 types of aryl units; [Eu(hfa);(dpb)],,, [Eu(hfa);(dpbp)],., [Eu(hfa);
(dpbt)],,, and [Eu(hfa);(dppcz)],, (dpb: 1,4-bis(diphenylphosphoryl) benzene, dpbp:
4,4'-bis(diphenylphosphoryl)biphenyl, dpbt: 4,4’-bis(diphenylphos phoryl)bithi-
ophene, dppcz: 3,6-bis(diphenylphosphoryl)-9-phenylcarbazole) as shown in
Fig. 2.1. Their thermal stabilities and luminescence properties are characterized by
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Fig. 2.1 Chemical structures of Eu(IIl) coordination polymers developed in this study

the thermogravimetric analyses (TGA and DSC), emission quantum yields,
emission lifetimes, photosensitized energy transfer efficiency, and the nonradiative
rate constants. In particular, [Eu(hfa);(dppcz)], has both thermal stability
(decomposition point =300 °C) and a high emission quantum yield (@, = 83 %
in the solid state). Novel luminophores with heat durability are expected to open
up new fields of material chemistry.

2.2 Experimental Section
2.2.1 General

The starting materials, 1,4-difluorobenzene (TCI, >95 %), 4,4’-dibromobiphenyl
(TCI, >98 %), 2,2'-bithiophene (TCI, >98 %), 3,6-dibromo-9-phenylcarbazole
(TCI, >98 %) were used as received. All other chemicals were reagent grade and
were used without further purification. All reactions involving air- and moisture-
sensitive reagents were carried out under an argon atmosphere using dried solvents.
Synthetic routes of organic ligands are shown in Scheme 2.1. The preparation
method of [Eu(hfa);(H,O),] was described in Chap 5. Infrared spectra were
recorded on a JASCO FT/IR-350 spectrometer. '"H NMR spectra were recorded on a
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Scheme 2.1 Synthetic routes of organic ligands of Eu(IIl) coordination polymers

JEOL JNM-EX270 (270 MHz). '"H NMR chemical shifts were determined by tet-
ramethylsilane (TMS) as an internal standard. Elemental analysis and mass spec-
trometry were performed at the Instrumental Analysis Division in Hokkaido
University. Thermogravimetric analysis was performed on a Rigaku TermoEvo
TG8120 analyzer in an argon atmosphere at a heating rate of 1 °C min~'. DSC

measurement was performed on a MAC DSC3220 at a heating rate of 1 °C min~".

2.2.2 Syntheses

2.2.2.1 Preparation of 1,4-bis(diphenylphosphoryl)benzene (dpb)

1,4-bis(diphenylphosphoryl)benzene was synthesized according to the published
procedure [12]. A solution of 1,4-difluorobenzene (0.80 mL, 8.0 mmol) was added
dropwise to a solution of potassium diphenylphosphide (40 mL, 0.5 M THEF,
20 mmol). The mixture was allowed to stir for 1 h and then was brought to reflux
for 12 h. THF was removed under reduced pressure, and methanol (ca. 40 mL)
was added. The mixture was then heated to reflux for 30 min. A gray precipitate
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was formed, after which the methanol was decanted off. The obtained gray solid
and dichloromethane (20 mL) were placed in a flask. The solution was cooled to
0 °C and then 30 % H,O, aqueous solution (5 mL) was added to it. The reaction
mixture was stirred for 2 h. The product was extracted with dichloromethane, the
extracts washed with brine for three times and dried over anhydrous MgSO,. The
solvent was evaporated to afford a white powder. Recrystallization from dichlo-
romethane for gave white crystals of the titled compound.

Yield: 2.5 g (66 %). "H NMR (270 MHz, CDCls, 25 °C) § 7.48-7.78 (m, 24H;
P-C¢Hs, CgH;) ppm. ESI-Mass (m/z) = 479.1 [M+H]*. Anal. Calcd for
C30H240,P5: C, 75.31; H, 5.06. Found: C, 74.86; H, 5.11.

2.2.2.2 Preparation of 4,4'-bis(diphenylphosphoryl)biphenyl (dpbp)

4.,4'-bis(diphenylphosphoryl)biphenyl was synthesized according to the published
procedure [13—15]. A solution of n-BuLi (9.3 mL, 1.6 M hexane, 15 mmol), was
added dropwise to a solution of 4,4'-dibromobiphenyl (1.9 g, 6.0 mmol) in dry
THF (30 mL) at —80 °C. The addition was completed in ca. 15 min during which
time a yellow precipitate was formed. The mixture was allowed to stir for 3 h at
—10 °C, after which a PPh,Cl (2.7 mL, 15 mmol) was added dropwise at —80 °C.
The mixture was gradually brought to room temperature, and stirred for 14 h. The
product was extracted with ethyl acetate, the extracts washed with brine for three
times and dried over anhydrous MgSQO,. The solvent was evaporated, and resulting
residue was washed with acetone and ethanol for several times. The obtained white
solid and dichloromethane (40 mL) were placed in a flask. The solution was
cooled to 0 °C and then 30 % H,0, aqueous solution (5 mL) was added to it. The
reaction mixture was stirred for 2 h. The product was extracted with dichloro-
methane, the extracts washed with brine for three times and dried over anhydrous
MgSO,. The solvent was evaporated to afford a white powder. Recrystallization
from dichloromethane gave white crystals of the titled compound.

Yield: 1.7 g (54 %). IR (KBr): 1120 (st, P=0) cm™'. '"H NMR (270 MHz,
CDCls3, 25 °C) 6 7.67-7.80 (m, 16H; P-C¢Hs, CgHy), 7.45-7.60 (m, 12H; P-CcHs,
C6H4) ppm. ESI-Mass (m/z) = 5552 [M+H]+ Anal. Calcd for C36H2802P2: C,
77.97; H, 5.09. Found: C, 77.49; H, 5.20.

2.2.2.3 Preparation of 4,4'-bis(diphenylphosphoryl)bithiophene (dpbt)

A solution of n-BuLi (13 mL, 1.6 M hexane, 20 mmol), was added dropwise to a
solution of 2,2'-bithiophene (1.2 g, 7.2 mmol) in dry THF (20 mL) at —80 °C. The
addition was completed in ca. 15 min during which time a yellow precipitate was
formed. The mixture was allowed to stir for 3 h at —10 °C, after which a PPh,Cl
(3.7 mL, 20 mmol) was added dropwise at —80 °C. The mixture was gradually
brought to room temperature, and stirred for 18 h. The product was extracted with
ethyl acetate, the extracts washed with brine for three times and dried over
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anhydrous MgSO,. The solvent was evaporated, and resulting residue was washed
with methanol for several times. The obtained yellow solid and dichloromethane
(40 mL) were placed in a flask. The solution was cooled to 0 °C and then 30 %
H,0, aqueous solution (10 mL) was added to it. The reaction mixture was stirred
for 2 h. The product was extracted with dichloromethane, the extracts washed with
brine for three times and dried over anhydrous MgSQ,. The solvent was evapo-
rated to afford a yellow powder. Recrystallization from dichloromethane gave
yellow crystals of the titled compound.

Yield: 1.4 ¢ (31 %). IR (KBr): 1122 (st, P=0O) cm™'. '"H NMR (270 MHz,
CDCl;, 25°C) 6 7.45-7.79 (m, 20H; P-C¢Hs), 7.33-7.37 (m, 2H; C4H,S),
7.24-7.27 (m, 2H; C4H,S) ppm. ESI-Mass (m/z) = 567.1 [M+H]*. Anal. Calcd
for C3,H,40,P,S,: C, 67.83; H, 4.27. Found: C, 67.13; H, 4.40.

2.2.2.4 Preparation of 3,6-bis(diphenylphosphoryl)-9-phenylcarbazole
(dppcz)

A solution of n-BuLi (8.8 mL, 1.6 M hexane, 14 mmol), was added dropwise to a
solution of 3,6-dibromo-9-phenylcarbazole (2.4 g, 6.0 mmol) in dry THF (30 mL)
at —80 °C. The addition was completed in ca. 10 min during which time a white
yellow precipitate was formed. The mixture was allowed to stir for 2 h at —10 °C,
after which a PPh,Cl (2.6 mL, 14 mmol) was added dropwise at —80 °C. The
mixture was gradually brought to room temperature, and stirred for 18 h to give a
white precipitate. The precipitate was filtered, washed with methanol for several
times, and dried in vacuo. The obtained white powder and dichloromethane
(40 mL) were placed in a flask. The solution was cooled to 0 °C and then 30 %
H,0, aqueous solution (8§ mL) was added to it. The reaction mixture was stirred
for 2 h. The product was extracted with dichloromethane, the extracts washed with
brine for three times and dried over anhydrous MgSQO,. The solvent was evapo-
rated to afford a white powder. Recrystallization from dichloromethane/hexane
gave colorless crystals of the titled compound. Yield: 2.0 g (53 %). IR (KBr):
1122 (st, P=0) em™'. '"H NMR (270 MHz, CDCls, 25 °C) § 8.43-8.47 (d,
J =10.8 Hz, 2H; P-C¢Hs), 7.63-7.76 (m, 11H; C4H,S), 7.43-7.60 (m, 18H;
C4H2S) ppm. ESI-Mass (m/z) = 644.2 [M+H]+ Anal. Calcd for C43H31N02P22 C,
78.37; H, 4.85; N, 2.18. Found: C, 78.42; H, 5.00; N, 2.18.

2.2.2.5 General Procedure for the Preparation of Eu(IIl) Coordination
Polymers

Phosphine oxide ligand (1 equiv.) and [Eu(hfa);(H,O),] (1 equiv.) were dissolved
in chloroform—methanol. The solution was refluxed while stirring for 8 h, and the
reaction mixture was concentrated to dryness. A single crystal suitable for X-ray
structural determination of Eu(III) coordination polymer was obtained by the
diffusion method of methanol-chloroform solution at room temperature.
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[Eu(hfa);(dpb)],.. Yield: 65 mg (42 %; for monomer). IR (KBr): 1652 (st,
C=0), 1256-1145 (st, C-F), 1128 (st, P=0) cm~!. ESI-Mass (m/z) = 1045.05
[Eu(hfa),(dpb)]*, 2297.18 [Eu,(hfa)s(dpb),]". Anal. Calcd for [C4sH,7Eu-
F30gP>],: C, 43.18; H, 2.17. Found: C, 43.12; H 2.28.

[Eu(hfa);(dpbp)],. Yield: 98 mg (67 %; for monomer). IR (KBr): 1653 (st,
C=0), 1255-1145 (st, C-F), 1127 (st, P=0) cm~'. ESI-Mass (m/z) = 1120.08
[Eu(hfa),(dpbp)]*, 2447.15 [Eu,(hfa)s(dpbp),]*. Anal. Calcd for [CsHs,Eu-
F30gP>],: C, 46.14; H, 2.35. Found: C, 45.59; H 2.49.

[Eu(hfa);(dpbt)],. Yield: 160 mg (68 %; for monomer). IR (KBr): 1651 (st,
C=0), 1254-1145 (st, C-F), 1128 (st, P=0) cm~'. ESI-Mass (m/z) = 1133.00
[Eu(hfa),(dpbt)]*, 2473.02 [Eu,(hfa)s(dpbt)>]*. Anal. Caled for [C47Hp7Eu-
F,30gP5S,],: C, 42.14; H, 2.03. Found: C, 42.67; H 2.12.

[Eu(hfa)s;(dppcz)],,. Yield: 110 mg (50 %; for monomer). IR (KBr): 1652 (st,
C=0), 1256-1145 (st, C-F), 1128 (st, P=0) cm~'. ESI-Mass (m/z) = 1210.13,
[Eu(hfa),(dppcz)]*, 1853.34, [Eu(hfa),(dppcz),]*. Anal. Calcd for [Cs;H34EuF gN
OgP,],.: C, 48.32; H, 2.42; N, 0.99. Found: C, 47.95; H, 2.77; N, 1.06.

2.2.3 Crystallography

Colorless single crystals of Eu(IIl) coordination polymers were mounted on a glass
fiber using paraffin oil. All measurements were made on a Rigaku Mercury CCD
area detector with graphite monochromated Mo-Ko radiation. All structures were
solved by direct methods (SIR 2004) [16] and expanded using Fourier techniques.
The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
refined using the riding model. All calculations were performed using the Crystal
Structure crystallographic software package except for refinement, which was
performed using SHELXL-97 [17]. The author confirmed the CIF data using the
check CIF/PLATON service.

2.2.4 Optical Measurements

Emission spectra of Eu(Ill) coordination polymers were measured on a JASCO
F-6300-H spectrometer and corrected for the response of the detector system.
Emission lifetimes (17,,,) were measured using the third harmonics (355 nm) of a
Q-switched Nd:YAG laser (Spectra Physics, INDI-50, fwhm = 5 ns, 4 = 1064 nm)
and a photomultiplier (Hamamatsu photonics, R5108, response time <1.1 ns). The
Nd:YAG laser response was monitored with a digital oscilloscope (Sony Tektronix,
TDS3052, 500 MHz) synchronized to the single-pulse excitation. Emission lifetimes
were determined from the slope of logarithmic plots of the decay profiles. The
emission quantum yields excited at 380 nm (P, were estimated using JASCO
F-6300-H spectrometer attached with JASCO ILF-533 integrating sphere unit
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Fig. 2.2 JASCO ILF-533
integrating sphere unit

(¢ = 100 mm, Fig. 2.2). The wavelength dependences of the detector response and
the beam intensity of Xe light source for each spectrum were calibrated using a
standard light source.

The photophysical properties of the Eu(IIl) coordination polymers in the solid
state were investigated from estimation of the 4f—4f emission quantum yields
(®1,), and the radiative (k) and nonradiative (k,,) rate constants from the radiative
(1r20) and observed lifetimes (7). The radiative lifetime is defined as an ideal
emission lifetime without nonradiative processes. The radiative and observed
lifetimes are expressed by

1
Trad = E (21)

1
obs — 2.2
e 22)

®; ., k;, and k,, of the Eu(Ill) compounds are given by
kr obs

B, = = Lob (2.3)

kr + knr Trad

Lo
= Aupon’ < - t) (2.4)

Iup

1

Trad

(2.5)

1 1

knr -
Tobs Trad

(2.6)
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where Anip o is the spontaneous emission probability for the >Do—"F; transition in
vacuo (14.65 s_l), n is the refractive index of the medium (an average index of
refraction equal to 1.5 was employed [18] ), and (I,o/Ipmp) 1S the ratio of the total
area of the corrected Eu(Ill) emission spectrum to the area of the SDy-F, band.

2.3 Results and Discussion
2.3.1 Coordination and Network Structures

Single crystals of Eu(IIl) coordination polymers with phosphine oxides,
[Eu(hfa)s(dpb)],, [Eu(hfa)s(dpbp)l,, [Eu(hfa)s(dpbt)l,, and [Eu(hfa)s(dppez)l,
were successfully prepared for X-ray single crystal analyses by the diffusion
method using methanol-chloroform solutions. The resulting crystal data are
summarized in Fig. 2.3 and Table 2.1. The ORTEP views show that the phosphine
oxide ligand acts as a bidentate bridge between lanthanide ions in one-dimensional
polymeric chains. The coordination sites of [Eu(hfa);(dpb)],, [Eu(hfa);(dpbp)l,,
[Eu(hfa);(dpbt)],,, and [Eu(hfa);(dppcz)],, comprise three hfa ligands and two
phosphine oxide units. Their structures are categorized as an octa-coordinated
square antiprism with no inverted center in the crystal field, so that enhancement of
their luminescence properties is expected with allowed electronic transition
probabilities [19, 20].

Selected bond lengths between Eu(Ill) ions and oxygen atoms in coordination
sites (Eu—O and Eu-Eu distances) are summarized in Table 2.2. The Eu-Eu dis-
tances of [Eu(hfa)s;(dpb)],, [Eu(hfa);(dpbp)l,, [Eu(hfa);(dpbt)],, and [Eu(hfa)s
(dppcz)], were determined 9.91, 10.36, 10.60, and 11.76 A, respectively. These
distances may be longer than the critical distance for nonradiative dipole-dipole
energy transfer between Eu(Ill) ions. Average Eu—O distances between Eu(IlI)
ions and oxygen atoms of phosphine oxide ligands in [Eu(hfa);(dpb)l,,
[Eu(hfa);(dpbp)l,, [Eu(hfa);(dpbt)], and [Eu(hfa);(dppcz)],, were estimated to be
2.31, 2.32, 2.31, and 2.30 A, respectively, which are shorter than the Eu-O dis-
tances of hfa ligands in [Eu(hfa);(dpb)], (2.41 A), [Eu(hfa);(dpbp)], (2.42 A),
[Eu(hfa);(dpbt)],, (2.41 A), and [Eu(hfa);(dppcz)],, (2.42 A). These results indicate
that the coordination ability of phosphine oxide is stronger than that of the hfa
ligands. The strong coordination ability of phosphine oxide in Eu(IlI) complexes
has been reported. The tight-coordination of phosphine oxide molecules with low
vibrational frequency (P=0: 1120 cm™ ") prevents coordination of high-vibrational
molecules such as water, which results in enhancement of their luminescence
properties.

X-ray analyses also reveal intermolecular interactions between one-dimensional
polymeric chains (Fig. 2.4). Two CH/F interactions in one unit were identified for
[Eu(hfa)s(dpb)],, [Eu(hfa)s(dpbp)l,, [Eu(hfa)s(dpbt)l,. and [Eu(hfa)s(dppez)l,.
Remarkable CH/n interactions in the polymer chains of [Eu(hfa);(dpbp)l,,
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Fig. 2.3 ORTEP drawings (showing 50 % probability displacement ellipsoids) of
a [Eu(hfa)3(dpb)],,, b [Eu(hfa);(dpbp)l,,, ¢ [Eu(hfa);(dpbt)],, and d [Eu(hfa);(dppcz)],

[Eu(hfa);(dpbt)],, and [Eu(hfa);(dppcz)],, were observed. The author considers
that tight-binding structures composed of Eu(IIl) ions and phosphine oxide result
in the excellent thermogravimetric and emission properties.
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Table 2.1 Crystal data of Eu(Ill) coordination polymers
[Eu(hfa);(dpb)], [Eu(hfa);(dpbp)], [Eu(hfa);(dpbt)], [Eu(hfa)s(dppcz)l,

Chemical C4sHa7F 808P, CsoHz Fi30gPs Cy47H37F1808P5S,  Cs7H34F 1sNOgP,

formula Eu Eu Eu Eu

Formula weight 1251.58 1339.69 1339.72 1416.78

Crystal color, Colorless, prism Colorless, prism  Colorless, prism  Colorless, prism
habit

Crystal system Triclinic Monoclinic Monoclinic Monoclinic

Space group P-1 (#2) C2/c (#15) C2/c (#15) P2,/n (#14)

alA 12.610(3) 23.477(4) 22.786(2) 12.3580(14)

bIA 13.622(3) 13.367(2) 13.6381(8) 21.170(2)

c/A 15.282(3) 17.168(3) 17.0846(11) 22.482(3)

o/deg 71.928(8)

pldeg 79.279(9) 97.5749(8) 103.0178(15) 99.6974(5)

y/deg 81.346(9)

VIA? 2439.99) 5340.5(16) 5172.8(7) 5797.6(11)

Z 2 4 4 4

deadlg cm™> 1.703 1.666 1.720 1.623

T/°C —123 + 1 —123 + 1 —123 + 1 —123 + 1

u (Mo Ka)/em™  14.676 13.472 14.685 12.465

Max 20/deg 55.0 55.0 55.0 55.0

No. of measured 19890 21091 20459 45925
reflections

No. of unique 10984 6099 5928 13215
reflections

R (I > 20(I)* 0.0335 0.0266 0.0258 0.0319

Ry (I > 26())° 0.0949 0.0668 0.0689 0.0796

AR =X IF| = IF I IF, |
PR, = [(Z w (IF| — IFD*Z w F2))"?

Table 2.2 Selected bond lengths (A) of Eu(IIl) coordination polymers

Bond [Eu(hfa); [Eu(hfa); [Eu(hfa); [Eu(hfa);
(dpb)1, (dpbp)], (dpb0)], (dppez)],
Eu—-01 (P=0) 2.307 2.319 2.314 2.321
Eu—-02 (P=0) 2.312 2.319 2.314 2.284
Average bond 2310 2319 2314 2.303
length
Eu—-03 (C=0) 2.457 2.416 2.407 2.420
Eu—04 (C=0) 2.362 2.423 2.413 2.404
Eu—-05 (C=0) 2.407 2.411 2.407 2.408
Eu—06 (C=0) 2.409 2.411 2.413 2.446
Eu—07 (C=0) 2.424 2.416 2.398 2.392
Eu—-08 (C=0) 2.399 2.423 2.398 2.445
Average bond 2.410 2417 2.406 2.419
length

Eu—Eu 9.910 10.367 10.602 11.755
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Fig. 2.4 Crystal structures of
[Eu(hfa);(dppcz)], focused
on the intermolecular
interactions between one-
dimensional polymeric
chains. Dashed lines denote
CH/F and CH/x interactions.
Two CH/F interactions (dcp,
F = 2.62 A (H18-F20),

2.74 A (H26-F11)) and one
CH/r interaction

(dewm = 3.07 A (H13-Arl))
are displayed

Fig. 2.5 TGA thermograms
of a [Eu(hfa);(biphepo)],

b [Eu(hfa)s(dpb)],,

¢ [Eu(hfa)s(dpbp)],.,

d [Eu(hfa);(dpbt)],, and

e [Eu(hfa);(dppcz)], under an
argon atmosphere
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To estimate the thermal stability of Eu(IIl) coordination polymers, TGA and DSC
were conducted. Decomposition points from the TGA thermograms are 261, 308,
and 300 °C for [Eu(hfa);(dpb)],, [Eu(hfa);(dpbp)l,, and [Eu(hfa)s;(dppcz)l,,
respectively (Fig. 2.5). In contrast, the decomposition point of the reported Eu(III)
complex, [Eu(hfa)s;(biphepo)] (biphepo: 2,2’-bis(diphenylphosphoryl)biphenyl),
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Fig. 2.6 Photographs of a [Eu(hfa);(biphepo)] and b [Eu(hfa);(dpbp)], after heating at 300 °C
for 10 min under UV irradiation

was found to be 230 °C. The high thermal stability of [Eu(hfa);(dpbp)], and
[Eu(hfa);(dppcz)],, might be due to their tight-binding structures supported by a
combination of CH/F and CH/x interactions (Fig. 2.4). The binding energies of
CH/F (hydrogen bond) and CH/r interactions are generally known to be 10-30 and
2-10 kJ mol ™", respectively [21]. The author considers that a combination of both
CH/F and CH/rn interactions in coordination polymers is effective for the con-
struction of thermostable luminophore compounds. As displayed in Fig. 2.6,
[Eu(hfa);(dpbp)],, after heating at 300 °C for 10 min exhibits brilliant red lumi-
nescence under UV irradiation (excitation at 365 nm), whereas [Eu(hfa);(bip-
hepo)] does not emit photons owing to thermal decomposition at 230 °C. The
enhanced photostability of organic molecules containing hydrogen bonds has been
reported [22]. In the author’s system, high photostability of [Eu(hfa);(dpbp)],, has
been also observed under UV irradiation. The DSC thermograms of
[Eu(hfa);(dpb)],,, [Eu(hfa); (dpbp)],., and [Eu(hfa);(dppcz)],, show that exothermic
peaks based on the decomposition points and endothermic peaks corresponding to
melting points were observed (Fig. 2.7). Thus, the Eu(IIl) coordination polymers
exhibit thermal behavior similar to polymer compounds.

2.3.3 Photophysical Properties

Steady-state emission spectra of the Eu(Ill) coordination polymers in the solid
state are shown in Fig. 2.8 (right). Emission bands were observed at around 578,
591, 613, 650, and 698 nm, and are attributed to the f—f transitions of >Dy—'F, with
J =0, 1,2, 3, and 4, respectively. The emission band at 613 nm (5D0—7F2) is due
to electric dipole transitions, which is strongly dependent on the coordination
geometry. Their time-resolved emission profiles revealed single-exponential
decays with millisecond scale lifetimes. The observed emission lifetimes from Dy
excited level (1) were determined from the slopes of logarithmic decay profiles.
The emission lifetimes of [Eu(hfa);(dpb)],, [Eu(hfa);(dpbp)]l,, and [Eu(hfa);
(dppcz)],, were determined to be 0.93, 0.85, and 0.93 ms, respectively (Fig. 2.9).
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Fig. 2.7 DSC thermograms
of a [Eu(hfa);(dpb)],,
b [Eu(hfa);(dpbp)l..,
¢ [Eu(hfa);(dpbt)],,, and
d [Eu(hfa)s(dppcz)], (a) j\—‘
v
2
£
o |(b)
=
O
T
=
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The photophysical properties of the Eu(Ill) coordination polymers in the solid
state are summarized in Table 2.3. The 4f—4f emission quantum yields (@ ,) [18,
23, 24] for [Eu(hfa);(dpb)],, [Eu(hfa);(dpbp)]l,, and [Eu(hfa);(dppcz)], were
estimated to be 70, 72, and 83 %, respectively. These quantum yields are
approximately four times larger than that for [Eu(hfa);(H,O),] [25, 26], and
similar to that reported for [Eu(hfa)s;(biphepo)] (P, = 73 % in the solid state),
which have been reported as high luminescent Eu(III) complexes. According to the
photosensitized energy transfer efficiency (#s.ns) calculated from @y, (excited at
465 nm) and @, (excited at 380 nm), [Eu(hfa); (dppcz)], are approximately five
times larger than that for reported [Eu(hfa);(H,O),]. Since absorption band at
380 nm is assigned to a m—n* transition of hfa ligand (Fig. 2.8 left), these results
suggest that the photosensitized energy transfer from hfa ligands to Eu(IIl) ions is
enhanced in the coordination polymers, in particular, [Eu(hfa);(dppcz)],..

The nonradiative rate constants (k) for the Eu(Ill) coordination polymers
(1.8-3.3 x 10 s™") were approximately ten times smaller than that for
[Eu(hfa);(H,0),] (3.7 x 10* s71). The smaller k,, for the Eu(Ill) coordination
polymers is attributed to the structural rigidity and low-vibrational frequencies in
the crystal lattice. Our research group has previously reported that the nonradiative
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Fig. 2.8 Left: Diffuse-reflectance absorption spectra of [Eu(hfa);(dpb)], (line 1), [Eu
(hfa);(dpbp)],, (line 2), [Eu(hfa);(dppcz)], (line 3), and [Eu(hfa);(H,O),] (dot line 4) in the
solid state. The absorption bands at 310 nm are attributed to a 7-7* transition of the hfa lilgands.
The small bands at 465 nm are assigned to the "Fy_sD» transition in the Eu(IIl) ion. Right:
Emission spectra of [Eu(hfa);(dpbp)],,, [Eu(hfa);(dppcz)],,, and [Eu(hfa);(dpb)], in the solid state.
Excitation wavelength is 465 nm. The spectra were normalized with respect to the magnetic
dipole transition (°Dy-"F))
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Fig. 2.9 The decay profiles of a [Eu(hfa);(dpb)],,, b [Eu(hfa);(dpbp)],,, and ¢ [Eu(hfa);(dppcz)],
in the solid state

transitions of lanthanide complexes are caused by the high-vibrational frequency
of O-H bonds, such as in water and alcohol. k. for [Eu(hfa);(biphepo)] is similar
to those of [Eu(hfa);(dpb)],, [Eu(hfa);(dpbp)],, and [Eu(hfa);(dppcz)],,. We con-
sider that introduction of the LVF phosphine oxide ligand as a linker part in the
polymer chains is effective for preparation of luminophores with high thermal
stabilities and emission quantum yields.



2.3 Results and Discussion 29

Table 2.3 Photophysical and thermal properties of Eu(IlI) compounds in the solid state

Compound interaction Decomp. Photophysical properties

s ob
POIHU C Tobs / Trad / (an (ptot y]sens / kr /s_l d knr /S_l d
ms* ms¢ /%Y /%t Bt

[Eu(hfa); — 2208 022" 1.1% 190 2.6 130 8.8 x 10> 3.7 x 10°
(H20),]
[Eu(hfa); — 230 094 13 73 21 29 7.8 x 10> 2.8 x 10°
(biphepo)]
[Eu(hfa); CH/F 261 093 13 70 31 44 7.5 x 10% 3.3 x 10?
(dpb)l,,
[Eu(hfa); CH/F, 308 085 12 72 29 40 8.5 x 10> 3.2 x 10°
(dpbp)l,. CH/n
[Eu(hfa); CH/F, 300 093 1.1 8 53 64 8.9 x 10> 1.8 x 10?
(dppcz)], CH/n

# From X-ray single crystal analyses (Fig. 2.4)

° From TGA thermograms (Fig. 2.5)

¢ Emission lifetime (7o) of the Eu(Ill) coordination polymer were measured by excitation at
355 nm (Nd:YAG 3w)

4 Calculation methods are described in Experimental section

¢ Total emission quantum yield (excitation at 380 nm)

f Photosensitized energy transfer efficiency #sens = Pror /PrLn

2 From Ref. [18]

" From Ref. [25]

Fig. 2.10 The conceptual
diagram in Chap. 2

New Orgardo-phosphor

with heafldurability

2.3.4 Conclusions

The thermostable luminophores composed of Eu(Ill) coordination polymers were
successfully synthesized (Fig. 2.10). In particular, [Eu(hfa);(dppcz)],, exhibits both
high emission quantum yields (@1, = 83 %) and remarkable thermal stability
(decomposition point =300 °C) due to a tight-binding structure composed of
Eu(Il) ions and low-vibrational phosphine oxide, although many types of
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luminescent organic dyes are generally decomposed at temperatures under 200 °C.
The emission quantum yields of the author’s coordination polymers are similar to
those of strong-luminescent coordination polymers in former chapters. Reported
new luminophores are expected to employ in optics applications such as lumi-
nescent plastics, displays, and opto-electronic devices.
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Chapter 3

Chameleon Luminophore for a Wide
Range Temperature-Sensor Composed
of Lanthanide Coordination Polymers

3.1 Introduction

In the fields of fluid dynamics, aeronautical engineering, environment engineering,
and energy technology, it is critical to accurately measure the physical parameters
of a material surface [1]. Optoelectronic devices have generally been employed as
temperature and pressure sensors [2]. However, their sensing area is limited to a
single point on a surface. There is a need to measure entire surfaces and obtain
multidimensional data for mapping surfaces. There are high expectations that
materials for surface measurements, such as temperature and pressure-sensitive
dyes, will overcome this intrinsic limitation of optoelectronic devices.

The author proposes a new idea to employ the temperature-dependent energy
transfer process in lanthanide complexes for thermosensing in this chapter. First,
the author seeks to design temperature-sensitive dyes using luminescent lanthanide
complexes. Lanthanide complexes exhibit characteristic luminescence with narrow
emission bands and long emission lifetimes as described in Chap. 1 [3—11], which
make them suitable for use in sensing devices. In 2003, Amao reported the first
temperature-sensitive dye that employed Eu(IIl) complex in a polymer film [12].
Khalil demonstrated the high performance of Eu(IIl) complex for tempera-
ture-sensitive paint (temperature sensitivity: 4.42 % OC_l) [13]. Katagiri has
reported Tb(II) complex, Tb(hfa);(H,O), (hfa: hexafluoroacetylacetonato), that is
suitable as a temperature-sensing probe since it exhibits effective back energy
transfer (BEnT) from the emitting level of the Tb(III) ion to the excited triplet state
of the hfa ligand [14]. Since BEnT depends on the energy barrier of the process,
the emission intensity varies with temperature.

To improve the thermosensing performance, it is necessary to develop a ther-
mostable structure for high temperature sensing and to implement a dual sensing
unit for a high sensing ability. First, the author focused on a lanthanide coordination
polymer to produce a thermostable structure based on the findings of Chap. 2.
Introducing Tb(III) ion and hfa ligands to coordination polymer frameworks will
produce a Tb(III) coordination polymer that can be used as a temperature-sensing
probe. The triplet state of hfa (22,000 cm ™) is very close to the emitting level of the
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(a)

Ligand
excitation

3dn

Fig. 3.1 a A schematic representation of energy transfer processes of Eu(IIl) and Tb(III)
coordination polymer (EnT energy transfer, BEnT back energy transfer, Em emission). b Chemical
structure of [Ln(hfa);(dpbp)], (Ln = Eu, Tb)

Tb(ID) ion (20,500 cm™ ), resulting in effective EnT1 and BEnT and thus
high-performance thermosensing dyes (Fig. 3.1a and 3.2). The author also selected
low-vibrational frequency phosphine oxide as the linking part in the Tb(III) coor-
dination polymer because lanthanide complexes with high emission quantum yields
composed of hfa and bidentate phosphine oxide ligands were described in former
chapters. Second, the author attempted to impart ratiometric temperature sensing by
using luminescent Eu(IIl) and Tb(III) ions in coordination polymer frameworks to
realize a high thermosensing ability. Two independent emission bands are expected
to enable more accurate thermal measurements than a previous single lanthanide
complex [15-18]. Their emission intensities may be also dependent on the tem-
perature based on the energy transfer from Tb(III) to Eu(Ill), EnT2 (Fig. 3.1a).
Temperature-sensitive dyes with a thermostable structure and dual sensing units
have not been previously reported.

In this chapter, the author reports a novel thermosensing dye that consists of a
lanthanide coordination polymer; [Ln(hfa)s;(dpbp)], (dpbp: 4,4’-bis(diphenyl-
phosphoryl)biphenyl, Ln = Eu, Tb), as shown in Fig. 3.1b. Its thermal stability
and luminescence properties are characterized by thermogravimetric analysis
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(TGA) and by emission quantum yield and emission lifetime measurements. This
coordination polymer has a high emission quantum yield (P, =40 % for
[Tb(hfa);(dpbp)],, at room temperature) and a temperature sensitivity over a wide
temperature range of 200-500 K. The thermosensing dye composed of Tb(III) and
Eu(Ill) coordination polymers is expected to open up new fields in the molecular
chemistry of temperature-sensing materials.

3.2 Experimental Section
3.2.1 General

All chemicals were reagent grade and were used without further purification.
Infrared spectra were recorded on a JASCO FT/IR-350 spectrometer. Mass spectra
were measured using a JEOL JMS-T100LP. Elemental analyses were performed
on a Yanaco CHN corder MT-6. Inductively coupled plasma (ICP) emission
spectroscopy was performed on a Shimadzu ICPE-9000. Thermogravimetric
analyses were performed on a MAC TG-DTA 2000 in an argon atmosphere at a

heating rate of 1 °C min~".

3.2.2 Syntheses

3.2.2.1 Preparation of [Tb(hfa);(dpbp)],

Phosphine oxide ligand (70 mg, 0.13 mmol) and Tb(hfa);(H,O), (120 mg,
0.14 mmol) were dissolved in methanol (15 mL). The solution was refluxed while
stirring for 2 h to give a white precipitate. The precipitate was filtered, washed
with methanol and chloroform for several times, and dried in vacuo.
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Yield: 105 mg (63 %). IR (KBr): 1653 (st, C=0), 1253-1142 (st, C-F), 1125
(st, P=0) cm ™!, ESI-Mass (m/z) = 1127.05 [Tb(hfa),(dpbp)]*. Anal. Calcd. for
[CsiH3,F305 P,Tb],: C, 45.90; H, 2.34. Found: C, 45.76; H 2.48.

3.2.2.2 Preparation of [Thgo9Euy o;(hfa);(dpbp)l,

Phosphine oxide ligand (1.0 eq), Tb(hfa);(H,O), (0.99 eq), and Eu(hfa);(H,0),
(0.01 eq) were dissolved in methanol. The solution was refluxed while stirring for
2 h to give a white precipitate. The precipitate was filtered, washed with methanol
and chloroform for several times, and dried in vacuo.

To determine a Eu:Tb ratios of [Tb,Eu,_(hfa);(dpbp)],, ICP-AES was con-
ducted. ICP samples were prepared by thoroughly drying [Tb,Eu;_,(hfa);(dpbp)],,
then digesting the samples to concentrated (60 %) HNO; and diluting to 1.2 %
HNOs;. Calibration standards were made by diluting 1000 ppm standards of both
Eu and Tb (purchased from Kanto Chemical) over the range of 0.0-1.0 ppm for
each. Calibration curves for high and low concentrations were made for three
emission wavelengths because instrument response was not linear over the broad
range of concentrations required to accurately determine small x values. Three
emission wavelengths for each Eu (381.967, 412.970, and 420.505 nm) and Tb
(350.917, 367.635, and 384.873 nm) were measured. Concentrations were calcu-
lated from the emission intensities for the three Eu and three Tb wavelengths for
each sample were converted to concentrations using the appropriate calibration
curves and averaged. These analyses revealed a ratio of Eu:Tb = 0.9:99.1 (calcd.
1:99).

3.2.3 Optical Measurements

Emission spectra were recorded on a JASCO F-6300-H spectrometer and corrected
for the response of the detector system. Emission lifetimes (7o) Were measured
using the third harmonics (355 nm) of a Q-switched Nd:YAG laser (Spectra
Physics, INDI-50, fwhm = 5 ns, 4 = 1064 nm) and a photomultiplier (Ham-
amatsu photonics, R5108, response time < 1.1 ns). The Nd:YAG laser response
was monitored with a digital oscilloscope (Sony Tektronix, TDS3052, 500 MHz)
synchronized to the single-pulse excitation. Emission lifetimes were determined
from the slope of logarithmic plots of the decay profiles. The emission quantum
yields of [Tb(hfa);(dpbp)], excited at 380 nm (PD,,,) were estimated using JASCO
F-6300-H spectrometer attached with JASCO ILF-533 integrating sphere unit (¢
= 100 mm). The wavelength dependences of the detector response and the beam
intensity of Xe light source for each spectrum were calibrated using a standard
light source. Emission spectra at low temperature (77-300 K) were measured with
a nitrogen bath cryostat (Oxford Instruments, Optistat DN) and a temperature
controller (Oxford, Instruments, ITC 502S). As displayed in Fig. 3.3, emission
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Fig. 3.3 Experimental setup of optical measurements at high temperature

spectra at high temperature (300-500 K) were measured using an electrical hot
plate equipped with a digital temperature indicator, and an Ocean Optics multi-
channel Analyzer USB4000 corrected for the response of the detector system.

3.3 Results and Discussion

3.3.1 Syntheses and Characterization of Eu/Tb Coordination
Polymer

[Ln(hfa);(dpbp)],, and [Tbg goEug o (hfa);(dpbp)], (Ln = Eu, Tb) were synthesized
by complexing phosphine oxide ligands (dpbp) and Ln(hfa);(H,O), in methanol
for 2 h. The structure of [Eu(hfa);(dpbp)],, was determined by X-ray single crystal
analyses as described in Chap. 2. Phosphine oxide ligands acted as a bidentate
bridge between lanthanide ions in one-dimensional polymeric chains. The coor-
dination sites of [Eu(hfa);(dpbp)],, comprised three hfa ligands and two phosphine
oxide units. This coordination structure was categorized as an octa-coordinated
square antiprism. The powder XRD spectra of [Eu(hfa);(dpbp)l,,
[Tb(hfa);(dpbp)],,, and [TbggoEug o;(hfa);(dpbp)], are shown in Fig. 3.4. The
XRD patterns of [Tb(hfa);(dpbp)],, and [Tbg goEuy o1(hfa)z(dpbp)],, are the same as
that of [Eu(hfa);(dpbp)],., because of their ionic radii (Eu'™: 0.95 A, Tb™: 0.92 A).
These results indicate that the coordination structures of [Tb(hfa);(dpbp)],, and
[Tbg.99Eug o1 (hfa)s;(dpbp)],, are much similar to that of [Eu(hfa);(dpbp)],.

To evaluate the thermal stability of lanthanide coordination polymers, the
author conducted thermogravimetric analyses (TGA) in an argon atmosphere at a
heating rate of 1 °C min~' (Fig. 3.5). Their TGA thermograms revealed that
[Eu(hfa);(dpbp)],, and [Tb(hfa);(dpbp)],, have decomposition points of 308 and
317 °C, respectively (Table 3.1). In contrast, the decomposition point of Tb(III)
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Fig. 3.4 Powder XRD
patterns of

a [Eu(hfa)s(dpbp)],,

b [Tb(hfa);(dpbp)],, and

¢ [Tbg.goEug 1 (hfa)3(dpbp)],
coordination polymers

Fig. 3.5 TGA thermograms
of a Tb(hfa);(H,0),,

b [Tb(hfa);(dpbp)],,

¢ [Eu(hfa);(dpbp)],, and

d [Tby.99Euq o1 (hfa);(dpbp)],
in an argon atmosphere at a
heating rate of 1 °C min~"
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complex, Tb(hfa);(H,O), was found to be 177 °C. The high thermal stability of
[Eu(hfa);(dpbp)],, and [Tb(hfa);(dpbp)], might be due to their tight-binding
structures in coordination polymer units as described in Chap. 2 [19].
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Table 3.1 The emission and thermal properties of Ln(III) compounds in the solid state

Decomp. B /%"  Top/ms™®  E, kI AGH Temp. sensitivity/

point/ °C mol™' ¢ kImol™' % °c'd
Tb(NO5), _ - 0.86 _ _ <0.03
Tb(hfa);(H,0), 177 27 0.37 33 57 0.70
[Tb(hfa)s(dpbp)], 317 40° 0.35 24 58 0.64
[Eu(hfa);(dpbp)], 3082 720 0.85¢ - - <0.05

# At room temperature. ® Emission lifetimes (o) were measured by excitation at 355 nm
(Nd:YAG 3w). © From the slope of the Arrhenius plot (Fig. 3.7). 9 In the temperature range of
200-300 K. © Excited at 380 nm. " Excited at 465 nm. & From Chap. 2

Temperature-dependent emission spectra of Tb(NO3)3, [Tb(hfa);(dpbp)],., and
[Eu(hfa);(dpbp)],, in the solid state are shown in Fig. 3.6. The emission intensities
of [Tb(hfa);(dpbp)],, decreased dramatically with increasing temperature. In con-
trast, changes of the emission intensities of Tb(NOj3); and [Eu(hfa);(dpbp)],, were
not observed. The energy gaps between the emitting level of the lanthanide ion and
the excited triplet state of the hfa ligand in [Tb(hfa);(dpbp)], and
[Eu(hfa);(dpbp)],, are 1700 and 4900 cm™!, respectively [14, 20]. When the
energy gap is less than 1850 cm ™', the BEnT from lanthanide ion to the ligands is
enhanced [21]. Therefore, the combination of Tb(III) ions with hfa ligands should
lead to a condition for enhancement of BEnT, resulting in a high-temperature
sensitivity.

The temperature-dependence of the BEnT rate is expected to follow an
Arrhenius type equation with an energy barrier E,. To analyze the BEnT mech-
anism in detail, the author attempted to estimate the back energy transfer rates
(kpack) using kinetic analysis. kp,cr 1S assumed to obey the following Arrhenius
type equation:

1 1 E,
In kpger = In (Tobs T77K) InA BT (3.1)
where Tops, T771, A, E4 R, T are emission lifetime, emission lifetime at 77 K,
frequency factor, activation energy, gas constant, and temperature, respectively.
This assumption is supported by the findings of Blasse and Grabmaier [22]. In
order to estimate E, using Eq. (3.1), the author measured the temperature-
dependences of the emission lifetimes of Tb(hfa);(H,O), and [Tb(hfa);(dpbp)],.
Figure 3.7 shows the temperature-dependences of the emission lifetimes and the
Arrhenius plots for k.. and Table 3.1 lists the calculated activation energy E,, and
the activation Gibbs function AG* values. The author found that E, and AG* of
[Tb(hfa);(dpbp)],, are similar to those of Tb(hfa);(H,O),. These results indicate
that phosphine oxide ligands might not affect to the back energy transfer rate.
The emission and thermosensing properties of lanthanide coordination poly-
mers in the solid state are also summarized in Table 3.1. The emission quantum
yields (@) for Tb(hfa);(H,O), and [Tb(hfa);(dpbp)], were estimated to be 27 and
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Fig. 3.6 Temperature-dependent emission spectra of a [Tb(hfa);(dpbp)],. b Tb(NOs3);, and
¢ [Eu(hfa);(dpbp)], in the solid state in the temperature range of 200-300 K (1x = 380 nm)
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Fig. 3.7 a Temperature-dependences of emission lifetimes and b Arrhenius plots for back
energy transfer rate constants of Tb(hfa);(H,O), (@) and [Tb(hfa);(dpbp)], (M)

40 % at room temperature, respectively. The quantum yields of [Tb(hfa);(dpbp)],
are approximately 1.5 times larger than that of Tb(hfa);(H,0O),. The phosphine
oxide ligands should contribute to the enhanced emission of the Tb(IIl) coordi-
nation polymer since they should suppress vibrational relaxation.
[Tb(hfa);(dpbp)],, is the best dye in the view point of high-performance of ther-
mosensing dyes.
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Fig. 3.8 a Temperature-dependent emission spectra of [Tbg g9Eug o;(hfa);(dpbp)], in the solid
state in the temperature range of 200—450 K (/.x = 380 nm). b Color pictures of the samples
under UV (365 nm) irradiation. ¢ Temperature-dependence of the energy transfer efficiency

(N1b-gu) Of [TbggoEug o (hfa)s(dpbp)],

3.3.2 Temperature-Dependent Photosensitized
Luminescence of Eu/Tb Coordination Polymer

In order to investigate the ratiometric temperature-sensing properties of coordi-
nation polymers, [Tbgg9Eug o;(hfa);(dpbp)],, containing Tb(III) and Eu(IIl) ions
was prepared. Temperature-dependent emission spectra of [TbggoEug o
(hfa);(dpbp)], in the solid state in the temperature range of 200—450 K are shown
in Fig. 3.8a, and color pictures of the samples are displayed in Fig. 3.8b. The
characteristic emission bands at 543 and 613 nm are attributed to the f—f transi-
tions of Tb(IIl) (°D,~Fs) and Eu(Ill) (°Dy-'F>), respectively. The emission
intensities at 543 nm dramatically decreased with increasing temperature. In
contrast, the emission intensities at 613 nm slightly increased. [TbggoEug o;(h-
fa);(dpbp)],, exhibits brilliant green, yellow, orange, and red photoluminescence
under UV irradiation (365 nm) at 250, 300, 350, and 400 K, respectively. The
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Fig. 3.9 a Emission spectra of [Tbgog9Eugoi(hfa);(dpbp)],, in the solid state at 500 K
(Aex = 365 nm). Photograph emission of [TbggoEugoi(hfa);(dpbp)], under UV (365 nm)
irradiation at 500 K. b The relationship between the ratio of the two emission intensities (/g,/
Itp) and temperature

author achieved color tuning of the coordination polymers in response to tem-
perature changes.

The temperature sensitivity for [TbggoEug ¢;(hfa);(dpbp)], (0.83 % °C_1) is
higher than that for [Tb(hfa);(dpbp)],, (0.64 % °C~"). This result indicates that the
energy is transferred to both the excited triplet state of the hfa ligands (BEnT) and
to the Eu(Ill) ion from the emitting level of the Tb(III) ion. The energy transfer
from Tb(IIl) to Eu(Ill) strongly depends on the temperature, giving rise to tem-
perature-dependent ratios of the luminescence intensities of the Tb(II) emission
bands and the Eu(III) emission bands. The energy transfer can be explained by the
Forster mechanism. The energy transfer efficiency from the Tb(III) to Eu(IIl) ion
(WTb-Eu) 18 calculated from the following equation [23]:

TO N
Nb—gu = 1 — ( > > (3.2)

TTb

where T,,s and 11, are the emission lifetimes of [Tbgg9Eug o1(hfa);(dpbp)], and
[Tb(hfa);(dpbp)],., respectively. The relation between #r,_g, and the temperature
(200-300 K) are shown in Fig. 3.8c. The values of #1,_g, at 200, 250, 275, and
300 K are estimated to be 1, 19, 26, and 38 %, respectively. §1,_g, 1S increased
with increasing temperature. The author considered that the energy transfer occurs
both to the excited triplet state of hfa ligands and to the Eu(Ill) ion.
[Tbg.g9Eug o1 (hfa);(dpbp)],, exhibits dual emission under UV irradiation even at
500 K as shown in Fig. 3.9a. It is also possible to monitor the temperature changes
by using the ratios of the luminescence intensities of the Tb(III) emission bands
and the Eu(IIl) emission bands (Fig. 3.9b). The author also demonstrated that the
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luminescent reversibly undergo repeated thermo-cycles. The reversible changes of
emission intensity ratio of Eu(lll) and Tb(Ill) (g /It,) of [TbgooEug o1
(hfa);(dpbp)],, are observed by the alternative thermo-cycles in the range of 300
and 400 K (Fig. 3.10). The changes in the emission intensity ratio are stably
repeated between the Ig,/It, values of 1.0 (300 K, yellow emission) and 8.7
(400 K, red emission). Thus, the author successfully synthesized an effective
luminophore with a wide temperature sensing range of 200 to 500 K.

3.4 Conclusions

A novel thermosensing dye; “chameleon luminophore” (Fig. 3.11) composed of a
lanthanide coordination polymer was successfully synthesized. This coordination
polymer is thermally stable and exhibits a high emission quantum yield
(Do = 40 % for [Tb(hfa);(dpbp)], at room temperature) and a temperature sen-
sitivity over a wide temperature range of 200-500 K. The results obtained in this
study will provide insights for designing lanthanide coordination polymers for
developing temperature-sensing devices based on their luminescence. In future,
the chameleon luminophore [TbgooEug oi(hfa);(dpbp)], are expected to be
promising candidates for temperature-sensitive dyes, which are used for temper-
ature distribution measurements of material surfaces such as an aerospace plane in
wind tunnel experiments. Such lanthanide coordination polymers with thermo-
sensing properties have the potential to open up new fields in supramolecular
chemistry, polymer science, and molecular engineering.
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Fig. 3.11 The conceptual
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Chapter 4

Characteristic Structures

and Photophysical Properties of Nona-
Coordinated Eu(III) Complexes

with Tridentate Phosphine Oxides

4.1 Introduction

Lanthanide complexes with characteristic narrow emission bands and long emission
lifetimes have been regarded as attractive luminescent materials for use in elec-
troluminescent (EL) devices [1-4], lasers [5], and luminescent biosensing appli-
cations [6—10]. The coordination number of lanthanide ions in solution varies from
eight to twelve, depending on the nature of the ligating molecules [11]. Specific
coordination structures result in lanthanide complexes with strong luminescence
[12-14]. As described in Chap. 1, the coordination structure of the lanthanide
complex dominates the characteristics of the two main parameters that describe the
luminescence properties, namely, the radiative (k) and nonradiative rate constants
(kyy). Firstly, the radiative rate constants observed for lanthanide complexes greatly
depend on the geometrical symmetry of the coordination structure. Richardson has
estimated the transition intensity parameters of lanthanide complexes on the basis of
the ligand field [15]. Binnemans has proposed evaluation of intensity enhancement
versus symmetry and polarization by using Judd—Ofelt analysis [16]. Since these
studies, it has been widely accepted that the radiative transition probability between
the 4f orbitals is enhanced by reducing the geometrical symmetry of the coordination
structures [17—19]. Secondly, the emission properties of lanthanide complexes also
depend on their vibronic properties, which dominate the kinetics of nonradiative
transitions. According to the energy gap theory, nonradiative transitions are pro-
moted by ligands and solvents with high-frequency vibrational structures [20]. For
these reasons, lanthanide complexes with large k. and small k,. constants are the
most favorable for strongly luminescent materials. Additionally, efficient energy
transfer from the various ligand states [singlet, triplet, and intraligand charge
transfer (ILCT)] and the presence of charge transfer (CT) bands are also key factors
for strongly luminescent Eu(IIl) complexes [21-23].

Recently, considerable attentions have been focused on lanthanide complexes
with polydentate (tridentate, tetradentate, pentadentate and hexadetate) ligands and
their characteristic luminescence properties to suppress the symmetry of the ligand
field and vibronic quenching [24-31]. In most of these previous works, however, the
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with Specific Coordination Structures, Springer Theses,
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Fig. 4.1 Chemical structures of Eu(hfa);(dpppo), Eu(hfa);(dppypo), and Eu(hfa);(dpbtpo)

lanthanide complexes with polydentate ligands have C—H units close to the metal
center. The author here attempted to prepare luminescent Eu(II) complexes with a
tridentate phosphine oxide and three hfa as LVF ligands, which are anticipated to
construct an asymmetrical nona-coordinated structure (mono-capped square antip-
rism: 9-SAP). Hasegawa et al. have also reported that the radiative rate constant of
Sm(III) complex with 9-SAP structure is larger than those of symmetrical ten-
coordinated Sm(IIT) complexes [32]. Polydentate ligands may also provide stable
coordination bindings which show promise toward improved emission properties.

In this chapter, the author reports on luminescent properties of Eu(IIl) complexes
with three kinds of novel tridentate phosphine oxide ligands: Eu(hfa);(dpppo)
(dpppo: bis(o-diphenylphosphorylphenyl)phenylphosphine oxide), Eu(hfa);(dp-
pypo) (dppypo: bis(o-diphenylphosphorylpyridyl)phenylphos phine oxide), and
Eu(hfa);(dpbtpo) (dpbtpo: bis(o-diphenylphosphorylbenzo thienyl)phenylphos-
phine oxide) as shown in Fig. 4.1. The geometrical structures of the Eu(IIl) com-
plexes were characterized using NMR and X-ray single crystal analyses. The author
also compared the emission spectral shapes, the emission quantum yields, the
emission lifetimes, the radiative and the non-radiative rate constants in nona-
coordinated Eu(IIl) complexes with those of octa-coordinated Eu(Ill) complexes;
Eu(hfa);(biphepo) and Eu(hfa)s;(tppo),. The photophysical properties of nona-
coordinated Eu(IIl) complexes with tridentate phosphine oxide ligand are elucidated
in terms of geometrical, vibrational and chemical structures.

4.2 Experimental Section
4.2.1 Materials

Acetone-dg (D, 99.9 %) and chloroform-d (D, 99.8 %) were obtained from
Cambridge Isotope laboratories, Inc. Dry THF was prepared by distillation over
benzophenone and Na metal. All other chemicals and solvents were reagent grade
and were used without further purification.
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4.2.2 Apparatus

Infrared spectra were recorded on JASCO FT/IR—420 spectrometer. 'H
(300 MHz), R (500 MHz) and 31p NMR (500 MHz) spectra were recorded on
JEOL ECP-500. Chemical shifts are reported in d ppm, referenced to internal
tetramethylsilane standard for '"H NMR, external trifluoroacetic acid standard
(60-76.5 ppm) for "F NMR and internal 85 % H;PO, standard for *'P NMR. ESI-
mass spectra were measured on JEOL JMS-700 M Station. Elemental analyses
were performed by Perkin Elmer 2400II.

4.2.3 Syntheses

4.2.3.1 Preparation of (2-bromophenyl)diphenylphosphine

In Schlenk tube, 1-bromo-2-iodobenzene (2.5 g, 8.8 mmol), diphenylphosphine
(1.4 mL, 8.0 mmol), triethylamine (1.5 mL, 11 mmol), and a catalytic amount of
Pd(PPh3)4 (50 mg, 4.4 x 1072 mmol) were dissolved in 2 mL of toluene under
nitrogen atmosphere. The solution was heated at 80 °C under stirring for 16 h. The
reaction mixture was washed with brine and extracted with diethyl ether three
times. The organic layer was dried over anhydrous magnesium sulfate, and con-
centrated to dryness. Column chromatography on silica gel (hexane/dichloro-
methane = 4:1) afforded the titled compound as a white solid [33].

Yield: 2.1 g (79 %). "H NMR (500 MHz, CDCls, 25 °C) § 7.59-7.61 (m, 1H,
Ar), 7.34-7.38 (m, 6H, Ar), 7.26-7.30 (m, 4H, Ar), 7.19-7.21 (m, 2H, Ar),
6.74-6.76 (m, 1H, Ar) ppm.

4.2.3.2 Preparation of bis(o-
diphenylphosphorylphenyl)phenylphosphine oxide (dpppo)

Bis(o-diphenylphosphorylphenyl)phenylphosphine  (dpppo) was synthesized
according to the published procedure. (2-bromophenyl)diphenylphosphine (3.0 g,
9.6 mmol) and dry THF (90 mL), were placed in a 200 mL, three necked flask
equipped with a dropping funnel and a nitrogen balloon. The solution was cooled
to =80 °C and then 1.6 M n-butyllithium hexane solution (6.0 mL, 9.64 mmol)
was added dropwise via dropping funnel. After the mixture was stirred at —80 °C
for 30 min, dichlorophenylphosphine (0.86 g, 4.8 mmol) was added. The reaction
mixture was warmed to room temperature and stirred at room temperature for 3 h.
The reaction was quenched by addition of water (ca. 30 mL), and then the
resulting white solid was collected by filtration. The solid was dissolved in
chloroform (ca. 100 mL) and washed with water three times. The organic layer
was separated and dried over anhydrous magnesium sulfate, and concentrated to
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dryness. The obtained powder and dichloromethane (50 mL) were placed in a
100 mL flask. The solution was cooled to 0 °C and then 30 % H,0O, aqueous
solution (8 mL) was added to it. The reaction mixture was stirred at —0 °C for 2 h.
The organic layer was separated and washed with water three times, then dried
over anhydrous magnesium sulfate and concentrated to dryness. Recrystallization
from chloroform/hexane gave white solid of the titled compound [34].

Yield: 1.4 g (50 %). MALDI-TOF Mass (m/z) = 679.2 [M+H]". '"H NMR
(500 MHz, CDCls, 25 °C) 6 7.98 (m, 2H, Ar), 7.25-7.60 (m, 31H, Ar) ppm. >'P
NMR (200 MHz, CDCl3, 25 °C) ¢ 36.78 (1P), 33.65 (2P) ppm. Anal. Calcd for
C4,H3303P3-0.3CHCl3; C, 70.77; H, 4.68. Found: C, 70.88; H, 4.60.

4.2.3.3 Preparation of (o-bromopyridyl)diphenylphosphine

2,3-dibromopyridine (8.0 g, 34 mmol), diphenylphosphine (6.3 g, 34 mmol), tri-
ethylamine (6.9 g, 68 mmol), and a catalytic amount of Pd(PPh;), (390 mg,
0.34 mmol) were dissolved in 40 mL of toluene under nitrogen atmosphere. The
solution was heated at 80 °C under stirring for 16 h. The reaction mixture was
washed with brine and extracted with diethyl ether three times. The organic layer
was dried over anhydrous magnesium sulfate, and concentrated to dryness.
Recrystallization from ethyl acetate/hexane gave colorless block crystals of the
titled compound.

Yield: 9.3 g (81 %). IR (ATR) 1559, 1478, 1436, 1382, 1011 cm™'. MALDI-
TOF Mass (m/z) = 342.0 [M+H]". '"H NMR (300 MHz, CDCls, 25 °C) 6
8.58-8.56 (m, 1H, Ar), 7.78-7.83 (m, 1H, Ar), 7.35-7.40 (m, 10H, Ar), 7.06-7.10
(m, 1H, Ar) ppm. Anal. Calcd for C;7H;3BrNP: C, 59.67; H, 3.83; N 4.09. Found:
C, 59.82; H, 3.71; N, 4.10.

4.2.3.4 Preparation of bis(o-
diphenylphosphorylpyridyl)phenylphosphine oxide (dppypo)

(o-bromopyridyl)diphenylphosphine (1.7 g, 5.0 mmol) and dry THF (40 mL) were
placed in a 200 mL, three necked flask equipped with a dropping funnel and a
nitrogen balloon. The solution was cooled to —80 °C and then 1.6 M n-butyl-
lithium hexane solution (3.3 mL, 5.3 mmol) was added dropwise via syringe.
After the mixture was stirred at —80 °C for 1 h, dichlorophenylphosphine (0.45 g,
2.5 mmol) was added dropwise via dropping funnel. The reaction mixture was
warmed to room temperature and stirred at room temperature for 3 h. The reaction
was quenched by addition of water (ca. 5 mL) and extracted with chloroform three
times. The organic layer was dried over anhydrous magnesium sulfate, and con-
centrated to dryness. The obtained powder was dissolved in dichloromethane
(15 mL) in a 100 mL flask. The solution was cooled to 0 °C, and then 30 % H,O,
aqueous solution (3 mL) was added. The reaction mixture was stirred at 0 °C for
2 h, and then reaction mixture was extracted with dichloromethane three times.
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The organic layer was dried over anhydrous magnesium sulfate, and concentrated
to dryness. Recrystallization from acetone/hexane gave white powder of the titled
compound.

Yield: 0.36 g (21 %). IR (ATR) 1548, 1434, 1390, 1197, 1119, 1107 cm™ .
MALDI-TOF Mass (m/z) = 681.5 [M + H]". "H NMR (300 MHz, CDCl5, 25°C)
8 8.73 (s, 2H, Ar), 7.92-7.99 (m, 2H, Ar), 7.21-7.64 (m, 27H, Ar) ppm. *'P NMR
(200 MHz, CDClj;, 25 °C) ¢ 29.71 (s,1P), 25.20 (br. 2P) ppm. Anal. Calcd for
C40H31N>03P5-H,0: C, 68.77; H, 4.76; N, 4.01. Found: C, 69.02; H, 4.66; N, 3.97.

4.2.3.5 Preparation of 2,3-dibromobenzothiophene

2,3-dibromobenzothiophene was synthesized according to the published proce-
dure. Benzothiophene (19 g, 140 mmol) were dissolved in chloroform (200 mL).
Then, Br, (16 mL, 310 mmol) was added dropwise to the solution. The reaction
mixture was stirred at room temperature for 24 h. The resulting solution was
washed with Na,S,03 aqueous solution, and extracted with ethyl acetate three
times. The organic layer was dried over anhydrous magnesium sulfate, and con-
centrated to dryness. Column chromatography on silica gel (hexane/dichloro-
methane = 4:1) afforded the titled compound as a white solid [35].

Yield: 40 g (96 %). IR (ATR) 1419, 1298, 1245, 987, 893, 743, 716 cm™ .
MALDI-TOF Mass (m/z) = 290.8 [M+H]". '"H NMR (300 MHz, CDCl;, 25 °C)
0 7.69-7.76 (m, 2H, Ar), 7.35-7.45 (m, 2H, Ar) ppm.

4.2.3.6 Preparation of (o-bromobenzothienyl)diphenylphosphine

2,3-dibromobenzothiophene (20 g, 69 mmol) and dry THF (500 mL) were placed
in a 1000 mL, three-necked flask equipped with a dropping funnel and a nitrogen
balloon. The solution was cooled to —80 °C and then 1.6 M n-butyllithium hexane
solution (43 mL, 69 mmol) was added dropwise via dropping funnel. After the
mixture was stirred at —80 °C for 1 h, chlorodiphenylphosphine (15 g, 69 mmol)
was added dropwise. The reaction mixture was warmed to room temperature and
stirred at room temperature for 12 h. The reaction was quenched by addition of
water, and extracted with diethyl ether 3 times. The organic layer was dried over
anhydrous magnesium sulfate, and concentrated to dryness. Recrystallization from
chloroform/hexane for a month gave white yellow crystals of the titled compound.

Yield: 15 g (54 %). IR (ATR) 1431, 1243, 999, 891, 743, 726, 692 cm™ .
MALDI-TOF Mass (m/z) = 397.3 [M+H]". "HNMR (300 MHz, CDCls, 25 °C) §
7.83-7.86 (d, J = 9 Hz, 1H, Ar), 7.68-7.71 (d, J = 9 Hz, 1H, Ar), 7.37-7.47 (m,
12H, Ar) ppm. Anal. Calcd for C,oH4BrPS: C, 60.47; H, 3.55. Found: C, 60.26;
H, 3.36.
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4.2.3.7 Preparation of bis(o-diphenylphosphorylbenzothienyl)
phenylphos phine oxide (dpbtpo)

(o-bromobenzothienyl)diphenylphosphine (4.0 g, 10 mmol) and dry THF
(100 mL) were placed in a 300 mL, three necked flask equipped with a dropping
funnel and a nitrogen balloon. The solution was cooled to —80 °C and then 1.6 M
n-butyllithium hexane solution (6.6 mL, 11 mmol) was added dropwise via syr-
inge. After the mixture was stirred at —80 °C for 1 h, dichlorophenylphosphine
(0.90 g, 5.0 mmol) was added dropwise via dropping funnel. The reaction mixture
was warmed to room temperature and stirred at room temperature for 3 h. The
reaction was quenched by addition of water (ca. 5 mL), and extracted with
chloroform three times. The organic layer was dried over anhydrous magnesium
sulfate, and concentrated to dryness. The obtained powder was dissolved in
dichloromethane (30 mL) in a 100 mL flask. The solution was cooled to 0 °C, and
then 30 % H,O, aqueous solution (6 mL) was added. The reaction mixture was
stirred at 0 °C for 2 h, and then reaction mixture was extracted with dichloro-
methane three times. The organic layer was dried over anhydrous magnesium
sulfate, and concentrated to dryness. Recrystallization from acetone/hexane gave
white powder of the titled compound.

Yield: 1.0 g (26 %). IR (ATR) 1457, 1437, 1388, 1203, 1116, 1102, 1010, 898,
801 cm~'. MALDI-TOF Mass (m/z) = 791.5 [M+H]". 'H NMR (300 MHz,
CDCl;, 25 °C) 6 8.34-8.42 (d, J = 24 Hz, 2H, Ar), 7.64-7.71 (m, 6H, Ar),
7.45-7.47 (m, 9H, Ar), 7.24-7.30 (m, 14H, Ar), 6.86 (br, 2H, Ar) ppm. *'P NMR
(200 MHz, CDCl3, 25 °C) 6 21.80-21.83 (d, J = 6 Hz, 2P), 14.81-14.87 (t,
J = 6 Hz, 1P) ppm. Anal. Calcd for C46H335,03P3-0.5CH,Cl,: C, 67.02; H, 4.11.
Found: C, 67.33; H, 4.11.

4.2.3.8 General Procedure for the Preparation of Eu(III) Complexes

Phosphine oxide ligand (1 equiv) and Eu(hfa);(H,0), (1.2 equiv) were dissolved
in methanol (20 mL). The solution was refluxed while stirring for 8 h, and the
reaction mixture was concentrated to dryness. The residue was washed with
chloroform several times. The insoluble material was removed by filtration, and
the filtrate was concentrated. Recrystallization from acetone gave colorless crys-
tals of the Eu(Ill) complexes.

[Eu(hfa);(dpppo)]: Yield: 90 mg (26 %). IR (ATR) 1657, 1537, 1439, 1252,
1176, 1136, 789, 746, 727, 692, 660 cm~'. '"F NMR (470 MHz, acetone—ds,
25 °C) 6=79.36 ppm. *'P NMR (200 MHz, acetone—ds, 25 °C) 8 0.55 (1P), —=29.03
(1P), —-68.37 (1P) ppm. ESI-Mass (m/z) = 1245.052 [M—(hfa)]*. Anal. Calcd for
Cs7H36EuF309P5: C, 47.16; H, 2.50. Found: C, 47.10; H 2.50.

[Eu(hfa);(dppypo)]: Yield: 380 mg (59 %). IR (ATR) 1653, 1550, 1525, 1507,
1440, 1252, 1191, 1138, 1124, 1097 cm~'. ”F NMR (470 MHz, acetone—ds,
25 °C) 6 —78.71 (s) ppm. >'P NMR (200 MHz acetone—ds, 25 °C) 6-12.08 (s, 1P),
—15.81 (s, 1P), —64.75 (s, 1P) ppm. ESI-Mass (m/7) = 1247.052 [M—(hfa)]*. Anal.
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Calcd for CssHsz4Eu FigN>OgP5-1.5CHCl5: C, 41.59; H, 2.13; N, 1.72. Found: C,
41.71; H, 2.13; N, 1.70.

[Eu(hfa);(dpbtpo)]: Yield: 170 mg (28 %). IR (ATR) 1657, 1534, 1440, 1251,
1185, 1138, 1125, 1104 cm™'. '°’F NMR (470 MHz, acetone—ds, 25 °C) 0-78.55
(s) ppm. 31p NMR (200 MHz, acetone—d, 25 °C) 6-47.78 (s, 1P), —53.29 (s, 1P),
—78.18 (s, 1P) ppm. ESI-Mass (m/7) = 1357.001 [M—(hfa)]*. Anal. Calcd for
C61H36EUF188209P31 C, 4685, H, 2.32. Found: C, 4668, H, 2.24.

4.2.4 Crystallography

Colorless single crystals of Eu(hfa);(dpppo) and Eu(hfa);(dpbtpo) obtained from
acetone solution were mounted on a glass fiber using epoxy resin glue. All mea-
surements were made on a Rigaku RAXIS RAPID imaging plate area detector
with graphite monochromated MoKo radiation. The data were collected at a
temperature range of —120 £ 1 °C to a maximum 26 value of 48.8°. Corrections
for decay and Lorentz-polarization effects were made with empirical absorption
correction, solved by direct methods and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined
using the riding model. The final cycle of full-matrix least-squares refinement was
based on observed reflections and variable parameters. All calculations were
performed using the crystal structure crystallographic software package. CCDC-
737332 (for Eu(hfa);(dpppo)) and -737333 (for Eu(hfa);(dpbtpo)) contain the
supplementary crystallographic data for this paper. CIF data confirmed by using
checkCIF/PLATON service.

4.2.5 Optical Measurements

UV-Vis absorption spectra were recorded on a JASCO V-550 spectrometer.
Emission spectra of the Eu(Ill) complexes were measured with a Hitachi F—4500
spectrometer and corrected for the response of the detector system. The emission
quantum yields of Eu(hfa);(dpppo), Eu(hfa);(dppypo) and Eu(hfa);(dpbtpo)
(5.0 mM in acetone-dg) were obtained by comparison with the emission signal
integration (570-640 nm) of Eu(hfa);(biphepo) as a reference (&, = 0.60:
50 mM in acetone-dg) with excitation wavelength of 465 nm [36]. Emission
lifetimes of Eu(hfa);(dpppo), Eu(hfa);(dppypo) and Eu(hfa);(dpbtpo) (1.0 mM in
acetone-dg) were measured with the third harmonics (355 nm) of a Q-swiched
Nd:YAG laser (Spectra Physics, INDI-50, fwhm = 5 ns, 2 = 1064 nm) and a
photomultiplier (Hamamatsu photonics, R5108, response time <1.1 ns). The
Nd:YAG laser response was monitored with a digital oscilloscope (Sony Tek-
tronix, TDS3052, 500 MHz) synchronized to the single-pulse excitation. Emission
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lifetimes were determined from the slope of logarithmic plots of decay profiles.
High-resolution emission spectra were measured with a SPEX-Fluorolog 1-3
(JOBIN YVON).

4.3 Results and Discussion
4.3.1 Syntheses and Coordination Structures

Eu(Ill) complexes with tridentate phosphine oxides, Eu(hfa)s;(dpppo),
Eu(hfa);(dppypo) and Eu(hfa);(dpbtpo) were synthesized by complexation of
phosphine oxide ligands with Eu(hfa);(H,0), in methanol for 8 h as illustrated in
Scheme 4.1. The IR spectra and elemental analyses indicate that no water mole-
cule existed in the coordination sites of Eu(Ill) complexes. The author also
observed the signals of corresponding [Eu(hfa),(dpppo)]”, [Eu(hfa),(dppypo)]™
and [Eu(hfa)z(dpbtpo)]+ in ESI-mass spectra. The 3p NMR spectra of the Eu(IIl)
complexes in acetone-dg exhibited three specific signals. These results indicate
that the magnetic environments of phosphine oxides were different from each other
in the solution phase.

The single crystals of Eu(hfa);(dpppo) and Eu(hfa);(dpbtpo) were successfully
prepared for X-ray single-crystal analyses by way of recrystallization from acetone
solutions. The ORTEP views and crystal data from the X-ray single-crystal
analyses are summarized in Fig. 4.2 and Table 4.1. The ORTEP views of both
Eu(hfa);(dpppo) and Eu(hfa);(dpbtpo) show the nona-coordinated structures with
one tridentate phosphine oxide (dpppo or dpbtpo) and three hfa ligands. The
coordination geometries of Eu(hfa);(dpppo) and Eu(hfa);(dpbtpo) are categorized
as Mono-capped square antiprisms (9-SAP) [37]. In Eu(hfa);(dpppo) and
Eu(hfa);(dpbtpo), the Eu—O bond lengths that are attached with two terminal
phosphine oxides in Table 4.2 are similar to those of the reported Eu(hfa);(bip-
hepo), 2.32 and 2.34 A [38]. The Eu-O bond length for the central phosphine
oxide in Eu(hfa);(dpppo) (Eu-02: 2.51 A) and Eu(hfa);(dpbtpo) (Eu-O1: 2.48 A)
are considerably longer than those of the terminal phosphine oxides. Specific
interactions between ligands, such as CH-F hydrogen bonds, CH-n, n—n inter-
actions, have not been observed. The coordination structures of Eu(hfa);(dpppo)
and Eu(hfa);(dpbtpo) are thus considerably distorted compared with the usual
9-SAP shapes and would be categorized according to their quasi-C; symmetry,
consistent with octa-coordinated Eu(hfa);(biphepo) (Fig. 4.3).

Two terminal phosphine oxides of Eu(hfa);(dpppo) are located on the upper
square of 9-SAP, while those of Eu(hfa);(dpbtpo) are attached to the upper and
lower squares of 9-SAP. The author thus considers that the coordination structures
of Eu(Ill) complexes with tridentate phosphine oxide ligands are markedly
influenced by the moiety between the phosphine oxides.
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Fig. 4.2 ORTEP drawings of single crystals of a Eu(hfa);(dpppo) from acetone/water solution
and b Eu(hfa);(dpbtpo) from acetone solution. Hydrogen atoms have been omitted for clarity and

thermal ellipsoids are shown at the 50 % probability level

Based on the X-ray single crystal analyses, the author carried out calculations of
charge densities of phosphorus atoms by using DFT calculation (6-31G(d)/
B3LYP). According to the calculation, charge densities of phosphorus atoms were
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Table 4.1 Crystal data of Eu(IlI) complexes with tridentate phosphine oxides

Eu(hfa);(dpppo) 2Eu(hfa);(dpbtpo) + 0.5 acetone
Chemical formula Cs7H36EuF;309P3 C125H78EusF36019P¢S4
Formula weight 1451.76 3185.93
Crystal color, habit Colorless, block Colorless, block
Crystal system Trigonal Monoclinic
Space group R3c C2/c
alA 40.3572(7) 24.6695(14)
bIA 12.3999(6)
clA 24.5364(5) 42.565(2)
pr 99.3595(14)
VIA3 34608.5(10) 12847.4(11)
Z 18 4
degie/g cm™> 1.254 1.645
T/ °C —80 + 1 —120 £ 1
1 (Mo Ka)/em™ 9.617 12.226
max 20/deg 50.6 48.8
No. of measured reflections 91569 44801
No. of unique reflections 13372 10505
R (I >20()* 0.0344 0.0351
Ry, (I > 26(D)° 0.1106 0.0870

AR =S IIF,| - IFVZ IF, |
bR, =[(Z w (IF, - IF)? /= w FA)1?

Table 4.2 Selected bond lengths [A] of Eu(IIl) complexes

Bond Eu(hfa);(dpppo) Eu(hfa);(dpbtpo)
Eu—01 (P=0) 2.360 (terminal) 2.482 (central)

Eu—-02 (P=0) 2.511 (central) 2.403 (terminal)
Eu—-03 (P=0) 2.322 (terminal) 2.355 (terminal)

found to be P1: 0.22, P2: 0.14, P3 0.29 (dpppo), P1: 0.04, P2: 0.35, P3: 0.11
(dpbtpo), respectively (Fig. 4.4). The author thus considers that three peaks in >'P
NMR spectra of Eu(IIl) complexes might be caused by different electron densities
of phosphorus atoms.

4.3.2 Photophysical Properties

The steady-state emission spectra of Eu(hfa);(dpppo), Eu(hfa);(dppypo) and
Eu(hfa);(dpbtpo) in acetone-dg are shown in Fig. 4.5a. Emission bands were
observed at around 578, 592, 614, 650, and 700 nm, and are attributed to the f—f
transitions of > DO—7F ; with J =0, 1, 2, 3 and 4, respectively. The spectra were
normalized with respect to the magnetic dipole transition intensity (°Do—'F;) at
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Fig. 4.3 Coordination polyhedrons of a Eu(hfa);(biphepo), b Eu(hfa);(dpppo) and
¢ Eu(hfa);(dpbtpo)
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Fig. 4.4 Charge densities of phosphorus atoms in a dpppo and b dpbtpo ligand

592 nm which is known to be insensitive to the surrounding environment of the
Eu(Ill) ion. The emission band at 614 nm (°Dy—F,) is due to the electric dipole
transition for which intensity is greatly dependent on the chemical structures. In order
to analyze the transition intensity, the author here estimated the relative emission
intensity of >Dy—F, transition with respect to that of SDy—"F, as L,e; = Ig14/I50 in the



56 4 Characteristic Structures and Photophysical Properties

(a) (b)
20
5 1 5 I
(1] m H
s 2 b '
> r 2
] 3 a :
[ i :
€ 10 £ h
k-] o H
g S5 £ PNA\
: =S A\
0 LA TN | S 3 g 3 1
550 575 600 625 650 16000 16200 16400
Wavelength / nm Wavenumber / cm ™!

Fig. 4.5 a Emission spectra of Eu(hfa);(dpbtpo) (line 1), Eu(hfa);(dppypo) (line 2) and
Eu(hfa);(dpppo) (line 3) in acetone-dy at room temperature. Excited at 465 nm. The spectra were
normalized with respect to the magnetic dipole transition (Do—"F)). b Stark splitting at the
electric dipole transition (°Dy-"F,) of the Eu(IIl) complexes

Table 4.3 Photophysical properties of Eu(IIl) complexes at room temperature®

Complex &, /%° Tobs/MS” ks~ ! ks ™! Lo
Eu(hfa);(dpbtpo) 62 1.3 5.0 x 102 3.0 x 10? 18
Eu(hfa);(dppypo) 61 1.2 5.1 x 102 3.2 x 10% 16
Eu(hfa);(dpppo) 60 1.2 5.0 x 107 3.3 x 102 13
Eu(hfa);(biphepo)® 60 1.3 4.6 x 102 3.4 x 10% -
Eu(hfa);(tppo)S 65 12 5.4 x 102 3.0 x 10? -

? The emission spectra, quantum yield (@) and lifetime (t.ps) Were measured by excitation at
465 nm. Radiative rate constant k, = @ ./t,s. Nonradiative rate constant &, = 1/7ps_k;-

° Emission quantum yields were determined by comparing with the emission signal integration
(570-640 nm) of Eu(hfa);(biphepo) as @, = 0.60

¢ Emission lifetimes (7o) Of the Eu(Ill) complexes were measured by excitation at 355 nm
(Nd:YAG 3w)

d Relative emission intensity of the electric dipole transition (5 Do’ F») to the magnetic dipole
transition (°Dg—"F;)

€ [13]

normalized emission spectra. The I, values of Eu(hfa);(dpbtpo), Eu(hfa);(dppypo)
and Eu(hfa);(dpppo) were found to be 18, 16 and 13, respectively, as summarized in
Table 4.3. The emission spectra with Stark splittings at the electric dipole transition
(°Dy-"F,) of Eu(Ill) complexes in acetone-dg are also shown in Fig. 4.5b. Five-fold
degenerated 7F2 states of Eu(IIl) complexes are known to split into some Stark levels
between one and five depending on symmetry of the coordination structure.
The author found that the emission spectral profiles and the wavenumbers of tran-
sition bands I and II of Eu(hfa);(dpppo) and Eu(hfa);(dpbtpo) well agreed with those
of Eu(hfa);(dppypo) (16280 cm™", 16370 cm™"). The energy gaps between the

transition bands I and II of these Eu(III) complexes were approximately 85 cm ™.
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Fig. 4.6 The decay profiles of a Eu(hfa);(dpppo), b Eu(hfa);(dppypo), and ¢ Eu(hfa); (dpbtpo)
in acetone-dg

Since the energy gap between the Stark splitting levels reflects its geometrical
symmetry [32], Eu(hfa);(dppypo) might be similar to Eu(hfa);(dpppo) and
Eu(hfa);(dpbtpo) in its structure in acetone-dg. The emission quantum yields of
Eu(hfa);(dpppo), Eu(hfa);(dppypo) and Eu(hfa);(dpbtpo) in acetone-dg were found
to be 0.60, 0.61 and 0.62, respectively (Table 4.3). These emission quantum yields
are similar to those reported for Eu(hfa);(biphepo) (@1, = 0.60 in acetone-dg) and
Eu(hfa);(tppo), (P1, = 0.65 in acetone-dg), both of which have been reported as
highly luminescent Eu(Ill) complexes [38].

The time-resolved emission profiles of all Eu(Ill) complexes revealed single-
exponential decays with lifetimes in the millisecond time scale as shown in
Fig. 4.6. The emission lifetimes were determined from the slopes of logarithmic
plots of the decay profiles. The radiative (k) and nonradiative (k) rate constants
estimated using the emission lifetimes and the emission quantum yields are
summarized in Table 4.3. The author observed that the radiative rate constants of
nona-coordinated Eu(hfa);(dpppo) (5.0 x 10% s7h), Eu(hfa);(dppypo) (5.1 x 10?
s and Eu(hfa);(dpbtpo) (5.0 x 10* s7') were similar to those of the octa-
coordinated Eu(hfa);(biphepo) (4.6 x 10> s71 and Eu(hfa);(tppo), (5.4 x 10?
s~ 1. Generally, reduction of the geometrical symmetry of coordination structure
leads to a larger radiative rate constant. The radiative rate constant of Eu(III)
complex with phosphine oxides seems to depend on the symmetry of the coor-
dination sites, but not on the coordination number. The nonradiative rate constants
of Eu(hfa)s;(dpppo) (3.3 x 10 s, Eu(hfa);(dppypo) (3.2 x 10> s7!) and
Eu(hfa);(dpbtpo) (3.0 x 10? s_l) were also quite similar to that of Eu(hfa);(bip-
hepo) (3.4 x 10? s_l) and Eu(hfa);(tppo), (3.0 x 10? s_l). The nonradiative rate
constant of Eu(Ill) might not be affected by vibrational, electric and steric struc-
tures of the chemical species attached with LVF phosphine oxides.

In this chapter, the author found that the emission intensities at the electric
dipole transition of Eu(Ill) complexes depended on the organic linker species in
phosphine oxide ligands, although the energy gap between Stark splitting levels,
radiative and non-radiative rate constants were not affected by them. It seems that
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the transition intensity at the electric dipole transition is affected by chemical
structures of attached tridentate phosphine oxide ligands. Recently, Nakagawa has
observed that the transition intensity of Eu(IIl) complex with photochromic ter-
arylene ligands is influenced by the polarizability of attached photochromic units
(Fig. 4.7) [39-41]. The effect of polarizability on lanthanide complexes has also
been suggested [42, 43]. The author reasons that the emission spectral shapes of
Eu(Il) complexes with tridentate phosphine oxide ligands might be related not
only to geometrical and vibrational structures of Eu(Ill) complexes, but also to the
chemical structures of their ligands.

4.4 Conclusions

The author successfully synthesized novel Eu(Ill) complexes containing charac-
teristic tridentate phosphine oxide ligands, dpppo, dppypo and dpbtpo with high
emission quantum yields (@, > 60 %). These Eu(Ill) complexes showed charac-
teristic emission properties depending on their moiety between phosphine oxides. In
this chapter, the author has reported on nona-coordinated lanthanide complexes with
characteristic photophysical properties. The photophysical properties of Eu(IIl)
complexes with tridentate phosphine oxide ligands would be discussed on the basis
of geometrical, vibrational and chemical structures of the ligands.
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Chapter 5

Photophysical Properties of Lanthanide
Complexes with Asymmetric
Dodecahedron Structures

5.1 Introduction

As described in Chap. 4, the geometrical symmetry of lanthanide complex is
regarded as a significant factor influencing the transition probability. It has been
widely accepted that the radiative transition probability between 4f orbitals is
enhanced by reducing the coordination structure’s geometrical symmetry [1-9]. In
2000, Raymond has proposed a symmetric factor, the shape measure S, to estimate
the geometrical distortion of lanthanide complexes [10]. Harada has also found
that distortion of the coordination structures of Eu(IIl) complexes leads to
enhancement of the electric dipole transition probability [11, 12]. Here, the author
focused on oxo-linked bidentate phosphine framework as a novel ligand of lan-
thanide complex for enhancement of geometrical distortion. The oxo-linked
bidentate phosphine ligands have been known to provide a large bite angle
between a metal ion and phosphorus atoms in metal complex [13]. The author
considered that the introduction of oxo-linked bidentate phosphine framework into
coordination sites of lanthanide complexes might lead to expansion of their bite
angles related to geometrical distortion (Fig. 5.1a). Based on these structural and
photophysical findings, a lanthanide complex with distorted coordination structure
composed of oxo-linked bidentate phosphine oxide ligands is expected to give rise
to an increase in the electric dipole transition probability.

In this chapter, the author reports on the characteristic photophysical properties
of lanthanide complexes with novel asymmetric structures (trigonal dodecahedron
structures) composed of three kinds of oxo-linked bidentate phosphine oxide
ligands (4,5-bis(diphenylphosphoryl)-9,9-dimethylxanthene: xantpo, 4,5-bis(di-
tert-butylphosphoryl)-9,9-dimethylxanthene: rBu-xantpo, and bis[(2-diphenyl-
phosphoryl)phenyl] ether: dpepo) as shown in Fig. 5.1b. Robertson has recently
reported that Eu(IIl) complexes with hfa and dpepo ligands exhibited strong
luminescence properties in polymer thin films, [14] however, the geometrical
structure and radiative rate constants of lanthanide complexes with dpepo ligands
have not been reported. The author characterized the geometrical structures of the
Eu(Ill) and Sm(III) complexes using X-ray single crystal analyses and shape

K. Miyata, Highly Luminescent Lanthanide Complexes 61
with Specific Coordination Structures, Springer Theses,
DOL: 10.1007/978-4-431-54944-4_5, © Springer Japan 2014


http://dx.doi.org/10.1007/978-4-431-54944-4_4
http://dx.doi.org/10.1007/978-4-431-54944-4_4

62 5 Photophysical Properties of Lanthanide Complexes

(a)

Previous Type This Study

)
(f’P \P Phey O FPn
. g e’y ben

PRy © ;—Pn
e’y & en

xantpo tBu-xantpo dpepo biphepo

Fig. 5.1 a The research concept in this study and b chemical structures of lanthanide(III)
complexes (Ln = Eu, Sm)

measure criteria. The luminescence properties were characterized by their emis-
sion quantum yields, emission lifetimes, and their radiative and nonradiative rate
constants. Based on the structural and photophysical results, remarkable lumi-
nescence properties of lanthanide complexes with dodecahedron structures were
demonstrated for the first time. The author also reports that the emission quantum
yield of Sm(hfa);(dpepo) with a trigonal dodecahedron structure is the highest in
previous reported Sm(III) complexes. These remarkable luminescence properties
will be elucidated in terms of their distorted coordination structures.

5.2 Experimental Section
5.2.1 Materials

Europium acetate monohydrate (99.9 %), samarium acetate tetrahydrate (99.9 %),
acetone-dg (D, 99.9 %) and CDCl; (D, 99.8 %) were purchased from Wako Pure
Chemical Industries Ltd. 1,1,1,5,5,5-hexafluoro-2,4-pentanedione, 4,5-bis(diphenyl-
pho-sphino)-9,9-dimethylxanthene, 4,5-bis(di-fert-butylphosphino)-9,9-dimethylx-
anthene and bis[(2-diphenylphosphino)phenyl]ether were obtained from Tokyo Kasei
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Organic Chemicals and Aldrich Chemical Company Inc. All other chemicals and
solvents were reagent grade and were used without further purification.

5.2.2 Apparatus

Infrared spectra were recorded on a JASCO FT/IR—420 spectrometer. 'H (300 and
500 MHz) and 3'p NMR (200 MHz) spectra were recorded on a JEOL ECP-500.
Chemical shifts are reported in 6 ppm, referenced to an internal tetramethylsilane
standard for '"H NMR and an external 85 % H;PO, standard for >'P NMR. Mass
spectra were measured using a JEOL JMS-700 M Station. Elemental analyses
were performed using a Perkin Elmer 2400I1.

5.2.3 Syntheses

5.2.3.1 Preparation of Tris(hexafluoroacetylacetonato)europium
Dihydrates [Eu(hfa);(H,0),]

Europium acetate monohydrate (8.0 g, 23 mmol) was dissolved in distilled water
(100 mL) in a 300 mL flask. A solution of 1,1,1,5,5,5-hexafluoro-2,4-pentanedi-
one (16 g, 77 mmol) was added dropwise to the solution. The reaction mixture
produced a precipitation of white yellow powder after stirring for 2 h at room
temperature. The reaction mixture was filtered, and the resulting powder was
recrystallized from methanol/water to afford colorless needle crystals of the titled
compound.

Yield: 15 g (79 %). IR (KBr): 1650 (st, C=0), 1145-1258 (st, C-F) cm™ .
Anal. Calcd for CsH;EuF;30q4: C, 22.48; H, 0.88. Found: C, 22.12; H, 1.01.

5.2.3.2 Preparation of Tris(hexafluoroacetylacetonato)samarium
Dihydrates [Sm(hfa);(H,0),]

Samarium acetate tetrahydrate (5.0 g, 13 mmol) was dissolved in distilled water
(60 mL) in a 100 mL flask. A solution of 1,1,1,5,5,5-hexafluoro-2,4-pentanedione
(10 g, 48 mmol) was added dropwise to the solution. The reaction mixture pro-
duced a precipitation of white yellow powder after stirring for 2 h at room tem-
perature. The reaction mixture was filtered, and the resulting powder was
recrystallized from methanol to afford colorless needle crystals of the titled
compound.

Yield: 8.3 g (82 %). IR (KBr): 1646 (st, C=0), 1094-1251 (st, C-F) cm ™.
Anal. Calcd for C;5H;SmF;g0g: C, 22.31; H, 0.87. Found: C, 21.92; H, 1.10.
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5.2.3.3 Preparation of 4,5-bis(diphenylphosphoryl)-9,
9-dimethylxanthene (xantpo)

4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (1.0 g, 1.7 mmol) was dis-
solved in dichloromethane (20 mL) in a 100 mL flask. The solution was cooled to
0 °C, and then a 30 % H,O, aqueous solution (4.0 mL) was added. The reaction
mixture was stirred at O °C for 2 h, and was then washed with water and extracted
three times with dichloromethane. The organic layer was dried over anhydrous
magnesium sulfate, and concentrated to dryness. Reprecipitation from hexane gave
a white powder of the titled compound.

Yield: 1.1 g (99 %). IR (ATR) 1190 (st, P=0), 1100-1229 (st, C-O-C) cm™ .
"H NMR (300 MHz, CDCl3, 25 °C) 6 7.58-7.60 (d, J = 6 Hz, 2H, Ar), 7.30-7.47
(m, 20H, Ar), 6.94-7.00 (t, J = 6 Hz, 2H, Ar), 6.78-6.85 (m, 2H, Ar), 1.69 (s, 6H,
2Me) ppm. >'P NMR (200 MHz, CDCls, 25 °C) § 33.55 (1P), 30.32 (1P) ppm.
FAB-Mass (m/z) = 611 [M+H]".

5.2.3.4 Preparation of 4,5-bis(di-tert-butylphosphoryl)-9,
9-dimethylxanthene (rBu-xantpo)

4,5-bis(di-tert-butylphosphino)-9,9-dimethylxanthene (1.0 g, 2.0 mmol) was dis-
solved in dichloromethane (20 mL) in a 100 mL flask. The solution was cooled to
0 °C, and then a 30 % H,O, aqueous solution (4.5 mL, 40 mmol) was added. The
reaction mixture was stirred at O °C for 2 h, and was then washed with water and
extracted three times with dichloromethane. The organic layer was dried over
anhydrous magnesium sulfate, and concentrated to dryness. Reprecipitation from
hexane gave a white powder of the titled compound.

Yield: 0.97 g (91 %). IR (ATR) 1180 (st, P=0), 1103-1200 (st, C-O—-C) cm ™.
"H NMR (300 MHz, CDCls, 25 °C) § 7.82-7.84 (d, J = 6 Hz, 2H, Ar), 7.53-7.60
(m, 2H, Ar), 7.40-7.46 (m, 2H, Ar), 1.67 (s, 6H, 2Me), 1.35-1.46 (m, 36H, 4¢Bu)
ppm. *'P NMR (200 MHz, CDCls, 25 °C) § 69.53 (1P), 58.36 (1P) ppm. FAB—
Mass (m/z) = 531 [M+H]".

5.2.3.5 Preparation of Bis[(2-diphenylphosphoryl)phenyl]ether
(dpepo)

Bis[(2-diphenylphosphino)phenyl]ether (5.0 g, 9.3 mmol) was dissolved in
dichloromethane (100 mL) in a 300 mL flask. The solution was cooled to 0 °C,
and then a 30 % H,O, aqueous solution (20 mL) was added. The reaction mixture
was stirred at 0 °C for 2 h, and was then washed with water and extracted three
times with dichloromethane. The organic layer was dried over anhydrous mag-
nesium sulfate, and concentrated to dryness. Reprecipitation from hexane gave a
white powder of the titled compound.
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Yield: 5.0 g (94 %). IR (ATR) 1183 (st, P=0), 1070-1226 (st, C-O-C) cm ™.
'"H NMR (300 MHz, CDCls, 25 °C) § 7.06-7.71 (m, 26H, Ar), 6.02-6.07 (m, 2H,
Ar) ppm. *'P NMR (200 MHz, CDCl;, 25 °C) § 26.41 (2P) ppm. FAB-Mass
(m/7) = 571 [M+H]".

5.2.3.6 General Procedure for the Preparation of Eu(IIl) and Sm(III)
Complexes

Phosphine oxide ligand (1 equiv) and Ln(hfa);(H,0), (1.2 equiv) were dissolved
in methanol (30 mL). The solution was refluxed while stirring for 8 h, and the
reaction mixture was concentrated to dryness. The residue was washed with
chloroform several times. The insoluble material was removed by filtration, and
the filtrate was concentrated. The obtained powder was dissolved in hot methanol
solution, and was then permitted to stand at room temperature. Recrystallization
from methanol gave colorless block crystals of the lanthanide complexes.

[Eu(hfa),(xantpo),]: Yield: 0.32 g (49 %). IR (ATR) 1653 (st, C=0), 1137 (st,
P=0), 1095-1251 (st, C-O—C and st, C-F) cm~'. '"H NMR (300 MHz, CDCls,
25°C) 6 6.74-7.65 (m), 1.88 (s, Me) ppm. 3'p NMR (200 MHz, acetone-dg,
25 °C) 6 -92.12 (2P), -98.86 (2P) ppm. ESI-Mass (m/z) Calcd for CggHggEu-
F1,0,0Ps [M—(hfa)]": 1787.264; Found: 1787.264. Anal. Calcd for Co3;He;Eu-
F,30,,P, 1.5CHCl5: C, 52.22; H, 3.18. Found: C, 52.11; H, 3.25.

[Sm(hfa),(xantpo),]: Yield: 0.79 g (46 %). IR (ATR) 1653 (st, C=0), 1138 (st,
P=0), 1100-1252 (st, C-O—C and st, C-F) cm~'. '"H NMR (500 MHz, acetone-dg,
25 °C) § 5.81-8.09 (m), 1.67 (s, Me), 1.52 (s, Me) ppm. *'P NMR (200 MHz,
acetone-dg, 25 °C) ¢ 33.03 (2P), 32.80 (2P) ppm. ESI-Mass (m/z) Calcd for
CssHgeSmF,0,0Ps [M—(hfa)]*: 1786.257; Found: 1786.261. Anal. Calcd for
Co3H7sSmF,50,5P4: C, 55.99; H, 3.94. Found: C, 55.54; H, 3.53.

[Eu(hfa);(rBu-xantpo)]: Yield: 0.35 g (66 %). IR (ATR) 1653 (st, C=0), 1138
(st, P=0), 1098-1249 (st, C-O—C and st, C-F) cm~". '"H NMR (300 MHz, CDCl;,
25 °C) 6 7.41 (m, 2H, Ar), 7.07 (m, 2H, Ar), 6.83 (m, 2H, Ar), 5.92 (s, 3H, hfa-H),
2.97-3.02 (m, 6H, 2Me), 1.41-1.68 (m, 36H, 4/Bu) ppm. 3P NMR (200 MHz,
acetone-dg, 25 °C) 6 68.41 (2P) ppm. ESI-Mass (m/z) Calcd for C4;HsoEuF;,0O,P,
[M—(hfa)]*: 1097.206; Found: 1097.206. Anal. Calcd for C4¢Hs;EuF;300P5: C,
42.38; H, 3.94. Found: C, 42.93; H, 4.00.

[Sm(hfa);(Bu-xantpo)]: Yield: 0.39 g (53 %). IR (ATR) 1653 (st, C=0), 1137
(st, P=0), 1100-1252 (st, C-O-C and st, C-F) cm~'. "H NMR (500 MHz, ace-
tone-dg, 25 °C) 6 8.06-8.08 (d, J = 7.5 Hz, 2H, Ar), 7.73-7.77 (m, 2H, Ar),
7.50-7.53 (t, J = 7.5 Hz, 2H, Ar), 6.73 (s, 3H, hfa-H), 1.83 (s, 6H, 2Me),
0.52-0.55 (d, J = 15 Hz, 36H, 4/Bu) ppm. 3Ip NMR (200 MHz, acetone, 25 °C) ¢
62.37 (2P) ppm. ESI-Mass (m/z) Calcd for C4HsoSmF;,0,P, [M—(hfa)]*:
1096.204. Found: 1096.200. Anal. Calcd for C4¢Hs;SmF;309P5: C, 42.43; H, 3.95.
Found: C, 42.68; H, 3.71.

[Eu(hfa);(dpepo)]: Yield: 0.62 g (74 %). IR (ATR) 1653 (st, C=0), 1135 (st,
P=0), 1098-1251 (st, C-O-C and st, C-F) cm~'. 'TH NMR (500 MHz, acetone,
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25 °C) o0 7.32-7.64 (m, 22H, Ar), 7.10-7.13 (t, J = 7.5 Hz, 2H, Ar), 6.90-6.95
(dd, J = 7.5 Hz, 2H, Ar), 6.73 (s, 3H, hfa-H), 6.29-6.30 (m, 2H, Ar) ppm. >'P
NMR (200 MHz, acetone-dg, 25 °C) 6 —113.42 (2P) ppm. ESI-Mass (m/z) Calcd
for C46H30BuF;,0,P, [M—(hfa)]™: 1137.049; Found: 1137.049. Anal. Calcd for
C51H31EUF1309P2: C, 4559, H, 2.33. Found: C, 4576, H, 2.11.
[Sm(hfa);(dpepo)]: Yield: 0.66 g (79 %). IR (ATR) 1653 (st, C=0), 1134 (st,
P=0), 10981250 (st, C-O—C and st, C-F) cm~'. "H NMR (500 MHz, acetone-ds,
25 °C) 0 7.32-7.64 (m, 22H, Ar), 7.10-7.13 (t, J = 7.5 Hz, 2H, Ar), 6.90-6.95
(dd, J = 7.5 Hz, 2H, Ar), 6.73 (s, 3H, hfa-H), 6.29-6.30 (m, 2H, Ar) ppm. >'P
NMR (200 MHz, acetone-dg, 25 °C) ¢ 29.17 (2P) ppm. ESI-Mass (m/z) Calcd for
CucH30SmF[,0,P, [M—(hfa)]*: 1136.048; Found: 1136.044. Anal. Calcd for
CsH3;SmF300P,: C, 45.64; H, 2.33. Found: C, 45.54; H, 2.18.

5.2.4 Crystallography

Colorless single crystals of lanthanide complexes obtained from the methanol
solution were mounted on a glass fiber using epoxy resin glue. All measurements
were made on a Rigaku RAXIS RAPID imaging plate area detector with graphite
monochromated MoKa radiation. Corrections for decay and Lorentz-polarization
effects were made using empirical absorption correction, solved by direct methods
and expanded using Fourier techniques. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were refined using the riding model. The final
cycle of full-matrix least-squares refinement was based on observed reflections and
variable parameters. All calculations were performed using the crystal structure
crystallographic software package. The author confirmed the CIF data using the
check CIF/PLATON service.

5.2.5 Optical Measurements

UV-Vis absorption spectra were recorded on a JASCO V-660 spectrometer.
Emission spectra of the lanthanide complexes were measured with a Hitachi
F-4500 spectrometer and corrected for the response of the detector system. The
emission quantum yields of lanthanide complex solutions degassed with an argon
(10 mM in acetone-dg) were obtained by comparison with the integrated emission
signal (550-750 nm) of Eu(hfa);(biphepo) as a reference (¢, = 0.60: 50 mM in
acetone-dg) with an excitation wavelength of 465 nm (direct excitation of Eu(III)
ions) for Eu(Ill) complexes [15] or Sm(hfa);(H,0), as a reference (¥, = 0.031:
100 mM in DMSO-d) with an excitation wavelength of 481 nm (direct excitation
of Sm(III) ions) for Sm(III) complexes. Emission lifetimes of lanthanide com-
plexes (10 mM in acetone-dg) were measured using the third harmonics (355 nm)
of a Q-switched Nd:YAG laser (Spectra Physics, INDI-50, fwhm = 5 ns,
A = 1064 nm) and a photomultiplier (Hamamatsu photonics, R5108, response
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Table 5.1 Crystal data of Eu(IlI) complexes

Eu(hfa),(xantpo),  Eu(hfa); Eu(hfa);(dpepo) Eu(hfa);(biphepo)
(tBu-xantpo)

Chemical formula C93H67F180|2P4EU C46H51F1809P2Eu C5|H31F1309P2Eu C51H31F1803P2Eu

Formula weight 1994.37 1303.78 1343.68 1327.68

Crystal color, habit  Colorless, block Colorless, block Colorless, block Colorless, block

Crystal system Triclinic Monoclinic Triclinic Monoclinic

Space group P-1(#2) P2,/c(#14) P-1(#2) P2,/n(#14)

alA 12.8434(2) 21.9134(5) 12.3802(5) 13.1819(2)

bIA 17.9406(3) 20.1740(5) 13.3535(5) 31.5572(6)

clA 19.2651(4) 24.1073(6) 18.6388(9) 13.5087(3)

o/deg 84.3311(7) 82.4190(13)

pldeg 82.6768(7) 149.9133(7) 77.2612(15) 111.4181(7)

yl/deg 80.9203(7) 62.3602(9)

VIA3 4333.60(14) 5342.7(2) 2660.94(19) 5231.31(17)

VA 2 4 2 4

dead/g cm™ 1.528 1.621 1.677 1.686

T/°C —170 £ 1 -90 £ 1 —90 £ 1 —170 £ 1

u (Mo Ko)/em ™! 8.967 13.449 13.535 13.745

Max 20/deg 55.0 50.6 50.7 55.0

No. of measured 43429 42405 21981 51911
reflections

No. of unique 19805 9700 9698 11985
reflections

R (I > 26(D)* 0.0453 0.0287 0.0385 0.0340

Ry, (I > 2a())° 0.1366 0.0720 0.1062 0.0910

AR =X IF,| — IFI/Z IF, |
R, = [(Z w (F,| — IF.)*/Z w FH]'?

time <I1.1 ns). The Nd:YAG laser response was monitored with a digital oscil-
loscope (Sony Tektronix, TDS3052, 500 MHz) synchronized to the single-pulse
excitation. Emission lifetimes were determined from the slope of logarithmic plots
of the decay profiles. High-resolution spectra of the emission were measured with
a HORIBA SPEX fluorolog.

5.3 Results and Discussion

5.3.1 Coordination Structures

Single crystals of the lanthanide complexes with oxo-linked bidentate phosphine
oxides were successfully prepared for X-ray single-crystal analyses by recrystal-
lization from methanol solutions. The resulting crystal data are summarized in
Tables 5.1 and 5.2. The ORTEP views of all the lanthanide complexes showed
octa-coordinated structures (Figs. 5.2 and 5.3). The coordination sites of
Eu(hfa);(tBu-xantpo), Eu(hfa);(dpepo), Eu(hfa);(biphepo), Sm(hfa);(rBu-xantpo)
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Table 5.2 Crystal data of Sm(III) complexes

Sm(hfa),(xantpo), Sm(hfa);(rBu-xantpo) Sm(hfa);(dpepo)

Chemical formula CozH7gF5015P4Sm  C46HsF1309P>Sm Cs1H3{F;309P>Sm
Formula weight 1994.9 1302.22 1342.12
Crystal color, habit colorless, block colorless, block colorless, block
Crystal system Triclinic Monoclinic Triclinic
Space group P-1(#2) P2,/n(#14) P-1(#2)
alA 12.9433(4) 12.1153(5) 12.3661(5)
b/A 17.7795(7) 20.1706(7) 13.4079(6)
c/A 19.4357(7) 21.8687(8) 18.5261(7)
o/deg 85.0606(10) 82.2082(12)
pldeg 82.9841(10) 95.0228(12) 77.0833(10)
y/deg 82.0480(11) 61.9059(11)
VIA3 4385.6(3) 5323.6(3) 2639.56(19)
z 2 4 2

deadlg cm™> 1.511 1.625 1.689

T/°C —140 + 1 —100 + 1 —150 + 1
¢ (Mo Ke)/em ™' 8.143 12.797 12.939
Max 20/deg 50.6 50.6 50.6

No. of measured reflections 35841 42569 21444

No. of unique reflections 15874 9688 9574

R (I > 20(D)* 0.0309 0.0287 0.0378

Ry, (I > 2a(D)° 0.0705 0.0984 0.1055

AR =S IF,| — IF/Z IF, |
R, = [(Z w (IF,) — IFD*Z w FH)'?

and Sm(hfa);(dpepo) comprised three hexafluoroacetylacetonato (hfa) ligands and
one bidentate phosphine oxide ligand. In contrast, the coordination sites of
Eu(hfa),(xantpo), and Sm(hfa),(xantpo), comprised two hfa ligands and two
bidentate phosphine oxide ligands with hexafluoroacetylacetonato anion (hfa™:
CF;COC HCOCF;) and trifluoroacetate anion (CF;COO™) counter ions, respec-
tively. The author considers that the trifluoroacetate anion in Fig. 5.3 might be
formed by the oxidation reaction of the hexafluoroacetylacetonato ligand [16].

Based on the crystal data, the author carried out the calculations of the shape
factor S in order to estimate the degree of distortion of the coordination structure in
first coordination sphere [10]. The S value is given by:

S = min\/<%> Z (6; — 0,)* (5.1)

i=1

where m, J; and 0; are the number of possible edges (m = 18 in this study), the
observed dihedral angle between planes along the ith edge and the dihedral angle
for the ideal structure, respectively. The estimated S values of lanthanide com-
plexes are summarized in Tables 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, 5.11 and
Figs. 5.4, 5.5, 5.6. For Eu(hfa),(xantpo),, the S value for the octa-coordinated
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Fig. 5.2 ORTEP drawings of a Eu(hfa),(xantpo),, b Eu(hfa);(rBu-xantpo), ¢ Eu(hfa);(dpepo),
and d Eu(hfa);(biphepo). Hydrogen atoms have been omitted for clarity and thermal ellipsoids
are shown at the 50 % probability level

square antiprism structure (8-SAP, point group: Dy, S = 3.0°) is smaller than that
for the octa-coordinated trigonal dodecahedron structure (8-TDH, point group:
D,,, § = 13°), suggesting that the 8-SAP structure is less distorted than the 8-TDH
structure. The author thus determined that the coordination geometry of
Eu(hfa),(xantpo), is 8-SAP. Based on the minimum value of S, the coordination
geometries of lanthanide complexes with fBu-xantpo and dpepo ligands are
classified as 8-TDH, while those with xantpo and biphepo ligands are classified as
8-SAP. These estimations also suggest that the geometrical symmetry in first
coordination sphere of lanthanide complexes with rBu-xantpo and dpepo ligands
(point group: D,,) is lower than those of lanthanide complexes with xantpo and
biphepo ligands (point group: Dy,).

The author also determined the symmetrical point groups of the lanthanide
complexes concerned with the locations of phosphine oxide and f-diketonato
linker species (Fig. 5.7). The symmetrical point groups of Eu(hfa);(rBu-xantpo),
Eu(hfa);(dpepo), Sm(hfa);(rBu-xantpo) and Sm(hfa);(dpepo) were found to be
quasi-Cj. On the other hand, those of Eu(hfa),(xantpo), and Sm(hfa),(xantpo),
were categorized as quasi-C, because of their two coordinated xantpo ligands.
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Fig. 5.3 ORTEP drawings of a Sm(hfa),(xantpo),, b Sm(hfa);(fBu-xantpo), and ¢ Sm(hfa);(dpepo).
Hydrogen atoms have been omitted for clarity and thermal ellipsoids are shown at the 50 %
probability level

Hasegawa has reported that the coordination structure of Eu(hfa)s;(biphepo) was
classified as 8-SAP with quasi-C; symmetry [17]. These results indicate that
lanthanide complexes with 8-TDH geometry (D,,) and quasi-C; symmetry are
expected to enhance the electric transition probability in the 4f orbitals related to
change of odd parity. The characteristic structures of these lanthanide complexes
are likely to significantly affect their photophysical properties.

5.3.2 Photophysical Properties

The steady-state emission spectra of lanthanide complexes in acetone-ds are
shown in Fig. 5.8. Emission bands of Eu(IIl) complexes are observed at around
578,592, 613, 650, and 698 nm, and are attributed to the f—f transitions of 5DO—7F ¥
with J = 0, 1, 2, 3 and 4 respectively. Emission bands of Sm(III) complexes are
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Table 5.3 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6,) and
measure shape criteria, S(D,q) for Eu(hfa),(xantpo), and Eu(hfa);(fBu-xantpo)

Eu(hfa),(xantpo), Eu(hfa);(fBu-xantpo)

0; Edge 0; 0; — 0; Edge o; d; — 0;

0 06-07 4.35 4.35 02-04 24.70 24.70
0 01-010 5.68 5.68 06-09 24.48 24.48
77.1 04-06 76.58 —0.52 02-05 72.71 —4.39
77.1 04-07 78.74 1.64 01-02 61.45 —15.65
77.1 07-08 73.66 —3.44 01-04 81.23 4.13
77.1 06-08 75.02 —2.08 04-05 68.02 —9.08
77.1 03-010 77.25 0.15 07-09 57.50 —19.6

77.1 01-03 76.56 —-0.54 08-09 69.73 —7.37
77.1 01-09 74.25 —2.85 06-08 67.37 -9.73
77.1 09-010 72.41 —4.69 06-07 75.26 —1.84
51.6 03-06 52.52 0.92 05-09 51.81 0.21
51.6 03-04 52.89 1.29 02-09 40.08 —11.52
51.6 01-04 52.66 1.06 02-08 58.73 7.13
51.6 01-07 47.36 —4.24 01-08 60.64 9.04
51.6 07-09 54.47 2.87 01-06 54.28 2.68
51.6 08-09 48.13 —3.47 04-06 32.52 —19.08
51.6 08-010 54.43 2.83 04-07 57.73 6.13
51.6 06-010 47.79 —3.81 05-07 57.23 5.63

S(D4q) 3.03 S(Dy4q) 12.51

Table 5.4 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6;) and
measure shape criteria, S(D,q) for Eu(hfa)s;(dpepo) and Eu(hfa);(biphepo)

Eu(hfa);(dpepo) Eu(hfa);(biphepo)
0; Edge d; 0; — 0; Edge d; 6; — 0;
0 02-05 33.82 33.82 01-03 1.64 1.64
0 01-07 33.02 33.02 06-08 1.97 1.97
77.1 04-05 70.62 —6.48 01-04 81.95 4.85
77.1 02-04 61.01 —16.09 04-03 75.87 —1.23
77.1 02-09 69.51 —7.59 03-02 73.75 -3.35
77.1 05-09 54.52 —22.58 02-01 80.23 3.13
77.1 06-07 81.43 4.33 05-06 80.41 3.31
77.1 01-06 82.45 5.35 06-07 76.13 —-0.97
77.1 01-08 79.32 2.22 07-08 73.96 -3.14
77.1 07-08 80.43 3.33 08-05 78.55 1.45
51.6 05-06 29.60 —22.00 01-05 45.97 —5.63
51.6 04-06 64.21 12.61 05-04 56.55 4.95
51.6 01-04 60.29 8.69 04-06 47.12 —4.48
51.6 01-02 55.42 3.82 06-03 55.47 3.87
51.6 02-08 32.51 —19.09 03-07 47.45 —4.15
51.6 08-09 65.07 13.47 07-02 55.08 3.48
51.6 07-09 57.46 5.86 02-08 46.22 —5.38
51.6 05-07 56.22 4.62 08-01 55.53 393

S(D4q) 15.81 S(D4a) 3.66
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Table 5.5 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6,) and
measure shape criteria, S(D,q) for Eu(hfa),(xantpo), and Eu(hfa);(fBu-xantpo)

Eu(hfa),(xantpo), Eu(hfa);(fBu-xantpo)
0; Edge d; 0; — 0; 0; Edge d; d; — 0;
61.48 01-03 76.62 15.14 61.48 01-02 61.45 —0.030
61.48 01-04 52.63 —8.85 74.29 01-04 81.23 6.94
29.86 01-07 47.34 17.48 61.48 01-06 54.28 —7.20
74.29 01-09 74.84 0.55 53.12 01-08 60.64 7.52
29.86 01-010 5.56 —24.30 29.86 02-04 24.7 -5.16
53.12 03-04 52.85 -0.27 74.29 02-05 72.71 —1.58
61.48 03-06 52.57 —-8.91 61.48 02-08 58.73 -2.75
74.29 03-010 77.24 2.95 29.86 02-09 40.08 10.22
61.48 04-06 76.53 15.05 61.48 04-05 68.02 6.54
74.29 04-07 78.72 4.43 29.86 04-06 32.52 2.66
29.86 06-07 4.42 —25.44 61.48 04-07 57.73 —-3.75
74.29 06-08 75.00 0.71 53.12 05-07 57.23 4.11
29.86 06-010 47.76 17.90 61.48 05-09 51.81 —-9.67
61.48 07-08 73.67 12.19 74.29 06-07 75.26 0.97
61.48 07-09 54.51 —6.97 61.48 06-08 67.37 5.89
53.12 08-09 48.09 —5.03 29.86 06-09 24.48 —5.38
61.48 08-010 54.48 —7.00 61.48 07-09 57.5 —3.98
61.48 09-010 7247 10.99 74.29 08-09 69.73 —4.56
S(Dyq) 12.69 S(D5q) 5.64

Table 5.6 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6,) and

measure shape criteria, S(D,4) for Eu(hfa);(dpepo) and Eu(hfa);(biphepo)

Eu(hfa);(dpepo) Eu(hfa);(biphepo)
0; Edge 0; ;- 6; 0; Edge 0; 0, - 6;
61.48 01-02 55.42 —6.06 74.29 01-02 76.53 2.24
53.12 01-03 60.29 7.17 61.48 01-03 56.15 —-5.33
61.48 01-06 59.53 —1.95 53.12 01-05 47.74 —5.38
74.29 01-07 80.46 6.17 61.48 01-07 74.88 13.40
61.48 01-08 61.01 —0.47 29.86 02-03 48.01 18.15
29.86 02-03 33.82 3.96 61.48 02-04 55.83 —5.65
29.86 02-04 32.51 2.65 29.86 02-07 1.98 —27.88
74.29 02-06 69.51 —4.78 61.48 02-08 83.23 21.75
61.48 03-04 70.62 9.14 74.29 03-04 80.77 6.48
61.48 03-08 64.21 2.73 61.48 03-05 76.31 14.83
29.86 04-05 29.60 —-0.26 29.86 03-06 2.99 —26.87
61.48 04-06 56.22 —-5.26 61.48 04-06 79.24 17.76
61.48 04-08 54.52 —6.96 53.12 04-08 45.31 —17.81
74.29 05-06 77.45 3.16 74.29 05-06 74.56 0.27
29.86 05-07 28.77 —1.09 61.48 05-07 56.10 —5.38
61.48 05-08 57.73 -3.75 29.86 06-07 45.26 15.4
53.12 06-07 57.46 4.34 61.48 06-08 55.70 —5.78
61.48 07-08 65.07 3.59 74.29 07-08 81.29 7.00
S(D2q) 4.71 S(D»q) 13.49
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Table 5.7 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6,) and
measure shape criteria, S(D4q) for Sm(hfa),(xantpo), and Sm(hfa);(tBu-xantpo)

Sm(hfa),(xantpo), Sm(hfa);(tBu-xantpo)

0; Edge 0; 0; — 0; Edge o; d; — 0;

0 01-010 2.67 2.67 03-08 24.98 24.98
0 04-08 497 497 05-06 19.81 19.81
77.1 01-02 76.85 -0.25 03-09 72.55 —4.55
77.1 02-010 79.81 2.71 01-03 61.61 —15.49
77.1 01-09 75.63 —1.47 01-08 80.96 3.86
77.1 09-010 74.98 —2.12 08-09 68.13 —8.97
77.1 04-07 80.85 3.75 05-07 57.44 —19.66
77.1 07-08 76.66 —-0.44 06-07 75.37 —1.73
77.1 05-08 77.12 0.02 04-06 67.13 -9.97
77.1 04-05 80.06 2.96 04-05 69.79 -7.31
51.6 01-04 53.63 2.03 05-09 51.97 0.37
51.6 02-04 52.65 1.05 03-05 40.10 —11.50
51.6 02-05 52.19 0.59 03-04 58.41 6.81
51.6 05-010 47.54 —4.06 01-04 60.55 8.95
51.6 08-010 54.94 3.34 01-06 54.54 2.94
51.6 08-09 47.47 —4.13 06-08 32.69 —18.91
51.6 07-09 53.71 2.11 07-08 57.46 5.86
51.6 01-07 48.41 -3.19 07-09 57.07 547

S(Dy4q) 2.73 S(Dy4q) 12.03

Table 5.8 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6;) and

measure shape criteria, S(D,q) for Sm(hfa);(dpepo)

Sm(hfa);(dpepo)

0; Edge d; d; — 0;
0 03-04 31.67 31.67
0 07-08 22.72 22.72
77.1 01-04 80.42 3.32
77.1 01-03 56.18 —20.92
77.1 04-05 66.06 —11.04
77.1 03-05 68.98 —8.12
77.1 06-07 80.19 3.09
77.1 06-08 87.36 10.26
77.1 08-09 86.53 9.43
77.1 07-09 80.91 3.81
51.6 04-06 30.02 —21.58
51.6 01-06 59.33 7.73
51.6 01-08 59.94 8.34
51.6 03-08 59.83 8.23
51.6 03-09 35.21 —16.39
51.6 05-09 54.08 2.48
51.6 05-07 57.36 5.76
51.6 04-07 56.60 5.00

S(Dy4q) 13.68
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Table 5.9 Observed dihedral angles (J;), dihedral angles of idealized square antiprism (6,) and
measure shape criteria, S(D,q) for Sm(hfa),(xantpo), and Sm(hfa);(tBu-xantpo)

Sm(hfa),(xantpo), Sm(hfa);(rBu-xantpo)
0; Edge O; 0; — 0; 0; Edge O; 0; — 0;
61.48 01-02 76.85 15.37 61.48 01-03 61.61 0.13
61.48 01-04 53.63 —7.85 53.12 01-04 60.55 743
29.86 01-07 48.41 18.55 61.48 01-06 54.54 —6.94
74.29 01-09 75.63 1.34 74.29 01-08 80.96 6.67
29.86 01-010 2.67 —27.19 61.48 03-04 58.41 -3.07
53.12 02-04 52.65 —-0.47 29.86 03-05 40.10 10.24
61.48 02-05 52.19 -9.29 29.86 03-08 24.98 —4.88
74.29 02-010 79.81 5.52 74.29 03-09 72.55 —1.74
61.48 04-05 76.60 15.12 74.29 04-05 69.79 —4.50
74.29 04-07 77.46 3.17 61.48 04-06 67.13 5.65
29.86 05-07 4.82 —25.04 29.86 05-06 24.57 —-5.29
74.29 05-08 73.59 —-0.70 61.48 05-07 57.44 —4.04
29.86 05-010 47.54 17.68 61.48 05-09 51.97 -9.51
61.48 07-08 73.19 11.71 74.29 06-07 75.37 1.08
61.48 07-09 53.71 -7.77 29.86 06-08 32.69 2.83
53.12 08-09 47.47 —5.65 61.48 07-08 57.46 —4.02
61.48 08-010 54.94 —6.54 53.12 07-09 57.07 3.95
61.48 09-010 74.98 13.50 61.48 08-09 68.13 6.65
S(Dsq) 13.19 S(Dyq) 5.58

Table 5.10 Observed dihedral angles (9,), dihedral angles of idealized square antiprism (6;) and
measure shape criteria, S(D,q) for Sm(hfa);(dpepo)

Sm(hfa);(dpepo)
0; Edge d; 0; — 0;
61.48 01-03 56.18 —5.30
74.29 01-04 80.42 6.13
61.48 01-06 59.33 -2.15
53.12 01-08 59.94 6.82
29.86 03-04 31.67 1.81
74.29 03-05 68.98 —5.31
61.48 03-08 59.83 —1.65
29.86 03-09 35.21 5.35
61.48 04-05 66.06 4.58
29.86 04-06 30.02 0.16
61.48 04-07 56.60 —4.88
53.12 05-07 57.36 4.24
61.48 05-09 54.08 —7.40
74.29 06-07 77.53 3.24
61.48 06-08 64.43 2.95
29.86 06-09 28.77 —1.09
61.48 07-09 56.92 —4.56
74.29 08-09 70.74 —3.55
S(D5q) 4.42
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Table 5.11 Summary of shape-measure calculations of the Eu(IIl) and Sm(III) complexes

Complex S value for S value for Determined
8-TDH™: 8-SAP": coordination geometry
S(D24) S(D4a)
Eu(hfa),(xantpo), 13° 3.0° 8-SAP
Eu(hfa);(rBu-xantpo) 5.6° 13° 8-TDH
Eu(hfa);(dpepo) 4.7° 16° 8-TDH
Eu(hfa);(biphepo) 13° 3.7° 8-SAP
Sm(hfa),(xantpo), 13° 2.7° 8-SAP
Sm(hfa);(tBu-xantpo) 5.6° 12° 8-TDH
Sm(hfa);(dpepo) 4.4° 14° 8-TDH

# 8-TDH: octa-coordinated trigonal dodecahedron
© 8-SAP: octa-coordinated square antiprism
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Fig. 5.4 Coordination environments around Eu(III) ion for the calculation of S(D,4) values

Eu(hfa),(xantpo), hfa)a(tBu xantpo) Eu(hfa)s(dpepo) Eu(hfa)s(biphepo)

Fig. 5.5 Coordination environments around Eu(III) ion for the calculation of S(D,4) values
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Fig. 5.6 Coordination environments around Sm(III) ion for the calculation of S(D4q) and S(D,q)
values

also observed at around 562, 598, 642 and 704 nm, and are attributed to the f—f
transitions of *Gs»—°H; with J = 5/2, 7/2, 9/2 and 11/2, respectively. The spectra
are normalized with respect to the magnetic dipole transition intensities at 592 nm
(Eu: 5D0—7F1) and at 598 nm (Sm: 4G5,2—6H7/2) which are known to be insensitive
to the surrounding environment of the lanthanide ions [18, 19]. The emission
bands at 613 nm (Eu: *Do—'F,) and 642 nm (Sm: *Gs;,—°Hy,,) are due to electric
dipole transitions, which are strongly dependent on their coordination geometry.
The emission quantum yields for Eu(Ill) and Sm(III) complexes in acetone-dg
excited at their 4f orbitals (direct excitation) were found to be 55-72 % and
2.4-5.0 %, respectively (Table 5.12). These values are similar to those reported
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8-SAP,C, 8-TDH,C, 8-TDH,C,

Fig. 5.7 Geometrical coordination structure images of Eu(Ill) and Sm(III) complexes. Coor-
dinated oxygen atoms are shown as corner polyhedra. Curved lines between oxygen atoms
represent phosphine oxide and hfa ligands
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Fig. 5.8 a Emission spectra of Eu(hfa);(rBu-xantpo) (red line 1), Eu(hfa);(dpepo) (green line 2)
and Eu(hfa),(xantpo), (blue line 3) in acetone-dg at room temperature. Excited at 465 nm. The
spectra were normalized with respect to the magnetic dipole transition (*Do—'F,). b Emission
spectra of Sm(hfa);(dpepo) (green line 4), Sm(hfa);(tfBu-xantpo) (red line 5) and Sm(hfa),
(xantpo), (blue line 6) in acetone-dg at room temperature. Excited at 402 nm. The spectra were
normalized with respect to the magnetic dipole transition (*Gs="Hy)0)

for Eu(hfa);(tppo), (P, = 65 %) and Sm(hfa);(tppo), (P, = 4.1 %) in acetone-
de, which have been reported as highly luminescent lanthanide complexes [20]. To
the best of our knowledge, the emission quantum yield for Sm(hfa);(dpepo)
(P, = 5.0 %) is the highest in previous reported Sm(III) complexes.
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Table 5.12 Photophysical properties of Eu(IlT) and Sm(III) complexes in acetone-dg

Complex b % 0,/ms Ks™! kst

Eu(hfa),(xantpo), 55 1.3 44 x 10? 3.6 x 10%
Eu(hfa);(rBu-xantpo) 67 1.2 5.5 x 102 2.7 x 10%
Eu(hfa);(dpepo) 72 1.5 47 x 10? 1.8 x 10?
Eu(hfa);(biphepo® 60 1.3 4.6 x 10° 3.4 x 102
Sm(hfa),(xantpo), 3.8 0.35 1.1 x 102 2.8 x 10°
Sm(hfa);(/Bu-xantpo) 2.4 0.15 1.6 x 107 6.5 x 10°
Sm(hfa);(dpepo) 5.0 0.28 1.8 x 10? 33 x 10°

% Emission quantum yields for Eu(Ill) complexes were determined by comparing with the
integrated emission signal (550-750 nm) of Eu(hfa);(biphepo) as @, = 0.60. Excitation at
465 nm. Emission quantum yields for Sm(III) complexes were determined by comparing with the
integrated emission signal (550-750 nm) of Sm(hfa);(H,O), as &;, = 0.031. Excitation at
481 nm

® Emission lifetime (t4ps) of the lanthanide complexes were measured by excitation at 355 nm
(Nd:YAG 3w)

¢ Radiative rate constants k, = @ ./Tops

9 Nonradiative rate constants k,, = 1/tqs — k,

¢ see ref. 20
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Fig. 5.9 The decay profiles of a Eu(hfa),(xantpo),, b Eu(hfa);(fBu-xantpo), and ¢ Eu(hfa);(dpepo)
in acetone-dg

The time-resolved emission profiles of lanthanide complexes revealed single-
exponential decays with lifetimes in the millisecond timescale as shown in Fig. 5.9.
The emission lifetimes were determined from the slopes of logarithmic plots of the
decay profiles. The radiative (k;) and nonradiative (k) rate constants estimated
using the emission lifetimes and the emission quantum yields are summarized in
Table 5.12. The k, values for Eu(hfa);(rBu-xantpo) and Eu(hfa);(dpepo) were found
tobe 5.5x10% s~ and 4.7 x 10* s, respectively. These k; values are larger than
that for Eu(hfa),(xantpo), (4.4 x 107 s™1). The author also observed that the k, values
for Sm(hfa);(fBu-xantpo) and Sm(hfa);(dpepo) are larger than that for
Sm(hfa),(xantpo),. In general, reduction of the geometrical symmetry of the coor-
dination structure leads to a larger &, value. The author suggests that &, for lanthanide
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Fig. 5.10 The conceptual

diagram in Chapter 5 Eu(hfa),(xantpo), Eu(hfa);(dpepo)

¢ = 55% O =72%

Square Antiprism Trigonal Dodecahedron

complexes with phosphine oxides depend on the symmetry of the coordination sites.
The characteristic 8-TDH structure of Eu(Ill) and Sm(III) complexes might be
maintained even in acetone-ds, because the emission spectrum in acetone-dg is
similar to those of in the solid state. It can also be seen that &, for Sm(hfa);(tBu-
xantpo) is much larger than the values for the other lanthanide complexes as listed in
Table 5.12. Note that the energy gap of the Sm(III) ion is smaller than that of the
Eu(IIl) ion (Sm(III): 7500 cm™ "', Eu(III): 12500 cm™"). The excited state of the
Sm(IIT) ion with a smaller energy gap is effectively quenched by vibrational
relaxation of the high-vibrational frequency C-H bonds. The author considered that
the larger k. values for Sm(hfa);(rBu-xantpo) might be attributed to effective
vibrational relaxation caused by the 36 C—H bonds in the 4 fert-butyl groups attached
to the phosphorus atoms.

From these results, the author considers that Eu(IIl) and Sm(III) complexes
with 8-TDH structures lead to high emission quantum yields and large radiative
rate constants, which result in strong luminescence.

5.4 Conclusions

The author successfully synthesized novel lanthanide complexes containing the
oxo-linked bidentate phosphine oxide ligands xantpo, tBu-xantpo and dpepo with
high emission quantum yields (Fig. 5.10). They exhibit characteristic lumines-
cence properties that depend on their coordination structures. The symmetry of
coordination structures of lanthanide complexes is correlated with their photo-
physical properties. In order to produce strong luminescence in luminescent lan-
thanide complexes, the following intrinsic requirements should be fulfilled:

(1) low-vibrational structure
(2) asymmetrical point group
(3) asymmetrical coordination structure (quasi-C).



80 5 Photophysical Properties of Lanthanide Complexes

In this chapter, characteristic photophysical properties for octa-coordinated
lanthanide complexes with 8-TDH structures have been demonstrated. Research
on the driving force for the formation of the 8-TDH structure is expected to
provide molecular strategies for obtaining strongly luminescent Eu(IIl) complexes
directly. Ohkubo et al. have reported that the driving force for the construction of
an asymmetric coordination geometry can be estimated from the dipole moments
of the ligands [21]. Strongly luminescent Eu(III) complexes with 8-TDH structures
may lead to the development of new fields in photophysical, coordination, and
material chemistry.
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Chapter 6
Solvent-Dependent Luminescence
of Octa-Coordinated Eu(III) Complexes

6.1 Introduction

As described in Chap. 5, in order to prepare an intensely luminescent lanthanide
complex, a large radiative rate constant based on reducing the geometrical sym-
metry and a small nonradiative rate constant by introducing low-vibrational fre-
quency organic ligands should be required [1, 2]. The author has reported on two
asymmetric Eu(Ill) complexes with hfa and bidentate phosphine oxide ligands,
Eu(hfa),(xantpo), and Eu(hfa);(fBu-xantpo) as shown in Fig. 6.1. Their coordi-
nation geometries were categorized as 8-SAP and 8-TDH structures, respectively.
Their coordination structures composed of the low-vibrational frequency phosphine
oxide and hfa provide Eu(Ill) complexes with high emission quantum yields and
relatively large radiative rate constants in acetone-de. In the photophysical analyses,
the author also found that the nonradiative rate constant of Eu(hfa);(Bu-xantpo)
(ko = 2.7 x 10? s_l) is smaller than that for Eu(hfa),(xantpo), (k, = 3.
6 x 10° sfl). The author here consider that smaller &, of Eu(hfa);(sBu-xantpo)
might be achieved by specific coordination structure, 8-TDH.

In general, the nonradiative process of Eu(IIl) complex is also affected by their
coordination structures in liquid media [3]. The coordination structure in organic
solvent could be directly linked to performance of coordination ability of the
solvent molecule, which is related to dielectric constant of solvent [4]. In this
chapter, the author focus on solvent-dependent luminescence of two types of octa-
coordinatd Eu(IIl) complexes, Eu(hfa),(xantpo), and Eu(hfa);(rBu-xantpo). Their
photophysical properties are estimated using the emission quantum yield, emission
lifetime, and radiative and nonradiative rate constant in acetone, acetone-dg, tol-
uene, chloroform, and DMF. The relationship between photophysical properties
and coordination structures of octa-coordinated Eu(Ill) complexes will be
discussed.
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Fig. 6.1 Chemical and coordination structures of Eu(hfa),(xantpo), and Eu(hfa);(fBu-xantpo)

6.2 Experimental Section
6.2.1 Sample Preparation

Eu(hfa),(xantpo), and Eu(hfa);(rBu-xantpo) were prepared according to the pro-
cedure described in Chap. 5.

6.2.2 Optical Measurements

UV-Vis absorption spectra were recorded on a JASCO V-550 spectrometer.
Emission spectra of the lanthanide complexes were measured with a JASCO
F-6300-H spectrometer and corrected for the response of the detector system. The
intrinsic emission quantum yields (®y,) of lanthanide complex solutions degassed
with an argon (10 mM in toluene, chloroform, acetone, N,N-dimethylformamide;
DMF) were obtained by comparison with the integrated emission signal
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(550-750 nm) of Eu(hfa)s;(biphepo) as a reference (@, = 0.60: 50 mM in ace-
tone-dg) with an excitation wavelength of 465 nm. The emission quantum yields
excited at 380 nm (ligand excitation: (P,,) were estimated using JASCO F-6300-
H spectrometer attached with JASCO ILF-533 integrating sphere unit
(¢ = 100mm). The wavelength dependences of the detector response and the
beam intensity of Xe light source for each spectrum were calibrated using a
standard light source. Emission lifetimes of lanthanide complexes (1.0 mM in
toluene, chloroform, acetone, DMF) were measured using the third harmonics
(355 nm) of a Q-switched Nd:YAG laser (Spectra Physics, INDI-50,
fwhm = 5 ns, 1= 1064 nm) and a photomultiplier (Hamamatsu photonics,
R5108, response time < 1.1 ns).

6.3 Results and Discussion
6.3.1 Effects of Deuterated Solvent

The steady-state emission spectra of Eu(hfa),(xantpo), and Eu(hfa);(fBu-xantpo)
in organic solvent are shown in Fig. 6.2. Emission bands are observed at around
578, 591, 613, 650, and 698 nm, and are attributed to the f—f transitions of Dy—'F,
with J = 0, 1, 2, 3, and 4, respectively. The spectra are normalized with respect to
the magnetic dipole transition intensity (5 D0—7F 1) at 591 nm which is known to be
insensitive to the surrounding environment of the Eu(IIl) ion [5, 6]. The emission
band at 613 nm (°Dy-'F,) is due to electric dipole transition, which is strongly
dependent on their coordination geometry. We also estimated the relative emission
intensity of SDy-'F, transition with respect to that of SDo-"F; as I,e; = Ig13/l50; in
the normalized emission spectra. The I values of Eu(hfa),(xantpo), and
Eu(hfa);(Bu-xantpo) are summarized in Table 6.2. The intrinsic emission quan-
tum yield (@ ,) for Eu(hfa);(rBu-xantpo) in acetone excited at 4f orbitals (excited
at 465 nm) was found to be 64 % (Table 6.1). This value is slightly smaller than
that for reported Eu(hfa);(#Bu-xantpo) in acetone-dg (@, = 67 %).

The radiative (k;) and nonradiative (k,) rate constants estimated using the
emission lifetimes (to,s) and the intrinsic emission quantum yields (&) are
summarized in Table 6.1. The radiative rate constant for Eu(hfa);(rBu-xantpo) in
acetone was estimated to be 5.4 x 10% s™!. This , value is much similar to that
for Eu(hfa);(rBu-xantpo) in acetone-dg (5.5 x 10? s™). The nonradiative rate
constant for Eu(hfa);(fBu-xantpo) in acetone-dg (2.7 X 10* s7') is smaller than
that for Eu(hfa);(rBu-xantpo) in acetone (3.0 x 10° sfl). The relatively smaller
k. for Eu(hfa);(rBu-xantpo) in acetone-dg is attributed to the suppression of
vibrational relaxation surroundings of the Eu(IIl) complex. The nonradiative
transitions of lanthanide complexes are affected by the high-vibrational frequency
of C-H and O-H bonds of solvent. The author consider that introduction of
deuterated solvent is effective for enhancement of emission quantum yield of octa-
coordinated Eu(IIl) complexes.
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Fig. 6.2 Emission spectra of Eu(hfa);(fBu-xantpo) (line 1) and Eu(hfa),(xantpo), (line 2) in
a acetone, b toluene, ¢ chloroform, and d DMF at room temperature. Excitation wavelength is
465 nm. The spectra are normalized with respect to the magnetic dipole transition (*Do—'F,)

Table 6.1 Photophysical properties of Eu(hfa);(rBu-xantpo) at room temperature

Solvent Tops (MS)° Py, (%) ke (s Kae (s~
Acetone 1.2 64 5.4 x 10? 3.0 x 10?
Acetone-dg 1.2 67 5.5 x 102 2.7 x 10?

6.3.2 Photophysical Properties in Various Organic Solvent

The radiative (k) and nonradiative (k,,) rate constants, the emission lifetimes
(Tobs)s and the intrinsic emission quantum yields (@ ,) of Eu(hfa),(xantpo), and
Eu(hfa);(Bu-xantpo) are summarized in Table 6.2. The radiative rate constants of
Eu(hfa);(fBu-xantpo) (k, = 3.6-5.6 x 10°s™")  were larger than that for
Eu(hfa),(xantpo), (k, = 3.0-4.9 x 10? sfl). Generally, the radiative rate con-
stants of lanthanide complexes are directly linked to their geometrical structures.
The symmetrical point groups of Eu(hfa),(xantpo), and Eu(hfa);(fBu-xantpo) are
D4g and D,4, respectively [7]. The larger radiative rate constants for
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Table 6.2 Photophysical properties of Eu(III) complexes in various solvent at room temperature

Complex Solvent Tobs (29N Dy Nsens Lo k. kor
ms) %) (%) (%) 107 s7hH (107 s7h

Eu(hfa); Toluene 1.3 64 24 38 14 49 2.8
(xantpo),

Chloroform 1.3 58 22 38 11 43 3.1

Acetone 1.3 50 20 40 13 39 3.8

DMF 1.7 51 12 23 7.1 3.0 2.9

Eu(hfa);(rBu- Toluene 1.3 67 29 43 16 53 2.6
xantpo)

Chloroform 1.2 67 24 36 16 5.6 2.7

Acetone 1.2 64 22 34 20 5.4 3.0

DMF 1.6 58 12 21 12 3.6 2.6

# Total emission quantum yield (excitation at 380 nm)

® Photosensitized energy transfer efficiency #sens = @0/ P, Estimated relative errors: Tops,
+4 %; O, 13 %; Do, £9 %5 Nsensy £12 %

© Relative emission intensity of the electric dipole transition (*Dy—'F,) to the magnetic dipole
transition (°Dg—"Fy)
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Fig. 6.3 The relationship between rate constants of Eu(Ill) complexes and dielectric constants of
organic solvent. a The radiative (k) and b nonradiative constant (k). (ll: Eu(hfa);(rBu-xantpo);
8-TDH, O: Eu(hfa),(xantpo),; 8-SAP, I toluene, 2 chloroform, 3 acetone, 4 DMF)

Eu(hfa);(Bu-xantpo) should come from asymmetrical D,y structure related to
change of odd parity in organic solvent.

The ability of solvent molecules for the coordination to metal centers can be
estimated from the dielectric constant or the donor number. The relationship
between rate constants of Eu(IIl) complexes and dielectric constants of organic
solvent are shown in Fig. 6.3. In Eu(hfa),(xantpo),, k, and k,,, are much dependent
of the dielectric constant of organic solvent. These results indicate that coordi-
nation geometry and vibrational structure of Eu(hfa),(xantpo),(8-SAP) is affected
by organic solvent with large dielectric constant, solvation to Eu(Ill) ion
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Fig. 6.4 Schematic 5)
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in 8-TDH structures owing to
their structural stability
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(Fig. 6.4a). In contrast, we found that k, and k,, of Eu(hfa);(Bu-xantpo) are
maintained constant in acetone, toluene, and chloroform. The structure of 8-TDH
in Eu(hfa);(rBu-xantpo) might not be affected by solvent (Fig. 6.4b), although &,
and k,, of 8-SAP are dependent of solvent. The author here considers that small
nonradiative rate of Eu(hfa);(rBu-xantpo) is caused by structural stability of
8-TDH in organic media.

The author also carried out charge density calculations of xantpo and fBu-
xantpo ligand by DFT calculation (6-31G(d)/B3LYP) based on the X-ray single
crystal analyses. According to the calculation, charge densities oxygen atoms in
phosphine oxides were found to be —0.51 and —0.48 (xantpo), —0.51 and -0.47
(tBu-xantpo), respectively (Fig. 6.5). However, we found that charge densities of
phosphorus atoms in rBu-xantpo (—-0.11 and 0.12) were higher than those in xantpo
(0.22 and 0.23), because phosphorus atoms in fBu-xantpo were affected by elec-
tron donating ability of 7-butyl groups. The effective electron donating ability
would be also lead to enhancement of coordination and structural stabilities of
Eu(hfa);(fBu-xantpo).

According to the emission process in DMF, k, of Eu(hfa);(fBu-xantpo) is
similar to that for Eu(hfa),(xantpo),. Eu(hfa),(xantpo), and Eu(hfa);(#Bu-xantpo)
might be decomposed in DMF due to coordination to Eu(IIl) ion of DMF mole-
cules with large dielectric constant. Decomposition of coordination structure by
addition of solvent molecule with large dielectric constant has been previously
reported [3]. The photosensitized energy transfer efficiency (#5c,s) based on @
and the total emission quantum yield (P excitation at 380 nm) of
Eu(hfa),(xantpo), and Eu(hfa);(rBu- xantpo) are summarized in Table 6.2. The
photosensitized energy transfer efficiencies in DMF (#gens = 21-23 %) are smaller
than those in toluene, chloroform, and acetone (34-43 %). The author considers
that hfa ligands of the complexes might move away from Eu(IIl) ion in DMF.
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Fig. 6.5 Charge densities of xantpo
phosphorus and oxygen

atoms in xantpo and

tBu-xantpo ligand

01:-0.51 02:-048

tBu-xantpo

6.4 Conclusion

Solvent-dependent luminescence of Eu(hfa),(xantpo), and Eu(hfa);(#Bu-xantpo)
are demonstrated. The author found that nonradiative rate process of Eu(IIl)
complex is directly linked to characteristics of surrounding environment, organic
solvent. Smaller k,, of Eu(hfa);(rBu-xantpo) is achieved by characteristic coor-
dination structure, 8-TDH because of their structural stability in organic media.
Solvent-dependent luminescence of lanthanide complex with characteristic octa-
coordination structure is expected to provide a novel aspect in the field of lan-
thanide photochemistry.
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Chapter 7
Summary

The luminescence and thermal properties of lanthanide(Ill) complexes can be
manipulated and enhanced by designing organic ligands which coordinate to lan-
thanide(III) ions. In this thesis, molecular designs for the enhancement of the lumi-
nescence properties and functionalization (thermostability and temperature-sensing
ability) of lanthanide complexes with LVF phosphine oxide ligands have been
described. The results obtained in this study were briefly summarized as follows.

In Chap. 1, the scientific backgrounds about lanthanide(IIT) luminescence were
introduced. Then, issues of former researchers were pointed out in terms of
structures of lanthanide complexes. The strategies of molecular designs of lan-
thanide complexes with the strong-luminescence properties and high thermal
stability were also mentioned.

In Chap. 2, novel thermostable luminophores comprised of Eu(III) coordination
polymers; [Eu(hfa);(dpb)],, [Eu(hfa);(dpbp)l,, and [Eu(hfa);(dppcz)],, were suc-
cessfully synthesized. In particular, [Eu(hfa);(dppcz)], exhibited both high emis-
sion quantum yields (@, = 83 %) and remarkable thermal stability (decomposition
point = 300 °C) due to a tight-binding structure composed of Eu(IIl) ions and
low-vibrational phosphine oxide, although many types of luminescent organic dyes
are generally decomposed at temperatures under 200 °C. The emission quantum
yields of these coordination polymers are similar to those of strong-luminescent
coordination polymers in former chapters. These coordination polymers are
expected to employ in optics applications such as luminescent plastics, displays, and
opto-electronic devices.

In Chap. 3, a novel thermosensing dye composed of color-changing lumines-
cent coordination polymers containing Eu(Ill) and Tb(III) ions was successfully
synthesized. This coordination polymer exhibited a high emission quantum yield
®, of 40 % at room temperature and an effective temperature-sensing ability over
a wide range of 200-500 K. Temperature-sensitive dyes with thermostable
structures and dual sensing units were reported for the first time. The results
obtained in this chapter will provide insights for designing lanthanide coordination
polymers for development of temperature-sensing devices based on their
luminescence.

K. Miyata, Highly Luminescent Lanthanide Complexes 89
with Specific Coordination Structures, Springer Theses,
DOL: 10.1007/978-4-431-54944-4_7, © Springer Japan 2014


http://dx.doi.org/10.1007/978-4-431-54944-4_1
http://dx.doi.org/10.1007/978-4-431-54944-4_1
http://dx.doi.org/10.1007/978-4-431-54944-4_2
http://dx.doi.org/10.1007/978-4-431-54944-4_2
http://dx.doi.org/10.1007/978-4-431-54944-4_3
http://dx.doi.org/10.1007/978-4-431-54944-4_3

90 7 Summary

In Chap. 4, novel nona-coordinated Eu(IIl) complexes containing characteristic
tridentate phosphine oxide ligands, dpppo, dppypo, and dpbtpo were successfully
synthesized. These Eu(Ill) complexes exhibited strong-luminescence with high
emission quantum yields (@, > 60 %). The author found that the emission
intensities at the electric dipole transition of Eu(Ill) complexes depended on the
organic linker species in phosphine oxide ligands, although the energy gap
between Stark splitting levels, radiative and non-radiative rate constants were not
affected by them. This result revealed that the transition intensity at the electric
dipole transition is affected by chemical structures of attached tridentate phosphine
oxide ligands.

In Chap. 5, Eu(Ill) and Sm(IIT) complexes with novel asymmetric structures
composed of oxo-linked bidentate phosphine oxide ligands (xantpo, fBu-xantpo,
and dpepo) have been reported. The author carried out the calculations of the shape
factor S in order to estimate the degree of distortion of the coordination structure in
first coordination sphere. Based on the structural and photophysical findings,
remarkably strong luminescence properties of Eu(IlI) and Sm(III) complexes with
characteristic trigonal dodecahedron structures (8-TDH) were demonstrated for the
first time. The author also showed that the emission quantum yield of
Sm(hfa);(dpepo) with a trigonal dodecahedron structure is the highest value
(P, = 5.0 %) in previous reported Sm(III) complexes.

In Chap. 6, solvent-dependent luminescence of Eu(hfa),(xantpo), (8-SAP) and
Eu(hfa);(fBu-xantpo) (8-TDH) has been investigated. Their emission quantum
yields, emission lifetimes, and radiative and nonradiative rate constants were
characterized in acetone, acetone-dg, toluene, chloroform, and DMF. The author
found that nonradiative rate process of Eu(Ill) complex is directly linked to char-
acteristics of surrounding environment, organic solvent. In particular, smaller
nonradiative rate constant of Eu(hfa);(rBu-xantpo) was achieved by characteristic
coordination structure, 8-TDH because of their structural stability in organic media.

The luminescence properties of lanthanide complexes can be enhanced by
design of chemical structures. However, the correlation between coordination
structures and luminescence properties of lanthanide complexes has been scarcely
investigated. In this thesis, the correlation between coordination structures and
photophysical properties of lanthanide complexes with phosphine oxide ligands
were demonstrated. Additionally, functionalization of lanthanide compounds was
also described in terms of lanthanide coordination polymers. This thesis gives the
first systematic studies on molecular photo-science between lanthanide(III) coor-
dination chemistry and photo-functional materials science.

The author wishes the strategies for molecular design of luminescent lanthanide
complexes described in this thesis would have contribution to development of
applications in novel organic lanthanide devices, such as organic liquid lasers,
luminescent plastics, optical fibers, EL devices, and temperature-sensing devices.
The photochemistry of luminescent lanthanide complexes is expected to open up
frontier fields between lanthanide coordination chemistry and photo-functional
materials science.
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