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Abstract The solubilization of an europium (III)
f-diketonate chelate in aqueous medium and the changes in
its photophysical properties upon its inclusion into an
a-cyclodextrin hydrophobic cavity are described. The
complex [Eu(tta);-(H,0),] (tta = 4.,4,4-trifluoro-1-(thio-
phen-2-yl)butane-1,3-dione) was synthesized, character-
ized, and incorporated into the hydrophobic cavity by
stirring in an o-cyclodextrin aqueous solution. The inclu-
sion was confirmed by '"H NMR, and the stoichiometry of
association was obtained by the Job method. The maximum
in the excitation spectrum of the o-CD inclusion compound
in aqueous solution was shifted 28 nm compared with the
maximum of non «-CD complex. The emission spectrum
of the association is similar to that of the free solid com-
plex and displays the characteristic Dy — 'Foq Eu’"
transitions.

Keywords Europium - f-diketonate - Cyclodextrin -
Inclusion compound

Introduction

Cyclodextrins (CD) are an important class of cyclic oli-
gosaccharides that are able to incorporate molecules of
appropriate size in their cavity, forming the so-called
inclusion compounds [1-3]. This inclusion generally
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provides improved water solubility for the guest molecule
and enables the use of luminescent europium (III) chelates
in biological assays, among other applications [4—7].

Luminescent europium and terbium complexes are
widely employed in investigations of the properties and
functions of biochemical systems [8, 9]. Information on the
composition, structure, and activity of these systems can be
obtained with a luminescence revealed by the probe
introduced into it [10, 11]. In this sense, lanthanide chelates
offers important advantages compared with organic com-
pounds, like better fluorescence features, longer life time,
larger Stoke’s shift, and sharper emission bands. Addi-
tionally, the europium chelates are luminescent in aqueous
solution, exhibit multiple emissions in the UV-vis region
(due to the several electronic transitions of Eu**) and can
be determined at in a very low concentration (picomolar)
[12, 13].

Among all the lanthanides chelates, europium (III)
p-diketonates complexes have been the most investigated,
because of their high emission intensity, stability, hydro-
philicity, and biocompatibility [14, 15]. However, their
fluorescence in aqueous solution is too weak for a high
analytical sensitivity, on account of the non-radiative losses
to the medium [16, 17].

Here, the solubilization of an europium (IIT) S-diketo-
nate chelate in aqueous solution and the changes in its
photophysical properties upon its incorporation into a
a-cyclodextrin pocket are presented. Encapsulation can
reduce the non-radiative losses by partial protection of the
lanthanide coordination site from solvent molecules [18,
19].

First of all, the complex [Eu(tta);-(H,O),] was synthe-
sized and characterized. The inclusion in hydrophobic
cavity of a-cyclodextrin was achieved by stirring the solid
in an aqueous solution of the oligosaccharide. The study of
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the properties of the materials was accomplished by
luminescence spectroscopy, ultraviolet-visible absorption
(UV-Vis), NMR, infrared (FTIR), and thermal analyses
(TGA/DTA).

Experimental procedure
Europium complex

The [Eu(tta)s-(H,O),] complex was synthesized by addition
of an EuCl; aqueous solution to an aqueous/methanolic
(1:1) solution of 4.,4,4-trifluoro-1-(thiophen-2-yl)butane-
1,3-dione (tta) under stirring overnight. The obtained solid
complex was filtered and dried at room temperature, under
reduced pressure [20]. Analytical data (C, H, Eu): Calcu-
lated: C: 33.85, H: 1.89, Eu: 17.85%. Found: C: 33.25, H:
2.10, Eu: 17.37 (termogravimetric analysis). IR spectra
(KBr, cm™ ', selected): 1604 (C=0); 1300, 1550 (C=C);
550,750 (C-S—-C); 1140 (C-F). 'H NMR (DMSO-dg):
07.50 ppm, t, 1H, thiophenyl; 67.90 ppm, dd, 1H, thio-
phenyl; 68.05 ppm, dd, 1H, thiophenyl; 64.10 ppm, s, 2H,
—CH,—. ""F NMR (DMSO-dg): -11,60 ppm, s, 3H, —CF;;
Solubility: methanol, DMSO, acetone, water (max 2.0 mg/
100 g water).

Inclusion compound

The o-cyclodextrin was purchased from Aldrich. The
inclusion compound was obtained by stirring 5.0 mg of the
solid complex and approximately 20.0 mL of a-cyclodex-
trin aqueous solution (a-CD = 5.0 mmol L™"; molar ratio
complex:o-CD = 1:5), for 1 week, at ~30 °C. The for-
mation of the inclusion compound was confirmed by 'H
NMR analysis and its photophysical properties were stud-
ied by luminescence and ultraviolet-visible absorption. To
obtain the inclusion compound in the solid state, part of the
solution was dried at ~40 °C (Scheme 1).

The stoichiometry of the «-CD inclusion compound was
obtained by means of the continuous variation method
(Job’s method) [21]. In this method, the total concentration
of the species ([S]yp + [L]lo = M) is kept constant, and
the ratio (r = [Slo/{[S]o + [L]p}) between the europium

Scheme 1 : Preparation of the
Eu(tta);(H,0), and the «-CD
inclusion compound

[Eu(tta)s.2H,O]
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complex (S) and L (2-CD) species varies from O to 1. The
maximum complex concentration is reached for r =
(n + 1)71 and does not depend on the concentration M or
the binding constant (K,). In absorbance studies, the con-
tinuous variation method makes use of the difference
between the maximum absorbance intensity of the guest in
a pure solution and in each mixture with the host.

Physical measurements

FTIR spectra were obtained for solid materials in KBr
pellets (Perkin Elmer FT-IR 1600). TGA/DTA measure-
ments were carried out (TA Instruments SDT 2960—
Simultaneous DTA-TGA -Thermal Analyst 2100) in air
flux, at a heating rate of 10 °C/min, from 25 to 1000 °C.
NMR and 2D ROESY (Rotating-frame Overhauser Spec-
troscopy) experiments were recorded on a DRX 500 MHz
Bruker spectrometer. The absorption spectra (UV-Vis)
were recorded on an UV-Vis Spectrophotometer (Hewlett
Packard 8452 Diode Array). The luminescence data were
recorded in a Spectrofluorometer (SPEX Fluorolog III
TRIAX 550 and 1934D phosphorescence device) at room
temperature. Measurements of the emission quantum yields
for the solid complexes and the inclusion complexes in
aqueous solutions were done according to reported proce-
dures, using MgO and quinine sulfate as standards for
solids and aqueous solutions, respectively [22-25].

Results and discussion

The formation and composition of the [Eu(tta);-2H,O]
complex was confirmed by elemental and thermal analyses,
IR spectroscopy, and NMR. The 1:3 molar ratio (Eu:tta), as
well as two water molecules to complete the coordination
sphere, was confirmed by percentages provided by the
elemental and thermal analyses. IR spectroscopy revealed a
displacement in the carbonyl stretching frequency (C=0),
from 1600 cm ™! (tta - free ligand) to 1604 cm™ !, which is
good evidence that the metal ion is coordinated through the
oxygen atoms [26, 27]. 'H and '°’F NMR presented shifted
signals in relation to the pure ligand, giving further evi-
dence of complex formation.

a-CD
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The maximum excitation peak presented by the solid
complex, when monitored for the >D, — 'F, hypersensi-
tive transition at 612.5, was 378 nm. The emission spec-
trum displayed the Dy — "Fy., characteristic bands of
Eu’" in the visible region, with sharp lines in the 577, 590,
614, 650, and 697 nm regions. The excitation and the
emission spectra of the pure complex in aqueous solution
(0.8 mg/50 mL water, 2.0 x 107> mol L™") presented
broader bands compared with those of the solid complex,
all of which fell in the same wavelength regions.

Scheme 1 shows the synthetic route for the preparation
of the Eu(tta);:2-CD inclusion compound. The solid com-
plex [Eu(tta);-2H,0] was stirred in aqueous o-cyclodextrin
until the solution became homogeneous. To obtain the 'H
NMR, the same procedure was performed, changing water
for D,0.

The presence of the thiophenyl ring into the hydropho-
bic cavity of a-cyclodextrin was confirmed by 'H NMR
and 2D ROESY analyses. "H NMR presented shifted signal
for the H-3 and H-5 internal protons of «-CD due to
interaction with the guest‘s aromatic protons [28]. The
thiophenyl protons of tta also had their position shifted
after complex formation. But the most important evidence
of the interaction between the thiophenyl group and the
cavity was furnished by 2D ROESY analysis (Fig. 1).

The ROESY experiment is useful to determine which
signals arise from protons that are close to each other in the
space even if they are not bonded. So this experiment can
confirm the interaction taking place in host:guest systems,
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Fig. 1 2D ROESY spectrum of the Eu(tta);:a-CD inclusion com-
pound in D,O. The signals confirm the interaction of thiophenyl
protons (H-a, H-b and H-c) with the internal H-3 and H-5 protons of
a-cyclodextrin

as in the case of cyclodextrin inclusion compounds [28].
The 2D ROESY spectrum presented a straight interaction
between the thiophenyl protons of the tta ligand and the
internal H-3 and H-5 a-cyclodextrin protons, confirming
the inclusion of this part of the ligand.

To understand the stoichiometry of the formed inclusion
compound formed, if 3:1 or 1:1 (complex: a—cyclodextrin),
the Job’s method was used [21]. In this method, the total
concentration of the species ([S]ly + [L]o = M) is kept
constant, and the ratio (r = [S]o/{[S]o + [L]o}) between
the europium complex (S) and L (x-CD) species varies
from O to 1. The maximum complex concentration is
reached for r = (n + 1)7] and does not depend on the
concentration M or the binding constant (K,). In absor-
bance (or fluorescence) studies, the continuous variation
method makes use of the difference between the maximum
absorbance (or excitation) intensity of the guest in a pure
solution and in each mixture with the host. Then, the dif-
ference obtained with regard to the pure chelate solution is
plotted against the existing molar ratio (Fig. 2).

The stoichiometry of the inclusion compound was
achieved by using absorbance and excitation spectra, to
confirm the results. In both cases, the inclusion stoichi-
ometry was 1:1. This proportion means that, besides the
presence of three tta ligands in the complex and the theo-
retical possibility of three cyclodextrins in the final inclu-
sion compound, the presence of one oligosaccharide
promotes a spatial arrangement that avoids the presence of
other cyclodextrins, leading to the inclusion of only one tta
molecule in the hydrophobic cavity in the final structure.
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Fig. 2 Job plot for determination of the stoichiometry of the
Eu(tta);:o0-CD inclusion compound. The solutions were prepared
over a range of host/guest ratios and under such a concentration that
[[Eu(tta)3(H,0),]]p + [¢-CD]y = 50 mmol L~', and the concentra-
tion of [Eu(tta);(H,0),] varied from 5.0 mmol L™! to 45 mmol L™,
in 5.0 mmol L™" steps. The position of the maximum indicates the
stoichiometry of the complex [18, 19]
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The inclusion compound solution presented the Eu®"
luminescence bands with the same relative intensities, but
with some differences with respect to the original complex.
The excitation maximum at 378 nm observed for the solid
Eu(tta);-2H,0 shifted to 350 after inclusion, in aqueous
medium. The pure complex in water, without cyclodextrin,
presented the same excitation maximum as the solid com-
plex (at 378 nm). This change in the excitation maximum
can be another evidence of the new spatial arrangement of
the complex after the formation of the inclusion compound.

The emission spectrum displayed broad bands in the
same regions as the solid complex, namely in the 577, 590,
615, 650, and 700 nm regions. The fluorescence quantum
yield of the Eu(tta);:a-CD inclusion complex in aqueous
medium was 8.8%, while in solid complex is 21.0% [20].
This reduction is due to the non-radiative losses from Eu*"
to water molecules, indicating that the inclusion in «-CD
cannot completely isolate the lanthanide coordination
sphere from water. The lower luminescent-lifetimes (1)
values of the europium-excited states (1 = 0.162 ms for the
inclusion compound in aqueous solutions and 1 = 0.68 ms
for the solid complex) and the higher number of water
molecules (q) coordinated to metal ion (q = 4.14 in
inclusion compound and q = 2.21 in solid complex [29,
30]), are in agreement with the partial inclusion of the
complexes into the hydrophobic cavity.

To study the inclusion compound in the solid state, part
of the homogeneous solution was dried at ~40 °C. The
infrared absorption spectrum of the solid compound dis-
played the typical bands of «-CD and the characteristic
absorption bands of the guest, showing the structural
integrity of the rare earth chelate complex after inclusion.
The excitation and emission spectra of the solid are shown

Intensity u.a.
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550 575 600 625 650 675 700 725

Wavelenght (nm)
Fig. 3 Emission spectra of the [Eu(tta);3(H,O),] solid complex

(i, Aexc: 378 nm) and Eu(tta);:o-CD inclusion compound in aqueous
solution (ii, Aexe: 350 nm) and in the solid state (iii, Aeyx.: 350 nm)

@ Springer

in Fig. 3 and presents the characteristic Eu*" bands. The
fluorescence quantum yields are higher than those obtained
in aqueous medium, but lower than those achieved with the
solid complex, due to water aggregation with the a-CD
molecule in the inclusion compound.

Conclusions

The chemical and photophysical properties of the inclusion
compound obtained from a-cyclodextrin and the europium
(IIT) 2-thienyltrifluoroacetonate complex were presented.
The luminescence of the Eu’" p-diketonate was main-
tained in aqueous solution, showing that cyclodextrins can
aid the use of Eu** complexes in biological assays.
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