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Abstract

New tris(3-phenyl-4-aroyl-5-isoxazolonate)terbium(I11) complexes have been synthesized and characterized by various spectroscopic

techniques. Due to an efficient energy transfer from the heterocyclic B-diketonate ligand to the central T

b*", these complexes show a

strong emission corresponding to Tb** *D,~"F, (J = 6, 5, 4, 3) transitions, with *D,~Fs (545 nm) green emission as the most prominent
one. The overall quantum yields and luminescent lifetimes of these complexes were found to be promising as compared to previously

reported terbium-1-phenyl-3-methyl-4-acyl-5-pyrazolonate complexes.

© 2006 Elsevier B.V. All rights reserved.
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Recently, luminescent lanthanide complexes have attr-
acted much attention because of their academic interest
and potential application in a wide variety of photonic
applications, such as planar waveguide amplifiers, plastic
lasers, light emitting diodes and luminescent probes [1,2].
The two most useful lanthanides, Eu*" and Tb*", have
unusual spectroscopic characteristics, including millisecond
lifetime, very sharp emission bands, and large Stokes shifts
[2]. Generally, the Eu’" and Tb*" ions show very weak
absorption in the visible region of the spectrum and often
require the application of strongly absorbing ‘“‘antennae”
for light harvesting to obtain efficient photoluminescence.
Among them, B-diketone ligand is one kind of important
antennae for the Eu®" and Tb>" ions [3]. Although the
use of tris(§8-hydroxyquinoline) aluminum (ALQ) as a
green-emitting material has been investigated extensively,
terbium complexes are still of great interest in electrolumi-
nescent devices because they offer several distinct advanta-
ges such as 100% quantum efficiency theoretically,
extremely sharp emission bands and the ability to modify
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the ligand without affecting the emission characteristics of
the central metal ion. Previous reports showed efficient
green electroluminescence from terbium complexes
containing 1-phenyl-3-methyl-4-isobutyl-5-pyrazolone or
1-phenyl-3-methyl-4-(2-ethylbutyryl)-5-pyrazolone and tri-
phenylphosphine oxide [4,5]. However, another novel class
of heterocyclic B-diketones such as 3-phenyl-4-aroyl-5-iso-
xazolones has not been utilized for the preparation of ter-
bium luminescent materials even though they are well
known as complexing agents for lanthanides [6,7]. In this
paper, new tris(heterocyclic B-diketonato)terbium(III)
complexes, Tb(PBI)3(H,0), (1) and Tb(TPI);(H,0), (2)
(where  HPBI = 3-phenyl-4-benzoyl-5-isoxazolone  and
HTPI = 3-phenyl-4-(4-toluoyl)-5-isoxazolone) have been
synthesized and characterized by elemental analyses,
Fourier transform infrared, high resolution mass spectrom-
etry, thermogravimetric analysis and photoluminescence
spectroscopy.

The synthesis procedures of terbium complexes are
shown in Scheme 1 (Supplementary data). The elemental
and HRMS analyses of the complexes 1 and 2 show that
Tb*" ion has reacted with HPBI and HTPI in a metal-to-
ligand mole ratio of 1:3. The IR spectrum of the complexes
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Ln (NO3)3.6H,0/ 3 NaOH

H,O/EtOH, R.T.

R =H (1) and R = CH;(2); Ln = Tb (1,2) or Gd

Scheme 1. Synthesis route of the complexes: Tb(PBI)3;(H,0), , Tb(TPI);-
(H»0),, Gd(PBL)3(H,0), and Gd(TPI); (H,0),. R = H (1) and R = CH;
(2); Ln=Tb (1,2) or Gd.

1 and 2 shows a broad absorption in the region 3000-
3500 cm ™!, indicating the presence of solvent molecules
in the complex. The existence of solvent molecules in lan-
thanide complexes with heterocyclic B-diketones such as
1-phenyl-3-methyl-4-acylpyrazolones and  3-phenyl-4-
aroyl-5-isoxazolones is well documented [8,9]. The car-
bonyl stretching frequency of HPBI (1699 cm ') and HTPI
(1705 cm™") has been shifted to lower wave numbers in
complexes 1 and 2 (1641 cm™" in 1 and 1639 cm ™" in 2),
indicating the involvement of carbonyl oxygen in the
complex formation with Tb*" ion. It is clear from the ther-
mogravimetric analysis data that the complexes 1 and 2
undergo a mass loss of 4% (caled.: 3.6% for 1 and 3.5%
for 2) up to 200 °C, which corresponds to the removal of
coordinated water molecules. Further, decomposition
takes place in the region 200-800°C for both the
complexes.

The structure of the complex Tb(PBI);(EtOH)
(H,0O) - 0.25(H,0) was characterized by single crystal X-
ray crystallography and it is interesting to note that one
of the water molecules in complex 1 is replaced by an eth-

anol molecule from the medium (ethanol/CH,Cl,) during
crystallization process. One water molecule is present in
the lattice with 0.25 occupancy, i.e., one full water mole-
cule in the unit cell. Details of crystal data and data collec-
tion parameters are given in Table 1 in Supplementary
Material. The asymmetric unit of Tb(PBI);(EtOH)(H,O)
-0.25(H,0) is shown in Fig. 1. The central Tb*" jon is
coordinated with eight oxygen atoms, six of which from
the three bidentate HPBI ligands, one is from water mole-
cule and another from an ethanol molecule. The coordina-
tion geometry of the metal centre is best described as a
bicapped triagonal prism. The average bond length
between the terbium ion and the isoxazolone oxygen
atoms is 2.36 A, which is slightly shorter than that of ter-
bium and water oxygen atom (2.38 A) and also than that
of terbium and ethanol oxygen atom (2.44 A). This may
be due to the result of the negative charge of the isoxazo-
lone oxygen, which could be more strongly coordinated to
the terbium ion due to electrostatic effects. Similar behav-
iour has been reported elsewhere in the X-ray single-crystal
structure of Tb(PMPP); - 2H,0 (where PMPP = 1-phenyl-
3-methyl-4-propionyl-5-pyrazolone) [12], here the average
bond length between the terbium ion and the PMPP oxy-
gen atoms is 2.34 A and that of terbium and water oxygen
atom is 2.45 A. The coordination geometries of the com-
plexes Tb(PBI);(EtOH)(H,0) and Tb(TPI);(EtOH)(H,0)
were calculated using Sparkle/AM1 model [10,11]. The
optimized structures, selected bond lengths and bond
angles for complexes are given in Supplementary data.
The average bond length between the terbium ion and
the isoxazolone oxygen atoms (2.39 A) obtained from
sparkle model is also in good agreement with the crystal
data.

Fig. 1. The asymmetric unit of compound Tb(PBI);(C,HsOH)(H,0) - 0.25(H,0).
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The excitation spectra of the complexes 1 and 2 moni-
tored around the peak of the intense °D, — Fs transition
of the Tb*>" ion, exhibits a broad band between 250 and
450 nm (Amax = 370 nm) which can be assigned to n-n*
electron transition of the ligands [8]. A small peak at
490 nm observed as a result of f—f absorption transition
("Fg — °D4) of Tb*" ion. This transition is much weaker
than the absorption of organic ligands, which proves that
luminescence sensitization via excitation of the ligand, is
more effective than direct excitation of the Tb*" ion. The
room-temperature normalized emission spectra of Tb>"
complexes 1 and 2 (Fig. 2) shows characteristic emission
bands of Tb>" (dex =370 nm) centered at 490, 545, 585
and 620 nm, resulting from the deactivation of the °D,
excited state to the corresponding ground state 'F;
(J=6, 5, 4, 3) of the Tb>" ion. The strongest emission is
centered on 545 nm, which corresponds to the hypersensi-
tive transition of *D, — 'Fs [13,14]. The broad emission
peaks obtained may be due to the greater non-homogeneity
for Tb*" local coordination site due to the presence of
water molecules.

The overall quantum yields (@oyerann) Of terbium com-
plexes (1 and 2) were measured at room-temperature using
the technique for powdered samples described by Bril and
De Jager-Veenis [15]. The overall quantum yields of com-
plexes 1 and 2 were calculated as 11% and 22%, respec-
tively, and were found to be promising as compared to
the recently reported Tb(PMIP);(H,O), (where PMIP
= 1-phenyl-3-methyl-4-isobutaryl-5-pyrazolone; ®gyeran =
29.7 x 1073%) [16] and terbium-1-phenyl-3-[G-3]-4-pheny-
lacetyl-5-pyrazolonates (G stands for poly aryl ether; @,yeran
=2.26%) [17]. Among complexes 1 and 2, the later shows
better quantum yields due to the presence of electron-
releasing group (—CH3) on the benzoyl moiety.

The luminescence lifetimes (7) were also investigated for
terbium complexes and found to be 400 and 472 ps, respec-
tively for 1 and 2 (Fig. 3). The measured luminescent
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Fig. 2. Room-temperature emission spectra of the complexes 1 and 2
excited at 370 nm.
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Fig. 3. Decay profile of the complexes 1 and 2 monitored at 545 nm and
excited at 370 nm.

decays of complexes could be described by mono-exponen-
tial kinetics, which suggests that only one species exists in
the excited state of these complexes. In combination with
the data for the overall quantum yields, the data for the
luminescence lifetimes show that longer the luminescent
lifetimes, higher the quantum yields of the complexes.
The singlet and triplet energy levels of HPBI and HTPI
were estimated by referring to the wavelengths of UV-Vis
absorbance edges (HPBI and HTPI are 365 and 360 nm)
and the lower wavelength emission edges (HPBI and HTPI
are 450 and 442 nm) of the corresponding phosphorescence
spectra of the complexes Gd(PBI);(H,0), and Gd(TPI);-
(H»0), (Supplementary data). The triplet energy level of
HTPI (22620 cm™') was found to be moderately higher
than HPBI (22220 cm '), may be due to the presence of
electron-donating group (—CH3) on the benzoyl moiety of
the HPBI system. Generally, the sensitization pathway in
luminescent terbium complexes consists of the excitation
of the ligands from the ground state to their excited singlet
states, and subsequently through the intersystem crossing
of the ligands to their triplet states, following the energy
transfer from the triplet state of the ligand to the central
ion. In this process, the 4f electrons of the Tb>" ion are
excited to the D, manifold from the ground state, finally
the Tb*"ion emits when the 4f electrons undergo a transi-
tion from the excited state of Dy to the ground state. It
has been noticed that the energy gaps AE('mn*—mr*)
between the 'nrn* and *nn* levels are 5180 and 5160 cm ™
for HPBI and HTPI, respectively. According to Rein-
houdt’s empirical rule [18] that the intersystem crossing
process will be effective when AE('nn*—rnn*) is at least
5000 cm ™!, thus the intersystem crossing processes are
effective for all the ligands. According to Latva’s empirical
rule [19], an optimal ligand-to-metal energy transfer pro-
cess for Tb*" is when AECrn*—Dg) > 2000 cm™'. It can
be concluded that the transfer process is effective from
HTPI to Tb*" and that HTPI is a suitable as a sensitizer
for Tb*" (AECnn*—Dy) > 2220 cm™'). On the other hand,
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the *nn* state (22220cm ') of HPBI is so close to
>D4(20400 cm™ ') of Tb**, giving AECmn*~°Dy) = 1820
cm ™!, which is too low to prevent the back-energy transfer
from the Tb*" excited state to the triplet state of HPBI.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.inoche.
2006.12.008.
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