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Three organic-inorganic hybrid materials based on silica gel functionalized with (3-aminopropyl)tri-
methoxysilane (APTS), [3-(2-aminoetilamino)-propil]-trimetoxissilano (DAPTS) and 3-[2-(2-aminoetila-
mino)etilamino] propiltrimetoxysilane (TAPTS) and subsequently modified with EDTA derivative were
prepared by nonhomogeneous route and were then characterized. The resulting materials named SilXN-
EDTA (X=1 for APTS, 2 for DAPTS and 3 for TAPTS) were used to obtain new lanthanide
Ln3*-B-diketonate (Ln®** =Eu®**, Gd** and Tb**) complexes covalently linked to the functionalized
silica gel surfaces (named SilXN-EDTALn-dik, dik=tta, dbm, bzac and acac). The photophysical properties
of the new luminescent materials were investigated and compared with those with similar system
presenting water molecules coordinated to the lanthanide ions, SilXN-EDTALn-H,0. The SilXN-EDTAEu-
dik and SiIXN-EDTATb-dik systems displayed characteristic red and green luminescence when excited by
UV radiation. Furthermore, the quantitative results showed that the emission quantum efficiency (#),
experimental intensity parameters £2, and £2,4, and Einstein's emission coefficient (Aq) of the SilXN-
EDTAEu-dik materials were largely dependent on the ligands. Based on the luminescence data, the most
efficient intramolecular energy transfer processes were found to the SilXN-EDTAEu-dik (dik: tta and
dbm) and SiIXN-EDTATb-acac materials, which exhibited more pure emission colors. These materials are

promising red and green phosphors, respectively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In past few years, tremendous interest in the field of material
science has been motivated by the development of new com-
pounds that satisfy not only the demands for new and innovative
technologies, but also that are consistent with environmental
values increasingly required by modern society. In this scenario,
the organic-inorganic hybrid materials have achieved a prominent
position due to their extensive potential for applications in med-
ical, photochromic, photonics, electronics, catalysis, sensors, biol-
ogy, environmental, and among others fields [1-6]. Furthermore,
the synergistic coupling between organic and inorganic systems at

* Corresponding author. Tel.: +55 83 3216 7591; fax: +55 83 3216 7437.
E-mail addresses: teotonioees@quimica.ufpb.br,
ercteot@gmail.com (E.E.S. Teotonio).

http://dx.doi.org/10.1016/j.jlumin.2015.06.038
0022-2313/© 2015 Elsevier B.V. All rights reserved.

the molecular scale may go beyond the simple addition and
improvement of the properties, but it is possible to obtain novel
functional hybrid materials exhibiting new properties.

Among the hybrid organic-inorganic materials, much attention
has been aimed to the luminescent systems in particularly those
ones based on trivalent lanthanide ions (Ln®>*). The recent impacts
in this area have been reported in a number of critical reviews
ranging from the synthesis strategies and photophysical properties
to applications [7-11]. These metal ions are well known by their
unique spectroscopic and magnetic properties that are derived
from the intrinsic peculiarity of the [Xe]4f" electronic configura-
tion, where N=1-14. Many of the photophysical (narrow absorp-
tion and emission bands) and chemical (predominant ionic bonds)
properties are consequences of the shielding effect of the 4f
electrons from chemical environment by the 5s% and 5p® electrons.
These ligand field interactions relax the parity forbidden nature of
the intraconfiguratinal-4f¥ transitions only weakly, resulting in
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absorption bands with strength oscillator values in the order of
10~5. However, in order to obtain highly luminescent lanthanide
compounds taking advantages of the other spectroscopic proper-
ties of the Ln* ions (narrow bandwidth, long-lived emission, etc),
the low absorption intrinsic of the 4f" transition has been over-
come by the “antenna effect”, in which chromophore ligands
absorb the excitation energy and transfer it to the Ln®>* ion.
Consequently, the resulting materials may exhibit high values of
luminescence quantum yields [12-14].

In order to prepare organic-inorganic hybrids immobilized
lanthanide complexes based on silica gel, different synthetical
strategies such as physical doping, sol-gel and postsynthetic
methods have been used. In the first case, the luminescent com-
plexes are either introduced into a host mesoporous material or
simply impregnated on silica gel surface [15]. However, this
method presents the disadvantages of nonhomogeneous dis-
tribution and leaching of the complexes when the hybrid system is
washed with solvents. In the sol-gel method, the lanthanide ions
may be directly incorporated in the system in which hydrolysis of
metallic alkoxides without organic group are performed. In
another sol-gel path, the silylating agent is previously modified
with the functional ligand group that is followed by the poly-
condensation stage. The advantages of sol-gel methods are low-
cost and the possibility to obtain transparent films or monoliths.
On the other hand, in the postsynthesis method silica gel surface is
firstly functionalized with the silylating agent resulting in hybrid
materials which undergo subsequent immobilization reaction with
ligand molecules. Only after that, either the lanthanide ions or
their complexes are adsorbed on the organically modified surface,
obtaining luminescent coordination compounds covalently linked
on the inorganic system. This method presents the advantage of
providing more homogenous ligand sites for the central metal
ions. In a general mode, it has been also demonstrated that both
nature of the silylating agents and the supporting materials
modify the metal ion adsorption capacity on the surface of the
hybrid materials [16].

Luminescent hybrid materials based on functionalized amino-
polycarboxylate ligands have gained attention mainly due to
higher stability of their metal transition and trivalent lanthanide
complexes on the solid surface. In this vein, ethylenediaminete-
traacetate (EDTA) and diethylenetriaminepentaacetate (DTPA)
derivate ligands have received particular attention. These ligands
have been immobilized on both organic (chitosan, polyamine
composites, polystyrene, etc) [17-21] and inorganic [22-27] sup-
ports by using different preparation routes, producing new
adsorbent materials with high metal ion adsorption capacity and
short equilibrium time [22]. Furthermore, they also acted as
additional coordinating ligands when other species were firstly
functionalized on the matrices [27].

Wenzel and  co-workers  investigated  Tb>*-aminopol-
ycarboxylate (EDTA and DTPA) complexes immobilized on silica gel as
solid-phase for detection of different carboxylic acids in liquid chro-
matography [26]. According to that study, Tb-EDTA phase is more
sensitive for the detection of chelating compounds, probably due to
more accessible coordination sphere. More recently, luminescent
organic-inorganic hybrid materials containing Ln>*-complexes with
modified EDTA and DTPA have been prepared via sol-gel method using
tetraethylorthosilicate (TEOS) as a condenser agent [28]. In this case,
the luminescence from the intraconfigurational-4f transitions has been
described as a result of the energy transfer from the matrix to the Ln®*
ion. On the other hand, no luminescence chromophore sensitizer
ligand has been used and all materials containing Tb>* ion exhibit high
luminescence from the host materials. A series of bifunctional lumi-
nescence and magnetic resonance imaging (MRI) contrast agent hybrid
materials based on immobilized 2-thenoyltrifluoroacetone (TTA) silica
microspheres containing Ln>*-EDTA complexes (Ln®* =Eu®*, Gd*>+

and Tb>*) were also prepared by sol-gel process [27]. However, the
Eu** compounds show low values of luminescence quantum effi-
ciency (17 < 20%).

As compared with other polycarboxylate ligands, in the Ln-
EDTA complexes the central metal ion is not efficiently encapsu-
lated by the aminopolycarboxylic ligands [29-31]. Furthermore,
the reaction of dianhydride (or mono-anhydride) of EDTA with
amine moieties may decrease the coordination ability of the EDTA
ligand due to the conversion of carboxylate group into an amide
one. In this case, the first coordination sphere of the lanthanide ion
is generally saturated with water or solvent molecules which act
as efficient luminescence quenchers, mainly for Eu®*-complexes.
However, these ligands may be substituted by another kind of
ligand in order to obtain new functional materials. Wang and co-
workers immobilized EDTA-europium complexes covalently on
zeolite core-shell composites in which dipicolinic acid (DPA) was
used as a sensitizer for Eu>* ion luminescence. [32]

The present work reports on the preparation, characterization
and photoluminescent study of new organic-inorganic hybrid
materials based on (3-aminopropyl)trimethoxysilane (APTS), [3-
(2-aminoetilamino)-propil|-trimetoxissilano (DAPTS) and 3-[2-(2-
aminoetilamino)etilamino] propiltrimetoxysilane (TAPTS) func-
tionalized silica gel, containing covalently linked Ln-EDTA com-
plexes (Ln=Eu3*, Gd*>* and Tb3*). In order to overcome the low
molar absorptivity coefficients (e~10~'Lmol~! cm~') assigned
to the intraconfigurational-4f transitions of the trivalent lantha-
nide ions, additional B-diketonate ligands (tta, dbm, bzac and acac)
have been used as luminescence sensitizers. In this case, the
functional materials were built from five different moieties (Fig. 1):
(1) silica gel that acts as support surface; (2) silylating agents that
provide reactive sites to binding functional groups on the surface;
(3) EDTA that coordinates efficiently to the central metal ion; (4)
Ln3* ions that offer unique luminescence properties and (5)
[B-diketonate ligands that act as antenna , which are capable of
absorbing and transferring energy efficiently to the Ln>* ions. The
photoluminescent properties of these organic-inorganic hybrid
materials have been investigated both qualitatively and quantita-
tively from luminescence data and in terms of the experimental
intensity parameters (£2, and £2,), Einstein’s emission coefficient
(A), and quantum emission efficiency (#) of the Eu*>* energy levels.

2. Experimental
2.1. Reagents

Lanthanide oxides (Eu0s3, Gd;03 and Tb407), (3-aminopropyl)
trimethoxysilane (APTS), [3-(2-aminoetilamino)-propil]-trimetox-
issilano (DAPTS) and 3-[2-(2-aminoetilamino)etilamino] propil-
trimetoxysilane (TAPTS), ethylenediaminetetraacetic acid (EDTA),
concentrated hydrochloric acid, acetic anhydride, acetic acid, pyr-
idine, sodium bicarbonate, 2-methilpyrrolidone were purchased
from Aldrich and used without any previous treatment. Lantha-
nide chlorides (LnCl;-6H,0) and dianhydride ethylenediamine
acetic (DA-EDTA) were prepared from lanthanide oxides and
EDTA, respectively, according to the procedure described in the
literature [33-35]. Silica gel was previously treated by removing
some impurities in suspension and metal traces. In a typical test,
silica gel was suspended in a solution of HNO3 and H,SO, in a
proportion of 9:1 during 24 h. It was then filtered, washed with
water until neutral pH and dried at 423 K under reduced pressure
for at least 24 h.
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Fig. 1. Scheme showing a proposed structure of the EDTA-Ln-diketonate complexes on the modified silica gel based-hybrid materials.

2.2. Preparation of the materials

2.2.1. Silica-gel functionalization

Silica gel modified with APTS, DAPTS and TAPTS organosilanes
were prepared by the standard procedure described in the litera-
ture [26]. 20 mmol of APTS, DAPTS or TAPTS organosilane was
added to a suspension of 10 g of activated silica gel suspended in
120 mL of toluene at 80 °C mechanically stirred and under dry
nitrogen atmosphere. The resulting system was kept under these
conditions for 72 h. Thereafter, the mixture was cooled and thor-
oughly washed with toluene, ethanol and deionized water. The
functionalized silica gel was dried under reduced pressure for 12 h
at 80 °C. The resulting materials were called Sil1N, Sil2N and Sil3N
for silica gel surfaces functionalized with APTS, DAPTS and TAPTS,
respectively.

2.2.2. Silica gel modification with ethilenodiaminotetraacetate

2, 4 or 6 mmol of EDTA dianhydride dissolved in 80 mL of
2-methylpyrrolidone was added to 10g of the functionalized
Sil1N, Sil2N and Sil3N materials in a three-neck round-bottom
flask, respectively. The system under dry nitrogen atmosphere was
heated at 60 °C and mechanically stirred for 5 h. The resulting
hybrid materials were filtered, thoroughly washed with
2-methylpyrrolidone, deionized water and ethanol. Solid samples
were dried under reduced pressure at room temperature for a
period of 6 h. The materials were called as Sil1N-EDTA, Sil2N-EDTA
and Sil3N-EDTA for the modified materials obtained from the
precursors Sil1N, Sil2N and Sil3N, respectively.

2.2.3. Lanthanide complexes on the modified silica gel surface

In order to prepare Na-EDTA on the modified silica gel surfaces,
50 mL of sodium bicarbonate solution with the molar concentra-
tions of 48, 96 and 144 mmol/L were added to 8 g SilIN-EDTA,
Sil2N-EDTA and Sil3N-EDTA, respectively. The resulting suspen-
sions were mechanically stirred for 2 h. Then, the systems were
filtered, thoroughly washed with deionized water and ethanol
and, dried under reduced pressure. The resulting surfaces were
called as SilIN-EDTANa, Sil2N-EDTANa and Sil3N-EDTANa for
surfaces obtained from Sil1N-EDTA, Sil2N-EDTA, Sil3N-EDTA,
respectively. For the adsorption of trivalent lanthanide ions,
Ln3* =Eu*, Gd®>* and Tb®>* on the EDTA modified silica gel
surfaces, 25 mL of aqueous solution of lanthanide chloride 80, 160
and 240 mmol/L were added to 1g of SilIN-EDTANa, Sil2N-
EDTANa and Sil3N-EDTANa samples, respectively. The systems

were mechanically stirred for a period of 24 h at room tempera-
ture. Then, the solids were filtered and thoroughly washed with
deionized water and ethanol and, finally, dried under reduced
pressure. The hybrid materials containing lanthanide complexes
were named as Sil1N-EDTALn, Sil2N-EDTALn Sil3N-EDTALn, where
Ln represents the lanthanide ions adsorbed on the surfaces.

2.24. Lanthanide complexes containing f-diketonate ligands

25mL of ethanolic solutions of the [-diketonate ligands
(dik=acac, bzac, dbm and tta) were added to 0.1 g of the Sil1N-
EDTALN, Sil2N-EDTALn and Sil3N-EDTALn materials at 80, 160 and
240 mmol/L, respectively. The mixtures were kept at room tem-
perature and mechanically stirred for 24 h. After that, the solids
were filtered, thoroughly washed with deionized water and
ethanol and, dried under reduced pressure. The resulting materials
were named as SilIN-EDTALn-dik, Sil2N-EDTALn-dik and Sil3N-
EDTALn-dik.

2.3. Apparatus

FT-IR spectra of the hybrid materials were recorded in the
range of 400-4000 cm ! on a Shimadzu FT-IR spectrophotometer
model IRPRESTIGE-21 with sample in KBr disks. The percentages
of the C, H and N were determined on a Perkin-Elmer model 2400
microanalyzer. The steady-state photoluminescent spectra of the
hybrid materials were obtained on a Fluorolog-3 spectro-
fluorometer (Horiba) in which a 450 W Xenon lamp and a pho-
tomultiplier R928P PMT were used as excitation source and
detector, respectively. The luminescence decay curves were
recorded by using phosphorescence module coupled to this optical
instrument.

3. Results and discussion
3.1. Characterization of the hybrid materials

In order to obtain EDTALn complexes covalently binding to the
solid surface, silica gel surfaces were functionalized with APTS,
DAPTS and TAPTS silylating agents and the resulting materials
were modified with ethylenediaminetetraacetic acid dianhydride
on which Ln®>* ion and diketonate ligands (dik=acac, bzac, dbm
and tta) were subsequently coordinated to the metal ion.
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Table 1
Elemental analysis data for Sil1N, SilIN-EDTA, SilIN-EDTAEu-H,O and Sil1N-
EDTAEu-dik hybrid materials, where dik: acac, bzac, dbm and tta.

Material Carbon Nitrogen C/N
% C mmol/g % N mmol/g
SilIN 6.67 5.56 2.27 1.62 411
SilIN-EDTA 11.03 9.19 2.96 211 522
Sil1N-EDTAEu-H,0 9.24 7.70 3.39 242 3.82
SilIN-EDTAEu-tta 10.89 9.08 3.21 229 4.75
Sil1IN-EDTAEu-bzac 10.19 8.49 3.17 2.26 4.50
Sil1N-EDTAEu-dbm 10.42 8.68 2.71 1.94 5.38
Sil1N-EDTAEu-acac 10.01 8.34 2.83 2.02 4.95

Table 1 presents elemental analysis data of carbon, hydrogen
and nitrogen and, Eu®** ion in the SilIN precursor matrices,
modified EDTA surfaces (SilIN-EDTA) and also for these surfaces
containing Eu®>* coordinated by diketonate ligands (Sil1N-
EDTAEu-dik). The data for similar systems with Sil2N and Sil3N are
presented in Tables S1 and S2. The carbon and nitrogen percen-
tages for Sil1N, Sil2N and Sil3N surfaces show that the functio-
nalization degree, in terms of number of moles per gram of silica
gel, present the following trend: SilIN (APTS)> Sil2N
(DAPTS) > Sil3N (TAPTS). On the other hand, the modification
trend for these materials with dianhydride of EDTA is the follow-
ing: Sil2N-EDTA > Sil1N-EDTA > Sil3N-EDTA. This result was esti-
mated based on the difference in the percentage of nitrogen
between modified and unmodified precursor materials. A com-
parison between the number of moles of EDTA groups and the
number of organic amine chains anchored in the material indi-
cates that approximately 28%, 15% and 10% aminated chains
reacted with the dianhydride of EDTA to obtain the SilIN-EDTA,
Sil2N-EDTA, and Sil3N-EDTA materials, respectively. The lower
efficiency in the modification processes on the Sil2N and Sil3N
surfaces, as compared to the Sil1N one, may be probable owing to
both steric hindrances among longer organic moieties and owing
to the interactions between these moieties and the silanols groups
on the surface of materials. The (-diketonate ligands coordinated
to the Eu®* ions were qualitatively identified by the luminescence
sensitizer phenomenon. The hybrid materials containing Tb>* and
Gd3* ions exhibited similar behavior as those Eu®*—systems.

Figs. S1-S3 present the FT-IR spectra for the hybrid materials,
SilXN, SiIXN-EDTAEu, SilXN-EDTAEu-dik (where X=1, 2, or 3 and
dik: acac, bzac, dbm or tta). The broad band at around 1085, 796
and 460 cm~! correspond to the asymmetric stretching, sym-
metric stretching and planar bending vibrational modes of Si-O-Si
groups, respectively [36]. The FT-IR spectra for all hybrid materials
clearly show the bands at 3450 cm~! (O-H, N-H stretching) and
1650 cm~! (N-H bending), due to the amine groups. Additionally,
weak bands around 2930 cm~! are observed that are assigned to
the C-H stretching vibrations from propyl group anchored to the
silica gel surface [37].

As compared to FT-IR spectra for SilXN systems, those ones for
SilXN-EDTANa exhibit one band at approximately 1380 cm~! and
also show an increase in the intensity of the large band at
1637 cm™!, which are attributed to the antisymmetric and sym-
metric stretching vibrational modes of the COO~ groups. It was
not possible to identify the coordination mode of the -diketonate
ligands based on the FT-IR data owing to the low amount of these
ligands on the hybrid material surface. Similar behavior has been
reported by Tang and co-workers with luminescent lanthanide
complexes on attapulgite clay [38].

77K

SilIN-EDTAGd-tta

SilIN-EDTAGd-dbm

SilIN-EDTAGd-bzac

Intensity / Arb. Unit

SilIN-EDTAGd-acac

SilIN-EDTAGd-H,0

450 500 550 600 650 700
Wavelength / nm

Fig. 2. Emission spectra of the SilIN-EDTAGd-H,0 and Sil1IN-EDTAGd-dik (dik: tta,
dbm, bzac and acac) hybrid materials, recorded at liquid nitrogen temperature
under excitation monitored on the matrix (at 350 nm) and antenna ligands (at
370 nm), respectively.

3.2. Photoluminescent properties of the hybrid-material

3.2.1. Photoluminescence of the materials containing Gd>* ion

Luminescence spectra of the hybrid materials containing Gd3*
ion recorded at liquid nitrogen temperature under excitation on
the singlet-singlet (So—S;) centered ligand transitions show an
intense broad band in the spectral range 400-750 nm that is
attributed to the phosphorescence intraligand T—Sy transition
from P-diketonate ligands, which overlap the broad bands arising
from silica gel matrix (Fig. 2 for SilIN-EDTAGd-dik and
SilIN-EDTAGd-H,0 (See Figs. S4 and S5 for the other materials in
the Supplementary information). The latter are better investigated
from the luminescence spectra of the hybrid materials without
antenna ligands (SilXN-EDTAGd-H,0). When the [-diketonate
ligands exhibit weak phosphorescence intensities, such as in the
systems containing acac and bzac, these bands dominate the
emission spectra. The nature of these bands has been assigned to
different effects, such as defect centers in the silica gel [39], and
the charge transfer process between silicon and oxygen [40],
among others [41-43]. In a general mode, the phosphorescence
broad bands display a red shift from acac to tta, reflecting the
decrease in the energy of the triplet state centered on the dike-
tonate ligands. This result is similar to that observed for isolated
complexes (Ligand triplet energies, in cm~!) [44]: acac,
26000 cm~!; bzac, 21460 cm~!; dbm, 20660 cm~!; and tta,
20300 cm~ 1.,

All prepared hybrid materials exhibit intense luminescence
when excited with radiation in the spectral range 280-370 nm.
However, the luminescent brightness depends on the combination
of B-diketonate ligand used as antenna and Ln>* ion (where Ln*:
Eu®*and Tb®>*) coordinated to the EDTA ligand on the silica gel
surfaces. For Eu>* jon, the brightest materials are those which
contain tta and dbm ligands as luminescence sensitizers, while for
Tb?~* the brightest systems were found when bzac and acac acted
as ligands.
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3.2.2. Photoluminescence of the materials containing Eu®>* ion

The luminescence sensitizing effect by f-diketonate ligands are
better investigated through the excitation spectra under emission
monitored on the intraconfiguration 4f-4f transitions. Fig. 3 shows
excitation spectra for hybrid SilIN-EDTAEu-H,O and Sil1N-
EDTAEu-dik materials, by monitoring intensity of the

SilIN-EDTAEu-tta

SilIN-EDTAEu-dbm

SilIN-EDTAEu-bzac |

Intensity / Arb. Unit

300 350 400 450 500 550
Wavelenght /nm

Fig. 3. Excitation spectra for SilIN-EDTAEu-H,0 and SilIN-EDTAEu-dik (dik: tta,
dbm, bzac and acac) hybrid materials, recorded at 77 K under emission monitored
on the *Dy— ’F, hypersensitive transition of the Eu>* at 613 nm.

a

T T T T T

SilIN-EDTAEu-tta

SilIN-EDTAEu-dbm

SilIN-EDTAEu-bzac

A

Intensity / Arb. Unit

Sil1IN-EDTAEu-acac

SiIN-EDTAEu-H,0

450 500 550 600 650 700
Wavelength / nm

hypersensitive >Dg— ’F, transition at around 613 nm. Figs. S6 and
S7 exhibit excitation spectra of the Sil2N-EDTAEu-L and Sil3N-
EDTAEu-L hybrid materials. The excitation spectra for hybrid
materials without antenna ligands SiIXN-EDTAEu-H,O exhibit a
broad band from 250 to 450 nm. It is important to report that
organically modified silica gel also exhibits low emission intensity
in the spectral range 400-630 nm. Consequently, both lanthanide
and host materials luminescence are monitored under emission in
this interval. These data suggest that broad band in the excitation
spectra may be assigned to the host material absorption, which
results in a luminescence centered on the modified matrix. The
nature of this luminescence has been assigned to different effects
[39-43]. Additionally, excitation spectra of SiIXN-EDTA-Eu-H,O
also display narrow bands due to the intraconfigurational-4f®
transitions centered on the Eu®*: "Fg—°Lg (394 nm), "Fo—°Ds
(~448 nm), 'Fo—°D, (~464 nm), "Fo—°D; (~525nm), and °Dq
(~579 nm), “Fg—°D, (365 nm) and “Fo— G, (385 nm).

In the excitation spectra for SiIXN-EDTAEu-dik materials, a
strong broad band that overlaps the host matrix is displayed in the
spectral range 300-400 nm. This band may be attributed to the
So—S; transition of the diketonate ligands coordinated to the
lanthanide ion, indicating that they are acting as luminescence
sensitizing for Eu>* ion in these hybrid materials. However, the
presence of a weak band due to ligand-to-metal charge transfer
(LMCT) may be also overlapped by the most intense bands. Simi-
larly to the excitation spectra for SiIXN-EDTAEu-H,O hybrid
materials, narrow bands due to intraconfigurational transitions
centered on Eu®" ion are also observed, but the bands attributed
to the “Fy—°>D4 (365 nm) and “Fy—°>G, (385 nm) transitions are
observed only in the excitation spectra of the functionalized sys-
tems containing acac.

Interestingly, it is also shown that the spectral profiles and the
relative intensities of the intraconfigurational transitions depend
on the nature of the antenna ligands. In the excitation spectra for
hybrid materials containing acac and bzac ligands as luminescence
sensitizers, the intraligand broad band, which is assigned to the
So—S; transition is less intense than that for the 7Fy—°Lg

Si~0CH;

OH O. O OH OH 'OH 'OH ‘OH

8 B [ 1 :
p—SlI\O/S‘I\O—Sl\\Ozsl‘\Ofs‘lxozsl'\ofsl‘\ofslr 0.,
Lo Pagia0: O O

Fig. 4. (a) Emission spectra for the SilIN-EDTAEu-H,O and SilIN-EDTAEu-dik (dik: tta, dbm, bzac and acac), recorded at liquid nitrogen temperature under emission
monitored on the lanthanide ion and So— S; ligand transitions at 350 nm, respectively, and (b) SilIN-EDTAEu-tta luminescent material, presenting a proposed structure for

EDTA-Ln-diketonate complexes on the surface.
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Table 2
Experimental intensity parameters and average lifetime (z,,) of the hybrid mate-
rials SiIXN-EDTA-Eu-L (where X=1, 2 and 3 and, L=tta, dbm, bzac, acac and H,0).

Ligand (L) Araa Anrad Tav( X 103 571) Atotal 2y° Q24 n (%)
s sh s

SilIN-EDTA-Eu-L

tta 878 694 0.6362 (0.074) 1572 21.61 11.72 55.8
dbm 975 896 0.5345 (0.056) 1871 2524 11.99 521
bzac 787 918 0.5865 (0.054) 1705 19.39 10.18 46.2
acac 670 800 0.6804 (0.088) 1470 14.59 1197 45.6
H,0 469 887 0.7425 (0.093) 1347 818 10.83 341

Sil2N-EDTA-Eu-L

tta 897 679 0.6345 (0.111) 1576 22.08 11.08 59.9
dbm 1038 946 0.5040 (0.059) 1984 2711 11.52 523
bzac 856 688 0.6480 (0.094) 1543 21.08 1139 554
acac 660 890 0.6449 (0.056) 1551 1439 11.80 42.6
H,0 433 1091 0.6559 (0.055) 1525 827 887 284

Sil3N-EDTA-Eu-L

tta 918 925 0.5424 (0.089) 1844 24.01 9.55 498
dbm 938 1229 0.4614 (0.036) 2168 23.74 11.50 433
bzac 724 1256 0.5052 (0.031) 1979 17.02 10.67 36.6
acac 629 1125 0.5703 (0.082) 1754 13.93 10.55 35.8
H,0 435 1158 0.6276 (0.061) 1593 805 945 273

2@, and 24 ( x 1072° cm?).

transition. On the other hand, when coordinated water molecules
in the first coordination sphere are replaced by tta and dbm, the
centered ligand transition is more prominent, giving evidence that
intramolecular ligand-to-metal energy transfer is more operative
than in the similar systems containing acac and bzac ligands. As
determined by the phosphorescence spectra of the Gd-hybrid
materials, tta and dbm ligands present their low lying triplet
excited states in an appropriated relative position to transfer
energy efficiently to the excited °D; and °Dg levels of the Eu®>* ion
[13].

Fig. 4 presents the emission spectra of the SiIN-EDTAEu-L
hybrid materials recorded at liquid nitrogen temperature. Similar
spectra for Sil2N-EDTAEu-L and Sil3N-EDTAEu-L ones are pre-
sented in Figs. S8 and S9. These spectra exhibit the main intra-
configurational °Do—’F; (J=0, 1, 2, 3 and 4) transitions, presenting
the hypersensitive °Do— ’F, as the most intense one. On the bases
of the symmetry selection rules, these results indicate that the
chemical environments around Eu* ions in the complexes on the
silica gel surfaces belong to C,, C,, or Cs symmetry group.

Other important feature presented in the emission spectra is
the absence of the intense broad band arising from intraligand
T—S, transition, indicating an efficient Eu>* luminescent sensi-
tization by diketonate ligands, in particular for the systems con-
taining tta and dbm ligands. Fig. 4b shows luminescent solid
particles of the SiIN-EDTAEu-tta system and a proposed structure
of the hybrid materials. The broad band in the spectral region from
420 to 570 nm is observed for all emission spectra, even in those
ones for the hybrid materials without (-diketonate antenna
ligands, which may be attributed to the silica gel surface organi-
cally functionalized. Furthermore, the relative intensity of this
band presents a good correlation with the functionalization degree
on the silica gel surface, suggesting that the kind of silylating
agents may play an important role in the optical properties of
lanthanide hybrid materials.

For Eu>* ion in complexes, a great number of spectroscopic
parameters may be determined from the optical data, which
provide quantitative information about intensity probabilities of
the intraconfigurational-4f® transitions, chemical environment
nature, and luminescence efficiency. In this vein, the

photoluminescent properties of the hybrid materials based on
silica gel, SiIXN-EDTAEu-dik, were quantified from the experi-
mental values of the radiative (A;aq) and nonradiative (Apraq)
transition probabilities, Judd-Ofelt parameters £2; (1=2 and 4)
and luminescence quantum efficiency () by using the metho-
dology described by S& and co-workers [45]. In this case, the
experimental values of Ag; were determined by using the mag-
netic-dipole °Dy—’F; transition as an internal reference
(Ap1=0.31-10"".4%.5> ) and the value of total radiative rates,
Arad, Was determined by summing over the Ag; rates (Araq=2Aq)):

S
Ag = Am[sﬂ][”ﬂ]
o1 )\ ooy )

where, So; and So; are the integrated intensities of the 5D0—>7Fj and
5Dy—F; transitions with ooy and ooy barycenters, respectively.
While the values of Judd-Ofelt £2, parameters were avaluated
from the corresponding values of Ag, as follows:

o 462(73Ao]
3hC3Z<7F]||U(A)||5Do>2 2)
where ¢ is the energy of the transition in cm~?, y = "("T”)z is the

local field Lorentz correction factor, and (**'L U@ |PS*1L').) is the
reduced matrix element that was obtained from reference [46].
The value of the refraction index of the media (n) was taken as 1.5.
It is important to mention that the values of the Agg radiative rate
and €2 parameter for hybrid materials were not determined due
to the low intensity of the band assigned to the °Dg—’Fg
transition.

The luminescence intensity decay curves for all the hybrid systems
containing Eu®>* jon were recorded by monitoring the intensity of the
hypersensitive >Dy— ’F, transition (around 612 nm) under intraligand
So— S; excitation. These luminescence decay curves were well adjusted
to bi-exponential functions, yielding the values of the pre-exponential
terms (A; and A;) that are assigned to the 7; and 7, components. This
bi-exponential adjustment may be assigned to the heterogeneity of the
chemical environment around lanthanide ion in the complexes bonded
to the silica gel functionalized surface [47]. From these data the total
decay rates (Awra) Were determined by the reciprocal of the average
lifetime of the Dy levelAwta = 1/tav = (A171 + Az12) (A1l + Arcd).

The experimental values of A..q and Ay rates, £2; (A=2 and 4)
parameters and luminescence quantum efficiency (17=Aad/Atota) are
presented in (Table 2). In general mode, the values of A4 present a
behavior almost insensible to the nature of the silylating agent, but
highly dependent on the ligand that is acting as antenna. The values of
Araq rates in the hybrid materials present the following trend:
SiIXN-EDTAEu-tta~ SilXN-EDTAEu-dbm > SilXN-EDTAEu-
bzac > SilXN-EDTAEu-acac > SilXN-EDTAEu-(H,0). These data reflect
the highest hypersensitive nature of the >Dy—’F, transition for the
systems containing dbm and tta ligands as antennas.

In contrast to the A;.q, the values of A,.q are very sensible to
the nature of silica gel surface, increasing when the organic chain
length becomes larger from Sil2N to Sil3N surface. These results
can be explained by the adsorption of some Eu* ions via non-
functionalized amine groups with EDTA, which coordinate to the
metal ion yielding stable complexes on the material surfaces. The
lanthanide ions in theses coordinating sites could not be totally
removed from the materials with the washing procedures, there-
fore they present solvent or water molecules in their first coor-
dination sphere that contribute to higher luminescence
quenching.

The higher values of Ajaq for the SiIXN-EDTAEu-(H,0) systems
as compared with those ones containing antenna ligands indicate
that the multiphonon quenching via high-energy vibrations
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modes, such as, Vvs(OH) and v,,(OH) of the water molecules
coordinating to the Eu>* ion is the main operative pathway that
depopulates °Dy emitting level in these systems. The evidence of
this mechanism is given by the significant decrease in the values of
Anraa When water molecules were substituted by [-diketonate
ligands. Although the values of non-radiative rates decrease sig-
nificantly upon the addition of p-diketonate in the first coordi-
nation sphere of the central metal ion, their values still are con-
siderably higher as compared with isolated compounds. This result
may be associated with the multiphonon quenching via high-
energy VY(NH) vibration modes of the EDTA moiety that are coor-
dinated to the metal ion.

According to the optical data presented in the Table 2, the
values of emission quantum efficiency (1) of the Eu>* complexes
increase from 28% to above 40%, when water molecules are sub-
stituted by chelating [3-diketonate ligands. These results reflect a
decrease and an increase of the non-radiative and radiative rates
of the luminescent materials, respectively (Table 2). The highest
values are found for SiIXN-EDTAEu-tta and SiIXN-EDTAEu-dbm
hybrid materials that present the highest values of A;.q. However,
the values of luminescence quantum efficiency are limited by the
presence of NH groups from EDTA moiety in the first coordination
sphere, which also play an important role in the Eu>* lumines-
cence quenching.

The values of intensity parameters £2, and £2, obtained for the
SiIXN-EDTAEu-(H,0), hybrid materials (Table 2) are close to those
ones generally found for Eu* carboxylate complexes [48, 49]. It is
worth noting that upon p-diketonate coordination to Eu** ion the
values of €2, increase significantly for the systems containing tta
and dbm ligands. The results suggest that p-diketonate ligands
play a relevant role on the chemical environment properties
around the Eu* ion in these hybrid materials such as angular and
polarizability changes. On the other hand, the values of 2,4
increase only slightly, indicating that the chemical environment
properties assigned to these parameter are almost insensible to
the B-diketonate coordination to the lanthanide ion. Notably, the
results presented in Table 2 also show that the silylating group
plays a minor role on the chemical environment of the metal ion.

3.2.3. Photoluminescence of the materials containing Tb*>* ion

The luminescent properties of the hybrid materials SilXN-
EDTATb-L were only qualitatively investigated based on data
obtained from excitation and emission spectra recorded at room
and liquid nitrogen temperatures. Considering that no significant
spectral differences have been observed among the data registered
at these temperatures, here are presented only those spectra
recorded at low temperature owing to their better spectral reso-
lution. In Fig. 5 the excitation spectra for the materials Sil1N-
EDTATb-L recorded between 250 and 520 nm under excitation
monitored on the °D,— ’F5 transition (around 545 nm) are pre-
sented, while Figs. S10 and S11 show the excitation spectra for the
Sil2N-EDTATDb-L and Sil3N-EDTATb-L materials. When L is the
water molecule (SilXN-EDTATb-(H,0)y, these spectra exhibit a
broad band which overlaps those ones assigned to the
intraconfigurational-4f®  “Fs—»25*'l;  transitions: “Fg—’Lg
(339nm), “Fs—°Ls (350nm), ’‘Fs—°Lip (369 nm), “Fs—°Gg
(376 nm), “Fg—°>D3 (380 nm) and “Fg—°D,4 (488 nm).

Considering that functionalized host materials also display
luminescence around 545 nm, as can be observed in the suc-
ceeding emission data, the broad band in those spectra may be
assigned to the matrix excitation with subsequent emission. As
expected for a system without antenna ligands, the intensities of
the “Fs—2°" 'L, transitions are as higher as those bands centered
on the host matrix. On the other hand, excitation spectra of the

77K

SilIN-EDTATb-tta

SilIN-EDTATb-dbm

Sil1N-EDTATb-bzac

Intensity / Arb. Unit

SilIN-EDTATb-acac

SilIN-EDTATb-H,0
7 5
Fe—>D,

300 400 500
Wavelength / nm

Fig. 5. Excitation spectra of the SilIN-EDTATb-H,O and Sil1N-EDTATb-dik (dik=
tta, dbm, bzac and acac) hybrid materials, recorded at 77 K under emission mon-
itored on the °D,— ’F5 transition of the Tb>* at 545 nm.

systems containing [-diketonate ligands exhibit broad bands due
to the indirect excitation of the Tb>* ions via antenna effect.

For hybrid material SilXN-EDTATb-acac the highest intense
band is that one located at around 320 nm, while for the systems
containing the other antennas ligands it is located around 350 nm.
This result agrees with the highest energy of the singlet excited
state (S;) for acac as compared with the other for tta, dbm and
bzac ligands. Although with the lower triplet state energies of both
tta and dbm ligands, the excitation data indicate that these ligands
are also acting as efficient antennas for Tb®>* in the hybrid
materials.

Fig. 6 shows the emission spectra of SilIN-EDTATb-L systems
registered at liquid nitrogen temperature under excitation around
320 nm (L=acac) and 350 nm (L=tta, dbm and bzac). Similar
spectra for Sil2N-EDTATb-L and Sil3N-EDTATDb-L ones are pre-
sented in Figs. S12 and S13. The emission spectra for hybrid
materials containing tta, dbm, bzac and acac as antenna ligands
display only intense narrow bands assigned to the intraconfi-
gurational Tb* transitions *D4— ’F; (J=0-6). On the other hand,
for SiIXN-EDTATb-H,0 materials the emission spectra show both
broad bands due to the functionalized host material. Since that
acac is considered as an efficient luminescence sensitizer for Tb>+
ion, the low intensity of the intraconfigurational-4f® transitions in
the SiIXN-EDTATb-acac systems may be ascribed to the lower
quantity of ligand coordinated to the lanthanide ion.

The chromaticity properties of the hybrid materials were
investigated based on the (x, y) CIE coordinates (Commission
Internationale de L'Eclairage) which were determined from the
photoluminescence data, as described in the reference [50]. Fig. 7,
S14 and S15 display CIE diagrams for hybrid materials containing
water and P-diketonates ligands. The numeric values of color
coordinates are presented in Table 3, S2 and S3. In a general mode,
the color coordinate are found in the red and green regions for the
hybrid materials containing Eu*>* (red region) and Tb®>* (green)
ions, respectively.
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Fig. 6. Emission spectra for the Sil1N-EDTATb-H,0 and Sil1N-EDTATb-dik (dik: tta,
dbm, bzac and acac) recorded at liquid nitrogen temperature under emission
monitored on the lanthanide ion and Sp—S; ligand transitions at 350 nm,
respectively.

SilINEDTA-Ln-dik
1=TTA,2=DBM, 3 = BZAC4 =
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Fig. 7. CIE chromaticity diagram presenting (xy) color coordinates for the
SilINEDTA-Ln-H,0 and SilINEDTA-Ln-dik (dik=tta, dbm, bzac and acac) hybrid
materials at room temperature under excitation wavelength at 350 nm.

Interestingly, the presence of multiple emitting species (Ln3+
ions and matrixes or ligands) contributed to the tunable lumi-
nescence colors that depend on the relative intensities between
the narrow bands from intraconfigurational-4f¥ transitions cen-
tered on the lanthanide ions and those ones due to the silica gel
matrix or ligands. The hybrid materials containing Eu** ion with
either tta or dbm ligand exhibit monochromatic red color owing to
the more operative intramolecular -diketonate-europium energy
transfer. On the other hand, for systems presenting H,O, bzac and
acac orange emission color was observed.

As can be observed, the SilXN-EDTAEu-L hybrid materials
present CIE color coordinates similar to the other

Table 3
CIE coordinates of the Eu>*-complexes covalently binding on the silica gel surface
functionalized with APTS (Sil1N), DAPTS (Sil2N) and TAPTS (Sil3N).

L Sil1IN-EDTA-Eu-L Sil2N-EDTA-Eu-L Sil3N-EDTA-Eu-L
X Y X y X y
tta 0.65 0.32 0.66 0.31 0.67 0.31
dbm  0.65 0.31 0.67 0.32 0.65 0.32
bzac 0.58 0.34 0.66 0.32 0.59 0.35
acac 045 0.38 0.49 0.35 0.42 0.36
H,0 0.51 0.38 0.53 0.38 0.56 0.36
L Sil1IN-EDTA-Tb-L Sil2N-EDTA-Tb-L Sil3N-EDTA-Tb-L
X Y X Y X y
tta 0.34 0.55 0.34 0.52 0.39 0.52
dbm  0.30 0.50 0.32 0.50 0.34 0.50
bzac 0.31 0.56 0.40 0.52 0.35 0.55
acac 032 0.59 0.37 0.56 0.35 0.59
H,0 0.26 0.50 0.30 0.49 0.26 0.48

Tb>*+-compounds reported in literature, presenting x and y values
in the intervals of 0.35-0.39 and 0.48-0.59, respectively. For
Tb>*-hybrid materials, the tunable luminescence colors by chan-
ging ligands are lower than those observed in the SilXN-EDTAEu-L
materials (L=H,O0, acac, bzac, dbm and tta). This result is expected
by considering that the most intense band due to the intraconfi-
gurational transition >Ds— ’Fs (~545 nm) centered on the Tb>+
ion is less sensible to the chemical environment as compared with
the hypersensitive >Do— ’F, (~612 nm) transition which belong to
the Eu®>* ion. Furthermore, in Tb®*-materials the intraconfigura-
tional transitions D4 — “Fg (~486 nm, light blue color), >Ds— "F,4
(~583 nm, orange color) and °D4— ’F3 (~620 nm, red color) also
exhibit significant luminescence intensities.

4. Conclusions

This article shows the preparation of hybrid materials based on
silica gel functionalized with three different sylilating agents
modified with an EDTA derivate by using non-homogeneous route.
New luminescent materials have been obtained by adsorbing tri-
valent lanthanide ions with subsequent coordination of [3-diketo-
nate ligands. The photoluminescence properties of the resulting
materials are largely dependent on the additional -diketonate
ligand used as luminescence sensitizers. Of particular interest have
been the high luminescence efficiencies obtained for hybrid
materials containing Eu®* ion and tta or dbm ligands that exhibit
values close to 50%. Comparing the values of intensity parameters
with those ones for carboxylate and diketonate isolated complexes
indicate that both ligands interact efficiently with the central
metal ion. The hybrid materials containing Eu*>* and Tb*>* ions
exhibit emission colors in the red and green region of the chro-
maticity diagram, respectively. However, when ligand is changed
tunable emission colors are also observed, which is more sig-
nificant for hybrid materials presenting Eu>* ion than the Th*+
ion. The luminescence intensities obtained for the novel Eu®* and
Tb**+ modified silica gel based-hybrid materials suggest that they
are promising red and green phosphors, respectively.
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