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Single light emitters in electrospun polymer nanoﬁbers:
Eﬀect of local conﬁnement on radiative decay
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Abstract
The fabrication of light emitting polymer nanoﬁbers by electrospinning of polymer solutions containing either ﬂuorescent organic dye molecules or luminescent semiconductor nanoparticles (quantum dots) is presented. The ﬂuorescence
spectra and lifetime of the embedded emitters, down to the level of single molecules were investigated. While the average
ﬂuorescence lifetime of single molecules embedded in poly(methyl methacrylate) ﬁbers appears independent of the ﬁber
diameter, the single molecule approach reveals a signiﬁcant broadening of the ﬂuorescence lifetime distribution for ﬁbers
with diameters below the wavelength of light.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Polymer nanoﬁbers are promising candidates for
next generation photonic devices [1]. For example,
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ﬁbrous dielectric nanostructures can be used as single mode light waveguides, sensors [2] or building
blocks of photonic bandgap materials [3]. For a
number of applications, it is important to have
access to technologies, which allow one to introduce
light emitters into the ﬁbers, with simultaneous control over the location and amount of the emitters,
down to the single molecule level. Despite growing
importance, the optical properties of light emitters
embedded in polymer nanoﬁbers have so far not
been explored in depth, due to technological challenges in obtaining ﬁbers with diameters in the
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range of the wavelength of light. Electrospinning of
polymer solutions and melts is an attractive technique to fabricate polymer ﬁbers with diameters
ranging approximately from ten nanometers to several micrometers [4–8]. A major advantage of electrospinning is the possibility to produce hybrid,
functional photonic materials by incorporating
e.g., light emitters into the ﬁbers [9,10]. The polymer, the light emitter and the characteristic size of
the structures can be varied independently, therefore allowing for a wide range of applications. Both
organic dye molecules and inorganic materials can
be embedded into the ﬁbers. Particularly, semiconductor nanoparticles – quantum dots (QD) – are
an interesting class of light sources, because of their
size tunable optical properties, narrow emission
lines and low photobleaching rates [11]. These properties make QDs also an attractive choice as light
sources for optoelectronics [12], lasers [13], or biotechnological applications [14–16].
Photonic structures with wavelength-scale
dimensions oﬀer interesting opportunities to engineer the optical properties of embedded emitters,
which depend strongly on the surrounding of the
light emitters [17,18]. Particularly, for dimensions
approaching the wavelength of light, the associated
strong modiﬁcation of the local photonic density of
states alters the photophysical properties of the
emitters. Similarly, ﬂuorophores deposited on surfaces [19], placed close to a metallic mirror [20,21]
or embedded in dielectric particles [22] were shown
to display diﬀerent radiative decay rate, quantum
yield and photobleaching rate. Besides the size of
the structures also the position of the light emitter
within the structures and the orientation of the
emission dipole moment with respect to the interfaces (electromagnetic boundaries) play a substantial role [23,24].
In this letter we present a study at the single light
emitter level [25] as a ﬁrst step towards investigations of the inﬂuence of the cylindrical dielectric
geometry on the optical properties of the embedded
chromophores. We show here how electrospinning
is used to prepare hybrid, luminescent nanoﬁbers.
Fluorescent molecules and luminescent semiconductor nanoparticles (quantum dots) are embedded into
ﬁbers with diameters ranging from 50 nm to several
micrometers. We show the inﬂuence of the ﬁber
diameter on the single molecule ﬂuorescence lifetime
(sf) distributions of the embedded chromophores.
For diameters of ﬁbers below 500 nm a signiﬁcant
broadening of sf distributions is observed.

2. Experimental section
The electrospinning device used in this study consisted of a capillary (tip diameter 2 mm), which
included a wire electrode, a grounded counter electrode placed 12 cm from the capillary and a high
voltage source. The potential between the electrodes
was adjusted with a high-voltage power supply
(Bertan Series 230). More details about the electrospinning device used in this study can be found
elsewhere [26,27]. Luminescent polymer ﬁbers
were prepared by electrospinning poly(ethylene
oxide) (PEO, Mw = 2000 kg/mol, Aldrich) and
PMMA (Mw = 120 kg/mol, Aldrich) solutions containing 1,1 0 ,3,3,3 0 ,3 0 -hexamethylindodicarbocyanine (DiIC1(5)) molecules (Molecular Probes,
D-307) or CdSe/ZnS core-shell semiconductor
nanoparticles (preparation method of the nanoparticles can be found in references [28,29]). To be able
to perform subsequent optical investigations, a
transparent substrate (circularly shaped glass cover
slides, Ø = 20 mm, Fisher Scientiﬁc) was placed on
the counter electrode in the path of the ejected
ﬁbers. Prior to electrospinning, the slides were
cleaned using Piranha solution (mixture of 1:4 of
30% H2O2 and concentrated H2SO4), rinsed with
Milli-Q water and ethanol, and ﬁnally dried in a
stream of nitrogen gas. For eﬃcient collection, the
cover slides were placed oﬀ-axis with respect to the
capillary. The amount of the ﬁbers deposited on
the cover slides was controlled by the spinning time.
The resulting luminescent ﬁbers were examined
by scanning confocal microscopy [30]. For excitation of the embedded chromophores picosecondpulsed dye lasers (PicoQuant, 800-B, 80 MHz
repetition rate) emitting at 635 nm and 476 nm or
a CW Ar+/Kr+ ion laser (Spectra Physics, Beamlok
2060) emitting at a wavelength of 514 nm was used.
Before entering the microscope, the excitation light
was made circularly polarized by a 1/4k plate and
focused onto the sample to a diﬀraction-limited spot
using a high NA oil objective (Olympus, NA=1.4,
100x). To separate the ﬂuorescence emission from
the excitation, suitable dichroic mirrors, emission,
and excitation ﬁlters, were used. Fluorescence photons were collected by the same objective and split
into two paths. The ﬁrst path went to two avalanche
photodetectors (SPCM-AQ-14, EG&G Electro
Optics) placed after a polarization beam splitter
(splitting into two orthogonal components). The
ﬂuorescence photons in the second path were directed to a prism and dispersed on a cooled CCD
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camera to obtain ﬂuorescence emission spectrum.
Fluorescence spectra were obtained by integrating
the arriving photons over a period of 1 s. A custom-built piezo-scan table with an active x–y feedback loop mounted on a commercial optical
microscope (Zeiss Axiovert inverted microscope)
was used. The sample was scanned through the
focus of the excitation spot at a pixel frequency of
1 kHz, producing two-dimensional (256 · 256 pixels) ﬂuorescence intensity images (including two
independent polarization channels, when required).
Custom LabView software was used to control the
scanning process and for data acquisition. For
time-resolved experiments the detected ﬂuorescence
signal was fed into a time-correlated single photoncounting card (TCSPC, SPC 500). All experiments
were performed in air under ambient conditions.
3. Results and discussion
In electrospinning, when a potential is applied
between two electrodes, the liquid droplet suspended at the end of the capillary thins and forms
a so-called ‘‘Taylor cone’’ [31]. By increasing the
potential further, the surface tension of the liquid
is being overcome and the liquid is ejected towards
the counter electrode. The diameter and morphology of the resulting ﬁbers depend on a number of
parameters including solution viscosity, surface tension, applied voltage and the distance between the
electrodes. In Fig. 1 scanning electron microscopy
(SEM) images of electrospun PMMA ﬁbers are presented. Spinning the polymer solutions at 20 kV
(Fig. 1(a)) resulted in uniform ﬁbers with a broad
distribution of the ﬁber diameter values (as measured with an Atomic Force Microscope; not shown
here). Beaded PMMA ﬁbers were also observed,
however, when the applied voltage between the electrodes was decreased to 16 kV, and lower (Fig. 1(c)).
Such bead-on-a-string morphology [32] is also interesting for photonic applications, and a more
detailed study of the photonic properties of beaded
ﬁbers is presented elsewhere [33].
The concentration of the light emitters in the
ﬁbers was controlled by adding to the polymer solution various concentrations of chromophores. Addition of low molar mass organic chromophores or
semiconductor nanoparticles to the initial spinning
solution had no visible inﬂuence on the ﬁber morphology and diameter (Fig. 1(b)).
Fig. 2(a) shows a 10 · 10 lm2 ﬂuorescence intensity scan of luminescent DiIC1(5)/PEO ﬁbers. The

Fig. 1. SEM images of electrospun PMMA ﬁbers prepared from
(a) 20 wt% PMMA solution in DMF, spun at a potential of
20 kV, (b) 20 wt% PMMA solution with DiIC1(5) dyes in a
103 M concentration in the initial spinning solution and (c)
18 wt% PMMA solution in DMF spun at a potential of 16 kV.

ﬂuorescent molecules are uniformly distributed
within and along the ﬁbers. Fluorescence spectra
taken from individual ﬁbers conﬁrmed that the optical signal comes from DiIC1(5) molecules
(Fig. 2(c)). A small red shift of the emission of about
10 nm when compared to a bulk solution is
observed and attributed to the diﬀerent dielectric
properties of the surroundings (solvent versus polymer). By decreasing the concentration of the chromophores in the initial spinning solution (down to
1011 M), observations of DiIC1(5) at the single
molecule level were possible (Fig. 2(e)). We have
also embedded CdSe/ZnS core-shell semiconductor
nanoparticles (Fig. 2(b)) into electrospun ﬁbers
made of PMMA and PEO. Fig. 2(b) shows a
PEO/QD composite ﬁber with a high concentration
(105 M) of the quantum dots. The QDs are also
uniformly distributed over the length and width of
the ﬁber. Fluctuations in the QD emission intensity
visible on the scan are due to frequent blinking of
the quantum dots [34]. By decreasing the QD concentration in the initial spinning solution (down to
108 M) we decreased the amount of the nanoparticles in the ﬁbers to the level such that single nanoparticles were separated in the ﬁbers (Fig. 2(f)).
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QDs within the ﬁbers is probably due to the size
polydispersity of the QDs causing the solution spectrum to look broader [34].
Having developed a method to obtain polymer
ﬁbers with embedded chromophores we turned our
attention towards more detailed investigations of
the optical properties of the structures obtained,
speciﬁcally the ﬂuorescence lifetime and the eﬀect
of electromagnetic boundaries. Here we report on
the investigation of the ﬂuorescence lifetime of single molecules as a function of the polymer ﬁber
diameter. By parking the molecules at the focus of
the excitation, and using a time-correlated singlephoton counting module, the ﬂuorescence lifetime
(sf) of single DiIC1(5) molecules was obtained. A
histogram of ﬂuorescence lifetime values was subsequently built from at least 50 single molecules for
each ﬁber diameter investigated.
Fig. 3 shows single molecule ﬂuorescence lifetime
histograms of DiIC1(5) molecules as a function of
the polymer ﬁber diameter. For ﬁber diameters
below 400 nm the size was hard to determine
due to diﬀraction. Therefore, we have grouped all
ﬂuorescent lifetime results for such ﬁbers into one

Fig. 2. Scanning confocal ﬂuorescence images of (a) DiIC1(5)
and (b) CdSe/ZnS quantum dots embedded in electrospun PEO
ﬁbers. The chromophores are distributed uniformly within and
along the ﬁbers, (c) Fluorescence emission spectra taken from
individual ﬁbers with embedded DiIC1(5) molecules, (d) emission
spectrum of an individual QD embedded in a PEO ﬁber, and (e, f)
single DiIC1(5) molecules and QDs along PMMA ﬁbers. Characteristic blinking behavior is clearly visible and indicates that the
ﬂuorescence is coming from single light emitters.

The full-width at half-maximum of the intensity
cross-section through an isolated ﬂuorescence spot
was equal to 300 nm, slightly larger than expected
for a diﬀraction limited spot (220 nm) when
imaged with a 1.4 NA objective. The reason for
the broadening is most probably related to the size
of the focus of the excitation light during imaging.
Fig. 2(d) shows the emission spectrum of a single
QD. The emission peaks around 600 nm, at the
same wavelength as obtained from a bulk solution
of QD in chloroform. However, comparing with
the solution spectrum the full width at half maximum of the emission peak for a single QD is equal
to 22 nm and is 78% of that found in a chloroform
solution. The narrower emission spectrum of single

Fig. 3. Single molecule ﬂuorescence lifetime histograms of
DiIC1(5) embedded in PMMA ﬁbers as a function of the polymer
ﬁber diameter. Below 500 nm the distributions become signiﬁcantly broader.

histogram in Fig. 3 (<400 nm). For ﬁber diameters
above 500 nm the mean ﬂuorescence lifetime of
the DiIC1(5) molecules is almost independent of
the ﬁber diameter and its value is centered around
2.0–2.2 ns. The widths of the distributions are relatively narrow, but still signiﬁcant compared to the
accuracy of the experimental lifetime value
(0.3 ns). Although the mean value of sf for ﬁbers
with diameter smaller than 500 nm is similar to
the rest of the ﬁber diameters, a signiﬁcant broadening of the sf distributions is observed for lower ﬁber
diameters. The broadening is slightly asymmetric
towards higher lifetime values and occasionally
ﬂuorescence lifetime values as high as 4.5 ns were
observed. To appreciate the broadening, we show
in Fig. 4 the mean values of the sf distributions.
The horizontal bars represent the widths of the ﬂuorescence lifetime distributions. Clearly, a drastic
broadening of the distributions is already visible
for ﬁbers with a diameter of 500 nm. Surprisingly,
the change in the width values is rather abrupt
and occurs within a variation of 50 nm in the ﬁber
diameter.
It is known that the presence of dielectric interfaces inﬂuences the radiative transition frequencies
and decay rates [23,35]. For thin ﬁlms, longer ﬂuorescence lifetimes were found for single molecules
closer to the dielectric/air interface and with transition dipole moments oriented perpendicular to the
interfaces [24,35]. In ﬁbers a substantially higher
amount of molecules (within the distributions) can
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be present with their dipole moments perpendicular
to the interfaces, as compared to thin ﬁlms, due to
the quasi one-dimensional morphology of the ﬁbers.
In addition, for a cylindrical geometry, the molecules are on average closer to the interfaces for thinner ﬁbers. Molecules with their transition dipole
moments oriented perpendicularly to the interfaces
and located just at the polymer/air boundary would
also show lower lifetime values. Therefore, one can
relate the broadening towards both higher and
lower ﬂuorescence lifetime values with decreasing
ﬁber diameter to electromagnetic boundary condition (EBC) eﬀects. However, it is diﬃcult to estimate the exact location of the dyes with respect to
the ﬁber walls. Additional experiments with in-situ
measurements of the ﬁber diameter by AFM should
shed more light on the origin of the results obtained.
4. Conclusions
We have prepared luminescent micro- and nanoﬁbers by electrospinning. Fluorescent molecules and
luminescent CdSe/ZnS core-shell semiconductor
nanoparticles were embedded into polymer ﬁbers
with diameters ranging from 50 nm to several
microns. The ﬂuorescence lifetime of single DiIC1(5)
molecules embedded in PMMA ﬁbers was found
to be independent of the ﬁber diameter. However,
signiﬁcant broadening of the single-molecule ﬂuorescence lifetime distributions was observed for
ﬁbers with diameter values below 500 nm. A possible explanation for the broadening observed was
the modiﬁcation of the radiative decay rates
through the eﬀect of the electromagnetic boundary
conditions.
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[30] Garcı´a-Parajó MF, Veerman JA, Bowhuis R, Vallée RAL,
van Hulst NF. Chem Phys Chem 2001;2:347.
[31] Jayaraman K, Kotaki M, Zhang YZ, Mo XM, Ramakrishna
S. J Nanosci Nanotech 2004;4:52.
[32] Fong H, Chun I, Reneker DH. Polymer 1999;40:4585.
[33] Tomczak N, van Hulst NF, Vancso GJ. Macromolecules
2005;38:7863.
[34] Empedocles SA, Neuhauser R, Shimizu K, Bawendi MG.
Adv Mat 1999;11:1243.
[35] Vallée RAL, Tomczak N, Gersen H, van Dijk EMHP,
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