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a  b  s  t  r  a  c  t

In this  work  it  is reported  the  photoluminescence  sensitization  effect  of  the bis(dibenzo-18-crown-
6)diaquatris(thenoyltrifluoroacetonate)europium(III)  compound,  [Eu(tta)3(DB18C6)2(H2O)2], doped  into
a blend  of  poly(methylmethacrylate)  (PMMA)  and  polyethylene  glycol  (PEG)  in  film  form.  The  TGA
results  indicate  that  the  Eu3+-complex  precursor  is  immobilized  in  the polymer  matrix  by the  inter-
action  between  the  Eu3+ complex  and the  oxygen  atoms  of  the  PMMA  polymer.  The  thermal  behavior  of

3+
eywords:
uropium complexes
rown ethers
MMA

these  luminescent  systems  is  similar  to that  of the  undoped  polymer.  The  emission  spectra  of  the  Eu -
complex  in  the  PMMA/PEG  blends  recorded  at room  temperature  exhibit  the  characteristic  bands  arising
from the 5D0 → 7FJ (J  =  0–4)  intraconfigurational  transitions.  The  emission  quantum  efficiency  of  the  Eu3+

ion  doped  films  increased  significantly,  indicating  an  effective  interaction  between  the  Eu3+-complex  and
the polymer  matrix,  and  both  the  substitution  of  water  molecules  in  the  first  coordination  sphere  and  an

-sens

uminescent film

efficient  luminescence  co

. Introduction

Rare earth (RE3+) �-diketonate complexes have been exten-
ively investigated in recent years as promising candidates for
uminescent materials [1–7]. These RE3+ compounds present char-
cteristic narrow emission bands in the UV–vis region with
xcitation and emission monitored in different spectral regions,
nd antenna effect that enhances the emission quantum yield. As a
esult, these complexes have found wide applications as optical
arkers, photoluminescent sensors, electroluminescent devices

nd multicolor displays [8–10].
Polymers doped with RE3+-complexes have attracted consider-

ble interest because they preserve the luminescence properties of
he complexes while they can be processed from solution and are

echanically flexible [10,11]. For instance, the stable transparent

ixtures could be easily spin-coated and thermally converted to

niform films. Therefore, a polymeric system incorporated with
are earth complexes is expected to be integrated in functional
evices, such as polymer fiber laser, waveguide amplifiers and

∗ Corresponding author. Tel.: +55 11 30913708; fax: +55 11 38155579.
E-mail address: hefbrito@iq.usp.br (H.F. Brito).

010-6030/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2012.10.015
itization  of  the  Eu3+ luminescent  centers.
© 2012 Elsevier B.V. All rights reserved.

compact lasers that constitute a major part of the ever-growing
field of photonics [12].

The poly(methylmethacrylate) (PMMA) possesses many desir-
able properties, such as high light transmittance, chemical
resistance, colorless, resistance to weathering corrosion, good
insulating properties, low optical absorption, refractive index tai-
lorability with molecular weight, simple synthesis, and low cost
[12]. These characteristics make it suitable as a host material
for RE3+ ions and organic dye doping. The non-toxicity of PMMA
resulted in amplified utilization in dentures, medicine dispensers,
food-handling equipments, throat lamps and lenses [13]. Moreover,
PMMA  embedding inorganic or organically modified inorganic
particles has been cast into films to yield enhanced functional
properties such as electrical conductivity [14], photoconductivity
[15], photo-induced charge-transfer, nonlinear optical properties,
photoluminescence [16–24],  mechanical [25–30] and magnetic
properties [30,31].

In the present work, a series of the trivalent europium chelate
[Eu(tta)3(DB18C6)2(H2O)2] (DB18C6: dibenzo-18-crown-6) doped
PMMA  films in the absence or presence of Polyethyleneglycol
PEG300 and 400 was prepared and characterized. It was also

studied the influence of the chemical structure of the ligand and
PEGs on the luminescence properties of the Eu3+-complex doped
PMMA/PEGs. The experimental 4f–4f intensity parameters have
been calculated and discussed.

dx.doi.org/10.1016/j.jphotochem.2012.10.015
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:hefbrito@iq.usp.br
dx.doi.org/10.1016/j.jphotochem.2012.10.015
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. Experimental

All materials oxides, ligands, acid and base were purchased
Sigma–Aldrich, Merck, Across) and used without further purifica-
ion. PMMA  was supplied in powder form by Aldrich, presenting an
verage molecular weight (Mw) of approximately 350,000 g mol−1,
ith PMMA accounting for 99.9% of the dry material.

.1. Synthesis of the [Eu(tta)3(H2O)2] complex

Crystals of the precursor [Eu(tta)3(H2O)2] complex were
ynthesized as described in the literature [6] where 2-
henoyltrifluoroacetone (1.33 g; 6 mmol) was dissolved in 30 mL
f ethanol. NaOH (1 mol  L−1; 6 mL)  and a solution of EuCl3·6H2O
0.73 g; 2 mmol) in 10 mL  of distillated water were successively
dded to the tta solution. Water (200 mL)  was added and the
ixture was heated to 60 ◦C for a few minutes. The complex

recipitated during cooling to room temperature. The precipitate
as filtered then washed with water and dried under reduced
ressure with a yield of 90%.

.2. Synthesis of the [Eu(tta)3(DB18C6)2(H2O)2] compound

The precursor complex (1 g, 1.17 mmol) and crown ether ligand
0.8436 g, 2.34 mmol) were dissolved separately in ethanol and

ixed under stirring until the formation of a paled yellow precipi-
ate. The crystalline solids were washed with ethanol, dried under
educe pressure and stored in a vacuum desiccator [5].

.3. Preparation of the films

The PMMA powder (0.3 g) was dissolved in 100 mL  of acetone
ollowed by addition of 1% (w/w) of the Eu3+ complex (0.003 g,
.0019 mmol) also dissolved in acetone. The resulting solution was
eated at 60 ◦C for 30 min  then the polymer film (denoted as P/Eu
lm) was obtained after the evaporation of excess solvent at 60 ◦C.
he same procedure was used for the films of the PMMA/PEG blend,
iffering only by the addition of 1% (w/w) of PEG300 and 400 in the
nal step, which are denoted as P/Eu/G300 and P/Eu/G400.

.4. Characterization techniques

Carbon and hydrogen contents were determined by usual
icroanalytical procedures using an elemental analyzer model

HN 2400 (Perkin-Elmer). The Eu3+ content was estimated by spec-
rophotometer analyses with Alizarin Red S as chromophore agent
n methanol solution.

Thermogravimetric analysis (TGA) was achieved with a
G/SDTA 822 thermobalance (Mettler-Toledo), using sapphire cru-
ibles containing around 5 mg  of the sample, under dynamic
itrogen atmosphere with stream of (50 mL  min−1), at a heating
ate of 10 ◦C min−1.

The infrared absorption spectra of the samples were acquired
t room temperature using a Thermo Nicolet model 6700 Contin-
um FTIR spectrophotometer. The spectra were collected in the
000–400 cm−1 range by averaging at least 80 scans at a resolution
f 4 cm−1. Prior to recording the spectra the films were kept under
educed pressure at room temperature for several days in order to
educe the levels of adsorbed water molecules.

Scanning electronic micrographies (SEM) were obtained in a
icroscope Philips XR-30 by means of a sputtering technique using

old as recovering material.

The excitation and emission spectra of the powdered and film

amples were recorded in a SPEX Fluorolog-2 spectrofluorome-
er, model FL212 system, 450 W Xenon lamp as excitation source
nd double grating 0.22 m SPEX 1680 monochromators. All spectra
Fig. 1. TGA curves of (a) undoped PMMA, (b) P/Eu, (c) P/Eu/G300 and (d) P/Eu/G400
blend films. All these data were recorded under an inert atmosphere of dynamic N2.

were recorded using a detector mode correction. The lumines-
cence decay curves of the emitting levels were measured using a
phosphorimeter SPEX 1934D accessory coupled to the spectrofluo-
rometer.

3. Results and discussion

The C and H contents in the Eu3+ complex determined
by the elemental analytical methods agree with the formula
[Eu(tta)3(DB18C6)2(H2O)2]; calculated for Eu1O20C64H48F9S3 was:
C, 48.80%; H, 4.80% and found: C, 48.36%; H, 4.85%.

Fig. 1 shows the thermogravimetric curves of the samples in
film form of undoped PMMA  polymer and PMMA  doped with the
Eu3+ complex at a ratio of 1% (w/w) and PMMA and PEG blends
recorded under an inert N2 atmosphere. As can be seen, the TGA
curves (Fig. 1) recorded in the temperature interval from 25 to
200 ◦C exhibited no mass loss event. This fact reveals that the
water molecules coordinated to the Eu3+ ion of the hydrate pre-
cursor complex are absent after the doping reaction. Therefore,
the [Eu(tta)3(DB18C6)2(H2O)2] complex is embedded in the PMMA
polymer matrix by the chemical interaction between the Eu3+ com-
plex and the oxygen atoms of the PMMA  polymer or PEG where the
two water molecules are replaced. These results agree with other
polymer systems previously analyzed [11].

It is shown in Fig. 1a that the undoped PMMA  polymer film
decomposes in a one-step event and its degradation starts at
281 ◦C. Similarly, the PMMA  polymer doped with the Eu3+ complex
also presented a curve of decomposition under an inert atmo-
sphere with one single decomposition event only. As indicated in
Fig. 1b–d the doped PMMA  films exhibit decreasing onset tem-
peratures of decomposition (T-onset) of 238, 255 and 231 ◦C for
the P/Eu, P/Eu/G300 and P/Eu/G400 blends, respectively. The max-
imum displacement of T-onset was 50 ◦C for the P/Eu/G400 blend
in comparison to that of the undoped polymer film.

The IR absorption spectrum of doped PMMA  film (Fig. 2a) dis-
plays a very strong peak at around 1731 cm−1 assigned to the
�(C O) stretching band of non-conjugated ester (free carbonyl
group). Another series of peaks was identified at 1484, 1449 and
1436 cm−1 that is characteristic of the �(O CH3) ester group. The
bands around 1065 and 1270 cm−1 are stretching vibration modes

of the C O C group. A strong broad band is observed at about
2995 cm−1 due to the stretching vibration modes of CH3 and CH2,
indicating a high hydrogen content in the carbon backbone of
PMMA.  Besides, the absorptions at about 1450, 1385 and 1365 cm−1
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re attributed to in-phase and out-phase bending vibrations of CH3.
he weak absorption at 1191 and 1150 cm−1 is due to the in-plane

 H angle deformation. The IR spectra also show two very weak
ands at 1635 and 1537 cm−1 attributed to �s(C O) and �as(C O)
ibrational modes of the tta ligand that are in accordance with the
ta group acting as a chelate ligand.

The main band to be observed in the IR spectra of the crown
ther is the �C O C. In the present work, after the formation of the
ompound this characteristic band of asymmetrical axial deforma-
ion shifted to smaller frequencies around 1130 cm−1, indicating
he coordination of the crown ether to the Eu3+ ion.

The surface morphology was investigated by Scanning Elec-
ronic Microscopy (SEM) (Fig. 3a–f). In Fig. 3a it is observed the
omogeneous crystallinity of the [Eu(tta)3(DB18C6)2(H2O)2] com-
lex precursor. When the PMMA  was co-doped with the complex
nd PEG300, the resulting films showed a uniform porous struc-
ure (Fig. 3b and c). However, it can be observed from Fig. 3d–f that
/Eu/G400 displays a lace-like morphology. No significant phase
eparation is observed within the obtained blend polymer films
oped with the Eu3+-complex, indicating that the framework on
he surface is homogeneous. This is possibly due to the prepara-
ion technique, through which all the compositions are mixed at a

olecular level, indicating the occurrence of interaction between
he Eu3+ complex and polymer matrix [31–33].

On the other hand, the doped films blended with PEG 300 and
EG 400 display different morphologies. Figs. 3e and f, at a higher
agnification scale, present the formation of mesoporous sphere-

hape particles linked to the lace fiber network. This result is owing

o the different polymeric chain structures between the PEG 300
nd PEG 400 that can affect the microstructure and the interaction
etween the polymer matrix and the precursor Eu3+-complex.
tobiology A: Chemistry 251 (2013) 154– 159

3.1. Photoluminescence properties

The polymer films and doped blends are homogeneous crystal
clear thin plastic films that display strong monochromatic red emis-
sion color under the irradiation with an ultraviolet lamp (366 nm).
The photoluminescence sensitization process of the Eu3+ ion can be
explained by the following steps: (i) energy of exciting UV light is
absorbed by the ligands; (ii) the excited singlet state decays to the
lowest triplet state of ligands; (iii) the energy is transferred from
the triplet state of the ligands to the emitting 5D1 and 5D0 levels of
the Eu3+ ion; (iv) the excited Eu3+ ion decays radiatively to the 7FJ

ground state in the visible region.
In Fig. 4 it is presented the excitation spectra of the

[Eu(tta)3(DB18C6)2(H2O)2] complex, P/Eu, P/Eu/G300 and
P/Eu/G400registered at room temperature by monitoring the
luminescence intensity of the 5D0 → 7F2 transition at 614 nm. It
is observed that in the spectral region from 250 to 420 nm, the
polymeric doped films and blends exhibit two  intense broad exci-
tation bands centered at 389 and 309 nm,  which can be attributed
to transitions from the S0 ground state to the S1 excited state of
the organic moiety. Furthermore, the typical intraconfigurational
transitions of the trivalent europium ion exhibit very low inten-
sity in these excitation spectra, corroborating with an efficient
energy transfer from the organic moiety to the metal ion. These
optical data suggest that the polymer matrices act as luminescent
co-sensitizers and the organic ligands are efficient sensitizers for
the Eu3+ ions.

Fig. 5 displays the emission spectra of the P/Eu, P/Eu/G300 and
P/Eu/G400blends recorded at room temperature under excitation
at 394 nm in the spectral range of 450 to 720 nm.  These spectro-
scopic data present the typical emission narrow bands assigned to
the characteristic 5D0 → 7FJ transitions (J = 0–4) of the Eu3+ ion. The
transition that shows the highest intensity is the hypersensitive
5D0 → 7F2 transition around 614 nm.  In addition, the presence of
only one sharp peak of the non-degenerate 5D0 → 7F0 transition at
around 580 nm indicates a chemical environment around the Eu3+

ion of symmetry Cs, Cn or Cnv. The absence of the polymer broad
emission band in the doped film in the range of 450–550 nm shows
the high efficiency of the intramolecular energy transfer process via
the polymer matrix to the Eu3+ ion, corroborating the interpreta-
tion in which the polymer matrix acts as an efficient co-sensitizer
of the Eu3+ photoluminescence.

The luminescence decay curves of the doped films were
obtained by monitoring the emission at the 5D0 → 7F2 transition
(614 nm)  under excitation at the 7F0 → 5L6 transition (394 nm). The
decay curves were adjusted with a first-order exponential decay
function and the lifetime values (�) of the 5D0 emitting level were
determined (Table 1). All � values of the doped polymer systems
are higher than that of the hydrated Eu3+ precursor complex due to
the substitution of water molecules in the first coordination sphere
and, therefore, the decrease of non-radiative losses from the 5D0
level.

Fig. 5 also exhibits the inhomogeneous line broadening effect
for the 5D0 → 7FJ transitions (J = 0–4) of the P/Eu, P/Eu/G300 and
P/Eu/G400 luminescent materials in comparison to the narrow
emission bands of the [Eu(tta)3(DB18C6)2(H2O)2] precursor (Fig. 5
inset). This is a consequence of a distribution of slightly different
sites of symmetry occupied by the rare earth ion upon incorpora-
tion into the PMMA  polymer.

The emission quantum efficiency (�) of the 5D0 excited state
of the europium ion is determined by the following expression
[2,34–36]:
� = Arad

Arad + Anrad
(1)
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ig. 3. SEM images of (a) [Eu(tta)3(DB18C6)2(H2O)2] complex, (b) P/Eu, (c) P/Eu/G3

where Arad and Anrad are radiative and nonradiative transition
ates, respectively. The denominator in Eq. (1) may  be experimen-
ally determined by adjusting the luminescence decay data to an
xponential curve, and using the expression: � = 1/(Arad + Anrad),
here � is the lifetime of the emitting 5D0 level.

The experimental radiative rates, Arad, were determined by sum-
ing over the radiative rates A0J for each 5D0 → 7FJ transition,

rad = �A0J. The individual coefficients of spontaneous emission,
0J, were determined by taking the 5D0 → 7F1 magnetic dipole tran-
ition as internal reference [34]:

0J = A01

(
I0J

I01

)  (
V01

V0J

)
(2)
here �01 and �0J are the barycentres of the 5D0 → 7F1 and
D0 → 7FJ transitions, respectively. I01 and I0J represent the
ntegrated intensity assigned to the 5D0 → 7F1 and 5D0 → 7FJ tran-
itions, respectively.

able 1
xperimental intensity parameters (˝�), emission quantum efficiencies (�), lifetimes
Eu(tta)3(DB18C6)2(H2O)2] complex, P/Eu, P/Eu/G300 and P/Eu/G400 blend films, based o

Sample ˝2 × 10−20 cm2 ˝4 × 10−20 cm2

Eu-complexa 31.0 11.6 

P/Eu 32.2 7.7 

P/Eu/G300 31.1 8.9 

P/Eu/G400 48.1 12.8 

a Ref. [5].
 P/Eu/G400 [500 �m],  (e) P/Eu/G400 [50 �m]  and (f) P/Eu/G400 [5 �m] blend films.

These spontaneous emission coefficients A0J were also used to
determine the experimental intensity parameters (˝2 and ˝4)
according to the following equation:

A0J′ = e2ω3

3�c3(2J  + 1)
�
∑

�

˝�

〈
5D0′ ||U(�)||7FJ

〉2
(3)

where ω is the angular frequency of the transition, e is the elec-
tronic charge, �  is Planck’s constant over 2	, c is the velocity of light
and � is the Lorentz local field correction that is given by n(n2 + 2)2/9

with the refraction index n = 1.5. The
〈

5D0′ ||U(�)||7FJ

〉2
values are

the square reduced matrix elements whose values are 0.0032 and
0.0023 for J = 2 and 4, respectively. The ˝6 intensity parameter was
not included in this study since the 5D0 → 7F6 transition was  not

observed.

All the emission quantum efficiency values of the P/Eu/G400,
P/Eu/G300 and P/Eu doped polymer films are higher than that of
the precursor [Eu(tta)3(DB18C6)2(H2O)2] complex (Table 1). These

 (�), radiative (Arad) and non-radiative (Anrad) emission coefficient rates for the
n the emission spectra recorded at room temperature.

Arad s−1 Anrad s−1 � (ms) � (%)

1155 3345 0.222 26
1133 1571 0.370 42
1122 1444 0.390 44
1688 1217 0.344 58
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ig. 4. Excitation spectra of (a) [Eu(tta)3(DB18C6)2(H2O)2] complex, (b) P/Eu, (c)
/Eu/G300 and (d) P/Eu/G400 blend films registered at room temperature with
mission monitored at 614 nm.

esults confirm that the polymeric matrix is actually efficient in
ubstituting the water molecules in the first coordination sphere.

The P/Eu/G400 film presents emission bands of higher inten-
ity as compared with the other doped systems, as shown in
ig. 6. In addition, the PEG400 co-doped film also presented the
ighest value of emission quantum efficiency � = 58% (Table 1).
n the other hand, the smallest value of � = 42% was  observed

or the P/Eu film, owing to its highest value of the non-radiative

ontribution (Anrad = 1571 s−1). The experimental intensity param-
ters (˝2 and ˝4) for the doped polymer films and precursor
Eu(tta)3(DB18C6)2(H2O)2] complex are presented in Table 1.
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graph of P/Eu/G400 film taken with a digital camera displaying red emission under
UV  irradiation at 366 nm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

The considerably high values of these parameters are consistent
not only with a very low symmetry of the site occupied by the Eu3+

ion but also with large values of the ligating atom polarizabilities
entering in the dynamic coupling mechanism of 4f–4f intensities,
particularly in the P/Eu/G400 system.

The CIE chromaticity coordinates generated from the emission
spectra of all systems (Fig. 6) with the europium complex are
x = 0.65 and y = 0.31, indicating the red color monochromatic char-
acter [37].

4. Conclusion

The PMMA  polymer co-doped with the complex
[Eu(tta)3(DB18C6)2(H2O)2] and PEG were prepared and char-
acterized. The thermal behavior of PMMA  polymer films doped
with Eu3+-complex and undoped PMMA  film is similar. IR data
indicate that the Eu3+ complex is anchored in the PMMA polymeric
network by the coordination of the carbonyl oxygen atoms of
the host polymer matrix toward the Eu3+ ions substituting water
molecules in the first coordination sphere. SEM images showed
that the films obtained are homogeneous and preserve the polymer
aspects. The absence of the broad emission band of the polymer in
the doped system indicated that intramolecular energy transfer via
the polymer matrix to the Eu3+ ion is highly efficient, suggesting
that the polymer matrix acts as a photoluminescence co-sensitizer.
In addition, the higher values of emission quantum efficiency of
the emitting 5D0 level for the doped polymer films corroborate
with the substitution of water molecules by the polymer carbonyl
groups. The [Eu(tta)3(DB18C6)2(H2O)2] doped PMMA/PEG sys-
tems, therefore, may  act as efficient light conversion molecular
devices.
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