Colloid Polym Sci (2015) 293:2201-2208
DOI 10.1007/s00396-015-3614-8

ORIGINAL CONTRIBUTION

Electrospinning preparation, thermal, and luminescence
properties of Eu,(BTP);(Phen), complex doped in PMMA

Huiquan Gu' - Yanjun Hou' - Feng Xu' - Shuhong Wang?

Received: 20 January 2015 /Revised: 18 April 2015 / Accepted: 27 April 2015 /Published online: 3 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Different concentrations of bis-f3-diketonate com-
plex Eu,(BTP)3;(Phen), (BTP=1,3-bis(4,4,4-trifluoro-1,3-
dioxobutyl)-phenyl and Phen=1,10-phenanthroline) were
doped into the poly(methylmethacrylate) (PMMA), forming a
series of red Eu/PMMA luminescent nanofibers, via
electrospinning technology. Various characterization tech-
niques were employed to reveal the effect of Euy(BTP);(Phen),
on the morphology, thermal stability, and luminescence of
composite nanofibers. FT-IR spectra show the
Eu,(BTP);(Phen), complex was successfully doped into
PMMA. The luminescent spectra of the composite nanofibers
show strong characteristic emission of Eu®" ions. Simulta-
neously, in comparison with the precursor complex
Eu,(BTP);(Phen),, the Eu/PMMA nanofibers has a great im-
provement in thermal stability. Furthermore, the Judd-Ofelt
theory and simulative constructions of the complex are
employed to explain the effect of the dispersion of
Eu,(BTP)3;(Phen), and the interactions between the
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Introduction

Lanthanide ions have attracted considerable interest because
of their technological applications in amplifiers for optical
communications, optoelectronic, supramolecular, and lumi-
nescent probes for biological system and sensor uses [1].
However, the main disadvantage of lanthanide ions may be
their low extinction coefficients owing to the parity-forbidden
nature of the inner-shell f—f transition, necessitating the in-
corporation of chelating ligands that are strongly absorbing in
a process appropriately named the antenna effect [2]. Ideal
antenna ligands must be able to harvest light efficiently and
have a suitable T; energy for efficient energy transfer to the
emissive state of the Ln® " ions [3]. Many antenna ligands have
been developed for lanthanide complexes [4]. Among the
widely known ligands, the bis-3-diketonate ligand is one of
the important “antennas” which can effectively transfer the
intramolecular energy to the central ion [5]. However, another
drawback of lanthanide ions may be the efficient nonradiative
deactivation of their excited states by high energy oscillators
such as O-H bonds from solvent molecules (H,O) [6]. In order
to overcome this deficiency and improve the characteristics of
light emission, the solvent molecules were replaced by the
ancillary nitrogen ligands such as Phen, which has a high
efficiency of light absorption [7]. Additionally, the lanthanide
complexes also display weak mechanical properties and low
thermal stability in their original state, which limited their
applications in the fabrication of optical materials [8]. Hence,
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the complex will be incorporated into a matrix such as poly-
mers to improve thermal stability and mechanical properties
[9]. 1t is widely known that PMMA, one of the most ideal
candidate, provides a series of advantages for the development
of molecular materials, for instance, thermal and chemical
stability, flexibility, versatility and biocompatibility, which
can also influence the characteristic luminescence of Eu®* ions
[10, 11].

In addition, one-dimensional (1D) nanostructures have
attracted tremendous interest in recent years due to their
chemical, optical, and electrical properties [12]. By re-
ducing the number of defects per unit length, a 1D nano-
structure can render strong mechanical property that is
essential for its nanoscale manipulation and further mac-
ro applications [13]. 1D nanostructures can be prepared
by many methods such as template-directed methods
[14], vapor-phase methods [15], self-assembly [16] and
electrospinning [17], etc. Among the large number of
fabrication methods demonstrated to generate 1D nano-
structures, electrospinning has attracted rapidly increas-
ing attention as a straightforward and simple method
for forming inorganic superfine nanofibers from a
polymer/inorganic composite precursor [18]. In the pres-
ent work, the new complex/polymer composite material
formed from the bis-B-diketonate Eu®" complex were
electrospun to form 1D nanofibers which will lead to
significant flexibility, excellent optical properties, and
thermal stability [19].

In this paper, a series of Euy,(BTP)3;(Phen),/PMMA nano-
fibers were successfully prepared through electrospinning.
The effect of Eu,(BTP);(Phen), on the morphology and lumi-
nescence of composite nanofibers has been studied. The lumi-
nescent properties of the nanofibers were investigated in com-
parison with that of the precursor complex. The effect of the
dispersion of Euy(BTP);(Phen), and the interactions between
the Eu,(BTP);(Phen), molecules and neighboring chain seg-
ments of PMMA was also studied by the use of the Judd-Ofelt
theory.

Experimental section
Materials and solution properties

Poly (methyl methacrylate) (PMMA M,,=120 000) was ob-
tained from Tianjin Chemical Reagent Factory Damao (Chi-
na). N,N-dimethylformamide (DMF) purchased from Tianjin
Chemical Reagent Factory (China) was used as a solvent to
prepare the electrospinning solution. Europium oxide (Eu,05,
99.99 %) and sodium hydride (60 %, A. R.) were purchased
from Helire (Shanghai, China) and Tianjin Chemical Reagent
Factory (China), respectively.
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EuCl3-6H,0 and Eu,(BTP);(Phen), complex were pre-
pared according to procedure previously described [20, 21].
EuCl;-6H,0 was synthesized by dissolving lanthanide oxide
in a slight excess of hydrochloric acid. The spinning solutions
were prepared by first dissolving PMMA in DMF solution at
the concentration of 18 wt% at ambient temperature. Subse-
quently, the Eu,(BTP);(Phen), complexes were added (con-
tents of Eu,(BTP)3(Phen), to PMMA equal to 5, 7, 9, 11, 13,
and 15 wt%) into the above mixture solution and stirred for 6 h
at 50 °C.

Preparation of luminescent nanofibers

The solutions were then placed into 1-mL plastic syringes
attached to a stainless-steel needle with inner diameter of
0.37 mm. The electrospinning setup with a DC high-voltage
generator was purchased from the BMEI Co., Inc. In the prep-
aration of Eu,(BTP);(Phen),/PMMA nanofibers, the voltage
applied was 13 kV, and the distance between the collector and
the tip of the needle was 20 cm. The nanofibers were collected
as randomly overlaid mats on an electrically grounded alumi-
num foil. After electrospinning, the composite nanofiber mats
were dried in a vacuum oven at room temperature for 12 h
before characterizations.

Characterization

SEM image of the electrospinning nanofibers was obtained
through the scanning electron microscopy (SEM) (Hitachi
S-4800) working at 20 kV of acceleration voltage. Prior to
SEM examination, the specimens were sputter-coated with
gold to avoid charge accumulation. FT-IR spectral data were
recorded on a PerkinElmer Spectrum One spectrophotometer
in the range of 4000-400 cm ™' using KBr disks. Fluorescence
microscope of Leica DM400 M with camera shot Leica DFC
425C was employed to study the luminescence of the com-
posite nanofibers. Thermal analyses were conducted on a
PerkinElmer STA 6000 with a heat in grate of 10 °C min ™"
in a temperature range from 30 to 800 °C under atmosphere.
Excitation and emission spectra were measured with an Edin-
burgh FLS 920 fluorescence spectrophotometer. Lumines-
cence lifetimes were recorded on a single photon counting
spectrometer from Edinburgh Instrument (FLS 920) with mi-
crosecond pulse lamp as the excitation source. The data were
analyzed by software supplied by Edinburgh Instruments.
Both the slit widths for excitation and emission were set
at 2.0 nm. The fluorescence dynamics of the samples were
measured with an FLS 920 instrument (Edinburgh). Dur-
ing the measurements, an oscillograph was used to record
the decay dynamics, and the 335 nm incident light gener-
ated from a microsecond flash lamp, which was used as
the excitation source.
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Fig. 1 SEM images (a—c) show the representative morphological
structures of neat PMMA nanofibers and composite nanofibers with
Eu,(BTP);(Phen), contents of 11 wt% (b),13 wt% (c), respectively.

Results and discussion

Morphology of composite nanofibers and dispersion
of Euy(BTP);(Phen),

SEM images of a typical electrospun sheet demonstrated the
random distribution of fibers, which reveal that the composite
nanofibers consists of Euy(BTP);(Phen), and PMMA with an
average diameter of 565+33 nm have been successfully pre-
pared (Fig. la—). The surface of the composite nanofibers is
smooth without identifiable particles, suggesting that the
Euy(BTP);(Phen), might be uniformly dispersed into the
nanofibers.
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Fig. 2 FT-IR spectra of PMMA fibers, Eu/PMMA fibers,
Euy(BTP);3(Phen),, and BTP
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Fluorescence microscope images (d—f) show the representative
morphological structures of composite nanofibers with
Euy(BTP);3(Phen), contents of 11 wt% (d), 13 wt% (e), and 15 wt% (f)

The images of fluorescence microscope (Fig. 1d—f) show
the luminescent intensity reached its maximum at 11 wt% and
decreased with the content of Euy(BTP);(Phen), increasing
from 11 to 15 wt% with extraordinary red light under ultravi-
olet irradiation. Additionally, the bright spot in Fig. 1e, f main-
ly owe to the aggregation of Eu,(BTP);(Phen), formed in the
electrospinning solutions, leading to the nanoparticles in the
resultant composite nanofibers.

FT-IR measurement analysis
FT-IR spectra of PMMA, Eu/PMMA composite fibers,

Eu,(BTP)3(Phen), complex, and BTP (Fig. 2) reveal that the
peak at 1735 cm ™ is assigned to the C=0 stretching band of
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Fig. 3 TGA curves of the complex Eu,(BTP);(Phen),, Ew/PMMA, and
PMMA
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Fig. 4 Excitation spectra of Euy(BTP)3;(Phen), (a) and the composite
nanofibers with Eu,(BTP);(Phen), (b)

PMMA, while this band is red shifted to 1732 cm ™! in the Eu/
PMMA fibers, which suggests that oxygen atoms of the car-
bonyl group of PMMA are interacted with Eu®* ions in the
complex Eu,(BTP)3;(Phen),. The absence of the band in the
region of 3000-3500 cm ' implies that H,O molecules have
been substituted by Phen in the complex Euy(BTP);(Phen),
and the Eu/PMMA fibers. A weak absorption peak at
1627 cm ™' in the EW/PMMA fibers which was assigned to
the overtone of the C=O stretching mode in BTP shows the
complex Eu,(BTP)3;(Phen), was successfully doped into
PMMA.

Thermal properties of the nanofibers

To determine the thermal stability of the composite fiber sam-
ples, the thermogravimetric analysis (TGA) experiments were
performed; the results are shown in Fig. 3. The thermal

Fig. 5 Emission spectra (Aex=
335 nm) of the composite
nanofibers with
Euy(BTP);3(Phen), contents of 5,
7,9, 11, 13, and 15 wt%

decomposition of the Eu,(BTP);(Phen), composite fibers be-
gins at around 346 °C which shows an enhancement of 15 °C
for the decomposition temperature (7) in comparison with the
Eu,(BTP)3;(Phen), complexes. It is also shown that the
undoped PMMA polymer fiber decomposes in a one-step
event and its degradation starts at 286 °C. Similarly, the
PMMA polymer fiber doped with the Eu,(BTP);(Phen), com-
plex also presented a curve of decomposition with one single
decomposition event. The weight loss of Eu,y(BTP)3;(Phen),/
PMMA composite nanofiber occurs over a wide temperature
interval (346-505 °C) which exhibits an increase about 60 °C
compared with the undoped PMMA polymer fiber. The im-
proved thermal stability for the Eu/PMMA fibers can be at-
tributed to the chemical bonding between the oxygen atoms of
the carbonyl groups in PMMA and the Eu®" ions in
Eu,(BTP);(Phen),. The result also proves that PMMA as
polymer matrix can provide an excellent and stable chemical
environment for Eu®* complexes, because the rigid chain seg-
ments of polymer limit the vibration of organic ligands, en-
hancing relative independence of the doped molecules.

Effects of complex concentration on the luminescence
of nanofibers

The luminescent properties of the solid neat complex of
Eu,(BTP);(Phen), and the Euy(BTP);(Phen),/PMMA com-
posite nanofibers were recorded at room temperature. The
excitation spectra for various samples are shown in Fig. 4.
The excitation top point is 365 nm in the neat complex of
Eu,(BTP)3(Phen), (Fig. 4) which is blue shifted and split into
two bands centered at 335 and 346 nm in the
Eu,(BTP);(Phen),/PMMA nanofibers. This indicated that
the site symmetry of the Eu** ions in the complex composite
nanofibers was lower than that of the Eu®" ions in the neat
complex Eu,(BTP);(Phen), for the influences of the
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Table 1 Solid-state - .
spectroscopic parameters for the Samples loo/lor Q2 Q4 Apap (s ) ANk () Tobs (15) (%)
Dy luminescence of the
Euz(]3"[‘13)3(Phen)2 Complex and EU2(BTP)3(Ph€n)2 7.32 17.31 3.87 857 246 906 65
the Euy(BTP);(Phen),/PMMA A? 14.24 20.01 5.44 871 912 561 31
nanofibers B 1334 1885 511 817 981 556 29

C 13.10 18.55 5.03 804 1141 514 27

# The samples A, B, and C are the composite nanofibers with Euy(BTP);(Phen), contents of 11, 13, and 15 wt%,

respectively

neighboring chain segments of PMMA [22]. Additionally,
both ’Fg—>D, and "F;—°D, excitations for the composite
nanofibers disappeared, suggesting that the f—f inner-shell
transitions for the composite nanofibers were quenched via
non-radiative energy transfers [23]. However, the luminescent
intensity of the Eu,y(BTP);(Phen),/PMMA nanofibers de-
creased when the content of Euy(BTP);(Phen), was over
11 wt%, indicating that the nanoparticles of
Eu,(BTP)3;(Phen), in the PMMA matrices start to aggregate
slightly. This was mainly because the Eu,(BTP)3;(Phen), pre-
dominantly existed as molecular clusters and/or nanoparticles
when the content of the complex was high enough. During
electrospinning, the solutions contain uniformly dispersed
Eu,(BTP)3(Phen), molecules and the rapid evaporation of
the solvent concomitant fast solidification of the filaments
(within tens of milliseconds) hindered the aggregation of
Eu,(BTP)3(Phen), [24].

In the emission spectra (Fig. 5), the peak intensities at 580,
590, 612, 652, and 701 nm were assigned to the J=0, 1, 2, 3,
and 4 transitions, respectively. Additionally, the *Dy—’F, hy-
persensitive transition at 612 nm originated from the Eu®" ions
was the most intense emission, suggesting there was a highly
polarized chemical environment around the Eu®" ions [25].

15000

10000

Integrated Emission Intensity

5000

T T T T
5 10 15
Content of Eu,(BTP),Phen, (WT,-%)
Fig. 6 Correlation of the integrated emission intensity for *Dy—"F,
transitions of Eu*" ions versus the Eu,(BTP);(Phen), content in the
composite nanofibers

The intensity ratios (Iy,/Iy;) between the electric dipole tran-
sition (°Dy—'F,) and the magnetic dipole transition
(’Dy—"F}), a measure of the asymmetry of the local environ-
ment of Eu** ions [26], are shown in Table 1. It is worth
mentioning that the ratio of the neat Eu,(BTP);(Phen), is al-
most only half of that of the composite nanofibers. This sug-
gests that the symmetry of the coordination sphere for the
Eu’" ions was more disordered, and the degree of polarization
was higher in the composite fibers as compared to the pure
Eu,(BTP)3(Phen),, which further led to higher probability for
the electronic dipole-allowed transitions [27].

Figure 6 shows the integrated emission intensity of the
electric dipole transition (°Dy—'F,) as a function of the
Eu,(BTP)3(Phen), content in the composite nanofibers. The
emission intensity enhanced with increasing content of the
Eu,(BTP)3;(Phen), and reached its maximum value at
11 wt%. The further intensity decreased with the increasing
content of the complex because of typical emission concen-
tration quenching which was due to the deactivation of the *Dy
and °D; states through the electrostatic multipolar interactions
and the exciton migration through the Fotirster dipole-dipole
mechanism. The mechanism has been illustrated in the
Supporting Material. The electrospun composite nanofibers,
compared with the composite polymers prepared by copoly-
merization, achieved higher contents without inducing the
concentration quenching owing to the desired dispersion of
Eu,(BTP)3(Phen), in the matrix of the composite nanofibers
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Fig. 7 Luminescence decay curves of the excited Eu’" ions at the D,
level for composite nanofibers with Euy(BTP);(Phen), contents of 11 to
15 wt%
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Fig. 8 The high-resolution emission spectrum of the composite
nanofiber with Euy(BTP);(Phen), contents of 11 wt%

might be even more preferred than the distribution of
Eu,(BTP);(Phen), units along macromolecular chains [28].
On one hand, when the content of Eu,(BTP)3;(Phen), was
low in the composite nanofibers, most of Eu,(BTP);(Phen),

O O O
R4 = Phenyl BPB
R, = CF3 BTP
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dispersed as molecular states and/or nanoparticles and the ex-
citon migration through the diffusion-induced collision
among Eu’" ions was negligible. On the other hand, when
the content of Euy(BTP);(Phen), was high, some aggregates
with sizes of tens of nanometers formed, which led to high
Eu®* ion concentrations locally and were responsible for the
emission concentration quenching [29].

Judd-Ofelt analysis and luminescent quantum efficiency

The Judd-Ofelt theory is a widely accepted tool for exploring
f—f inner shell electronic transitions in Ln>" complexes [30].
The Judd-Ofelt parameters 2, (A=2, 4, and 6) are interaction
parameters of ligand fields, in which €2, is sensitive to the
chemical microenvironment around the Eu®* ions [31]. The
values of €2, and 24 can be estimated from the oscillator
strengths of the *Dy—"F, and °Dy—F, transitions in the
emission spectrum (Fig. 5), using the magnetic dipole transi-
tion of >Dy—'F; as the reference [32] (Fig. 7). Table 1 pre-
sents the Judd-Ofelt intensity parameters (£2,, €24), radiative
transition rate (Arap), non-radiative transition rate (Angr),
fluorescence lifetime (o), and luminescence quantum effi-
ciency (®) for the °D, state of the Eu®" ions in the neat
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complex Eu,(BTP);(Phen), and the composite nanofibers.
The high-resolution emission spectrum of the composite
nanofiber with Eu,(BTP)3;(Phen), contents of 11 wt%
(Fig. 8) is given to determine the integrated area of >Dy—F,
(J=1, 2, 3, and 4) transition. The large values of €2, might be
interpreted as a consequence of the hypersensitive behavior of
the Dy—F, transition [33] which suggests that the chemical
environment of the Eu®" ions is highly polarizable. The €,
parameter values, less sensitive to the coordination environ-
ment than €2,, reflect a rigid chemical environment surround-
ing the Eu®" ions [34]. The specific calculations and detailed
principles were provided in the Supporting Material. The
higher €2, values of the composite nanofibers than that of the
neat Eu,(BTP);(Phen), suggested an enhancement of the
>Dy—"F, hypersensitive transition [35]. This was also attrib-
uted to the change of the chemical environment surrounding
Eu®" ions, which was induced by the intermolecular interac-
tions between neighboring chain segments of PMMA and
Eu,(BTP)3(Phen), [36]. The higher values of €24 for the com-
posite nanofibers as compared with that of the neat
Eu,(BTP)3(Phen), indicated a perturbation on the coordina-
tion effect of the bis-bidentate BTP by the steric factors from
the surrounding PMMA.

Furthermore, with increasing content of the
Eu,(BTP)3(Phen),, the values of €2, and ) decreased, sug-
gesting that the effect of neighboring PMMA chain segments
on the ligand fields of Eu®" were gradually weakened. Such a
phenomenon was attributed to the uniform dispersion of
Eu,(BTP)3(Phen), in the nanofiber matrix. When the content
of Euy(BTP);(Phen), was lower than 13 wt%, most of the
Eu,(BTP);(Phen), existed as molecular complex and the
chemical environment around the Eu®" ions was significantly
affected by the surrounding PMMA, whereas such an influ-
ence reduced gradually with the increase of the complex con-
tent resulting in the formation of aggregates [37].

Simulative microchemical environment of Eu®* ions
in fiber

Two bis-f3-diketone ligands, 1,3-bis(3-phenyl-3-
oxopropanoyl)benzene (BPB) [38] and BTP, which bear two
conjugated diketonate binding sites linked by a 1,3-phenylene
spacer (Fig. 9a), were published. The molecular structures of
the bis-p-diketone Eu®" complexes represent with molecular
models as neutral triple-stranded dinuclear lanthanide helices.
The construction of the Eu,(BTP);(Phen), complex model
was based on the Euy(BTP);bpy, complex crystal structure
[21], and no solvent molecules were considered. In the struc-
ture of the model 1 (Fig. 9b), each central Eu®" ion is coordi-
nated with six oxygen atoms from three BTP ligands and two
nitrogen atoms from Phen. Because of different molecular
structure of the Eu,(BTP);(Phen), complex in PMMA, the
quantum efficiency of EW/PMMA is lower than that of the

pure complex (Table 1). The diverse steric configurations of
the hybrid complex (Fig. 9c) are because the steric hindrance
caused by the tremendous polymeric structure in such a short
unit of the carbon chains, which could increase the level of non-
radiative transition rate and restrict the efficiency of the intra-
molecular transfer mechanism. Specifically, in Fig. 9c, two
groups of ester carbonyls were attracted by two Eu’" ions and
insert the space of Euy(BTP);(Phen),. One of them (O3 and
04) has less influence on the structure of Euy(BTP);(Phen),
than another (O1 and O2), because there is no methyl or other
group of PMMA in the space of the complex. On the other
hand, not only two ester carbonyls, but also two methyls (C1
and C2) are located on the same monomer, respectively. In such
a microscopic structure, the distance of CH should be consid-
ered. Both C1 and C2 can influence the steric configuration of
the complex by steric hinder.

Conclusion

In summary, we had successfully fabricated Eu,(BTP);(Phen),/
PMMA nanofibers with great thermal stability by
electrospinning. The microstructure of the fibers, obtained by
SEM, showed the preparation of continuous fibers with a ho-
mogeneous morphology and an average diameter of 565+
33 nm. Fluorescence spectra and Judd-Ofelt parameters indicat-
ed that the Euy(BTP)3;(Phen),/PMMA nanofibers had a maxi-
mum luminescence intensity at the content of 11 wt%. Mean-
while, spectroscopic parameters (£25, 24, Arap, and Ang) anal-
ysis suggested that the increase of polarization degree and the
enhancement of the electronic dipole-allowed transitions of
Eu’" ions were caused by the interactions between the
Euy(BTP)3(Phen), molecules and neighboring chain segments
of PMMA. In addition, the thermal stability of the composite
nanofibers was much better than that of the pure complex
Eu,(BTP);3(Phen), because of the addition of the polymer ma-
trixes. This study provide a new and useful way in the fabrica-
tion of innovative composite nanomaterial containing lumines-
cent bis-B-diketone Eu** complexes, and the development of
1D nanomaterials could find important applications, especially
in optical communications and luminescent probes.
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