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Quantum dot doped microspheres possess a broad range of possible applications from photonics
to biolabeling. These doped microspheres can be prepared by many different approaches. Here we
will focus on a strategy, where first prepared polymer microspheres are subsequently doped with
semiconductor nanoparticles. The described procedure enables us to gain directly aqueous suspen-
sions of quantum dot doped polymer microspheres which can be used to prepare high quality
artificial opals by self-assembly procedures. The properties of these quantum dot doped polymer
microspheres and the artificial opals made thereof will be discussed.

Introduction

The combination of semiconductor nanoparticles (QDs)
with polymer microspheres (PMCs) possess potential in
biological1,2 and photonic crystal applications.3-6

One of the advantages of the combination of these
materials is that their optical properties can be adjusted to
each other (each, the absorption and emission properties
of QDs and the photonic properties of PMCs depending
on their particular size), meaning that a facile adoption of
a combined material can be performed with regard to a
certain task.7-9

Different procedures are known to link nanoparticles to
PMCs: among others the attachment of QDs by “layer-by-
layer” assembly to microspheres, incorporation of QDs in
PMCsduring the synthesis of thePMCs, twostepprocedures
whereQDsare incoperated in polymer nanospheres bymini-
emulsion polymerization followed by a core shell polymeri-
zation to gain larger PMCs and incorporation procedures of
already prepared PMCs with QDs.1,2,10-15

An incorporation procedure of already prepared PMCs
was presented by Han et. al:2 cross-linked PMCs (c-PMCs)
were swollen in an alcohol/chloroform mixture. Subse-
quently QDs, dissolved in chloroform, were added and
infiltrated the c-PMCs. The suspensions of QD-doped
c-PMCs were purified and finally suspensions of c-PMCs
were obtained in alcohols.
This procedure allows the loading of c-PMCs with a

large number of QDs, but the amount of doped c-PMCs
gained is typically low. Furthermore, for biological and
self-assembly applications, further processing of the sam-
ples is necessary to receive the doped c-PMCs in water.
Here we present an incorporation procedure, where

c-PMCs were doped with CdSe/CdS core/shell QDs. The
procedure starts from suspensions of c-PMCs in water
and gains finally the doped c-PMCs directly in water. The
morphological andopticalpropertiesof thesedopedc-PMCs
were investigated. Furthermore, the doped c-PMCs pre-
pared according to this approach were used to prepare
artificial opals, which morphological and optical proper-
ties also were investigated.

Experimental Section

Chemicals. Solvents were mainly purchased fromMerck (p.a.

grade), tetrahydrofurane (THF) was purchased from Aldrich

(p.a.), methylmethacrylate (MMA) and divinylbenzene (DVB)

were purchased from Merck (p.s. grade) and trioctylphosphine

from Fluka (technical grade). The monomers and trioctylphospine

(TOP) were purified by distillation. The monomers were stored at

-20 �CandTOPunder nitrogen. Potassiumperoxodilsulfate (KPS,

Merck, p.a.), trioctylphosphinoxide (TOPO,Merck,> 98%), cad-

miumacetate (ChemPur, 99.99%), selenium (ChemPur, 99,99%),
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n-tetradecylphosphonic acid (TDPA, Alfa Aesar, 99%) and hexa-

decylamine (HDA, Merck, 99%) were used as received.

Apparatus. Absorption spectra of nanoparticle solutions in

chloroform were taken with a Varian Cary 500 conc UV-vis

absorption spectrometer. Diffuse reflection spectra of aqueous

dispersions of QD doped c-PMCs were taken with an integrat-

ing sphere (Labsphere DRA-CA-5500, accessory for a Varian

Cary 500 conc UV-vis NIR absorption spectrometer). Emis-

sion spectra of QD-solutions were taken with a Jobin Yvon

Fluorolog emission spectrometer (spectral resolution: excitation

and detection 2 nm). Emission spectra of aqueous dispersions of

QD doped c-PMCs were also taken with a Jobin Yvon Fluoro-

log (spectral resolution: excitation and detection 2 nm), but in a

front-face geometry. To reduce scattered light aK-40 band-pass

filter was set in the excitation and a GG 495 high-pass filter was

set in the detection beam.

Emission spectra of QD-doped artificial opals were taken

with a Jobin Fluoromax using an HG 436 63 Bandpassfilter,

Carl Zeiss.

Specular reflection spectra were taken with Varian variable

angle specular reflection accessory (VASRA, accessory for a

Varian 5000 UV-vis/NIR absorption spectrometer). The in-

cident beam was polarized with polarization slides (equipment

Varian VASRA). The reflection spectra were normalized versus

a silver mirror (Linos).

TEM-images were taken with a high resolution transmission

microscope Phillips CM-300. SEM-images of gold coated opals

(AGAR sputter coater) were taken with a scanning electron

microscope Zeiss DSM 982 Gemini.

Dynamic Light Scattering measurements were performed

with a setup of the ALV Langen GmbH.

CdSe/CdS-QD Synthesis. CdSe/CdS-QDs were synthesized

similar to the procedure published by Mekis et al.16

A mixture of 5 g of HDA and 8 g of TOPO was heated up to

120 �C and kept for 2 h under vacuum. Under nitrogen 0.15 g of

TDPA dissolved in 1.5 mL THF were added. The THF was

evaporated under vacuum. Under a nitrogen atmosphere 2 mL

of a 2M solution of selenium dissolved in TOP were added. The

reaction mixture was heated up to 300 �C and 0.12 g cadmiu-

macetate dissolved in 3 mL of TOP by were injected. The

temperature was reduced to 260 �C and the reaction mixture

was allowed to last at 260 �C for 10 min before the temperature

was reduced to 120 �C.
To grow the CdS on the core-nanoparticles the nitrogen flow

was stopped and 30 mL of H2S were added in portions of 2 mL

every 15 min. After the H2S addition the temperature was

decreased to 100 �C and the reaction mixture was allowed to

last at this temperature for one hour. Then the temperature was

increased to 120 �C and the H2S was removed by applying

vacuum.

Afterward 0.8 g CdAc2 dissolved in 2 mL TOP and 0.4 g

TDPA dissolved in 4 mL of THF were added, and the THF was

removed under vacuum. Finally the reactionmixture was stirred

at 120� overnight.
The crude product was dissolved in about 500 mL of 90 �C

warm toluene. The temperature was reduced to 20 �C, and the

precipitate was removed by centrifugation. The obtained solu-

tion was checked by UV-vis spectroscopy. This step was

repeated until a strongly enhanced absorption for wavelengths

below 500 nm was observed in comparison to the previous

samples, indicating an impurity of CdS nanoparticles.

Copolymer Microspheres. C-PMCs were prepared by a sur-

factant free emulsion polymerization.17 100 mL of water were

placed in a 250 mL tree necked round-bottom flask. Then the

water was stirred under a nitrogen flow (stirring speed: 750

rotations/min) for 30 min. The nitrogen flow was stopped and

8.4 mL of MMA and 0.9 or 0.17 mL of DVB (1 or 2% cross-

linked spheres, respectively), were added. The temperature was

increased to 90 �C (oil bath temperature) and the reaction

mixture was allowed to last for 2 h. Five ml of a solution of

1 g of KPS dissolved in 5 mL of water were injected at 90 �C (oil

bath temperature). The polymerization reaction was allowed to

proceed for another 2 h until it was stopped by opening the flask.

To remove not reacted monomer, the reaction mixture was

stirred for another 2 h at 90 �C. The crude product was filtered.
Then the c-PMCs were separated from the suspension by

centrifugation and redispersed in water at least two times. To

remove larger agglomerates from the suspension a short cen-

trifugation run was performed, which allowed to separate

5-10% of the product from the suspension.

Infiltration Procedure. In a typical infiltration procedure

about 0.25 g of a c-PMC suspension in water (44 wt % polymer

for 1% cross-linked c-PMCs and 40.2 wt % polymer for 2%

cross-linked c-PMCs) were dispersed in 10 mL of acetone. Then

10 mL of chloroform and 50 μL of water were added, followed

by an addition of 1.2 mL of a QD solution in chloroform (OD at

λ1s-1s ∼ 2). The infiltration mixture was allowed to last under

stirring for 8 h (1% cross-linked spheres) or for or 12 h (2%

cross-linked spheres). The reactions were performed in closed

flasks to reduce the influence of moisture.

Afterward 20mLof a 3:1mixture ofmethanol andwater were

added and the majority of the organic solvents were evaporated

in less than 5 min under reduced pressure and heating (it has to

be remarked, that if the evaporation of the organic solvents is

performed slower a separation of the c-PMCs and the QDs,

combined with a precipitation of the QDs, occurs). The volume

of the residual suspension was reduced to less than 2 mL by

evaporation, then 50 mL of water were added and the volume

was reduced again by evaporation to less than 2 mL. The

obtained doped c-PMCs were separated from the solvent by

centrifugation and redispersed in water. This procedure was

repeated several times. In a last centrifugation step a small

fraction of the polymer was separated to remove agglomerates

of c-PMCs.

Preparation of Thin Films of Artificial Opals. Thin opaline

films were prepared by a vertical deposition technique at 47 �C
and volume fractions of polymer in water of 0.001-0.005.18,19

Results and Discussion

Optical Properties of Infiltrated c-PMCs. In Figure 1(a)
diffuse reflection spectra of suspensions of QD-doped
c-PMCs in water and the absorption spectra of the corre-
sponding QDs in chloroform are shown. The peak wave-
length of the first electronic transition (λ1s-1s) for both QD-
doped c-PMCs is shifted slightly to shorter wavelengths in
comparison to the QDs in chloroform. This effect can be
attributed to a partial dissolution of the QDs during the
incorporationprocess. InFigure 1(b) the emission spectra of
the mentioned samples are shown. Like the λ1s-1s also the
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emission peak wavelengths are shifted slightly to shorter
wavelengths. Furthermore, the emission spectra of the
doped c-PMCs are broadened in comparison to the corre-
sponding QDs in chloroform. Because of the difference of
the particular measurements, it is not clear whether the
observed broadening after infiltration can be attributed to
a degradation of the QDs during the incorporation or to the
different measurement conditions (e.g., diffuse scattering of
the suspensions of doped c-PMCs vs absorption of the clear
QD solutions).
To confirm that the luminescence originates from the

c-PMCs, confocal microscopy images and confocal mi-
croscopy fluorescence images were taken. The c-PMCs,
having here a diameter of about 320 nm (determined by
dynamic light scattering), appear in the confocal micro-
scopy image as circular diffraction patterns with a dia-
meter of about 1 μm or, for larger arrangements of
spheres, as structured areas.
The comparison of the confocal microscopy image of

doped c-PMCs (content PDVB1wt%; c-PMCs 1%)with
the fluorescence image shows, that the luminescence is
emitted relatively homogeneous from the areas where
c-PMCs are present (Figure 2(a) and (b)). In the case of
the doped polymer spheres (with 2 wt % PDVB cross-
linked c-PMCs (c-PMCs 2%)) the luminescence appears
also only from areas where polymer is present, but aside
from a relatively homogeneous luminescence also bright
spots are observed. (Figure 2(c) and (d)).
In TEM-images of doped c-PMCs 2% single QDs

appear to be distributed in all spheres. Occasionally,
agglomerates of QDs within the c-PMCs can be observed
(Figure 3). To examine whether the luminescence of the
bright spots observed in the confocal fluorescence micro-
scopy images can be related to the agglomerates ofQDs in
c-PMCs, emission spectra were taken from different sites
of a monolayer of QD doped c-PMCs, with a confocal
fluorescence microscope (Figure 4(a) and (b)). It turns
out, that the emission of the bright spots (spots 1 and 2 in

Figure 4(a)) appears at longer wavelengths than the
luminescence which is collected from the darker areas
(spot 3 in Figure 4(a)). A red shift of this sort indicates
F€orster resonance energy transfer (FRET) between the
QDs.20-23 Because FRET only appears when particles
are in close proximity, the weak and short wavelength
emission of the main area observed in Figure 4(a) can be
attributed to homogeneously dispersedQDs in themicro-
spheres. The observed bright spots, emitting light at
longer wavelengths, can be therefore assigned to the
agglomerates observed in the TEM-images (Figure 3).
Amount and Distribution of the QDs in the c-PMCs. If

no agglomerates are identified, the typical loading of the
c-PMCs with QDs can be estimated form the TEM-
images (Figure 3; Figure 5). For doped c-PMCs 2% the
number of QDs observed lies in the range of about 70
QDs per c-PMC, whereas for c-PMCs 1% typically about

Figure 1. (a)Absorption and (b) emission spectra ofQD-doped c-PMCs,
dissolved inwater, in comparison to theQDsused for doping, dissolved in
chloroform.

Figure 2. (a) Confocal microscopy fluorescence images of doped
(a) c-PMCs 1% and (c) 2% and confocal microscopy images of doped
(b) c-PMCs 1% and (d) c-PMCs 2%.

Figure 3. TEM-image of doped c-PMCs 2%.
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200 QDs were observed. Taking the size of the c-PMCs of
about 320 nm into account this yields a loading factor of
∼4100 QDs/ μm3 polymer in the case of c-PMCs 2% and
about 11 000 QDs/ μm3 for c-PMCs 1%. For infiltrated
c-PMCs 1% with a diameter of 1.2 μm, doped by an
similar procedure, Han et al. reported a doping level
between 40 000 and 50 000 QDs per c-PMC.2 This corre-
sponds to a loading factor of between 36 000 and 45 000
QDs/μm3 polymer. This shows that the doping level
reported here is lower by a factor of 3-4 in comparison
with the procedure reported by Han et al., but it is still in
the same order of magnitude.
From TEM-images and the comparison of confocal

microscopy and confocal fluorescence microscopy images
it appears, that theQDsare linked to the c-PMCsbut it can0t
be directly concluded from these observations that the QDs
are incorporated into the c-PMCs (Figures 2, 3, and 5). To
get information of the distribution of the single QDs in the
doped c-PMCs, TEM-images of doped c-PMCs were seg-
mented in certain areas (Figure 5), and the number of QDs
in these areas was determined. Two marginal cases were
assumed: (1) Assuming a randomdistribution of theQDs in
the volume of the c-PMCs, the fraction of the QDs deter-
mined in a certain area of theTEM-image is proportional to

the volume fraction of the c-PMC represented in this area of
the TEM-image; (2) Assuming a random distribution of the
QDs on the surface of the c-PMCs, the fraction of the QDs
determined in a certain area in the TEM-image is propor-
tional to the surface area fraction represented in this area of
the TEM-image.
The fraction of QDs observed in the segments for differ-

ently strong cross-linked c-PMCs are given in Table 1 (for
the particular types of c-PMCs a statistically sufficient
number of c-PMCs was investigated bringing the total
number of QDs above 200). The values determined for the
particular c-PMCs are between the values of the above
outlined marginal cases. This indicates that the QDs are
typically incorporated into the c-PMCs, but predominantly
closer to the surface. This observation is reasonable taking
intoaccount an infiltrationmechanism,where theQDshave
to diffuse in the c-PMCs.
It is noted that in the number of QDs determined in the

inner circle for doped c-PMCs 1% is surprisingly low. This
might be explained by the limitations of the experiment: the
inner circle also represents the area where the electron beam
has to pass the longest distance trough the c-PMCduring the
TEM-measurement. Therefore it was difficult for this parti-
cular sample to determine the QDs in the inner circle.
However, for these samples it was still easily possible to
determine the number of particles in the middle ring (cf.
Figure 5, Table 1). The ratio of the middle and outer ring
gives here for c-PMCs 1%avalue of 1.7, which is in between
the ratios of the marginal cases of 1.2 (for a homogeneous
distribution in the volume) and 2.7 (homogeneous distribu-
tion on the surface) and comparable with the ratio observed
for a c-PMCs 2%of 1.9. Therefore it can be concluded, that
the conclusion made is also valid for c-PMCs 1%.
Morphology of c-PMCs after Doping. For different

applications, like for the formation of artificial opals, it
is crucial that the shape and the morphology of the
c-PMC samples are maintained also after doping.
In Figure 6 SEM-images of thin opaline films made from

doped and from the corresponding non doped c-PMCs are
shown. The non doped c-PMCs formhighly ordered opaline
structures, proving a sharp size distribution of the c-PMCs
(Figure 6(a) and (c)). In the case of QD doped c-PMCs 1%
the structure is strongly disordered, and no long-range
periodicity can be observed. This disorder is caused by larger
copolymer particles (Figure 6(b)). It can be assumed, that
these larger particles form due to agglomeration of the
c-PMCs during the incorporation procedure, as is observed
also for other incorporation procedures by swelling of
c-PMCs.24 However, in the case of the stronger cross-linked
spheres (c-PMCs 2%) highly ordered opals can be obtained
also after doping (Figure 6(d)). Only very few,mainly binary
agglomeratesof c-PMCscanbeobserved,whichare typically
almost perfectly embedded in the crystal structure.
Photonic Properties of Opaline Films Out of QD Doped

c-PMCs. In Figure 7(a)-(d) reflection spectra of opaline
films of the bare and of the corresponding QD doped

Figure 4. (a)Confocalmicroscopy fluorescence images of amonolayerof
doped c-PCMs 2% and (b) emission spectra of different areas of this
monolayer labeled in Figure 4(a).

Figure 5. Distribution of QDs in a doped c-PMC 1%.

(24) Lange, B.; Zentel, R.; Ober, C.; Marder, S. Chem.Mater. 2004, 16,
5286.
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c-PMCs are shown. Both films manufactured from bare
c-PMCs show sharp reflection lines for the first photonic
band gap atwavelengths of about 625 nmand about 650 nm
for c-PMCs 1% and c-PMCs 2%, respectively (Figure 7(a)
and (b)). For opaline films made from doped c-PMCs 1% a
weakly distinct reflection feature with a small intensity is
observed (Figure 7(c)). For doped c-PMCs 2%, like in the
case of the non doped c-PMCs a distinct and strong reflec-
tion line is observed at a wavelength of about 650 nm. These
results are in agreement with the investigations by SEM (cf.
Figure 6), where highly ordered opaline films were observed
for the c-PMCs 2%, while the arrangement of the polymer
spheres is strongly disturbed in the case of c-PMCs 1%.
Further it is noted, that the reflection intensity of the

doped c-PMCs 2% is significantly higher than those of
the nondoped ones (Figure 7(b) and (d)). This pheno-
menon can be explained by the superior order of the opal

of the doped c-PMCs in comparison to the opal of the
nondoped c-PMCs (observed in the SEM-images), in
spite of the small agglomerates in the doped sample
(Figure 6(c) and (d)). This better packing might have its
origin in the additional purification steps, and therefore
can be simply seen as an indication for the high purity of
the suspension of the doped c-PMCs.
Angular Dependent Emission of Artificial Opals Build

of QD Doped c-PMCs. To investigate the effect of the

Table 1.ObservedDistribution ofQDs inTEM-Images of c-PMCsand theExpectedValues for aHomogenousDistribution of theQDs on the Surface and in

the Volume of the c-PMCs

area in
TEM-image

volume represented
by particular area
in TEM-image

surface area represented
by particular area
in TEM-image

doped
c-PMCs 1%

doped
c-PMCs 2%

inner circle 15.7% 5.7% 5% 12%
middle ring 42.9% 25.5% 36% 30%
outer ring 41.4% 68.8% 60% 57%

Figure 6. SEM images of artificial opals made from (a) c-PMCs 1%,
(b) doped c-PMCs 1%, (c) c-PMCs 2%, and (d) doped c-PMCs 2%.

Figure 7. Reflection spectra of artificial opals made from (a) c-PMCs
1%, (b) c-PMCs 2%, (c) doped c-PMCs 1%, and (d) doped c-PMCs 2%.
S-pol and p-pol: linear polarization perpendicular and parallel to the
plane of incidence, respectively.
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photonic band structure on the emission properties in
dependence of the angle, a more detailed understanding of
the photonic properties of the particular opal is necessary. In
Figure8(a) and (b) specular reflectance spectra of an opal
composed of doped c-PMCs 2% are shown. It appears that
the intensity of the photonic bandgap reflection for s-pol
is higher over the whole angular range. Further, starting
from angles of 45�, beside the reflection of the 111-lattice
plane also the reflection of the 200-latrice plane of the fcc-
lattice appears for s-pol light, oppositely p-pol light. This is
expected from literature:
It is described, that the bandgap reflection of the 200-

lattice plane is much weaker for p-pol light and that it
appears at longer wavelengths in comparison to s-pol light,
so that we do not observe for p-pol separate reflection
maxima like in the case of s-pol.25 Further the width of the
reflection of the 111-lattice plane is broader for s-pol than for
p-pol, yielding a shorter Bragg-attenuation length LB, and
finally leading to a stronger reflection for s-pol light.3,26

LB ¼ EB

ΔE

π

2dxyz

withEB, the energy at which the transmissionminimum due
to the photonic band gap is observed, ΔE, the energy full

width at half minimum of the transmission minimum and
dxyz, the particular lattice spacing.
The comparison with the emission spectrum of a sus-

pension of the doped c-PMCs in water shows, that an
overlap of the emission band of the QDs and the photonic
band gap at s-pol and p-pol has to be expected for
emission angles (angle between the normal of the opaline
film and the emitted beam) between 35� and 40�.
To investigate this, the luminescence of anopal of c-PMCs

2% was measured in front face geometry (Figure 9). The
normalized emission spectra at the particular angles gained
by means of these measurements are shown in Figure 10(a)
and (b). As a function of the angle only small changes of the
peak wavelength are observed in both cases. However it still
turns out that the change of the emission wavelength is
stronger when s-pol light is investigated, being in agreement
with the observations from the absorption spectra. In
Figure 10(c) the position of the emission maxima in relation

Figure 8. Angular dependent reflection spectra of artificial opals made
from c-PMCs 2%, (a) s-pol, (b) p-pol, and (c) emission spectrum of a
suspension of c-PMCs 2% in water.

Figure 9. Setup for the determination of the emission spectra of opaline
samples. MC: monochromator, PM: photo multiplier.

Figure 10. Emission spectra of an opal of doped c-PMCs 2% a different
angles (a) s-pol, (b) p-pol. (c) Wavelengths of the emission maxima at
different angles.

(25) Galisteo-L�opez, J. F.; Palacios-Lid�on, E.; Castillo-Martı́nez, E.;
L�opez, C. Phys. Rev. B 2003, 68, 115109.

(26) Galisteo-L�opez, J. F.; L�opez--Tejera, F.; Rubio, S.; L�opez, C.;
S�anchez-Dehesa, J. Appl. Phys. Lett. 2003, 82, 4068.
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to the angle is shown. For s-pol light a clearminimumat 35�,
and a maximum between 45� and 50� of the emission
wavelength is observed. For p-pol light the behavior is less
clear and only a maximum of the emission wavelength is
observed at 45�. For both measurements an increasing
emission wavelength is observed at larger angles. Although
the effects are small, they are still in agreement with the
observations from the reflection spectra. We see a change of
the emission wavelength exactly at the angles, at which the
reflection, caused by the photonic band gap, passes the
emission line. Furthermore, this effect is stronger investigat-
ing s-pol light.
An explanation requires a look at the measurement

geometry:
The opal observed here possessed a thickness of about 17

layers, which corresponds to about 4.8μm(diameter spheres
according dynamic light scattering 344 nm, assuming a
lattice spacing along the 111-axis of d111 = (2/3)1/2d, with
d the diameter of the spheres).
Taking into account, that the typical Bragg-attenua-

tion length for opals out of PMCs is in the range of 2 μm,3

it can be assumed that the emission of the layers of the
opals closer to the front face is almost unaltered. Further,
the excitation beam enters from the frontside inferring

that the main intensity of emission also stems from the
c-PMCs close to the front side which is only weakly
affected by the photonic band structure.
This assumption is in agreement with work by Fleisch-

haker et al.,14 where it was shown, that light emitted from
an opal is only weakly attenuated in front face geometry
as opposed to experiments performed with exciation and
detection on opposite sides of the opals.27,28

Conclusions

In this work we show a facile strategy how PMMA/
PDVB-copolymer microspheres which are initially sus-
pended inwater canbedopedwithQDs in anorganic solvent
mixture and be finally gained in water. We proof, that the
QDs are present within the polymer spheres. Further we
show that the aqueous suspensions of the doped PMMA/
PDVB-copolymer microspheres can be used to prepare high
quality artificial opals.Furtherwe show the interactionof the
emissionof theQDswith thephotonicbandstructure.There-
fore we assume that the presented material bares potential
with respect of bioimaging andphotonic crystal applications.
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