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The luminescent and lasing properties of Eu(lll) complexes were enhanced by using an dissymmetric Eu(lll)
complex. The photophysical properties (the emission spectral shapes, the emission lifetimes, the emission
quantum yields, and the stimulated emission cross section (SEC)) were found to be dependent on the geometrical
structures of Eu(lll) complexes. The geometrical structures of Eu(lll) complexes were determined by X-ray
single crystal analyses. The symmetrical group of EugfBdPHEPQO) (tris(hexafluoroacetylacetonato)-
europium(lll) 1,1-biphenyl-2,2-diylbis(diphenylphosphine oxide)) was found to 8¢ which was more
dissymmetric than Eu(hfg)TPPO) (tris(hexafluoroacetylacetonato)europium(lll) 1,2-phenylenebis(diphe-
nylphosphine oxide)C, symmetry) and Eu(hfajOPPO) (tris(hexafluoroacetylacetonato)europium(lil) 1,2-
phenylenebis(diphenylphosphine oxid&}> symmetry). The analytical data were supported by Ju@fklt
analysis. The most dissymmetrical Eu(lll) complex, Eu#BIPHEPO), showed large electron transition
probability and large SEC (4.64 102° cn¥). The SEC of Eu(hfa]BIPHEPO) was superior to even the
values of Nd-glass laser for practical use (2465 x 102° crr¥). The lasing properties of Eu(lll) complexes

in polymer thin film were measured by photopumping of a Nd:YAG laser (355 nm). The threshold energy of
lasing oscillation was found to be 0.05 mJ. The increasing rate of the lasing intensity of EEB&)EPO)

as a function of the excitation energy was much larger than that of Eg((RRHO) and Eu(hfaj(OPPO).

The dissymmetrical structure of Eu(M@IPHEPQO) promoted the enhancement of the lasing property.

Introduction species. Concerning the manipulation of the lasing properties,
The development of strong luminescent molecules is an active SOMe studies have achieved the changes of the laser emission
area of photofunctional chemisthyStrong luminescent mol- by addition or connecting of particular chemical speéies.
ecules are required to possess the remarkable high emissiofshemical species play an important role as the manipulator of
quantum yields, characteristic emission wavelength, and shapeslight amplification. Those manipulations of lasing properties
Their emission properties can be controlled by adding charac- have been reported about organic dye molecti@he organic
teristic chemical speciédn particular, James and Shinkai have laser dye molecule with chemical species is the best suitable to
reported the luminescent molecular sensor by addition of sugarconstruct a wavelength-tunable la8&however, because of the
derivatives® de Silva also described a concept of luminescent organic dye’s three-level electric transitions, there is difficulty
molecular logic gate$Furthermore, Fabbrizzi and Walkup have in the amplification of lasing intensitié8:'* To improve the
reported fluorescence switching by using particular cations or amplification of the lasing intensities, we consider using
anions®> The addition of chemical species is regarded as a lanthanide(lll) complexes, strong luminescent molecules, with
significant factor to change the emission properties. chemical species. The lanthanide(lll) complexes are ideal
We focus here on the manipulation of characteristic lumi- molecules as a lasing medium, because they have 4-level electric
nescence phenomena, lasing properties, by addition of chemicatransitions for effective formation of population inversign4
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CHART 1. Schematic Diagrams of Supposable SAP Structures and Chemical Species
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CHART 2: Chemical Structures of Eu(lll) Complexes
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the lanthanide(lll) complex, Samelson et al. reported a europium of lanthanide complexe®.To achieve effective lasing ampli-
chelate liquid laset? However, studies on the laser action of fication, we used Eu(lll) complexes with chemical species which
lanthanide(lll) complexes necessarily involved high-power were linked to each other (BIPHEPO and OPPO) for construc-

excitation energy for lasing. tion of either structuré or c. Coordination sites of the chemical
We recently observed effective lasing phenomena by using SPecies consist of low vibrational phosphine oxide groups. The
strong luminescent lanthanide(lll) compleXésAn important low vibrational phosphine oxide moleculestP: 1125 cm?)

purpose of the study described here is to control lasing propertiesprovide Eu(lll) complexes with high emission quantum yields
from f—f electric transitions of lanthanide(lll) ions by the because of suppression of radiationless transitions caused by
addition of chemical species. We treated the chemical speciesvibrational excitation8®2> The Eu(lll) complexes, Eu(hfg)
as powerful tools for control of the electric transitions in (BIPHEPO) and Eu(hfaJOPPO3, having bidentate phosphine
f-orbitals, which are parity forbidden. It is well-known that ©Oxides and another low vibrational ligand (hfa), were synthesized
reducing the symmetry of the lanthanide complex enhances its(Chart 2). The Eu(lll) complex constructing structaewhich
photophysical propertiéé:1° The electric transition in f-orbitals ~ has two isolated phosphine oxides (Eu(sf&?PO}), was also
related to the emission and lasing properties can be enhancedPrepared for comparison of the correlation between the geo-
by control of the coordination symmetry of lanthanide(lll) metrical structures and the lasing propertie$Ve found that
complexes822 The chemical species can act as a key species the Eu(lll) complex with BIPHEPO (structure) showed the
which control the symmetry of the coordination sphere around best lasing property in lanthanide(lll) complexes. The enhance-
lanthanide(lll) ions. The coordination sphere of the lanthanide- ment of lasing behavior of lanthanide(lll) complexes by using
(1) complex forms an 8-coordinated square-antiprism (SAP) chemical species is reported for the first time. This study is a
structure, generally?-23The possible combinations of the SAP  significant report that directly connects with photophysical
structure and two chemical species are shown in Chart 1. Thechemistry and photofunctional molecular science.
coordination structures of the lanthanide(lll) complexes are
transformed by addition of chemical species into those coor- Experimental Section
dination sites. Structures andd contain the symmetry axis Apparatus. 'H NMR and!®F NMR data were obtained with
and mirror plane, respectively. Structurbsand ¢ have no 3 JEOL EX-270 spectrometet® NMR chemical shifts were
symmetry axis, mirror plane, or inversion center. To enhance determined with hexafluorobenzene as an external standard (
the lasing properties, the lanthanide(lll) complex should form —162.0 (s, A-F) ppm). Elemental analyses were performed
a low symmetrical structure for increase offf transition with a Perkin-Elmer 240 C.
probability!? Therefore, structurels andc would have a great Materials. Europium acetate tetrahydrate (99.9%), 1,1,1,5,5,5-
advantage for enhancement of the emission intensities relatinghexafluoro-2,4-pentanedione (hfa)Hand triphenylphosphine
to lasing properties. The large transition probability leads to oxide (TPPO) were purchased from Wako Pure Chemical
enlargement of the stimulated emission cross-section (SEC)|ndustries Ltd. Methanatk, and acetonel; were obtained from
value, which is one of the most important factors for lasing Aldrich Chemical Co. Inc. Polyphenylsilsesgioxane (PPSQ)
amplification? (My = 5.2 x 10%) was obtained from MITSUBISHI Electric
Phosphine oxides as a chemical species are known to interacCorporatior?® All other chemicals were reagent grade and were
with lanthanides and have been used to enhance the emissionised as received.
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Synthesis of 1,1Biphenyl-2,2-diylbis(diphenylphosphine
oxide): BIPHEPO. 1,1-Biphenyl-2,2-diylbis(diphenylphos-
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X-ray diffraction intensities were collected with a Rigaku
RAPID imaging plate diffractometer with Mo & radiation in

phine oxide) (BIPHEPO) was obtained by the same method asw—20 scan mode at 223 K. Non-hydrogen atoms were refined

previously reported by Schlosser et 2al(2-lodophenyl)-
diphenylphosphine oxide was prepared doyho-lithiation of
triphenylphosphine oxide followed by iodolysis of the organo-

anisotoropically. Hydrogen atoms were placed in calculated
positions (C-H = 0.95 A) but not refined. All calculations were
performed with the TEXSAN crystallographic software package.

metallic intermediate. In succession, the copper promoted Crystallographic data (excluding structure factors) for the Eu-

reductive coupling (Ullman coupling) of (2-iodophenyl)diphe-
nylphosphine oxide gave BIPHEPO in 78% yield.

Synthesis of Tris(hexafluoroacetylacetonato)europium(lil)
1,1-Biphenyl-2,2-diylbis(diphenylphosphine oxide): Eu-
(hfa)3(BIPHEPO). Methanol (100 mL) containing tris(hexaflu-
oroacetylacetonato)europium (l11) dehydrates (4.05 g, 5 mmol)
and BIPHEPO (2.50 g, 4.5 mmol) was refluxed under stirring
for 12 h. The reaction mixture was concentrated with a rotary
evaporator. Recrystallization from methanol gave white crystal
in 35% yield."H NMR (270 MHz, [Ds]acetone, 20C, TMS)

o (ppm) 8.67-8.58 (m, 4H), 8.057.91 (m, 4H), 7.84 (br, 6H),
7.31-7.27 (m, 4H), 7.0+6.94 (m, 4H), 6.53 (ddJ =
13.8 Hz, 4H), 6.44 (ddJ = 7.5 Hz, 2H) 6.26 (s, 3H; €H).
19F NMR (270 MHz, [Ds]acetone, 20°C, hexafluorobenzen)
0 (ppm)—76.16 (s; Ck). Elemental analysis calcd fors(s;-
EuFgOsP,: C 46.14, H 2.35. Found: C 45.91, H 2.42. MALDI-
TOF-MSm/z1367.3 ((M+ K]™1).

Synthesis of Tris(hexafluoroacetylacetonato)europium(lil)
Bis(triphenylphosphine oxide): Eu(hfax(TPPO),. Eu(hfak-
(TPPO) was prepared with the previously reported metfod.
Methanol (100 mL) containing tris(hexafluoroacetylacetonato)-
europium(lll) dehydrates (4.28 g, 5.3 mmol) and triphenylphos-
pine oxide (TPPO) (2.78 g, 10 mmol) was refluxed under stirring
for 12 h. The reaction mixture was concentrated with a rotary

evaporator. Reprecipitation by addition of excess hexane solution

(hfa)3(BIPHEPO) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
numbers. Copies of the data can be obtained free of charge on
application to CCDC 292377, 12 Union Road, Cambridge
CB21EZ, UK (fax (+44)1223-336-033; e-mail deposit@ccdc.cam.
ac.uk).

Judd—Ofelt Analysis. Absorption spectra of the Eu(lll)
complexes were measured at room temperature with a HITACHI
U-3300 system. Broad absorption bands due-tar* transitions
in the ligands of the Eu(lll) complexes overlapped withf
transitions in Eu(lll) ion below 400 nm. Therefore, Juddfelt
analysis of the Eu(lll) complexes were carried out with use of
the "Fo — °D; transition (465 nm) to determir@, parameters.
Concentration of the Eu(lll) complexes in solvent was 0.05 M.
In Judd-Ofelt treatment, the oscillator strength between the two
statesi andj in 4f orbitals is given by

2+1

fi —1) = Z Qv j? 1)
A=2,4,6

e
The left-hand side of the equation can then be expanded to
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87cN  9n

2+1

IAM&A ><10‘7:SV' @

max

produced crude crystals, which were washed in toluene several X
times. Recrystallization from hot toluene/cyclohexane gave Where€2;, U, e J, ¢, h, Amax N, 7, and/ A di are Jude-Ofelt

white needle crystals in 74% yieltlH NMR (270 MHz, [Dg]-
acetone, 20C, TMS),6 (ppm) 7.6 (m, aromatic €H), 5.4 (s,
c-H). 1%F NMR (270 MHz, [Ds]acetone, 20C, hexafluoroben-
zen) o (ppm) —76.7 (s, C-F). Elemental analysis calcd for
EuGsiH330gF18P2: C, 45.96; H, 2.50. Found: C, 45.94; H, 2.57.

Synthesis of Tris(hexafluoroacetylacetonato)europium(lil)
1,2-Phenylenebis(diphenylphosphine oxide): Eu(hfglOPPO),.
Eu(hfay(OPPO) was prepared by the reaction of tris(hexafluo-
roacetylacetonato)europium(lll) dehydrates (3.80 g, 4.7 mmol)
and 1,2-phenylenebis(diphenylphosphine oxide) (2.15 g,
4.5 mmol) in methanol (100 mL) under reflux for 122h.
Recrystallization from methanol gave white crystals in 28%
yield. 'TH NMR (acetoneds, 270 MHz, 298K)d (ppm) 9.7
9.4 (8H, br), 8.28.0 (32H, br), 6.200 (8H, s)'*F NMR
(acetoneds, 270 MHz, 298 K)o (ppm) —75.3 (CR, s).
Elemental analysis calcd for;§Hs7EuRgO10P4 + 0.80MeOH:

C, 51.89; H, 3.31. Found: C, 51.40; H, 3.11.

Preparation of Deuterated Eu(lll) Complexes in Deuter-
ated Solvent.Deuterated Eu(lll) complexes were obtained by
the protor-deuterium ion exchange reaction via kegnol
tautomerism of hexafluoroacetylacetonato ligands in Eu(lll)
complexes with CROD for 6 h under vacuurff+252°Samples

for measurements of the luminescence of deuterated Eu(lll)

parameters (constants), tensor parameters, elementary charge
(1.6022x 10?°ems), angular momentum (Eu(lll): 0), the speed

of light (2.998x 10-1°cm s, Plank’s constant (6.626 1027

erg s), center wavelength at the absorption band (nm), density
of ions in the matrix, refractive index of the solution, and
absorption integral, respectivelys3! Tensor parameterd” of

Eu(lll) are given below??

7F .
0 0 0
u—|Fo—"Ds| , _[00004  _]o.0012
F,—°D,|" 2 |0.0008" "4 [0 '
7F0—>5D 0 0
0.0155
0
Us =g
0

The Q, parameters were calculated by a least-squares fitting of
the calculated oscillator strengths to the absorption line strength
of "Fp — 5D, transition (465 nm).

Optical Measurements.Emission spectra were measured at

complexes in organic media were prepared under deoxygenate¢oom temperature with a Spex Fluorolog-(JOBIN YVON)

conditions. Solutions (0.05 M) of the Eu(lll) complexes were
prepared in 2.0 mL of acetortg-under 102 Torr and then

system. The samples were excited at 465 fifa ¢ °D5). The
emission lifetimes were determined by using a Q-switched Nd:

transferred to a quartz cell for optical measurements (optical YAG laser (Spectra Physics INDI-50, fwhrs 5 ns, 1 =

path length 5 mm¥®

Crystallography. A colorless single crystal of Eu(hfa)
(BIPHEPO) was mounted on a glass fiber with epoxy resin.

1064 nm) and a photomultiplier (Hamamatsu Photonics R7400U-
03, response time0.78 ns). Samples were excited by the third
harmonic (355 nm) of the fundamental nanosecond pulse.
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Emission from the sample was guided to the photomultiplier — a) Eu(hfa)y(BIPHEPO)  b) Eu(hfa)s(TPPO), €) Eu(hfa)s(OPPO),
through a monochromator (JOBIN YVON, Triax320). Emission

decays were monitored with a digital oscilloscope (Sony 6,-_%_;;1;;___ = IY(\V}
Tektronix, TDS3052, 500 MHz) synchronized to single-pulse { ’,{-v“ AN
excitation. The quantum yields were determined by standard ™ k'
procedures with an integral sphere (diameter 6 cm) mounted =¥ &7

on a spectrofluorometer (HITACHI F-4508}33 The optical g
path length of the cell was 5 mm. Quantum yieftl, was

5
calculated by the equation Q/@
P

N J By di §
= ©)

emission __

A
absorption fh_c{lex(/lref) - Iex(/lsan)} di

The corrected intensity functions of the light absorption (from  g,=481x1020em2  ©,=262x100cm2  Q,=14.2x1020 cm?

eq 3 above) IQX(’I“{f): without sample (ace_ton%); lex(Asam: Figure 1. ORTEP diagrams and schematic diagrams of coordination
with sample (solution of Eu(lll) complexes in acetote-0.05 structures and JudeDfelt parameterQ; of the Eu(lll) complexes.
M)) were determined by the excitation spectra of the system ORTEP diagrams of Eu(hfgfPPO} and Eu(hfaYOPPO) were cited
(450-480 nm, scan rates 60 nm/min), whereas the corrected from the literature®2

intensity function of the emissioner(4), was determined by
the emission spectra (55800 nm, scan rate= 60 nm/min).

The quantum yield Rodamine 6G in ethanol determined by the
procedure agreed well with the reported value ((494.05).

The errors of the emission quantum yields were determined by
the difference between the average and maximum values in
measurements for ten times.

coordination sphere of Eu(ht#PPPO) was formed by two
hfa ligands and four phosphine oxide groups. The positions of
the coordination sites occupied by the phosphine oxide groups
depended on the geometrical structures (distances and angles)
of the linker moieties. The geometrical structures of Eu@afa)
(BIPHEPO), Eu(hfaTPPO), and Eu(hfaYOPPO) were
. . . . determined to be an antisymmetrical square-antiprism (SAP).
FilPrepC):aranqn' of EPoIII);piéenylslllsesqL;)loi(ane (PPS.Q)P;gm The symmetrical group of the Eu(h#BIPHEPO) was found

lims Containing u( .) omplexes. Polymer matrix, Q to be C;, which was more dissymmetric than both Eu(bfa)
beads were dissolved in 5 mL of anisole. The Eu(lll) complexes (TPPO) and Eu(hfa)OPPO) (C, symmetry). These results
were then added to the solution. An Eu(lll) thin film was o0 o Eu(hfa][BIPHEPO)Z Eu(hfagXTPbO) and Eu-
Eg?ﬁ_if;i(n)g ?ngelﬁ]sos dsu‘|k')ﬁgaftﬁn]:r(1mctgﬁe22Isvs‘laessgldtr:zn t\c/)'abtge(hfa_)g(OPPO)_had no inverted center in the cryst_ql field, causing
2.0 um, usin surfacé rofiler (Veeco Instruments Inc.DEK- an increase in the electron transition probabiltipd —~ 'F>
T'Aléls) ,PPS(% s a Iaddgr-type polymer having siloxane. bonds transition) in the 4f orbitals due to odd parity. The SAP structure
w2 i i, and s hh renepERGy I 1o sl . N AEIPHEPO) omed o, wich s e most
ultraviolet regior?® The optical microcavity was constructed '

) . e L - OPPO did not give théd-form in Chart 1. According to the
by forming a high refractive film of PPSQ (refractive index: results, the geometrical structure and free rotation of biphe-
1.558) on the glass substrate.

L . nylene-linker moiety in a BIPHEPO is necessary to keep the
.ASE Meas_urements.Eu(III) thin film was exgted by the BIPHEPO in a desirable position for construction of taeorm.
thqu harmpnlc (355 nm) of a nanosecond Nd:YAG laser (B. On the other hand, the SAP structure of EuG(fEPPO) shows
M. industries 502DNS, 10 Hz, fwhre= 9 ns, beam spot= thea-form in Chart 1. This demonstrated that the bis-phosphine

5 mm). The optical waveguide on the film was excited with a oxide li . : .

7 A gand with the biphenylene group (BIPHEPO) gives the
combination of a Cy|lndl'.I06}| lend € 200 mm) and a CONCaVe — ost dissymmetric environment to the Eu(lll) io€;(sym-
lens f = 100 mm). Emission from the edge of the thin film metry)

was filtered by a low-cut optical filter (Toshiba Glass L-39, To di ;

A > o discuss the geometrical structures of the Eu(lll) complexes
~ ]‘365 nnf1)han3 a mono%hr:omatolr _(lebl.n HYvon H-20 V'Ff’% plac_ed in solution, Jude-Ofelt analyses were carried out with ues of
lFrgng%nt ?I'ht € etector(fﬂc])tomhu ilplerl.t. ramamatsu .totoglgs the absorption spectra of the Eu(lll) complexes. The Judd

. )- ; rs{:sli)onsgllo ep Os%nlllqupTlelr(twas' mo‘lrl:DOSrg40 Y Ofelt analysis is a useful tool for estimating the population of
using -a digital oscilloscope ( eKtronics ) odd parity electron transitioff. It is well-known that the value
synchronized to the excitation pulse. Th_e emission spectra from of Q, is more sensitive to the symmetry of ligand fields than
the tedge \C/)vere m%aiyreduvgglzzggotonéc mgl;:cchantnel ar'taltyzerthose of Q4 and Q4.3935 Therefore, the relationship between
system (Ocean Optics ) un er difierent excitalion gactron transition probability and symmetry of the Eu(lll)
energy. the energy of the beam spot (excitation energies of thecomplexes in the solution was estimated by using the Judd

samples) was measured by a thermopower meter. Ofelt parametef2,.3° The Q, parameter of Eu(hfag)BIPHEPO)

was calculated to be 48.% 10720 cn? (Figure 1). ThisQ,

parameter was much larger than those of the corresponding Eu-
Geometrical Structures of the Eu(lll) Complexes. The (hfa)(TPPO} and Eu(hfag(OPPO) (26.2 x 10-2°and 14.2x

ORTEP diagrams and schematic illustrations of the coordination 1072° cn®, respectively), suggesting that Eu(R{@IPHEPO)

sites around the Eu(lll) ions of Eu(h#BIPHEPO), Eu(hfay has the most dissymmetric structure in organic media among

(TPPO), and Eu(hfaOPPO) are shown in Figure 1. The the three complexes, in agreement with the data of the crystal

coordination spheres of Eu(h#BIPHEPO) and Eu(hfa) structures noted above. The dissymmetric structure of Euthfa)

(TPPO) consisted of three hexafluoroacetylacetonato (hfa) (BIPHEPO) should lead to the largest electron transition

ligands and two phosphine oxide groups. In contrast, the probability among the three complexes. Because of the large

Results and Discussion
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ion. Because the excited state of the Eu(lll) ion of Eu(kfa)
(OPPO) was quenched by vibrational excitation of the-B
bonds of two OPPO ligands, the emission quantum yield of
Eu(hfay(OPPO) was lower than those of Eu(h#BIPHEPO)
and Eu(hfay(TPPO).
Eu(hfa),(TPPO), i The radiative rate of Eu(hfglBIPHEPO) was the same order

: as that of Eu(hfaTPPO) when considering errors for mea-

Eu(hfa),(BIPHEPO) ———

;- surements, although addition of the BIPHEPO to SAP structure
B was expected to enhance the radiative rate by Ja@fdlt
E analyses (ground state analyses). These results might come from
the difference between the structures in the ground state and
. the excited state. The distorted structures of metal complexes
i in the excited state have been discus¥deurthermore, Riehl
vy has reported the discrepancy between dissymmetry factors of
N\ the Eu(lll) complex from the ground statg.¢s CD measure-
) : ments) and those from the excited stadg.{ CPL measure-
AR ERA R AL RARLN EARR AL ELALY AR MARRY ments)3” The dissymmetry factors express the structural infor-
570 580 590 600 610 620 630 mation on each state. The data indicate structural changes of
Wavelength / nm the lanthanide(lll) complex in the excited state. In the present
Figure 2. Emission spectra of Eu(hfgBIPHEPO) (solid line), Eu-  experiments, we propose that the geometrical structures of Eu-
(hfa)(TPPO} (dotted line), and Eu(hfa)OPPO} (dashed line) in  (hfa),(BIPHEPO) in the excited state might be different from
acetoneds excited at 465 nm. that in the corresponding ground state by changing the dihedral

electron transition probability caused by dissymmetric structure, angle of the biphenyl moiety on ligand e_xcitation (355 nm_),
addition of the BIPHEPO in the SAP structure was expected to although structural changes of the lanthanide(lll) complex with
enhance the emission and lasing properties the biphenyl ligand in the excited state have never been reported.

. . The relative emission intensity of tlDy — F, transitions
Phorophysical Properties of the Eu(lll) Complexes.The S _ .
emission spectra of deuterated Eu(lll) complexes in acetigne- (electric dipole) of Eu(hfa{BIPHEPO) (re =25.6) p-form in

are shown in Figure 2. All the spectra were normalized with Chart_ 1) was much larger than those of Eu(sfaPPO} (a-
respect to th€Dy — 7F; (magnetic dipole) transition. Emission formin Chart 1 .(fe'.:”'e) and Eu(hfafOPPO) (Ir.e|.=13.4).
bands were observed at around 580, 590, 615, 650, andThe relative emission area of th®y — 7F, transitions was
700 nm, and are attributed to thef transitions®Dy — F; found to be 1010 (Eu(hfgBIPHEPO)), 1120 (_EL_](hfa)

(J =0, 1, 2, 3, and 4, respectively). The strongest emission (TPPO}), and 518 (Eu(f;f@IO_PPO)). The characteristic spec-
band at around 615 nniy — ’F,) was due to the electronic tral shapes of théDo — ’F, might be related to the symmetry
dipole transition. The emission spectral shape ofe— ’F, of the_excned geomet_rl_cal structures after optical absorpt_lon.
(electric dipole) transition of Eu(hfg(BIPHEPO) was remark- To estimate the capability of those Eu(ll) complt_axes for being
ably narrow (fwhm= 1.6 nm) and quite different from those a Iasmg medium, the S.EC values were determined. '.I'.he .SEC
of the corresponding Eu(hfgTPPO) (fwhm = 7.1 nm) and value is one of the most important factors for laser amplification.
Eu(hfaj(OPPO) (fwhm = 2.1 nm). The characteristic coordi- The SEC can be expressed by

nation structure ki-form) of Eu(hfa}(BIPHEPO) led to a 4

remarkably narrow emission shape.

The relative emission intensities @y — ’F, to 5Dg — 7F;
transition (re)) and the fwhm of théDy — F; transition AAef),
emission lifetimesypy, €Mission quantum yieldsi(,), radia- wherec, A, Aderr, N, andA are the speed of light, the wavelength
tive rates k), and stimulated emission cross-section (SE£)) ( of the oscillation peak, fwhm (full width at half maximum) of
of the Eu(lll) complexes in acetordy are summarized in  the oscillation peak, refractive index of the matrix, and Einstein
Table 1. Eu(hfaBIPHEPO) and Eu(hfgTPPO} showed high coefficientA, respectively’® The SEC of Eu(hfa{BIPHEPO)
emission quantum yields. Those high emission quantum yields was found to be 4.64 10720 cm?, being much larger than that
were achieved by prevention of radiationless transition via of both Eu(hfay(TPPO} (or = 1.42 x 10-2°cn?) and Eu(hfay
vibrational excitation. The prevention of radiationless transition (OPPO) (o = 1.80 x 1072° cn¥). The smallerAles value
is due to three deuterated hfa ligands which have only low- (fwhm) and high emission quantum yield of Eu(A{8PHEPO)
vibrational C-F or C—D bonds. On the other hand, Eu(hfa) led to an increase of the SEC value. The SEC of Eughfa)
(OPPO) had only two hfa ligands in the vicinity of the Eu(lll)  (BIPHEPO) was superior to even the values of Nd-glass laser

Eu(hfa),(OPPO),

Emission intensity / a.u.

7/

-
=
IARRERRERE

_ p .
a5(2y) Y nzMeffA(bJ.aJ) (4)

TABLE 1: Photophysical Properties of Eu(lll) Complexes: Relative Intensities of the®Dy — 7F, Transition2 (I ), Fwhm of the
5Dy — F, (615 nm) Transition (Aler), Emission Lifetimes (zong), Emission Quantum Yields (®),), Radiative Rate$ (k;), and
Stimulated Emission Cross Sectiorfs(e;) in Acetoneds

Irel Ales/nm TobdMS Dy, kix1P st 0/x10720 cn?
Eu(hfa)(BIPHEPO) 25.6 1.6 11 0.8%0.03 7.37 4.64
Eu(hfa)(TPPO}) 17.6 7.0 0.93 0.9a- 0.05 9.68 1.42
Eu(hfa}(OPPO) 13.4 2.1 1.2 0.48 0.04 3.75 1.80

a Relative intensity of théD, — 7F, transition (electron dipole) to t®, — ’F; (magnetic dipole) transitior?.Emission lifetimes of the Eu(lll)
complexes were measured by the excitation at 355 nm (Nd: YA S8Emission quantum yields of the Eu(lll) complexes were measured by using
standard procedures with an integrating sphere (diameter 6 cm) by the excitation at 485 rm°D,) in acetoneds.?>33 Concentrations of the
Eu(lll) complexes were 0.05 M. Radiative rates were determined by uskng-1/7r=®n/7ons ¢ Stimulated emission cross sections were determined
according to the reported meth&d.
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a) b)

Eu(lll) complex / PPSQ film

h

Amplified Spontaneous
Emission (ASE)

Nd: YAG 3w (355 nm)

Figure 3. (a) Schematic diagram of photopumped PPSQ film contain-
ing Eu(lll) complex. The pump beam focused onto the surface of the
PPSQ film, and the ASE output beam emitted from the edge of the
film. (b) Photograph of the oscillation of ASE of the Eu(lll) complex
from PPSQ film.

for practical use (1.64.5 x 10720 cn¥).1* These results have
led us to the conclusion that the luminescent materials with Eu-
(hfa)y(BIPHEPO) having thé&-form structure are promising for
applications such as a high-power laser medium.

Amplified Spontaneous Emission (ASE) Properties of the
Eu(lll) Complexes. The ASE properties of the Eu(lll) com-
plexes were measured by incorporating them into polymer thin
films of PPSQ2¢ The PPSQ thin films containing the Eu(lll)

Nakamura et al.

complexes were excited by the third harmonic generation of a
nanosecond Nd:YAG laser (355 nm), and the emission decays
of the®Dy — 7F; transition (615 nm) from the edges of the thin
films were monitored (Figure 3). Parts a, b, and c of Figure 4
show the emission decay profiles observed at the edge of the
PPSQ thin films containing the Eu(lll) complexes (Eu(lll)
complexes: 37 wt %; film thickness: @2m). Each emission
lifetime measured at the weakest excitation power (0.01 mJ)
consisted of a single component (Eu(aB)PHEPO): 0.68 ms;
Eu(hfaj(TPPO): 0.65 ms; and Eu(hfglOPPO): 0.70 ms).

The emission lifetimes of Eu(lll) complexes in polymer thin
films (PPSQ) are shorter than those in acetdg€Table 1).

The shorter spontaneous emission lifetimes in polymer are due
to the radiationless transition via vibrational relaxation of the
C—H bond in PPSQ. The emission decays observed for the
stronger excitation energy>(L mJ) consisted of the normal
components (lifetimes of the spontaneous emission) and the fast
components (Eu(hfglBIPHEPO): 0.085 ms; Eu(hfg)
(TPPO): 0.088 ms; and Eu(hfglOPPO): 0.10 ms). These
observations suggest that the faster components were attributed
to the ASE from the Eu(lll) complexes in the microcavify?®

a) Eu(hfa)3(BIPHEPO) b) Eu(hfa)3(TPPO)g
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Figure 4. Normalized time dependence of the emission from the edge of the thin-film containing Eu(lll) complexes shown on logarithmic scale
under different excitation energy: (a) Eu(h{8IPHEPO), (b) Eu(hfafTPPO), and (c) Eu(hfafOPPO). (d) The relationship between the excitation
energy and percentages of the ASE component of Eu(BI®HEPO) (solid line), Eu(hfafTPPO) (dotted line), and Eu(hfa)OPPO) (dashed

line).
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a) Eu(hfa)3(BIPHEPO)| _| b) Eu(hfa)3(TPPO), | €) Eu(hfa)3(OPPO),
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Figure 5. Edge emission spectra of the Eu(lll) complexes in the PPSQ film under different excitation energy: (a):ERI@PfEPO), (b) Eu-
(hfa)(TPPO), and (c) Eu(hfa(OPPO). (d) The dependence of integrated emission intensities of the Eu(lll) complexes on excitation power:
Eu(hfay(BIPHEPO) (solid line), Eu(hfajTPPO} (dotted line), and Eu(hfa)OPPO) (dashed line).

The emission lifetimes were analyzed by a least-squares fitting executed an analysis with fixed faster lifetimesl{b) between
of the double exponential function. The emission intensity is 0.08 and 0.10 ms.
given by The percentages of the ASE of the Eu(lll) complexes in the
whole emission are shown in Figure 4d. The percentages
| = aexp(-bt) + cexp(-df) (®) increased with an increase of the excitation energy, and the
threshold energies of Eu(hfBIPHEPO) and Eu(hfajTPPO})
were found to be 0.05 mJ. In contrast, the threshold energy of
Eu(hfay(OPPO) was much larger (0.5 mJ) than those of Eu-
(hfa)(BIPHEPO) and Eu(hfafTPPO). The high emission-
guantum yields and fast radiative rates of the Eu(lll) complexes
Eu(hfay(BIPHEPO) and Eu(hfg]TPPO) have led to low
threshold energy for the ASE oscillation. On the other hand,
the amplification of the ASE components (inclination of the
a curves) of Eu(hfaBIPHEPO) was much greater than those of
x 100 (6) the corresponding Eu(hfgfPPO) and Eu(hfaOPPO). This
great amplification of the ASE of Eu(hfgBIPHEPO) should
However, the faster component of lifetimes measured at Pe ascribed to the large SEC values of the Eug@aPHEPO)
weaker excitation power (0.1, 0.2, and 0.5 mJ) could not be achieved by structural optimization.
analyzed without fixing shorter lifetime components because The emission spectra from the edge of the thin films
of their small ASE percentages. To determine the percentagescontaining the Eu(lll) complexes were also measured under
of ASE (a andc parameters) at weaker excitation power, we different excitation energy. The emission intensities of the

wherea andc are branching ratio functions. The slower lifetime
(—1/d) was fixed at 0.68 ms for Eu(hfgBIPHEPO), 0.65 ms

for Eu(hfaj(TPPO), and 0.70 ms for Eu(hfg)OPPO). The
data measured at stronger excitation power (1.0 and 2.0 mJ)
gave good fits of decays; faster lifetimesi/b) were found to

be 0.08-0.10 ms. The percentages of the ASE components were
determined by

ASE(%) =
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