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Abstract Hybrid nanosilicas constitute a broad study field.
They find application as catalysts, pigments, drug delivery
systems, and biomaterials, among others, and it is possible
to obtain them via the sol-gel methodology. Lanthanide ions
present special properties like light emission. Their incorpora-
tion into a silica matrix can enhance their luminescent prop-
erties, which enables their application as luminescent markers.
This work reports on (i) the preparation of luminescent spher-
ical hybrid silica nanoparticles by the hydrolytic sol-gel meth-
odology, (ii) doping of the resulting matrix with the
europium(IIl) ion or its complex with 1,10-phenanthroline,
and (iii) characterization of the final powders by scanning
electron microscopy, infrared spectroscopy, X-ray diffraction,
and europium(IIl) ion photoluminescence. The synthesized
materials consisted of hybrid, amorphous, polydispersed
nonspherical silicas with average size of 180 nm.
Photoluminescence confirmed incorporation of the
europium(III) ion and its complex into the silica matrix—the
ligand-metal charge transfer band emerged in the excitation
spectra. The emission spectra presented the bands correspond-
ing to the transition of the excited state Dy level to 'F; (J =0,
1, 2, 3 and 4). The main emission occurred in the red region;
the lifetime was long. These characteristics indicated that the
prepared nanospherical hybrid silicas could act as luminescent
markers.
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Introduction

In the last 25 years, several works in the field of materials
chemistry have dealt with multifunctional hybrid materials
for application as catalysts, pigments, drug delivery systems,
and biomaterials, as well as for use in the areas of environ-
mental, biological, and medical science [1-5].

The development of nanotechnology has relied mainly on
hybrid silicas obtained from organically modified silicates.
These materials display properties that make them potentially
applicable in photonic devices, thermal insulators, cosmetics,
immunoassays, and medical diagnosis, among other fields [6,
7]. These hybrids can be obtained in three different ways: (i)
addition of the organic component together with the inorganic
component in the liquid phase during the sol-gel process,
without a bond being established between them; (ii) interac-
tion between the organic and inorganic components; and (iii)
binding of the organic molecules to the surface of the inorgan-
ic matrix [1, 2].

Addition of different precursors to a preformed silica net-
work can furnish hybrid materials known as ORMOSILs via
the sol—gel methodology. Park et al. [8] have studied silicates
modified with alkyl groups, such as methyl, propyl, phenyl,
and octyl. Alkoxides have also been used to prepare
methylmethoxysilane, dimethoxymethylsilane, and 3-
glicidoxypropylmethoxysilane, for example [9-22].

Luminescent nanoparticles constitute sensitive biological
tools [23]. Among the nanoparticles that serve as luminescent
markers are quantum dots, metal nanoshells, lanthanide ox-
ides and, more recently, hybrid materials containing lantha-
nide compounds [24-26]. The first systematic study that used
the europium(I1I) ion as a marker dates back to the 1970s [27].
Since then, the spectroscopic properties of lanthanide ions
have enabled their use as contrast agents in diagnosis and as
probes in immunology (fluoroimmunoassay) [28]. Incorpora-
tion of lanthanide compounds into silica nanoparticles yields
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Fig. 1 Photography of the sample prepared with TEOS:DMDMS

attractive materials that can function as luminescent
markers—apart from protecting the lanthanide compounds
and ensuring that they maintain their properties, the silica
matrix confers them with adequate porosity and biocompati-
bility, allowing them to interact with several kinds of biomol-
ecules [24, 29-31].

Matrix functionalization is a strategy that provides a silica
support with novel surface properties, such as hydrophilic or
hydrophobic character, and functional groups, which will de-
termine the specific application of the resulting particles. Oth-
er features such as particle size, shape, and morphology will
also determine the potential uses of the hybrid material. In this
context, the present work reports on (i) the preparation of
spherical hybrid nanosilicas by means of a modified Stober
methodology, (ii) subsequent doping of the silicas with
europium(III) or the europium(Ill) complex with 1,10-
phenanthroline, and (iii) characterization of the final materials
by scanning electronic microscopy, thermal analysis, X-ray
diffraction, infrared spectroscopy, and photoluminescence.

Fig. 2 SEM image of the
samples a TEOS:DMDMS-
APTES-Eu(Ill)/phen and b
TEOS:MTMS-APTES-Eu(IIl)/
phen at magnification of 50 kx
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Experimental
EuCl; Solution

EuCl; was prepared after calcination of the corresponding
oxide (Eu,0O5 — Aldrich) at 900 °C, for 2 h, followed by dis-
solution in HC1 6 mol L ™" (Merck). Excess HCI and H,O were
evaporated. Ethanol was subsequently added and evaporated
three times. The final concentration of EuCls in the ethanolic
solution was 0.1 mol L',

Europium(III) Complex

The europium (III) complex with 1,10-phenanthroline (phen)
was prepared as described in the literature [32]. Under stirring,
200 mg of phen was added to 10.0 mL of ethanol, which was
followed by the addition of 2.0 mL of EuCl; ethanolic solu-
tion (0.1 mol L™"). After halfan hour, 18.0 mL of acetone was
poured into the resulting mixture, to precipitate the complex.
The complex was filtered, washed, and dried at 50 °C, for 4 h.
The thermogravimetric curve revealed that the complex had
molecular formula [Eu(phen),(H,0),]Cls.

Preparation of the Hybrid Silicas

The hybrid silicas were prepared by mixing 1.43 mL of
tetraethylorthosilicate (TEOS) with 0.73 mL of
methyltrimethoxysilane (MTMS) or 0.73 mL of
dimethyldimethoxysilane, (DMDMS), purchased from Al-
drich, at a 1:1 M ratio. Then, 15.27 mL of isopropyl alcohol,
2.70 mL of deionized water, and 7.88 mL of ammonium hy-
droxide were added to the mixture, which was kept under
magnetic stirring at 40 °C, for 24 h. The final TEOS:MTMS
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Fig. 3 SEM image of the
samples a TEOS:DMDMS-
APTES-[Eu(phen),(H,0),]Cl;
and b TEOS:MTMS-
APTES-[Eu(phen),(H,0),]Cl; at
magnification of 50 kx
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View field: 2.77 pm Det: SE 500 nm
SEM MAG: 50.0 kx | Date(m/dly): 09/05/13

and TEOS:DMDMS powders were washed and dried at
60 °C.

Functionalization of the Hybrid Silicas

The hybrid silicas TEOS:MTMS and TEOS:DMDMS were
functionalized with 3-aminepropyltriethoxysilane (APTES).
To this end, 30.0 mL of toluene was added to 400 mg of dry
TEOS:MTMS or TEOS:DMDMS. After 10 min., 2.39 mL of
APTES was added to the mixture, which was then kept under
magnetic stirring at 80 °C for 24 h. The functionalized
TEOS:MTMS-APTES and TEOS:DMDMS-APTES hybrid
materials were washed and dried at 60 °C.

Incorporation of the Eu(IIl) ion and the 1,10-
phenanthroline ligand, and of the complex
[Eu(phen),(H,0),]Cl; into the functionalized hybrid silicas.

First, the Eu(IlT) ion and the phen ligand were incorporated
into the functionalized hybrid silicas TEOS:MTMS-APTES
and TEOS:DMDMS-APTES separately. To this end, 120 mg
of TEOS:MTMS-APTES or TEOS:DMDMS-APTES was
added to 4.0 mL of ethanol, 1.0 mL of EuCl; solution
(0.1 mol L™"), and 5.0 mL of phen solution (0.1 mol L™1).
The mixture was kept under magnetic stirring for 24 h. The
final products TEOS:MTMS-APTES-Eu(Ill)/phen and

Lot

g
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“\
= 185.07 nm
TN, .
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TEOS:DMDMS-APTES-Eu(IIl)/phen were washed and dried
at 60 °C.

As for incorporation of the complex [Eu(phen),(H,0),]Cl;,
50 mg of [Eu(phen),(H,0),]Cl; was dissolved in ethanol, and
then 150 mg of TEOS:MTMS-APTES or TEOS:DMDMS-
APTES was added to the solution. The mixture was kept under
magnetic stirring for 24 h. The final products TEOS:MTMS-
APTES-[Eu(phen),(H,0),]Cl; and TEOS:DMDMS-
APTES-[Eu(phen),(H,0),]Cl; were washed and dried at
60 °C.

Characterization Techniques

Photoluminescence data were obtained at room temperature,
under continuous Xe lamp (450 W) excitation in a Horiba
Jobin Yvon Fluorolog-3 spectrofluorimeter equipped with an
excitation and emission double monochromator and a
photomultiplier R 928 Hammatsu. The emission was collected
at 90° from the excitation beam. The slits were placed at 2.0
and 0.5 nm for excitation and emission, respectively; the band
pass was 0.5 nm, and the integration time was 0.5 ms. G1227
emission filters were employed (transmittance 100 % for
A > 450 nm). Decay curves were measured with the aid

Table 1 Percentage of mass loss

as a function of the temperature Samples Mass lossup to  Mass loss from Mass loss from
for the samples prepared with 200 °C (%) 200 to 450 °C (%0) 450 to 650 °C (%)
DMDMS precursors
TEOS:DMDMS 8.03 2.59 1.84
TEOS:DMDMS-APTES 7.82 3.29 2.86
TEOS:DMDMS-APTES-Eu(l1I)/phen 8.12 4.29 332

TEOS:DMDMS-APTES-[Eu(phen);(H,0)s]Cl;  7.34

421 2.70
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Table 2 Percentage of the mass

loss as a function of the Samples Mass lossup to  Mass loss from Mass loss from
temperature for the samples 200 °C (%) 250 t0 450 °C (%) 450 to 650 °C (%)
prepared with MTMS precursors
TEOS:MTMS 7.74 2.74 1.98
TEOS:MTMS-APTES 8.66 3.12 3.57
TEOS:MTMS-APTES-Eu(IIT)/phen 7.69 4.58 2.66
TEOS:MTMS-APTES-[Eu(phen);(H,0)s]Cl;  8.47 4.89 3.57

of a phosphorimeter accessory equipped with a Xe Lamp (5 J/
Pulse).

Thermal analysis (TG/DTG) was carried out (Thermal An-
alyst 2100 — TA Instruments SDT 2960 simultaneous DTA-
TG) in nitrogen atmosphere at a heating rate of 20 °C min.”",
from 25 to 1000 °C.

X-ray diffraction (XRD) was conducted at room tempera-
ture using a Rigaku Geigerflex D/max-c diffractometer with
monochromated CuK o radiation (A = 1.54 A). Diffractoframs
were recorded in the 20 range from 15 to 70° at a resolution of
0.05°.

Infrared absorption spectroscopy (FTIR) was accom-
plished on a Frontier Perkin Elmer spectrometer; the spectra
were acquired in the ATR mode, by scanning the sample 16
times at a resolution of 4 cm™ !, from 4000 to 500 cm™ .

Scanning electron microscopy (SEM) was performed on a
TESCAN VEGA 3 SBH apparatus.

Results and Discussion

Figure 1 shows the photograph of the hybrid silica sample
TEOS:DMDMS before functionalization with APTES.
TEOS:MTMS afforded a similar image. Both samples
displayed iridescence. This phenomenon commonly occurs
in opals, white stones consisting of silica microspheres in
which the diameter of the particles is similar to the wavelength
of visible light. This arrangement diffracts light and makes the
material iridescent. The photograph in Fig. 1 also revealed that
the spherical particles had homogeneous size.

Figure 2 depicts the scanning electron micrographs of the
TEOS:DMDMS and TEOS:MTMS samples after
functionalization with APTES and incorporation of Eu(IIl)/
phen. The spherical silica particles had homogeneous size
distribution and were polydispersed. The mean diameter of
the particles in the TEOS:DMDMS-APTES-Eu(Ill)/phen
and TEOS:MTMS-APTES-Eu(Ill)/phen samples was 180
and 190 nm, respectively.

Figure 3 illustrates the micrograph of the samples obtained
after TEOS:MTMS and TEOS:DMDMS functionalization
with APTES and incorporation of the complex
[Bu(phen)>(H,0),]Cl.

Figures 2 and 3 demonstrated that particle morphology was
the same irrespective of the incorporation of individual Eu(III)
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ions and phen ligands or of the complex [Eu(phen),(H,0),]Cl;
into the functionalized hybrid silicas.

Thermal analysis helped to identify the presence of organic
groups in the silica (Tables 1 and 2).

All the samples underwent three mass loss steps. Up to
200 °C, the average mass loss was 8 % and it corresponded
to loss of the solvent used during preparation of the hybrid
silicas and/or incorporation of Eu(II) and phen or the complex
[Eu(phen);(H,0)6]Cls. The second step occurred between 200
and 450 °C and referred to the organic component of the hybrid
materials. On going from TEOS:DMDMS(or MTMS) to
TEOS:DMDMS(or MTMS)-APTES-[Eu(phen);(H,0)]Cls,
mass loss increased, which was consistent with the larger or-
ganic content in the latter samples. The third mass loss was
associated with residual carbon and dehydroxylation. Togeth-
er, the results indicated functionalization of TEOS:DMDMS
(or MTMS) with APTES as well as incorporation of Eu(III)/
phen or the complex [Eu(phen);(H,O)s]Cls.

The X-ray diffraction patterns of all the samples displayed
a large halo between 20 = 10 to 30° (very broad peak at 23.5°),
which confirmed their amorphous structure [19, 33, 34].

As for infrared spectroscopy, the bands relative to -OH
stretching appeared at 3653 and 3432 cm ™', which suggested
incomplete condensation of the precursors [35]. The bands
due to CH stretching of the methyl groups of the precursors

—— TEOS:DMDMS-APTES-Eu”"/phen (i, =613 nm)
—— TEOS:MTMS-APTES-Eu*"/phen (1 =613 nm)
LMTC LMTC
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Fig. 4 Excitation spectra of TEOS:DMDMS-APTES-Eu(Ill)/phen and
TEOS:MTMS-APTES-Eu(I1I)/phen
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—— TEOS:DMDMS-APTES-[Eu(phen) (H,0)ICI, (~, = 617 nm)
—— TEOS:MTMS-APTES-[Eu(phen),(H,0)ICI, (1 = 616 nm)
LMTC

Intensity (a.u.)
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250 300 350 400 450 500
Wavelength (nm)

Fig. 5 Excitation spectra of TEOS:DMDMS-APTES-
[Eu(phen);(H,0)s]Clzand TEOS:MTMS-APTES-[Eu(phen);(H,0)6]Cl3

MTMS and DMDMS emerged at 2990 and 2900 cm ' [19,
36]. The intense broad band at 1102 cm ' corresponded to
asymmetric stretching vibrations of Si-O-Si. The band associ-
ated with the bending mode of Si-O-Si arose at 475 cm ™' [28]
and indicated formation of a dense silica network [37-39]. The
ratio between the bands corresponding to Si-O-Si and Si-OH
bending, at 1102 and 952 cm ™, respectively, decreased, which
confirmed functionalization of the hybrid silicas with APTES
and incorporation of the europium(IIT) complex.

Figures 4 and 5 depict the excitation spectra of
TEOS:DMDMS(or MTMS)-Eu(IIl)/phen and
TEOS:DMDMS(or MTMS)-APTES-[Eu(phen);(H,0)]Cls,
respectively.

According to Fig. 4, the large band was due to Ligand-
Metal Charge Transfer (LMCT). The sample TEOS:MTMS-
APTES-Eu(IIl)/phen displayed maximum excitation at

—— TEOS:DMDMS-APTES-Eu*/phen (hgxc= 297 nm)

—— TEOS:MTMS-APTES-Eu*/phen (= 351 nm)

exc™

5 7
D,-F,

Intensity (a.u.)

500 550 600 650 700
Wavelength (nm)

Fig. 6 Emission spectra of TEOS:DMDMS-APTES-Eu(Ill)/phen and
TEOS:MTMS-APTES-Eu(I1I)/phen

Intensity (a.u.)

)

T T T T T T T T
500 550 600 650 700
Wavelength (nm)

Fig.7 Emission spectrum ofthe complex [Eu(phen),(H,0),]Cl;, excited
at the LMCT band (340 nm)

351 nm, in agreement with the literature [40—-42]. As for
TEOS:DMDMS-APTES-Eu(Ill)/phen, the maximum ap-
peared at 290 nm, which has also been observed in the
literature [35].

On the basis of Fig. 5, TEOS:DMDMS-
APTES-[Eu(phen);(H,0)4]Cl; and TEOS:MTMS-
APTES-[Eu(phen);(H,0)s]Cl; presented similar spectral pro-
files. The large band between 250 and 370 nm with maximum
at 334 nm referred to the phen ligand.

The 4f - 4f excitation lines of the Eu(IIl) ion ("Fy — > L¢ e
"Fo — °D») appeared in all the spectra shown in Figs. 4 and 5,
but they were less intense than the LMCT band. Therefore, an
efficient sensitization process took place between the ligand
and the ion [42].

Figure 6 brings the emission spectra of TEOS:DMDMS-
APTES-Eu(lll)/phen and TEOS:MTMS-APTES-Eu(Ill)/phen.

—— TEOS:DMDMS-APTES-[Eu(phen),(H,0),ICI, (x,_= 334 nm)
—— TEOS:MTMS-APTES-{Eu(phen),(H,0),ICI, (1,,.= 334 nm)
5 7
D,-'F,
3
s
2
‘D
c
(]
2
£
T T T T T T T T
500 550 600 650 700

Wavelength (nm)

Fig.8 Emission spectra of TEOS:DMDMS-APTES-[Eu(phen);(H,O)s]Cl3
and TEOS:MTMS-APTES-[Eu(phen);(H,0)s]Cls
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Fig. 9 Possible structures of TEOS:DMDMS(or MTMS)-APTES-[Eu(phen);(H,0)6]Cl3

TEOS:DMDMS-APTES-Eu(Ill)/phen and TEOS:MTMS-
APTES-Eu(Ill)/phen exhibited similar spectral profiles upon
excitation at the corresponding LMCT band, 297 and 351 nm,
respectively, but the band definitions were different. The char-
acteristic emission bands corresponded to transition from the
excited state *Dy to the fundamental level 7F0, 1.2.3,and 4- The
transition between non-degenerate levels °Dy — 'F,, appeared
in both spectra, which indicated that the Eu(III) ion occupied a
site without inversion center [43].

Figure 7 corresponds to the emission spectrum of the com-
plex ([Eu(phen),(H>0),]Cl3).

Comparison of the emission spectra in Figs. 6 and 7 showed
that the spectrum of TEOS:MTMS-APTES-Eu(Ill)/phen was
identical to that of the free complex [Eu(phen),(H,0),]Cl3,
indicating that this complex may have arisen on the hybrid
silica surface. The larger and less defined bands verified for
TEOS:DMDMS-APTES-Eu(Ill)/phen might have originated
from a distorted symmetry site in the Eu(III)*" ion. The emis-
sion spectrum suggested that a complex emerged on the silica
surface, but its interaction with APTES was not evident.

Figure 8 presents the emission spectra of TEOS:DMDMS-
APTES-[Eu(phen)3;(H,0)¢]Cl; and TEOS:MTMS-
APTES-[Eu(phen);(H,0)s]Cls.

The spectral profiles of TEOS:DMDMS-
APTES-[Eu(phen);(H,0)4]Cl; and TEOS:MTMS-
APTES-[Eu(phen);(H,0)4]Cl; were identical, but they dif-
fered from the spectrum of the free complex
[Eu(phen);(H,0)4]Cl5 (Fig. 7). The band relative to the tran-
sition 5DO — 7F0 presented a shoulder, indicating that the

Table 3
rates (A,q), experimental lifetime (T), and quantum efficiency (17)

Eu(IlI) ion had more than one symmetry site. The transition
Dy — 'F, gave rise to more than three bands, suggesting that
the crystalline field could be 2 J + 1 [44], ascribed to the
presence of distinct symmetry sites. The structure of the
Eu(IIT) complex incorporated into the hybrid silicas, repre-
sented in Fig. 9a, b, could account for this profile. The differ-
ences in the emission spectra of TEOS:DMDMS-
APTES-[Eu(phen);(H,0)4]Cl; and TEOS:MTMS-
APTES-[Eu(phen);(H,0)6]Cl5 could indicate interaction be-
tween [Eu(phen);(H,0)6]Cl; and APTES.

Table 3 lists I(SDO — "F)1CDy — 'F 1) Intensity Ratios,
Experimental Judd-Ofelt Intensity Parameters (25 4,4 4), the
Radiative and Nonradiative Decay Rates (A, Anrad), the
Experimental Lifetime (1), and the Quantum Efficiency (1)
of the Eu(III) ion in the different materials, as calculated from
the emission spectrum with the aid of the LUMPAC Lantha-
nide Luminescence Software [45]. The theory is well
discussed in the literature [46, 47].

The Judd-Ofelt parameters provide information about the
Eu(Ill) ion surroundings. Large €2, values indicate high hy-
persensitivity of the transition >Dy, — 'F, and the covalent
chemical bond [48-50]. The €24 parameters correspond to
the rigidity of the network and are under the influence of the
vibronic transitions of the Eu(Ill) ion-ligand bond [51]. The
Q, and Q4 values obtained for the Eu(III) ion incorporated into
the hybrid silicas differed from those achieved for the free
complex [Eu(phen);(H,0)6]Cl; (Table 3). TEOS:DMDMS-
APTES—Eu3+/phen had smaller €2,, due to the influence of
its surroundings. Indeed, the emission spectrum of this sample

I(5D0 — 7F2)/I(5 Dy — 7F1) intensity ratios, experimental Judd-Ofelt intensity (€2, anq 4), radiative emission rates (A,q), nonradiative decay

Samples 0201 210 Cm®) 2 1072° M)  Aw ) Awd ) Tep @y T (%)
TEOS:DMDMS-APTES-Eu®"/phen 2.50 442 2.16 214.57 3356.86 0.280 6.01
TEOS:MTMS-APTES-Eu**/phen 4.16 8.14 3.20 341.24 2039.71 0.420 14.33
TEOS:DMDMS-APTES-[Eu(phen)>(H,0),]Cl;  5.20 9.19 2.76 365.98 2967.35 0.300 10.98
TEOS:MTMS-APTES-[Eu(phen),(H,0),]Cl; 4.54 8.02 2.31 324.62 3521.53 0.260 8.44
[Eu(phen),(H,0),]Cl; 7.57 13.37 9.26 586.34 1739.24 0.430 2521
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(Fig. 6) had evidenced that Eu**/phen remained on the silica
surface, so the -CH3 and -OH groups of TEOS:DMDMS
could alter the surroundings of Eu(IIl). These results reflected
in the smaller A4 (214.57 sﬁl), lifetime (0.28 ms), and quan-
tum efficiency (6.01 %), and higher A,,q (3356.86 5 ").

TEOS:MTMS-APTES-Eu(Ill)/phen, TEOS:DMDMS-
APTES-[Eu(phen);(H,0)4]Cl;, and TEOS:MTMS-
APTES-[Eu(phen);(H,0)]Cl5 displayed similar §25 4,4 4, albe-
it lower than those of the free complex [Eu(phen);(H,O)]Cls.
Hence, the hybrid silica surface affected the Eu(IIl) ion emis-
sion. The A .4, Aprag, and T parameters can furnish information
about the population of the excited state and the competitive
nonradiative and radiative decay processes [52].

Conclusion

By means of the sol-gel methodology, it is possible to obtain
luminescent silica nanoparticles with controlled size and mor-
phology, for potential application as drug delivery systems
and luminescent markers. If the lanthanide complex originates
on the silica surface, the quantum efficiency decreases. How-
ever, compared with the free lanthanide complex, the complex
incorporated into hybrid silica is advantageous, because the
doping level was low— 1 %. The silica surface can influence
the luminescent properties of the lanthanide ion and determine
the application of the resulting material, because the resulting
nanoparticle can be either hydrophobic or hydrophilic.
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