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a b s t r a c t

Novel fluorescent composite nanofibers of the europium complexes Eu(DBM)3(Bath)
(DBM = dibenzoylmethanato, Bath = bathophenanthroline) or Eu(DBM)3(Phen) (Phen = 1,10-
phenanthroline) and polyacrylonitrile (PAN) are prepared by electrospinning. The thermal-stability,
photo-stability and photoluminescence properties of these composite nanofibers are studied in com-
parison to that of the pure europium complexes in detail. The results indicate that, after incorporating
eywords:
lectrospinning
uropium complexes
olyacrylonitrile (PAN)
hotoluminescence

europium complexes into the polymer matrix, the site symmetry of the coordination sphere for the
Eu3+ ions decreases, which makes the excitation bands of the composite nanofibers split into two
different components. But the PAN can provide a rigid environment for the europium complexes, so
the thermal-stability and photo-stability of composite nanofibers are considerably improved. Most
importantly, the luminescent quantum efficiency and luminescence lifetime of the composite nanofibers

nt. In
e form
are of great improveme
composite nanofibers, th

. Introduction

Europium complexes have characteristic luminescence proper-
ies and give sharp, intense emission lines upon ultraviolet light
rradiation due to the effective excitation energy transfer from
he surrounding organic ligands to the central metal ions (the so-
alled antenna effect) [1]. However, they have so far been excluded
rom practical applications in tunable solid-state laser or phosphor
evices because of their poor thermal-stability, low mechanical
trength [2] and severe self-quenching [3]. Over the years consid-
rable efforts have been devoted to overcome these shortcomings,
ncluding using the sol–gel method and hydrothermal synthesis
rocess to incorporate europium complexes into organic, inor-
anic and organic/inorganic hybrid matrixes, such as zeolites or
esoporous materials [4–6], sol–gel silica or organically modified

ilicates (ORMOSIL) [7–10], and polymers [11–15]. However, using
simple and effective method to overcome these shortcomings is

till a very challenging task.
Since the first description of an electrospinning setup in 1934

16], it has proven to be a simple, versatile and cost-effective

pproach for fabricating long, continuous fibers from a variety
f materials, such as polymers [17–20], inorganic [21–24], and
ybrid (organic–inorganic) compounds [25–27]. The collected non-
oven fibers show many exciting characteristics such as large

∗ Corresponding authors. Tel.: +86 431 88499845; fax: +86 431 88499845.
E-mail address: yangqb@jlu.edu.cn (Q. Yang).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.09.002
addition, compared Eu(DBM)3(Bath)/PAN with Eu(DBM)3(Phen)/PAN
er exhibit superior properties.

© 2009 Elsevier B.V. All rights reserved.

surface area to volume ratio, excellent flexibility, and superior
mechanical performance. Therefore, the study and utilization of
electrospun nanofibers have attracted much attention in recent
years. However, electrospinning of nanofibers from europium com-
plex/polymers has not received much attention yet [28–31]. In
fact, the electrospinning route, because of the room-temperature
synthesis and the europium complexes without suffering ther-
mal degradation, is particularly suitable for incorporation of
europium complexes into nanofiber films. The most fascinating
advantage of electrospinning is that the polymers used as the
matrixes can stabilize the europium complexes [28–30]. As the
europium complexes are surrounded with polymers, the stabiliza-
tion strongly depends on the properties of polymer matrices [30].
Known by their excellent properties of good mechanical strength,
thermal-stability and high dielectric constant desirable for elec-
trospinning, polyacrylonitrile (PAN) is an excellent candidates for
many potential applications, such as catalyst supports and batteries
[32,33].

In this paper, PAN is, for the first time, applied as polymer
matrixes to stabilize the europium complexes and electrospun
into Eu(DBM)3(Bath)/PAN and Eu(DBM)3(Phen)/PAN composite
nanofibers. The photoluminescence properties of europium com-
plex/PAN composite nanofibers are studied in comparison to that

of the relevant pure europium complex in detail. It is significant to
observe that the thermal-stability, the photo-stability, the fluores-
cence lifetime and luminescent quantum efficiency of the europium
complex composite fibers are of great improvement over that of
those pure europium complexes.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yangqb@jlu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.09.002
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. Experimental

.1. Materials

Eu(DBM)3(Phen) and Eu(DBM)3(Bath) were synthesized according to the tradi-
ional method described in the literature [34]. Polyacrylonitrile (PAN, Mw = 100,000)
as provided by Jilin Chemical Industry Co. (China). And N,N-dimethylformamide

DMF) was supplied by Beijing Chemicals Co. (China). In all experiments, the
hemicals were analytical grade and all reagents were used without any further
urification.

.2. Preparation

0.2 g PAN was dissolved in 1.8 g DMF at room temperature, with vigorous
tirring for 24 h. Then europium complexes [Eu(DBM)3(Phen) or Eu(DBM)3(Bath)]
ere added into the solution with stirring for 2 h, respectively. The above different

uropium complexes/PAN (3.5 wt% europium complex relative to PAN) homoge-
eous solutions were formed. The electrospinning procedure reported previously
as used to prepare nanofibers. Europium complex/PAN solution was put into a
ozzle (the i.d. is 1.2 mm) and electrospun by applying 16 kV at an electrode distance
f 18 cm. The fibers were collected on an aluminum frame.

.3. Characterization

Field emission scanning electron microscope (FESEM, XL30, FEI) and flu-
rescence microscope (BX51T-3200, Olympus) were applied to observe the
orphologies of nanofibers. Thermogravimetric analysis (TGA) was performed on
PerkinElmer Pyris Diamond thermal analyzer up to 1000 ◦C under nitrogen atmo-

phere at a heating rate of 10 ◦C/min. The fluorescence excitation and emission
pectra were obtained with a Hitachi F-4500 spectrophotometer equipped with a
50 W xenon lamp as the excitation source. Luminescence lifetimes were measured
ith 355 nm light from an Nd3+:YAG (yttrium aluminum garnet) laser combined
ith a third-harmonic generator was used as the pump. An oscilloscope was used

o record the decay dynamics.

. Results and discussion
.1. Morphology

Fig. 1(A–C) shows FESEM images of the various nanofibers. In
ll cases (A–C), the nanofibers are randomly oriented on substrate

ig. 1. FESEM images of pure PAN (A), Eu(DBM)3(Phen)/PAN nanofibers (B) and
u(DBM)3(Bath)/PAN nanofibers (D) and Eu(DBM)3(Phen)/PAN nanofibers (E, inset).
ompounds 488 (2009) 414–419 415

without any evidence of bead-on-string morphology, and their
lengths are several millimeters. The average diameters for pure
PAN, Eu(DBM)3(Phen)/PAN and Eu(DBM)3(Bath)/PAN nanofibers
are ∼152, 252 and 292 nm, respectively. It is well known that
many factors influence the diameters and morphology of the
electrospun nanofibers, such as solution concentration, applied
voltage, solution velocity, tip-to-collector distance, and solution
properties (polarity, surface tension, and electric conductivity, etc.).
Among them, the polymer concentration is a key factor influencing
the viscosity of the polymer solution, which plays an impor-
tant role in the process of electrospinning. So we investigated
the viscosity of the solution before and after adding europium
complexes. Before adding europium complexes, the viscosity of
the PAN/DMF solution is 300 mPa·s. After adding Eu(DBM)3(Phen)
and Eu(DBM)3(Bath) complexes, the viscosity of the solution is
3300 and 3500 mPa s, respectively. Apparently, with the europium
complexes adding to the PAN/DMF solutions, the viscosity of
the solutions increased, which lead to the greater nanofiber
diameter. The fluorescence microscopy images of europium com-
plexes/PAN composite nanofibers (Fig. 1D and 1E) show bright red
emission of Eu(DBM)3(Bath) and Eu(DBM)3(Phen), proving that
Eu(DBM)3(Bath) and Eu(DBM)3(Phen) were capped in the PAN
matrix in the nanofibers, respectively.

3.2. Thermogravimetric analysis (TGA)

TGA has been used to characterize the thermal-stability of the
all samples. Fig. 2 shows the TGA curves for the all samples. It can
be observed that there appeared two steps of weight loss below

1000 ◦C from composite fibers (Fig. 2B and D). The first step of
weight loss below 280 ◦C is due to the loss of residual solvent
[35], and this is followed by a weight loss peak at 540 ◦C (approx-
imately 28%, Fig. 2B) and at 510 ◦C (approximately 45%, Fig. 2D)
which may be ascribed to the thermal decomposition of composite

Eu(DBM)3(Bath)/PAN nanofibers (C), and fluorescence microscopy images of
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Table 1
Photoluminescent data of pure Eu(DBM)3(Bath) (A), Eu(DBM)3(Bath)/PAN compos-
ite fibers (B), pure Eu(DBM)3(Phen) (C) and Eu(DBM)3(Phen)/PAN composite fibers
(D).

Systems A B C D

�00 (cm−1)a 17,319 17,325 17,319 17,325
�01 (cm−1)a 16,982 16,972 16,989 16,700
�02 (cm−1)a 16,393 16,393 16,399 16,393
�03 (cm−1)a 15,399 15,427 15,418 15,423
�04 (cm−1)a 14,294 14,298 14,282 14,314
I00

b 2,160 468 1,019 543
I01

b 5,433 1,061 2,582 1,273
I02

b 56,158 9,165 27,004 10,743
I03

b 618 99 304 138
I04

b 189 47 85 41
I02/I01 10.34 8.64 10.46 8.44
� (ms)c 0.29 0.458 0.29 0.424
Ar (s−1) 613.1 526.6 619.6 508.3
Anr (s−1) 2,835.2 1,658.8 2,828.7 1,850.2
� (%) 17.8 24.1 17.9 21.6

3.3. Fluorescence spectrum

F
fi

ig. 2. TGA traces of the pure Eu(DBM)3(Bath) (A), Eu(DBM)3(Bath)/PAN nanofibers
B), pure Eu(DBM)3(Phen) (C) and Eu(DBM)3(Phen)/PAN nanofibers (D).

bers. For pure europium complexes (Fig. 2A and C), the decom-
osition temperatures are about 350 and 280 ◦C, respectively. It is
bvious that the thermal-stabilities of europium/PAN composite
bers are better than that of the europium complexes. The bet-
er thermal-stability can be attributed that the rigid PAN matrixes
rovide rigid environment for the europium complex, which makes
he europium complex more stable. Therefore, in order to improve

he thermal-stability of europium complexes, it is a feasible way to
se a polymer with good thermal-stability as the matrix. In addi-
ion, compared with the weight loss (from 28% to 45%) and Td
from 540 to 510 ◦C) of composite fibers, the decomposition point

ig. 3. Excitation spectra (�em = 610 nm) and emission spectra (�ex = 365 nm) for the 5D0 →
bers (B), pure Eu(DBM)3(Phen) (C) and Eu(DBM)3(Phen)/PAN composite fibers (D).
a Energies of the 5D0–7FJ transitions (�0J).
b Integrated intensity of the 5D0–7FJ emission curves.
c For 5D0–7FJ transition of Eu3+.

of Eu(DBM)3(Bath)/PAN composite fibers is higher than that of
Eu(DBM)3(Phen)/PAN composite fibers, indicating that the former
exhibit superior thermal-stability.
The luminescence behaviors of the all samples have been inves-
tigated at 298 K. The excitation and emission spectra are given in
Fig. 3, and the detailed luminescent data are shown in Table 1.

7FJ transitions of Eu3+ in pure Eu(DBM)3(Bath) (A), Eu(DBM)3(Bath)/PAN composite
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s shown in Fig. 3, every excitation spectra which was obtained
y monitoring the emission wavelength of the europium ions at
10 nm exhibits a broad excitation band from 300 to 500 nm, which
an be assigned to the �–�* transitions of conjugated double bonds
n the aromatic �-diketonate dibenzoylmethane (DBM) ligands
36]. However, there are two differences between pure complexes
nd composite fibers. First, the maximum excitation wavelength
hifts from 403 to 358 nm for Eu(DBM)3(Bath) (Fig. 3A and B) and
rom 412 to 357 nm for Eu(DBM)3(Phen) (Fig. 3C and D), respec-
ively. The blue shift of the excitation bands ascribes that due to
he existence of the surrounding PAN media, the site symmetry of
he coordination sphere for the Eu3+ ions decreases [37]. Second,
n the pure complexes the 7F0–5D2 excitation line appears, while
n the composites the line disappears, which suggests that in the
omposites the f–f inner-shell transitions are quenched through the
onradiative energy transfer from the higher excited states to some
ncertain defect levels, substituting for the nonradiative relaxation
o 5D0 [30].

From the emission spectra (Fig. 3A–D), characteristic emission
eaks of the europium ion are observed and which are assigned to
he transitions 5D0 → 7F0 (578 nm), 5D0 → 7F1 (590 nm), 5D0 → 7F2
610 nm), 5D0 → 7F3 (650 nm) and 5D0 → 7F4 (700 nm) with the
D0 → 7F2 transition at 610 nm being the dominant emission peak.
s is known, the 5D0 → 7F1 transition is a magnetic-dipolar transi-

ion and is insensitive to the local structure environment, whereas
he 5D0 → 7F2 transition is an electric-dipolar transition and is sen-
itive to the coordination environment of the europium ion. So
he intensity (the integration of the luminescent band) ratio of the
D0 → 7F2 transition to the 5D0 → 7F1 transition can be used as a
eference to compare different chemical environment of europium
omplex, that is, it can be used as an indicator of Eu3+ site symme-
ry [38]. The 5D0 → 7F2/5D0 → 7F1 intensity ratios for all materials
re listed in Table 1. These results suggest that, incorporating
u(DBM)3(Bath) and Eu(DBM)3(Phen) into PAN decreases the sym-
etry of the coordination environment for Eu3+ ions.

.4. Photoluminescence stability

The instability of rare complexes under UV irradiation is one
f the problems for their practical application. To compare the
hotoluminescence stability of the electrospun nanofibers with
hat of the pure europium complexes, ultraviolet light irradiation
nduced spectral changes were studied and the decay curves of the
D0 → 7F2 emission band as a function of irradiation time were
iven in Fig. 4. As shown in Fig. 4, the emission intensity in the
ure complexes (A and C) decreases remarkably with the increas-

ng exposure time, whereas in the composite nanofibers (B and D)
he fluorescence intensity is weakened with a slower rate of decline
han for pure complexes. So incorporating europium complexes
nto PAN electrospun nanofibers could improve the photolumines-
ence stability under UV irradiation. The possible reason is that the
AN polymer can provide a more relatively rigid environment for
he complexes to reduce the energy consumption on vibration of
igands and intermolecular collision of the complexes [30]. Thus,
he PAN matrixes can protect the complexes from decomposing
nder UV irradiation. In addition, compared the photolumines-
ence stability of the Eu(DBM)3(Bath)/PAN nanofibers with that
f Eu(DBM)3(Phen)/PAN nanofibers, the former exhibits superior
hotoluminescence stability.

.5. Luminescence decay times and luminescent quantum

fficiency

Fig. 5 shows the time-resolved intensity-decay curves for the
arious samples monitored at the 5D0 → 7F2 transition (610 nm) of
u3+ ion at room temperature. The fitting parameters of these decay
Fig. 4. Dependence of normalized intensity at 610 nm on irradiation time in pure
Eu(DBM)3(Bath) (A), pure Eu(DBM)3(Phen) (B), Eu(DBM)3(Phen)/PAN nanofibers (C)
and Eu(DBM)3(Bath)/PAN nanofibers (D). The samples were irradiated with 355 nm
light.

curves are summarized in Table 2. These results clearly show that
the time-resolved intensity decay of the pure europium complexes
could be fitted to a single-exponential decay curve. However, the
time-resolved intensity decay of the composite nanofibers could
be fitted very well to bi-exponential decay curve [39]. And it is
obvious that the fluorescent lifetimes of composite fibers increase
significantly as compared with the pure europium complexes.
Besides, the lifetime of Eu(DBM)3(Bath)/PAN composite fibers is
much higher than that of Eu(DBM)3(Phen)/PAN composite fibers.
All these data indicate that when the europium complexes are
dispersed in the PAN matrixes, the matrixes may bestow a cer-
tain degree of protection on the europium complexes and organic
polymeric chain can enhance the luminescence stability of the
europium complexes [40].

In fact, the lifetime of 5D0, � is dominated by the radiative tran-
sition rate of 5D0 →

∑
7FJ, Ar, and the nonradiative decay rate Anr,

which can be written as: [10,38,41–47]

�exp = (Ar + Anr)
−1 (1)

Here Ar can be obtained by summing over the radiative rates A0J
for each 5D0 → 7FJ transitions of Eu3+ [10,38,41–47].

Ar =
∑

A0J = A00 + A01 + A02 + A03 + A04 (2)

The branching ratio for the 5D0 → 7F5 and 5D0 → 7F6 transitions
must be neglected as they are not detected experimentally. There-
fore, we can ignore their influence in the depopulation of the 5D0
excited state [10,38,41–47].

As mentioned previously, since the 5D0 → 7F1 transition is a
magnetic-dipolar transition and is insensitive to the local structure
environment around the Eu3+ ion, and thus can be considered as an
internal reference for the whole spectrum, the experimental coef-
ficients of spontaneous emission, A0J can be calculated according to
the equation [10,38,41–47].

A0J = A01

(
I0J

I01

)(
�01

�0J

)
(3)

where �01 and �0J are the energy baricenters of the 5D0 → 7F1 and

5D0 → 7FJ transitions, respectively [45]. A01 is the Einstein’s coef-
ficient of spontaneous emission between the 5D0 and 7F1 energy
levels. Since in vacuum, the value of A01 can be determined to be
50 s−1 approximately (A01 = n3A01 (vacuum)) [38,46]. I is the emis-
sion intensity and can be taken as the integrated intensity of the
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ig. 5. Fluorescence decay curves of the 5D0 → 7F2 transitions (�em = 610 nm) in pur
u(DBM)3(Phen)/PAN nanofibers (D). Fit to a single-exponential or bi-exponential d

D0 → 7FJ emission bands [10,47]. Here the emission intensity, I,
aken as integrated intensity S of the 5D0 → 7F0–4 emission curves,
an be defined as below:

i−j = h̄ωi−jAi−j Ni ≈ Si−j (4)

here i and j are the initial (5D0) and final levels (7F0–4), respec-
ively, ωi–j is the transition energy, Ai–j is the Einstein’s coefficient of
pontaneous emission, and Ni is the population of the 5D0 emitting
evel.

Assuming that only nonradiative and radiative processes are
ssentially involved in the depopulation of the 5D0 state, � can be
efined as follows [10,38,41–47].

= Ar

Ar + Anr
(5)

o according to the radiative transition rate constant and
xperimental luminescence lifetime, quantum efficiency can be
alculated from the following equation

= Ar �exp (6)
n the basis of the above discussion, it can be seen the value �
ainly depends on the values of two quanta: one is lifetime and

he other is I02/I01. According to the emission spectra and lifetimes
f the 5D0 emitting level, the emission quantum efficiency (�) of the

able 2
ime-resolved intensity-decay constants for pure Eu(DBM)3(Bath) (A),
u(DBM)3(Bath)/PAN composite fibers (B), pure Eu(DBM)3(Phen) (C) and
u(DBM)3(Phen)/PAN composite fibers (D).

Systems A B C D

˛1 0.128 0.109 0.185 0.056
�1 (ms) 0.29 0.5 0.2 0.10
˛2 0.054 0.112
�2 (ms) 0.13 0.46
� (ms) 0.29 0.458 0.29 0.424
R2 0.9967 0.9998 0.9968 0.9998
BM)3(Bath) (A), Eu(DBM)3(Bath)/PAN nanofibers (B), pure Eu(DBM)3(Phen) (C) and
model is shown (solid line).

5D0 Eu3+ excited state can be determined and the detailed lumines-
cent data were shown in Table 1. As shown in Table 1, the quantum
efficiencies of pure europium complex and composite nanofibers
can be determined in the following order: Eu(DBM)3(Bath)/PAN
composite fibers > pure Eu(DBM)3(Bath) and Eu(DBM)3(Phen)/PAN
composite fibers > pure Eu(DBM)3(Phen), which are in agreement
with the order of lifetimes. In addition, compared with the
quantum efficiency of composite fibers, the quantum efficiency
of Eu(DBM)3(Bath)/PAN composite fibers is higher than that of
Eu(DBM)3(Phen)/PAN composite fibers, indicating that the former
exhibit superior luminescence properties.

4. Conclusions

We successfully prepared fluorescent europium complex/PAN
composite nanofibers by electrospinning. Owing to incorporat-
ing a polymer with good mechanical strength, thermal-stability
and high dielectric constant desirable for electrospinning, the
photoluminescence properties of europium complex/PAN com-
posite fibers were improved considerably in comparison to that
of the pure europium complex. The PAN polymer provides a
rigid environment to protect the pure europium complex from
decomposing under UV irradiation and high temperature. So the
thermal-stability and photo-stability of europium complex/PAN
composite fibers are much better than that of the pure europium
complexes. Most importantly, the luminescent quantum effi-
ciency and luminescence lifetime of the composite nanofibers
are of great improvement. Thus PAN is an ideal polymer matrix
to stabilize europium complexes. In addition, compared with

the Eu(DBM)3(Bath)/PAN and Eu(DBM)3(Phen)/PAN composite
nanofibers, the former exhibit superior properties than the latter.
The improvement of the properties, and the simple and versa-
tile preparing method endow europium complex/PAN composite
nanofibers with the potential application in tunable solid-state
laser or phosphor devices.
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