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of the PSS concentration, amount of loading, and number of
loading cycles. This method of nanocrystal preparation and
stabilization might be applicable to other materials, which
form complexes by electrostatic interactions with polyelectro-
lytes, as well as insoluble crystals having a larger stability as
the complex.

Experimental

Hollow capsules were prepared as described in the literature [2]. Monodis-
perse spheres (d=5.94 mm) of weakly polymerized melamine-formaldehyde
resin (Microparticle GmbH) were covered by 4 double layers of PSS (MW
70000 g mol™, Aldrich) and PAH (MW 70000 gmol ™, Aldrich). The resin core
was dissolved in 0.1 M hydrochloric acid and the remaining capsules were thor-
oughly washed with water until pH 6 was reached. The outer layer is PAH and
is positively charged. The surface charge was measured by means of a Malvern
Zetasizer 3000 Has apparatus.

The filling of the capsules by polystyrene sulfonate was performed by a ship
in bottle synthesis of the polymer as described in the literature (see Scheme 1)
[6]. Polymerization was carried out at a styrenesulfonate concentration of 0.5 M
in the presence of hollow capsules under nitrogen atmosphere according to
standard procedures in the literature. As initiator, 1 % potassium peroxodisul-
fate, related to the monomer concentration, was used. The use of N,N,N’,N’-tet-
ramethylethylenediamine as catalyst allowed to perform the polymerization at
40°C. After polymerization, the capsules were separated from the PSS in the
bulk solution by centrifugation. Several washing cycles with water followed.

Absorption spectra were measured using a Varian Cary qe UV-vis spectro-
photometer between 200 and 800 nm. Fluorescence spectra were obtained
using a Spex Fluorolog 1680 Double Spectrometer. Both excitation and emis-
sion bandwidths were set at 1.0 nm. All measurements were performed on air-
equilibrated solutions at 25 °C.

The size, integrity, and degree of filling of individual capsules were deter-
mined by an inverse CLSM (Leica, Germany) with a 100x oil immersion objec-
tive with a numerical aperture of 1.4. The capsules were visualized either by
electrostatic adsorption of the fluorescent dye rhodamine 6G to the polyelec-
trolytes and their complexes or by addition of 1,1’-diethyl-2,2’-cyanine (NK-
1046, Nippon Shisiko Kenkyusho, Japan).

Scanning force microscopy (SFM) was applied to capsules air-dried on
freshly cleaved mica. SFM images have been recorded in air at room tempera-
ture using a Nanoscope III Multimode SFM (Digital Instrument, Santa Bar-
bara, USA) in tapping mode. Microlithographed tips on silicon nitride (Si3Ny)
cantilever with a force constant of 42 Nm™ were used. SFM images were pro-
cessed using a Nanoscope software.
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Since the demonstration of stimulated emission and opti-
cally pumped lasing in organic semiconductors this field of
research has gained a considerable amount of interest.!'!
Apart from an optically amplifying material, the second key
ingredient for an organic laser is an optical feedback mecha-
nism. Distributed feedback!® (DFB) has proven to be particu-
larly useful for organic semiconductor devices as it allows low
threshold lasing in thin film waveguide structures. Conse-
quently, DFB has been used as a resonator for optically
pumped conjugated polymer lasers.” ') However, a severe
obstacle to constructing organic diode lasers is the optical loss
arising from metallic contacts, which generally outweighs the
optical gain. So far, it has been assumed that including a
metallic electrode in an organic lasing device would preclude
lasing due to a large dissipative energy loss to the metal. Ini-
tial gain measurements on metallic electrodes appeared to
confirm this.[ Therefore, most of the DFB structures used to
date have been made of non-conducting materials, hence ex-
cluding electrically pumped operation. Recently, optically
pumped lasing from a polymer DFB laser fabricated directly
on top of a silver substrate was shown,'!] however, the lasing
threshold was increased to 150 times that of a metal-free
device.

In this contribution, we explore a novel strategy for contact-
ing organic injection lasers by depositing the organic semicon-
ductor onto a metallic photonic crystal. Optically pumped las-
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ing is demonstrated in a device consisting of a conjugated
polymer on top of a two-dimensional (2D) distributed feed-
back template comprising gold nanodiscs on indium tin oxide
(ITO). Although the nanodiscs are potential dissipative ener-
gy absorbers, we find only a marginal increase in lasing
threshold when compared to conventional dielectric distribut-
ed feedback resonators. Using 130 fs pump laser pulses, we
find a lasing threshold of only 2 nJ. Our structures also allow
an accurate control over the active lasing modes, and provide
the possibility of generating two non-degenerate modes of
orthogonal polarization in one device.

Our device consists of a glass substrate coated with a
110 nm thick ITO layer which is covered by a 2D grating
made out of gold nanodiscs (Fig. 1a). The grating constant is
300 nm and each single nanodisc has a diameter of 110 nm
and a height of 30 nm. A ~460 nm thick film of the polymer

Fig. 1. a) Schematic drawing of the polymer film on top of a gold nanodisc pho-
tonic crystal template. Feedback is accomplished by second order (m =2) Bragg
scattering, while the first order (m =1) scattering couples the lasing mode out in
the vertical direction. The ITO thickness is 110 nm, the gold nanodiscs measure
110 nm in diameter and 30 nm in height, the grating constant is 300 nm and the
LPPP film is approximately 460 nm thick. b) Absorption (dashed line) and
emission (solid line) spectra of LPPP. Dotted line: Intensity of light reflected by
a gold nanoparticle grating not covered by LPPP. The pronounced maximum at
approximately 690 nm corresponds to light scattered by the nanoparticle plas-
mon resonance.

methyl-substituted ladder-type poly(para phenylene) (LPPP)
is spin coated onto the sample from toluene solution. Besides
offering excellent photophysical properties, this material also
has high charge carrier mobilities, ! which makes it a suitable
candidate for electrically pumped laser devices. Figure la
shows a sketch of the sample and illustrates the DFB mecha-
nism using the second order diffraction for feedback and the
first order for coupling the light out perpendicular to the film
surface.

The spectral properties of the organic film and the metallic
2D grating can be seen in Figure 1b, where the absorption
(dashed line) and emission (solid line) spectra of LPPP are
displayed. The light reflected by a similar gold nanoparticle
grating without a LPPP film is shown by the dotted line. The
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pronounced maximum at approximately 690 nm corresponds
to light scattered by the nanoparticle plasmon resonance.
Note that there is only little overlap between the nanoparticle
plasmon resonance and the LPPP fluorescence, and hence
fluorescence quenching by resonant energy transfer from ex-
cited LPPP molecules to the nanoparticle plasmon is assumed
to be small, and lasing should not be affected by the nanopar-
ticle plasmon. In fact, reflection measurements with an LPPP
layer show that the plasmon peak shifts approximately 30 nm
to the red, further reducing the spectral overlap. Calculations
reveal that this sample supports two transverse electric (TE)
modes, whereby the first one is predominantly confined with-
in the ITO and the second mode has its main maximum within
the LPPP layer and shows a nodal plane close to the ITO-
LPPP interface, thus additionally minimizing absorption by
the gold nanodiscs.

For optical pumping of the laser structure we use laser
pulses of 130 fs duration, 1 kHz repetition rate, and a wave-
length of 400 nm. Figure 2a shows the first vibronic sideband
of the photoluminescence spectrum for three different excita-
tion pulse energies between 1.5 nJ and 2.7 nJ. While an excita-
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Fig. 2. a) Emission spectrum in the spectral region of the first vibronic sideband
of LPPP below, at, and above lasing threshold. The pump pulse energies are
indicated. b) Plot of the intensity at the laser wavelength (M) and the FWHM
of the emission band (O) against pump pulse energy.

tion pulse energy of 1.5 nJ is well below the lasing threshold,
at an excitation energy of 1.9 nJ a small peak occurs at
492 nm. We note that the concomitant dip in the fluorescence
spectrum is absent. At a pump pulse energy of 2.7 nJ a clear
lasing mode is observed. The spectral position of this lasing
mode can be tuned either by varying the grating constant or
the LPPP film thickness. Below a thickness of 350 nm, how-
ever, no laser action is observed.

Figure 2b shows the output power at the laser wavelength
versus pump energy (solid squares). A clear laser threshold
behavior is observed with a threshold energy of approxi-
mately 2 nJ. The surprising result is that this lasing threshold
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is only a factor of two larger than the lasing threshold for a
metal-free LPPP-DFB laser.”! This is unexpected as the gold
nanodiscs are prone to quench molecular excitations via ener-
gy transfer to the metal and should therefore increase the
laser threshold. One possible reason for this result is that the
LPPP emission has little spectral overlap with the nanoparti-
cle plasmon. Further, the second TE mode, which we assume
to be the lasing mode, also has little spatial overlap with the
gold nanodisc layer. Moreover, in comparison to metal films,
the quenching effect of the gold intraband absorption will be
strongly reduced since a large part of this kind of absorption
in gold nanoparticles is concentrated at the nanoparticle plas-
mon frequency,m] and also because the metal filling factor of
the nanoparticle array is smaller than that of metal films. Also
note that the gold interband absorption at the LPPP emission
energy, which is essentially the same in metal nanoparticles
and films, is relatively weak and not expected to contribute
significantly to the quenching. The full width at half maximum
(FWHM) of the emission is also shown as a function of pump
energy, which displays a clear laser threshold behavior with
the FWHM shrinking down to 0.44 nm at 2.4 nJ pump pulse
energy. A subsequent increase in pulse energy results in a
slight line broadening to 0.55 nm at 2.9 nJ, which may be due
to excitation of further lateral laser modes. This is also mani-
fested in the saturation behavior of the peak count rate.!'")
Our nanolithographic technique provides a simple route for
controlling the 2D gain mechanism in the laser. By inducing a
slight mismatch of 1% between the horizontal and vertical
grating period, it is possible to spectrally separate the two gain
directions. This is shown in Figure 3, where two distinct laser
modes are observed at 492 and 495 nm. Surprisingly, the two
modes exhibit identical threshold behavior as seen in the right-
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Fig. 3. Dual band lasing resulting from a 1 % mismatch of the period of one
grating axis with respect to the other. The two peaks at 492 nm (M) and 495 nm
(O) are fully polarized orthogonal to each other (left inset) and exhibit identi-
cal threshold behavior (right inset).

hand inset. Both laser lines are fully polarized and emit at or-
thogonal polarizations, as seen in the left inset, which shows
the polarization dependence of the two emitted laser lines. We
note that an independent selection of the lasing wavelength
and the plane of polarization on a single microlaser could
have potential applications in optical communications.

Next, we address the question of the feedback mechanism
in our device. Feedback by DFB structures can in principle be
established by index-coupling, by gain coupling, or a superpo-
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sition of both resulting in complex coupling. The absence of a
stop band in the sub-threshold luminescence spectrum sug-
gests that index coupling only plays a marginal role."” This is
understandable, as the gold nanodiscs are only 30 nm in
height, so the light mode is confined predominantly to the
spatially unmodulated LPPP film. We therefore have to con-
sider the imaginary part of the coupling constant as the source
of the feedback. At this point of research it is hard to tell
whether gain or loss coupling dominates. Usually, in second
order feedback DFB devices the loss is facilitated by first or-
der Bragg scattering into radiation modes. In the case of the
gold nanodisc template used in this study, another important
mechanism has to be taken into account, namely absorption
by the gold nanodiscs. Gold nanoparticles have been shown to
be extremely effective fluorescence quenchers,[“] and there-
fore the quenching processes due to the presence of the gold
nanodiscs, which should extend well into the LPPP layer, may
contribute substantially to the feedback mechanism."> In a
sense, this could be called a type of “loss” coupling. It is there-
fore, possible that our laser operates on a combination of gain
and “loss” coupling, which would have the same periodicity,
whereas conventional lasers usually rely on index coupling.
Further research is needed to distinguish between these differ-
ent coupling mechanisms, but the present results do suggest
alternative routes to achieving feedback and gain in organic
semiconductors.

Our findings are promising results towards the realization
of future organic injection lasers. The metallic nanoparticle
grating in our work not only serves as a means for providing
optical feedback but may also act as a cathode in an electri-
cally driven device. As an anode a suitable low-loss metal film
has to be evaporated. Alternatively, ITO can also be used as
the second contact when an additional electron injection layer
is introduced."® Depending on the relative positions of the
workfunctions of the ITO layer and the Au discs (depending
on the treatment of the former), as well as the operating con-
ditions, hole injection will occur either over the entire contact
or at isolated areas. Concomitantly, this will determine the rel-
ative importance of gain and index modulation. Further work
has to address these issues. Novel lithographic techniques for
creating metallic nanostructures based on self-assembly of or-
ganic nanospheres!'’! may provide a facile method for struc-
turing the electrode as well as enabling the production of
large area gratings.

In summary, we have shown that a 2D photonic crystal of
gold nanodiscs on ITO can be used as a DFB substrate for
organic lasers. Contrary to expectation, the metal does not
increase the threshold for lasing significantly compared to
purely dielectric gratings, suggesting a method for contacting
thin films of organic semiconductors.

Experimental

The gold nanodisc grating has a total size of 96 um x 96 um and is produced
by electron beam lithography. Each single nanodisc has a diameter of 110 nm
and a height of 30 nm. The grating constant is 300 nm. A film of LPPP is spin
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coated onto the sample from toluene solution. The average film thickness as de-
termined from optical density measurements is 460 +20 nm.

For optical pumping of the laser structure we frequency double the output of
a regeneratively amplified femtosecond Ti:Sapphire laser. The resulting pulses
of 130 fs duration and a wavelength of 400 nm have pulse energies of 0.6 nJ to
10 nJ at a repetition rate of 1 kHz. The excitation beam is focused onto a spot
with a diameter of 70 +5 um. The sample is kept under a dynamic vacuum of
10™* mbar and the emission is collected in reflection geometry, dispersed by a
grating spectrometer and detected by a charge coupled device (CCD) array.
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A Novel Approach for Preparation
of Thermoresponsive Polymer Magnetic
Microspheres with Core—Shell Structure**

By Yonghui Deng, Wuli Yang, Changchun Wang,
and Shoukuan Fu*

In the past decades, there has been great interest in the fabri-
cation of stimuli-responsive polymer microspheres for techno-
logical applications and fundamental studies. Due to their abil-
ity to change physical-chemical properties and colloidal
properties in response to external stimuli (changes in tempera-
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ture, pH, ionic strength, magnetic field, etc.),[” stimuli-respon-
sive polymer microspheres have many versatile applications,
especially in biomedical and biotechnological fields such as
drug-delivery systems, specific molecular recognition, biosen-
sors, affinity separations, enzyme and cell immobilizations, etc.
el Among stimuli-responsive polymer microspheres, thermore-
sponsive polymer microspheres, particularly those based on
poly(N-isopropylacrylamide) (PNIPAM), have attracted much
attention and were intensively investigated since poly(/N-iso-
propylacrylamide) microgel particles were first reported by
Pelton and Chibante in 1986.1'*! Poly(N-isopropylacrylamide)
is a well-known thermoresponsive polymer, which exhibits a
coil-globule transition in aqueous solution at a lower critical
solution temperature (LCST) of about 32 °C.* Thermorespon-
sive polymer microspheres based on poly(N-isopropylacrylam-
ide) have been applied to several different fields, such as
nucleic-acid extraction and puriﬁcation,w controlled release,™
and cell-culture substrates.®)

More recently, with the development of the preparation
and application of stimuli-responsive polymer microspheres,
increasing interest has been devoted to the exploration of
multiresponsive polymer microspheres, which exhibit sensitiv-
ity to several external stimuli and can be used in extended
fields. Polymer microspheres that combine both temperature-
and pH-responsive volume phase transitions were elaborated
as reported by many authors.”! Owing to their relatively rapid
and easy magnetic separation, thermoresponsive polymer
magnetic microspheres could be widely used in biomedical
and bioengineering, such as enzyme immobilization and im-
munoassay, cell separation, and clinical diagnosis. In addition,
due to their sensitivities to both magnetic field and tempera-
ture, thermoresponsive polymer magnetic microspheres offer
a high potential application in the design of a targeting drug-
delivery system, which is considered as a safe and effective
way for tissue-specific release of drugs, i.e., with a small
amount of magnetic thermoresponsive polymer microspheres,
a large amount of drug could be easily administered and
transported to the site of choice. Under the guidance of an
external magnetic field, such dual-responsive polymer micro-
spheres could arrive at the specific tissue and release drugs
loaded on the microspheres at the targeting spot using tem-
perature as a trigger.

Micrometer- and submicrometer-sized thermoresponsive
polymer magnetic microspheres based on a copolymer of
styrene and N-isopropylacrylamide has been synthesized
previously. Sauzedde et al.[5al reported on the preparation of
magnetic thermoresponsive microspheres using a two-step
method, in which iron-oxide nanoparticles were absorbed
onto previously synthesized poly(N-isopropylacrylamide-co-
styrene) microspheres, and then the obtained microspheres
were encapsulated by PNIPAM through a soap-free polymer-
ization process. Although this two-step method could lead to
thermoresponsive polymer magnetic composite microspheres,
the process of preparation is not easily controllable. Ding et
al.® prepared thermoresponsive polymer magnetic micro-
spheres based on the dispersion copolymerization of styrene
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