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Spherical Polyelectrolyte Brushes as Carriers for
Catalytically Active Metal Nanoparticles

M. Yu, Y. Lu, M. Schrinner, F. Polzer, M. Ballauff*

Summary: We present a study on the catalytic activity of metal nanoparticles
immobilized on spherical polyelectrolyte brushes that act as carriers. The spherical
polyelectrolyte brushes consist of a solid core of poly(styrene) onto which long chains
of poly(2-methylpropenoyloxyethyl) trimethylammonium chloride are grafted. These
positively charged chains form a dense layer of polyelectrolytes on the surface of the
core particles (“spherical polyelectrolyte brush”) that tightly binds divalent metal
ions, such as AuCl3™, PACI3~ or PtCIZ. The reduction of these ions within the brush
layer leads to nearly monodisperse metal nanoparticles. Gold, platinum and palla-
dium nanoparticles with diameters of around 1.25 nm, 2.1 nm and 2.4 nm have been
embedded into polyelectrolyte brushes, respectively. The composite particles exhibit
excellent colloidal stability. The catalytic activity is investigated by photometrically
monitoring the reduction of p-nitrophenol by an excess of NaBH, in the presence of
the nanoparticles. The kinetic data could be explained by the assumption of a
pseudo-first-order reaction with regard to p-nitrophenol. All data demonstrate that
spherical polyelectrolyte brushes present an ideal carrier system for metallic nano-

particles.

Introduction

Metal nanoparticles exhibit different prop-
erties as compared to their bulk materi-
als."! Because of their high surface-to-
volume ratio, metal nanoparticles of noble
metals such as platinum or palladium are
ideally suited as catalysts.”~! Formation of
metal nanoparticles is commonly carried
out by reduction of metal ions in the pre-
sence of a stabilizer like polymers, dendri-
mers, microgels, surfactants, and colloids,
which prevent the nanoparticles from
aggregation and serve as carriers. 71 In
many respects, composite systems from
organic carrier molecules and metallic
nanoparticles present a novel class of
materials that must have the following
properties: On one hand, stabilizing agents
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should not alter or block the surface of the
nanoparticles. On the other hand, carrier
systems should be sufficiently stable to en-
sure the recycling of the catalyst after
reaction.

Here, we showed that well-defined metal
nanoparticles, such as Au, Pd, and Pt, can
be generated in spherical polyelectrolyte
particles. No coagulation takes place during
the generation of the nanoparticles on these
particles. Figure 1 shows the structure of
the spherical polyelectrolyte brush particle
in a schematic manner: Long cationic poly-
electrolyte chains are chemically grafted to
colloidal polystyrene particles. The poly-
electrolyte chains affixed to the surface of
the carrier particles is very dense, that is,
the contour length L. of the chains is much
higher than their average distance on the
surface of the carrier particle. In this way a
polyelectrolyte “brush” results which de-
notes a system of strongly interacting
polymer chains grafted densely to a planar
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Figure 1.
Scheme of the spherical polyelectrolyte brush (SPB)
used in this study. The particles consist of a PS core
and PMPTAC polyelectrolyte chains densely attached
to these cores. The average distance D between two
brush chains is much smaller (ca. 2 to 6 nm) than the
contour L. of the chains. Hence, the limit of a poly-
electrolyte brush is reached in these systems.

or curved surface.!® The counterions deri-
ving from the synthesis can be replaced by
suitable ions of noble metals as e.g. AuCl3~,
PdCIZ~ or PtCI2~. Subsequent reduction of
the metal ions to the metal nanoparticles
can be achieved by suitable reagents as
NaBH,.”!"!

In this paper we will compare the
catalytic activity of metal nanoparticles,
which were generated in spherical poly-
electrolyte brushes. As a model reaction we
chose the reduction of 4-nitrophenol by
excess sodium borohydride that can be
easily monitored by UV/VIS-spectroscopy.

Metal salts

Step 1

Figure 2.

Morphology

Figure 2 summarizes the method of
generating nanoparticles on the surface of
spherical polyelectrolyte brush in a sche-
matic manner.'"” The advantage of this
method of generating composite particles
of a colloidal carrier and metal nanoparti-
cles is that the generation of the nanopar-
ticles takes place within the polymer layer.
For the spherical polyelectrolyte brush, the
counterions deriving from the synthesis can
be replaced by metal ions, such as AuCl3~,
PdCI3~ and PtCl2~. The confinement of
the counterions can be used to remove a
possible surplus of metal ions outside the
brush particles by ultrafiltration.”'!] The
reduction to metallic nanoparticles was
done at room temperature through addition
of NaBH, and could be seen from a slight
darkening of the suspensions. All systems
remained stable during the reaction and the
subsequent cleaning by ultrafiltration. In
general, the composite particles exhibited
the same colloidal stability as the unmodi-
fied SPB. The good stability was also found
in the subsequent studies of the catalytic
activity. It is the main prerequisite for the
use of these composite particles in catalysis.

As demonstrated in previous studies,
cryogenic transmission electron microscopy
(cryo-TEM) is the method of choice to
investigate the morphology of such compo-
site particles in situ, that is, in aqueous
phase."”>'3! The morphology of obtained
metal composite particles, which were
prepared by using spherical polyelectrolyte

Schematic representation of formation of metal nanoparticles in SPB. The SPB has shell of poly((2-

2

methylpropenoyloxyethyl) trimethylammonium chloride). The metal ions, such as AucCl3~, PdCIy™ or PtCIZ™,
are confined within the brush layer. Reduction of the metal ions by NaBH, leads to nanosized metal particles

bound on the PS surface.
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Figure 3.

Cryo-TEM images of gold (left), palladium (middle) and platinum (right) nanoparticles encapsulated in spherical

polyelectrolyte brush particles.

brush particles as the template, has been
studied by this method (as shown in
Figure 3).

From Figure 3 it that be observed that
practically all metal nanoparticles are
located near the surface of the core parti-
cles. This may due to the reason that metal
nanoparticles encounter no difficulties in
reaching polystyrene core surface since the
polyelectrolyte brush has an open structure.
Moreover, the analysis of the cryo-TEM
micrographs showed that the gold, palla-
dium and platinum nanoparticles embed-
ded in spherical polyelectrolyte brush have
a size of 1.2540.25, 2.44+0.5 nm and
2.1 £0.4 nm, respectively.

Catalytic Activity of the Reduction
of p-Nitrophenol

Evidently, a quantitative comparison of the
catalytic activity has been made for differ-
ent metal nanoparticles prepared by using
SPB as the carrier system. As a model
reaction we chose the reduction of p-nitro-
phenol by excess sodium borohydride that
can be easily monitored by UV/VIS-
spectroscopy.[”‘ls] Since this reaction has
been used in other studies as well, the
results given here can be directly compared
to recent investigations that have employed
different strategies of immobilization of the
metal particles.!'®17]

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The rates of reduction were assumed to
be independent of the concentration of
sodium borohydride since this reagent was
used in large excess compared to 4-nitro-
phenol and the kinetic data can be fitted by
a first-order law.['>!®] Moreover, the appar-
ent rate constant k,,, was assumed to be
proportional to the Surface S of the metal
nanoparticles present in the system:

f%:kapp»ctzkl‘S'ct

where ¢, is the concentration of 4-nitro-
phenol at time 7, k; is the rate constant
normalized to S, the surface area of metal
nanoparticles normalized to the unit
volume of the system.

= AuNP Je
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0,01
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Figure 4.

Comparison of rate constant Ky, [s~'] as function of
surface area S [m?/I] from Au, Pt and Pd nanoparticles.
Concentration of 4-nitrophenol is 0.1 mol/l and reac-
tion temperature is 293.15 K.
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Table 1.

Catalytic activity of the metal nanoparticles for the reduction reaction of 4-nitrophenol.

Metal Carrier system DY, (nm) k2, (s7'm™2L)
Pt Cationic polyelectrolyte brush 21+0.4 0.55

Pd Cationic polyelectrolyte brush 2.4+05 15

Au Cationic polyelectrolyte brush 1.25 £ 0.25 0.31

Ag Anionic polyelectrolyte brush 3+1.2 7.81x10 °

V' D: diameter of the metal nanoparticles measured from cryo-TEM images.
2 k,: rate constant normalized to the surface of the particles in the system (Eq. 1).

From Figure 4, we obtain for the Au-NP
k;=0.31 s~'m 2L, which is slightly lower
than the value obtained for Pd-NP
(1.5 s'm L) and Pt-NP (0.55 s 'm2L).
These data demonstrate that the metal-NP
are catalysts for the reduction of 4-nitro-
phenol despite the fact that bulk metal has
no catalytic properties.

Table 1 summarizes the rate constants of
all metal nanoparticles shown in Figure 4
together with Ag particles prepared by the
similar system normalized to the surface
area of the nanoparticles per unit volume.
There are differences between the catalytic
activities which increases in the series Ag <
Au<Pt<Pd, which may be due to the
different kinetic barriers of the reaction for
different metal particles. This is also accord
with the results reported by Pal et al.ll]

Conclusions

Monodisperse gold, platinum and palla-
dium nanoparticles with diameters of
around 1.25 nm, 2.1 nm and 2.4 nm have
been embedded into spherical polyelectro-
lyte brushes, respectively. The composite
particles exhibit excellent colloidal stabi-
lity. The catalytic activity is investigated by
photometrically monitoring the reduction
of p-nitrophenol by an excess of NaBH, in
the presence of the nanoparticles. All data
demonstrate that spherical polyelectrolyte
brushes present an ideal carrier system for
metallic nanoparticles.
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