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Tris(B-diketonato)europium(i) complexes of general formula
[Eu(TPI)3-L], with chelating ligands such as 3-phenyl-4-(4-to-
luoyl)-5-isoxazolone (HTPI) and adduct-forming reagents [L
= H,O, tri-n-octylphosphane oxide (TOPO), triphenylphos-
phane oxide (TPhPO), 1,10-phenanthroline], have been syn-
thesized and characterized by elemental analysis and FT-IR,
TH NMR, and photoluminescence spectroscopy. The coordi-
nation geometries of the complexes were calculated using
the Sparkle/AM1 (Sparkle model for the calculation of lan-
thanide complexes within the Austin model 1) model. The
ligand-Eu®* energy-transfer rates were calculated using a
model of intramolecular energy transfer in lanthanide coordi-
nation complexes reported in the literature. The room-tem-
perature PL spectra of the europium(ir) complexes are com-

posed of the typical Eu®* red emission, assigned to transitions
between the first excited state (°D,) and the multiplet ("Fq_y).
The results clearly show that the substitution of water mole-
cules by TOPO leads to greatly enhanced quantum yields
(e, 1.3% vs. 49.5%) and longer °D, lifetimes (220 vs.
980 ps). This can be ascribed to a more efficient ligand-to-
metal energy transfer and a less efficient nonradiative °D,
relaxation process. The theoretical quantum yields are in
good agreement with the experimental quantum vyields,
which highlights that the present theoretical approach can
be a powerful tool for the a priori design of highly lumines-
cent lanthanide complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Eu' complexes have been regarded as attractive for use
in electroluminescent devices for light-emitting diodes,!-?!
phosphors,®! contrast agents for medical magnetic reso-
nance imaging,™ luminescent probes for analytes,®! and
light-emitting sensors in fluoroimmunoassays!® because of
their red emissions. The characteristic emissions of Eu!!!
complexes mainly come from electric dipole transitions.
Transition from the 4f inner shell of free Eu'" is forbidden
because it does not correlate with the change of parity.
However, transitions that are forbidden by odd parity be-
come partially allowed by mixing 4f and 5d states through
ligand-field effects of designed Eu'" complexes.[”! Unfortu-
nately, the lanthanide ions are characterized by very low
absorption coefficients (¢ < 1 M'cm™!), which make direct
excitation of the emitting levels impossible. Furthermore,
coordination of solvent molecules to the lanthanide ions
has dramatic effects on their excited state decay, because
this decay is mainly governed by nonradiative processes.
When solvents containing OH groups are coordinated to
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lanthanide ions, efficient nonradiative deactivations take
place by vibronic coupling with the vibrational states of the
OH oscillators.®l A way to circumvent these difficulties is
to use ligands bearing suitable chromophores that are cap-
able of forming thermodynamically stable complexes with
lanthanide ions. These ligands would play the antenna role,
absorbing light and transferring excitation energy to the
emitting ion. Additionally, when the Ln3* cation is coordi-
natively unsaturated by the original ligands, an additional
neutral ligand coordinates to the lanthanide center to form
a highly coordinated complex, thereby excluding the coor-
dination of solvent molecules. Recently, a large number of
highly coordinated complexes of lanthanide tris(B-diketon-
ates) containing several nitrogen ligands such as 1,10-phen-
anthroline, 2,2'-bipyridine, and 2,2":6",6"'-terpyridine have
been reported.l>>!%) The central Eu?* ion coordinated with
B-diketonato ligands gives stronger luminescence than that
of the parent compounds, especially when B-diketonato li-
gands with aromatic or fluorinated substituents are pres-
ent.[’l Phosphane oxide ligands in the europium(i) tris(p-
diketonate) complex can produce a square-antiprismatic
structure that promotes faster radiation rates and an in-
creased quantum yield because of an increase in the Dy
’F, emissions (electric dipole transitions), related to odd
parity. Furthermore, increased quantum yields of the Eu’*
complexes can be expected because coordination of the
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phosphane oxide molecule prevents coordination of water
or solvent molecule and lowers vibrations.[”! The above fac-
tors prompted us to utilize a novel heterocyclic B-diketone,
namely 3-phenyl-4-(4-toluoyl)-5-isoxazolone, for the prepa-
ration of coordinatively saturated Eu'! tris(isoxazolonate)
complexes with Lewis bases such as trioctylphosphane ox-
ide, triphenylphosphane oxide, or 1,10-phenanthroline (Fig-
ure 1). The synthesized Eu?* complexes have been charac-
terized by various spectroscopic techniques and their pho-
tophysical properties investigated.
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Figure 1. Structures of ligands used for the synthesis of Eu'! com-

plexes.

Theoretical Approach

Sparkle Model Geometries

The ground-state geometries of all Eul complexes were

calculated with the new version of the Sparkle/AMI1
model!'*! implemented in the MOPAC93r2 package.l'>! The
MOPAC keywords used in all Sparkle/AM1 calculations
were: GNORM = 0.25, SCFCRT = 1.D-10 (in order to
increase the SCF convergence criterion), and XYZ (the ge-
ometry optimizations were performed in Cartesian coordi-
nates). Recently, Freire et al.'4l have improved the Sparkle
model by presenting a much more accurate parameteriza-
tion. This new parameterization, named Sparkle/AMI,
yields an unsigned mean error for all interatomic distances
between the Eu®* ion and the ligand atoms of the first
sphere of coordination for 96 different Eu** complexes of
0.09 A, an improvement over the value of 0.28 A for the
second version SMLCII!'® and the value of 0.68 A for the
original version SMLC.!!7!

INDO/S-CI Electronic Structures

For all calculated ground-state geometries, we predicted
their singlet and triplet excited states using the intermediate
neglect of differential overlap/spectroscopic configuration
interaction (INDO/S-CIS) method!"®!°l implemented in the
ZINDO program.?”) We used a point charge of +3e to rep-
resent the trivalent europium ion. The CIS space was grad-
ually increased until there were no further meaningful
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changes in the calculated transitions. In contrast, the energy
levels of the Eu?* metal ions were considered as being those
of the free ion in the intermediate coupling scheme.l?!] The
INDO/S accuracy is about 1000 cm!.[18]

Energy-Transfer Rates

According to the theoretical model developed by Malta
et al.,?>23 the following expression was obtained for the

ligand-lanthanide ion energy-transfer (ET) rate, Wgr
[Equation (1)].
Wep =W +Wer' (1)

The first term, W, corresponds to the energy-transfer
rate obtained from the multipolar mechanism and Equa-
tions (2) and (3)
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which correspond to the dipole-2* pole mechanism (A = 2,
4, and 6), and Equation (4)

dd _4l EZSL
n QI +DHGR!

FY ooy |u?|as)
4

4

corresponding to the dipole-dipole mechanism (4 = 2, 4,
and 6).

The second term of Equation (1), W%, corresponds to
the energy-transfer rate obtained from the exchange mecha-
nism. This term is calculated from Equation (5)

2

F(o0'|S|ad )Y (o] 1, ()5, ()] 9) .

em _Siﬂ-ez(l_o-())2
O 3n @7 + DR}

In the above equations, J represents the total angular
momentum quantum number of the lanthanide ion, G is
the degeneracy of the ligand initial state, a specifies a given
4f spectroscopic term, and Sy is the electric dipole strength
associated with the ¢p—¢’ transition in the ligand. The
quantities are reduced matrix elements U?, and Ry is the
distance from the lanthanide ion nucleus to the region of
the ligand molecule in which the ligand donor (or acceptor)
state is localized. In Equation (3), S is the total spin opera-
tor of the lanthanide ion, . is the z component of the elec-
tric dipole operator and s,, (m = 0, *1) is a spherical com-
ponent of the spin operator, both for the ligand electrons,
and o is a distance-dependent screening factor.

The quantities F and y; are given by Equation (6)
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where y1 is the ligand-state band width at half-height and 4
is the difference between the donor and acceptor transition
energies involved in the transfer process [Equation (7)].
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where (%) is the radial expectation value of r* for 4f elec-
trons, (3||C?)|3) is a reduced matrix element of the Racah
tensor operator C¥ 24 and the ¢, values are screening fac-
tors due to the 5s and 5p filled sub-shells of the lanthanide
ion.

The selection rules that can be derived from the above
equations are the following: J + J' = 4 = |J — J'|, for the
mechanisms expressed by Equations (1) and (2), and AJ =
0, =1, for the exchange mechanism; in both cases J' = J =
0 is excluded. From the ligand side, the selection rules can
be derived from the electric dipole strength, Sy, and the
matrix element of the coupled operators x. and S,,, in Equa-
tion (3). The theoretical procedures for using the above
equations and the corresponding selection rules have been
discussed in detail elsewhere.[*’]

The numerical solution of the rate equations describing
the kinetics of the 4f—4f luminescence was carried out ac-
cording to this model.[>3! These numerical solutions of the
rate equations yield the time dependence of the energy level
populations, which reach the steady-state regime after 10—
103 s. These steady-state populations were then used to cal-
culate the emission quantum yield, which is given by Equa-
tion (8)

_ Al
on, ®)

where the subscripts 1 and 2 indicate the ground state and
the emitting level (°Dy), respectively, in the complex, A is
the sum of the coefficients of spontaneous emission for the
Dy — "Fy 124 transitions, and ¢ is the pumping rate.

The microanalyses of complexes 1-4 show that the Eu®*
ion has reacted with 3-phenyl-4-(4-toluoyl)-5-isoxazolone in
a metal/ligand molar ratio of 1:3. The IR spectrum of com-
plex 1 shows a broad absorption in the region 3000-
3500 cm™!, which indicates the presence of H,O molecules
in the complex. The existence of water molecules in lantha-
nide complexes with heterocyclic B-diketones such as 4-
acyl-3-methyl-1-phenylpyrazolones is well documen-
ted.[?%271 The presence of water molecules was also noticed
in the complexes 3 and 4. The disappearance of the broad
band in the region 3000-3500 cm ! for complex 2, which is
associated with the coordinated water molecules in the neat
complex 1, suggests that water molecules have been dis-
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placed by the insertion of TOPO as a coordinating unit.
The carbonyl stretching frequency of 3-phenyl-4-(4-tol-
uoyl)-5-isoxazolone (1706 cm™!) is shifted to lower wave-
numbers in complexes 1-4 (1640 cm™! in 1, 1643 cm™! in
2, 1679 cm™! in 3, and 1639 cm™! in 4), thus indicating the
involvement of the carbonyl oxygen atom in the complex
formation with Eu®". Further, a shift in the P=0 stretching
frequency of the phosphane oxide molecules in complexes
2 (from 1143 to 1132 cm™") and 3 (from 1182 to 1155 cm™)
shows the involvement of the phosphoryl oxygen atom in
complex formation with Eu®*. Vibration bands at 1608,
1574, 1476, 1445, and 1384 cm™! in complex 4 are charac-
teristic of 1,10-phenanthroline.

The 'H NMR spectrum of complex 1 shows all expected
signals for the 3-phenyl-4-(4-toluoyl)-5-isoxazolone pro-
tons. The integration of the bands is in accordance with the
proposed formula. A clear indication of complex formation
is given by the absence of the enolic OH peak of the free
ligand HTPI. Signals for water protons were also noticed
in the complex 1, as evidenced from the IR spectroscopic
data. The signals of the phenyl protons are shifted upfield
upon coordination with the metal ion in the complex (from
0 =6.93-7.36 ppm in HTPI to 6 = 4.99-6.57 ppm in 1). The
signal of the CH3 group in the HTPI complex is also shifted
upfield (from 6 = 2.31 ppm in HTPI to 6 = 2.13 ppm in 1)
upon coordination with Eu3*.

Figures 2, 3, 4, and 5 show the optimized molecular
structures of the Eu™™ complexes 1-4, respectively, obtained
using the Sparkle/AM1 model. The Eu?* ion in complexes
1, 3, and 4 is nine-coordinate and the coordination polyhe-
dron can be approximately described as a tricapped trigonal
prism. On the other hand, the Eu?* ion in complex 2 is
eight-coordinate and the coordination polyhedron can be
described as a square antiprism. The spherical coordinates
on the bonded oxygen atoms with respect to a coordinate
system centered around the Eu** ion are given in Tables 1
and 2. These structural data are consistent with a very low
symmetry of the chemical environment around the Eu’*
ion. An interesting point that is predicted by the present
structure optimization is that the TOPO oxygen atoms are
considerably closer to the Eu?* ion than the H,O oxygen
atoms in the case of the hydrated compound 1. Further, the
two Eu—O bonds with TOPO ligands (2.32 and 2.33 A) are
shorter than the six Eu—O bonds with HTPI ligands (2.40-
2.42 A), as observed in the X-ray single-crystal structure
(Eu-O bonds with TPhPO ligands: 2.31-2.32 A; Eu-O
bonds with hexafluoroacetylacetone ligand: 2.39-2.44 A) of
the complex tris-(hexafluoroacetylacetonato)europium(Iir)
with phosphane oxide.[”! This clearly highlights that TOPO
ligands interact more strongly with the Eu** ion in complex
2. Similarly, the TPhPO oxygen atoms are also found to be
closer to the Eu®" ion than those of the water molecules
in the hydrated complex. Another interesting phenomenon
observed from the Sparkle/AM1 model prediction data for
complex 4 is that the phenanthroline nitrogen atoms (Eu—
N: 2.52 A) are considerably further away from the Eu’* ion
than the HTPI oxygen atoms. This is again in good agree-
ment with the recently reported X-ray single-crystal data
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for the complex [Eu(HFNH);] with phenanthroline [Eu—N:
2.59 and 2.61 A; Eu-O bonds with 4.4,5,56,6,6-hep-
tafluoro-1-(2-naphthyl)hexane-1,3-dione (HFNH): 2.34-
2.40 A].281

Figure 2. Optimized molecular structure of [Eu(TPI);:3H,O] ob-
tained from the Sparkle/AM1 model.

Figure 3. Optimized molecular structure of [Eu(TPI);-2TOPO] ob-
tained from the Sparkle/AM1 model.

The excitation spectrum of the *D, emission of Eu** in
[Eu(TPI);-3H,0] at 14 K is shown in Figure 6. It consists
of two broad bands in the UV region, with maxima at 265,
325, and 387 nm, and 4f-4f excitation lines. The excitation
spectrum suggests an efficient ligand-to-metal energy trans-
fer, since the most intense feature is a broad band that cor-
responds to transitions populating ligand-centered excited
states. The typical excitation spectrum of [Eu(TPI);
2TOPO] (2) at 300 K, depicted in Figure 7, exhibits a large,
broad band between 270 and 400 nm, with a maximum
around 294 nm, corresponding to ligand excitations. This
strongly suggests an efficient sensitization process between
the ligands and the metal ion, with the ligand unit acting
as an antenna.

The room-temperature emission spectra of europium
complexes 1-4 (in the solid state) are shown in Figures 8,
9, 10, and 11, respectively. Comparing the emission spectra
of the complexes, a significant change in the profile and in
the splitting of the >Dy—"F,,_4 transitions (essentially in the
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Figure 4. Optimized molecular structure of [Eu(TPI);

TPhPO-2H,0] obtained from the Sparkle/AM1 model.

Figure 5. Optimized molecular structure of [Eu(TPI);-Phen-H,O]
obtained from the Sparkle/AM1 model.

Table 1. Spherical coordinates of the oxygen atoms bonded to the
Eu®* ion in complexes 1 and 2.

Complex Spherical coordinates
R[A] N 9 []
1 2.389 127.950 168.082
HTPI oxygen atoms 2.405 65.610 187.161
2.403 75.196 101.320
2.387 92.089 39.061
2.407 59.321 295.129
2.392 114.529 262.421
H,O oxygen atoms 2.397 168.275 334.592
2.393 10.984 113.529
2.393 108.741 338.302
2 2.395 53.306 136.984
HTPI oxygen atoms 2.419 18.392 256.820
2.401 108.903 74.190
2.422 148.912 2.842
2.398 132.205 159.055
2.418 95.530 217.622
TOPO oxygen atoms 2.325 65.617 11.825
2.318 98.986 288.886
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Table 2. Spherical coordinates of the nitrogen and oxygen atoms
bonded to the Eu?* ion in complexes 3 and 4.

Complex Spherical coordinates
R[A] N 9 []
3 2.395 34.831 245.927
HTPI oxygen atoms 2.418 90.190 209.375
2418 70.557 325.000
2.406 130.082 351.408
2413 70.863 127.890
2.398 90.788 65.669
TPhPO oxygen atom 2.316 151.175 150.726
H,O oxygen atoms 2.403 101.427 269.854
2.397 32.257 32.746
4 2.391 69.381 193.726
HTPI oxygen atoms 2411 52.648 266.381
2.414 89.858 125.151
2.395 98.767 61.811
2.413 125.792 253.769
2.391 138.067 342.370
N (Phen) 2.520 22.017 85.750
2.522 63.305 353.118
H,O oxygen atom 2.396 134.142 172.751
B
3
z
=
1 2 1 L 1 L 1 n 1 L‘L ]
250 300 350 400 450 500 550

Wavelength (nm)

Figure 6. The excitation spectrum of 3D, emission (1, = 614 nm)
of Eu** in [Eu(TPI);-3H,0] (1) at 14 K.

>Dy—"F, lines) can be observed upon substitution of water
molecules in 1 by Lewis bases such as TOPO, TPhPO, and
Phen. The emission spectra of the complexes display char-
acteristic sharp peaks in the 575-725 nm region associated
with the SDy—F} transitions of the Eu* ion. The five ex-
pected Stark components of the *Dy—"F,_4 transitions are
well resolved and the hypersensitive >Dy—’F, transition is
very intense, pointing to a highly polarizable chemical envi-
ronment around the Eu* ion, and is responsible for the
brilliant red emission color of these complexes.”°! The emis-
sion spectra of the complexes show only one peak for the
SDy—"F, transition, thus indicating the presence of a single
chemical environment around the Eu®* ion, and also show
that the Eu®* ion occupies a low symmetry site. Further,
the emission band at 525 nm, corresponding to the emission
from the lowest triplet state of the ligand, is not observed

Eur. J. Inorg. Chem. 2005, 4129-4137 www.eurjic.org
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Figure 7. The excitation spectrum of D, emission (Je, = 614 nm)
of Eu** in [Eu(TPI);-2TOPO] (2) at 300 K.

in these Eu®* complexes, thus indicating that energy trans-
fer from the lowest triplet state of 4-toluoyl-5-isoxazolone
to the Eu’* ion is efficient.

2500

Intensity (a.u.)

Wavelength (nm)

Figure 8. Room-temperature PL spectrum of compound 1 excited
at 388 nm.

The experimental intensity parameters 2, and Q4 were
determined from the emission spectra (Figures 8-11) based
on the °Dy—’F, and °D,—’F, electronic transitions,
respectively, and by expressing the emission intensity I =
hdAp apN in terms of the surface under the emission curve.
Here Ao is the transition energy, Arap 18 the corresponding
coefficient of spontaneous emission, and N is the popula-
tion of the emitting level °D,. The magnetic dipole allowed
’Dy—"F, transition was taken as the reference.’*-3!l The
Agrap values are given by Equation (9)132!

1
2J +1 9)

Aras =

2.3
SO T )

where, 4 = 2 and 4, y is the Lorentz local field correction

term that is given by n(n> + 2)%/9, with a refraction index, #,
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Figure 9. Room-temperature PL spectrum of compound 2 excited
at 294 nm.
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Figure 10. Room-temperature PL spectrum of compound 3 excited
at 292 nm.
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Figure 11. Room-temperature PL spectrum of compound 4 excited
at 296 nm.

of 1.5, and (°Dy||U?)||"Fy)* are the squared reduced matrix
elements whose values are 0.0032 and 0.0023 for J = 2 and
4, respectively.?!1 Table 3 presents the values of Q, and Q,
for complexes 1-4 at room temperature (300 K) and the val-

4134 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ues at 14 K for complex 1. The high values of @, for com-
plexes 1-3 might be interpreted as a consequence of the
hypersensitive behavior of the *Dy—’F, transition,?* sug-
gesting that dynamic coupling mechanism is quite operative
in these complexes.

Table 3. Experimental intensity parameters, radiative (Agap) and
nonradiative decay rates (4ngr), experimental (ge,) and theoretical
emission quantum yields (¢neo), *Dy lifetime (t), and quantum effi-
ciency (¢) for complexes 1-4 at 300 K.

-QZ -Q4 ARAD ANR qexp qtheo T &
(>< 10—20) (>< 10—20)

[em?] [em’] [s'] [s'] [%] [%] [ms] [%]

1 8.10 5.76 381 2952 1.3 10.80 0.30 13

1lal 11.93 11.28 580 2277 - - 0.35 20
2 20.72 6.42 773 242 49.5 5253 098 76

3 17.55 5.76 658 1265 8.3 23.00 0.52 34

4 6.02 6.99 335 1304 5.5 14.02 0.61 20

[a] Measured at 14 K.

By comparing the values of the Q, parameter determined
for the complexes at room temperature, it can be concluded
that the polarizability is in the order [Eu(TPI);-Phen-H,O]
(4) < [Eu(TPI);-3H,0] (1) < [Eu(TPI);*TPhPO-2H,0] (3)
and [Eu(TPI);-2TOPO] (2). As pointed out by Reisfeld and
Jorgensen,’4 the intensity parameter £, can be correlated
to the degree of covalency experienced by the lanthanide
ion, greater values being obtained in more covalent sur-
roundings (e.g., 1.2x102° ¢cm? for LaFs:Eu; 1x 107! cm?
for Y,05:Eu). Therefore, the high value of 2, obtained for
complex 2 in the present investigations indicates that the
covalent contribution is larger for the complex containing
the TOPO ligand, which may be ascribed to stronger bond-
ing. It can be argued that this is expected to increase the
ligand—Eu®* ion energy-transfer rate,®>! since a stronger
bond causes the ligand-metal ion distances to be shorter,
thus increasing electric-dipole interactions and wave-
function overlap.

The lifetime values (7) of the °D, level were determined
from the Iuminescence decay profiles for the complexes at
room temperature by fitting with a mono-exponential
curve; they are listed in Table 3. The relatively shorter life-
times obtained for complex 1 may be due to dominant non-
radiative decay channels associated with vibronic coupling
due to the presence of water molecules, as has been docu-
mented in many hydrated europium B-diketonate com-
plexes.”>! A longer lifetime value has been observed for
complex 2 as compared to complexes 3 and 4. This may
also be due to the presence of water molecules in complexes
3 and 4.

The nonradiative rates, Ang, can be obtained from the
calculated Arap rates and the experimental decay rates by
Equation (10).13

= Ap = Apip T Ay (10)

It is clear from Table 3 that complexes 1, 3, and 4, which
have water molecules in the coordination sphere, exhibit
lower quantum efficiencies and lifetimes. This is due to the
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presence of O-H oscillators in these systems, which effec-
tively quench the luminescence of the Eu?* ion. On the
other hand, complex 2, which does not contain any water
molecule in its coordination sphere, as is also evident from
the molecular structure analysis with the Sparkle/AMI1
model, exhibits high quantum efficiency and lifetime values.
The experimental and theoretical quantum yields of these
complexes increase in the order 1 < 4 < 3 < 2. The theoret-
ical quantum yield of complex 2 is in good agreement with
the experimental value. On the other hand, the degree of
agreement between the theoretical and experimental quan-
tum yields in the case of 1, 3, and 4 is not promising. This
may be due to the fact that the model for quantum yield
does not take into account the suppression by vibronic
coupling with coordinated water molecules. Another factor
contributing towards the error could be the phenomenon
of nonradiative deactivation via a charge-transfer state in-
volving the metal and the ligand.

The energy-transfer rates from the ligand triplet state T
to the °D, and D, levels and energy-transfer rates from the
singlet state S to the D, level are presented in Table 4. We
assumed a singlet—triplet intersystem crossing rate of
108 s!, a triplet state decay rate of 10° s!, and a nonradia-
tive decay rate of 10%s71.°! The theoretical energies of the
singlet and triplet were used in the calculation of the en-
ergy-transfer rates. We considered an average of the three
singlet and triplet excited states where the difference of the
energy between the average values of the triplet states of the
5Dy levels is smaller than 9.000 cm™'. The average values of
the singlet excited states were chosen because these values
are closer to the values of the experimental singlet excited
state of the complexes. The values for the theoretical triplet
excited states were also chosen in the same way. An energy
level diagram for the compound [Eu(TPI);-2TOPO] is
shown in Figure 12. The symbols Sy, T, and S; shown in
Figure 12 refer to the ground singlet, lowest energy triplet,
and first excited singlet, respectively. The theoretical ener-
gies of the singlet and triplet were used in this diagram.

Table 4. Predicted values of intramolecular energy-transfer rates in
compounds 1-4. The back transfer rates were calculated by multi-
plying the direct transfer rates by the Boltzmann factor e 1V 7 at
room temperature.

Compound  Levels Transfer rate Back transfer rate
[s7'] [s7']
1 S1—°Dy, 1.386%x10° 1.924 %107
T—°D, 3.933x 108 3.400% 107!
T—°D, 8.353x 107 9.757%x10°¢
2 S1—°Dy, 7.698 x 10* 8.703x10°8
T—°D, 1.703x 108 4.121x10*
T—°D, 2.541 %107 8.298 %10
3 S—°D, 4311x10* 7.148 x10°°
T—°D, 1.028 x 108 1.738 %107
T—°D, 1.306 % 107 2.982x 10710
4 S—°Dy, 6.757%x10° 5.010x 10!
T—°D, 1.169 %108 7.086%x 107
T—°D, 1.604 x 107 1.313x107°

According to the selection rules for the process of energy
transfer, in the case of the ion Eu’*, levels °D,, °L, >Ge,
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Figure 12. The energy level diagram of ligands and Eu?* ion in
[Eu(TPI);-2TOPO].

and °Dj are good candidates for the multipolar mechanism,
while for the exchange mechanism a strong candidate is
level °D,.3¢ Therefore for the complexes in this work, the
predominant process in the transfer of energy is the ex-
change mechanism. In accordance with Table 4, the values
of the energy-transfer rate indicate that the energy transfer
is predominant from the triplet state of the ligand to the
D, and °D, levels of the Eu** ion.

Conclusions

In the present study, various new 3-phenyl-4-(4-toluoyl)-
5-isoxazolonate complexes of Eu’" with Lewis bases such
as tri-n-octylphosphane oxide, triphenylphosphane oxide,
and 1,10-phenanthroline have been synthesized and charac-
terized by various spectroscopic techniques. Their ground-
state geometries have been calculated using the Sparkle/
AMI1 model. Experimental and theoretical results on li-
gand-field parameters, 4f—4f intensities, and intramolecular
energy-transfer processes have been described. The photo-
physical properties of the above complexes have been deter-
mined and compared with the theoretical predictions.

The characteristic emission spectra of Eu* complexes 1—
4 show a very high intensity for the hypersensitive "Dy—"F,
transition, pointing to a highly polarizable chemical envi-
ronment around the Eu?* ion. The theoretically predicted
values of intramolecular energy-transfer rates of complexes
1-4 clearly indicate that the energy transfer is predominant
from the triplet state of the ligand to the D, and D, levels
of the Eu* ion. Higher quantum yields (49.5%) and life-
time values (980 ps) are observed for complex 2 than for
complexes 1, 3, and 4, and this can be ascribed to a more
efficient ligand-to-metal energy transfer and less efficient
nonradiative °D,, relaxation process in the former case. This
is also in accordance with the strong coordination between
the oxygen atom of TOPO and the Eu** ion, as predicted
by the Sparkle model. It is also important to point out that
there is a good agreement between the experimental and the
theoretical quantum yields, especially for complex 2, thus
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showing that the theoretical estimation of quantum yields
can be a valuable tool for developing efficient light conver-
sion molecular devices (LCMDs). The luminescent proper-
ties observed in the Eu-heterocyclic B-diketonate complexes
indicate that 3-phenyl-4-aroyl-5-isoxazolones form a prom-
ising class of antenna molecules that can be employed in
the design of new LCMDs.

Experimental Section

Materials and Methods: The commercially available chemicals euro-
pium(in) nitrate hexahydrate, 99.9% (Acros Organics); 3-phenyl-
S-isoxazolone, 98% (Aldrich), 4-toluoyl chloride, 98% (Aldrich),
trioctylphosphane oxide, 99% (Aldrich), triphenylphosphane ox-
ide, 98% (Aldrich), and 1,10-phenanthroline, 99.5% (Merck) were
used without further purification. All the other chemicals used
were of analytical reagent grade. C, H and N analyses were per-
formed with a Perkin—Elmer Series 2 Elemental Analyser 2400. A
Nicolet FT-IR 560 Magna Spectrometer (KBr, neat) was used to
obtain IR spectroscopic data and a Bruker 300 MHz NMR spec-
trometer was used to obtain '"H NMR spectra of the compounds
in CDCl; or [Dglacetone. Photoluminescence (PL) spectra were re-
corded with a Jobin Yvon Spex spectrometer (HR, 460) coupled to
an R928 Hamamatsu photomultiplier. A Xe arc lamp (150 mW)
coupled to a Jobin Yvon Spex monochromator (TRIAX 180) was
used as the excitation source. All the spectra were corrected for the
response of the detector. The lifetime measurements were taken
using a pulsed Xe arc lamp (5 mJ/pulse, 3 ms bandwidth) coupled
to a Kratos GM-252 monochromator and a Spex 1934 C phos-
phorimeter. The emission quantum yield, ¢,, of the *D, emission
band of the Eu'"' complexes, defined as the ratio between the
number of photons emitted by the Eu?* ion and the number of
photons absorbed by the ligand, was determined from the following
formula:

(1=r, |\ AD,
9. -7 \ Ao, 4

where ry and r, are the amounts of exciting radiation reflected by
the standard phosphor and by the sample, respectively, and ¢, is
the quantum yield of the standard phosphor. The terms A®, and
Adg give the integrated photon flux (photons per second) for the
sample and the standard phosphor, respectively. A detailed descrip-
tion of this method has been presented elsewhere.['!-12]

Synthesis of 3-Phenyl-4-(4-toluoyl)-5-isoxazolone (HTPI): A mix-
ture of 3-phenyl-5-isoxazolone (3 g, 18 mmol), Ca(OH), (2.7 g,
27 mmol), and dioxane (30 mL) was heated at 50°C for 0.5 h. 4-
Toluoyl chloride (2.88 g, 18 mmol) was then added dropwise and
the mixture stirred for 6 h (Scheme 1). The crude product was fil-
tered, dried, and recrystallized from ethyl acetate.l'3] The synthe-

0s_ _Cl CH;
Ph
N—
/ Ca(OH),
O +
1,4-dioxane
(6]
CH,
Scheme 1.
4136 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sized 3-phenyl-4-(4-toluoyl)-5-isoxazolone was identified by ele-
mental analyses and IR and '"H NMR spectroscopic data.

HTPI: M.p. 145°C. '"H NMR: 6 = 6.93-7.37 (m, 9 H, phenyl), 2.31
(3 H, methyl) ppm. The peak observed at 6 = 4.08 ppm corresponds
to the enolic OH group in the compound, which was found to
undergo exchange on addition of D,O, thus confirming the exis-
tence of this compound in the enolic form. The absence of a peak
at 0 = 3.8 ppm corresponding to the methylene proton at position
4 of the isoxazolone ring further confirms the existence of HTPI
quantitatively in the enolic form. IR: ¥ = 2600, 1706, 1613, 1600,
830 cm!. C;;H,;5NOj; (279): caled. C 73.12, H 4.66, N 5.02; found
C 73.52, H4.73, N 5.31.

[Eu(TPI);:3H,0] (1): An aqueous solution of Eu(NO3);:6H,O
(0.5 mmol) was added to a solution of HTPI (1.5 mmol) in ethanol
in the presence of NaOH (1.5 mmol). Precipitation took place im-
mediately and the reaction mixture was stirred at room temperature
for 10 h (Scheme 2). It was then filtered, washed with ethanol,
water and then with ethanol, and dried and stored in a desiccator.
Cs5,H4,EuN;0,; (1040.0): caled. C 58.84, H 4.04, Eu 14.61, N 4.04;
found C 58.63, H 4.27, Eu 14.59, N 4.4. IR (KBr): V., = 3300,
2919, 1640, 1606, 1441, 1387, 1189, 917, 771 cm ™.

Ew(TPI);2TOPO

2

NaOH
Eu(NO3);-6H,0 + 3HTPIC——,) Ew(TPI)3-3H,0 " Eu(TPD; TPhPO-2H,0

EtOH

1 3

Eu(TPI);Phen-H,0O
4

Scheme 2.

[Eu(TPI);:2TOPO] (2): An aqueous solution of Eu(NO3);:6H,O
(0.5 mmol) was added to a mixture of HTPI (1.5 mmol) and TOPO
(1.0 mmol) in ethanol in the presence of NaOH (1.5 mmol). Pre-
cipitation took place immediately and the reaction mixture was
stirred at room temperature for 10 h (Scheme 2). It was then fil-
tered, washed with ethanol, water and then with ethanol, dried,
and stored in a desiccator.CooH33EuN;O; P, (1759.3): caled. C
67.53, H 7.84, Eu 8.64, N 2.39; found C 67.57, H 8.16, Eu 8.61, N
2.59. IR (KBr): V. = 2925, 2839, 1643, 1603, 1570, 1483, 1380,
1132, 909, 767 cm™.

[Eu(TPI);»TPhPO-2H,0] (3): An aqueous solution of Eu(NO;)s;*
6H,0 (0.25 mmol) was added to a mixture of HTPI (0.75 mmol)
and TPhPO (0.5 mmol) in ethanol in the presence of NaOH
(0.75 mmol). Precipitation took place immediately and the reaction
mixture was stirred at room temperature for 10 h (Scheme 2). It
was then filtered, washed with ethanol, water and then with etha-
nol, dried, and stored in a desiccator.CeoHssEuN3;PO;, (1300.3):
caled. C 63.67, H 4.23, Eu 11.68, N 3.23; found C 63.69, H 3.64,
Eu 11.64, N 3.44. IR (KBr): V. = 3400, 2912, 2853, 1679, 1640,
1606, 1480, 1381, 1155, 910, 771 cm™!.

[Eu(TPI);-Phen-H,0] (4): An aqueous solution of Eu(NO3);-6H,O
(0.5 mmol) was added to a mixture of HTPI (1.5 mmol) and 1,10-
phenanthroline (0.5 mmol) in ethanol in the presence of NaOH
(1.5 mmol). Precipitation took place immediately and the reaction
mixture was stirred at room temperature for 10 h (Scheme 2). It
was then filtered, washed with ethanol, water and then with etha-
nol, dried, and stored in a desiccator. Cg3HysEuNsOq (1184.2):
caled. C 63.84, H 3.88, Eu 12.83, N 5.91; found C 64.08, H 3.92,
Eu 12.80, N 5.09. IR (KBr): V., = 3402, 2919, 1639, 1608, 1574,
1476, 1445, 1384, 1180, 916, 844, 766 cm ™.
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