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Abstract A luminescent hybrid organic–inorganic mate-

rial was synthesized with the sol-gel technique by hydro-

lysis of tetraethoxysilane (TEOS) and an organic precursor

obtained through the esterification of oda (oxydiacetic

acid) and EG (ethyleneglycol) in acid media. The Eu(III)

ion was included in the system to monitor the formation of

the complex between the lanthanide and the ligand oda in

the hybrid matrix. The spectral features of the emission of

the Eu(III) ion together with the data obtained from

infrared spectroscopy, thermogravimetric and differential

thermal analysis, and scanning electron microscopy permit

the structural characterization of the system and its com-

parison with a reference sample in which no organic

moieties were hydrolyzed during the sol–gel process.

Keywords Sol–gel � Europium(III) complexes �
TEOS � Luminescence and DCCA

1 Introduction

The incorporation of lanthanide ions in hybrids matrices

obtained by the sol–gel technique has been and is one of

the most promising methods to fabricate optical materials

[1–4]. The sol–gel method is a very useful technique to

complex lanthanide ions in a solid matrix due to the mild

conditions of synthesis and the relative ease of preparation

and handling [5–7]. In particular, the luminescent proper-

ties of Eu(III) complexes have been extensively studied by

many researchers due to their unique properties such as

long excited state lifetimes (in the ms time range) and

narrow emission bands [8, 9]. Non-radiative deactivation of

Eu(III) is known to be highly suppressed when the coor-

dination sites of the ion are occupied by ligands capable

of preventing the direct binding of O–H (water mainly) or

N–H oscillators to the metal ion [10]. This yields longer

excited state lifetime and much more luminescent intensity.

In addition, Eu(III) has the special ability to monitor the

environment in which it is located, a property widely used

as a tool to obtain information related to the symmetry of

the system under study [11–14]. It is well known that the

electric dipole transition (5D0 ? 7F2) originated from the

4f6 electronic configuration of the Eu(III) is hypersensitive

which means that it is greatly affected by the coordination

environment in which the ion is located. On the other hand,

the magnetic dipole transition (5D0 ? 7F1) is almost

insensitive to the medium and can be used as an internal

standard. Thus, the ratio of the intensities between the
5D0 ? 7F2 and the 5D0 ? 7F1 bands provide very useful

microscopic information of the local symmetry in which

the ion locates and can be used as a parameter to indicate

the structure of a purely inorganic [15] or hybrid sol–gel

sample and its evolution during ageing. An important

advantage of using Eu(III) as a structural probe when

compared with organic dyes relies on the fact that the

samples can be heated up to temperatures at which all dyes

would decompose or oxidize.

In this work, we compare the luminescent properties of

two sol–gel silicate luminescent systems. In one of them,
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an organic oligomer synthesized by esterification between

the oxydiacetic acid (oda) and ethyleneglycol (EG) was

used as a precursor for the hydrolysis of the tetraethoxy-

silane (TEOS) using Eu(III) ion as a probe. The detailed

monitoring of the intensities of the Eu(III) bands with time

along the hydrolysis-condensation process of the sample

was performed and useful information of the gel structure

was obtained. In the other system, the ligand oxydiacetic

acid (oda) was physically entrapped inside a silicon matrix

in the form of the Na3[Eu(oda)3] complex [16]. The

luminescent spectra of the Eu(III) ions in these two systems

are compared and analyzed to obtain structural information

of the hybrid system.

The inclusion of EG in the system has two purposes:

(1) as a linker between oda and the silica matrix via the

ester group and (2) as a drying control chemical additive,

DCCA. These kind of additives are used to avoid the

development of cracks originated from the stress gener-

ated during the evaporation process when the system

goes from a wet to a dry gel. Organic additives such as

polyethyleneglycol [17], formamide [18], acetamide,

glycerol, oxalic acid diethyleneglycol, ethyleneglycol

[19–21] or N,N-dimethylformamide [21] were incorpo-

rated into sol–gel systems to study their effects on the

monolithicity, and on the optical and mechanical prop-

erties of the samples. As stated in the literature, the

effect of EG on the drying process is explained mostly

by the formation of strong hydrogen bonds with the

Si–OH groups of the matrix [21, 22]. To this respect, we

take advantage of the emission properties of the Eu(III)

ion as a structural probe to get direct information of the

evolution of the chemical environment that this ion

monitors during the formation of the hybrid Si-EG-oda-

EG-Si gel mainly as a function of time and temperature.

In addition, infrared absorption, thermal analysis (TG and

DTA), X-rays diffraction (XRD), and scanning electron

microscopy (SEM) studies were used to characterize the

samples.

2 Experimental procedure

2.1 Chemicals

Oxydiacetic acid (HOOC–CH2–O–CH2–COOH, H2oda)

and EG were obtained from Merck and ethanol from

Mallinckrodt. Water was from a Milli-Q system. Tetra-

ethoxysilane (TEOS) and tetramethoxysilane (TMOS)

were obtained from Aldrich.

Lanthanide Compounds: Na3[Eu(oda)3]�2NaClO4�6H2O

(hereafter Euoda3), was synthesized according to literature

methods [14]. Eu(NO3)3�6H2O 99%, was obtained from

Fluka Chemie AG and was used as received.

2.2 Sample preparation

2.2.1 Hybrid ethyleneglycol-oxydiacetic acid TEOS

xerogel doped with Eu(NO3)�6H2O

Synthesis of the EG-oda ester 3.7 9 10-2 mol of EG,

4.6 9 10-3 mol of oda and 2.3 9 10-4 mol of EuNO3�
6H2O were mixed under heating while stirring until a

translucent colorless solution was obtained. Final molar

ratio was oda:EG:Eu = 1:8:6 9 10-3.

Synthesis of the hybrid (EG-oda-EG) silica matrix

(EuodaEG-TEOS): The final translucent solution previ-

ously obtained was added slowly to 2 mL of a 1:1 pre-

hydrolyzed ethanolic TEOS:H2O solution (8.9 9 10-3 mol

of TEOS) at pH = 1.5 (adjusted with microliters of HCl)

under stirring at room temperature. Final molar ratio was

TEOS:EG:oda:H2O:Eu = 1:4:0.5:4.1:2.5 9 10-2. This sol

was left in a sealed flask at room temperature. After a

period of 26 months, measurements were performed on the

transparent monolith xerogel obtained. Slices were groun-

ded and heated at different temperature prior to spectro-

scopic or thermal measurements.

2.2.2 TMOS-Na3[Eu(oda)3] doped xerogel

(Eu(oda)3-TMOS)

Sol–gel samples were prepared by hydrolysis of TMOS in

acid catalyzed ethanolic medium (TMOS:EtOH:H2O =

1:2.5:6.5 in moles) at pH = 2.5 (with HCl). 1.5 mL of

anhydrous ethanol containing 35 mg (3.6 9 10-5 mol) of

Na3[Eu(oda)3] dissolved in 1.25 mL of HCl 1 9 10-3 M

were added to 1.5 mL of TMOS (0.01 mol) while stirring.

pH was adjusted with HCl while stirring and a transparent,

colorless sol was obtained. After the sol gellified (18 h), it

was left aging at room temperature in a sealed tube for

2 days. Finally it was placed in an oven at 50 �C for 14 h.

After an aging period of 16 months, the dry monolith was

ground manually to a fine white powder to perform the

spectroscopic measurements.

2.3 Characterization techniques

All infrared spectra were recorded in KBr pellets with a

Nicolet Magna 510 Fourier transform infrared (FTIR). The

spectral resolution was 4 cm-1 for all measurements and

all single beam IR spectra were the result of 32 coadded

interferograms.

Powder diffraction data were obtained by a Siemens

D-5000 Diffractometer with CuKa radiation (k = 1.542 Å)

by step scanning 2h from 3� to 40� with a step size of

0.025� and a step time of 1.2 s. The XRD peaks were

deconvoluted using a multi peaks function analysis pro-

gram (Origin). Three Gaussian functions were used for the
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deconvolution of the hybrid matrix XRD diffractogram and

a third order polynomial was used as a baseline between

2h = 4.5� and 32.0�.

Termogravimetric (TG) and Differential thermal analy-

sis (DTA) were performed with a TGA-51 Shimadzu and

DTA-50 Shimadzu instruments, respectively, from 25 to

600 �C with a heating rate of 6 �C/min in Pt crucibles

under N2 or N2/O2 atmosphere (flow rate 20 mL/min).

Scanning electron microscopy was carried on using a

SEM Zeiss Supra 40 microscope equipped with a field

emission gun (CMA, FCEN-UBA). The images were taken

with in-lens detector and 5 kV acceleration voltage. The

samples were placed on an aluminum holder, supported on

conductive carbon tape.

Steady state emission spectra of all the compounds were

recorded on a PTI QuantaMaster QM-1 luminescence

spectrometer. Excitation and emission wavelengths were

always 394 nm and 615 nm, respectively. Excitation and

emission bandwidths were set to 2 nm and 0.5 nm,

respectively.

3 Results and discussion

3.1 Microstructural characterization

3.1.1 FTIR

Figure 1 shows the FTIR spectra of the hybrid (EuodaEG-

TEOS) gel heated in an oven for 2 h at 70, 200, 245, 295,

350 and 550 �C together with the spectrum of free oda at

room temperature in the 4000 to 400 cm-1 range. These

temperatures were chosen according to the results obtained

from the evolution of the DTA curve in the presence of

oxygen (as shown in Fig. 2). The band at 1734 cm-1

(spitted into two) in free solid oda (lowest spectrum

in Fig. 1) is assigned to the stretching of the carbonyl

group (mC=O) [23]. It shifts to higher wavenumbers (c.a.

1748 cm-1 at 70 �C) in the spectra of the hybrid matrix as

expected for a more localized C=O bond in an ester group

(1740 ± 15 cm-1) [24]. The shift is not due to the coor-

dination of oda with Eu(III). This coordinated carboxylates

make a minor contribution because oda:Eu(III) ratio is 20:1

in EuodaEG-TEOS. The sharp band at 920 cm-1 assigned

to the cOH vibration of the carboxylic acid in the free oda

disappears when the hybrid matrix is formed, providing

also evidence of the esterification reaction.

The band assignment for the free EG is not straight-

forward if we consider that the vibration bands associated

with this molecule (mainly OH stretchings at 3500 cm-1,

CH2 stretchings at 2800–3000 cm-1 and CH2 deforma-

tions at 1500–1300 cm-1) are also found in the oda

moiety or in the water molecules present in the matrix.

However, the free or bonded EG can be tracked by

inspecting the evolution of the band at 883 cm-1 with

temperature, which is characteristic of the deformation

vibration of the C–C bond in EG [19]. This band can be

observed in the spectra of Fig. 1 at 70 �C and to a less

extent at 200 �C, but is absent at 245 �C. These results

suggest that the free or hydrogen bonded EG is no more

present in the hybrid matrix at temperatures higher than

200 �C. It is worth noticing that the stretching of the

carbonyl group (mC=O) of the ester is present in the

infrared spectrum of the hybrid matrix in the 70–295 �C

temperature range and disappears at 350 �C. The bands

located at 2800–3000 cm-1, corresponding to the CH2

stretching vibrations of the EG and the ester, are also

absent at 350 �C indicating that the organic matter was

completely eliminated from the matrix at this temperature.

The broad bands in the 800–1250 cm-1 range corre-

spond to the Si–O–Si, SiO–C, and Si–OH vibrations of the

silica network. These bands are superimposed with those of

the Si–O–C moieties arising from the hybrid silicon matrix

obtained by the hydrolysis of TEOS with the ester previ-

ously formed between EG and oda. Therefore, any band

assignment related with the oda moiety itself or with the

EG in this wavenumber range is not straightforward.

Fig. 1 FTIR spectra of the hybrid EuodaEG-TEOS gel at 70, 200,

245, 295, 350, and 550 �C together with the spectrum of free oda at

room temperature. (Spectra were shifted upwards for clarity). Vertical
lines were added to point out specific wavenumber values (See text).

The 2000–400 cm-1 range was expanded for clarity

J Sol-Gel Sci Technol

123



The spectrum at 550 �C shows the typical profile of a

silica matrix [25]. The wide band centered at 3450 cm-1 is

attributed to the stretching of OH groups, while the one at

1643 cm-1 is assigned to the deformation vibrations of the

H–O–H bonds indicating the presence of water in the

matrix. The most intense 1084 and 1200 cm-1 bands are

assigned to the TO and LO modes of the asymmetric Si–O

stretching vibration, respectively. The bands at 800 cm-1

and at 965 cm-1 are assigned to the symmetric Si–O

vibration mode and to the Si–OH stretching of terminal

silanol groups, respectively. The band centered at

462 cm-1 can be associated with the rocking motion of the

oxygen atom about an axis perpendicular to the Si–O–Si

plane [26] or/and with the Si–O–Si bending mode. Its

wavenumber value increases from 458 cm-1 (200 �C) up

to 462 cm-1 (550 �C) along with an increase in its

intensity with respect to the Si–O asymmetric stretching

vibration. The fact that the band at 965 cm-1 does not

reduce its intensity relative to the Si–O stretching is indi-

cating that the matrix maintains a high content of terminal

silanol groups, and that the condensation process above

295 �C yields a matrix with poorly crosslinked regions.

This poor crosslinking is in line with the fact that the

organic moieties bound to the inorganic silica network are

no longer present at temperatures higher than 350 �C and

therefore a decrease in the Si–O stretching frequency with

temperature is observed (1093 cm-1 at 295 �C against

1081 cm-1 at 550 �C).

In Eu(oda)3-TMOS xerogel the Eu(oda)3 complex was

added as a probe and can not be detected in the IR spec-

trum. This sample shows the typical features of a pure

silica xerogel [22] (Figure not shown).

3.1.2 DTA and TG

Figure 2a and b show the DTA and TG curves for the

hybrid EuodaEG-TEOS and the reference Eu(oda)3-TMOS

samples, respectively. The DTA of EuodaEG-TEOS xero-

gel, was performed under O2/N2 and N2 atmosphere. Both

DTA curves have similar features in the 25–220 �C range

showing broad endothermic peaks. In addition, the TG

shows a rapid weight loss (32%) which can be attributed to

the evaporation of volatile products resultant from the

condensation reactions as well as to the free EG present in

the matrix (boiling point of EG 196 �C). The IR spectra

confirm these results by inspecting the band at 883 cm-1

which is present with a very low intensity at 200 �C but is

absent at 245 �C (Fig. 1).

The most relevant information of the thermal behavior

of the sample in presence of O2 is observed in the DTA in

the 220–350 �C temperature range where a sharp exo-

thermic peak at 340 �C with two shoulders centered at 236

and 280 �C are observed. These peaks are absent in the

DTA curve measured under inert conditions and can

therefore be associated with oxidative processes of the

organic moieties present in the matrix. The chemical

interaction of EG and polyols with the silanol groups of a

silica matrix was previously reported by Stefanescu et al.

[19, 27] where the EG condenses at one or both hydroxyl

groups to form a hybrid matrix. The shoulder observed at

280 �C is in good agreement with the temperature reported

by these authors for the elimination of EG in the silica

matrix (270–290 �C). From the evolution of the stretching

vibration band of the carbonyl group at 1750 cm-1 in the

infrared spectra taken from 200 �C up to 350 �C (Fig. 1), it

is clear that the oda fragments of the oda-ester bounded

to the matrix are eliminated in the temperature range

300–350 �C. Following this reasoning, the strong exo-

thermic peak centered at 340 �C can be assigned to the

Fig. 2 a TG (in N2) and DTA (in N2/O2 and N2) curves for

EuodaEG-TEOS b TG and DTA curves in N2 for the Eu(oda)3-

TMOS. The TG and DTA curves in N2 of the pure components (oda

and EG) are given for comparison
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oxidation of these organic groups present in the matrix. In

the TGA, a slow mass loss of 15% and a rapid mass loss of

30% are observed in the 200–450 �C temperature range.

These mass changes can now be assigned to the non oxi-

dative decomposition of the organic oda-EG moieties of

the hybrid matrix and are accompanied by a broad endo-

thermic peak centered at 480 �C. The splitting observed in

this peak can be possibly ascribed to the different EG-oda

chains resulting from the esterification process in the initial

step of the synthesis.

In the 350–600 �C temperature range, a broad exother-

mic peak centered at 480 �C in the DTA with no associated

weight loss can be attributed to the irreversible structural

relaxation process of the matrix as expected for acid-cat-

alyzed systems with low H2O/TEOS mole ratios [28].

Pure oda presents two endothermic peaks (Fig. 2) when

its DTA analysis is performed under inert conditions. At

146 �C, a sharp endothermic peak is observed evidencing

the melting point of the acid while a second and broader

endothermic peak at 254 �C arises from the evaporation of

the anhydride of the acid, formed during the heating of the

sample [29]. The TG curve shows a single weight loss of

100% in the 200–280 �C temperature range. From DTA

curve for pure EG (Fig. 2), measured under N2 atmosphere

a sharp endothermic peak at 146 �C with a broad shoulder

centered at 78 �C is observed. At same experimental con-

ditions its TG presents a single 100% weight loss between

60 and 200 �C at which EG is totally eliminated.

According to these results, the temperature values at

which oda and EG moieties are oxidized (in air) or

decomposed (under N2) in the hybrid matrix are above the

temperature values at which these two reactants are elim-

inated when they are pure evidencing true chemical inter-

actions with in the matrix.

The Eu(oda)3-TMOS matrix can be considered a refer-

ence sample in which neither EG nor oda acid were added

to form an hybrid matrix. The elimination of the oda from

the Eu(oda)3 complex can not be observed in the TG

analysis (Fig. 2b) due to its low concentration (TMOS:

oda = 280:1). The TG curve for this matrix shows the

typical features of a pure silica matrix. A 14% mass loss

due to the elimination of volatile products (water, ethanol)

obtained from the condensation reaction was observed in

the 25–100 �C temperature range. This mass loss is

observed in the DTA as a sharp endothermic peak centered

at 60 �C. In a second stage, as the condensation reactions

proceed, a mass loss of 4% is observed between 300 and

400 �C which can be associated with the non oxidative

decomposition of the residual ethoxy groups present in the

matrix as expected for a sample in which the H2O:TMOS

mole ratio is 6.5 [18, 19]. This weight loss in the TG curve

is accompanied by a very weak exothermic peak (see scale)

centered at 366 �C.

3.1.3 XRD and SEM

The powder XRD patterns for the hybrid EuodaEG-TEOS

matrix and for the reference Eu(oda)3-TMOS matrix (see

Fig. 3) are very similar. While both samples are amorphous

and show two broad bands at similar 2h values, the hybrid

matrix has an additional shoulder centered at 2h\ 10�.

From the deconvolution of the diffractogram of the

EuodaEG-TEOS sample, three peaks were obtained at

2h1 = (8.237 ± 0.032)�, 2h2 = (12.454 ± 0.026)�, and 2h3 =

(23.303 ± 0.029)� with areas of 19%; 62%; and 19%,

respectively. These results are indicating the presence of a

new and larger interplanar distance between silicon atoms

in the hybrid EuodaEG-TEOS matrix which should be

associated with the spacing between silicon atoms bound to

the organic precursor EG-oda. From the powder X-ray

patterns of ormosils of TMOS-MTMOS (methyltrime-

thoxysilane), a value of 2h1 = 7–10� was also reported

which was associated with the spacing between silicon

atoms attached to the organic methyl groups. The diffrac-

tion band at the larger angle 2h2 & 23� can be associated

with the shorter structural distance similar to those

obtained for fused silica (2h = 21.16�) and for silica

xerogels obtained from 100% TMOS (2h = 22.9�) [30].

The same hybrid EuodaEG-TEOS samples analysed by

FTIR were investigated by scanning electron microscopy to

study the effects of thermal process on silica morphology.

SEM micrographs in Fig. 4 reveal differences in the micro-

structures of the as-synthesized xerogels when the tempera-

ture was increased. An open structure can be observed for the

samples of EuodaEG-TEOS at lower temperatures which

could be indicating the poor crosslinking revealed by the FTIR

spectra. The results show that the drying process diminishes

the average size pore from 15.0, 11.6, 9.8, 8.3 to 6.0 nm for

200, 245, 295, 350 and 550 �C oven temperatures, respec-

tively (shown in Fig. 4a–e). Whereas the system exhibits a

homogeneous porous distribution below 350 �C, aggregates

Fig. 3 X rays diffractograms for a Euoda-EG-oda and b Eu(oda)3-

TMOS
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can be observed at 550 �C in the silica matrix. The changes in

the microstructures of the samples with increasing tempera-

ture must certainly be attributed to the elimination of the

EG-oda organic chains of the hybrid xerogel in agreement

with the FTIR results.

Figure 4f shows the SEM micrograph of the reference

sample. A stiffer network with smaller pore sizes is

observed even when the sample received no thermal

treatment.

3.2 Optical characterization

Figure 5 shows the evolution of the normalized emission

spectra of a transparent hybrid EuodaEG-TEOS sample

from the liquid sol (Fig. 5a) to the gel at room temperature

(Fig. 5 b–e). The spectra show the characteristic Eu(III)

centered emission bands (5D0 ? 7FJ) for J = 0, 1, 2, 3,

and 4 at ca. 578, 590, 615, 650, and 698 nm, respectively.

The change in the intensities and splitting of the Eu(III)

bands reveal the sensitivity of the Eu(III) ion to the dif-

ferent environments and its use as a structural probe. One

of the most significant features of the Eu(III) emission

spectra is the amplitude of the 5D0 ? 7F0 (ca. 578 nm)

band and its splitting. Given that both levels have

J00 = J0 = 0, no degeneracy is possible and any splitting of

this band is an evidence Eu(III) occupying sites of different

symmetry. Another important feature to consider in the

analysis of the emission spectra of Eu(III) is the ratio of the

intensities for the hypersensitive electric dipole transition

(5D0 ?
7F2) to the magnetic dipole transition (5D0 ? 7F1),

hereafter called R = IF2/IF1. The higher this ratio, the lower

the symmetry of the local environment of the Eu(III) ions

in the matrix [12, 31, 32] with the lanthanide occupying

sites with no inversion center symmetry.

A brief analysis of the evolution of the R = IF2/IF1 ratio

with time shows that in the sol, when the amount of added

EG is in excess with respect to the rest of the reactants

(Fig. 5a), an R value of 1.6 is measured which is very close

to the one corresponding to a mixture of Eu(III) salt in pure

EG (REG = 1.8, not shown). The spectrum in Fig. 5a is a

solution-like spectrum in which the 5D0 ? 7F0 is absent

and the bands are broader than those corresponding to the

subsequent gel stages. As the hydrolysis/condensation

reactions take place, the R value decreases, until it achieves

a minimum value when the wet gel is formed (R = 1.1,

Fig. 5b) to finally increase steadily with the aging pro-

cess (R = 1.2, R = 1.42 and R = 1.64 in Fig. 5c–e,

Fig. 4 SEM photographs of EuodaEG-TEOS xerogel treated thermi-

cally for 2 h at 200 �C (a), 245 �C (b), 295 �C (c), 350 �C (d),

550 �C (e) and Eu(oda)3TMOS reference xerogel keeped at room

temperature (f). The bar corresponds to 100 nm

Fig. 5 Normalised emission spectra of EuodaEG-TEOS from the

liquid sol (Fig. 5a) to the gel at room temperature (Fig. 5 b–e) at

different aging time (for times see Fig. 6). The spectra show the

characteristic Eu(III) centered emission bands (5D0 ? 7FJ) for J = 0,

1, 2, 3, and 4 at ca. 578, 590, 615, 650, and 698 nm, respectively
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respectively). The initial decrease in this parameter from

the sol to the gel stage is an evidence of an increase in the

symmetry of the system. The Eu(III) probe senses a more

symmetrical environment in the first stages of the forma-

tion of the hybrid EuodaEG-TEOS system. This behavior

can be explained considering that during the earlier stages

of the sol–gel process where the viscosity of the system is

lower, the carbonyls groups of the long hybrid silanol

chains have more chance to get closer to the probe to

coordinate the Eu(III) sites, given the high affinity of the

lanthanide for the oda group. In fact, an R = 1.1 is quite

similar to the R = 0.95 value obtained for the reference

system Eu(oda)3-TMOS xerogel.

It is worth noting that the time necessary to obtain a

densified gel for this hybrid material was much longer than

that for the reference sample. Eu(oda)3-TMOS gelified in

18 h, and no detailed tracking of the evolution of this

system with time was performed.

Figure 6 shows how the R = IF2/IF1 value increases

very slowly with time and how the probe is capable of

monitoring the minor microscopic changes that take place

in the structure of the sample even in a very long time scale

without decomposing. When the densification process is

speed up by heating the gel at 60 �C for 7 h (See Fig. 7), a

dramatic increase for the R = IF2/IF1 value is observed

evidencing the poorly symmetric Eu(III) environment and

thus suggesting that most of the carbonyl groups of the

long hybrid silanol chains are no longer able to coordinate

the probe. The higher splitting of the 5D0 ? 7F0 with

increasing temperature (see Insets in Fig. 7) indicate that

the probe locates at least two (60 �C) or three (600 �C)

different sites. At 600 �C, where no organic moieties

remain present in the EuodaEG-TEOS sample, as observed

from the IR spectra and the thermal analysis, the R attains a

value of 3 (Fig. 7). This value is similar to those obtained from the emission spectrum of inorganic silica xerogel

obtained by an acid catalysed sol–gel method in which pure

Eu(NO3)3 was added as a probe in a 1:4:4 TMOS:

EtOH:H2O system. R values higher than 5 were observed

in Eu-chloride silica glass systems at 500 �C [11]. The

bands of the emission spectrum are much broader and the

J-splitting is clearly observed. In addition, the relative

intensity and splitting of the non-degenerate 5D0 ? 7F0

band is higher while its broadening becomes larger evi-

dencing the wide range of low symmetry sites symmetries

in agreement with an amorphous glassy environment where

Cs or even lower point-group symmetry were reported [9].

It is interesting to compare and analyze the emission

spectrum of the hybrid sample with that of the reference

sample. In Fig. 8b the emission spectra of the Eu(oda)3-

TMOS xerogel is shown (R = 0.95). In this sample, the

Eu(III) is coordinated to three oda ligands and the complex

is entrapped in the silica matrix. The emission spectrum of

Eu(oda)3-TMOS xerogel does not show the 5D0 ? 7F0

Fig. 6 Evolution of the R= IF2/IF1 ratio with time for EuodaEG-

TEOS. The letters a–e indicate the time at which the corresponding

spectra of Fig. 5 were taken

Fig. 7 Emission spectra of EuodaEG-TEOS at 60 �C and 600 �C.

The insets show the 5D0 ? 7F0 emission band in detail at both

temperatures
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band at 578 nm when compared with the hybrid sample in

Fig. 8a indicating that the sites symmetries of the Eu(III)

ions in both samples are certainly different.

At this point, it is worth mentioning that the J00 = J0 = 0

transition of Eu(III) is also absent in the emission spectrum

of crystalline Na3[Eu(oda)3] complex (not shown) as

expected for the highly symmetric D3 site occupied by the

lanthanide in this complex [33]. This result shows that the

ligand field sensed by the lanthanide keeps unaltered when

including the crystalline complex in the silica network

which is a strong evidence to conclude that the three

molecules of oda coordinate the Eu(III) ion. The marked

splitting of the 5D0 ?
7F2 band at ca. 615 nm into 2 bands

is also consistent with a D3 symmetry, in which a maxi-

mum of three peaks are expected, and might be observed if

higher resolution measurements were performed.

4 Conclusions

The results of the thermal and spectroscopic measurements

allow to conclude that the Eu(III) ion coordinates to the

organic moieties of the hybrid matrix in the very first stages

of the sol–gel synthesis where the presence of the lanthanide

ion can act as a directing agent and thus coordinating the

carbonyl of the oda moieties. The evolution of the spectro-

scopic parameter R = IF2/IF1 in real time shows that minor

changes, consequence of the condensation process of the

matrix, take place slowly after the gel is formed. The long

organic chains collapse and fail to keep the symmetric

environment in the system when the condensation and aging

processes take place. At much higher temperatures R reaches

the values expected for an inorganic silica matrix. The

comparison of the intensity, splitting and bandwidth of

the Eu(III) bands in the EuodaEG-TEOS hybrid sample with

the reference sample Eu(oda)3-TMOS was performed and

the results show that while Eu(III) locates in sites with

higher coordination symmetries (close to D3) in the refer-

ence sample, a collection of sites with much lower sym-

metry point group are occupied by the lanthanide in the

hybrid sample.

The sensitive Eu(III) emission allows long term mon-

toring of gel aging and might have consequences for

optical applications of Eu(III) containing glasses.
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