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Structures and photophysical properties of f-block metal
complexes with tandem-connected tridentate phosphane ox-
ide ligands, {bis[o-(diphenylphosphoryl)phenyl]phenylphos-
phane oxidejtris(hexafluoroacetylacetonato)europium/(III)
[Eu(hfa);(DPPPO)], {bis[o-(diphenylphosphoryl)pyridyl]-
phenylphosphane oxidejtris(hexafluoroacetylacetonato)eu-
ropium(Ill) [Eu(hfa);(DPPYPO)] and ({bis[o-(diphenylphos-
phoryl)benzothienyl]phenylphosphane oxide}tris(hexa-
fluoroacetylacetonato)europium(Ill) [Eu(hfa);(DPBTPO)], are
reported. The coordination geometries of Eu(hfa);(DPPPO)
and Eu(hfa);(DPBTPO) provide characteristic distorted,
capped square antiprism structures with nine-coordinate
oxygen atoms. The emission properties related to the electric
transition are characterized by the emission spectra, the

emission quantum yields, the emission lifetimes, and the ra-
diative and non-radiative rate constants. Eu'! complexes
with tridentate phosphane oxide ligands offer relatively high
emission quantum yields (> 60 % in [Dg]acetone) due to their
low-symmetric and low-frequency vibrational structures. The
electric dipole transition intensities in the emission spectra
depend on the chemical structures of tridentate phosphane
oxides. The characteristic photophysical properties of poly-
hedral f-block metal complexes, nine-coordinate Eu™ com-
plexes with tridentate phosphane oxide, are demonstrated
for the first time.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Lanthanide(IIT) complexes are regarded for use as lumi-
nescent materials for EL devices,!! lasers/? and luminescent
bio-sensing applications.® The luminescence properties of
lanthanide complexes such as Eu', Tb™, Sm™ Yb' and
Nd" complexes are mainly derived from the electric transi-
tions in 4f orbitals. Generally, 4f orbitals of lanthanide are
shielded from direct perturbations by outer filled 5s and 5p
shells.[*] 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 ef-
fects. The partially allowed transitions and electrically
shielded nature of the excited states promote long emission
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lifetimes and characteristic sharp emission bands. A large
number of studies on the characteristic luminescence prop-
erties of lanthanide complexes have been reported.[®!

Radiative rate constants of the lanthanide complexes de-
pend greatly on the geometrical symmetry of the coordina-
tion structure. Richardson and Reid have estimated the
transition intensity parameters of lanthanide complexes
from the ligand field.[? Binnemans has proposed to evalu-
ate the transition intensity by using Judd—Ofelt analysis.®!
Since these studies, it has been widely accepted that the ra-
diative transition probability between 4f orbitals is en-
hanced by reducing the coordination structure’s geometrical
symmetry.[%10]

The emission properties of lanthanide complexes also de-
pend on the vibronic properties, which dominate the kinet-
ics of the non-radiative transition processes. According to
the energy gap theory, the non-radiative transition pro-
cesses are promoted by the presence of ligands and solvents
with high-frequency vibrational modes.['! In earlier studies,
we have reported on the suppression of radiationless
quenching in Nd™! systems in organic media by introducing
diketonato ligands having C-F bonds with low-vibrational
frequency (LVF) such as hexafluoroacetylacetonato: hfa.[”]
The LVF ligands having C-F bonds instead of C-H bonds
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effectively suppress the radiationless transition in the lan-
thanide complexes. Recently, the effect on the Ln-X vi-
brations have also been reported.[!’]

In order to prepare intensely luminescent lanthanide
complexes, a large radiative rate constant is necessary based
on reducing the geometrical symmetry and small non-radia-
tive rate constant by introducing LVF organic ligands. Pre-
viously, we have reported on Eu™ complexes with LVF li-
gands, hfa and triphenylphosphane oxide: TPPO [Eu(hfa);-
(TPPO),], for which the chemical structure is shown in Fig-
ure 1 (a).l'¥ The coordination structure composed of the
LVF phosphane oxide (P=0: 1125 cm™") and hfa provides
the Eu'"' complex with a high emission quantum yield and
a relatively small non-radiative rate constant. The coordina-
tion geometry of Eu(hfa);(TPPO), is categorized as a dis-
torted Square AntiPrism (8-SAP). 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' complex and consequently Eu(hfa);(TPPO),
shows a relatively large radiative rate constant. We have also
reported a Eu'"' complex with a phosphane oxide type bi-
dentate ligand, 1,1’-biphenyl-2,2’'-diylbis(diphenylphos-
phane oxide): BIPHEPO [Eu(hfa);(BIPHEPO)], for which
the chemical structure is shown in Figure 1 (b).['>] The co-
ordination geometry of Eu(hfa);(BIPHEPO) is also an 8-
SAP with a certain distortion, and the introduction of bi-
dentate phosphane oxide ligand in Eu'' complex leads to
reduction of the geometrical symmetry and enhancement of
the probability of the electric dipole transition. In order to
suppress the symmetry of the ligand field and vibronic
quenching, considerable recent attention has been focused
on lanthanide complexes with polydentate (tridentate, tetra-
dentate, pentadentate and hexadetate) ligands and their

characteristic luminescence properties.['®! In most of these
previous works, however, the lanthanide complexes with po-
lydentate ligands have C-H units close to the metal center.
We here attempted to prepare luminescent Eu''! complexes
with a tridentate phosphane oxide and three hfa as LVF
ligands, which are anticipated to construct an asymmetrical
nine-coordinate structure (Mono-capped Square Anti-
Prism: 9-SAP). We have recently reported that the radiative
rate constant of Sm' complex with 9-SAP structure is
larger than those of symmetrical ten-coordinated Sm'!!
complexes.'”! Polydentate ligands may also provide stable
coordination bindings which show promise toward im-
proved emission properties.

In the present study, we report on luminescent properties
of lanthanide complexes with three kinds of novel tridentate
phosphane oxide ligands: {bis[o-(diphenylphosphoryl)-
phenyl]phenylphosphane oxide}tris(hexafluoroacetylacet-
onato)europium(IIl) [Eu(hfa);(DPPPO)], {bis[o-(diphenyl-
phosphoryl)pyridyl]phenylphosphane oxide}tris(hexa-
fluoroacetylacetonato)europium(IIT) [Eu(hfa);(DPPYPO)]
and {bis[o-(diphenylphosphoryl)benzothienyl]phenylphos-
phane oxide}tris(hexafluoroacetylacetonato)europium(III)
[Eu(hfa);(DPBTPO); see part ¢ of Figure 1]. The geometri-
cal structures of the Eu™ complexes were characterized
using NMR and X-ray single crystal analyses. We also com-
pared the emission spectral shapes, the emission quantum
yields, the emission lifetimes, the radiative and the non-radi-
ative rate constants in nine-coordinate Eu''' complexes with
those of eight-coordinate Eu'™ complexes [Eu(hfa)s-
(BIPHEPO), Eu(hfa);(TPPO),]. The photophysical proper-
ties of nine-coordinate Eu™ complexes with tridentate
phosphane oxide ligand are elucidated in terms of geometri-
cal, vibrational and chemical structures.
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Figure 1. Chemical and coordination structures of Eu''!
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Eu(hfa);(DPBTPO) 9-SAP

complexes with mono-, di-, and tridentate phosphane oxides.
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Results and Discussion

Syntheses and Coordination Structures of Eu! Complexes
with Tridentate Phosphane Oxides

Eu™ complexes with tridentate phosphane oxides,
Eu(hfa);(DPPPO), Eu(hfa);(DPPYPO) and Eu(hfa)s-
(DPBTPO) were synthesized by complexation of phos-
phane oxide ligands with Eu(hfa);(H,O), in methanol for
8 h as illustrated in Figure 2.'44] The IR spectra and ele-
mental analyses indicate that no water molecule exists in
the coordination sphere of Eu™™ complexes. We also ob-
served the signals of corresponding [Eu(hfa),(DPPPO)]*,
[Eu(hfa),(DPPYPO)]* and [Eu(hfa),(DPBTPO)]* in ESI-
mass spectra. The 3'P NMR spectra of the Eu''! complexes
in [D¢lacetone exhibited three specific signals. These results
indicate that the magnetic environments of phosphane ox-
ides are different from each other in the solution phase.

Single crystals of Eu(hfa);(DPPPO) and Eu(hfa)s-
(DPBTPO) were successfully prepared for X-ray single-
crystal puposes by recrystallization from acetone solutions.
The ORTEP views and crystal data from the X-ray single-
crystal analyses are summarized in Figure 3 and Tables 1
and 2. The ORTEP views of both Eu(hfa);(DPPPO) and
Eu(hfa);(DPBTPO) show the nine-coordinate structures
with one tridentate phosphane oxide (DPPPO or DPBTPO)
and three hfa ligands. The coordination geometries of
Eu(hfa);(DPPPO) and Eu(hfa);(DPBTPO) are categorized
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Figure 3. ORTEP view of single crystals of a) Eu(hfa);(DPPPO)
from acetone/water solution, and of b) Eu(hfa);(DPBTPO) from

acetone solution.
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Figure 2. Synthetic schemes of Eu(hfa);(DPPPO), Eu(hfa);(DPPYPO) and Eu(hfa);(DPBTPO).
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Table 1. Crystal data of Eu'' complexes with tridentate phosphane oxide ligands.

Eu(hfa);(DPPPO) 2Eu(hfa);(DPBTPO)-0.5 acetone
Chemical formula C57H36EUF1809P3 C125H78EUZF36019P684
Formula weight 1451.76 3185.93
Crystal color, habit colorless, block colorless, block
Crystal system trigonal monoclinic
Space group R3¢ C2/c
a[A] 40.3572(7) 24.6695(14)
b[A] 12.3999(6)
c[A] 24.5364(5) 42.565(2)
pI° 99.3595(14)
V [A3] 34608.5(10) 12847.4(11)
V4 18 4
T[°C] 80+ 1 ~120+1
1 (Mo-K,) [em™!] 9.617 12.226
Number of measured reflections 91569 44801
Number of unique reflections 13372 10505
R[> 2c(D)]8 0.0344 0.0351
Ry, [I>20(D)]® 0.1106 0.0870

[a] R = Z||F,| — [F/Z |Fol. [b] Ry = [(Ew(|Fo| - [F/ZwF)].

as mono-capped square antiprisms (9-SAP).['® In Eu(hfa);-
(DPPPO) and Eu(hfa);(DPBTPO), the Eu—O bond lengths
that are attached with two terminal phosphane oxides in
Table 2 are similar to those of the reported Eu(hfa)s-

Table 2. Selected bond lengths [A] of Eu'' complexes.

Bond Eu(hfa);(DPPPO) Eu(hfa);(DPBTPO)
Eu-O1 (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)

a) b)
Side View @ ©9

Side View

(BIPHEPO), 2.32 and 2.34 A.['5I The Eu-O bond length for
the central phosphane oxide in Eu(hfa);(DPPPO) (Eu-0O2:
2.51 A) and Eu(hfa);(DPBTPO) (Eu-Ol: 2.48 A) are con-
siderably longer than those of the terminal phosphane ox-
ides. The coordination structures of Eu(hfa);(DPPPO) and
Eu(hfa);(DPBTPO) are thus considerably distorted com-
pared with the usual 9-SAP shapes and would be catego-
rized according to their quasi-C; symmetry, consistent with
eight-coordinate Eu(hfa);(BIPHEPO) (Figure4, a, b, c).
Two terminal phosphane oxides of Eu(hfa);(DPPPO) are
located on the upper square of 9-SAP, while those of
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Figure 4. Coordination polyhedrons of a) Eu(hfa);(BIPHEPO), b) Eu(hfa);(DPPPO) and c¢) Eu(hfa);(DPBTPO).
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Eu(hfa);(DPBTPO) are attached to the upper and lower
squares of 9-SAP. We thus consider that the coordination
structures of Eu'! complexes with tridentate phosphane ox-
ide ligands are markedly influenced by the moiety between
the phosphane oxides.

Based on the X-ray single crystal analyses, we 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
found to be P1: 0.22, P2: 0.14, P3 0.29 (DPPPO), P1: 0.04,
P2: 0.35, P3: 0.11 (DPBTPO), respectively (see Figure S1,
Supporting Information). We thus consider that three peaks
in 3'P NMR spectra of Eu'"' complexes might be caused by
different electron densities of phosphorus atoms.

Photophysical Properties of Nine-Coordinated Eu™"
Complexes

The steady-state emission spectra of Eu(hfa);(DPPPO),
Eu(hfa);(DPPYPO) and Eu(hfa);(DPBTPO) in [D¢]acetone
are shown in Figure 5 (a). Emission bands were observed
at around 578, 592, 614, 650, and 700 nm, and are attrib-
uted to the f-f transitions of *Dy—"F,; with J = 0, 1, 2, 3 and
4, respectively. The spectra were normalized with respect to
the magnetic dipole transition intensity (°Dy—"F,) at 592 nm
which is known to be insensitive to the surrounding envi-
ronment of the Eu'™ ion.['43] The emission band at 614 nm
(°Dy-"F>) is due to the electric dipole transition for which

20
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intensity is greatly dependent on the chemical structures. In
order to analyze the transition intensity, we here estimated
the relative emission intensity of Dy—'F, transition with
respect to that of "Dy—"F; as I, = Ig14/Is9» in the normal-
ized emission spectra. The [ values of FEu(hfa)s-
(DPBTPO), Eu(hfa);(DPPYPO) and Eu(hfa);(DPPPO)
were found to be 18, 16 and 13, respectively, as summarized
in Table 3. The emission spectra with Stark splittings at the
electric dipole transition (°Dy—"F,) of Eu™ complexes in
[Dglacetone are also shown in Figure 5 (b). Five-fold degen-
erated 'F, states of Eu'"! complexes are known to split into
some Stark levels between one to five depending on sym-
metry of the coordination structure.'® We found that the
emission spectral profiles and the wavenumbers of transi-
tion bands I and II of Eu(hfa);(DPPPO) and Eu(hfa)s-
(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'"' complexes were ap-
proximately 85cm~'. Since the energy gap between the
Stark splitting levels reflects its geometrical symmetry,!”]
Eu(hfa);(DPPYPO) might be similar to Eu(hfa);(DPPPO)
and Eu(hfa);(DPBTPO) in its structure in acetone. The
emission quantum yields of Eu(hfa);(DPPPO), Eu(hfa)s-
(DPPYPO) and Eu(hfa);(DPBTPO) in [DgJacetone were
found to be 0.60, 0.61 and 0.62, respectively (Table 3).
These emission quantum yields are similar to those re-
ported for Eu(hfa);(BIPHEPO) (@ = 0.60 in [DgJacetone)
and Eu(hfa);(TPPO), (@ = 0.65 in [DgJacetone), both of
which have been reported as highly luminescent Eu'" com-
plexes.!]
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Figure 5. a) Emission spectra of Eu(hfa);(DPBTPO) (line 1), Eu(hfa);(DPPYPO) (line 2) and Eu(hfa);(DPPPO) (line 3) in [DgJacetone
at room temperature. Excited at 465 nm. The spectra were normalized with respect to the magnetic dipole transition (*Dy—F,). b) Stark
splitting at the electric dipole transition (°Dy—"F,) of the Eu'! complexes. ¢) The decay profiles of Eu(hfa);(DPPPO), d) Eu(hfa);-

(DPPYPO) and ¢) Eu(hfa);(DPBTPO) in [Dg]acetone.
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Table 3. Photophysical properties of the Eu'!

temperature.[?!

complexes at room

Complex OO o ms] ko [s] Ky [sT'] L™
Eu(hfa)(DPBTPO) 62 13 50x100 30x10> 18
Eu(hfa)(DPPYPO) 61 12 S1x100 32x10° 16
Eu(hfa)(DPPPO) 60 12 S0X102 33x10° 13
Eu(hfa)(BIPHEPO)S 60 13 46X10° 34x10° —
Eu(hfa)(TPPO),E 65 12 54x10° 30X10° —

[a] The emission spectra, quantum yield (&) and lifetime (z,s) were
measured by excitation at 465 nm. Radiative rate k, = @/t Non-
radiative rate k,,. = 1/t — k. [b] Emission quantum yields were
determined by comparing with the emission signal integration
(570-640 nm) of Eu(hfa);(BIPHEPO) as @ = 0.60. [c] Emission
lifetime (7ops) of the Eu'! complexes were measured by excitation at
355 nm (Nd:YAG 3w). [d] Relative emission intensity of the electric
dipole transition (°Dy—"F>) to the magnetic dipole transition (*Dg—
"F)). [e] Ref.[>%]

The time-resolved emission profiles of all Eu™ com-
plexes reveal single-exponential decays with lifetimes on the
millisecond time scale as shown in Figure 5 (¢, d and e).
The emission lifetimes were determined from the slopes of
logarithmic plots of the decay profiles. The radiative (k)
and non-radiative (k,,) rate constants estimated using the
emission lifetimes and the emission quantum yields are
summarized in Table 3. We observed that the radiative
rate constants of nine-coordinate Eu(hfa);(DPPPO)
(5.0x10%s"), Eu(hfa);(DPPYPO) (5.1x10%>s!) and
Eu(hfa);(DPBTPO) (5.0 X 102 s7!) were similar to those of
the eight-coordinate Eu(hfa);(BIPHEPO) (4.6 x10>s™1)
and Eu(hfa);(TPPO), (5.4 X 10?>s"). Generally, reduction
of the geometrical symmetry of coordination structure
leads to a larger radiative rate constant.l'>) The radiative
rate constant of Eu'"' complex with phosphane oxides
seems to depend on the symmetry of the coordination sites,
but not on the coordination number. The non-radiative rate
constants of Eu(hfa);(DPPPO) (3.3 10%s '), Eu(hfa);-

(DPPYPO) (32x10°s") and Eu(hfa);(DPBTPO)
(3.0 10%s") were also quite similar to that of Eu(hfa)s-
(BIPHEPO)  (3.4Xx10%°s') and  Eu(hfa);(TPPO),

(3.0 10%s™"). The non-radiative rate constant of Eu'l!
might not be affected by vibrational, electric and steric
structures of the chemical species attached with LVF phos-
phane oxides.

In this study, we found that the emission intensities at
the electric dipole transition of Eu™ complexes depended
on the organic linker species in phosphane oxide ligands,
although the energy gap between Stark splitting levels, radi-
ative and non-radiative rate constants were not affected by
them. It seems that the transition intensity at the electric
dipole transition is affected by chemical structures of at-
tached tridentate phosphane oxide ligands. Recently, we
have observed that the transition intensity of photochromic
Eu"" complex is influenced by the polarizability of attached
photochromic ligands.[' The effect of polarizability on lan-
thanide complexes has also been suggested.[?®?%1 Blasse has
also reported the influence of charge transfer state on the
transition intensity of lanthanide complex.”?!l We reason
that the emission spectral shapes of Eu'' complexes with
4782
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tridentate phosphane oxide ligands might be related not
only to geometrical and vibrational structures of Eu'!! com-
plexes, but also to the chemical structures of their ligands.

Conclusions

We successfully synthesized novel Eu'' complexes con-

taining characteristic tridentate phosphane oxide ligands,
DPPPO, DPPYPO and DPBTPO with high emission quan-
tum yields (>60%). These Eu'" complexes showed charac-
teristic emission properties depending on their moiety be-
tween phosphane oxides. In the present study, we have re-
ported on nine-coordinate lanthanide complexes with char-
acteristic photophysical properties. The photophysical
properties of Eu'"' complexes with tridentate phosphane ox-
ide ligands would be discussed on the basis of geometrical,
vibrational and chemical structures of the ligands.

Experimental Section

Materials: [Dglacetone (D, 99.9%) and [D]chloroform (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.

Apparatus: Infrared spectra were recorded on JASCO FT/IR-420
spectrometer. 'H (300 MHz), '"F (500 MHz) and 3'P NMR
(500 MHz) spectra were recorded on JEOL ECP-500. Chemical
shifts are reported in 0 ppm, referenced to internal tetramethylsil-
ane standard for 'H NMR, external trifluoroacetic acid standard
(6 = =76.5) for '’F NMR and internal 85% H;PO, standard for
3P NMR spectroscopy. ESI-mass spectra were measured on JEOL
JMS-700M Station. Elemental analyses were performed by Perkin—
Elmer 2400II.

Preparation of Bis|o-(diphenylphosphoryl)phenyl]phenylphosphane
Oxide (DPPPO): Synthesis was performed according to the pub-
lished procedure.’”) Organic reagents, (o-bromophenyl)diphenyl-
phosphane (3.0 g, 9.6 mmol)?3 and dry ethyl ether (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 mL, 9.64 mmol)
was added dropwise via dropping funnel. After the mixture was
stirred at —80 °C for 30 min, dichlorophenylphosphane (860 mg,
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 re-
sulting white solid was collected by filtration. The solid was dis-
solved in chloroform (ca. 100 mL) and washed with water for three
times. The organic layer was separated and dried with anhydrous
magnesium sulfate, and concentrated to 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,0, aqueous
solution (7.8 mL, 69 mmol) was added to it. The reaction mixture
was stirred at 0 °C for 4 h. The organic layer was separated and
washed with water for three times, then dried with anhydrous mag-
nesium sulfate and concentrated to dryness. The obtained powder
was dissolved in hot chloroform/hexane solution (50 °C, ca. 5 mL),
and then the solution was permitted to stand at room temperature.
Recrystallization from chloroform/hexane gave colorless crystals of
the titled compound. Yield 1.4 g (50%). MALDI-TOF mass m/z =

Eur. J. Inorg. Chem. 2009, 4777-4785
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679.2[M + HJ*. "H NMR (500 MHz, CDCl,, 25 °C): § = 7.98 (m, 2
H, Ar), 7.25-7.60 (m, 31 H, Ar) ppm. *'P NMR (200 MHz, CDCls,
25°C): 6 = 36.78 (1 P), 33.65 (2 P) ppm. Cy4H;305P50.3CHCI,
(713.54): caled. C 70.77, H 4.68; found C 70.88, H 4.60.

Preparation of Bis|o-(diphenylphosphoryl)phenyl]phenylphosphane
Oxide Tris(hexafluoroacetylacetonato)europium(Ill)  [Eu(hfa)s-
(DPPPO)l: DPPPO (160 mg, 0.24 mmol), Eu(hfa);(H,0),'42]
(220 mg, 0.27 mmol) and methanol (10 mL) were placed in a 20 mL
flask. The solution was refluxed whilst stirring for 8 h. The mixture
was concentrated to dryness. The residue was washed with chloro-
form for several times. The insoluble material was removed by fil-
tration, and the filtrate was concentrated. The obtained powder
was dissolved in hot acetone/water solution (50 °C, ca. 1 mL), and
then the solution was permitted to stand at room temperature.
Recrystallization from acetone/water gave colorless crystals of the
titled compound. Yield 90 mg (26%). IR (ATR): ¥ = 1657, 1537,
1439, 1252, 1176, 1136, 789, 746, 727, 692, 660 cm™'. F NMR
(470 MHz, [Dglacetone, 25°C): 6 = -79.36 ppm. 3'P NMR
(200 MHz, [DgJacetone, 25 °C): 6 = 0.55 (1 P), -29.03 (1 P), —68.37
(1 P) ppm. ESI mass m/z = 1245.052 [M - (hfa)]*. Cs;H3¢Eu-
F1309P3 (1452.05): caled. C 47.16, H 2.50; found C 47.10, H 2.50.

Preparation of (o-Bromopyridyl)diphenylphosphane: 2,3-Dibro-
mopyridine (8.0 g, 34 mmol), diphenylphosphane (6.3 g, 34 mmol),
triethylamine (6.9 g, 68 mmol), and a catalytic amount of Pd-
(PPh3)4 (390 mg, 0.34 mmol) were dissolved in 40 mL of toluene
under nitrogen atmosphere. The solution was heated at 80 °C whilst
stirring for 16 h. The reaction mixture was washed with brine and
extracted with diethyl ether for three times. The organic layer was
dried with anhydrous magnesium sulfate, and concentrated to dry-
ness. The obtained powder was dissolved in hot ethyl acetate/hex-
ane solution (50 °C, ca. 50 mL), and then the solution was permit-
ted to stand at room temperature. Recrystallization from ethyl ace-
tate/hexane gave colorless block crystals of the titled compound.
Yield 9.3 g (81%). IR (ATR): v = 1559, 1478, 1436, 1382, 1011
cm!. MALDI-TOF mass m/z = 342.0 [M + H]*. 'TH NMR
(300 MHz, CDCl3, 25°C): 0 = 8.58-8.56 (m, 1 H, Ar), 7.78-7.83
(m, 1 H, Ar), 7.35-7.40 (m, 10 H, Ar), 7.06-7.10 (m, 1 H, Ar) ppm.
13C NMR (75 MHz, CDCls, 25°C): 6 = 148.66, 139.54, 135.43,
134.36, 129.01, 128.56, 128.36, 128.04, 123.67 ppm. C;;H3BrNP
(341.00): caled. C 59.67, H 3.83, N 4.09; found C 59.82, H 3.71, N
4.10.

Preparation of Bis|o-(diphenylphosphoryl)pyridyl]phenylphosphane
Oxide (DPPYPO): (o-Bromopyridyl)diphenylphosphane (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 bal-
loon. The solution was cooled to —80 °C and then 1.6 M n-butyllith-
ium hexane solution (3.3 mL, 5.3 mmol) was added dropwise via
syringe. After the mixture was stirred at —80 °C for 1 h, dichloro-
phenylphosphane (450 mg, 2.5 mmol) was added dropwise via
dropping funnel. The reaction mixture was warmed to room tem-
perature and stirred at room temperature for 3 h. The reaction was
quenched by addition of water (ca. 5 mL) and extracted with chlo-
roform for three times. The organic layer was dried with anhydrous
magnesium sulfate, and concentrated 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, aque-
ous solution (2.7 mL, 24 mmol) was added. The reaction mixture
was stirred at 0 °C for 4 h, and then reaction mixture was extracted
with dichloromethane for three times. The organic layer was dried
with anhydrous magnesium sulfate, and concentrated to dryness.
The obtained powder was dissolved in hot acetone/hexane solution
(50 °C, ca. SmL), and then the solution was permitted to stand at
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room temperature. Recrystallization from acetone/hexane gave
white crystals 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, CDCl;, 25 °C):
0=2873(s, 2 H, Ar), 7.92-7.99 (m, 2 H, Ar), 7.21-7.64 (m, 27 H,
Ar) ppm. 3'P NMR (200 MHz, CDCl;, 25°C): § = 29.71 (s,1 P),
25.20 (br. 2 P) ppm. C4oH3;N,O0;3P5-H,0 (698.17): calcd. C 68.77,
H 4.76, N 4.01; found C 69.02, H 4.66, N 3.97.

Preparation of Eu(hfa);(DPPYPO): DPPYPO (300 mg, 0.44 mmol)
and Eu(hfa);(H,0), (430 mg, 0.53 mmol) were dissolved in meth-
anol (25 mL). The solution was refluxed whilst stirring for 8 h. The
mixture was concentrated to dryness. The residue was washed with
chloroform for several times. The insoluble material was removed
by filtration, and the filtrate was concentrated. The obtained pow-
der was dissolved in hot chloroform/hexane solution (50 °C, ca.
2 mL), and then the solution was permitted to stand at room tem-
perature. Recrystallization from chloroform/hexane gave white
crystals of the titled compound. Yield 0.38 g (59%). IR (ATR): ¥
= 1653, 1550, 1525, 1507, 1440, 1252, 1191, 1138, 1124, 1097 cm™ 1.
19F NMR (470 MHz, [DgJacetone, 25 °C): 6 = ~78.71 (s) ppm. >'P
NMR (200 MHz [DgJacetone, 25 °C): 6 = -12.08 (s, 1 P), —15.81 (s,
1 P), —64.75 (s, 1 P) ppm. ESI mass m/z = 1247.052 [M — (hfa)]".
CssH34EuF 3N,O9P3-1.5CHCI; (1630.91): caled. C 41.59, H 2.13,
N 1.72; found C 41.71, H 2.13, N 1.70.

Preparation of 2,3-Dibromobenzothiophene: 2,3-dibromobenzothio-
phene was synthesized according to the published procedure.[*#
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,0; aqueous
solution, and extracted with ethyl acetate for three times. The or-
ganic layer was dried with anhydrous magnesium sulfate, and con-
centrated to dryness. Reprecipitation from excess amount of hexane
(ca. 100 mL) gave a white powder of the titled compound. 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, CDCls, 25°C): 0 = 7.69-7.76 (m, 2 H, Ar), 7.35-7.45
(m, 2 H, Ar) ppm.

Preparation of (o-Bromobenzothienyl)diphenylphosphane: 2,3-Dibro-
mobenzothiophene (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, chlorodiphenylphosphane (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
for three times. The organic layer was dried with anhydrous magne-
sium sulfate, and concentrated to dryness. The obtained powder
was dissolved in hot chloroform/hexane solution (50 °C, ca.
50 mL), and then the solution was permitted to stand at room tem-
perature. Recrystallization from chloroform/hexane gave white yel-
low crystals of the titled compound. Yield 15 g (54%). IR (ATR):
v = 1431, 1243, 999, 891, 743, 726, 692 cm'. MALDI-TOF mass
m/z = 397.3 [M + H]*. '"H NMR (300 MHz, CDCl;, 25°C): § =
7.83-7.86 (d, J = 9 Hz, 1 H, Ar), 7.68-7.71 (d, J = 9 Hz, 1 H, Ar),
7.37-7.47 (m, 12 H, Ar) ppm. '*C NMR (75 MHz, CDCls, 25 °C):
0 = 141.14, 139.29, 135.94, 135.22, 133.57, 129.45, 128.64, 125.64,
125.07, 123.20, 122.23, 116.55 ppm. C,0H 4BrPS (395.97): caled. C
60.47, H 3.55; found C 60.26, H 3.36.

Preparation of Bis|o-(diphenylphosphoryl)benzothienyl]phenylphos-
phane Oxide (DPBTPO): (o-bromobenzothienyl)diphenylphos-
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phane (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 syringe. After the mixture was stirred at —80 °C for
1 h, dichlorophenylphosphane (900 mg, 5.0 mmol) was added drop-
wise 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. SmL), and ex-
tracted with chloroform for three times. The organic layer was dried
with 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,0, aqueous solution (5.5 mL, 49 mmol) was added. The reaction
mixture was stirred at 0 °C for 4 h, and then reaction mixture was
extracted with dichloromethane for three times. The organic layer
was dried with anhydrous magnesium sulfate, and concentrated to
dryness. The obtained powder was dissolved in hot acetone/hexane
solution (50 °C, ca. S mL), and then the solution was permitted to
stand at room temperature. Recrystallization from acetone/hexane
gave white crystals of the titled compound. Yield 1.0 g (26%). IR
(ATR): v = 1457, 1437, 1388, 1203, 1116, 1102, 1010, 898, 801
cm !, MALDI-TOF mass m/z = 791.5 [M + H]*. '"H NMR
(300 MHz, CDCl3, 25°C): 0 = 8.34-8.42 (d, J = 24 Hz, 2 H, Ar),
7.64-7.71 (m, 6 H, Ar), 7.45-7.47 (m, 9 H, Ar), 7.24-7.30 (m, 14
H, Ar), 6.86 (br., 2 H, Ar) ppm. 3'P NMR (200 MHz, CDCl;,
25°C): 6 =21.80-21.83 (d, /= 6 Hz, 2 P), 14.81-14.87 (t, J = 6 Hz,
1 P) ppm. CysH330;5P5S,:0.5CH,Cl, (832.09): caled. C 67.02, H
4.11; found C 67.33, H 4.11 (the CH,Cl, molecule comes from the
reaction solvent).

Preparation of Eu(hfa);(DPBTPO): DPBTPO (300 mg, 0.38 mmol)
and Eu(hfa);(H,0), (370 mg, 0.46 mmol) were dissolved in meth-
anol (30 mL). The solution was refluxed whilst stirring for 8 h. The
mixture was concentrated to dryness. The residue was washed with
chloroform for several times. The insoluble material was removed
by filtration, and the filtrate was concentrated. The obtained pow-
der was dissolved in hot acetone solution (50 °C, ca. 2 mL), and
then the solution was permitted to stand at room temperature.
Recrystallization from acetone gave colorless crystals of the titled
compound. Yield 0.17 g (28%). IR (ATR): ¥ = 1657, 1534, 1440,
1251, 1185, 1138, 1125, 1104 cm™'. '"F NMR (470 MHz, [DgJace-
tone, 25 °C): § = —78.55 (s) ppm. >'P NMR (200 MHz, [D¢Jacetone,
25°C): 0 = -47.78 (s, 1P), —53.29 (s, 1P), —78.18 (s, 1P) ppm. ESI
mass m/z = 1357.001 [M — (hfa)]". C¢HzsEuF ;309P5S, (1564.00):
caled. C 46.85, H 2.32; found C 46.68, H 2.24.

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 measurements were
made on a Rigaku RAXIS RAPID imaging plate area detector
with graphite-monochromated Mo-K, 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 ef-
fects 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 struc-
ture 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 check CIF/PLATON ser-
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vice. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Optical Masurements: UV/Vis absorption spectra were recorded on
a JASCO V-550 spectrometer. Emission spectra of the europi-
um(IIl) complexes were measured with a Hitachi F-4500 spectrom-
eter 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 [DgJacetone) were obtained by
comparison with the emission signal integration (570-640 nm) of
Eu(hfa);(BIPHEPO) as a reference (@ = 0.60: 50 mMm in [Dg]ace-
tone) with excitation wavelength of 465 nm.[>>) Emission lifetimes
of Eu(hfa);(DPPPO), Eu(hfa);(DPPYPO) and Eu(hfa);(DPBTPO)
(1.0 mM in [Dglacetone) were measured with the third harmonics
(355 nm) of a Q-swiched Nd:YAG laser (Spectra Physics, INDI-50,
fwhm = 5ns, 4 = 1064 nm) and a photomultiplier (Hamamatsu
photonics, R5108, response time = 1.1 ns). The Nd:YAG laser re-
sponse 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 decay profiles. High-resolution spectra of the emission were
measured with SPEX fluorolog.

Supporting Information (see also the footnote on the first page of
this article): Figure S1, charge densities of phosphorus atoms in a)
DPPPO and b) DPBTPO ligand.
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