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CEP 13083-970, Campinas, SP, Brazil
dDepartamento de Quı́mica Fundamental, Universidade Federal de Pernambuco, Cidade Universitária, CEP 50670-910, Recife, PE, Brazil
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Abstract

This work reports the energy transfer mechanism process of [Eu(TTA)2(NO3)(TPPO)2] (bis-TTA complex) and [Eu(TTA)3(TPPO)2] (tris-TTA

complex) based on experimental and theoretical spectroscopic properties, where TTA ¼ 2-thienoyltrifluoroacetone and TPPO ¼ triphenylpho-

sphine oxide. These complexes were synthesized and characterized by elemental analyses, infrared spectroscopy and thermogravimetric analysis.

The theoretical complexes geometry data by using Sparkle model for the calculation of lanthanide complexes (SMLC) is in agreement with the

crystalline structure determined by single-crystal X-ray diffraction analysis. The emission spectra for [Gd(TTA)3(TPPO)2] and [Gd(TTA)2
(NO3)(TPPO)2] complexes are associated to T-S0 transitions centered on coordinated TTA ligands. Experimental luminescent properties of the

bis-TTA complex have been quantified through emission intensity parameters Ol (l ¼ 2 and 4), spontaneous emission rates (Arad), luminescence

lifetime (t), emission quantum efficiency (Z) and emission quantum yield (q), which were compared with those for tris-TTA complex. The

experimental data showed that the intensity parameter value for bis-TTA complex is twice smaller than the one for tris-TTA complex, indicating

the less polarizable chemical environment in the system containing nitrate ion. A good agreement between the theoretical and experimental

quantum yields for both Eu(III) complexes was obtained. The triboluminescence (TL) of the [Eu(TTA)2(NO3)(TPPO)2] complexes are discussed

in terms of ligand-to-metal energy transfer.

r 2007 Elsevier B.V. All rights reserved.

Keywords: Lanthanide ions; b-diketonate; Complexes; Photo and Triboluminescence

1. Introduction

b-Diketonates is one of the most studied ligands of
trivalent lanthanide complexes. This is probably owing to
the higher ability of b-diketonate organic ligands to act as
luminescence sensitizers for Ln(III) ions and also due to the
higher thermodynamic stability presented by their com-
plexes. The luminescence properties exhibited by

Ln(III)–b-diketonate complexes make it possible to use
them in numerous applications, ranging from diagnostic
probes in clinical analyses to emitter layers in light-emitting
diodes (LEDs) [1–9]. These complexes have also attracted
much interest within theoretical chemistry, and have
become target of intensive studies in the investigation of
intramolecular energy-transfer processes from ligands to
Ln(III) ion, and theoretical models used to describe
geometric and spectroscopic properties of lanthanide
coordination compounds [1,10–12]. It is also important
to mention that although some lanthanide b-diketonates
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presented photodecomposition under UV irradiation in the
solution or in the thin film, one strategy to decrease this effect
generally used is the incorporation of b-diketonate complexes
in polymers and organic/inorganic hybrids [13–16].

Among Ln(III)–b-diketonate complexes tetra-
kis(M[Ln(b-diketonate)4]), where M is a monovalent cation
such as an alkali-metal ions, quaternary ammonium ions or
a protonated organic base (pyridinium, piperidinium,
isoquinolinium, etc.) and tris-compounds of formula
[Ln(b-diketonate)3Ln] are the most extensively investigated
[3]. L is additional neutral ligands that coordinate to
lanthanide center to replace the solvent and water
molecules that may act as luminescent quencher, where
these ligands are sulfoxides, phosphine oxides, amides and
heteroaromatics, etc. [1].

In contrast to tris and tetrakis(b-diketonate) complexes
of Ln(III) ions, the synthesis and spectroscopic investiga-
tion of bis-b-diketonate compounds are rarely reported in
literature. The latter are generally synthesized in special
conditions, such as acid media, and also when the neutral
ligands contain bulky substituent groups. The main
examples of these compounds were synthesized by Bünzli
and Fu and they present tributylphosphine oxide (TBPO)
and triphenylphosphine oxide (TPPO) as neutral ligands,
respectively [17,18].

Many Ln compounds also present triboluminescent (TL)
properties, although until now the mechanism by which
this phenomenon occurs is not yet completely understood
[3]. In Eu(III) complexes, TL is expected to be caused by
the fracturing process through an intermediate excitation
of ligand [19–21]. However, to the best of our knowledge,
up to now there is no work reporting experimental support
for this process, such as TL spectra of the similar Gd3+-
complexes in which only emission from ligand is detected,
confirming the ligand excitation and ligand-to-Eu(III)
energy transfer processes.

In this paper, we report spectroscopic measurements that
permit a detailed analysis of the photoluminescent (PL)
and TL processes of Eu(III)–TTA complexes. In addition,
the comparative study of structural and PL properties
between bis- and tris-TTA complexes is also presented.
Photophysical properties of these compounds are discussed
based on experimental data of the O2 and O4 intensity
parameters, radiative (Arad) and non-radiative decay rates
(Anrad), quantum emission efficiency (Z) and quantum yield
(q). Theoretical analysis of the geometries and the
intramolecular ligand-to-Eu(III) energy transfer for the
[Eu(TTA)2(NO3)(TPPO)2] and [Eu(TTA)3(TPPO)2] com-
plexes are also reported.

2. Experimental

2.1. Synthesis of the [Ln(TTA)2(NO3)(TPPO)2]

complexes

Methanol, thenoyltrifluoroacetonate and TPPO reagents
were purchased from Aldrich Co. and used as received. All

chemicals and solvents used in the syntheses of the Ln(III)-
complexes were of analytical grade and used without
additional purification.
For a solution containing 3 equiv. of HTTA (1.00 g,

6.7� 10�3mol) and 2 equiv. of TPPO in 40mL of methanol
was added by dropping (under stirring) 1 equiv. of
Ln(NO3)3 � 6H2O (0.61 g, 1.7� 10�3mol) in 10mL of
methanol. The resultant solution was in standby for 2
days, forming white crystals, which were filtered, washed
with cooled methanol to remove the excess of ligand and
dried in vacuum desiccator, with 80% yielding of the
[Ln(TTA)2(NO3)(TPPO)2] complex. However, the tris-
TTA complex was synthesized as described by Silva [22].

2.2. Apparatus

Elemental analyses of carbon, hydrogen and nitrogen of
the complexes were performed on a Perkin-Elmer model
240 microanalyzer. The Ln(III) ion contents were per-
formed by complexometric titration with disodium ethyle-
nediaminetetraacetic acid (EDTA) salt [23]. Infrared
spectra were recorded in KBr pellets on a Bomen model
MB-102 spectrophotometer in the range 4000–400 cm�1.
Thermogravimetric analyses (TGA) were performed on a
thermobalance Schimadzu TGA-50. The samples were
placed in platinum containers, and the TG curves were
recorded in dynamic nitrogen atmosphere of 50 cm3min�1

under a heating rate of 10 1Cmin�1 from room tempera-
ture up to 900 1C.
Steady-state excitation and emission spectra at room

(�298K) and liquid nitrogen temperatures were recorded
at an angle of 22.51 (front face) with a spectrofluorimeter
(SPEX-Fluorolog 2) with double grating 0.22m mono-
chromator (SPEX 1680), and a 450W Xenon lamp as
excitation source. All spectra were recorded using a
detector mode correction. The luminescence decay curves
of the emitting levels were measured using a phosphori-
meter SPEX 1934D accessory coupled to the spectro-
fluorometer.
TL spectra of the complexes were measured by fractur-

ing the crystals with a glass stirring rod in a darkroom and
the luminescent spectra were recorded using a plug-in high-
sensitivity fiber-optical UV–vis shortwave master spectro-
meter, fitted with a grating blazed at 500 nm with 600
grooves per millimeter, with a 2048-element linear CCD-
array detector (PC, 2000, Ocean Optics, Inc.).

3. Results and discussion

3.1. Characterization of the [RE(TTA)2(NO3)(TPPO)2]

complexes

3.1.1. Elemental analysis

The elemental analyses of CHN, and the complexometric
titration with disodium ethylenediaminetetraacetic acid
(EDTA) salt confirm the general formula [RE(TTA)2
(NO3)(TPPO)2] for the complexes. Anal. Calc. for
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[Eu(TTA)2(NO3)(TPPO)2]: Eu
3+, 12.53; C, 51.49; H, 3.16;

N, 1.15 and found: Eu3+, 12.46; C, 51.48; H, 3.21; N, 1.21.
IR (KBr, cm�1): 3064 (w), 1610 (s), 1574 (m), 1538 (s), 1502
(s), 1470 (s), 1442 (m), 1418 (s), 1381 (w), 1357 (m), 1305
(s), 1240 (m), 1180 (s), 1136 (s), 1063 (m), 934 (w), 785 (m),
725 (s), 697 (m), 645 (w). Anal. Calc. for [Gd(TTA)2
(NO3)(TPPO)2]: Gd3+, 12.91; C, 51.27; H, 3.14; N, 1.15
and found: Gd3+, 12.83; C, 51.32; H, 3.20; N, 1.10. IR
(KBr, cm�1): 3062 (w), 1610 (s), 1577 (m), 1542 (s), 1500
(s), 1471 (s), 1447 (m), 1418 (s), 1377 (w), 1357 (m), 1307
(s), 1240 (m), 1182 (s), 1135 (s), 1063 (m), 935 (w), 781 (m),
722 (s), 701 (m), 646 (w).

3.1.2. Infrared spectroscopy

Infrared spectra of Eu(III) and Gd(III) complexes
exhibit no broad band in the spectral range
4500–4300 cm�1 due the O–H stretching vibration of water
molecule, indicating that these compounds are anhydrous.
This result is different from that reported by Fu et al. for
bis-TTA complex, which was obtained in monohydrated
form [18]. IR spectra also show two strong bands at 1688
and 1557 cm�1 attributed to ns(CQO) and nas(CQO)
vibrational modes of TTA ligand that are in concordance
with TTA acting as chelate ligand. By comparing the IR
spectra of the free TPPO ligand (non-coordinate) and those
of the complexes, a shift of stretching frequency PQO
from 1200 cm�1 to around 1180 cm�1 is revealed, indicat-
ing the coordination of TPPO to lanthanide ions via
oxygen atom.

The NO3
� group may act as monodentate or bidentate

ligand to metal ion, or may still act as a non-coordinated
ionic group [24–26]. The type of nitrate group presented in
the complexes is generally investigated considering the
combination band (n1+n4), which appears in the spectral
range 1700–1800 cm�1, and those broad bands around
1300–1500 cm�1. In the first case, the splitting parameter
(Dn) is equal to �30 cm�1, indicating the bidentate
coordination mode of the NO3 ligand. These spectral data
are reinforced by presence of two bands around 1180 and
1136 cm�1 assigned to the NO3

� group presenting the C2V

symmetry upon coordination to the Ln(III) ions.

3.1.3. Thermogravimetric analysis

Fig. 1 shows the TG curves for both Eu3+ and Gd3+-
complexes in the temperature interval 25–900 1C. As it can
be seen, the curves exhibit similar profiles and there is no
weight loss up to 230 1C, confirming the anhydrous
character of complexes obtained by CHN% elemental
analysis. These results are in accordance to that for
samarium compound of stoichiometric formula
[Sm(TTA)2(TPPO)2(NO3)] reported by Fu et al. [18].

3.2. Photoluminescence investigations

In order to determine the energetic positions of the
singlet (S) and triplet (T) states arising from TTA ligand in
the bis- and tris-TTA complexes, the emission spectra for

similar Gd(III)-complexes were recorded at 77K. It is
important to mention that in view of the fact that the
Gd(III) ion excited states have energies much higher than
TTA excited states, the ligand-to-metal energy transfer
processes are disable. Thus, generally, the emission spectra
of Gd3+-coordination compounds display only character-
istic broad bands arising from the S and T states of TTA
ligand [1,6]. This behavior is illustrated by the emission
spectra for Gd3+–TTA complexes presented in Fig. 2. An
examination of the emission spectrum for Gd(III) tris-TTA
complex revealed a similar spectral profile of the
[Gd(TTA)2(NO3)(TPPO)2], showing broad bands with
maxima around 500 nm. The higher values of the lifetime
of the [Gd(TTA)2(NO3)(TPPO)2] (3.074ms) and
[Gd(TTA)3(TPPO)2] (3.278ms) complexes, recorded at
liquid nitrogen temperature, indicate that these bands are
associated to T-S0 transitions centered on coordinated
TTA ligands. However, the emission band of the
[Gd(TTA)2(NO3)(TPPO)2] is shifted to higher energy as
compared to the one in the [Gd(TTA)3(TPPO)2] com-
pound. This result may be a consequence of the shorter
ligand–Gd3+ ion distances in the former.
The energy values of TTA triplet states were estimated

from the shortest wavelength on the base of the emission
bands, which correspond to the T-S0 transitions (0–0
phonon), whereas, the excited S states were taken as the
longest wavelength from the absorption spectra corre-
sponding to the S0-S transition (0–0 phonon). The
experimental excited S and T states of TTA ligand for
the [Eu(TTA)2(NO3)(TPPO)2] and [Eu(TTA)3(TPPO)2]
complexes are (S ¼ 26702 cm�1 and T ¼ 21645 cm�1) for
the former and (S ¼ 24975 cm�1 and T ¼ 20661 cm�1) for
the latter.
Excitation and emission spectra of the [Eu(TTA)2

(NO3)(TPPO)2] recorded at 77K are given in Fig. 3. The
excitation spectrum recorded in the range 250–590 nm,
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under emission on 5D0-
7F2 hypersensitive transition at

615 nm (Fig. 3a), is dominated by two overlapped broad
bands corresponding to S0-S1 absorption of the TTA
ligands. These optical data give evidence that Eu(III) ion
luminescence is sensitized by TTA via antenna effect. In
this effect the aromatic chromophore (sensitizer) absorbs
energy that is then transferred towards the lanthanide
cation, which in its turn emits light [6–8,17].

In Fig. 3a, [Eu(TTA)2(NO3)(TPPO)2] exhibits similar
spectral profile compared to the tris-TTA complex [18,22],
suggesting the lesser steric hindrance presented in the bis-
TTA complex, which decrease the metal–donor atoms

distances, and has only a moderate effect on the S states of
the ligand. Excitation spectrum also displays narrow bands
assigned to 7F0-

2S+1LJ transitions to Eu(III) ion, such as
7F0-

5G6 (361 nm), 7F0-
5H4 (374 nm), 7F0-

5L6

(394 nm), 7F0-
5D2 (464 nm), 7F0-

5D1 (532 nm) and
7F0-

5D0 (578 nm). However, these peaks are less intense
than those broad bands because of the low molar
absorption coefficient of the lanthanide ions and due to
the operative antenna effect in the Eu–TTA complexes.
Fig. 3b shows the emission spectrum of the [Eu(TTA)2

(NO3)(TPPO)2] complex under excitation at 350 nm, at
77K. This spectrum consists of typical narrow bands of
central Eu(III) ion assigned to 5D0-

7FJ transitions (J ¼ 0,
1, 2, 3 and 4), presenting hypersensitive 5D0-

7F2

transition (�617 nm) as the most prominent. The emission
spectrum of [Eu(TTA)2(NO3)(TPPO)2] complex in the
spectral range of 580–630 nm, at 300K, has been reported
recently by Bukvetskii et al. [24]. In that paper, the authors
attributed some Stark-components of the 5D0-

7F2 transi-
tion to the 5D0-

7F1 and 5D0-
7F3 transitions. Thus,

Fig. 3b presents new assignment of 5D0-
7FJ transitions

centered on Eu3+ ion.
Several less intense bands are observed in all spectral

range from 500 to 720 nm that are assigned to the following
transitions: 5D1-

7F0 (526.4 nm), 5D1-
7F1 (536.4 and

537.6 nm), 5D1-
7F2 (552.6 nm) and 5D1-

7F3 (584 nm).
A significant number of vibronic transitions much less
intense is also observed in the emission spectrum. The
absence of broad bands arising from the ligand centered
transitions indicates that there is an efficient intramolecular
energy transfer from the TTA ligands to the Eu(III) ion.
Luminescence decay curves of the Eu-complexes were

fitted by equation I(t) ¼ I(0) exp(�t/t) using a curve-fitting
program, as expected for the presence of only one site of
symmetry around Eu(III) ion. The lifetime values (t) for
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bis- and tris-TTA complexes are 816 and 500 ms, respec-
tively.

Based on the experimental luminescence data it is
possible to determine the Einstein’s coefficient of sponta-
neous emission (A0-J) of the transitions from

5D0 emitting
level to 7FJ levels, arising from Eu(III) ion by the following
equation:

A0!J ¼ s0!1

S0!1

S0!J

s0!J

A0!1, (1)

where s0-1 and s0-J correspond to the energy baricenter
of the 5D0-

7F1 and 5D0-
7FJ transitions (in cm�1),

respectively. In the similar way S0-1 and S0-J are the
surface of the emission curve corresponding to the
5D0-

7F1 and 5D0-
7FJ transitions, respectively [27]. As

it can be seen, for Eu(III) complexes the coefficients A0-J

are determined taking the magnetic dipole 5D0-
7F1

transition as an internal standard since A0-1 rate is almost
insensitive to changes in the chemical environment around
the europium ion (A0-1ffi50 s�1). The value of A0-

1ffi50 s�1 is taken assuming that the refraction index (n)
for the samples is equal to 1.5 [1]. In this work, the
radiative contribution is estimated based only on the
relative intensities of the 5D0-

7F0�4 transitions owing to
the 5D0-

7F5,6 transitions are not observed experimentally.
It is possible to determine the emission quantum

efficiency (Z) of the 5D0 emitting level the of the Eu3+

ion, according to the equation

Z ¼ Arad

Arad þ Anrad
. (2)

The total decay rate Atot ¼ (1/t) ¼ Arad+Anrad, where Arad

ð¼ P
JA0!JÞ and Anrad are the radiative and non-radiative

rates, respectively. Thus, based on the experimental lifetime
of the 5D0 emitting level (t) and Arad rate, it was possible to
determine the non-radiative rates (Anrad).

The experimental values of the radiative (Arad) and non-
radiative (Anrad) rates, and emission quantum efficiency (Z)
are presented in Table 1. A comparison between the values
for Eu(III)-complexes show that the value of Arad for bis-
TTA complex is twice shorter than that for tris-TTA
complex, whereas Anrad is only slightly shorter from the
former. This behavior reflects a lower emission quantum
efficiency (Z) for the Eu(III) ion in the bis-TTA complex.

Based on the experimental intensity A0-J, the O2 and O4

parameters were determined, according to the following
expression:

A0!l ¼
4e2o3

3_c3ð2J þ 1Þ
nðn2 þ 1Þ2

9

� �
OlhjaJjjU ðlÞjja0J 0i2, (3)

where A0-l are the coefficients of spontaneous emission, w
is the Lorentz local field correction term that is given by
w ¼ n(n2+1)2/9 with the refraction index n ¼ 1.5 and
h7FljjU ðlÞjj5D0i2 are the squared reduced matrix elements
whose values are 0.0032 and 0.0023 to l ¼ 2 and 4,
respectively [1].
Analysis of the experimental and theoretical intensity

parameters (O2 and O4) give a general trend concerning the
link between the number of TTA ligand in the first
coordination sphere of Eu(III) ion. As a matter of fact, the
oxygen atoms that belong to TTA and nitrate ligands differ
from their polarizabilities. The delocalization of the
p-electrons of the chelate rings in TTA ligands makes their
oxygen atoms more polarizable than those from NO3

ligand. Consequently, when NO3 is in the place of one TTA
group, the chemical environment around the europium ion
becomes less polarizable, which is reflected on the values of
O2 and O4 parameters.
For experimental determination of luminescence quan-

tum yield (qx) for the Eu(III) complexes the method
developed by Brill and Veenis at Philips Research
Laboratories [28–30], as described in Ref. [1], using MgO
as reflectance standard, which presents r �91% was used.
The standard phosphor used was sodium salicylate, whose
emission spectra are formed by a large broad band peaking
around 425 nm, with q value of 60%. The errors in the
quantum yield values associated with this technique were
estimated within 10%.
The q values of ([Eu(TTA)2(NO3)(TPPO)2] and [Eu

(TTA)3(TPPO)2]) complexes are summarized in Table 1.
Considering that the TTA is a ligand that transfers energy
efficiently to Eu(III) ion more than nitrate group, the
smallest value of q for the bis-TTA complex is a
consequence of the substitution of the TTA by nitrate
ligand in tris-TTA complex.
The experimental quantum yields and quantum emission

efficiency obtained here for the ([Eu(TTA)2(NO3)(TPPO)2]
and [Eu(TTA)3(TPPO)2]) complexes are similar to the
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Table 1

Experimental and theoretical intensity parameters for the [Eu(TTA)2(NO3)(TPPO)2] and [Eu(TTA)3(TPPO)2] complexes

Complexes O2 (� 1020 cm2) O4 (� 1020 cm2) R02 DE (cm�1) Arad (s�1) Anrad (s�1) Atot (s
�1) Z (%) Q (%)

[Eu(TTA)2(NO3)(TPPO)2] Experimental 21.8 5.5 0.0016 51 780 446 1225 63 68

Theoretical (20.4) (10.8) (0.0019) (199) (65)

[Eu(TTA)3(TPPO)2] Experimental 41.5 9.9 0.0012 172 1444 560 2004 72 73

Theoretical (40.0) (15.3) (0.0012) (228) (73)
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values found for other Eu–TTA-complexes reported by
Malta and co-workers [1], suggesting an operative ligand-
to-Eu3+ ion energy transfer process.

3.3. Theoretical approach

3.3.1. Theoretical complexes geometries

The geometry of the Eu(III) complexes were obtained
using an improved version of the semi-empirical Sparkle
model for the calculation of Lanthanide complexes, SMLC
[10]. This recent version (called SMLC II) has been applied
to lanthanide complexes with a large kind of ligands such
as b-diketonates, macrocyclics and heteroaromatics [31].

The predicted geometries of ligand molecules coordi-
nated to the Ln(III) ion (Sparkle model) are calculated with
the AM1 Hamiltonian, simulating an essentially electro-
static ligand–metal interaction. In the SMLC II, there is a
more confident core–core interaction than that in the
previous version [31]. Besides, from the geometry and the
electronic states of the ligands, a complete theoretical
model may also be applied to calculate the energy transfer
processes antenna-to-lanthanide ion and the luminescent
properties of lanthanide compounds.

Fig. 4 displays the experimental and theoretical struc-
tures of the bis- and tris-TTA complexes. As it can be seen,
the theoretical and experimental structures are in agree-
ment, reinforcing the potentiality of the SMLC method in
the design of the coordination Eu(III)–TTA complexes.
The average unsigned mean error (UME) for each complex
was also determined, assuming the distances metal
ion–donor atoms (Rij) as those coming from crystal
structure data [33]. For [Eu(TTA)2(NO3)(TPPO)2] and
[Eu(TTA)3(TPPO)2] complexes UME values are 0.0583
and 0.0125, respectively.

3.3.2. Intensity parameter calculation

In order to investigate the ligand–Ln3+ interactions and
spectroscopic properties for the bis-TTA complex, theore-
tical calculations have been performed. In the present
study, the identification and selection of ligand perturber
sites (donor atoms) as well as the positional coordinates of
these perturber entities were derived from X-ray crystal-
lographic data presented in this work, for [Eu(TTA)2
(NO3)(TPPO)2], and reported by Silva for [Eu(TTA)3(TP-
PO)2] complex [22].

The calculations to obtain the Ol intensity parameters
(l ¼ 2 and 4) were performed according to the following
equation [1]:

Ol ¼ ð2lþ 1Þ �
X
t;p

jBltpj2
2tþ 1

; (4)

where the quantities Bltp are known as the intensity
parameters of individual transitions between Stark levels.
As described in the literature, the expression for Bltp

contains dependences on the coordination geometry and
on the nature of the chemical environment around the

Ln3+ ion [1]. It is also important to mention that the ligand
field parameters used in this work are those given by simple
overlap model (SOM) [32,33]. For the calculation, the
spherical positional coordinates (r, y,f) for the oxygen
atoms in the first coordination sphere of europium ion in
the bis- and tris-TTA complexes from crystallographic data
were used.
The charge factor (gj) and isotropic polarizability (aj) to

each of the atomic perturber sites were chosen based on the
best values of the maximum splitting (DE) of the level 7F1

of the Eu(III) ion, intensity parameters Ol ¼ 2,4 and R02

better adjusted to their respective experimental values,
according to Ref. [22].
As can be observed in Table 1, in each system good

agreement between calculated and observed parameters
was achieved, giving evidence that the model calculations
reported here is appropriated to describe the chemical
environment around Eu3+ ion. However, some deficiencies
in the intensity parameter calculations may be assigned to
the treatment of the ligand properties. For example, in the
calculation, the ligand isotropic polarizabilities, for exam-
ple, were located on atoms only and the ligand polariz-
ability anisotropy was ignored.
The values of gj and aj to each of the atomic perturber

sites in the bis- and tris-TTA complexes are the following:
for [Eu(TTA)2(NO3)(TPPO)2]: g(TTA) ¼ 1.4, g(TPPO) ¼
1.0 and g(NO3) ¼ 1.0; a(TTA) ¼ 4.0, a(TPPO) ¼ 4.5 and
a(NO3) ¼ 1.0. For [Eu(TTA)3(TPPO)2]: g(TTA) ¼ 0.7 and
g(TPPO) ¼ 1.0; a(TTA) ¼ 4.8 and a(TPPO) ¼ 2.8. Com-
parisons of the these data reveal the highest a value for
oxygen atoms that belong to TTA ligands in the tris-TTA
complex, indicating a highly polarizable chemical environ-
ment around europium ion in the [Eu(TTA)3(TPPO)2]
complex.
The contributions to forced electric dipole mechanism

ðOED
l Þ and dynamic coupling mechanism ðODC

l Þ were
determined taking a and g values equal to zero, respectively
[29,34]. The higher values of OED

l as compared to those of
ODC

l for [Eu(TTA)2(NO3)(TPPO)2] (OED
2 ¼ 3:2, ODC

2 ¼
18:6, OED

4 ¼ 0:2 and ODC
4 ¼ 13:8� 10220 cm2) and for

[Eu(TTA)3(TPPO)2] (OED
2 ¼ 1:4, ODC

2 ¼ 42:5, OED
4 ¼ 0:1

and ODC
4 ¼ 16:4� 10220 cm2) indicate that the dynamic

coupling is the dominant mechanism to the radiative
transitions in the both complexes. Additionally, since in
this mechanism the intensity of the hypersensitive
5D0-

7F2 transitions is related explicitly to the polariz-
ability of the ligands, a comparison between the OED

2 values
for bis-TTA and tris-TTA complexes reflects the highest
dynamic coupling for the Eu3+ center in the [Eu(TTA)3
(TPPO)2] complex.

3.3.3. Energy transfer rates and quantum yields

The energy transfer rate WET from TTA-to-Eu(III) ion
was investigated according to the theoretical model,
presenting the contribution of both dipole–2l pole ðWmp

ETÞ,
dipole–dipole ðWdd

ETÞ and exchange ðW ex
ETÞ mechanisms, as

described in Ref. [23].
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The calculation yields the populations of all states
involved in the photophysical process in Eu(III)-com-
plexes, making possible to obtain theoretical quantum yield
by the following equation:

q ¼
Ze

P
i

Aei

ZaBa
, (5)

where Aei is the radiative transition rate from the emitting
level with population Ze to level i, and Ba is the total
absorption rate of the absorbing level in a ligand with Za
population.

The main non-radiative energy transfer pathway from
TTA-to-Eu(III) ion is also investigated. An analysis of

the data in Table 2 reveals that there is no significant
difference between the ligand-to-metal energy transfer
pathways for bis- and tris-TTA complexes. Besides,
the most probable intramolecular energy transfer
processes as operative channels from TTA-to-Eu(III)
ion in both complexes is the following: S0-S1-T-
(5D1,

5D0)-
7FJ.

Of special note is the relatively the remarkable agree-
ment between calculated and experimental values of q for
both Eu(TTA)2(NO3)(TPPO)2] and [Eu(TTA)3(TPPO)2],
suggesting the potentiality of the used model. Moreover,
the values of q are close to Z ones, indicating that an
efficient energy transfer from TTA-to-Eu3+ ion in fact
occurs.
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Fig. 4. Theoretical and experimental structures [Eu(TTA)2(NO3)(TPPO)2] and [Eu(TTA)3(TPPO)2] complexes.
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3.4. Triboluminescent behavior

The [Gd(TTA)2(NO3)(TPPO)2] complex exhibits green
light when its crystals are triturated (Fig. 5a). This result
confirms that the TL phenomenon in Eu(III)-complexes
may occur by indirect excitation of ligands as an
intermediate process acting as ‘‘antennas’’, sensitizing the
luminescence of Ln(III) ions.

It is important to emphasize that both bis-TTA [24] and
tris-TTA complexes present TL phenomenon exhibit. Fig.
5b shows TL spectra of these complexes recorded at room
temperature in the spectral range of 400–750 nm. It is
interesting to note that TL spectrum of the [Eu(TTA)2
(NO3)(TPPO)2] compound (Fig. 5b) also displays the
5D0-

7F1 transition, which is not shown in the TL
spectrum reported in Ref. [24].

According to the experimental evidences presented by
Gd(III)-complex, TL for europium complexes may occur
by the following processes: (i) break of crystals, (ii) ligand
excitation, (iii) energy transfer ligand-to-europium ion and
(iv) emission from Eu(III) ion.

Although it is not yet fully clear that the relationship
between structural and TL behavior, centric crystals
structural disorder can play a role on TL activity [21]. In
the present study, it was observed that although the
[Eu(TTA)3(TPPO)2] complex presents higher PL intensity
than [Eu(TTA)2(NO3)(TPPO)2] compound, the former
exhibits only very weak TL (Fig. 5b). However, for
the bis-TTA complex TL phenomenon can be observed
even in bright room, giving good evidence that structural
behavior dominates the TL properties of the Eu(III)-
complexes.

The TL data suggest that the structural properties play
an important role in the TL processes and that the presence

of a good antenna ligand in the Eu(III) complex from the
PL point of view does not necessarily indicate that the
compound must exhibit high-TL intensity.

4. Conclusion

Theoretical and experimental PL investigations for bis-
and tris-TTA complexes presented the highest a value
for oxygen atoms in the tris-TTA complex, indicating a
highly polarizable chemical environment around Eu(III).
In general, it was observed a good agreement between
calculated and observed intensity parameters, giving
evidence that the model calculations reported here
were appropriate to describe the chemical environ-
ment around Eu(III) ion. Finally, the comparative TL
properties of europium complexes give good evidence that
structural behavior dominates the TL activities of these
systems.

5. Supplementary data

During the preparation of this paper, we come to
know crystallographic data for the [Eu(TTA)2(NO3)
(TPPO)2] complex have been recently published by
Bukvetskii et al. [24]. However, our crystallographic
data for the [Eu(TTA)2(NO3)(TPPO)2] complex already
had been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no.
CCDC 630702. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK [fax: +44(1223)336-033; e-mail:
deposit@ccdc.cam.ac.uk].
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Table 2

Energy transfer rates from ligand states (singlet and triplet) to europium levels 2S+1LJ (Eu
3+) in the [Eu(TTA)2(NO3)(TPPO)2] and [Eu(TTA)3(TPPO)2]

complexes

Energy states Population Energy transfer S1-
2S+1LJ Energy transfer T-2S+1LJ

WET WRET WET WRET

[Eu(TTA)2(NO3)(TPPO)2]

S0 0.924

S1 3.21� 10�8

T 1.44� 10�8

5D3 6.60� 10�8 2.12� 109 6.09� 106 4.40� 103 1.02� 109

5D2 1.47� 10�6 4.37� 107 0.00 5.22� 101 1.26� 101

5D1 6.46� 10�5 6.11� 108 0.00 3.05� 109 5.65� 103

5D0 7.50� 10�2 1.23� 108 0.00 1.67� 109 7.55� 10�1

[Eu(TTA)3(TPPO)2]

S 3.78� 10�8

T 1.81� 10�8

5D3 1.19� 10�7 1.97� 109 1.15� 106 1.90� 101 6.26� 108

5D2 1.45� 10�6 3.53� 107 0.00 1.48 5.06� 101

5D1 4.51� 10�5 4.34� 108 0.00 4.35� 109 1.14� 106

5D0 0.048 8.02� 107 0.00 3.13� 109 2.01� 102
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Fig. 5. Triboluminescence spectra recorded for the sample in solid state,

at room temperature: (a) TL spectrum of the [Gd(TTA)2(NO3)(TPPO)2]

complex and (b) TL spectra of the [Eu(TTA)3(TPPO)2] and [Eu(TTA)2
(NO3)(TPPO)2] complexes.
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