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Enhanced emission efficiency in electrospun polyfluorene copolymer fibers
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We report on the unique emission features of light-emitting ﬁbers made of a prototype conjugated
polymer, namely, poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-co-(1,4-benzo-{2,10 -3}-thiadiazole)] (F8BT),
realized by electrospinning with diameters in the range of 500-1000 nm. The ﬁbers display emission
polarized along their axis, evidencing a favoured alignment of the polymer molecules. Emission
efﬁciency and time resolved measurements reveal an enhancement of both the quantum efﬁciency
and the radiative rate (up to 22.5%) of the ﬁbers compared to spin-coated ﬁlms, shedding more light
on their potential as miniaturized photon sources in optoelectronic devices requiring high
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807894]
recombination rates. V

Conjugated polymers have received a growing interest
due to their high potential for application in many technological ﬁelds. They are intriguing materials on both the fundamental and application point of view. Till now, several
applications have been implemented exploiting conjugated
polymers as active media, including organic light-emitting
diodes (OLEDs),1 photovoltaic cells,2 and ﬁeld-effect transistors.3 The photophysics of these materials has been investigated a lot in the last decade4–8 in an attempt to rationalize
the phenomena associated with charge and energy migration,
especially in solid state samples, and to ﬁnally improve the
performances of the developed devices. A distinctive feature
of this class of polymers is the dependence of their optoelectronic properties on the peculiar micro/nanoscale structure
and morphology.9,10 For these reasons, most of the recent
research has been dedicated to micro and nanostructured
conjugated polymers, in which molecular backbones can be
oriented and/or stretched along a preferential axis.11–15 This
orientation may induce changes in important physical properties and in their associated mechanisms, such as the charge
transport,16,17 photoluminescence (PL) anisotropy,15,18–21
and energy transfer.4,22 Among the micro and nanostructures
made of conjugated polymers, electrospun ﬁbers are rapidly
emerging as quasi 1-dimensional (1-D) class of active nanomaterials. In these systems, the electric-ﬁeld-induced stretching and the elongation of the polymer solution during the
electrospinning process23 are likely to favour a preferential
alignment of the polymer backbones along the ﬁber longitudinal axis. Polarized Raman, infrared, and photoluminescence spectroscopies have evidenced such molecular
alignment,13,16,18,24 and ordered arrays of electrospun
nanoﬁbers made by conjugated polymers have been
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proposed as effective polarized light sources.25 Importantly,
the molecular packing in the stretched ﬁber structure can
also affect the radiative rate, which is in turn sensitive to the
dielectric tensor of the environment around the emitting
chromophores,26 to the coupling to vibrational modes,27 to
the molecular conformational properties,28,29 and to variations of the conjugation length.30 However, the intrinsic radiative rates of chromophores within ﬁbers fully made of
conjugated polymers are still unexplored, whereas a lot of
studies have been limited to the analysis of the emission
peak wavelengths and spectral lineshape.18,31–33 In this
work, we report on the radiative rate in electrospun ﬁbers
made of a prototype conjugated polymer, largely used
as active medium of organic devices,34,51 namely, the
poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-co-(1,4-benzo-{2,10 -3}thiadiazole)] (F8BT, chemical structure reported in Fig.
1(a)) from which beadless, highly luminescent ﬁbers with
diameters ranging from 500 nm to 1 lm are produced (Figs.
1(b) and 1(c)). By measuring the PL quantum yield (PLQY)
and the PL decay time, we ﬁnd a clear evidence for an
increase of the radiative rate (up to 22.5%) in the ﬁber structures made by conjugated polymer solutions under strong
elongation ﬂows, compared to microscopically unordered
ﬁlms made by spin-coating. These ﬁndings suggest a strategic route to increase emission quantum yield and polarization performances of conjugated polymers in solid state
emitting systems, with a possible important impact in
designing future light-emitting devices based on organic
semiconducting materials.
The fabrication of conjugated polymer nanoﬁbers by electrospinning has been reported elsewhere.18,35 Here, the polymer solution is prepared with a concentration of 1.4  103 M
by using tetrahydrofuran (THF) as solvent. The use of a singlesolvent system (dielectric constant, e ¼ 7.5, boiling point,
Tbp ¼ 66  C) allows the formation of a homogeneous spinning
solution, able to produce uniform ﬁbers for applied voltages in
the range 5–15 kV. The morphology of ﬁbrous samples is
imaged by scanning electron microscopy (SEM) with a Nova
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exciting the samples at a low excitation level by a lightemitting diode (LED) source (k ¼ 338 nm) with a repetition
rate of 1 kHz. The instrumental response function (IRF) is
taken into account by a calibrated deconvolution procedure.
In order to investigate the potential alignment of polymer chains within the electrospun ﬁbers, we perform polarized micro-PL measurements, ﬁnding evidence of a quite
higher degree of polarization of emission from ﬁbers compared to disordered (ﬁlm) system. In Fig. 2(a), we report the
PL intensity vs. analyser angle of F8BT single ﬁber, and the
corresponding best ﬁt to the Malus’ expression
IðhÞ ¼ Imin þ I0 cos2 ðhÞ;

FIG. 1. (a) Chemical structure of F8BT (from American Dye Source
datasheet). (b) SEM image, representative of the sample. (c) Confocal
microscopy image of two single electrospun ﬁbers.

where Imin stands for the minimum measured intensity and
(I0 þ Imin) corresponds to the maximum intensity. The polarization factor, r, is calculated as
r¼

NanoSEM 450 system (FEI) using an acceleration voltage of
10 kV without prior metallization (Fig. 1(b)). Confocal microscopy characterization is performed by placing the ﬁbers on a
glass coverslip and exciting them by a diode laser operating at
405 nm (Fig. 1(c)). In order to reduce diffraction-induced
limitations, the measurements are performed by means of a
high numerical aperture objective lens (oil immersed, 60,
NA ¼ 1.4) employed as exciting and collecting means. PLQY
and absorption measurements are performed by the use of an
integrating sphere.36 The excitation consists in a diode laser
(405 nm) for PLQY measurements. For evaluating the absorption spectrum, we use a W lamp. In both cases the signal is
detected by an air-cooled CCD. Polarized micro-PL characterization is carried out by means of an optical microscope
equipped with an UV mercury lamp (k < 450 nm) coupled to
an objective lens (50, NA ¼ 0.75) for the photoexcitation.
Light emitted by the ﬁbers, passing through a rotating polarization analyser placed across the optical path, is detected by a
CCD camera (450 Leica, DFC 490). Time resolved PL measurements are performed in single-photon counting mode by

FIG. 2. (a) Polarized PL intensity vs. the analyzer angle (measured with
respect the ﬁber axis) of a single F8BT ﬁber (symbols) and relative best ﬁt
to Eq. (1). The emission intensity is maximum when the analyzer axis is parallel to the ﬁber length (h ¼ 0 ). (b)–(e) Fluorescence micrographs of the
ﬁber at the different polarization angles. The white arrow indicates the analyzer position with respect to the ﬁber axis.

(1)

Imax  Imin
I0
¼
:
Imax þ Imin I0 þ 2Imin

(2)

Compared to spin-coated ﬁlm, for which a relative small
polarization factor is measured (14%, likely related to statistical ﬂuctuation), F8BT ﬁbers display a polarization factor
up to 51%. Since the polarization factor is strictly related to
the alignment of the transition dipole moments of the emitting species, these ﬁndings highlight an enhanced ordering
of the emitting chromophores along the ﬁber longitudinal
axis.
Fig. 3(a) compares the absorption and PL spectra of ﬁlm
and ﬁbers. The PL is collected at room temperature and
under low excitation density (100 mW/cm2) to prevent
photodegradation37 and bimolecular effects.38 The absorption spectrum of the ﬁbers is comparable to that of the reference ﬁlm, with almost identical positions of the main peaks,
revealing a common origin of the optical transitions in both
the systems. The main difference is a broadening of the
ﬁbers absorption spectrum at low energies. Noticeably, the
PL of F8BT ﬁbers is blueshifted compared to that of ﬁlms,
by about 10 nm. The contribution of self-absorption to the
observed PL blueshift can be ruled out, as discussed in the
following. Fig. 3(b) displays the PL decay curve of the ﬁbrous sample. The ﬁbers PL decay follows an exponential
trend (similar results are obtained for the PL decay of the
ﬁlm), without evidence for bimolecular processes which
would accelerate the decays leading to an incorrect estimate
of the decay rates.
The analysis of the PL temporal decay data evidences a
longer luminescence lifetime for ﬁbers compared to ﬁlm. In
particular, the extracted values are (1.3 6 0.1) ns for the ﬁlm
and (1.5 6 0.1) ns for the ﬁbers (Table I). These results suggest that the packing of the conjugated polymer molecules
and hence the structural organization of emitting chromophores in the ﬁbrous system has an impact also on the
excited states lifetime. In order to better investigate this
issue, we evaluate the radiative rate of the investigated samples through the measurement of the PLQY (hereafter
referred to as U) and of the PL lifetime (sobs), which allows
to calculate the intrinsic radiative and nonradiative decay
times as follows:
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FIG. 3. (a) Comparison between the normalized
absorbance (left vertical scale) and PL (right scale)
spectra of F8BT ﬁbers (red lines) and ﬁlm (black
symbols). (b) PL temporal trace of F8BT ﬁbers
(symbols) and corresponding best ﬁt (red continuous line) to an exponential function convoluted
with the Instrumental Response Function (dashed
line) on a semi-log scale.

U¼

sobs
;
srad

1
1
1
sobs
;
¼
þ
() srad ¼
U
sobs srad snrad

(3)

where sobs is the measured PL lifetime, srad and snrad are
the intrinsic radiative and nonradiative lifetimes, respectively. The measured values of U are (0.27 6 0.01) for
the ﬁlm and (0.40 6 0.01) for the ﬁbers, from which we
deduce the values of radiative and non radiative lifetime by
applying Eq. (3). The spin-coated ﬁlm is characterized by
srad ¼ (4.9 6 0.1) ns and snrad ¼ (1.8 6 0.1) ns, whereas the
ﬁbers present srad ¼ (3.8 6 0.1) ns and snrad ¼ (2.5 6 0.1) ns.
Both U and the time constants well agree with literature data
(U  0.4, s > 1 ns),39,40 whereas the observed PL lifetimes
are comparable to those of similar systems, in which the
principal nonradiative decay channel is the formation of triplet states.41 Interestingly, the polymer ﬁbers display a signiﬁcant increase of the radiative rate with respect to ﬁlms
(0.26 ns1 against 0.2 ns1). In conjugated polymers the
ideal inﬁnite conjugation of p-orbital delocalized in one
dimension is interrupted by a series of twists and kinks so
that the polymer chain results in an ensemble of conformational sub-units which are considered the base chromophores
for the light emission. They are constituted, in turn, by a
number of single repeated units (up to 10) and thus feature
different conjugation lengths. Their distribution is the main
cause of the inhomogeneous broadening (observable in
absorption and partially in PL) and their mutual interaction
contributes to the formation of delocalized collective states.
Recent works have evidenced that the absorption of light in
conjugated polymers promotes the system in excited delocalized states8,42 and in a time scale of 100–200 fs (Ref. 8) the excitation localizes in a sub-unit, not necessarily the longest one
(at lowest energy). For longer timescale (from a few to hundreds of picoseconds) hopping mechanisms due to electronic
energy transfer (EET) occur, leading the excitons towards sites
at lower energy until reaching the longest sub-unit.8,43,44
The ﬁnal populated state can in turn decay radiatively or nonradiatively into other further redshifted traps, aggregates, and/
or triplet states. In particular, aggregation effects can occur

depending on the processing physics (employed solvent, phase
separation, induced aggregation), favoring the formation of
interchain states that exhibit a low quantum yield and a redshifted, long-living emission.9,45
The enhanced alignment of the polymer chains in ﬁbers
(Fig. 4) can contribute to weaken the interaction among
neighbouring chromophores responsible for interchain
excited states formation and to reduce exciton migration
towards low-energy sites. Such decreased exciton migration
induces a blueshifted PL in ﬁbers as shown in Fig. 3(a) and
reported in other works for a number of different polymers31,32,46 and a consequent increase of the efﬁciency and
the nonradiative lifetime. As a further possible cause contributing to the shape of the PL spectrum, the self-absorption
process (typical of materials having a nonzero absorption/PL
overlap) has to be taken into account. In fact, this mechanism
would result in the ﬁctitious redshift of the emission in systems where the process is more efﬁcient, together with a
reduction of the measured efﬁciency and lengthening of
lifetime. Different polymers (and morphologies)47 show a
different attitude to re-absorption, generally increasing with
the sample thickness.46,48 In order to rule out a signiﬁcant reabsorption, we perform PL measurements on spin-coated
ﬁlms with thickness of 1-4 lm ﬁnding a spectral shift lower
than 1 nm, consistent with previous characterization work,46
reporting small spectral variations in F8BT upon varying the
sample thickness. The enhancement of both the PL efﬁciency
and the measured lifetime observed for the F8BT ﬁbers can
be also attributed to the net alignment of the polymer backbones along the ﬁber axis, which can lead to an either less or
more pronounced planarization of the benzothiadiazole (BT)
and polyﬂuorene (F8) sub-units in the ﬁber compared to the
ﬁlm. In fact, studies on F8BT on pristine and annealed
ﬁlm51,52 have evidenced that the processing conditions of the
polymer ﬁlm, such as an annealing treatment after the spincoating, strongly inﬂuence the resulting molecular packing
and optoelectronic properties. For instance, in annealed ﬁlms

TABLE I. List of the physical quantities measured (efﬁciency, U, and sobs)
and extracted by the analysis (srad and snrad).

U
sobs (ns)
srad (ns)
snrad (ns)

Film

Fibers

0.27 6 0.01
1.3 6 0.1
4.9 6 0.1
1.8 6 0.1

0.40 6 0.01
1.5 6 0.1
3.8 6 0.1
2.5 6 0.1

FIG. 4. Schematic representation of the polymer molecular arrangement in
amorphous bulk and partially aligned, ﬁber microstructures.
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a more planar and energetically favourable conﬁguration is
envisioned compared to pristine ﬁlms, characterized by a
reduced torsional angle between the F8 and BT sub-units
and by a reorganization of the sub-units in a so-called
“alternating structure.”51 Such more planar molecular packing is found to produce a slight broadening of the absorption spectrum towards longer wavelengths and a blueshift
of the emission with respect to pristine ﬁlms, similarly to
the observed optical properties of the ﬁbers. The PL lineshape and peak energy originate from the particular interplay between the multiple emissive states population and
the electronic energy transfer among them. Donley et al.
have found a less efﬁcient energy transfer in planar conﬁguration, corresponding to a net blueshifted PL and an
increase of the quantum efﬁciency.51 The present results
suggest a more planar and energetically favourable conﬁguration of the F8 and BT sub-units in the ﬁbers with respect
to spin-coated ﬁlm, likely due to the peculiar dynamics of
the process, involving a fast stretching of the polymer solution during the electrospinning.52 Such a difference in the
polymer packing is also consistent with the faster PL decay
observed in ﬁlm, together with the enhanced PLQY of the
ﬁber system.49,51,53
In light of the extracted lifetime values, we consider that
a main limitation to a very high PLQY is the formation of triplet states, by the intersystem crossing process. Such states
are optically forbidden and their nature of low energy states
could compete with the intrinsic decay process on what concerns the capture of the charge carriers.41 Their radiative
lifetime is on the order of micro-milliseconds and also their
nonradiative population, corresponding to the quenching of
singlet excitons by triplet ones, is quite slow and estimated
in 1-2 ns.41 Actually, this quenching lifetime is consistent to
our measured nonradiative decay times, and the slight differences between the two systems studied can reﬂect the diverse
generation efﬁciency of triplet states. Recent pump-probe
time resolved experiments have evidenced the occurrence of
less efﬁcient intersystem crossing in F8BT in planar arrangement compared to a molecular conﬁguration with higher torsional angles between F8 and BT sub-units, due to the
reduced mixing between the r and p orbitals.53 Such ﬁndings
are consistent with the longer nonradiative lifetime and
higher quantum efﬁciency measured in F8BT ﬁbers compared to ﬁlms.
In conclusion, the elongation conditions and whipping/
stretching instabilities typical of ﬁber-production processes
as electrospinning, namely, the continuous jet-thinning and
correlated faster solvent evaporation rate,50 induce an alignment of the polymer molecules along the ﬁber longitudinal
axis, and a F8 and BT sub-units arrangement corresponding
to an increase of both the radiative rate and the quantum efﬁciency with respect to ﬁlms. This study demonstrates the possibility to obtain an enhancement of the radiative rate in fully
conjugated polymer systems relying on ﬁber architectures.
The net reduction of the intrinsic radiative lifetime is demonstrated by moving from disordered (spin-coated ﬁlms) to
more ordered (ﬁbers) organic systems. Future work will aim
to assess the generality of these results or their dependence
on the speciﬁc conjugated polymer system. As an implicit
outcome, our results suggest that the optimization of the ﬁber
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fabrication conditions (further reducing the ﬁber diameter
and the presence of defect centres) provides a route to
improve the optical properties of emitting solid state polymer
nanostructures in terms of PL efﬁciency, radiative rate, and
polarization factor.
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