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Introduction

There has been significant recent interest in the develop-
ment of luminescent metal complexes for applications that
include optical materials,[1] organic light-emitting diodes
(OLEDs),[2] and fluorescent sensors.[3] The luminescence
properties of transition-metal complexes are derived from
the d–d and MLCT (metal-to-ligand charge-transfer) transi-

tions based on the d orbitals of the complexes. These lumi-
nescence properties are strongly dominated by the organic
ligands and the coordination structure. The designs of organ-
ic ligands and coordination structures are directly linked to
control of the ligand field. In particular, the ligand field of
transition-metal complexes is strongly affected by geometri-
cal structures.[4] A large number of scientific studies on geo-
metrical structures and luminescence properties of lumines-
cent metal complexes have been reported.[5]

Here we focus on luminescent lanthanide complexes with
4f orbitals. Lanthanide complexes with characteristic narrow
emission bands and long emission lifetimes have been re-
garded as attractive luminescent materials for use in electro-
luminescent (EL) devices,[6] lasers,[7] and luminescent bio-
sensing applications.[8] In general, the luminescence proper-
ties of lanthanide complexes derived from f–f transitions
also depend on their coordination structures. The coordina-
tion number of lanthanide ions in solution is known to vary
from 8 to 12 depending on the nature of the ligating mole-
cules.[9] Specific coordination structures give rise to lantha-
nide complexes with strong and characteristic luminescence
properties.[10–12] The characteristic coordination structures of
luminescent lanthanide complexes have been extensively
studied.[13]
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The characteristic coordination structures and lumines-
cence properties of lanthanide complexes are dominated by
the steric and vibrational structures of the organic ligands.
In earlier studies, we prepared an EuIII complex with low-vi-
brational frequency (LVF) hexafluoroacetylacetonato (hfa)
and bidentate phosphane oxide ligands, [Eu ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(biphepo)]
(biphepo: 1,1’-biphenyl-2,2’-diylbis(diphenylphosphane
oxide).[14] The coordination structure composed of LVF
phosphane oxides (P=O: 1125 cm�1) and hfa ligands pro-
vides the EuIII complex with a high emission quantum yield
(F=60 %) and a relatively small nonradiative rate constant.
The coordination geometry of [Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(biphepo)] is catego-
rized as a square antiprism (8-SAP) without a symmetry
axis. The characteristic 8-SAP structure is composed of
three hfa ligands and one biphepo ligand, which leads to a
reduction of the geometrical symmetry of the EuIII complex,
and consequently [Eu ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(biphepo)] shows a relatively
large radiative rate constant. On the other hand, the geo-
metrical symmetry of lanthanide complexes is regarded as a
significant factor that influences the transition probabilities.
Generally, lanthanide complexes with low-symmetric coordi-
nation structures exhibit high-emission quantum yields with
large radiative rate constants.[12] Raymond et al. have pro-
posed a symmetric factor, the shape measure S, to estimate
the geometrical distortion of lanthanide complexes.[15] We
have also found that distortion of the coordination struc-
tures of EuIII complexes leads to the enhancement of the
electric dipole transition probability.[16] Here, we focus on an
oxo-linked bidentate phosphane framework as a novel
ligand of a lanthanide complex for enhancement of geomet-
rical distortion. Oxo-linked bidentate phosphane ligands
have been known to provide a large bite angle between a
metal ion and phosphorus atoms in the metal complex.[17]

We consider that the introduction of an oxo-linked biden-
tate phosphane framework into coordination sites of lantha-
nide complexes might lead to expansion of their bite angles
related to geometrical distortion. Based on these structural
and photophysical findings, a lanthanide complex with dis-
torted coordination structure composed of oxo-linked biden-
tate phosphane oxide ligands is expected to give rise to an
increase in the electric dipole transition probability.

We report here on the characteristic photophysical prop-
erties of lanthanide complexes with novel asymmetric struc-
tures (trigonal dodecahedron structures) composed of three
kinds of oxo-linked bidentate phosphane oxide ligands as
shown in Scheme 1 (xantpo: 4,5-bis(diphenylphosphoryl)-
9,9-dimethylxanthene; tBu-xantpo: 4,5-bis(di-tert-butylphos-
phoryl)-9,9-dimethylxanthene; dpepo: bis[(2-diphenylphos-
phoryl)phenyl] ether). Robertson and co-workers have re-
cently reported that an EuIII complex with hfa and dpepo li-
gands shows strong luminescence properties in polymer thin
films;[13n] however, the geometrical structure and radiative
rate constants of lanthanide complexes with dpepo ligands
have not yet been reported. We have characterized the geo-
metrical structures of EuIII and SmIII complexes using X-ray
single-crystal analyses and shape-measure criteria. The lumi-
nescence properties were characterized by their emission

quantum yields, emission lifetimes, and their radiative and
nonradiative rate constants. Based on the structural and
photophysical results, the remarkable luminescence proper-
ties of lanthanide complexes with dodecahedron structures
have been demonstrated for the first time. We also report
that the emission quantum yield of [Sm ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)] with a
trigonal dodecahedron structure is the highest in previously
reported SmIII complexes. These remarkable luminescence
properties are elucidated in terms of their distorted coordi-
nation structures.

Results and Discussion

Coordination structures of lanthanide complexes with oxo-
linked bidentate phosphane oxides : Single crystals of lantha-
nide complexes with oxo-linked bidentate phosphane oxides
were successfully prepared for X-ray single-crystal analyses
by recrystallization from solutions in methanol. The result-
ing crystal data are summarized in Tables 1 and 2. The
ORTEP views of all the lanthanide complexes show eight-
coordinated structures (Figures 1 and 2). The coordination
sites of [Eu ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)], [Eu ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)], [Eu-ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(biphepo)], [Sm ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)], and [Sm ACHTUNGTRENNUNG(hfa)3-ACHTUNGTRENNUNG(dpepo)] comprise three hexafluoroacetylacetonato (hfa) li-
gands and one bidentate phosphane oxide ligand. In con-
trast, the coordination sites of [EuACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2] and [Sm-ACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2] comprise two hfa ligands and two bidentate
phosphane oxide ligands with the hexafluoroacetylacetonato
anion (hfa� : CF3COC�HCOCF3) and trifluoroacetate anion
(CF3COO�) counterions, respectively. We have considered

Scheme 1. Chemical structures of lanthanide complexes with bidentate
phosphane oxides (Ln= Eu, Sm; m=1, 2; n =2, 3).
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that the trifluoroacetate anion in Figure 2 might be formed
by the oxidation reaction of the hexafluoroacetylacetonato
ligand.[18]

Based on the crystal data, we carried out the calculations
of the shape factor S to estimate the degree of distortion of
the coordination structure in first coordination sphere.[15]

The S value is given by Equation (1):

S ¼ min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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in which m, di and qi are the
number of possible edges (m =

18 in this study), the observed
dihedral angle between planes
along the ith edge and the dihe-
dral angle for the ideal struc-
ture, respectively. The estimat-
ed S values of lanthanide com-
plexes are summarized in
Table 3 (see Figures S1–S3 and
Tables S1–S8 in the Supporting
Information). For [Eu ACHTUNGTRENNUNG(hfa)2-ACHTUNGTRENNUNG(xantpo)2], the S value for the
eight-coordinated square anti-
prism structure (8-SAP, point
group: D4d, S= 3.08) is smaller
than that for the eight-coordi-
nated trigonal dodecahedron
structure (8-TDH, point group:
D2d, S= 138), thereby suggesting
that the 8-SAP structure is less
distorted than the 8-TDH struc-
ture. We thus determined that
the coordination geometry of
[Eu ACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2] is 8-SAP.
Based on the minimum value of
S, the coordination geometries
of lanthanide complexes with
tBu-xantpo and dpepo ligands
are classified as 8-TDH, where-
as those with xantpo and biphe-
po ligands are classified as 8-
SAP. These estimations also
suggest that the geometrical
symmetry in the first coordina-
tion sphere of lanthanide com-
plexes with tBu-xantpo and
dpepo ligands (point group:
D2d) is lower than those of lan-
thanide complexes with xantpo
and biphepo ligands (point
group: D4d).

We also determined the sym-
metrical point groups of the
lanthanide complexes con-

cerned with the locations of phosphane oxide and b-diketo-
nato linker species (Figure 3). The symmetrical point groups
of [Eu ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)], [Eu ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)], [Sm-ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)], and [Sm ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)] were found to
be quasi-C1. On the other hand, those of [Eu ACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2]
and [Sm ACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2] were categorized as quasi-C2 be-
cause of their two coordinated xantpo ligands. We have also
reported that the coordination structure of [Eu ACHTUNGTRENNUNG(hfa)3-ACHTUNGTRENNUNG(biphepo)] was classified as 8-SAP with quasi-C1 symme-
try.[14] These results indicate that lanthanide complexes with
8-TDH geometry (D2d) and quasi-C1 symmetry are expected
to enhance the electric transition probability in the 4f orbi-

Table 1. Crystal data of EuIII complexes.

[Eu ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] [EuACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] [EuACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] [Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(biphepo)][a]

formula C93H67F18O12P4Eu C46H51F18O9P2Eu C51H31F18O9P2Eu C51H31F18O8P2Eu
Mr 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 P1̄ (no. 2) P21/c (no. 14) P1̄ (no. 2) P21/n (no. 14)
a [�] 12.8434(2) 21.9134(5) 12.3802(5) 13.1819(2)
b [�] 17.9406(3) 20.1740(5) 13.3535(5) 31.5572(6)
c [�] 19.2651(4) 24.1073(6) 18.6388(9) 13.5087(3)
a [8] 84.3311(7) 82.4190(13)
b [8] 82.6768(7) 149.9133(7) 77.2612(15) 111.4181(7)
g [8] 80.9203(7) 62.3602(9)
V [�3] 4333.60(14) 5342.7(2) 2660.94(19) 5231.31(17)
Z 2 4 2 4
1calcd [gcm�3] 1.528 1.621 1.677 1.686
T [8C] �170�1 �90�1 �90�1 �170�1
m (MoKa) [cm�1] 8.967 13.449 13.535 13.745
max 2q [8] 55.0 50.6 50.7 55.0
measured reflns 43 429 42405 21981 51 911
unique reflns 19 805 9700 9698 11 985
R (I>2s(I))[b] 0.0453 0.0287 0.0385 0.0340
Rw (I>2s(I))[c] 0.1366 0.0720 0.1062 0.0910

[a] See ref. [14]. [b] R =S j jFo j� jFc j j /S jFo j . [c] Rw = [(Sw(jFoj�jFcj)2/SwF2
o)]

1=2 .

Table 2. Crystal data of SmIII complexes.

[Sm ACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2] [SmACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] [Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)]

formula C93H78F15O15P4Sm C46H51F18O9P2Sm C51H31F18O9P2Sm
Mr 1994.90 1302.22 1342.12
crystal color, habit colorless, block colorless, block colorless, block
crystal system triclinic monoclinic triclinic
space group P1̄ (no. 2) P21/n (no. 14) P1̄ (no. 2)
a [�] 12.9433(4) 12.1153(5) 12.3661(5)
b [�] 17.7795(7) 20.1706(7) 13.4079(6)
c [�] 19.4357(7) 21.8687(8) 18.5261(7)
a [8] 85.0606(10) 82.2082(12)
b [8] 82.9841(10) 95.0228(12) 77.0833(10)
g [8] 82.0480(11) 61.9059(11)
V [�3] 4385.6(3) 5323.6(3) 2639.56(19)
Z 2 4 2
1calcd [gcm�3] 1.511 1.625 1.689
T [8C] �140�1 �100�1 �150�1
m (MoKa) [cm�1] 8.143 12.797 12.939
max 2q [8] 50.6 50.6 50.6
measured reflns 35 841 42569 21444
unique reflns 15 874 9688 9574
R (I>2s(I))[a] 0.0309 0.0287 0.0378
Rw (I>2s(I))[b] 0.0705 0.0984 0.1055

[a] R=S j jFo j� jFc j j /S jFo j . [b] Rw = [(Sw(jFoj�jFcj)2/SwF2
o)]

1=2 .
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tals related to the change in odd parity. The characteristic
structures of these lanthanide complexes are likely to affect
their photophysical properties significantly.

Photophysical properties of eight-coordinated lanthanide
complexes : The steady-state emission spectra of lanthanide
complexes in [D6]acetone are shown in Figure 4. Emission
bands of EuIII complexes are observed at around 578, 592,
613, 650, and 698 nm, and are attributed to the f–f transi-

tions of 5D0–
7FJ with J=0, 1, 2, 3, and 4, respectively. Emis-

sion bands of SmIII complexes are also observed at around
562, 598, 642 and 704 nm, and are attributed to the f–f tran-
sitions of 4G5=2

–6HJ with J= 5=2, 7=2, <9/2> , and 11=2, respec-
tively. The spectra are normalized with respect to the mag-
netic dipole transition intensities at 592 nm (Eu: 5D0–

7F1)
and at 598 nm (Sm: 4G5=2

–6H7=2
), which are known to be in-

sensitive to the surrounding environment of the lanthanide
ions.[19] The emission bands at 613 nm (Eu: 5D0–

7F2) and
642 nm (Sm: 4G5=2

–6H9=2
) are due to electric dipole transitions,

which are strongly dependent on their coordination geome-
try. The emission quantum yields for EuIII and SmIII com-
plexes in [D6]acetone excited at their 4f orbitals (direct exci-
tation) were found to be 55–72 % and 2.4–5.0 %, respective-
ly (Table 4). These values are similar to those reported for

[Eu ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(tppo)2] (F= 65 %; tppo: triphenylphosphine
oxide) and [Sm ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(tppo)2] (F =4.1 %) in [D6]acetone,
which have been reported to be highly luminescent lantha-
nide complexes.[20,21] To the best of our knowledge, the emis-
sion quantum yield for [Sm ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)] (F=5.0 %) is the
highest of previously reported SmIII complexes.

The time-resolved emission profiles of lanthanide com-
plexes revealed single-exponential decays with lifetimes on

Figure 1. ORTEP drawing of EuIII complexes. Hydrogen atoms have
been omitted for clarity and thermal ellipsoids are shown at the 50 %
probability level.

Figure 2. ORTEP drawing of SmIII complexes. Hydrogen atoms have
been omitted for clarity and thermal ellipsoids are shown at the 50 %
probability level.

Table 3. Shape-measure calculations of the EuIII and SmIII complexes.[a]

Complex S ACHTUNGTRENNUNG(D2d)
[b]

[8]
S ACHTUNGTRENNUNG(D4d)

[c]

[8]
Determined co-

ordination geometry

[Eu ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] 13 3.0 8-SAP
[Eu ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] 5.6 13 8-TDH
[Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] 4.7 16 8-TDH
[Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(biphepo)] 13 3.7 8-SAP
[Sm ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] 13 2.7 8-SAP
[Sm ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] 5.6 12 8-TDH
[Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] 4.4 14 8-TDH

[a] See the Supporting Information. [b] S value for eight-coordinated
trigonal dodecahedron (8-TDH). [c] S value for eight-coordinated square
antiprism (8-SAP).

Table 4. Photophysical properties of the EuIII and SmIII complexes in
[D6]acetone at room temperature.

Complex F[a] [%] tobsd
[b] [ms] kr

[c] [s�1] knr
[d] [s�1]

[Eu ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] 55 1.3 4.4� 102 3.6� 102

[Eu ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] 67 1.2 5.5� 102 2.7� 102

[Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] 72 1.5 4.7� 102 1.8� 102

[Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(biphepo)][e] 60 1.3 4.6� 102 3.1� 102

[Sm ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] 3.8 0.35 1.1� 102 2.8� 103

[Sm ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] 2.4 0.15 1.6� 102 6.5� 103

[Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] 5.0 0.28 1.8� 102 3.3� 103

[a] Emission quantum yields for EuIII complexes were determined by
comparison with the integrated emission signal (550–750 nm) of [Eu-ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(biphepo)] as F =0.60. Excitation at 465 nm. Emission quantum
yields for SmIII complexes were determined by comparison with the inte-
grated emission signal (550–750 nm) of [Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(H2O)2] as F =0.031.
Excitation at 481 nm. [b] Emission lifetime (tobsd) of the lanthanide com-
plexes were measured by excitation at 355 nm (Nd:YAG 3w). [c] Radi-
ative rate constants kr =F/tobsd. [d] Nonradiative rate constants knr =

1/tobsd�kr. [e] See ref. [20].
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the millisecond timescale (see
Figures S4 and S5 in the Sup-
porting Information). The emis-
sion lifetimes were determined
from the slopes of logarithmic
plots of the decay profiles. The
radiative (kr) and nonradiative
(knr) rate constants estimated
by using the emission lifetimes
and the emission quantum
yields are summarized in
Table 4. The kr values for [Eu-ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] and [Eu-ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)] were found to
be 5.5 � 102 and 4.7 � 102 s�1, re-
spectively. These kr values are
larger than that for [Eu ACHTUNGTRENNUNG(hfa)2-ACHTUNGTRENNUNG(xantpo)2] (4.4 �102 s�1). We
also observed that the kr values
for [Sm ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] and
[Sm ACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)] are larger
than that for [Sm ACHTUNGTRENNUNG(hfa)2-ACHTUNGTRENNUNG(xantpo)2]. In general, reduc-

tion of the geometrical symmetry of the coordination struc-
ture leads to a larger kr value.[22] We suggest that kr for lan-
thanide complexes with phosphane oxides depends on the
symmetry of the coordination sites.

From Table 4, it can also be seen that knr for [Sm-ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] is much larger than the values for the
other lanthanide complexes. Note that the energy gap of the
SmIII ion is smaller than that of the EuIII ion (SmIII :
7500 cm�1, EuIII : 12 500 cm�1). The excited state of the SmIII

ion with a smaller energy gap is effectively quenched by vi-
brational relaxation of the high-vibrational-frequency C�H
bonds. We have considered that the larger knr values for
[Sm ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] might be attributed to effective vi-
brational relaxation caused by the thirty-six C�H bonds in
the four tert-butyl groups attached to the phosphorus atoms.

We thus conclude that the symmetry of coordination
structures of lanthanide complexes is correlated to their
photophysical properties. To produce strong luminescence in
luminescent lanthanide complexes, the following intrinsic re-
quirements should be fulfilled: 1) low-vibrational structure,
2) an asymmetrical point group (8-TDH), and 3) asymmet-
rical coordination structures (quasi-C1).

Conclusion

We have successfully synthesized novel lanthanide com-
plexes that contain oxo-linked bidentate phosphane oxide li-
gands xantpo, tBu-xantpo, and dpepo with high emission
quantum yields. They exhibited characteristic luminescence
properties depending on their coordination structures. Re-
cently, the effects on the Ln�X polarizations have also been
reported.[23] Here we have demonstrated characteristic pho-
tophysical properties for eight-coordinated lanthanide com-

Figure 3. Geometrical coordination structure images of EuIII and SmIII complexes. Coordinated oxygen atoms
are shown as corner polyhedra. Curved lines between oxygen atoms represent phosphane oxide and hfa li-
gands.

Figure 4. a) Emission spectra of [EuACHTUNGTRENNUNG(hfa)3(tBu-xantpo)] (red line 1), [Eu-ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] (green line 2), and [Eu ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] (blue line 3) in
[D6]acetone at room temperature. Excited at 465 nm. The spectra were
normalized with respect to the magnetic dipole transition (5D0–

7F1).
b) Emission spectra of [Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)] (green line 4), [Sm ACHTUNGTRENNUNG(hfa)3(tBu-
xantpo)] (red line 5), and [SmACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2] (blue line 6) in [D6]acetone
at room temperature. Excited at 402 nm. The spectra were normalized
with respect to the magnetic dipole transition (4G5=2

–6H7=2
).
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plexes with trigonal dodecahedron structures for the first
time. Such strongly luminescent lanthanide complexes with
distorted coordination structures would open up new fields
in photophysical, coordination, and material chemistry.

Experimental Section

Materials : Europium acetate monohydrate (99.9 %), samarium acetate
tetrahydrate (99.9 %), [D6]acetone (D, 99.9 %), and CDCl3 (D, 99.8 %)
were purchased from Wako Pure Chemical Industries Ltd. 1,1,1,5,5,5-
Hexafluoro-2,4-pentanedione, 4,5-bis(diphenylphosphino)-9,9-dimethyl-
xanthene, 4,5-bis(di-tert-butylphosphino)-9,9-dimethylxanthene, and
bis[(2-diphenylphosphino)phenyl] ether were obtained from Tokyo Kasei
Organic Chemicals and Aldrich Chemical Company Inc. All other chemi-
cals and solvents were reagent grade and were used without further pu-
rification.

Apparatus : Infrared spectra were recorded using a JASCO FT/IR-420
spectrometer. 1H (300 and 500 MHz) and 31P NMR (200 MHz) spectra
were recorded using a JEOL ECP-500. Chemical shifts are reported in d

(ppm) and are referenced to an internal tetramethylsilane standard for
1H NMR spectroscopy and an external 85% H3PO4 standard for
31P NMR spectroscopy. Mass spectra were measured using a JEOL JMS-
700M Station. Elemental analyses were performed using a Perkin–Elmer
2400II instrument.

Preparation of [Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(H2O)2]: Europium acetate monohydrate (5.0 g,
13 mmol) was dissolved in distilled water (20 mL) in a 100 mL flask. A
solution of 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (7.0 g, 34 mmol) was
added dropwise to the solution. The reaction mixture produced a precipi-
tation of white yellow powder after stirring for 3 h at room temperature.
The reaction mixture was filtered, and the resulting powder was recrys-
tallized from methanol/water to afford colorless needle crystals of the
title compound. Yield: 9.6 g (95 %); IR (KBr): ñ =1650 (st, C=O), 1145–
1258 cm�1 (st, C�F); elemental analysis calcd (%) for C15H7EuF18O8

(809.91): C 22.48, H 0.88; found: C 22.12, H 1.01.

Preparation of [Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(H2O)2]: 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 produced a precipi-
tation of white yellow powder after stirring for 1 h at room temperature.
The reaction mixture was filtered, and the resulting powder was recrys-
tallized from methanol to afford colorless needle crystals of the title com-
pound. Yield: 8.3 g (82 %); IR (ATR): ñ=3425 (st, O�H), 1646 (st, C=

O), 1094–1251 cm�1 (st, C�F); elemental analysis calcd (%) for
C15H7SmF18O8 (808.91): C 22.31, H 0.87; found: C 21.92, H 1.10.

Preparation of xantpo : 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
(1.0 g, 1.7 mmol) was dissolved in dichloromethane (20 mL) in a 100 mL
flask. The solution was cooled to 0 8C, and then a 30% H2O2 aqueous so-
lution (4.0 mL, 35 mmol) was added. The reaction mixture was stirred at
0 8C for 4 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 title compound. Yield: 1.1 g (99 %); 1H NMR
(300 MHz, CDCl3, 25 8C): d=7.58–7.60 (d, J= 6 Hz, 2H; Ar), 7.30–7.47
(m, 20 H; Ar), 6.94–7.00 (t, J =6 Hz, 2 H; Ar), 6.78–6.85 (m, 2 H; Ar),
1.69 ppm (s, 6H; 2Me); 31P NMR (200 MHz, CDCl3, 25 8C): d=33.55
(1 P), 30.32 ppm (1 P); IR (ATR): ñ=1190 (st, P=O), 1100–1229 cm�1 (st,
C-O-C); FAB-MS: m/z : 611 [M+H]+ .

Preparation of tBu-xantpo : 4,5-Bis(di-tert-butylphosphino)-9,9-dimethyl-
xanthene (1.0 g, 2.0 mmol) was dissolved in dichloromethane (20 mL) in
a 100 mL flask. The solution was cooled to 0 8C, and then a 30% H2O2

aqueous solution (4.5 mL, 40 mmol) was added. The reaction mixture
was stirred at 0 8C for 4 h and was then washed with water and extracted
three times with dichloromethane. The organic layer was dried over an-
hydrous magnesium sulfate and concentrated to dryness. Reprecipitation
from hexane gave a white powder of the title compound. Yield: 0.97 g

(91 %); 1H NMR (300 MHz, CDCl3, 25 8C): d= 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, 6 H;
2Me), 1.35–1.46 ppm (m, 36H; 4tBu); 31P NMR (200 MHz, CDCl3,
25 8C): d=69.53 (1 P), 58.36 (1 P) ppm; IR (ATR): ñ =1180 (st, P=O),
1103–1200 cm�1 (st, C-O-C); FAB-MS: m/z : 531 [M+H]+ .

Preparation of 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 8C, and then a 30% H2O2 aqueous solution
(21 mL, 186 mmol) was added. The reaction mixture was stirred at 0 8C
for 4 h and was then washed with water and extracted three times with
dichloromethane. The organic layer was dried over anhydrous magnesi-
um sulfate and concentrated to dryness. Reprecipitation from hexane
gave a white powder of the title compound. Yield: 5.0 g (94 %); 1H NMR
(300 MHz, CDCl3, 25 8C): d=7.06–7.71 (m, 26 H; Ar), 6.02–6.07 ppm (m,
2H; Ar); 31P NMR (200 MHz, CDCl3, 25 8C): d= 26.41 (2 P) ppm; IR
(ATR): ñ=1183 (st, P=O), 1070–1226 cm�1 (st, C-O-C); FAB-MS: m/z :
571 [M+H]+ .

General procedure for the preparation of EuIII and SmIII complexes:
Phosphane oxide ligand (1 equiv) and [Ln ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(H2O)2] (1.2 equiv) were
dissolved in methanol (30 mL). The solution was heated at reflux while
stirring for 8 h, and the reaction mixture was concentrated to dryness.
The residue was washed with chloroform several times. The insoluble ma-
terial was removed by filtration, and the filtrate was concentrated. The
obtained powder was dissolved in hot methanol solution (50 8C, ca.
1 mL), and was then permitted to stand at room temperature. Recrystalli-
zation from methanol gave colorless block crystals of the lanthanide com-
plexes.

Complex [Eu ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2]: Yield: 0.32 g (49 %); 1H NMR (300 MHz,
CDCl3, 25 8C): d= 6.74–7.65 (m), 1.88 ppm (s; Me); 31P NMR (200 MHz,
[D6]acetone, 25 8C): d =�92.12 (2 P), �98.86 ppm (2 P); IR (ATR): ñ=

1653 (st, C=O), 1137 (st, P=O), 1095–1251 cm�1 (st, C-O-C and st, C�F);
ESI-MS: m/z : calcd for C88H66EuF12O10P4 [M� ACHTUNGTRENNUNG(hfa)]+ : 1787.264; found:
1787.264; elemental analysis calcd (%) for C93H67EuF18O12P4·1.5CHCl3

(1994.25): C 52.22, H 3.18; found: C 52.11, H 3.25.

Complex [SmACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2]: Yield: 0.79 g (46 %); 1H NMR (500 MHz,
[D6]acetone, 25 8C): d=5.81–8.09 (m), 1.67 (s; Me), 1.52 ppm (s; Me);
31P NMR (200 MHz, [D6]acetone, 25 8C): d =33.03 (2 P), 32.80 ppm (2 P);
IR (ATR): ñ =1653 (st, C=O), 1138 (st, P=O), 1100–1252 cm�1 (st, C-O-C
and st, C�F); ESI-MS: m/z : calcd for C88H66SmF12O10P4 [M�ACHTUNGTRENNUNG(hfa)]+ :
1786.257; found: 1786.261; elemental analysis calcd (%) for
C93H78SmF15O15P4 (1995.33): C 55.99, H 3.94; found: C 55.54, H 3.53.

Complex [Eu ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)]: Yield: 0.35 g (66 %); 1H NMR
(300 MHz, CDCl3, 25 8C): d=7.41 (m, 2 H; Ar), 7.07 (m, 2 H; Ar), 6.83
(m, 2 H; Ar), 5.92 (s, 3H; hfa-H), 2.97–3.02 (m, 6H; 2Me), 1.41–1.68 ppm
(m, 36 H; 4tBu); 31P NMR (200 MHz, [D6]acetone, 25 8C): d=68.41 ppm
(2 P); IR (ATR): ñ =1653 (st, C=O), 1138 (st, P=O), 1098–1249 cm�1 (st,
C-O-C and st, C�F); ESI-MS: m/z : calcd for C41H50EuF12O7P2

[M�(hfa)]+ : 1097.206; found: 1097.206; elemental analysis calcd (%) for
C46H51EuF18O9P2 (1304.19): C 42.38, H 3.94; found: C 42.93, H 4.00.

Complex [Sm ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)]: Yield: 0.39 g (53 %); 1H NMR
(500 MHz, [D6]acetone, 25 8C): d =8.06–8.08 (d, J=7.5 Hz, 2H; Ar),
7.73–7.77 (m, 2 H; Ar), 7.50–7.53 (t, J=7.5 Hz, 2H; Ar), 6.73 (s, 3 H; hfa-
H), 1.83 (s, 6H; 2Me), 0.52–0.55 ppm (d, J =15 Hz, 36H; 4tBu);
31P NMR (200 MHz, [D6]acetone, 25 8C): d=62.37 ppm (2 P); IR (ATR):
ñ= 1653 (st, C=O), 1137 (st, P=O), 1100–1252 cm�1 (st, C-O-C and st, C�
F); ESI-MS: m/z : calcd for C41H50SmF12O7P2 [M� ACHTUNGTRENNUNG(hfa)]+ : 1096.204;
found: 1096.200; elemental analysis calcd (%) for C46H51SmF18O9P2

(1303.19): C 42.43, H 3.95; found: C 42.68, H 3.71.

Complex [Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)]: Yield: 0.62 g (74 %); 1H NMR (500 MHz,
[D6]acetone, 25 8C): d =7.32–7.64 (m, 22 H; 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, 3 H; hfa-H), 6.29–
6.30 ppm (m, 2H; Ar); 31P NMR (200 MHz, [D6]acetone, 25 8C): d=

�113.42 ppm (2 P); IR (ATR): ñ=1653 (st, C=O), 1135 (st, P=O), 1098–
1251 cm�1 (st, C-O-C and st, C�F); ESI-MS: m/z : calcd for
C46H30EuF12O7P2 [M� ACHTUNGTRENNUNG(hfa)]+ : 1137.049; found: 1137.049; elemental anal-
ysis calcd (%) for C51H31EuF18O9P2 (1344.04): C 45.59, H 2.33; found: C
45.76, H 2.11.
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Complex [SmACHTUNGTRENNUNG(hfa)3ACHTUNGTRENNUNG(dpepo)]: Yield: 0.66 g (79 %); 1H NMR (500 MHz,
[D6]acetone, 25 8C): d =7.32–7.64 (m, 22 H; 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, 3 H; hfa-H), 6.29–
6.30 ppm (m, 2H; Ar); 31P NMR (200 MHz, [D6]acetone, 25 8C): d=

29.17 ppm (2 P); IR (ATR): ñ =1653 (st, C=O), 1134 (st, P=O), 1098–
1250 cm�1 (st, C-O-C and st, C�F); ESI-MS: m/z : calcd for
C46H30SmF12O7P2 [M� ACHTUNGTRENNUNG(hfa)]+ : 1136.048; found: 1136.044; elemental anal-
ysis calcd (%) for C51H31SmF18O9P2 (1343.04): C 45.64, H 2.33; found: C
45.54, H 2.18.

Crystallography : Colorless single crystals of lanthanide complexes ob-
tained from the solutions in methanol were mounted on a glass fiber by
using epoxy resin glue. All measurements were made using a Rigaku
RAXIS RAPID imaging plate area detector with graphite-monochromat-
ed MoKa radiation. Corrections for decay and Lorentz-polarization effects
were made using empirical absorption correction, solved by direct meth-
ods, 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.
We confirmed the CIF data by using the checkCIF/PLATON service.
CCDC-768471 ([Eu ACHTUNGTRENNUNG(hfa)2ACHTUNGTRENNUNG(xantpo)2]), 768472 ([Eu ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)]),
768473 ([Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)]), 768474 ([Sm ACHTUNGTRENNUNG(hfa)2 ACHTUNGTRENNUNG(xantpo)2]), 768475 ([Sm-ACHTUNGTRENNUNG(hfa)3(tBu-xantpo)]), and 768476 ([Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(dpepo)]) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.

Optical measurements : UV/Vis absorption spectra were recorded using a
JASCO V-660 spectrometer. Emission spectra of the lanthanide com-
plexes were measured using a Hitachi F-4500 spectrometer and corrected
for the response of the detector system. The emission quantum yields of
the lanthanide complex solutions degassed with argon (10 mm in
[D6]acetone) were obtained by comparison with the integrated emission
signal (550–750 nm) of [Eu ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(biphepo)] as a reference (F =0.60:
50 mm in [D6]acetone) with an excitation wavelength of 465 nm (direct
excitation of EuIII ions) for EuIII complexes[20] or [Sm ACHTUNGTRENNUNG(hfa)3 ACHTUNGTRENNUNG(H2O)2] as a
reference (F =0.031: 100 mm in [D6]DMSO) with an excitation wave-
length of 481 nm (direct excitation of SmIII ions) for SmIII complexes.
Emission lifetimes of lanthanide complexes (10 mm in [D6]acetone) were
measured using the third harmonics (355 nm) of a Q-switched Nd:YAG
laser (Spectra Physics, INDI-50, fwhm =5 ns, l =1064 nm) and a photo-
multiplier (Hamamatsu photonics, R5108, response time�1.1 ns). The
Nd:YAG laser response was monitored using a digital oscilloscope (Sony
Tektronix, TDS3052, 500 MHz) synchronized to the single-pulse excita-
tion. Emission lifetimes were determined from the slope of logarithmic
plots of the decay profiles. High-resolution spectra of the emission were
measured using a HORIBA SPEX FluoroLog.
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