
Introduction

Great interest has been attracted to the properties of

lanthanide organic complexes since Lehn [1] pro-

posed that luminescent lanthanide organic complexes

can act as efficient Light Conversion Molecular De-

vice (LCMD). Organic complexes usually have too

low thermal and mechanical resistances to be directly

used as luminescent materials. Some groups have fo-

cused their interest on embedding luminescent com-

plexes into matrices such as sol–gel glasses [2], poly-

mers [3] and inorganic–organic hybrid materials [4].

Most of those researches are interested in the syn-

thesis and luminescence properties of materials; how-

ever, there is only limited research on the thermal ki-

netics and lifetime of luminescence lanthanide com-

plexes, which are the main hindrance to their applica-

tion. Kinetic analysis of thermal analysis data, an im-

portant tool for estimating the thermal stability and

shelf life of drugs [5], has been used to make kinetic

analysis and predictions of lifetime of lanthanide or-

ganic complexes [6–9]. However, traditional force-fit-

ting kinetic analysis methods based on single heat-

ing-rate data are likely to conceal the kinetic complex-

ity and even not applicable [10]. The model-free

isoconversional methods and model-fitting methods

that use multiple heating rates data have been verified

to be particularly successful in correctly describing the

multi-step kinetics in the simulated data.

For practical application, luminescence lanthanide

organic complexes are often doped into different matri-

ces. In this work, the Eu tris(dibenzoylmethanato)

phenanthroline [Eu(DBM)3phen] complex doped

xerogel was in situ synthesized and its photolumi-

nescence and non-isothermal kinetics were studied. The

lifetime at different temperatures were predicted by the

fitted non-isothermal kinetic models.

Experimental

The starting materials for preparation of the silica are

tetraethoxysilane (TEOS), absolute ethanol and

deionized water. They were mixed at the ratio of

cTEOS:cethanol:cwater=1:4:4. The preparation process was

under neutral pH condition, no acid or base added.

The sol was stirred for 1 h at room temperature, and

then with continuous stirring, 3 mol% EuCl3�nH2O,

9 mol% dibenzoyl methane and 3 mol% 1,10-phen-

anthroline ethanol solution were added into the sol.

The molar ratio of cTEOS:cethanol of the final sol is 1:8,

and the pH is 6–7. The mixed solution was vigorously

stirred for 1 h and subsequently kept in a sealed Petri

dish at 40°C until gellation. After aging at 40°C for

one week, the gel was dried at 80°C for 10 h.

Photoluminescence excitation and emission spec-

tra and fluorescence lifetimes were recorded at room

temperature with a Hitachi F-4500 fluorescence
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spectrophotometer equipped with a 450 W xenon

lamp as the excitation source.

Thermogravimetric analysis (TG) and differen-

tial thermogravimetric analysis (DTG) were per-

formed on a Netzsch STA449C thermal analyzer. Ex-

periments were carried out in static air, at heating

rates of 2, 5, 10°C min–1. The sample mass used in all

TA runs was kept at about 6 mg.

Results and discussion

Photoluminescence and thermal decomposition

Photoluminescence excitation and emission spectra

of xerogel are shown in Figs 1 and 2, respectively.

The sharp peak centered at 466 nm in excitation spec-

trum is attributed to 7F0�
5D2 f–f transition of Eu3+

ion. The broad and strong excitation band at about

220 to 450 nm is attributed to the excitation of organic

ligand, which indicates the efficient energy transfer

from ligands to europium ions. Three bands associ-

ated to 5D0�
7Fi (i=0–2) spin forbidden f–f transitions

of Eu3+, respectively, can be observed in emission

spectrum. In the emission spectrum, the splitting of
5D0�

7F2 transition is similar to that of pure

Eu(DBM)3phen complex [11]. All the emitted light is

emitted through the Eu3+ ion. There is no evidence for

emission from the triplet state of the dibenzoyl meth-

ane or phenanthroline. The decay curve of the xerogel

can be fitted with a single exponential function and

the lifetime is 435 �s, which is similar to that obtained

by Zhao [11]. All these indicate the formation of

Eu(DBM)3phen complex in xerogel.

TG and DTG curves of the thermal decomposition

of xerogel at a heating rate of 2°C min–1 in air are pre-

sented in Fig. 3. It can be seen from TG curves that the

thermal decomposition of xerogel below 700°C occurs

in three steps. The mass loss of the first step (below

150°C) is about 11%, resulted from the loss of adsorbed

water and silanol. The DTG peaks of the second and the

third steps are about 240 and 460°C, corresponding to

the fastest decomposition rates of the two steps. Accord-

ing to the knowledge of thermal stability of both organic

ligands, the second step is ascribed to the decomposition

of dibenzoyl methane, and the third step is that of

phenanthroline. The overall mass loss of both steps

(150–500°C) is about 30%, corresponding to the de-

composition of europium organic complex.

Kinetics

For the prediction of the lifetime of europium organic

complex doped xerogel, the thermal kinetics is studied.

Estimation of the activation energy E of dehydration

For kinetic analysis, model-free isoconversional

methods allow for evaluating Arrhenius parameters

without choosing the reaction model. The dependence

of E on the extent of conversion assists in both detect-

ing multi-step processes and drawing certain mecha-
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Fig. 1 Photoluminescence excitation spectrum (monitored at

612 nm) of xerogel

Fig. 2 Photoluminescence emission spectrum (excited at

410 nm) of xerogel

Fig. 3 TG/DTG curves of xerogel at a heating rate of

2°C min–1 in air



nism conclusions [10]. The activation energies calcu-

lated with isoconversional methods act as initial

values for multivariate nonlinear regression pro-

cess [12]. In this work, Friedman [13] method is ap-

plied to calculate the dependence of E on � (fractional

mass loss), and the calculated values of the apparent

activation energy at different extent of conversion are

presented in Fig. 4. The apparent activation energy of

each step is about 150, 120 and 160 kJ mol–1

Determination of the kinetic model

Multivariate non-linear regression method [12]

(Netzsch Thermokinetics) is applied to determinate

the most-probable kinetic model. Multivariate

non-linear regression is based on multiple heating

rates, making the assumption that the parameters of

the model are identical for measurements at all heat-

ing rates [12]. Compared to the single curve analysis,

the quality of fit diminishes considerably for the

non-applicable reaction types [12]. So the distinguish

ability between the individual reaction types im-

proves drastically. In addition, there are no limita-

tions with respect to the complexity of the model, and

consequently it can be applied to multi-step reactions.

We have previously studied the kinetics of thermal

decomposition with model-free isoconversional

methods and multivariate non-linear regression [14].

In this work, three dynamic measurements run at

heating rates of 2, 5 and 10°C min–1 are brought to-

gether during the analysis. Since no apparent relation

between the dehydration and the decomposition of or-

ganic complex, a three-step composite reaction is se-

lected as follows:

A � B

C � D � E

16 commonly used models [12] were tested, and

models with a high correlation coefficient and similar

E values with that calculated by isoconversional

method were the most-probable models. In this work,

the most-probable models are Fn for A�B, Cn for

C�D and D�E. The corresponding function f(�) of

Fn, n order reaction, is (1–�)n; f(�) of Cn, n order

autocatalytic reaction, is (1–�)n (1+Kcat�). The fitted

curves are shown in Fig. 5 and the fitted kinetic pa-

rameters are listed in Table 1. Correlation coefficient

is 0.99986.

As presented in Table 1, the activation energy of

each step is close to that calculated by Friedman

method. The C�D step takes up about 3/4 of the

overall decomposition of organic complex, corre-

sponding to the decomposition of 3 parts of dibenzoyl

methane ligand.

The prediction of lifetime

According to the fitted models, the isothermal decom-

position behavior, also the lifetime, at different tem-

peratures can be predicted. The isothermal decompo-

sition behavior at different temperatures is shown in

Fig. 6. The drastic mass loss at the beginning is corre-

sponding to the dehydration. After that is the decom-

position of organic complex. In this work, the lifetime
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Fig. 5 Measured and fitted TG curves of xerogel at different

heating rates in air. Heating rates are 2, 5 and

10°C min–1 (from left to right)

Fig. 4 Calculated apparent activation energies using the Fried-

man method plotted vs. the extent of conversion

Table 1 Fitted kinetic parameters of xerogel resulting from
multivariate non-linear regression (heating rate 2, 5
and 10°C min–1). Correlation coefficient is 0.99986.
C�D step takes up 74.5% of the overall decomposi-
tion of organic complex

Reaction step
and model

E/kJ mol–1 A/s–1 n Kcat

A�B Fn 160.5 3.0�1023 6.4531 0.00

C�D Cn 115.6 7.4�108 9.4128 18.38

D�E Cn 160.4 1.3�108 1.5620 6.619

E – activation energy, A – preexponential factor,

n – reaction order, Kcat – catalysis constant



of xerogel is defined as the 5% decomposition of lu-

minescent europium complex. According to Fig. 6,

there is about 12% mass loss at the short beginning

time, due to the dehydration. The mass retained after

the decomposition of europium organic complex is

about 58%. The 5% of the decomposition of organic

complex is the mass loss of 1.5% in the TG curve, so

the lifetime of organic complex doped xerogel is pre-

dicted at the mass retained of 86.5%. The lifetime val-

ues of xerogel at different temperatures are listed in

Table 2. It is observed that the xerogel can find appli-

cation at near room temperature, and at higher

temperature, the lifetime is very sensitive to the minor

change of temperature.

Conclusions

The decomposition of the xerogel occurs in three

steps. With multivariate non-linear regression

method, the overall decomposition process below

600°C is fitted by two independent routes: The one is

the dehydration (Fn model), and the other is a two-

step consecutive reaction (both steps are Cn model).

The lifetime values of xerogel at different tempera-

ture (predicted by the 5% decomposition of europium

organic complex) indicate that the xerogel can find

application at near room temperature, and at higher

temperature, the lifetime is very sensitive to the minor

change of temperature.
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Table 2 The lifetime values of xerogel at different tempera-
tures

T/°C Lifetime/h T/°C Lifetime/h

65 16650 90 982

70 9150 95 585

75 5100 100 353

80 2900 105 215

85 1675 110 133

Fig. 6 The isothermal decomposition behavior of xerogel at

different temperatures
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