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Abstract The improvement of operational lifetime and

efficiency of organic light-emitting devices has stimulated

many studies focused on the mechanisms responsible for

their degradation. Such instabilities can be induced by

several factors such as (i) current flow and heating, (ii)

chemical reactions, (iii) self-conversion of the charge

transporting molecules to cation, anion, and/or radical

species. This work aims at investigating the thermal sta-

bility of rare-earth based tetrakis beta-diketonates com-

plexes like M[Eu(dbm)4] (M = Li?, TMPip?, and Morf?)

through TG technique coupled with FTIR. Preliminary

results show that Li[Eu(dbm)4]�4H2O complex presents no

degradation in its structure until 300 �C. However, evi-

dences of rapid thermal degradation of the other two

compounds have been found at temperatures lower than

100 �C, implying that these complexes could be degraded

during the thermal deposition process at relatively high

temperatures.
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Abbreviations

OLEDs Organic light-emitting devices

RE Rare-earth

RE3? Rare-earth ions

TG Thermogravimetry

FTIR Fourier Transform Infrared

DTG Derivative thermogravimetry

IR Infrared

k Wavenumber

Introduction

Over the last decade, organic light-emitting devices (OL-

EDs) have attracted great interest for their manifold

applications in different areas, varying from white lighting,

such as light bulbs replacement, to multicolor displays for

televisions and cell phones. An organic LED (OLED) is a

device composed of carbon-based films sandwiched

between two charged electrodes, a metallic cathode and a

transparent anode, usually glass. The OLEDs, generally,

consist of a hole injection layer, a hole transporting layer,

an emissive layer and an electron transporting layer. When

voltage is applied to the OLED cell, the positive and

negative charges injected from the electrodes recombine in

the emissive organic layer, resulting in electroluminescent

light. Several organic electroluminescent materials have

been developed, with a main focus on fluorescent mole-

cules and polymers [1, 2]. This kind of material, however,

exhibits emission spectra with a typical width of

100–200 nm, which is not well suitable for display
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applications. Pure red, green, and blue emissions are

required, and in this context, rare-earth (RE)-based com-

plexes are interesting candidates to be used for this purpose

[3–5].

Due to the intra f–f transitions of rare-earth ions (RE3?)

and their unique ligand-mediated energy transfer mecha-

nism, these ions present emission bands extremely sharp

when electronic transitions occur, resulting in almost

monochromatic and long-lifetime emission [6, 7]. Fur-

thermore, once both singlet and triplet excitons are

involved in the emission process and an efficient ligand-to-

metal intramolecular singlet–triplet-rare earth ion energy

transfer is operative, RE3? can theoretically reach 100%

quantum efficiency, which is four times higher than that of

similar devices based on fluorescent materials.

In particular, RE3? complexes with beta-diketonate

ligands show intense photoluminescence [8] and electro-

luminescence [9, 10]. This is a consequence of the high

absorption of the beta-diketonate species and its efficient

energy transfer [11–13]. On the whole, the beta-diketonate-

based OLEDs utilize neutral complexes which have three

beta-diketonate ligands, with the general formula [RE(beta-

diketonate)3]. The insertion of a fourth beta-diketonate

ligand and a counter-cation to achieve electric neutrality

originates the tetrakis beta-diketonate complex, a system

that has the first coordination sphere saturated. In this case,

an improvement on light absorption by the antenna effect is

expected [14].

Organic light-emitting devices based on RE3? complexes

are typically fabricated by vacuum vapor deposition tech-

nique, limiting the utilization for those complexes which do

not present good thermal stability [15, 16]. In fact, the thin

film deposition of these compounds requires their thermal

heating up to temperatures of the order of 100–200 �C.

Therefore, the investigation of the different thermal degra-

dation processes which can occur in these complexes is

fundamental to avoid their decomposition during the depo-

sition, which can jeopardize the whole device.

The study of the decomposition of rare-earth complexes

can be particularly difficult since their degradation can

form various gaseous products and can present a number of

decomposition steps in thermogravimetry (TG) experi-

ments. The study of thermal stability by means of TG

allows obtaining thermal decomposition data for further

comprehension of the phenomenon and understanding the

material performance. Coupling a TG instrument with a

sophisticated gas analyzer such as an FTIR produces a

powerful analytical technique that gives information with

regard to the weight loss with respect to time and tem-

perature, decomposition kinetics and functional group

composition [17].

In this work, the investigation of thermal stability of

novel tetrakis(beta-diketonates) complexes with general

formula M[Eu(dbm)4] (M = Li?, TMPip?, and Morf?)

through TG technique coupled with FTIR is presented and

discussed.

Based on measurements, the TMPip[Eu(dbm)4] (trime-

thypiperidinium tetrakis(dibenzoylmethanato)europate(III))

and Morf[Eu(dbm)4] (morpholinium tetrakis(dibenzoyl-

methanato)europate(III)) complexes show degradation start-

ing from 70–90 �C, while the Li[Eu(dbm)4]�4H2O (lithium

tetraaquatetrakis(dibenzoylmethanato)europate(III)) shows

a better thermal stability without degradation until 300 �C.

These results indicate that the tetrakis-beta-diketonates com-

plexes with organic counter-cation (TMPip? and Morf?) are

very sensitive to temperature and cannot be used for ther-

mally deposited organic layers involving temperatures

higher than 100 �C.

Experimental details

Rare-earth based tetrakis (beta-diketonates) complexes like

M[Eu(dbm)4] (M = Li?, TMPip? and Morf?) were pre-

pared by the method described in a previous work [18] and

used without further purification and without pre-treatment

before performing the TG experiments. Schematic draws of

those complexes are shown in Fig. 1. The percentage wt/wt

calculated of the water and chemical elements present in

each complex is presented in Table 1 [18].

Eu3+

-

M+

H3C

H3C

CH3

CH3N
H

O

N
H

TMPip Morf

Fig. 1 Schematic structure of the rare-earth based tetrakis (beta-

diketonates) complexes M[Eu(dbm)4] (M = Li?, TMPip?, and

Morf?)

Table 1 Percentage wt/wt calculated of the water and chemical

elements present in each complex

Chemical

element

Percentage wt/wt calculated/%

Li[Eu(dbm)4]�
4H2O

TMPip[Eu(dbm)4] Morf[Eu(dbm)4]

Carbon 64.1 69.8 67.8

Hydrogen 4.7 5.4 4.8

Oxygen 17.1 10.8 12.71

Nitrogen 0.0 1.2 1.2

Europium 13.5 12.8 13.4

Lithium 0.6 0.0 0.0

Water 6.4 0.0 0.0
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Thermogravimetry/derivative thermogravimetry curves

and infrared spectra were obtained by a TG/DSC 1 Mettler-

Toledo coupled to a FTIR Nicolet 6700 Thermo Scientific.

Samples of 10 mg were loaded in Al2O3 pans and mea-

sured in the temperature range of 25 to 800 �C with a

heating rate of 5 �C min-1 under nitrogen dynamic

(50 mL min-1). Infrared spectra with spatial resolution of

4 cm-1 were periodically collected during the entire run.

For the thin film deposition, Eu3? complexes were

deposited by thermal evaporation in tungsten crucibles

with a controlled growth rate of about 0.1–0.3 nm s-1

under high vacuum and with a base pressure around

9 9 10-6 Torr. The photoluminescent spectra of the

deposited thin films were recorded at room temperature

with a Photon Technology International fluorescence

spectrophotometer.

Results and discussion

Thermogravimetry (TG)

Thermal analyses of the complexes were carried out

through TG/DTG techniques. Experimental results

revealed that the thermal degradation of the three com-

plexes occurred in multiple stages, following a complex

mechanism with four or five decomposition stages, as can

be seen in Fig. 2.

TG curve for Li[Eu(dbm)4]�4H2O complex (Fig. 2b)

presents four main stages of mass loss and two minor ones.

At the first stage (up to 100 �C), there is about 8% of mass

loss possibly corresponding to adsorbed water and weakly

bound water. This inference comes from FTIR spectrum

that shows an increase of relative intensities of bands

assigned to vibrations of OH bonds (around 1500 and

3500 cm-1) between 28 and 96 �C (Fig. 3a) and is also in

accordance with water percentage wt/wt calculated (6.5%)

for Li[Eu(dbm)4]�4H2O complex (Table 1). Between 100

and 300 �C, the curve remains practically stable. At about

300 �C, a second event of mass loss begins. From this

point, the weight loss is attributed to thermal degradation

of the complex as indicated by the increase in relative

intensity of the absorption band corresponding to C=O

double bonds, between 2250 and 2500 cm-1 in FTIR

spectra—Fig. 3b and c, and probably due to CO2 emis-

sions. According to DTG curve (Fig. 2b), the maximum

degradation occurs at around 420 �C, with 43% of mass

loss. The second event of thermal degradation, with 23% of

total mass loss, occurs at around 540 �C. Finally, the last

stage of degradation, corresponding to 8% mass loss,

involves three smaller events starting, respectively, at

around 660, 700, and 750 �C. Completed the analysis, a

residual mass at about 18% was observed if compared to

the initial mass of the sample.

For TMPip[Eu(dbm)4] and Morf[Eu(dbm)4] compounds

(Fig. 2c, d), initial water loss is hardly observed; the sec-

ond of them, for instance, presents only 2% of initial mass

loss associated with adsorbed water. However, from 100 to

800 �C, a continuous degradation of both complexes

through various stages of thermal decomposition was

observed. This result is confirmed by the absorption spectra

obtained from evolved gases, in which the continuous

increase in CO2 gas emission is evidenced, as before, by

the increased relative intensity of C=O band between 2250
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Fig. 2 TG/DTG curves for

complexes obtained under

dynamic atmospheres of N2

(50 mL min-1) in the

temperature range of 25 to

800 �C with a heating rate of

5 �C min-1: a TG curves of all

complexes;

b Li[Eu(dbm)4]�4H2O complex;

c TMPip[Eu(dbm)4] complex;

d Morf[Eu(dbm)4] complex
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and 2500 cm-1 (Fig. 3b, c). The similar thermal behavior

confirms the low thermal stability of these compounds. In

the TG/DTG curves, five events related to the thermal

degradation of both materials have been observed.

Table 2 presents the initial temperature (Ti), the maxi-

mum temperature (Tmax) and the final temperature (Tf) of

degradation for each thermal event with its corresponding

mass loss. The final residual mass of each sample at the end

of the experiment is also reported. The Morf[Eu(dbm)4]

complex ended up being slightly less stable, with lower

initial temperatures of degradation. Probably, this lower

degradation temperature is due to the presence of adsorbed

water and oxygen in its structure, as shown in the FTIR

spectra. In addition, in all the studied complexes, the first

decomposition step corresponds to the loss of the coordi-

nated water and/or CO2 in the temperature range of

25–150 �C. Other decomposition steps, at 150–450 �C

temperature range, involve the removal of some terminal

and/or integral parts in all ligands [19].

The final degradation step (centered around 500–600 �C)

involves removal of ions. The high percentage of intact

residue in all complexes—about 18 to 19% of original

mass—may be possibly associated with the stability of the

coordination sphere around europium atom with other
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Fig. 3 IR absorption spectra for

the complexes in the range of

650–4000 cm-1 and at different

temperature of TG analysis:

a Li[Eu(dbm)4]�4H2O;

b TMPip[Eu(dbm)4];

c Morf[Eu(dbm)4]
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residues, as indicated for europium percentage wt/wt cal-

culated for different complexes (Table 1).

FTIR analysis

Figure 3 shows FTIR absorption spectra for all the three

complexes and at different temperatures of TG analysis.

For each time (or temperature), the measurement of the IR

absorption of the evolved gases was performed, allowing

the identification of the type of the chemical bonds or

functional groups present in these gases.

According to Fig. 2 (TG/DTG), the maxima of the gen-

erated volatile products can be found in the corresponding

spectra of Fig. 3. These maxima are coincident with the

maxima of absorbance observed in the scale of relative time

of: (a) Li[Eu(dbm)4]�4H2O complex—0, 882, 2938, 3960 s

(first step at around 28, 96, 268, and 350 �C, respectively),

5100 s (second step, at around 450 �C) and 6240 s (third

step, at around 550 �C); (b) TMPip[Eu(dbm)4] complex—0,

1560 s (first step at around 25 and 153 �C, respectively),

2580 s (third step, at around 239 �C), 3300, 4500 s (fourth

step at around 300 and 403 �C, respectively) and 5580,

6000 s (fifth step at around 490 and 525 �C, respectively);

(c) Morf[Eu(dbm)4] complex—0 s (first step at around

27 �C), 1680 s (second step at around 157 �C), 25800 s

(third step at around 239 �C), 3300 and 4680 s (fourth step,

at around 300 and 416 �C, respectively), 5580 and 6000 s

(fifth step at around 490 and 525 �C, respectively).

Analysis of the different IR spectra obtained in Fig. 3a

for the Li[Eu(dbm)4]�4H2O complex reveals the existence

of absorption bands in the range of 3130–2990 cm-1 cor-

responding to the C–H bonds and in the range of

2400–2230 cm-1 due to CO2 concentration in the system.

At around 450 �C, it is possible to observe the appearance

of two peaks centered at about 1260 [20] and 757 cm-1

[21]. These peaks can be related to the deformation mode

and metal–oxygen stretching mode for the OH and Eu?3,

respectively. Above 550 �C, a decrease in the band inten-

sities and the appearance of two strong bands in the range

of 2264–2034 cm-1 suggest the cracking of CO bonds

present in the complex. Up to 700 �C, the IR spectrum

shows the formation of higher amounts of CO2 and CO.

This step could be related to the decomposition of mineral

matter. On the other hand, downward peaks, occurring in

the spectra, correspond to the decrease in free water con-

centration—due to poor purge—initially present in the

system.

Figure 3b shows absorption spectra corresponding to the

gases obtained for the TMPip[Eu(dbm)4] complex. The

analysis of these spectra shows the existence of many

common bands, with the main differences in the

4000–650 cm-1 range. A noticeable increase of the peak at

Table 2 Initial temperature (Ti), maximum temperature (Tmax), final temperature (Tf) of degradation for each event and its corresponding mass

loss and the final residual mass for all complexes studied

Decomposition events Li[Eu(dbm)4]�4H2O TMPip[Eu(dbm)4] Morf[Eu(dbm)4]

Ti/8C Tmax/8C Tf/8C Mass loss/% Ti/8C Tmax/8C Tf/8C Mass loss/% Ti/8C Tmax/8C Tf/8C Mass loss/%

First 28 100 8 92 150 157 10 73 95 118 2

Second 300 420 460 43 157 205 215 8 118 159 168 7

Third 460 540 600 23 215 224 283 8 168 235 265 15

Fourth 660 780 8 283 405 415 26 265 405 415 30

Fifth 415 506 600 25 415 506 600 25

Residual mass at 800 �C/% 18 19 19
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Fig. 4 Comparison between the

photoluminescence spectra of

thin films of the three Eu-based

tetrakis-beta-diketonate

complexes with that of the tris-

beta-diketonate

Eu(dbm)3(dmso) complex. The

detail shows a region where the

differences are more evident
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2360 cm-1, corresponding to CO2, can be observed, as

well as the appearance of absorption bands in the region of

672 and 3750–3550 cm-1 corresponding to the water

bending mode [20] and OH and NH functional groups

stretching modes which are present in the complex. Fur-

thermore, the absorption bands present in the IR spectrum

at around 28 �C corresponding to the first decomposi-

tion step are similar to those present at 745 �C—for

the last decomposition stage. This result indicates that

TMPip[Eu(dbm)4] complex is unstable just above room

temperature.

Finally, Fig. 3c shows the IR spectra corresponding to

all decomposition stages observed in the Morf[Eu(dbm)4]

complex. These spectra show the continuous formation of

free water and water loosely bound to complex and CO2 in

the regions of 3750–3550 and 2400–2230 cm-1, respec-

tively. In this compound, the shape and the energy of the

absorption bands is close to that of TMPip[Eu(dbm)4]

complex. In addition, at about 400 �C, there was an

increase of the emission coupled to absorption bands in the

IR spectra. This emission suggests that this compound is

chemiluminescent on oxidation, with reasonable efficiency.

The chemiluminescent process can thus be due to excited

carbonyl fragments emitters [22].

The lower thermal stability of Morf[Eu(dbm)4] and

TMPip[Eu(dbm)4] complexes can be also observed when

thin films of these materials are thermally deposited onto

quartz substrates in high vacuum environment. When

excited with k = 360 nm, their photoluminescence spectra

show the typical sharp lines of the Eu ion transitions

(Fig. 4).

A thorough analysis, however, reveals that the

Li[Eu(dbm)4]�4H2O spectrum (dashed line in Fig. 4) does

not match those of the Morf and TMPip complexes very

well (solid lines in Fig. 4). On the other hand, these spectra

overlap almost perfectly with the spectrum of the tris-beta-

diketone Eu(dbm)3(dmso) complex (where dmso = methyl

sulfoxide), dashed-star line in Fig. 4. This can be an indi-

cation that during the thermal deposition, the Morf and

TMPip tetrakis complexes undergo a thermal degradation

resulting in the more stable tris-species. This does not

happen for the Li[Eu(dbm)4]�4H2O, which is thermally

more stable, as the TG-FTIR measurement indicates.

Conclusions

The TG-FTIR results suggest that Li[Eu(dbm)4].4H2O

complex is thermally more stable than the other two tet-

rakis-beta-diketonate complexes since it shows no degra-

dation events until *300 �C. This is an indication that the

metallic Li? counter-cation is strongly linked to the rare-

earth based complex, allowing the utilization of this

compound in OLEDs fabrication. Conversely, Mor-

f[Eu(dbm)4] and TMPip[Eu(dbm)4] complexes present a

lower thermal stability, evidenced by significant mass loss

at low temperatures (in the range of 100–200 �C) and by

the increase of the bands related CO2 emissions present in

their FTIR spectra. One may conclude that the counter-

cations Morf? and TMPip? are weakly linked to the rare-

earth complex and would possibly degrade during the

thermal deposition process at relatively high temperatures.

The preliminary photoluminescence measurement seems to

indicate that the degradation can lead to change the tetra-

kis-species in the more stable tris.
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