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bstract

A microflow-through set-up consisting of three syringe pumps, a micromixer as well as a residence tube was used to introduce Au-nanoparticles
ith a hydrophobic surface into a emulsion polymerization of styrene. It was earlier shown, that this arrangement of a micromixer with a PTFE
ube as residence unit is well suited for the emulsion polymerization process to obtain nanoparticles with diameters equal or smaller than 100 nm.
ssemblies of Au-nanoparticles were observed after polymerization of a alkyl thiol-derived Au-nanoparticle containing styrene solution.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous systems get more and more interest in
icroreaction technology. Thereby, liquid/liquid and gas/liquid
ow-through systems are of particular importance due to the
ossibility of slug flow processes with well defined residence
ime, very narrow residence time distribution [1] and serial
rocessing of samples [2]. Despite this advantages, the sepa-
ated phases allows the use of the specific flow, wetting and
olvation properties of different solvents and solutions. So, liq-
id/liquid two-phase processes give extended possibilities of
andling of viscous media [3], cells [4] micro- and nanoparticles
5].

The synthesis and modification of polymers is of particu-
ar interest, but the use of microreactors for polymerization and
olymer processing is connected with specific problems. So,
he handling of polymers and polymerization in microchan-
els is difficult in case of the high and flow rate-dependent
ressure drop due to the viscosity of polymer solutions or

he viscosity increase during the polymerization. Although, the
iscosity of polymer solutions is a serious problem it was pos-
ible to implement polymerization reactions in microreactors

∗ Corresponding author. Tel.: +49 3677 693152; fax: +49 3677 693179.
E-mail address: mike.guenther@tu-ilmenau.de (P.M. Günther).
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6]. A particular easy way for miniaturization is the emul-
ion polymerization, because the growing polymer chains are
ot dissolved and homogeneous distributed inside the pro-
ess liquid, but are forming droplets or particles which are
mbedded as a colloid inside the low-viscous carrier solution.
t could be shown in a previous study, that this long-known
rocess could be transferred into a microflow-through system
nd lead to a continuous preparation of polymer nanoparticles
7].

Beside the formation of homopolymers, the fabrication of
opolymers, block copolymers and composite materials in
icroreactors by a continuous process is of interest because

f the possibility of precisely controlled mixing and reaction
onditions. The incorporation of smaller inorganic particles
nto larger polymer particles is desirable in order to com-
ine parameters of both materials. The incorporation of small
etal nanoparticles is of particular interest due to their

nique optical and electronic properties. The possibility of
eneration and handling of metal nanoparticles in microflow-
hrough processes was already shown [8]. So, in principle
ow-through two and multi step processes for the prepa-
ation of composite materials in microsystems should be

ealizable. Here, we report on investigations about the influ-
nce of gold nanoparticles on the flow-through polymerization
rocess of styrene with and without a cross linking addi-
ive.

mailto:mike.guenther@tu-ilmenau.de
dx.doi.org/10.1016/j.cej.2007.07.009
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sion was studied by centrifugal sedimentation spectroscopy
(DSC20000, CPS Instruments, USA).

A part of formed lattices were deposited on single crystalline
silicon chips in order to investigate the distribution of mate-
P.M. Günther et al. / Chemical Engi

. Experimental

.1. Procedure, devices and experimental arrangement

The gold nanoparticles (GNPs) were prepared in batch by
eduction of 0.8 mmol/L tetrachloroauric acid trihydrate by
1.7 mmol sodium borohydride in water at ambient tempera-
ure in the presence of 12.4 mmol/L hexadecylamine (HDA)
n 125 mL toluene under strong stirring. All solutions had to
repared freshly and added in this succession: (1) dissolution
f HDA in toluene, (2) addition of aqueous tetrachloroauric
cid solution and (3) rapid addition of freshly prepared aqueous
odium borohydride solution. This reduction is accompanied by
he transfer of the GNPs from the aqueous phase into the aprotic
rganic phase (toluene). After 30 min further stirring the organic
hase with the GNPs was separated from the aqueous phase and
leaned by triple washing with particle-free water. After the last
leaning step the organic phase was evaporated at 60 ◦C till to a
olume of about 20 mL. Afterwards the fivefold volume of cold
thanol was added and then the whole solution was stored over
ight at 4 ◦C. The obtained clear solution was digested from a red
recipitate of GNPs. The GNPs were washed once with toluene,
entrifuged and following dissolved in 100 mL toluene [9]. The
igand (0.8 mmol dodecanethiol) was added. During incubation
ver night at ambient temperature and under stirring the HDA
hell of the GNPs is substituted by a shell of dodecanethiol
DDT).

The obtained colloidal solution of GNPs in the nonpolar
olvent was then applied for the microflow-through process of
olymerization. Two static micromixers (Statmix 6, IPHT Jena
10]) were used for the mixing of educts and for the formation of
he emulsions. These mixers were prepared by a glass/Si/glass
onstruction with two levels of liquid channels including a lam-
nation of streaming liquids by splitting, deformation, twisting
nd recombination. The educts were actuated by syringe pumps.

TFE-tubings of 150 mm with an inner diameter of 0.3 mm were
sed as fluid connections from the syringes to the micromix-
rs. Thirty-eight meter of PTFE-tube (1.0 mm inner diameter)
ere immersed as a residence loop in form of a tube coil inside

Fig. 1. Microfluidic experimental arrangement.
F
p
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thermostatic bath (Fig. 1). The resulting polymer latex was
ollected.

The residence time inside the micromixer was about 1 s at
volume flow rate of 27 mL/h. A residence time of about

0 min was realized in the thermo controlled tube loop at the
ame flow rate. It was expected, that the hydrophilic surface-
odified GNPs were incorporated into the monomer droplets

f the emulsion at beginning of the polymerization. Some of
hem could also be included in additional micelles formed of
he applied surfactant. The GNPs should be exchanged between
he monomer phases and the growing micelles during polymer-
zation. In result, all lipophilic GNPs should be incorporated in
he formed polymer micelles.

.2. Characterization

In order to characterize the product, the obtained product
mulsion as well as solid-like particles were investigated by
V/vis spectroscopy, centrifugal sedimentation spectroscopy as
ell as scanning electron microscopy (SEM). Optical spectra of
NP colloidal solution before and after surface modification as
ell as of resulting polymer lattices after polymerization were

ecorded by a UV/vis spectrophotometer (Specord 200, Analytik
ena, Germany). The size distribution of nanoparticle suspen-
ig. 2. Polystyrene nanoparticles, obtained by microflow-through emulsion
olymerization (SEM image).



S128 P.M. Günther et al. / Chemical Engineering Journal 135S (2008) S126–S130

F renti
p trong

r
p
t
p
s
d
w
a
u
p
t

fi
e
J

2

s
(
u
s
K
l
G
i
D
d
t
S
m
(
w

3

1
w
K

t
2
t
s
b
a
s
t
a
a
p

b
p
t
t
due to higher scattering efficiency) with the plasmon absorption
band of gold nanoparticles (around 529 nm). The centrifugal
spectrum of the origin product emulsion (Fig. 3b) shows only
the existence of single polymer particles with typical diame-
ig. 3. Characterization of product suspensions: (a) UV/vis spectrum; (b) diffe
rocess (polystyrene nanoparticles with diameters below 40 nm are influenced s

ial and to get a three-dimensional image of shape and size of
articles. Therefore, about 3 �L of the latex was dispensed on
he polished silicon surface. After short drying on air, the sam-
les were further dried by blowing with nitrogen gas. Thereby,
olid material and liquid components of low vapor pressure were
eposited at the chip surface. Then, the samples were rinsed by
ater and solvent mixtures containing water as well as ethanol

nd dried again for two or three times. In result, all water sol-
ble materials as well as low molecular weight educts and side
roducts were removed, whereas polymer particles were kept at
he surface.

A microscope (Zeiss Axioplan 2 Imaging) was used for dark
eld light microscopy of surface-adsorbed particles. Scanning
lectron microscopic images were obtained by use of a JEOL
SM6380 scanning electron microscope.

.3. Chemicals and other materials

Tetrachloroauric(III) acid trihydrate (Carl Roth GmbH, Karl-
ruhe, Germany) with a purity of 99.5% and sodium borohydride
Merck KGaA, Darmstadt, Germany) with a purity of 96% were
sed to prepare GNPs. Hexadecylamine (Merck KGaA, Darm-
tadt, Germany, purity: 92%) as well as 1-dodecanethiol (Merck
GaA, Darmstadt, Germany, purity: 98%) were utilized to stabi-

ize the GNPs. Fresh distilled styrene (Merck KGaA, Darmstadt,
ermany, purity: 99%) was used for all polymerization exper-

ments. Furthermore, distilled divinylbenzene (Merck KGaA,
armstadt, Germany, mixture of 1,2-divinylbenzene and 1,4-
ivinylbenzene, purity: 95%) was used partially as cross-linker
o reduce swelling of polymer nanoparticles in organic solvents.
odium dodecylsulfat (SDS) (Merck KGaA, Darmstadt, Ger-
any) was used as emulsifier and potassium peroxodisulfate

KPS) (Merck KGaA, Darmstadt, Germany, purity: 98%) as
ater soluble initiator.

. Results and discussion
Polystyrene nanoparticles with diameters between 50 and
00 nm were obtained, if an emulsion of 0.906 g styrene together
ith an aqueous solution of 0.178 g SDS as well as 0.0068 g
PS was generated in the microfluidic system and then pumped

F
s
e
s

al centrifuge spectra of polymer nanoparticles obtained by microflow-through
ly by Brownian diffusion therefore these values are not shown in the diagram).

hrough the residence loop at 80 ◦C and a total flow rate of
6 mL/h. In several runs, always spherical polymer particles in
he same size range were obtained (Fig. 2). The SEM images
how single particles beside smaller and larger particle ensem-
les. In all cases, the particles possess a certain tendency of
ggregation. This aggregation occurs during the adsorption at
ilicon surfaces and the following rinsing procedures and is due
o the reduction of surfactant concentration and an increasing
bility of hydrophobic interaction between the particles. This
ssumption is supported by the fact of rather high stability of
roduct suspensions.

Beside ultramicroscopic imaging, the product suspension can
e characterized by light microscopy as well as by optical and
article size spectroscopy. The optical spectrum (Fig. 3a) reflects
he superposition of a typical absorbance spectrum of a light scat-
ering emulsion (decreasing transmission at lower wave length
ig. 4. Distribution of nanoparticles after surface adsorption of product suspen-
ion from styrene polymerization in presence of lipophilized gold nanoparticles;
nsembles of gold nanoparticles embedded in a organic matrix at silicon chip
urface; SEM image.
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ers between 60 and 80 nm. This means that the centrifugal
pectrum gives an additional information to the prevailing exis-
ence of dispersed single nanoparticles inside the origin product
uspension.

The addition of metal nanoparticles leads to a certain inhi-
ition of polymerization. So, the concentration of initiator was
oubled by varying the flow rate of KPS solution. A polymer-
zation took place in the microflow-through arrangement under
hese modified conditions. But, the polymer was not obtained in
orm of rigid nanospheres. In adsorption experiments, the prod-
ct showed the formation of polymer spots at the chip surface.

his behavior can be interpreted as the formation of polymers
ith lower molecular weight and by remaining monomer com-
onents inside the product micelles. Small bright dots were

l
m
a

ig. 5. Comparison between different aggregation behavior of gold nanoparticles f
eduction of tetrachloroaurate with presence of silicate (without aggregation), (b) p
dditives (with aggregation), (c) preparation by reduction of tetrachloroaurate by asco
eposition of gold nanoparticles by reduction of tetrachloroaurate by ascorbic acid in
n aqueous suspension, (e and f) products from introduction of lipophilic surface-mo
f styrene (vertical stage).
g Journal 135S (2008) S126–S130 S129

dentified inside the polymer nanospots (Fig. 4) in contrast to
he polymer beads from synthesis without GNP addition, which
ook homogenously in the SEM image (compare with Fig. 2).
he SEM contrast of the bright spots inside polymer spots cor-

esponds completely with the contrast of gold nanoparticles
dsorbed at a silicon surface or embedded in a very thin polymer
lm.

The density of the GNPs inside the polymer spots is high,
hereas nearly no GNPs could be detect outside polymer spots.
o, it can be concluded that the polymer micelles, which are
ormed during the flow-through polymerization, accumulate the

ipophilized GNPs. The relation between polymer micelle for-

ation and extraction of modified GNPs by these micelles is
lso confirmed by a comparison of the obtained SEM images of

rom colloidal solutions at Si chip surfaces (SEM images): (a) preparation by
reparation by reduction of tetrachloroaurate by ascorbic acid without further
rbic acid in presence of aqueous PVA solutions (with aggregation), (d) chemical
presence of polystyrene nanoparticles from microflow-through polymerization
dified gold nanoparticles into the microflow-through emulsion polymerization
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[8] J. Wagner, J. M: Köhler, Nano Lett. 5 (2005) 685–691.
130 P.M. Günther et al. / Chemical Engi

roduct particle adsorbates obtained under different conditions
Fig. 5).

Well dispersed single metal nanoparticles are obtained beside
rregular aggregates by adsorption of product solution on
hip surfaces (Fig. 5a). In some cases, an aggregation to
etwork-like structures is observed (Fig. 5b). More complex
ggregation pattern, sometimes in form of ensembles hierar-
hies and folded linear structures, are observed in presence of
issolved (hydrophilic) macromolecules, e.g. polyvinyl alcohol
PVA) in the colloidal gold solution (Fig. 5c). A mixed deposi-
ion of smaller GNPs between the larger polymer nanoparticles
r sometimes a certain covering of polymer nanoparticles by
etal particles was found, when the tetrachloroauric acid is

educed in the presence of polymer nanoparticles formed by a
revious flow-through polymerization (Fig. 5d). All these adsor-
ate pattern differ significantly from the pattern found after
he polymerization under feeding of surface-modified GNPs
Figs. 4 and 5e). All images of the adsorbates from these
roduct liquids lead to round polymer spots with high con-
entration of accumulated gold particles. The images support
he conclusion, that the modified gold is efficiently extracted
rom the monomer droplets into the polymer-containing product
icelles.

. Conclusions

The investigations have shown, that a microflow-through
olymerization under presence of metal nanoparticles is pos-
ible. In result, small droplets – probably in form of micelle-like
bjects – containing aprotic polymer molecules as well as

ipophilic gold nanoparticles were formed. The obtained mate-
ial represents a nano composite of polymers and metal
anoparticles with a molecular shell. Further investigations will
e addressed to the conditions of formation of rigid polymer

[

g Journal 135S (2008) S126–S130

etal nanoparticle composites, on the introduction of different
etals into the polymer material by the microflow-through poly-
erization, their characterization by additional methods like

ransmission electron microscopy and SPM techniques.
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