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Efficiently luminescent composite fibers of poly (vinyl pyrrolidone) (M,,= 1 300 000) and europium
complex Eu(TTA);(TPPO), (TTA is thenoyltrifluoroacetone; TPPO is triphenylphosphine oxide)
were prepared by electrospinning, with average diameters of 200—500 nm and lengths of several
tens of micrometers. Their photoluminescence properties were studied in comparison to the pure
Eu(TTA);(TPPO), complex. It was significant to observe that the thermal stability of
photoluminescence in the composite fibers was improved considerably over the pure complex.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2711380]

Lanthanide complexes have long been known to give
sharp, intense emission lines upon ultraviolet light irradia-
tion, because of the effective intramolecular energy transfer
from the coordinated ligands to the luminescent central lan-
thanide ions, which in turn undergo the corresponding radia-
tive emitting process (the so-called antenna effect).! How-
ever, the lanthanide complexes suffer low mechanical
strength, poor thermal stability, and low resistance to mois-
ture, which make them unsuitable for applications. In order
to overcome these problems, some work has been done to
disperse lanthanide complexes into polymer and inorganic
matrices.”® The development of organic-inorganic hybrid
materials has been the subject of extensive research in the
past decade because these systems are found to have the
advantage in many fields of applications as they combine
both inorganic and organic characters.” !

One-dimensional (1D) nanostructures have attracted
much attention in recent years due to their importance for
both fundamental studies and technological applications.12 A
large number of synthetic and fabrication methods have al-
ready been demonstrated for generating 1D nanostructures in
the form of fibers, wires, rods, belts, tubes, spirals, and rings
from various materials."? Among these methods, electrospin-
ning has attracted rapidly increasing attention as a simple
physical method for generating nanofibers. As a nonme-
chanical fiber drawing method, electrospinning involves the
stretching of a polymer solution (or melt) with electrostatic
forces. Electrospinning requires the use of an appropriate
solvent and polymer system to prepare solutions exhibiting
the desired viscoelastic behavior.

In this study, Eu(TTA);(TPPO),/PVP composite fibers
with intense brightness were prepared through electrospin-
ning [TTA is thenoyltrifluoroacetone, TPPO is triphenylphos-
phine oxide, and PVP is poly (vinyl pyrrolidone)]. Their lu-
minescence properties were studied in comparison to that of
the relevant pure europium complex. It is important to ob-
serve that the temperature dependence of the luminescence in
the composite fibers was considerably improved over the
pure europium complex below room temperature.
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Eu(TTA);(TPPO), was synthesized according to the
traditional method."* In the preparation of composite fibers,
an appropriate amount of PVP was dissolved in 10 ml etha-
nol solution at concentrations of 7, 9, and 12 wt %, respec-
tively. After stirring, Eu(TTA);(TPPO), with the same
weight was dissolved, respectively, into the prepared 7, 9,
and 12 wt % PVP ethanol solutions, corresponding to the
mass ratios of Eu(TTA);(TPPO), complex to PVP of 1:23,
1:30, and 1:40. They were stirred to be uniform. The final
solutions then were electrospun to be composite fibers of
Eu(TTA);(TPPO), complex and PVP. The schematic dia-
gram of the electrospinning setup is drawn in Fig. 1. It con-
sists of three major components: a high-voltage power sup-
ply, a spinneret (a needle), and a collector plate (a grounded
conductor). The voltage used for electrospinning was 14 kV.
In the following text, the pure Eu(TTA);(TPPO), complex
and Eu(TTA);(TPPO),/PVP composite fibers electrospun
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FIG. 1. Schematic diagram of the electrospinning setup and the SEM im-
ages of Eu(TTA);(TPPO),/PVP composite fibers: (a) sample B, (b) sample
C, and (c) sample D. (d) Image for sample C in a large scale.
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FIG. 2. Infrared absorption spectra of the pure Eu(TTA);(TPPO), complex
(sample A), the Eu(TTA);(TPPO),/PVP composite fibers (samples B, C,
and D) and the pure PVP fibers.

from 7, 9, and 12 wt % concentrations of PVP ethanol solu-
tion are labeled as samples A, B, C, and D, respectively.

The size and morphology of the composite fibers were
obtained by using an S-4800 scanning electron microscope
(Hitachi). The excitation and emission spectra were recorded
at room temperature using a Hitachi F-4500 spectrophotom-
eter. In the measurements of the temperature dependence of
photoluminescence the samples were placed in a liquid ni-
trogen cycling system (pellet). A continuous 325 nm light
from a He—Cd laser was used as excitation source. The fluo-
rescence was measured by an UV-Lab Raman Infinity (made
by Jobin Yvon Company) with a resolution of 2 cm™. In the
measurements of fluorescence dynamics, a 355 nm light gen-
erated from a Nd**: YAG (yttrium aluminum garnet) pulsed
laser combined with a third-harmonic generator was used as
pumping. An oscillograph was used to record the decay dy-
namics. The refractive indices of TTA and TPPO were mea-
sured by a spectroscopic ellipsometer (Jobin Yvon
HORIBA).

Figures 1(a)-1(c) show the scanning electron micro-
scope (SEM) image of fiber composite samples B, C, and D,
respectively. It can be seen that the average diameters for the
three samples are ~200, 400, and 500 nm, respectively. Ap-
parently, the diameters of the composite fibers increase with
the increase of PVP concentration. Figure 1(d) displays that
uniform and superlong nanowires are formed in sample C,
with lengths of several tens to hundreds of micrometers. The
composite fibers in the other samples yield similar lengths.

Figure 2 shows the Fourier transform infrared (FTIR)
spectra of the different samples. The Eu(TTA);(TPPO),
complex used to fabricate the composite fibers is a kind of
nonhydrated complex, which can be proven by the absence
of O-H stretching mode in the IR absorption spectrum for
the pure Eu(TTA);(TPPO), complex. The composite fibers
contain trace hydroxyl group due to the electrospun solution.
A broad band at 3400 cm™! appears in the composite fibers,
which is assigned to vibration of the associated hydroxyl
groups. The FTIR spectra of the composite fibers are similar
to that of the PVP fibers electrospun from the PVP ethanol
solution, suggesting that the europium complexes are capped
in the PVP matrix in the composite fibers.

The photoluminescence properties of the composite fi-
bers were studied and compared with that of the pure eu-
ropium complex. Figure 3(a) shows the photographs of the
different samples under the irradiation of the 365 nm Hg
lamp. From Fig. 3(a) we can see that the brightness of the
composites is very intense, although the concentration of the
europium complex in the samples is quite little. The photo-
luminescence quantum efficiencies of samples A, B, C, and
D measured by the integrating sphere method were 67.3%,
52.8%, 51.2%, and 49.2%, respectively. The little decrease
of quantum efficiency in the composites may be caused by
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FIG. 3. (Color online) (a) Photographs of the different samples under the
irradiation of 365 nm Hg lamp. (b) Excitation spectra (A.,,=611 nm) and
emission spectra (A, =340 nm) for the 5D0—7F , transitions of Eu** in the
different samples.

the influence of the hydroxyl group involved in the prepara-
tion. Figure 3(b) shows the excitation and emission spectra
of various samples. In the pure complex, a broad excitation
band extending from 200 to 400 nm appears, which is as-
signed to the 77" electron transition of the ligands. In the
composite, it is interesting to observe that the excitation band
is split into two components, having peaks at ~260 and
~340 nm, respectively. This indicates that in the composite
due to the existence of the surroundlng PVP media, the site
symmetry becomes lower."”” In addition, in the excitation
spectrum of the pure complex the 7FO-SD2 excitation line
appears, while in the composites the line disappears. This
suggests that in the composites the f-f inner-shell transitions
are completely quenched through the nonradiative energy
transfer from the higher excited states to some uncertain de-
fect levels, substituting for the nonradiative relaxation from
higher excited states to 5D

In the emission spectra the red °Dy-"F, (J=0,1,2) tran-
sitions are clearly observed. The emission lines in the com-
posites become broader over the pure complex, which is at-
tributed to heterogeneous broadening caused by more
disordered local environments surrounding Eu** ions.

The fluorescence decay curves of *D-'F, emissions for
Eu** under 355 nm excitation were measured at room tem-
perature, as shown in Fig. 4. It can be seen that the fluores-
cence decays exponentially for all the samples. The exponen-
tial lifetimes for the °D,, states are obtained to be 450 us in
sample A, 554 us in sample B, 520 us in sample C, and
500 us in sample D. It is obvious that the fluorescence life-
time for the 5DO state in the composite fibers becomes longer
than that in the pure europium complex.

In fact, the lifetime of - DO, 7, is dominated by the total
radiative transition rate of Do SF ;» W, and the nonradia-

Intensity (normalized)
=] - a
[ [

T
i 1000 2000 J000 4000
Time (ps)

FIG. 4. Fluorescence decay dynamics of the °D,-'F, transitions
(Aem=614 nm) in various samples (room temperature).
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FIG. 5. Dependence of emission intensity of the = >Dy-'F, transitions on
temperature.

tive decay rate W, which can be written as 7=[1/(W,
+W,)]. W, includes the nonradiative relaxation rate from
5D0 to lower 'F ; levels and nonradiative energy transfer rate
to the other defect centers. Generally, the nonradiative tran-
sition rate increases strongly with temperature, while the ra-
diative transition rate is nearly independent of temperature.
By measuring the temperature dependence (10—300 K), we
determined that the fluorescence lifetime of °D,, had little
variation on temperature, which implied that the nonradiative
relaxation rate could be neglected below room temperature
and the lifetime was dominated by the radiative transition
rate.'

In the composite, the refractive index surrounding Eu**
ions has changed in comparison to the pure complex, which
should have influence on the radiative fluorescence lifetime
of Eu**. The radiative lifetime can be written as

_ 1 Ag
" AED)[(13)(n2 +2)Pn”

TR (1)
where f(ED) is the oscillator strength for the electronic di-
pole transition, A is the wavelength in vacuum, and n is the
refractive index of the material. Meltzer et al. observed that
the radiative lifetime of Y,05:Eu®* nanocrystals depended
not only on the refractive index itself but also on the sur-
rounding medium. They deduced that in nanoparticles, n in
Eq. (1) should be substituted by the effective index n.g=xn
+ (1 =x)neq, Where x is the filling factor showing what frac-
tion of the space is occupied by the nanoparticles and .4 is
the refractive index of the surrounding media.'” In the com-
posite, the complexes are surrounded by PVP media. The
values of the refractive index are, respectively, 1.56 for TTA,
1.72 for TPPO, and 1.53 for PVP.'® The decreased refractive
index of the surrounding media (PVP) will lead n.; to be
smaller than n, inducing the increase of radiative lifetime.

To study the thermal stability of photoluminescence,
the temperature dependence of fluorescence intensity was
measured under the 325 nm excitation in various samples.
Figure 5 shows the dependence of the emission intensity
of °D,-"F, on temperature. It is obvious that the variation
of the emission intensity for the Eu** ion in the compo-
site fibers shows a remarkable difference related to that
in the pure complex. The emission intensity of the pure
Eu(TTA);(TPPO), complex powder decreases monotoni-
cally with the increasing temperature in the studied range. In
the Eu(TTA);(TPPO),/PVP composite fibers the total emis-
sion intensity of the Eu** ions changes little below the room
temperature, then it decreases quickly as temperature in-
creases continuously. In Fig. 5, the intensity as a function of
temperature can be well fitted by the well-known thermal
activation function'”

Appl. Phys. Lett. 90, 103103 (2007)

1M = 1 + ae E/KBT” @

where [, is the emission intensity at 0 K, « is the propor-
tional coefficient, E4 is the thermal activation energy, Ky is
Boltzmann’s constant, and 7T is the absolute temperature. The
values of E, in samples A, B, C, and D are, respectively,
40.3, 344.7, 202.6, and 317.4 meV. The improved value of
E, in the composite fibers suggests that the thermal stability
of the photoluminescence is much better than that in the pure
complexes. We suggest that in the composites, due to the
existence of PVP matrix, the vibrational transitions of the
complexes were restrained, leading to improved thermal sta-
bility of photoluminescence.

In summary, uniform and superlong Eu(TTA);(TPPO),/
PVP composite fibers were prepared by electrospinning and
their photoluminescence were studied. Due to the degenera-
tion of crystal field, the excitation bands were split into dif-
ferent components. The fluorescence decay time constants
for the °D,-'F, transitions became longer because of the
influence of the surrounding refractive index. The most im-
portant is that in the composite fibers, the temperature stabil-
ity of the photoluminescence became much better in com-
parison to the pure complex due to the modification by the
PVP matrix.
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