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1 Introduction

1 Introduction

Metal nanoparticles (MeNP) play an important and more considerable role in
different areas of science and daily life.l"! Silver nanoparticles (AgNP) for
example are used in modern wound management, as disinfectants.!"”’ The
catalytic properties of gold- and platinum metal nanoparticles (AuNP, PtNP) lead
to widespread applications in catalysis.[**! Many new techniques (Lotus effect)

and materials are introduced by nanoparticles and -techniques.!"

1.1 Gold Nanoparticles

Although gold is the subject of one of the most ancient themes of investigation
in science, its renaissance now leads to an exponentially increasing number of
publications.>®! AuNP have been in the focus of literature during the last seven
years.”®) AUNP are the most stable metal nanoparticles. The totally different
properties of bulk material and nanoparticles are in the focus of interest:
Physicists predicted that nanoparticles in the diameter range 1 — 10 nm
(intermediate between the size of small molecules and that of bulk metal) would
display electronic structures, reflecting the electronic band structure of the
nanoparticles, owing to quantum-mechanical laws.”) The resulting physical
properties are neither those of bulk metal nor those of molecular compounds,
but they strongly depend on the particle size, interparticle distance, nature of
the protecting organic shell and shape of the nanoparticles.” In the nanosize
the particle-particle distance, the organic stabilizer and the shape of the
nanoparticles are important.’®®! Reviews of the state of research and

fundamentals are found in articles from Daniel et al. and Gosh et al.[>*!

1.2 Binary Metal Nanoalloys

In materials science, the range of properties of metallic systems can be greatly
extended by taking mixtures of elements to generate intermetallic compounds
and alloys.[' The application of nanoparticles can be extended to new areas
such as electronics, engineering and catalysis.!" In many cases, there is an

enhancement in specific properties upon alloying due to synergistic effects, and
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the rich diversity of compositions, structures, and properties of metallic alloys
has led to widespread applications in electronics, engineering, and catalysis. The
physical, chemical and material properties differ in comparison to monometallic
particles.l' The binary nanoalloy of gold and palladium is for instance more
stable and more active as a catalyst of both monometallic nanoparticles gold
and palladium.['! An interesting point is the synthesis of binary nanoalloys,
where there are no similarities in the macroscopic world. These nanoalloys show
fascinating new opportunities.['>"™! [t is possible to synthesize different Au-Pt
nanoalloys without miscibility gap. Lou et al. showed that Au-Pt nanoalloys have
a lattice parameter depending on the composition of the mixture. The
dependency is linear and follows Vegard’s law.["®

As for bulk alloys, a very wide range of combinations and compositions are
possible for binary nanoalloys.!"” Bimetallic nanoalloys (AmB,) can be generated
with, more or less, controlled size (m + n) and composition (m / n). The cluster
structures and degree of A-B segregation or mixing may depend on the method
and conditions of cluster generation (type of cluster source, temperature,
pressure, etc.). Nanoalloys can be generated in a variety of media, such as
cluster beams, colloidal solutions, or can be immobilized on surfaces or inside
pores.!'”]

Nanoalloys can be distincted according to their mixing and geometric structure.
Figure 1 shows the four main types of mixing patterns and structures in a
schematic fashion mainly found for binary nanoalloys.!"” Core-shell segregated
nanoalloys (Fig. 1.1 (a)) consist of a shell of one type of atom B surrounding a
core of another atom A. Figure 1.1 (b) shows subcluster segregated nanoalloys
consisting of A and B subclusters, which may share a mixed interface (left) or
may only have a small number of A-B bonds (right). There is no miscibility
possible between the two kinds of atoms A and B. The bimetallic nanoparticle
consists of two connected monometallic nanoparticles. Mixed A-B nanoalloys
(Fig. 1.1 (c)) may be either ordered (left) or random. This diagramme shows a
nanoalloy with statistical distributed atoms A and B. This is typically for binary
nanoalloys with a facetted surface. Multishell nanoalloys (Fig. 1.1 (d)) may
present layered or onion-like alternating -A-B-A- shells: The core consists of

atoms A, surrounded by atoms of B, and then again atoms of A.!""!
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Figure 1.1 a — d: Schematic representation of some mixing patterns for two metals A (yellow)
and B (red) in nanoscale: (a) core-shell particle, (b) segregated subcluster, (c) statistical mixed
particle, (d) three shell particle. The images show cross-sections of the clusters.[”

1.3 Facetted Metal Nanoparticles

Metal nanoparticles with tuned size and geometry are of interest in electronic
and as optical materials and are also important in catalysis.!®?" In this way
they have become one of the major basic building blocks of nanotechnology. By
now the intense research devoted to metallic nanoparticles in the last years has
clearly demonstrated that particle morphology plays a central role in catalysis.
For instance, facetted platinum crystals have been found to exhibit higher
catalytic activity than spherical particles; the activity of the exposed facets may

vary considerably.['"?]

The reactivity and selectivity of nanoparticles can
therefore be tuned by controlling their morphology. In the opposite, amorphous
platinum nanoparticles have been found to exhibit a much reduced catalytic
activity.!?>*" The prospect for a number of possible applications has led to a
strong activity in this field in the last years. However, facetted nanocrystals with
a well-developed shape and a narrow size distribution exhibit, in general, sizes
typically on the order of 100 nm and more. In previous works mainly gold!'®??,
silver!”: 1826l and platinum™®" nanocrystals were synthesized under harsh
conditions. For stabilization of nanoparticles organic ligands were used. The
nanocrystal size depending on the route of synthesis ranges from 10 nm to more

than 100 nm. Thus, Sun et al. could obtain well-defined gold and silver crystals
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with sizes around 100 nm. Nanoprisms of silver with dimensions around 100 nm
were prepared by Jin et al. by a photochemical conversion of silver spheres.
Anisotropic silver nanoparticles of similar size were synthesized by Liz-Marzan
and co-workers through careful choice of a suitable surfactant. Platinum
nanocrystals with high-index facets were obtained recently by Tian and co-
workers. Here again the typical sizes range between 50 and 200 nm. Up to now,
the only rather tedious route to facetted single crystals in the size range of a
few nanometers is the synthesis of well defined clusters, e.g., Auss-cluster and
subsequent heat treatment.

Figure 1.2 (a) and (b) shows scanning electron microscopy (SEM) micrographs of

possible facetted silver and gold nanocrystal geometries.!"®

(a) (b)

Figure 1.2 a and b: Scanning electron microscopy micrographs of silver nanocubes, stabilized by
organic ligands (a). SEM micrograph of geometric well-defined gold nanocrystals (b).["®!

1.4 Methods for Stabilization of Metal Nanoparticles

The different concepts of stabilization for all monometallic and binary
nanoalloys are described for AuNP. There are different concepts for generation
and stabilization of gold nanoparticles.’*”) Many groups use stabilizing agents
like ligands during the generation of AuNP. Via this route the generated AuNP
core is protected by a shell of ligands. In a typical experiment organic
molecules, like dendritic structures or alkyl chains with a sulphur group are

used.”! In principle the resulting particle consist of one Au core with a shell of
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organic molecules. Figure 1.3 shows an overview of different concepts for
stabilizing AuNP. In previous works the surface of the AuNP is completely
covered by stabilizing agents, whereas this problem doesn’t exist in Sharma’s
concept®® (Chapter 1.5), used in this thesis (Fig. 1.3, middle).”?! This point is an
advantage in determination of catalytic activity, for example.”®! There is a
higher surface for catalytic processes. The interaction of the organic ligand and
the AuNP has not to be taken into consideration during discussion of the results.
The method of Sharma et al.!*® (Fig. 1.3, middle and Fig. 1.4) is compared with
the method of Gopidas et al.”*”). This group is working with dendritic structures.
The resulting gold cores are shown in Figure 1.5. A comparison of the
transmission electron microscopy (TEM) images of the AuNP, show the better
efficiency of Sharma’s route.'?®?’! The AuNP from Sharma et al. (Fig. 1.4) not
monodispers, but more uniform, than the synthesized by Gopidas et al. (Fig.
1.5).
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Figure 1.3: Overview of different concepts used for stabilizing AuNP. Sharma et al. are using
spherical polyelectrolyte brushes (SPB); AuNP are generated inside the polyelectrolyte layer.
The core consists of polystyrene (PS). Kanaras et al. stabilized Au cores by Hydroxy-(1-
mercaptoundec-11-yl)-tetraethylenglycol. The hydrophobic C;;-chain stablizes AuNP, whereas
the hydrophilic Tetraethylenglycol is responsible for solubility in water. stabilize an
AuNP through a closed poly(methyl methacrylate) PMMA shell. Sun et al. protect the AuNP core
by alkylthiolate. Daniel et al. protect their Au core by dendronizing with
Nanoferrocenylthioldendrons.
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20nm 10nm

Figure 1.4: TEM micrograph®® of gold nanoparticles (approximately 2.5 nm) onto the core-shell
system used by Sharma et al. introduced and discussed in Figure 6 in detail.
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Figure 1.5: TEM images (top) of synthesized AUNP by Gopidas et al. (stabilized by dendritic
structures). The particle distribution of the sample (bottom).?’!

1.5 Spherical Polyelectrolyte Brushes (SPB)

Spherical polyelectrolyte brushes (SPB), used as carriers in this work — were
introduced by Guo et al..’®3" Starting from these core shell systems with
anionic polyelectrolyte chains Mei et al. changed the synthesis to bound cationic
polyelectrolyte chains to the polystyrene core in a photo emulsion
polymerization.®” At the beginning PS cores of defined particle size are

7-
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synthesized by emulsion polymerization. In the next step a photo initiator is
bound to the pre-polymerized polystyrene (PS) core. In the last step the chosen
polyelectrolyte are grafted to the surface of the PS core via photo emulsion
polymerization. Figure 1.6 shows in a schematic manner the characteristics of a
cationic spherical polyelectrolyte brush. It is consisting of a PS core and cationic
polyelectrolyte chains of 2-amino ethyl methacrylate attached to the surface of

the core. The positive charge of the polyelectrolyte chains are compensated by

the chloride counter ions.

A
A 4

Figure 1.6: Schematic representation of a synthesized core-shell latex introduced by Guo et al.:
The SPB consist of solid PS particles of approximately 100 nm diameter (R, =50 nm) bearing a
dense layer of tethered cationic polyelectrolytes. The brush thickness L of the polyelectrolyte
shell depends, on the conditions of polymerization, pH value and ionic strength in between 10
und 200 nm. L consists in the scheme of poly(2-amino ethyl methacrylate)-hydrochloride. The
structure of one monomer unit is depicted on the right hand side. The distance D of two
polyelectrol[yte chains at the surface of the PS core is determined by the thickness of
occupation.”]

The given core-shell latex consists of a PS core bearing polyelectrolyte chains.
The terminology brush means a shell of polymer chains bound to the surface (PS
core). The neighbouring chains clearly overlap.** Because of the highly covered
surface of non-charged polymer chains the geometric dimensions becomes
interacted in a good solvent. Because of the steric interaction of single chain
segments stretching of the bounded polymer chains result.*>*¢! About this points

the shell thickness L of the polymer brush is a function of the polymer chains,
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the solvent, also the occupation thickness of chains. The distance D of two
polyelectrolyte chains at the surface of the PS core is determined by the
thickness of occupation. Physically the distances D of each point of contact have
to be smaller than the radius of gyration Rs (Fig. 1.6).

In the following part some physical facts for charged brushes are discussed in
detail. The highly charged brush system affects a strong localisation of the
counter ions inside the brush.”) The osmotic pressure causes a clear stretching
of the polyelectrolyte chains. Jusufi et al. showed by molecular dynamics (MD)-
simulations, that in star-branched polyelectrolytes the counter ions are free
inside the star or along the stretched polyelectrolyte chain are located.!®
Theoretical description of the charged brush particles and the respective
conformations is possible by the studies of Jusufi. ®** Guo et al. demonstrate
that the brush thickness is depending not only on the pH value, but also on the
jonic strength and the occupation of the surface of the PS core.[**!

The principle of the localized counter ions is used for the synthesis introduced
by Sharma et al. (Fig. 1.7). Starting from the poly(2-amino ethyl methacrylate)-
hydrochloride-system [I], the Cl'-ions are exchanged against AuCls-ions by ion
exchange [lll]. The following reduction by NaBH4 is generating the system [IV].
The AuNP are localized inside the polyelectrolyte layer. Figure 1.4 shows some

TEM micrographs of the synthesized systems. %]
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Figure 1.7: Schematic representation of the formation of gold nanoparticles on the surface of the
core-shell system. The core-shell system having a shell of poly(2-amino ethyl methacrylate)-
hydrochloride-system [I] is de-protonated reversibly at high pH to give amine shell system [ll]. [I]
and [Il] can be used for a counter ion exchange with HAuCl, [Ill]. Reduction of [lll] with NaBH, forms
[IV] with nanosized gold particles.*!

1.6 Application of Gold Nanoparticles and Binary Metal Nanoalloys
in Catalysis

First theoretical considerations of the catalytic application of nanoparticles were
introduced by Henglein.*! These preliminary studies on catalytic activity of
different MeNP has led to widespread research in the last 20 years.”¥! For many
NP interesting catalytic effects could be observed.

AuNP are the most studied NP in this research area: One reason for the interest
in nanogold is the catalytic activity of nanoparticles and zero activity of bulk
metal gold.®! Because of the quantum-size effect at this length scale.*4/!
One issue of the Journal of Applied Catalysis A: General® for example, is
dedicated to heterogeneous catalysis with AuNP. Graham et al. showed that
AuNP immobilized on carbon material activated molecular oxygen. After that it
is possible to oxidize alkenes to epoxides under mild conditions at atmospheric

pressure and temperatures between 60° C and 80° C.! Yoon et al. reported

-10-
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about the gold octamer species Aus. It is possible to realize the conversion of CO
to CO, on magnesium oxide at room temperature.®™® Tsunoyama et al. showed
that a size specific catalytic activity of polymer stabilized gold nanoclusters for
aerob conditions alcohol oxidation in water exists. The oxidation of benzyl
alcohol derivatives to the respective benz aldehyde derivatives and benzoic acid
derivatives was also reported. !

For kinetic studies with nanoparticles the model reduction 4-nitrophenol to 4-
aminophenol was introduced by Pal et al. in 2004.°" The application for Pt- and
Pd- composite systems was carried out by Mei et al..’>* |t was examined that
binary gold-platinum nanoalloys show a better catalytic activity in comparison to
both monometallic nanoparticles.[>***”! Enache et al. reported about the
excellent catalytic properties of binary Au-Pd nanocrystals for oxidation
reactions from primary alcohols.!""! There are also reports of the application of

Au-Pt nanoparticles in electro catalysis.!">"!

1.7 Transmission Electron Microscopy

For a better understanding of SPB composite systems imaging methods are
essential. In this context transmission electron microscopy (TEM) is a predicative
examination method for polyelectrolyte/MeNP composite systems and also for
the generated metal nanoparticles.[?®°8 |t is possible to image both carrier
particles and MeNP by this method, because both particles (systems) are in the
resolution limits of this apparatus (of the microscope). In particular the method
of cryogenic transmission electron microscopy (cryo-TEM) in combination with
special methods of preparation® offers new possibilities. The fundamentals of
this method and their application to problems in the area of colloid chemistry
was established by Talmon.[®® Figure 1.8 shows the preparation of a polymer
dispersion sample by this method in a schematic fashion.® A drop of the liquid
sample is applied onto a perforated carbon film supported on a TEM copper grid
(A). The solvent is blotted by an absorbing filter paper (B). In the next step the
sample is rapidly plunged into a cyrogen reservoir. During this process a
vitrificated film (C) is developed, which can be of different thickness (D and

E).P) It is possible to make the structures in solution visible by cryo-TEM. The

-11-
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application of this method to spherical polyelectrolyte systems was established
by Wittemann et al.*® (Fig. 1.8 (b)). The micrographs show anionic SPB (C). The
contrast of the polyelectrolyte chains is enhanced compared to the original
particles (C) by replacing the Na* counter ions of the polyelectrolyte chains by
Cs'-ions (A) and additionally by bio molecules (B). For the explanation of
nanoparticular structures different methods of high resolution transmission

electron microscopy (HR-TEM) are well suited.®'¢]

.
¢ .
A B Pipette B C .
L] .
e : L ]
.
. ]
Carbon S ar :
Film .. N .
b . Liquid .
= ®* | Sample .
Application Blotting Vitrification
& E e
0 " * gee®
L] i.
(a) (b)

Figure 1.8 a and b: Preparation of a cryo-TEM sample by Talmon (a).”’! Cryo-TEM images of
vitrified 1 wt-% SPB suspensions (b). The contrast is enhanced compared to the original particles
(C) by replacing the Na* counter ions of the polyelectrolyte chains by Cs'-ions (A) and,
additionally, by BSA molecules (537 mg per g SPB) which are adsorbed in close correlation to the
polyelectrolyte chains (B)."®!

1.8 Objectives of this Thesis

Starting from Sharma’s work first of all the process of generation of AUNP@SPB
should be understand in detail, as well as the structure of the nanoparticles.
(Chapter 2.3 and 3.3). For this purpose different methods, like dynamic light
scattering (DLS), transmission electron microscopy methods (TEM) and wide
angle X-Ray scattering (WAXS) should be used. In the following part the synthesis
of the carrier particles should be modified, so that synthesis of high volumina
with high solid content in a reproducible way is possible (Chapter 2.1 and 3.1).
First of all a PS core with low polydispersity with a polymerized shell of the
photo initiator Methacrylic-acid-2-[4-(2-hydroxy-2-methyl-propionyl)-phenoxy]-

ethylester (HMEM) should be synthesized in an emulsion polymerization. % On

-12-
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the surface of this system polyelectrolyte chains of 2-amino ethyl methacrylate-
hydrochloride (AEMH) should be grafted after initiation by UV light. The
synthesized dispersions should be characterized by different methods, like
dynamic light scattering (DLS), disc centrifuge (DCP) and transmission electron
microscopy (TEM) and cryogenic TEM (cryo-TEM) (Chapter 2.2 and 3.2).

These carrier particles are used for the stabilization of binary gold nanoalloys,
which are directly generated inside the brushes attached to the surface of the
PS core (Chapter 2.4, 3.4 and 3.6). The obtained nanoalloys should be also
characterized in detail by different methods, like high resolution TEM (HR-TEM)
and WAXS. The structure should be studied in detail. After the examinations
relations between structure and properties should be established. Followed by
this analysis in the next step a comparison between nanoalloys and bulk alloys
has to be performed. Finally facetted nanoparticle geometries should be
generated and characterized (Chapter 2.5 and 3.5).

Moreover, in a second part of this thesis the generated gold nanoparticles and
binary gold nanoalloys are tested on their catalytic activity for the oxidation of
alcohols (Chapter 3.4) and for epoxidation reactions (Chapter 3.6). All products
are of interest for industry. In this connection relations between particle

composition and morphology, and also size should be examined (Chapter 2.6).

-13-
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2 Overview of this Thesis — Results

This thesis contains six publications, introduced in Chapter 3.1 up to 3.6.

First of all, the up scaled synthesis of anionic and cationic spherical
polyelectrolyte brushes (SPB) were introduced and the method characterized in
detail to synthesize reproducible SPB. The resulting systems were characterized
concerning their physico chemical properties. After that the anionic and cationic
SPB were compared with each other (Chapter 3.1). Now the synthesized anionic
SPB are used for the examination of the interaction between polyelectrolyte
chains and a cationic surfactant. The resulting systems and effects were studied
in detail by cryo-TEM (Chapter 3.2).

In a following work the cationic SPB was used for the generation of gold
nanoparticles. The resulting systems were characterized in detail by different
TEM methods. The catalytic activities of the composite systems were checked as
well (Chapter 3.3).

Given the results from Chapter 3.3 more sophisticated Au-Pt nanoalloys@SPB
were generated. These composite systems were characterized by different HR-
TEM methods. Finally the catalytic activity for alcohol oxidation reactions were
determined (Chapter 3.4).

The binary gold nanoalloys serve as a template for the generation of facetted
platinum nanocrystals. The special geometric morphology was characterized in
detail and also checked by the model reaction known from Chapter 3.3 (Chapter
3.5).

Finally this knowledge was used to synthesize more nanoalloys, which were
characterized in detail. The catalytic activities of these nanoalloys were
examined for epoxidation reactions (Chapter 3.6).

In the following Chapters 2.1 up to 2.5 the main results of the publications
(Chapter 3.1 up to 3.6) are summarized. The experimental details can be found
in each publication.
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2.1 Synthesis and Characterization of SPB

SPB are colloidal particles in the range of 300 nm. Figure 2.1 shows the structure

of two different types of these polymer particles.

PDMAEMA

Figure 2.1 a and b: The SPB consist of solid PS particles of approximately 100 nm diameter
bearing a dense layer of tethered anionic (a) or cationic polyelectrolytes (b). If chains of weak
polyelectrolytes such as PAA and PAEMH are attached, the degree of charges of the SPB depends
strongly on the pH, and as a consequence the electrostatic stabilization of the particles is
influenced by the external pH. However, if chains of the strong polyelectrolytes PSS and PEDMB
are bound, the amount of charges onto the SPB does not depend on the pH.

Starting from a solid polystyrene core (PS core) (diameter around 100 nm)
polyelectrolyte chains with a shell thickness L around 70 nm are tethered. The
polyelectrolyte chains are anionic (Fig. 2.1 (a)) or cationic (Fig. 2.1 (b)).
Typically anionic monomers are acrylic acid (AA) and styrene sulfonate (SS). In
case of cationic polyelectrolytes often 2-amino ethyl methacrylate (AEMH) is
used. Depending on the ionic strength the shell thickness L changes.

The synthesis of the polymer particles is shown in a schematic fashion in Figure
2.2. Starting from a PS core (Ry = 50 nm), with low polydispersity, synthesized in

emulsion polymerization. In the second step the photo initiator 2-[p-(2-hydroxy-

-18-
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2-methyl-propiophenone)]-ethylene glycol-methacrylate (HMEM) is added to the
reaction to form a thin shell which is used in the third step as initiator. In the
last step radicals are generated under UV for the polymerization process of the
polyelectrolyte chains. All particle stages are visible by cryo-TEM.

Photo-
initiator
—
70°C

Monomer
—

r.t./uv

Photo-
initiator Monomer
— -_—
70°C r.t./uv

Figure 2.2: Preparation of latex particles stabilized with long polyelectrolyte chains: at first
polystyrene spheres were prepared by emulsion polymerization. The PS particles were coated
with a thin layer of a polymerizable photo initiator at a given conversion of styrene. The seed
particles were extensively purified by ultrafiltration against water. Water-soluble monomers
such as acrylic acid or styrene sulphuric acid were added. UV irradiation of the suspension led to
surface-bound radicals and free radicals in solution. Both types of radicals initiated the
polymerization of the water-soluble monomer. Hence, both polyelectrolyte chains anchored
onto the PS seed particles and free chains in solution were obtained. The free chains in solution
were removed by ultrafiltration. Cryo-TEM micrographs demonstrate that well-defined core-
shell particles can be made by this technique.

Figure 2.3 shows the comparison of both photo reactors used for the synthesis of
SPB. Thus we were looking for a technique which facilitates the process of photo
emulsion polymerization. We assigned the reaction described in Ref.!" to a
commercial UV reactor system (aqua concept Laboclean LC Forschungsreaktor,
Karlsruhe, Germany), which has been designed for water and liquid waste
treatment, i.e., applications that involve large throughputs or poor transmission

(Fig. 2 (b)). After adaption to the present purpose, this novel reactor largely
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improves the efficiency of the photo emulsion polymerization by reduced
reaction times (Fig. 2 (a): 6h; Fig. 2 (b): 25 min), larger scales and reproducible
reaction conditions. A detailed study on the formation of polyelectrolyte brushes

onto model latexes using the novel UV reactor is presented.

a) b)

Control Unit

UV-module | — Cooling water
= N,

Reservoir

Control Unit Magnetic stirrer

Circulation pump

Figure 2.3 a and b: Photoreactor systems used to conduct photo emulsion polymerization: the
schematic representation on the left (a) shows the reactor used by Guo et al..'" A medium
pressure mercury lamp (TQ 150 Z3, Heraeus Noblelight, Hanau, Germany; range of wave lengths
200-600 nm, power consumption 150W) surrounded by a cooling quartz tube was directly placed
in a 650 ml reactor glass vessel. The right-hand illustration (b) gives a schematic rendition of
the UV reactor (aqua concept Laboclean LC Forschungsreaktor, Karlsruhe, Germany) used in the
present study. The suspension circulates continuously from a reservoir (here: 3000 ml) into a UV
radiation chamber (power consumption reduced to 500 W) and via a condenser back into the
reservoir. This setup allows for variable batch sizes that only depend on the size of the
reservoir. Continuous circulation of the suspension allows for a highly turbulent flow and
prevents the formation of deposits. Moreover, the electronic performance of the UV module
enables reliable accuracy of the UV irradiation.

A detailed description of all experiments and results can be found in Chapter
3.1.

2.2 Structure Studies of SPB

For a better understanding of the interaction between anionic SPB and cationic
surfactants’? the formation of a complex between an anionic spherical
polyelectrolyte brush and the cationic surfactant cetyl trimethyl ammonium
bromide (CTAB) is investigated. The SPB consists of long chains of the strong

polyelectrolyte poly(styrene sulfonate) (PSS), which are bound chemically to a
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solid poly(styrene) core 56 nm radius. The SPB are dispersed in water, and the
ionic strength is adjusted by addition of NaBr. The resulting complexes are
investigated in dilute solution by dynamic light scattering (DLS) and by cryo-TEM.
The different models of the complexation are depicted in Figure 2.4. It is clearly
visible, that, depending on the amount of CTAB and NaBr different complexes
are built. (A) shows the SPB before the addition of salt and surfactant. (B) and
(C) show the changed structures after addition of salt and surfactant. The
interaction of the polyelectrolytes with surfactant and high ionic strength is
followed by a contraction (D). All stages are examined by cryo-TEM (Fig. 2.5).
The formation of the complex between the SPB and the surfactant can be
monitored by a strong shrinking of the surface layer when adding CTAB to dilute
suspensions (0.01 wt-%) and by a decrease of the effective charge of the
complexes. Complex formation starts at CTAB concentrations lower than the
critical micelle concentration of this surfactant. If the ratio r of the charges on
the SPB to the charge of the added surfactant exceeds one the particles start to
flocculate. Cryo-TEM images of the complexes at r = 0.6 measured in salt-free
solution show that the surface layer composed of the PSS chains and the
adsorbed CTAB molecules has partially collapsed: A part of the chains form a
dense surface layer while another part of the chains or aggregates thereof still
stick out. This can be deduced from the cryo-TEM micrographs as well as from
the hydrodynamic radius, which is still of appreciable magnitude. The 1:1
complex (r = 1.0) exhibits a fully collapsed layer formed by the PSS chains and
CTAB. If the complex is formed in the presence of 0.05 M NaBr, r = 0.6 leads to
globular structures directly attached to the surface of the core particles. All
structures seen in the cryo-TEM images can be explained by a collapse transition
of the surface layer brought about by the hydrophobic attraction between the
polyelectrolyte chains that became partially hydrophobic through adsorption of
CTAB.

-21-



2 Overview of this Thesis — Results

Figure 2.4: Schematic model of the spatial structure of the complexes from spherical
polyelectrolyte brushes and the cationic surfactant CTAB. Model A corresponds to the spherical
polyelectrolyte brush in salt-free solution, that is, with sodium counterions. Models B and C
refer to the complex of the brush particles with CTAB at r = 0.6 (B) and 1.0 (C) at a low ionic
strength. Model D refers to the structure formed by the brush particles and the surfactant at a
higher ionic strength (50 mM NaBr).

(a) (b)

Figure 2.5 (a) — (c): Cryo-TEM images of different systems, described in Figure 2.5. (a) shows
the SPB dispersion in salt- and surfactant free solution. (b) shows the system after addition of
surfactant and NaBr. (c) shows the system after addition of a huge amount of surfactant.

A detailed description of all experiments and results can be found in Chapter
3.2.
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2.3 Synthesis and Characterization of Gold Nanoparticles

The SPB with the polyelectrolyte chains of poly(2-amino ethyl methacrylate)
presented in Chapter 2.1 are used for the generation of AuUNP, now.

Figure 2.6 displays all results for the generation of AuNP in a schematic fashion.
Starting with the SPB with Cl" counter-ions, these are exchanged against AuCly -
ions. The introduced anions are complexed by the polyelectrolyte chains. The
following ultrafiltration removed not complexed AuCls-ions from the dispersion
medium. The AuCls-ions are partially complexed by the polyelectrolyte chains.
In this way the AuClys -ions create a densely cross linked mesh of polyelectrolyte
chains. The local concentration of AuCls-ions is, therefore, enlarged
considerably. In the next step the reducing agent NaBH,4 is added. Introducing
CN'-ions and 0! leads to dissolution of the AuNP.

All stages of the formation of the nanoparticles within the brush layer can be
followed easily by DLS, which determines the hydrodynamic radius Ry of the
particles. The present data, therefore, point to the preferred formation of small
and amorphous particles if the reduction is slow. The Au-NP content of the
composite particles could be varied from 7.5 — 9.5 wt.-% by using an excess of
NaBH4 during the reduction. Systematic cryo-TEM studies showed that the size of
the AuNP could be varied between 1.0 and 3.0 nm by varying the amount of
bound AuCly -ions.

Studies of the generated Nanoparticles on SPB by HR-TEM and WAXS (Fig. 2.7)
showed an amorphous structure.

A detailed description of all experiments and results is presented in Chapter 3.3.
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Figure 2.6: Scheme for the generation of AuNP and their dissolution with CN-ions/0O,. In the
first step Cl-ions are exchanged against AuCl,/-ions. The excess AuCls-ions are removed
subsequently by ultrafiltration. Replacing Cl’-ions by AuCl, -ions leads to a decrease of the layer
thickness L from 71 to 59 nm. In the next step AuNP are generated by reduction of the confined
AuCly counter-ions by NaBH,. Here, L decreased to only 21 nm. In the last step AuNP are
dissolved by complexation with CN-ions/O,. The original thickness of the surface layer is

recovered in

this step.
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Figure 2.7: Results of WAXS measurements of the AuNP on the spherical polyelectrolyte
brushes. The uppermost scattering curve shows the WAXS diagram for crystalline AuNP of
around 3 nm. In the middle, the scattering curve for amorphous AuNP on SPB is shown. The
lowermost curve is the scattering curve of the carrier particle without AuNP.
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2.4 Synthesis and Characterization of Binary Gold Nanoalloys
The principles from Chapter 2.3 for gold nanoparticles are now adapted for the
generation of binary nanoalloys. Figure 2.8 shows schematically the generation

of binary gold nanoalloys. Here we use the example of Au-Pt nanoalloys.

1. [AuCL]
2. UF
3. [PtCle]*

4, NaBH.
5. UF

71 nm

—— L
it

Figure 2.8: SPB used as carriers for bimetallic Au-Pt nanoparticles. Linear cationic
polyelectrolytes of poly(2-amino ethyl methacrylate) are densely grafted onto a PS core (Ry = 45
nm). The thickness of the polyelectrolyte layer L is about 71nm. AuCl;- and PtClZ-ions are
introduced as counter-ions and reduced within the brush layer to generate bimetallic Au-Pt
nanoparticles. In a first step, a given number of the Cl counter-ions are replaced by AuCl, ions.
Ultrafiltration removes AuCl /-ions that have not been complexed. Finally, PtCl¢-ions are
introduced and the system is purified again by ultrafiltration. Reduction is achieved by adding
NaBH,. All steps can be followed by dynamic light scattering, which allows the thickness L of
the surface layer to be measured.

Starting from cationic polyelectrolyte brushes, first of all a part of Cl'-ions are
exchanged by AuCly -ions. AuCls -ions, that are not complexed are replaced by an
ultrafiltration. In the next step Cl-ions are exchanged by PtCls>-ions, before
reducing the mixture of metal ions and generating during this step the binary
nanoalloys on the surface of the PS core. All single steps of every exchange step
can be easily followed by DLS. The shell thickness L shrinks during the whole

exchange process about 50 nm.
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With the method described above it is possible to synthesize binary nanoalloys of
Au-Pt, Au-Ir, Au-Rh, Au-Ru (Chapter 3.4 and 3.6). In the following part only Au-
Pt nanoalloys are discussed in detail.

Figure 2.9 shows different particle geometries and -sizes of Au-Pt nanoalloys. It
is obvious that the particle size and distribution on the PS core depends on the
composition in the alloy. The higher the gold amount, the bigger the particle
becomes and the particle distribution broadens. The detailed characterization
by HR-TEM and electron diffraction (Fig. 2.10) shows a crystalline structure of
the nanoparticles. Electron dispersive X-ray spectroscopy (EDX) proves the

composition in one alloy particle.

Decreasing of Particlesize/Polydispersity

Figure 2.9: Au-Pt nanoalloys with different compositions of gold and platinum. The lower the
gold amount (left to the right) in the solid solution of the alloy, the smaller the particle size
and smaller the size distribution.

A more detailed analysis of the crystal spacing as a function of the Au/Pt ratio
can be done by WAXS. The WAXS diffractograms (Fig. 2.11 (a)) exhibit a marked
broadening of the peaks owing to their small size. A similar finding was already
reported for Au-Pt nanoparticles synthesized by Lou et al.." The lattice spacing

depend linearly on the composition (Vegard’s law). The lattice spacing obtained
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here are shown in Figure 2.11 (b) together with the data of Lou et al. *°! This

finding is contrary to bulk Au-Pt alloys because of the broad miscibility gap.®

Figure 2.10: TEM image of Au;3Pt,; composite particles, with a HR-TEM image of three particles
(lattice imaging) and the diffractogram in the insets.
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Figure 2.11 a and b: Wide angle X-ray scattering intensities of the composite systems Auz;Pt,;, |
AussPtss, AugsPtss AuysPtzs (from bottom to top) (a). Plot of the lattice parameter dependance
on the composition of the alloy particle (b). (Red triangles: own measured values; green
triangles: data from Zhong et al..[)

A detailed description of all experiments and results for the binary Au-Pt
nanoalloys can be found in Chapter 3.4, for binary Au-Ru, Au-Rh and Au-Ir

nanoalloys it can be found in Chapter 3.6.
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2.5 Synthesis and Characterization of Platinum Nanocrystals

Metallic nanoparticles of controlled size and shape have recently attracted great
interest for a number of possible applications in electronic or optical materials
as well as in catalysis.!”” Starting with the binary Au-Pt nanoalloys from Chapter
2.4 it is possible to generate Pt nanocrystals (Fig. 2.12). The gold atoms of the
binary nanoalloy can be selectively complexed by CN-ions and 0,*!, resulting in
facetted platinum nanocrystals. The method of complexation was already

presented and used in Chapter 2.3.

[AuCL,]- , \

[PtCL]> / \ Dealloying

NaBH, { — l\
A 7 N /0,

.
I~

So -7 1 [
T~ - : '
: - Lb

1

] 1 21

21 nm nm l “~
Q—/\ Platinum

alloy

Figure 2.12: Scheme of synthesis of platinum nanocrystals by de-alloying of a Au-Pt-nanoalloy.
The carrier particles are SPB that consist of PS core (Ry = 50 nm) onto which cationic
polyelectrolyte chains of 2-AEMH are chemically attached. In a first step the Cl counter-ions
are exchanged against AuCl -ions; in a second step the remaining of Cl-ions are exchanged
against PtCl/-ions. Bimetallic Au.sPtss nanoalloy particles are generated by reduction of the
mixture of these ions by NaBH,. The composition of the resulting nanoalloy can be adjusted very
well by the ratio of the metal ions in the brush layer. In the final step CN-ions and O, are used
to leach out the gold atoms from the nanoalloy under very mild conditions. This procedure leads
to facetted platinum nanocrystals with a size of few nanometers only. The platinum
nanocrystals are firmly embedded in the surface layer of polyelectrolyte chains and the entire
composite particles exhibit an excellent colloidal stability.

We find that the de-alloying of the Au-Pt-nanoalloy proceeds surprisingly

smoothly. Fig. 2.13 shows micrographs of the composite particles before and
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after the leaching process. These micrographs were obtained by cryo-TEM that

allows us to analyze the particles in their native state.

CN' /0,

(@ (b)

Figure 2.13 (a) und (b): Cryo-TEM micrographs of the Au-Pt nanoalloy particles (composition:
AuyPtss) generated on the surface of the spherical polyelectrolyte brushes (a). Composite
particles after complete removal of the gold atoms from the Au-Pt nanoalloy by a mixture of
CN-ions and O, (b).

The formation of the cyanide complex of gold atoms is very selective. Hence,
only gold atoms of bimetallic Au-Pt nanoalloy are leached out. Energy dispersive
X-ray spectroscopy (EDX) demonstrates, indeed, that the metal nanoparticles
resulting from de-alloying of nanoparticles consist only of platinum. There can’t
be detected any traces of gold. The structure of the resulting platinum
nanoparticles was analyzed by combining high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) and HR-TEM. Fig. 2.14 (a) shows
a low-magnification HAADF-STEM micrograph of the polystyrene spheres on the
supporting holey carbon film. Fig. 2.14 (b) is a higher magnification of the same
area which shows the uniform distribution of the PtNP on the PS spheres. In
order to avoid any disturbance of this analysis by the core particles only
nanoparticles sitting on the periphery of the carrier spheres were analyzed by
HR-TEM (see Fig. 2.14 (c) — 2.14 (f)). HR-TEM demonstrates that the platinum

nanoparticles really are single crystals. All platinum particles observed were
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crystalline and no grain boundaries were observed inside the particles. In several
cases the facets can be indexed because the nanocrystals are aligned by change.
For instance, in Figures 2.14 (e) and 2.14 (f), the electron diffraction shows

directly the hexagonal symmetry of the cubic crystal.

200nm

Figure 2.14 (a) — (f): HAADF-STEM micrographs of the platinum nanoparticles (bright spots)
embedded and uniformly dispersed on a surface layer of the spherical polyelectrolyte (a) and
(b); HR-TEM micrograph of nanoparticles on the surface of two adjacent spherical
polyelectrolyte (c); HR-TEM micrograph of several crystalline nanoparticles (d); HR-TEM
micrographs of two different single crystalline platinum nanoparticles of sizes 4.6 nm and 2.8
nm, respectively, showing well defined facets (e) — (f). All micrographs were acquired at 300
keV.

A detailed description of all experiments and results for facetted Pt nanocrystals
can be found in Chapter 3.5.
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2.6 Application of Metal Nanoparticles in Catalysis

Some works show the special catalytic properties of binary gold nanoalloys.!™
Au-Pd!"" and Au-Pt!'?! have higher catalytic activities in comparison to respective
monometals.

Industrial interesting molecules especially aromatic aldehydes and ketones.!™ It
is possible to synthesize those primary and secondary alcohols by using a
catalyst. Important parameters are the conditions of the reaction and the
stability of the catalyst. We were successful in the synthesis of the aldehydes
and ketones at room temperature and air by using the described Au-Pt
nanoalloys above (Fig. 2.15). The catalytic activity for the oxidation of alcohols
to the respective aldehydes goes through a maximum as the function of the
Au/Pt composition. The highest conversion was succeeded with the nanoalloy of
compositon Au,oPtso. The catalysts could be used for different reaction cycles. It
should be noted that no surface stabilization was needed to keep these particles
from coagulation. The stabilization is solely achieved by the SPB on which the
alloy nanoparticles are immobilized and the catalysis shows a very high
selectivity towards aldehydes owing to the mild reaction conditions. The
examination of the particle morphologies before and after catalysis is needed to
do in situ. As seen in Figure 2.16 the cryo-TEM images show that there is no
change in the morphology before and after the catalysis of the oxidation of
benzyl alcohol. Another interesting reaction is the epoxidation of unsaturated
molecules (Fig. 2.17). It was shown that there is a high conversion and activity

for binary nanoalloys such as Au-Pt, Au-Ru, Au-Rh and Au-Ir.
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Figure 2.15: Different industrial interesting aldehydes and ketones, synthesized by the
conversion of the respective alcohol using Au-Pt nanoalloys from Chapter 2.4 as a catalyst. On
the left hand side the dependency of conversion (normalized to the surface area) on the amount
of gold in bimetallic nanoparticles is shown. The highest conversion is reached for a composition
of 20 % gold and 80 % platinum. On the right hand side the results from the reusing experiments
of the catalyst solution is shown. The catalyst didn’t loose his activity.

©/\OH catalyst solution (0.0336 mol% metal) o
H

Hzo, 3 eq. K2C03
air, r.t.,5h

LS
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Figure 2.16: Cryo-TEM image of Au-Pt@SPB catalyst solution before and after catalysed
conversion of benzyl alcohol to benz aldehyde. The morphology of the particles didn’t change.
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Figure 2.17: Heterogeneous epoxidation of alkenes using nanoalloys@SPB as efficient catalysts
and 0, as oxidant, activated by TBHP.

A detailed description of all experiments and results of the oxidation reactions
of binary Au-Pt nanoalloys can be found in chapter 3.4. A detailed description of
all experiments and results of the epoxidation reactions of binary Au-Pt, Au-Ru,

Au-Rh and Au-Ir nanoalloys as catalysts can be found in Chapter 3.6.
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2.7 Individual Contribution to Each Publication

In the following part my own contribution to each publication is listed. The

corresponding author is marked by .

» Chapter 3.1

This publication is published in Chemical Engineering Journal 2008, 144, 138 —
145 under the title ‘A novel photoreactor for the production of
electrosterically stabilised colloidal particles at larger scales’ by M. Schrinner,
B. Haupt, A. Wittemann'.

My contributions to this work were the synthesis and characterization of the
cationic SPB. A. Wittemann was partially involved in the development of the
anionic SPB including their characterization. B. Haupt was involved in discussions

concerning synthesis of SPB systems.

* Chapter 3.2

This publication is published in Langmuir 2007, 23, 3615 — 3619 under the title
‘Binding of oppositely charged surfactants to spherical polyelectrolyte
brushes: A study by cryogenic transmission electron microscopy’ by Larysa
Samokhina, Marc Schrinner, Matthias Ballauff , Markus Drechsler.

My contributions to this work were the synthesis and electron microscopic
characterization of the anionic SPB. The considerations and generation of the
different mixtures were carried out by myself. M. Drechsler introduced me into
the work at the TEM.

e Chapter 3.3

This publication is published in Macromolecular Chemistry and Physics 2007,
208, 1542 — 1547 under the title ‘Mechanism of the Formation of Amorphous
Gold Nanoparticles within Spherical Polyelectrolyte Brushes’ by Marc
Schrinner, Frank Polzer, Yu Mei, Yan Lu, Bjorn Haupt, Matthias Ballauff’, Astrid
Goldel, Markus Drechsler, Johannes Preussner, Uwe Glatzel.

My contributions to this work were the experiments for synthesis and
characterization of all systems. A. Goldel, M. Drechsler and J. Preussner, U.

Glatzel were involved in discussions during my work on the TEM.
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* Chapter 3.4

This publication is published in Advanced Materials 2008, 20, 1928 — 1933 under
the title ‘Stable bimetallic Gold-Platinum Nanoparticles Immobilized on
Spherical Polyelectrolyte Brushes’ by Marc Schrinner, Sebastian Proch, Yu Mei,
Rhett Kempe', Nobuyoshi Miyajima, Matthias Ballauff .

My contributions to this work were the synthesis and characterization of the
nanoalloys and of the gold nanoparticles. The platinum nanoparticles were
synthesized by Y. Mei. The examinations about catalytic activity were done in
co-operation with S. Proch. The electron microscopy work were carried out

together with N. Miyajima.

e Chapter 3.5

This publication is published in Science 2009, 323, 617 — 620 under the title
‘Single Nanocrystals of Platinum Prepared by Partial Dissolution of Au-Pt-
Nanoalloys’ by Marc Schrinner, Matthias Ballauff, Yesahahu Talmon, Yaron
Kauffmann, Jurgen Thun, Michael Moller, Josef Breu .

My contributions to this work were the synthesis and characterization of the
nanoparticles. The electron microscopic work was carried out together with Y.
Talmon and Y. Kauffmann during my stay at the TECHNION (Haifa). WAXS was

conducted in co-operation with J. Thun and M. Moller.

* Chapter 3.6

This publication is to be submitted in 2008 under the title ‘Nanoalloys as
efficient “green” catalysts for the epoxidation of alkenes by molecular
oxygen’ by Marc Schrinner, Matthias Ballauff, Salem Deeb, Sebastian Proch,
Rhett Kempe’, Yaron Kauffmann, Jiirgen Thun, Josef Breu.

My contributions to this work were the synthesis and characterization of the
nanoparticles. The catalytic application of the particles were carried out
together with S. Proch. The electron microscopic work was carried out together
with Y. Talmon and Y. Kauffmann during my stay at the TECHNION (Haifa). WAXS

was conducted in co-operation with J. Thun and M. Moller.
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A novel photoreactor to facilitate electrosteric stabilization of colloidal polymer particles is presented.
Anionic and cationic polystyrene particles having a diameter of ca. 100 nm and bearing a thin layer of
photoinitiator are used as seed colloids. Anionic and cationic chains of weak or strong polyelectrolytes are
grafted onto the surface of these particles. The polyelectrolyte chains are densely tethered onto the surface
of the polymer particles. For this purpose, a commercial photoreactor setup developed for water and
liquid waste treatment has been adapted. Compared to the photoreactor used earlier for photoemulsion
polymerization, the new reactor largely shortens the reaction times and improves the reproducibility of
the reaction. This is achieved by the higher UV power and controlled radiation times and power.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Colloidal suspensions have found an almost unlimited broad
range of technical applications in paper, leather, textile and
construction industry but also in medicine and pharmacy [1].
Amongst others, they serve as coatings, inks, paints, lubricants,
adhesives and foams [1]. The modification of the surface of
colloidal particles is of wide interest to provide specific interac-
tions among the particles or towards the external environment.
In particular, the large interfacial area of colloidal particles
requires sufficient stabilization to prevent phase separation and
coagulation [2].

Stable colloidal suspensions can be achieved by incorporating
ionic groups onto the particles or adsorbing surfactant molecules
[3]. However, electrostatic stabilization is only operative at
low ionic strength. A second kind of stabilization is achieved by
either adsorbing or grafting polymer chains onto the surface of
colloidal particles [4-6]. Non-ionic steric stabilization allows stabi-
lization at high concentrations of added salt, which is required in
many technical applications [1]. Combining both, electrostatic and
steric stabilization, is a very effective way to stabilize colloidal sus-
pensions [7,8]. The so-called electrosteric stabilization is provided

* Corresponding author. Tel.: +49 921 55 2776; fax: +49 921 55 2780.
E-mail address: Alexander.Wittemann@uni-bayreuth.de (A. Wittemann).

1385-8947/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2008.07.018

by dense polyelectrolyte brushes grafted onto the surface of the
colloidal particles [9-11].

Polyelectrolyte brushes can be created by physisorption of poly-
electrolytes or copolymers bearing one polyelectrolyte block onto
the surface [12-14]. A stronger attachment to the surface is pro-
vided by chemically grafted polyelectrolytes [15]. Two techniques
have been applied to synthesize surface grafted polymer brushes:
preformed polymers of a desired end functionality are reacted
with functional groups on the surface [10]. Due to the steric hin-
drance among the preformed polymers, a limited grafting density
is attained by this “grafted to” method. This is avoided by surfaces
bearing initiator functionalities, which are suitable for the brush
synthesis from the surface [ 10]. Biesalski and Riihe used this “graft-
ing from” method to synthesize polyacid brushes on planar surfaces
[16]. Ballauff and coworkers prepared spherical polyelectrolyte
brushes (SPB) consisting of either weak or strong polyelectrolytes
onto the surface of polymer particles by free radical polymerization
(Fig. 1) [17-19]. This technique is termed photoemulsion polymer-
ization. It has been shown that these colloidal particles stabilised
by polyelectrolyte brushes are stable even at high amounts of added
salt and over a wide pH range [20,21]. Moreover, the SPB have
already found various possible technological applications as car-
rier for proteins [22-24], catalytically active metal nanoparticles
[18,25] and retention agents [26] for papermaking.

This wide range of applications created a high demand for SPB
to further explore the properties of the material. Thus, we were
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PEDMB
PDMAEMA

Fig. 1. The SPB consist of solid polystyrene particles of ca. 100 nm diameter bearing a dense layer of tethered anionic (a) or cationic polyelectrolytes (b). If chains of weak
polyelectrolytes such as PAA and PAEMH are attached, the degree of charges of the SPB depends strongly on the pH, and as a consequence the electrostatic stabilization of the
particles is influenced by the external pH. However, if chains of the strong polyelectrolytes PSS and PEDMB are bound, the amount of charges onto the SPB does not depend

on the pH.

looking for a technique, which facilitates the process of photoemul-
sion polymerization. We assigned the reaction described in Ref.
[17] to a commercial UV reactor system (aqua concept Laboclean LC
Forschungsreaktor, Karlsruhe, Germany), which has been designed
for water and liquid waste treatment, i.e., applications, that involve
large throughputs or poor transmission (Fig. 2b). After adaptation
to the present purpose, this novel reactor largely improves the
efficiency of the photoemulsion polymerization by reduced reac-
tion times, larger scales and reproducible reaction conditions. A
detailed study on the formation of polyelectrolyte brushes onto
model latexes using the novel UV reactor is presented.

(@) (b)

—» Cooling water
—
/ i

UV-lamp

Magnetic stir bar

onme

Magnetic stirrer

Control Unit

2. Experimental
2.1. Materials

Purification of styrene (BASF, Ludwigshafen, Germany) was
accomplished by washing with 10 wt% NaOH solution to remove
the inhibitor followed by distillation under reduced pressure.
Acrylic acid (AA, Sigma-Aldrich, Buchs, Switzerland) was dis-
tilled under reduced pressure to remove the inhibitor. Sodium
styrene sulfonate (NaSS), N,N-dimethylaminoethyl methacrylate
(DMAEMA), potassium persulfate (KPS), sodium dodecylsul-

Control Unit

UV-module «— Cooling water
==tk
2
A
7N Reservoir
] -
A 4

Circulation pump

Fig. 2. Photoreactor systems used to conduct photoemulsion polymerization: the schematic representation on the left shows the reactor used by Guo et al. [17]. A medium
pressure mercury lamp (TQ 150 Z3, Heraeus Noblelight, Hanau, Germany; range of wave lengths 200-600 nm, power consumption 150 W) surrounded by a cooling quartz tube
was directly placed in a 650 ml reactor glass vessel. The right-hand illustration gives a schematic rendition of the UV reactor (aqua concept Laboclean LC Forschungsreaktor,
Karlsruhe, Germany) used in the present study. The suspension circulates continuously from a reservoir (here: 3000 ml) into a UV radiation chamber (power consumption
reduced to 500 W) and via a condenser back into the reservoir. This setup allows for variable batch sizes that only depend on the size of the reservoir. Continuous circulation
of the suspension allows for a highly turbulent flow and prevents the formation of deposits. Moreover, the electronic performance of the UV module enables a repetitious

accuracy of the UV irradiation.
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fate (SDS), cetyltrimethylammonium bromide (CTAB), o,o'-
azodiisobutyramidine dihydrochloride (V-50) and methacrylic
acid hydrochloride were purchased from Sigma-Aldrich (Buchs,
Switzerland) in analytical grade and used without further purifi-
cation. 2-Aminoethylmethacrylate hydrochloride (AEMH) was
obtained from Polysciences (Heidelberg, Germany) and Irgacure
2959 was provided by courtesy of Ciba Specialty Chemicals (Lam-
pertheim, Germany). Deionized water obtained from a reverse
osmosis water purification system (Academic A10, Millipore,
Schwalbach, Germany) was used throughout the entire studies. All
other chemicals and solvents were of analytical grade and were
used as received.

2.2. Synthesis of HMEM and EDMB

The photoinitiator (HMEM) was prepared by a Schotten-
Baumann reaction of Irgacure 2959 and methacrylic acid
hydrochloride as described in Ref. [17]. Purification was achieved
by column chromatography on silica gel. The purity of the prod-
uct was verified through NMR spectroscopy (AC 250, Bruker,
Karlsruhe, Germany). N-Ethyl-N,N-dimethylaminoethyl methacry-
late bromide (EDMB) serving as monomer in the synthesis of
the cationic brushes was prepared, purified and characterized as
described in Ref. [27].

2.3. Synthesis of the PS core

The synthesis of anionic and cationic PS latex particles bear-
ing a thin layer of photoinitiator was accomplished by emulsion
polymerization using a 3 L double-jacket glass rector (Biichi Glass,
Uster, Switzerland) which was heated through a thermostat (R400
Lauda, Lauda-Konigshofen, Germany). In a typical synthesis batch
of anionic PS particles, 521 g of freshly distilled styrene was added
to a solution of 7.28g of SDS in 2.17L of water. The mixture
was deoxygenated by several vacuum/nitrogen purge cycles and
brought gradually to 80°C under N, atmosphere and continuous
stirring (320 rpm). The polymerization was initiated by addition of
2.04 g KPS dissolved in 50 mL of water. After 1 h, the turbid suspen-
sion was cooled to 70°C. A solution of 29.16 g HMEM dissolved in
22.4ml of acetone was added dropwise (0.2 mL/min) to the suspen-
sion and the reaction was continued for a further 5h.

The preparation of the cationic PS particles was performed along
the same lines. Briefly, 208 g of styrene were added to a solution
of 2.65g CTAB in 846 mL of water. After several vacuum/nitrogen
purge cycles the reaction mixture was heated to 80 °C. Twenty min-
utes after addition of the initiator (0.87 g V-50 dissolved in 100 mL
of water) the suspension was cooled to 70°C and 11.6 g of HMEM
dissolved in 12.2 mL acetone were added (0.2 mL/min). The reac-
tion was carried out under nitrogen atmosphere and continuous
stirring (300 rpm) for 6 h.

All PS-co-HMEM latexes were filtrated through glass wool
and purified by exhaustive ultrafiltration (cellulose nitrate mem-
brane, pore diameter 50 nm, Schleicher & Schuell, Dassel, Germany)
against water prior to the grafting of the brushes.

2.4. Grafting of the polyelectrolyte brushes

The photopolymerization was carried out in a high-performance
UV reactor setup (aqua concept Laboclean LC Forschungsreaktor,
Karlsruhe, Germany) consisting of a UV radiation chamber, circu-
lation pump and a 3000 mL reservoir with condenser (Fig. 2b). The
spectrum of the light emitted by the Hg medium pressure lamp
comprises a number of wavelengths in the range of 200-600 nm.
The emission in the UV range between 200 and 300 nm is rein-
forced. The broadband spectrum the lamp offers makes the device

suitable for many applications such as disinfection, curing of paints
and lacquers and other photochemical tasks. Here this setup is
used for the buildup of polyelectrolyte brushes on the surface of
PS latexes. Briefly, 50 g PS-co-HMEM particles suspended in 2 L of
water were placed into the reservoir. External cooling by water
recirculation (UWK 140/TP2, Thermo Haake, Karlsruhe, Germany)
kept the temperature of the suspension below 32°C. The desired
amount of water-soluble monomer (AA, NaSS, AEMH or EDMB) was
added and the reaction mixture was deoxygenated by several vac-
uum/nitrogen purge cycles. Every 5 min, minute amounts of the
suspensions were taken to study the increase in brush thickness
during the 30 min of UV irradiation.

2.5. UV power of the photoreactor

The UV power of the Hg medium pressure lamp was determined
every 10 operating hours. The rate of the UV-induced decomposi-
tion of hydrogen peroxide was used as a measure for the UV power.
Briefly, 3000 mL of 0.2 M hydrogen peroxide solution were irradi-
ated for 15 min under permanent external cooling at 8 °C. In regular
intervals minute samples were taken. The concentration of hydro-
gen peroxide in the samples was determined by cerimetric titration
with 0.002 M Ce(IV) solution and ferroin as indicator. The rate of
the decomposition of hydrogen peroxide normalized to the output
power of the lamp of 500 W was in the range of 2.1 mol H,0; per
kWh.

2.6. Methods

Cryogenic transmission electron microscopy (cryo-TEM) spec-
imens were prepared by vitrification of thin liquid films of the
suspensions supported by a copper grid (600 mesh, Science Ser-
vices, Munich, Germany) in liquid ethane. The specimen was
inserted into a cryo-transfer holder (CT3500, Gatan, Munich, Ger-
many) and transferred to a Zeiss EM922 EFTEM (Zeiss NTS GmbH,
Oberkochen, Germany) operating at an accelerating voltage of
200 kV. Images were recorded digitally by a CCD camera (UltraScan
1000, Gatan) and processed with a digital imaging system (Digital
Micrograph 3.9, Gatan). More detailed information can be found in
Ref. [19].

The distributions of the core particle sizes were recorded on
a disc centrifuge (BI-DCP, Brookhaven Instruments Corporation,
Holtsville, USA) and by transmission electron microscopy (TEM,
H7, Hitachi High-Technologies, Krefeld, Germany). Dynamic light
scattering (DLS) measurements were performed on an ALV-4000
(ALV, Langen, Germany) light scattering goniometer equipped with
a He-Ne laser (uniphase 1145P-3083, Manteca, USA) which pro-
vides a wavelength of 632.8 nm, and an ALV-5000 multiple tau
digital correlator (ALV). Hydrodynamic radii were obtained by a
cumulant analysis [28] from the correlation functions.

Conductometric titration (Cond 197i, WTW, Weilheim, Ger-
many) was employed to determine the total mass of polymer
that has been attached to the polystyrene particles during pho-
toemulsion polymerization (see Table 1). This method was based
on the change in the electric conductance during acid-base titra-
tion or precipitation of hardly soluble silver salts. Minute amounts
of the suspension were purified by exhaustive ultrafiltration against
water. The carboxylic groups of the PAA brushes were titrated
against standard solutions of sodium hydroxide. The amount of
cationic polymers was determined by titration of the bromine or
chloride counterions against a standard solution of 0.1 M AgNOs.
The results were verified by elementary analysis (Vario EL III,
elementar Analysengerdte, Hanau, Germany). The amount of PSS
chains was quantified gravimetrically. To that end, the amount
of solid present in the suspension was determined before and
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Table 1
Parameters of the model latexes used in the present study
SPB R Lcb LrweatesS M4 My PDIF Mps/MpgL & o (nm~2)"
PAA1 50 - 75 - - - 12.7 -
PAA2 50 79 75 13,600 30,000 22 8.1 0.13
PAA3 50 51 62 11,300 20,000 1.7 9.4 0.13
PAA4 50 - 112 - - - 9.2 -
PAAS 56 = 17 = - - 12.0 -
PSS1 56 - 65 - - - 27 -
PSS2 56 = 120 = = = 21 =
PAEMH1 45 68 54 16,000 31,000 19 8.5 0.11
PDMAEMA1 45 89 85 12,700 25,000 20 1.3 0.14
PEDMB1 45 75 68 15,000 35,000 23 9.7 0.13

The nomenclature of the SPB refers to the type of tethered polyelectrolytes (PAA1-5: poly(acrylic acid); PSS1-2: poly(styrene sulfonate); PAEMH1: poly(2-
aminoethylmethacrylate hydrochloride); PDMAEMA1: poly(N,N-dimethylaminoethyl methacrylate); PEDMB1: poly(N-ethyl-N,N-dimethylaminoethyl methacrylate

bromide).
2 Radius of the PS core.
b Contour length of the grafted polyelectrolyte chains.
¢ Brush thickness in water.
¢ Number-average molecular weight.
¢ Weight-average molecular weight of the polyelectrolyte chains.
T Polydispersity index (My/Mp).

& Mass composition mps/mpg, of the SPB where mps and mpg are the masses of the PS core and polyelectrolyte shell, respectively.

b Grafting density (number of chains per core surface).

after exhaustive ultrafiltration against water. The loss of solid dur-
ing purification gives the amount of free PSS chains or unreacted
monomers. Hence, the mass of tethered PSS chains is obtained as
the difference between the mass of added NaSS and the mass of the
removed solid.

To determine the molecular weight of the tethered chains, the
grafted chains were cleaved off from the polystyrene particles. The
anchoring groups of the attached polyelectrolyte chains contain
an ester bond which stems from the former photoinitiator (Fig. 3).
These ester bonds were hydrolysed in the presence of strong aque-
ous bases. To that end, the SPB particles were suspended in 2M
NaOH and kept at 120 °C for 14 days. Such a rather harsh treatment
was necessary since negative coions such as the hydroxide ions are
expelled from anionic brushes [29]. The latex particles were sepa-
rated from the cleaved polyelectrolyte chains by filtration through
a cellulose nitrate membrane of 50nm pore size (Schleicher &
Schuell) after neutralisation with hydrochloric acid. The removal
of the large amount of added salt was accomplished by exhaus-
tive ultrafiltration (regenerated cellulose membrane, MWCO 5000,
Millipore) against deionized water. The completeness of the purifi-
cation was monitored through the conductance of the filtrate.
The purified polyelectrolyte chains were freeze-dried and ana-
lyzed using a Viscotek (Weingarten, Germany) triple-detection
size-exclusion chromatography (SEC) system.

3. Results and discussion

The objective of the present study is to demonstrate the suit-
ability of a novel UV reactor for photoemulsion polymerization. The
reaction itself was carried out along the lines given in Ref. [ 17]. Fig. 3
gives a schematic view on the individual stages of the synthesis
of latex particles bearing densely packed polyelectrolyte brushes.
Briefly, a narrow-dispersed PS latex is prepared by emulsion poly-
merization [30]. In the stage of particle growth a copolymerizable
photoinitiator is added to the PS seed particles under starved con-
ditions [20]. Here HMEM was used as a model photoinitiator. Other
photoinitiators that are polymerizable could be used as well [31].
HMEM is a vinyl monomer (Fig. 3) itself, but it is less hydrophobic
than styrene. Thus, a thin shell of photoinitiator is formed onto the
surface of the latex particles as the result of the copolymerization
of styrene and the polymerizable photoinitiator. In the final step a

water-soluble monomer is added and the suspension is irradiated
by UV light. Radicals formed on the surface of the latex particles
initiate the polymerization of the water-soluble monomer which
results in polymer brushes covalently attached to the latex parti-
cles (Fig. 3). One would expect that the strong turbidity of the PS
latex might present a severe limitation for a photoreaction. How-
ever, the turbidity is even essential for the photopolymerization.
This was explained by multiple elastic scattering of the UV light
within the suspension which allows the photoreaction to take place
[20].

The decomposition of the photoinitiator moieties on the surface
of the latex particles gives not only rise to surface-bound radicals
but also to free radicals in solution (Fig. 3). The free polymer chains
insolution thus obtained are removed from the suspension by ultra-
filtration against water. This is necessary to obtain a well-defined
model system for the studies described below.

3.1. Preparation of PS particles bearing photoinitiator moieties

Both anionic and cationic polyelectrolyte brushes should be
attached onto PS latex particles to probe the versatility of the
photoemulsion polymerization as a tool to stabilize latex parti-
cles (Fig. 1). Thus, the PS particles that serve as carrier for the
brushes and the monomer used to form the tethered chains must
be like-charged. Otherwise electrostatic interactions among the PS
particles and the growing polyelectrolyte chains would result in
coagulation of the suspension. Thus, anionic and cationic PS latexes
were synthesized following the procedure described above. The
amounts of surfactant and initiator were chosen to obtain parti-
cles with diameters near 100 nm. The ionic nature of the initiator
(KPS or V-50) leads to ionic groups on the surface of the PS particles
which give the particles sufficient electrostatic stability prior to the
grafting of the polyelectrolyte layer. The emulsion polymerization
is carried out in a batch process at 80 °C until most of the styrene
has reacted. Then the copolymerizable photoinitiator HMEM was
added under starved conditions at 70 °C. At this stage of the reaction
the PS particles are still swollen with styrene. Copolymerization of
styrene and HMEM yielded a thin solid layer of photoinitiator onto
the latex particles. Morphological studies by small angle X-ray scat-
tering (SAXS) indicated that the thickness of the photoinitiator layer
is in the order of two nanometers [15]. Thus, a well-defined thin
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Fig. 3. Preparation of latex particles stabilised with long polyelectrolyte chains: at first polystyrene spheres were prepared by emulsion polymerization. The PS particles
were coated with a thin layer of a polymerizable photoinitiator at a given conversion of styrene. The seed particles were extensively purified by ultrafiltration against water.
Water-soluble monomers such as acrylic acid or styrene sulfonate were added. UV irradiation of the suspension led to surface-bound radicals and free radicals in solution.
Both types of radicals initiated the polymerization of the water-soluble monomer. Hence, both polyelectrolyte chains anchored onto the PS seed particles and free chains in
solution were obtained. The free chains in solution were removed by exhaustive ultrafiltration. Cryo-TEM micrographs demonstrate that well-defined core-shell particles

can be made by this technique.

photoinitiator layer was obtained by this procedure. The size dis-
tribution of the PS particles was determined using an analytical disc
centrifuge. The average diameter of the particles was in the order
of 100 nm (Table 1). The polydispersity in particle size expressed as
the weight-average diameter divided through the number-average
diameter was less than 1.02. Since the PS particles are quite uni-
form in size, they are suitable seed particles for the built-up of
well-defined core-shell particles during the photoreaction.

3.2. Synthesis of the spherical polyelectrolyte brushes:
photoemulsion polymerization

The UV lamp of the photoreactor used in Ref. [17] was directly
immersed into the suspension (Fig. 2a). Thus the volume was fixed
by the size of the reaction vessel (650 mL) circumventing the UV
module. In the present setup the reaction mixture circulates con-
tinuously from the reservoir into the UV radiation chamber and via
a condenser back into the reservoir (Fig. 2b). The circulation of the
suspension guarantees a highly turbulent flow and prevents the
formation of deposits in the reactor. The electronic performance
of the UV module allows for repetitious accuracy of the irradia-
tion time and power. At regular intervals the power of the UV lamp
was determined through the UV-induced decomposition of hydro-
gen peroxide. To ensure comparable reaction conditions the anionic
and cationic brushes were prepared under similar UV powers of ca.
2.1 mol of decomposed H,0, per kWh.

The PS-co-HMEM latex particles were used as seeds to con-
duct polymerization in the suspension of the particles comprising a
water-soluble monomer. The content of seed particles was fixed to
2.5wt%. The highest concentration of monomer used in the exper-
iments was 0.15 M. These concentration limits helped to prevent
the recombination of growing polyelectrolyte chains attached to
different latex particles and thus the formation of a network of
crosslinked particles. The formation of individual particles of well-
defined core-shell morphology under these premises becomes
evident in the cryo-TEM images (Fig. 3).

Minute samples of the suspensions were taken during the
photoemulsion polymerization to study the formation of the poly-
electrolyte brushes onto the latex particles. DLS is well suited to
study the thickness of SPB [20]. The hydrodynamic thickness of the
brush layer is obtained by subtraction of the hydrodynamic radius
of the SPB at a given reaction time from the radius of the seed par-
ticles. Fig. 4a contains data for the built-up of PAA brushes. The
formation of the brush layer starts right after the UV radiation is
started. A rapid increase of the brush thickness is obtained during
the first minutes of irradiation. The reaction is completed after only
20 min of polymerization, i.e., maxima of the brush thickness and
of the monomer conversion are attained. However, 240 min were
necessary to come at the same stage of the polymerization with the
setup used by Guo et al. (cf. Fig. 2 of Ref. [17]). Hence, the new reac-
tor largely shortens the reaction times, which is mainly achieved
by the increase of the UV power from 150 to 500 W.
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Fig.4. (a)Hydrodynamic thickness L of brushes composed of PAA as the function of the reaction time t. Parameter is the amount of photoinitiator used in the synthesis of the
PS-co-HMEM seed (squares: PAA1 0.5 mol% HMEM; down triangles: PAA4 1.0 mol% HMEM; up triangles: PAA3 2.0 mol% HMEM; circles: PAA2 4.0 mol% HMEM in respect of the
content of styrene units of the core particles). The amount of acrylic acid was the same (40 mol% in regard to the content of styrene units of the core). Latex PAA5 (diamonds)
was prepared using the same PS-co-HMEM seed as for PAA2. The lower brush thickness results from the lower amount of acrylic acid added (25 mol%). (b) Conversion of
acrylic acid during the photoemulsion polymerization. An increasing amount of HMEM leads to a higher total conversion of monomer (squares: PAA1 0.5 mol% HMEM; down
triangles: PAA4 1.0 mol% HMEM; up triangles: PAA3 2.0 mol% HMEM; circles: PAA2 4.0 mol% HMEM in respect of the content of styrene units of the core particles). Both
experiments, namely the increase in particle size measured by DLS and the monomer conversion, clearly indicate that the formation of the brush is completed after a reaction

time of 30 min.

The thickness of the brush layer L is governed by the osmotic
pressure of the counterions of the polyelectrolyte chains [20,32].
The absolute number of counterions within the brush increases
with the contour length L. and grafting density o of the polyelec-
trolyte chains. The brush thickness shown in Fig. 4a is governed by
two opposing phenomena. In principle, the brush thickness should
increase with the content of photoinitiator moieties as higher graft-
ing densities increase the concentration of counterions entrapped
within the brush. On the other hand, the monomer-to-initiator
ratio decreases as the total amount of monomer is kept constant
in all experiments. Moreover, since DLS radii are dominated by
the longest chains of the brush, the polydispersity of the tethered
chains has an additional impact on the brush height. This is dis-
cussed in conjunction with Fig. 5. Thus, an exact interpretation of
the brush heights shown in Fig. 4a as the function of photoinitiator
moieties and monomer concentration is rather difficult. However,
if the photoinitiator content of the seed particles is kept constant,
a lower monomer concentration yields a lower brush height as
expected (see system PAA2 vs. PAA5S in Fig. 4a).

The total conversion of acrylic acid was determined through
the content of solid in the suspension. To this end, the samples

dwt / d(log M)

log M

Fig.5. Molecular weight distributions (MWD)of sodium polyacrylate chains cleaved
from PAA2 (dashed line) and PAA3 (solid line). The average molecular weights and
polydispersity indices are gathered in Table 1. The polydispersities close to 2 are
typical for a free radical polymerization.

of the suspension taken during the photoreaction were subdivided
into amounts of 2 g. The volatile monomer and water was removed
under reduced pressure at 80 °C. The conversion of acrylic acid was
obtained as the difference between the total content of solid and
the content of added seed particles (2.5 wt%) divided by the initial
content of acrylic acid. The percentage of consumed acrylic acid
comprises both PAA chains attached to the latex particles and free
PAA chains in solution.

The monomer conversion (Fig. 4b) shows the same character-
istics as the brush thickness L with reaction time t (Fig. 4a). The
consumption of acrylic acid proceeds very fast at the earlier stages
of the irradiation and a plateau value is attained after 15 min. The
plateau consumption increased with the content of photoinitiator
ofthe seed latex. A higher percentage of consumed monomer is also
obtained ifless monomer is added (not shown). For all five reactions
studied the monomer consumption did not exceed 80%. Hence, the
reaction is terminated without full consumption of acrylic acid. This
does not mean that an excess of monomer was added since a higher
brush thickness was obtained at higher monomer concentration
(Fig. 4a). In fact, the mechanisms that terminate the growing of the
chains on the seed particles should bring about incomplete conver-
sion of monomer. These mechanisms are not known in detail. Such
mechanisms might involve recombination with free chain radicals
grown in solution or short-chain radicals. The latter ones could be
formed by side reactions during photoirradiation [31].

Since the photoinitiator is decomposed into surface-bound rad-
icals and free radicals in solution, free polyelectrolyte chains are
formed during the photopolymerization. The free chains were
removed by exhaustive ultrafiltration against water. This purifi-
cation step was used to determine the composition of the PSS
brushes, i.e., the mass ratio of polystyrene to grafted polyelec-
trolyte (mps/mpgr). For this purpose the content of solid in the
suspension before and after the removal of unbound PSS chains was
determined. The difference between the mass of sodium styrene
sulfonate added to the seed latex and the mass of free PSS chains is
the mass of PSS attached to the latex particles. The relative exper-
imental error of mps/mpg is 5% based on the relative error of the
solid content of 0.4% and taking weighing errors and mass losses
during synthesis and purification into account.

A different approach was applied for the brushes composed of
PAA since the molar mass of acrylic acid is lower than the one of
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sodium styrene sulfonate. mps/mpg; was determined by conduco-
metric titration of the carboxyl groups. The relative experimental
error is 4%. The mass ratio mps/mpg; obtained for the PAA and PSS
brushes are summarized in Table 1. Between 29 and 52% of the total
monomer is consumed to build up the polyelectrolyte brush. This
percentage increases with the HMEM content of the seed latex and
decreases with the initial monomer concentration. Division of this
percentage by the total fraction of monomer consumed during the
photoemulsion polymerization gives the ratio of PAA tethered to
latex particles to free PAA (Table 1). Depending on the experiment,
between 1.1 and 1.8 chains of PAA were grafted to the seed particles
with respect to one free chain. One would expect a one-to-one ratio
since the photoinitiator is decomposed into two radicals. However,
recombination of free chain radicals with tethered chain radicals
decreases the amount of free chains.

More specific information on the grafted polyelectrolyte chains
is obtained through cleavage of the chains from the latex particles
and characterization of the cleaved chains by SEC. We restricted
such an analysis to selected samples (Table 1) since a large amount
of the suspension is consumed to obtain a reasonable quantity of
cleaved polyelectrolyte. The former photoinitiator moieties which
serve now as anchor groups of the polyelectrolyte chains bear an
ester group (Fig. 3). The hydrolysis was achieved over 15 days in the
presence of 2 M NaOH at 120 °C[17]. The cationic chains comprising
ester bonds in their monomer units (Fig. 3) were hereby converted
into PAA chains. The average molecular weight and the polydis-
persity of the cleaved polyelectrolyte chains were obtained by SEC
(Fig. 5). Polydispersity is defined as the weight-average molecular
weight My, divided by the number-average molecular weight M.
The My/M, values of the grafted polyelectrolyte chains are in the
range of 2, as expected for a radical polymerization (Table 1).

Fig. 5 contains the molecular weight distributions of PAA cleaved
from two different SPB. The grafting density o is the same for
both systems. The PAA chains cleaved from PAA3 show a quite
narrow-dispersed molecular weight distribution for a radical poly-
merization. The distribution of the PAA chains of PAA2 exhibits a
shoulder at higher molecular weights. This is explained by a recom-
bination of free chain radicals with chain radicals grafted to the
latex particles as already discussed above. Since chain termination
is brought forth by radicals of low-molecular weight as well, the
shoulder at higher molecular weight might be less distinctive in
some experiments. The brush thickness was determined by DLS.
Since DLS radii are mainly governed by the longest chains of the
brush layer [20], PAA2 exhibits a higher brush thickness than PAA3
due to the fraction of PAA chains of higher molecular weight (Fig. 5).

From the number-average molecular weight M,, the contour
length L. is obtained as the product of the number of monomer
repeat units and the distance of two C-C bonds of 0.25 nm. The
grafting density o could be calculated as well since the average
molecular weight M, and the total mass of polyelectrolyte chains
per particle expressed in mps/mpg. are known. The grafting den-
sities obtained were in the range of 0.13 polyelectrolyte chains
per nm? surface of the latex particles, i.e., 4000 polyelectrolyte
chains were covalently attached per latex particle of 100 nm diam-
eter. The distance between two grafting points is 3 nm. Since the
photoemulsion polymerization allows coating latex particles with
a densely packed polyelectrolyte layer, dispersions of the result-
ing particles are electrostatically stabilised in an efficient manner.
Much work has been devoted to the stabilizing nature of polyelec-
trolyte brushes [7,9,32-34]. This effect can be directly measured
using a surface force apparatus [35]. The cryo-TEM images demon-
strate that the polyelectrolyte chains are strongly stretched (Fig. 3).
This is demonstrated in more detail in Ref. [19]. The fact that the
tethered chains are strongly stretched together with the thickness
of the densely packed layer of several tens of nanometers gives the

particles sufficient stabilization since aggregation among particles
would demand a compression of the brush layer.

The novel photoreactor was designed for lab-scale experiments.
As mentioned above it allows the fabrication of up to 100g SPB
in just 30 min. This amount could be further increased by using a
larger reservoir. Such a quantity should be enough for most exper-
imental studies. Larger UV reactors based on the same principle
as the high-performance lab-reactor are commercially available
which provide flow rates from 5 up to 1000 m?3/h (aqua concept,
Karlsruhe, Germany). Hence, such reactors would allow the electro-
static stabilization of several tons of particles per day for industrial
applications. The production of the precursor latex particles does
not present a limiting step for industrial applications since these
particles can be made by emulsion polymerization which is a stan-
dard technique for the production of such particles [1]. The seed
particles with sizes from 50 up to 300 nm can be made from all
monomers such as styrene, vinyl acetate, vinyl chloride or acry-
lates that undergo radical polymerization, and which are hardly
soluble in water [1,30]. Moreover, the need for a photoinitiator
that is copolymerizable should not present an obstacle as well
since such compounds are used in the coating industry for solvent-
free lacquers [31]. In the present study, the photoinitiator HMEM
was obtained through a one-step chemical modification of such
an photoinitiator (Irgacure 2959, Ciba Specialty Chemicals, Lam-
pertheim, Germany). Other copolymerizable photoinitiators that
are poorly soluble in water such as benzoin acrylate can be used
as well [31]. Hence, the photopolymerization presents a versatile
technique since the chemical composition and dimensions of the
particles can be adjusted in a wide range.

4. Conclusion

In conclusion, affixing long polyelectrolyte chains to polymer
particles by photoemulsion polymerization opens new perspec-
tives for stabilised polymer suspensions. In principle, chains of any
water-soluble vinyl monomer can be attached to colloidal particles
bearing photoinitiator moieties. Hence, the technique presents a
versatile tool to stabilize colloidal particles but also allows specific
surface functionalization. The novel photoreactor helps to further
explore the potential of this technique since a better control of
the photoreaction is achieved, along with shorter irradiation times.
Moreover, the flow-through UV module enables large-scale reac-
tion processing. This renders the technique promising for industrial
applications that involve stabilised colloids.
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The formation of a complex between an anionic spherical polyelectrolyte brush (SPB) and the cationic surfactant
cetyltrimethylammonium bromide (CTAB) is investigated. The SPB consists of long chains of the strong polyelectrolyte
poly(styrene sulfonate) (PSS), which are bound chemically to a solid poly(styrene) core of 56 nm in radius. The SPB
are dispersed in water, and the ionic strength is adjusted by addition of NaBr. The resulting complexes are investigated
in dilute solution by dynamic light scattering, by electrophoretic light scattering, and by cryogenic transmission
electron microscopy (cryo-TEM). The formation of the complex between the SPB and the surfactant can be monitored
by a strong shrinking of the surface layer when adding CTAB to dilute suspensions (0.01 wt %) and by a decrease
of the effective charge of the complexes. Complex formation starts at CTAB concentrations lower than the critical
micelle concentration of this surfactant. If the ratio » of the charges on the SPB to the charge of the added surfactant
is exceeding unity, the particles start to flocculate. Cryo-TEM images of the complexes at » = 0.6 measured in salt-free
solution show that the surface layer composed of the PSS chains and the adsorbed CTAB molecules is partially
collapsed: A part of the chains form a dense surface layer while another part of the chains or aggregates thereof are
still sticking out. This can be deduced from the cryo-TEM micrographs as well as from the hydrodynamic radius,
which is still of appreciable magnitude. The 1:1 complex (» = 1.0) exhibits a fully collapsed layer formed by the PSS
chains and CTAB. If the complex is formed in the presence of 0.05 M NaBr, » = 0.6 leads to globular structures directly
attached to the surface of the core particles. All structures seen in the cryo-TEM images can be explained by a collapse
transition of the surface layer brought about by the hydrophobic attraction between the polyelectrolyte chains that
became partially hydrophobic through adsorption of CTAB.

Introduction

Polyelectrolyte—surfactant complexes (PSC) have received a
lot of attention recently, partly because of the fundamental interest
in these systems and partly because of the potential application
these systems may have.'~® The micellar complexes of the
polyelectrolyte chains and the surfactant are formed in salt-free
solutions at the critical aggregation concentration, which is much
lower than the critical micelle concentration (cmc) in the pure
surfactant solution.® In general, it is understood that the strong
binding of the surfactant by the polyelectrolyte chains is driven
by electrostatic as well as by hydrophobic interactions. Hence,
the supramolecular structures resulting from this aggregation
will depend directly on the details of the molecular structure 51!
The interaction of free polyelectrolyte chains with surfactants
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seems to be a well-studied problem by now and a rather clear
understanding has emerged.

However, information on the interaction of surfactants with
polyelectrolyte chains tethered to solid surfaces, that is, with
polyelectrolyte brushes, seems to be scarce by now. While
polyelectrolyte brushes have been the subject of intense research
during the last 15 years,'>=2* only a few studies have been devoted
to the interaction of these systems with surfactants in aqueous
solution.>=?7 Thus, Pyshkina et al. studied the uptake of
n-alkyltrimethylammonium bromides by dense planar brushes
of poly(acrylic acid).?® They found that the amount of bound
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Figure 1. Schematic representation of a spherical polyelectrolyte
brush. The colloidal particles consist of a poly(styrene) core onto
which long chains of PSS have been grafted. The thickness Z of the
brush can be measured by dynamic light scattering.

s
Cpnp¥10° [mol/1]
0 2 4 6 8 10
140 o L
.\K—; ------------------------------------
120 L
\.
— 100 L
1
S 804 , ' L
<ol A -
] 2 |
40 \‘\ \'\‘
] Yl
A
20 g i
00 02 04 06 08 10
r

Figure 2. Influence of complex composition on the brush thickness
of polyelectrolyte spheres in the salt-free solution (squares) and in
0.05 M NaBr (triangles). The dashed line marks the respective change
of L brought about by adding the same equivalent of NaBr to the
solution. The arrows mark the compositions where the respective
cryo-TEM images have been taken: arrow 1, Figure 4; arrow 2,
Figure 5; arrow 3, Figure 6.

surfactant depends strongly on the grafting density. At lower
grafting density, there was a second step in the binding isotherm,
which was interpreted as the onset of a lamellar mesophase within
the brush layer. Konradi and Riihe studied the interaction of
cationic surfactants on brushes obtained by chemical grafting of
poly(methacrylic acid).?® They determined the uptake of the
surfactant, the degree of dissociation of the brush, and the height
of the brush in a very detailed manner. A key result of this
investigation is the uptake of surfactants and a concomitant
decrease of the brush height takes place at very low surfactant
concentrations. The authors explained this by the binding of the
surfactant to the polyelectrolyte chains which thus become
hydrophobic. In this way, a collapse transition is induced even
if the uptake of surfactant is very small. Ata critical concentration,
which is found to be slightly lower than the cmc, the brush takes
up a large amount of surfactant and shrinks further. In this regime,
the degree of binding is approaching unity. From these results,
Konradi and Riihe suggested a model of the local structure that
surmises the formation of spherical micellar structures by the
surfactant within the brush layer. Finally, Tirrell and co-workers
investigated the interactions of poly(styrenesulfonate) brushes
in the presence of cationic surfactants.?’ Using the surface force
apparatus, they also found contraction of the brush at very low
surfactant concentrations. At sufficiently high surfactant con-
centration, they found the onset of attractive interaction between
the brush layers, which was explained by hydrophobic forces.
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Figure 3. Analysis of the electrophoretic mobility of the particles
in presence of the surfactant CTAB. The mobility multiplied by the
hydrodynamic radius Ry (see Figure 2) is plotted as the function of
the charge ratio in the salt-free solution (squares) and in 0.05 M
NaBr (triangles). The arrows mark the compositions where the
respective cryo-TEM images have been taken: arrow 1, Figure 4;
arrow 2, Figure 5; arrow 3, Figure 6.

All investigations done so far on complexes between poly-
electrolyte brushes and surfactants have solely been done on
planar systems. In this paper, we present the first investigation
of the interaction of a spherical polyelectrolyte brush (SPB)!8~23
with a cationic surfactant cetyltrimethylammonium bromide
(CTAB). We use SPB with long chains grafted to a poly(styrene)
core of 56 nm in radius. The structure of these particles is shown
schematically in Figure 1. The polyelectrolyte shell is made up
by the strong electrolyte poly(styrenesulfonate) (PSS), which is
charged regardless of the pH or salt concentration within the
system.?” In this quenched polyelectrolyte brush,'$20 the pH is
therefore not a decisive variable. The grafting density of the
brush is of the order of 0.1 nm~2. These well-defined core—shell
latexes were prepared by photoemulsion polymerization."”
Previous work done on these systems has demonstrated that
spherical polyelectrolyte brushes present well-defined model
systems that can be compared directly to the respective planar
brushes.'$~23

Two aspects of the previous work on SPB are central for the
present study: (i) Nearly all counterions are confined within the
brush layer and thus create an enormous osmotic pressure within
this layer.'>13 For the quenched SPB under consideration here,
this has been shown directly by osmotic measurements.?! Most
of the confined counterions are directly bound to the polyelec-
trolyte chains.?® (i) Spherical polyelectrolyte brushes present an
ideal model system for studies by cryogenic transmission electron
microscopy (cryo-TEM).23 The suspension of the particles is
vitrified by rapid freezing and the spatial structure of the particles
can be studied directly; no staining or other preparatory steps are
necessary. Hence, the formation and the spatial structure of the
complex of the SPB with the surfactant CTAB can be seen and
analyzed directly.

Materials and Methods

Reagents. Sodium bromide (Merck, analytical grade) and
hexadecyltrimethylammonium bromide were used as received. Water
was purified by reverse osmosis and subsequent ion exchange
(Millipore Milli-Q). The SPB nanoparticles synthesized and
characterized as described previously!>2% have low polydispersity
as determined by transmission electron microscopy. The grafting

(28) Dingenouts, N.; Patel, M.; Rosenfeldt, S.; Pontoni, D.; Narayanan, T.;
Ballauff, M. Macromolecules 2004, 37, 8152.
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Figure 4. Cryo-TEM image of the PSC at a charge ratio of 0.6 in
salt-free solutions (see arrow 1 in Figures 2 and 3). The radius of
core indicated by a short-dashed line is 56 nm. The radius of
polyelectrolyte—surfactant shell obtained from the DLS experiment
is indicated as a long-dashed line.

Figure 5. Cryo-TEM image of the PSC at a charge ratio » = 1 in
salt-free solutions (see arrow 2 in Figures 2 and 3). The radius of
core indicated by a short-dashed line is 56 nm. The radius of
polyelectrolyte—surfactant shell obtained from the DLS experiment
is indicated as a long-dashed line.

density is of the order of 0.1 nm~2. The hydrodynamic radius is 188
nm as measured by dynamic light scattering (DLS) in 1 mM NaBr
solution.

The aqueous solutions of polyelectrolyte—surfactant nanoparticle
complexes were prepared by mixing concentrated solutions of the
respective surfactant and the latex suspension (0.1 wt %) in order
to get the required charge ratio . This parameter characterizes a
degree of binding of surfactant monomers by the brush surface and
is calculated as the ratio of the number of positive charged ions to
the total number of sulfonate groups in the polyelectrolyte layer.
The latter number can be determined precisely from titration
experiments. In order to ensure equilibrium, all ssmples were prepared
a day before doing the analysis.
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Figure 6. Cryo-TEM image of the PSC at a charge ratio of
0.6 in 0.05 M NaBr (see arrow 3 in Figures 2 and 3). The radius
of polyelectrolyte—surfactant shell is ~30 nm and corresponds
to the one obtained from the DLS experiment (long-dashed
circle).

Methods. Cryo-TEM specimens were prepared by vitrification
of thin liquid films supported on a TEM copper grid (600 mesh) in
liquid ethane at its freezing point. Details of the procedure may
be found in ref 23 The size (hydrodynamic radius) and electro-
phoretic mobility of the spherical nanoparticles were studied by
dynamic and electrophoretic light scattering methods. The measure-
ments were carried out with the Zetasizer Nano ZS, Malvern
Instruments (4-mW He—Ne laser of 633 nm) at 25 °C under an
angle of 173°. For all our samples, the folded capillary cells
(Malvern Instruments) were used in the electrophoretic mobility
study and glass cuvettes to measure the size. Scattering data were
analyzed by the CONTIN algorithm to estimate the diameter of the
nanoparticles.

Results and Discussion

As demonstrated in previous investigations, DLS is ideally
suited to determine the overall size of the spherical polyelectrolytes
brushes in solution.!2° DLS leads to the hydrodynamic radius
Ry of the particles with great precision. Since the radius R of the
practically monodisperse core particles'” is known precisely, the
thickness L of the polyelectrolyte layer on the surface of these
core particles (see Figure 1) can be obtained through L = Ry —
R. Previous work done by DLS on quenched SPB has
demonstrated that L decreases with increasing salt concentration.”’
This is due to the increasing ionic strength, which causes the
transition from the osmotic brush to the salted brush at high
salt concentration.'213.15.18=20 However, while electrostatic
interaction will determine the brush height L at low salt
concentrations, ion-specific interactions may play a role at
higher salt concentrations and may even lead to a total collapse
of the brush layer.'®?’ For the SPB, this is followed by a
flocculation of the particles.?” The phase transition within the
brush layer can be reversed at higher concentrations of added
salt leading to a salting-in again.?® These investigations have
also demonstrated that equilibrium may always be attained in
the brush layers due to their relatively small height L of the brush
layer (30—200 nm).

(29) Mei, Y.; Ballauff, M. Eur. Phys. J. E 2005, 16, 341.
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Figure 7. Schematic model of the spatial structure of the complexes from spherical polyelectrolyte brushes and the cationic surfactant CTAB.
Model A corresponds to the spherical polyelectrolyte brush in salt-free solution, that is, with sodium counterions. Models B and C refer to
the complex of the brush particles with CTAB at » = 0.6 (B) and 1.0 (C) at a low ionic strength. This corresponds to the cryo-TEM images
in Figures 4 and 5, respectively. Model D refers to the structure formed by the brush particles and the surfactant at a higher ionic strength
(50 mM NaBr). The corresponding cryo-TEM image is shown in Figure 6.

Figure 2 displays the brush thickness L of the SPB measured
in dilute solution (0.01 wt %) in the presence of an increasing
concentration of CTAB. The parameter of the curves is the ionic
strength in solution. At lowest ionic strength (squares in Figure
2), there is a marked decrease of L even at the smallest surfactant
concentration. It needs to be noted that the concentration of
CTAB is far below its cmc (1073 M) but of the same order
of magnitude as the critical association concentration of
free PSS chains (see ref6). The dashed line shows the experimental
data obtained by DLS upon addition of the same amount of
NaBr.

Virtually no shrinking takes place due to screening of charges
at these low concentrations. This indicates that the interaction
of CTAB with the brush layer is mainly determined by
hydrophobic interaction of the alkyl chains of the surfactant with
the hydrophobic parts of PSS chains.

Adding salt leads to a marked shrinking of the brush layer as
already observed in previous investigations.'3~17.19.20.26 [f added
saltis present, adding CTAB leads to a marked shrinking as well
that, however, is less pronounced than in the case of salt-free
solutions. Moreover, a new feature enters above » = 0.6: Here
the suspension flocculates, and it is evident that the colloidal
stabilization of the SPB by the polyelectrolyte chains is not
operative anymore.

Figure 2 indicates that there must be a strong binding of CTAB
even at lowest surfactant concentrations. This is well supported
by a qualitative analysis of the electrophoretic mobility u of the
SPB as the function of CTAB concentration. Neglecting the
contribution of the counterions to the measured mobility, u« is

proportional to the effective charge of the particles and inversely
proportional to its hydrodynamic radius Ry.>® Figure 3 therefore
displays the product of u and the hydrodynamic radius Ry. From
the strong decrease of the effective charge that is evident from
Figure 3 we conclude that virtually all of the CTAB molecules
in the system are taken up by the brush layer. This is inaccordance
with previous studies.2®

As already mentioned in the Introduction, cryo-TEM allows
us to observe directly the structure of the complex between the
SPB and CTAB. It should be noted that the surface layer of the
PSS chains in the absence of CTAB is practically invisible in
the cryo-TEM images. The contrast provided by the sodium
counterions is too small and heavy ions such as, for example,
cesium or iodine counterions would be needed.?

We first discuss the experiments done in salt-free solutions.
The cryo-TEM images of PSS/CTAB complexes shown in Figure
4 and Figure 5 refer to the charge ratio » = 0.6 (arrow | in
Figures 2 and 3) and » = 1.0 (arrow 2 in Figures 2 and 3,
respectively), both taken in salt-free solutions. Both clearly
indicate the core—shell morphology of the SPB and their
complexes with CTAB. The larger long-dashed lines around one
particle indicate the overall dimensions as determined by DLS
while the smaller dashed circle indicates the size of the core.
Figure 4 and Figure 5 now give a clear idea of the structural
transition effected by adding CTAB: The contraction of the
surface layer as measured through the decrease of L (see Figure

(30) Evans, D. F.; Wennerstrom, H. The Colloidal Domain Where Physics,
Chemistry, and Technology Meet; Wiley-VCH: New York, 1994.
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2) is brought about by a strong adsorption of surfactant to the
polyelectrolyte chains. Atr = 0.6 displayed in Figure 4, chainlike
objects extending from the surface become visible. Since single
chains are practically invisible under the present conditions, we
conclude that a part of the chains have aggregated to form bundles.
However, the hydrodynamic radius of the particles is still
considerably higher than the extension of the chains or aggregates
seen in Figure 4. Obviously, there must be a part of the chains
that do not aggregate but remain strongly stretched as in the
surfactant-free state.

Figure 5 shows that the surface layer is entirely collapsed if
the charge ratio r is adjusted to unity. The surfactant has been
fully adsorbed by the polyelectrolyte brush layer, and the now
hydrophobic chains of the polyelectrolyte/surfactant complex
form a dense layer. Since = 1, all electrostatic repulsion is gone
and the bundlelike aggregates seen for » = 0.6 must collapse.
This is also evident from the hydrodynamic radius indicated by
the larger dashed circle in Figure 5. Here Ry agrees with the
dimensions of the particles visible by cryo-TEM. The full collapse
of the chains attached to the surface must obviously lead to a
total loss of colloidal stability. Hence, the complex of the SPB
and CTAB must flocculate, which is indeed observed. This is
also evident from Figure 5 showing clusters of aggregated SPB
spheres.

Figure 6 displays the cryo-TEM micrographs referring to a
charge ratio » = 0.6 but at higher ionic strength (0.05 M NaBr).
Evidently, the long bundlelike aggregates are gone and much
smaller globular structures become visible that are attached
directly to the surface. Moreover, the hydrodynamic radius (see
larger dashed line in Figure 6) virtually coincides with the overall
dimensions of the particles. Thus, the rather high ionic strength
leads to a screening of the mutual repulsion of the still negatively
charged surface structures at » = 0.6. The colloidal stability is
very weak, and adding more surfactant at this ionic strength is
followed by flocculation. However, the residual interaction
between the complexes attached to the surface prevents the
formation of a dense surface layer as observed at » = 1.0 (see
Figure 5).

All findings discussed in conjunction with Figures 2—6 suggest
that the adsorption of the hydrophobic CTA™ ions leads to marked
structural changes at the surface of the spherical polyelectrolyte
brushes. A possible explanation of these observations, in particular
of Figure 4, may be sought in a collapse of the brush layer due
to the partial hydrophobization of the polyelectrolyte chains by
the adsorbed CTAB: Recent theoretical models suggest that
under certain conditions the collapse of a polymer or polyelec-
trolyte brush can be accompanied by an intrabrush microphase
segregation and bimodal distribution of the chains with respect
to their extension above the surface. Hence, a dense layer is
formed near the grafting surface by a population of collapsed
chains, while other chains remain extended in the solution and
form a dilute peripherical part of the brush. This part determines
the hydrodynamic radius. In particular, in ref 31 this mechanism
was proposed in the case of brush collapse due to formation of
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clusters comprising multiple monomers of grafted chains.
Pryamitsyn et al.*> have demonstrated that a weakly dissociated
polyelectrolyte brush may undergo a collapse transition in a
poor solvent resulting in a bimodal distribution of the surface
chains. A bimodal chain end distribution has also been predicted
in ref 33 where complexation of nonionic polymer brushes with
surfactants has been considered. This theoretical model is in
qualitative agreement with the interpretation of Figure 4. A part
of the chains not included in this surface layer is seen from the
hydrodynamic radius, which is still of appreciable magnitude.
Hence, there must be a bimodal chain end distribution.

Conclusion

Figure 7 summarizes the above findings in a schematic
manner: At low ionic strength, that is, without added salt, the
surfactant ions form a complex with the polyelectrolyte chains
on the surface of the SPB already at lowest concentrations of the
surfactant. This strong tendency for assembly is driven by ionic
attraction and by the hydrophobic interaction of the alkyl moieties.
This was already obvious from previous investigations using
planar brushes.>=27 The entirely new feature shown here by
cryo-TEM is the formation of bundlelike aggregates at finite
charge ratio  leading to a laterally inhomogeneous surface layer
(see Figure 4). The peculiar structure is thus indicative for a
collapse transition®! of the surface layer due to the partial
hydrophobization of the polyelectrolyte chains. This is shown
schematically in Figure 7B. This transition within the brush layer
leads to a bimodal distribution of the chains where a part is
localized in a dense surface layer and another part still is stretching
out as is seen from the hydrodynamic radius of the particles. If
the ionic strength is increased by adding NaBr, the collapse of
the brush induced by added surfactant is not accompanied by
intrabrush segregation and only collapsed (relatively dense) layer
proximal to the surface is found. Moreover, in this regime, the
collapsed layer may lose its lateral continuity and split into pinched
collapsed domains (see Figure 7D). Only if =1, at total collapse
is seen regardless of the salt concentration (Figure 7C) and the
PSS chains together with the CTAB form a dense homogeneous
layer on the surface of the core. The balance of hydrophobic
attraction and electrostatic repulsion can therefore lead to a
collapse transition of the surface layer, which is laterally
inhomogeneous.
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Polyelectrolyte Brushes
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Matthias Ballauff,*Astrid Goldel, Markus Drechsler,
Johannes Preussner, Uwe Glatzel

We present a comprehensive investigation on the formation of gold nanoparticles in spherical
polyelectrolyte brushes. These colloidal carrier particles consist of a solid polystyrene core onto
which long cationic polyelectrolyte chains are grafted. Immersed in water these polyelec-
trolyte chains can be used to enrich AuCl; ions. The metal ions thus confined in the
polyelectrolyte layer can be reduced to gold nanoparticles of approximately 1 nm diameter.
Cryogenic transmission electron microscopy shows that the Au particles are located near the
surface and exhibit a narrow size distribution. Measurements by dynamic light scattering
demonstrate that the polyelectrolyte chains are located near the surface of the core particles.
This is explained by a crosslinking of the cationic polyelectrolyte chains by the nanoparticles
that carry a negative charge. If the Au nano-
particles are removed, the spherical poly-

electrolyte brushes re-expand. High-resolution IVEH}
electron microscopy together with wide-angle e b doo
X-ray scattering measurements demonstrates 0 i
that the Au nanoparticles are amorphous. tn,
We demonstrate that these Au nanoparticles %“2
exhibit catalytic activity for hydrogenation S
reactions that is slightly below the one of Pt
and Pd nanoparticles.
Introduction
M. Schrinner, F. Polzer, Y. Mei, Y. Lu, B. Haupt, M. Ballauff Metallic nanoparticles are at the center of modern

Physikalische Chemie I, University of Bayreuth, 95440 Bayreuth,
Germany

E-mail: Matthias.Ballauff@uni-bayreuth.de

A. Goldel, M. Drechsler

Makromolekulare Chemie I, University of Bayreuth, 95440
Bayreuth, Germany

nanotechnology since these particles may exhibit optical
or catalytic properties that differ significantly from the
bulk properties of the respective metal.*®! In particular,
gold nanoparticles (Au-NPs) have recently been the subject
of a large number of publications.®** It has been

J. Preussner, U. Glatzel demonstrated that Au-NPs of diameters between 1 and
Metals and Alloys, University of Bayreuth, 95440 Bayreuth, 10 nm have interesting optical properties'® and can be
Germany used in catalysis.??"*! In nearly all cases reported so far

o
Macromol. Chem. Phys. 2007, 208, 15421547 %
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Figure 1. Scheme of the cationic spherical polyelectrolyte brushes
used as carriers for the Au nanoparticles. Linear cationic poly-
electrolytes of poly(2-aminoethyl methacrylate) are densely
grafted onto a solid PS core (Ry=45 nm). The Aucl, ions are
introduced as counter-ions and reduced within the brush layer to
yield the Au nanoparticles.["2°!

the size and the colloidal stability of the Au-NPs must be
adjusted by surface-active agents such as, e.g., thiol-
containing moieties.*>® Evidently, ligands attached
chemically to the surface of Au-NPs must profoundly
influence their electronic structure and hence change the
optical properties concomitantly. Moreover, long alkyl or
polymer chains attached to the surface of the nano-
particles will limit the access of reactants to the surface
and thus influence the catalytic properties of the Au-NPs.

Recently, we demonstrated that spherical polyelectro-
lyte brushes (SPBs) can be used for the generation and
stabilization of metallic nanoparticles.*>?%) These SPBs
consist of a solid polystyrene (PS) core onto which long
anionic or cationic polyelectrolyte chains are grafted. The
structure of these particles is shown schematically in
Figure 1. Immersed in water, these SPBs will swell to form
a dense layer of polyelectrolyte chains on the surface of the
core particles.*2~24 The counter-ions of the polyelectrolyte
chains are nearly fully localized within this layeles]
We have demonstrated that this confinement of the
counter-ions may be used to immobilize metal ions.

Macromolecular
Chemistry and Physics

Reduction of these immobilized metal ions with NaBH,
leads to nanoparticles of the respective metal [°2°)
Work on platinum nanoparticles (Pt-NPs) immobilized
in this way has demonstrated an unexpected high colloidal
stability of these composite systems despite the absence of
any additional stabilizing agent.?”) Here, we elucidate the
mechanism of the formation of the metal nanoparticles in
cationic SPBs in detail. The aim of the present study is to
gain a better understanding of the structure of the
composite particles and the reasons for their high stability.

Experimental Part
Materials

Cationic spherical polyelectrolyte brushes carrying chains of
poly(2-aminoethyl methacrylate hydrochloride) (PAEMH) were
synthesized as described recently.**?*) The radius R of the core
particles was 45 nm, the average contour length L. of the grafted
chains was 165 nm and the grafting density (number of chains per
unit area) o = 0.0017 nm?. The entire number of charged groups in
the polyelectrolyte layer was determined precisely by conducto-
metric titration. %!

In a typical experiment the Au-NPs were generated as follows:
120 mL of the latex (0.85 wt.-%) in pure water was placed in an
ultrafiltration cell (NC 10 membrane filters, cellulosenitrate,
Schleicher & Schuell, Germany) and 2 L of 2.4 x 10 * m HAuCl,
solution were passed through the cell. Subsequently, 12 L of
deionized water were passed through the cell to remove free
AuCl, ions. The suspension attained a yellowish color, which
indicates an exchange of the counter-ions in the brush layer
from C1™ to AuCl; . The suspension (30 mL) was diluted with 30 mL
of deionized water and mixed slowly (see Table 1, samples 1-6)
with a 1.2 x 107 m solution of NaBH, with stirring under an
atmosphere of nitrogen. In one experiment (see Table 1, sample 7)
the mixing was rapid. The reduction of the AuCl, ions could be
clearly seen by a change of color from yellowish to reddish. After
completion of the reaction the suspension was again placed in an

I Table 1. Experimental details and characterization of the synthesized Au-NPs.

Sample n(Aucl;)? r(Aucl;)? w(Au)? n(Au)/n(Red)? day® Morphology?
mol % nm
1 2.11%x107% 1/8 7.5 1/1 1.25%0.25 Amorphous
2 422%10* 1/4 7.5 1/1 1.75%0.25 Amorphous
3 8.44%10* 1/2 7.5 1/1 2005 Crystalline
4 2.11%x107% 1/8 7.5 1/1 125%0.25 Amorphous
5 211%X10°* 1/8 8.5 1/2 1.25%0.25 Amorphous
6 211%X10°* 1/8 9.5 1/3 1.25%0.25 Amorphous
7 113x10°° 2/3 9.8 2/3 3.0x05 Crystalline

#Amount of AuCl; introduced during ultrafiltration; “’Ratio of amount of introduced AuCl; ions related to the total number of charges on
the surface of the carrier particles; “Content of Au-NPs of the composite system; “Ratio of AuCl; ions to the reducing agent NaBH, used in
the synthesis of Au-NPs; Diameter of generated Au-NPs generated on the carrier particles; ?Indicates the structure of the Au-NPs.

Macromol. Chem. Phys. 2007, 208, 1542-1547
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ultrafiltration cell and a fifty-fold volume of
deionized water was passed through the
cell. The purification was monitored by
measuring the conductivity of the serum.
The content of gold in the composite
particles was determined by C, H, and N
elemental analysis after burning off the
organic material at 950 “C.

The Au-NPs were dissolved®® by the
dropwise addition of 2 mLof a 612 x 10 > m
NaCN solution to 30 mL of a suspension
(0.2 wt.-%) at room temperature. The solu-
tion was flushed slowly with air in order to
achieve a full oxidation of the Au-NPs. After
~3 h the suspension had the white color of
the latex without Au-NPs.

M. Schrinner et al.

+ [AuCl=
-Cl=
CN=/O.  NaBH,

Methods

Cryogenic transmission electron micros-
copy (cryo-TEM) was carried out as
described  previously.””?  High-resolution

TEM (HR-TEM) was done using a Zeiss Libra
200 FE. Wide-angle X-ray scattering (WAXS)
measurements were performed using a
Bruker-AXS D8 Advance. Dynamic light
scattering (DLS) was done using a Peters
ALV 4000 light scattering goniometer.

The catalytic activity was investigated
using the model reaction of the reduction of
4-nitrophenol by NaBH, to 4-aminophenol.
In a typical run, 5 mL of a 4-nitrophenol
solution (0.1 mmol-L™*) was added to an amount of sodium
borohydride (0.0019 g). After mixing these solutions, we added a
given number of the interesting metal nanoparticles to start the
reduction. The progress of reduction was monitored by measuring
the extinction of the reaction mixture at 400 nm as a function of
time using a Lambda 650 spectrometer (Perkin Elmer).

Results and Discussion

Generation of the Au-NPs

The generation of the Au-NPs takes place only within the
polyelectrolyte layer of the carrier particles as shown in
Figure 2. The AuCl, ions are introduced as counter-ions of
the brush layer and all metal ions not firmly bound in this
layer are flushed away by ultrafiltration. Hence, only the
reduction of these immobilized AuCl, ions will lead to
well-defined Au-NPs.

All stages of the formation of the nanoparticles within
the brush layer can be followed easily by DLS, which
determines the hydrodynamic radius Ry of the particles.
Since theradius R of the core particles is exactly known, the
thickness L of the surface layer can be obtained by
L=Ry — R throughout all stages of the synthesis of the
particles.

Macromol. Chem. Phys. 2007, 208, 1542-1547
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Scheme for the generation of Au-NPs and their dissolution with CN" /0. In the
first step CI™ ions are exchanged against AuCl, ions. The excess AuCl, ions are removed
subsequently by ultrafiltration. Replacing CI ™ ions by AuCl, ions leads to a decrease of the
layer thickness L from 71 to 59 nm. In the next step Au-NPs are generated by reduction of
the confined AuCl, counter-ions by NaBH,. Here, L decreased to only 21nm. In the last step
Au-NPs are dissolved by complexation with CN"/0,. The original thickness of the surface
layer is recovered in this step.

Figure 2 displays all results in a schematic fashion. Even
low concentrations of AuCl, ions lead to a considerable
shrinkage of the polyelectrolyte layer on the surface of the
core particles. Adding AuCl, ions leads to a decrease of
the surface layer thickness from 71 to 59 nm. This
shrinkage of the surface layer is a result of partial
crosslinking of the polyelectrolyte chains by the AuCl,
ions.*) The AuCl, ions are partially complexed by the
polyelectrolyte chains. In this way the AuCl, ions create a
rather densely crosslinked mesh of polyelectrolyte chains.
The local concentration of AuCl; ions is, therefore,
enlarged considerably. In the next step the reducing agent
NaBH, is added. This is followed by a collapse of the
surface layer as the latter decreases to a thickness 21 nm.
The micrographs of the resulting composite particles
obtained by cryo-TEM are shown in Figure 3. It demon-
strates that small Au-NPs have been formed in this step.
The rate of the reducing step has a profound influence in
that much smaller nanoparticles are generated by slower
reduction (see Figure 3a and b). The present data, therefore,
point to the preferred formation of small and amorphous
particles if the reduction is slow. This problem, however, is
in need of further investigation.

The marked decrease of L is not caused by ionic
impurities introduced during the reduction step. This

DOI: 10.1002/macp.200700161
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Au-NPs are visible as black dots attached near to the surface: a)

I Figure 3. Cryo-TEM images of Au-NP/SPB-composite particles. The
Table 1, sample 7 (crystalline), b) Table 1, sample 1 (amorphous).

can be shown by purifying the composite particles by
extensive ultrafiltration against deionized water, which
leads only to a moderate increase of L from 21 to 26 nm.
Another reason for the decrease of the hydrodynamic
radius may be sought in a degradation of the polyelec-
trolyte layers by cleavage or other side reactions. This
explanation can be easily be refuted by dissolution of the
Au-NPs upon addition of NaCN in the presence of O,. This
process leads again to L =69 nm, which is identical to the
starting value of 71 nm within the given limits of error.
Hence, the polyelectrolyte chains of the brush layer are
condensed by the Au-NPs as shown schematically in
Figure 2. After the dissolution of the Au-NPs, the chains
stretch again and assume their previous conformation.
Hence, the Au-NPs formed by reduction within the
brush layer lead to an additional crosslinking of the
polyelectrolyte chains that extends far beyond the cross-
linking effect™ of the AuCl, ions. This attractive
interaction can possibly be related to a negative charge
of the Au-NPs. Thus, the Au-NPs crosslink the poly-
electrolyte chains by ionic interactions. A more direct

Macromol. Chem. Phys. 2007, 208, 1542-1547
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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proof of the negative charge of the Au-NPs may be
obtained by directly measuring their electrophoretic
mobility. However, we know of no method that generates
free and stable nanoparticles of such a small size in
solution. Nevertheless, all results presented schematically
in Figure 2 demonstrate that the Au-NPs and the cationic
polyelectrolyte chains are intertwined in a dense mesh,
which keeps the nanoparticles firmly bound to the surface
of the core particles. This is the reason for the unusual
stability of the composite particles mentioned above.

Additional experiments demonstrated that an excess of
AuCl; ions may lead to the formation of large and more
polydisperse particles (Table 1, sample 7) or even
coagulation of the carrier particles. In order to elucidate
the influence of the various parameters, we varied the
amount of added AuCl, ions as well as the amount of
the reducing agent NaBH;. The Au-NP content of the
composite particles could be varied from 7.5 to 9.5 wt.-% by
using an excess of NaBH, during the reduction. The size of
the Au-NPs could be varied between 1 and 3.0 nm
by varying the amount of bound AuCl, ions. Table 1
(samples 1-6) summarize the results obtained by varying
the amounts of AuCl, ions and NaBH, obtained by slowly
reducing the AuCl, ions.

Structure of the Au-NPs

The structure of the Au-NPs can be studied in further detail
by HR-TEM and WAXS. In a previous study, we found that
Au-NPs with sizes of ~3 nm are crystalline.**) However,
Lu et all?® recently demonstrated that amorphous
palladium-nanoparticles (Pd-NPs) can be synthesized.
We have studied the crystal structure of the generated
Au-NPs by HR-TEM and WAXS. The HR-TEM micrographs

50000+ .
—— Crystalline Au-NP/SPB
—— Amorphous Au-NP/SPB
40000“) ! ——PB
| |
30000+ '

200001

Counts / 60 s

10000

0

©2 Theta

Figure 4. Results of WAXS measurements of the Au-NPs on the
spherical polyelectrolyte brushes. The uppermost scattering
curve shows the WAXS diagram for crystalline Au-NPs having
a size in the range of 3 nm (Table 1, sample 7). In the middle, the
scattering curve for amorphous Au-NPs on SPB is shown (Table 1,
sample 1). The lowermost curve is the scattering curve of the
carrier particle without Au-NPs.
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do not show any crystal planes. However, this analysis
may be hampered by a limited resolution or the strong
background caused by the core particles. In order to solve
this problem further, we performed WAXS measurements.
Figure 4 shows the comparison of the WAXS analysis of
crystalline particles in the range of 2-3 nm on SPBs and for
the amorphous Au-NPs in the range of 1.3 nm. Evidently,
the small particles exhibit no Bragg reflections that are
clearly visible for the larger Au-NPs. Clusters such as
the Auss-cluster would exhibit characteristic WAXS
profiles.?®) Hence, we conclude that the small Au-NPs
generated on the spherical polyelectrolyte brushes are
amorphous, similar to the amorphous Pd-NPs studied
recently.2®!

Catalytic Activity

Having discussed the synthesis and morphology of the
Au-NPs, we now turn to a comparison of the catalytic
properties of gold, platinum, and palladium nanoparticles.
The catalytic activity of the Au-NPs can be monitored by
UV-vis spectroscopy using the reduction of 4-nitrophenol
to 4-aminophenol with an excess of NaBH, in aqueous
solution. This reaction has repeatedly been used to test the
catalytic activity of metal nanoparticles>*°-3*] and can
now be regarded as a benchmark reaction for this purpose.
In this way the measured results can be directly compared
to the data supplied in the literature.?**~*?! The rates of
reduction were assumed to be independent of the
concentration of NaBH, since this reagent was used in
large excess compared to 4—nitrophenol.[3°] Therefore, the
kinetic data can be fitted by a first-order law.?*) Moreover,
the apparent rate constant k,,, was assumed to be
proportional to the surface S of the metal nanoparticles
present in the system:(2%3

dc
*dftt:kapp'ct:kl's'ct (1)

where c; is the concentration of 4-nitrophenol at time t, k;
(s'-m 2-1) is the rate constant normalized to S, and
S itself is the surface area of the metal nanoparticles
normalized to the unit volume of the system. In all cases
the reduction of 4-nitrophenol was done with a high
excess of NaBH,.**3! In order to obtain the activation
energy of this reaction, measurements were performed at
different temperatures. The resulting rate constants k,p,
can then be plotted versus 5.2031

For a test of the catalytic activity of the Au-NPs we used
the following conditions: [4-Nitrophenol]=1x10"* m,
T=293.15 K, and n(NaBH,)=1x 102 m. We obtain the
following rate constant k;=51x10"' s '.m ?.L
This value is slightly lower than the ones recently
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obtained for Pt-NP (k; =5.62.10"* s7* m~2.L) and Pd-NP
(k=110 s7* m 2.1)12°3 The activation energy of
Au-NPs calculated from the data (43 kJ-mol %) is of the
same magnitude as the one found previously for Pt-NPs[2%)
or Pd-NPs*! (both in the range of 44 kJ - mol ™). These data
demonstrate that the Au-NPs exhibit a comparable
catalytic activity for the reduction of 4-nitrophenol as
the platinum or palladium nanoparticles studied
recently.2%3% There are differences between the catalytic
activities, which increase in the series Au<Pt<Pd. In
principle, two different reasons may be invoked to explain
this finding: First, the activity may be related to a specific
property of the metal. However, the fact that the three
metals under consideration so far lead to the same
activation energy may point to another possible reason:
The substrates may exhibit an interaction with the surface
of the particles that depends on the metal. This should
become obvious when probing the catalytic activity of the
particles for different ratios of the substrates and the total
surface S over a wider range than used for the previously
described analysis. Work along these lines is under way at
present.

Conclusion

We have elucidated the mechanism of the formation of
Au-NPs within a cationic spherical polyelectrolyte brush.
The excellent stability of the composite particles was
traced back to a strong attraction between the Au-NPs and
the polyelectrolyte chains, most probably caused by a
negative surface charge of the Au-NPs. Cryo-TEM demon-
strates that the Au-NPs are located near the surface and
have sizes in the range of 1 to 2 nm at the most. HRTEM
and WAXS show that the Au-NPs thus generated are
amorphous. The Au-NPs are catalytically active, as has
been shown by the reduction of 4-nitrophenol with NaBH,.
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Stable Bimetallic Gold-Platinum Nanoparticles
Immobilized on Spherical Polyelectrolyte Brushes:
Synthesis, Characterization, and Application for the

Oxidation of Alcohols**

By Marc Schrinner, Sebastian Proch, Yu Mei, Rhett Kempe,*

Nobuyoshi Miyajima, and Matthias Ballauff*

Metallic nanoparticles have recently received much atten-
tion as catalysts. In particular, gold nanoparticles have been
shown to be excellent catalysts for oxidation reactions.!'!
Thus, in 1989 Haruta reported the low-temperature oxidation
of CO by molecular oxygen using gold nanoclusters.!
Catalysis under very mild conditions at room temperature is
of particular interest. Recently, Miyamura et al. demonstrated
that the aerobic oxidation of alcohols can be performed at
room temperature by using gold nanoclusters stabilized by a
polymer.[”] Nanometer-scale alloy particles composed of gold
and platinum metals may be prepared that exhibit improved
catalytic activities as compared to the pure Au nanoparti-
cles.>7 1% In particular, Enache et al. were able to show that
Au-Pd nanocrystals present excellent catalysts for the
oxidation of primary alcohols.!"!) Bimetallic Au—Pt nanopar-
ticles (Au-Pt NPs) have been used recently in electrocata-
lysis.!'>131 Here, the question arises whether the alloy exhibits a
miscibility gap, as in the bulk phase, or whether a homo-
geneous solid solution can be achieved."*'! Lou et al. showed
that the lattice parameter of alloy nanoparticles scales linearly
with the relative Au—Pt content in the composition.[”I On the
other hand, De and Rao reported the formation of core/shell
nanoparticles of Au and Pt at elevated temperatures.“"I
Recent theoretical work suggests that the catalytic properties
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of Au-Pt-NPs are superior to those containing Pt or Au
alone."”! Hence, Au-Pt NPs should be highly suitable for
oxidation reactions under very mild conditions as, for example,
in aqueous solutions at room temperature.

A central problem of the usage of catalytic nanoparticles is
their stabilization against coagulation as well as their handling.
Often, nanoparticles are stabilized by alkyl chains attached
through thiol bonds to the surface of the metal.>2*2!]
However, the strong interaction of the thiol group with the
surface of the nanoparticles may alter the catalytic properties
of the metal profoundly. Also, filtering off nanoparticles after
use in catalysis may be difficult. Leaching of heavy metal or
even dissolution may be another problem when using metal
nanoparticles as catalyst.

Recently, we have found that spherical polyelectrolyte
brushes!??! (SPBs) present ideal carrier systems for nanopar-
ticles.>*2°! Figure 1 shows these colloidal particles in a
schematic manner: Long polyelectrolyte chains are attached
to colloidal core particles (diameter: ca. 100nm) made of
polystyrene. Most of the counterions balancing the charge of
the polyelectrolyte chain are confined®! within the surface
layer when the particles are immersed in water. Hence, metal
ions such as, for example, [AuCly] " can be immobilized within
the polyelectrolyte layer. Reduction by NaBH, under suitable
conditions then leads to the formation of metal nanoparti-
cles!® ! Jocalized on the surface of the colloidal carrier
particles.

Here we use the spherical polyelectrolyte brushes for the
generation of stable homogeneous nanoparticles composed of a
Au-Pt alloy and analyze their catalytic activity. Figure 1 shows
the method of synthesis employed here: First, [AuCl,] -ions are
immobilized as counterions within the surface layer of cationic
polyelectrolyte chains. Because we know the total number of
charges on the surface of the core particles, the number of
[AuCly] ™ ions can be adjusted precisely in order to replace only
a certain fraction of the Cl™-counterions. After ultrafiltration,
[PtClg]*~ ions are introduced in the same manner. A possible
excess of metal ions is flushed away by ultrafiltration. Finally,
reduction by NaBH4 leads to nanoparticles of the Au-Pt alloy of
a given composition.

The advantages of this way of generating metallic nano-
particles are obvious: Because of the confinement of the

Adv. Mater. 2008, 20, 1928-1933
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Figure 1. SPBs used as carriers for bimetallic Au—Pt NPs. Linear cationic polyelectrolytes of poly(2-aminoethyl methacrylate) are densely grafted onto a
solid polystyrene (PS) core (Ry = 45 nm). The thickness of the polyelectrolyte layer L is about 71nm [22]. [AuCl,]~ and [PtCls]*~ ions are introduced as
counterions and reduced within the brush layer to generate bimetallic Au-Pt NPs. In a first step, a given number of the CI™ counterions is replaced by
[AuCly]~-ions. Ultrafiltration removes [AuCl,]~ ions that have not been adsorbed. Finally, [PtCle]* -ions are introduced and the system is purified again by
ultrafiltration. Reduction is achieved by adding NaBH,. All steps can be followed by dynamic light scattering, which allows to measure the thickness L of the

surface layer.

counterions, nanoparticles are only generated within the
polyelectrolyte layer. Stabilization of the nanoparticles against
aggregation is effected by the colloidal carrier particles.
Moreover, the handling of composite particles of a size of ca.
150nm can be done easily. Because the metal nanoparticles
carry no group stabilizing their surface, they exhibit a high
catalytic activity.[>2*]

As indicated in Figure 1, the uptake of the metal ions that
replace the chloride ions are also followed by a shrinking of the

Table 1. Composition of the Au-Pt nanocomposites.

surface layer. The thickness L of the surface layer, measured by
dynamic light scattering, shrinks considerably when adding
AuCly " ions (see Fig. S1, Supporting Information). In order to
avoid any surplus of free metal ions, the suspension is purified
after this step by ultrafiltration against pure water. A further
decrease of L is seen when adding the [PtCly]*~ ions in the next
step. Hence, a mixture of ions of both ions is held firmly within
the polyelectrolyte layer as a result of complexation.!*” The
reduction is then followed by a further drastic reduction of L to

System([a] n([AuCls]") [mol]; n([PtClg]>") [mol][b] Au/Pt[c] Theor. Au/Pt[d] Exp. Exp. metal contentle] [wt %] dpu-pf] [nm]

AusPty; 3.30-107* 80:20 73:27 8.210 40+05
0.82-107*

AussPtys 2.47-107* 60:40 55:45 9.029 3.0£05
1.65-107*

AugsPtss 1.65-107* 40:60 45:55 7.935 20%0.5
2.47-107*

AusPtys 0.82-107* 20:80 25:75 6.798 13+05
3.30-107*

AuggPts, 1.03-107* 50:50 48:52 8.543 20%05
1.03-107*

AuggPtsy 0.52-107* 50:50 46:54 8.209 1.8+0.5
0.52-107*

Sample name. amount of [AuCl,]~ and [PtClg]*~ introduced during ultrafiltration. Theoretical ratio of Au and Pt on the SPB. Measured ratio Au/Pt in Au-Pt NPs. Total content of

metal. Diameter of generated Au NPs generated on the carrier particles.
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Figure 2. TEM images from samples a) Auy3Pt,7, b) AussPtys, c) AugsPtss, and d) Au,sPt;s (see Table 1). For

sake of clarity the contrast has been inverted.

approximately 20 nm. The same strong reduction was already
found when synthesizing pure Au nanoparticles in the same
carrier syslem.[23'24] The explanation for this strong reduction
is schematically given in Figure 1: The metal nanoparticles
carry, most probably, a negative surface charge. Thus, they
strongly interact with the cationic polyelectrolyte chains. This
is one of the reasons for the excellent stability of the composite
of the colloidal carrier and the metal nanoparticles.

Six different ratios of Au to Pt have been used for generating
the alloy nanoparticles. Table 1 summarizes the resulting
compositions. As shown by elemental analysis, the measured
compositions are rather close to the ratio adjusted through ion
exchange. The total content of metal ranges from 7-9 wt %. It
demonstrates that practically all metal ions introduced
previously have been reduced to metallic nanoparticles.
Moreover, Table 1 demonstrates that the synthesis of the
Au-Pt NPs is highly reproducible. In the following the
composite systems are named according to the composition
of the alloy (see Table 1).

Figure 2 displays the images of four different particles
obtained by transmission electron microscopy (TEM). Evi-
dently, well-defined metallic nanoparticles have obtained
for all ratios Au/Pt used herein. The average size of the

www.advmat.de
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nanoparticles is given in Table 1,
and decreases with increasing con-
tent of Pt. Moreover, the Au;3Pty;
particles have an irregular shape
while a higher content of Pt leads
to nearly perfect spherical parti-
cles. The reasons for these findings
are not yet clear.

However, these microscopy
images do not lead to any conclu-
sion as to whether we see one sort
of alloy particles, or two sorts
of pure metal particles. Energy-
dispersive X-ray (EDX) spectra
of single nanoparticles, however,
immediately demonstrated that the
metal nanoparticles consist of an
alloy. Figure 3 displays the EDX
spectrum of one single nanoparti-
cle from sample Au;;Pty;. The
peaks of both Au and Pt peaks
are clearly visible. Moreover, spec-
tra from an entire composite par-
ticle carrying approximately 30-50
nanoparticles superimpose with
the spectra of an entire composite
particle containing many nano-
particles (see Fig. S2, Supporting
Information).

Hence, EDX demonstrates that
the nanoparticles seen in the TEM
images (Fig. 2) are true alloys.
Because Au and Pt exhibit a
miscibility gap in bulk, the question arises whether the present
method of preparation leads to a random mixture of metal
atoms!™! or a core/shell structure of the particle.“(’] This
problem can directly be solved by high-resolution transmission
electron microscopy (HR-TEM). Figure 4 displays the
HR-TEM of Aus;Pty;. The crystal lattice is directly seen

l Cu

Counts

Energy [keV]

Figure 3. EDX spectrum of one single Au-Pt-NP on the surface of the
carrier particle. The copper peaks are from the copper grid used as support
in the measurements.
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Figure 4. TEM image of Au;;Pt,; composite particles, with a HR-TEM
image of three particles (lattice imaging) and the diffractogram in the
insets.

throughout the entire particle. Moreover, electron diffraction
(inset of Fig. 4) demonstrates the crystalline state of the
nanoparticles.

A more detailed analysis of the crystal spacing as a function
of the Au/Pt ratio can be done by wide-angle X-ray scattering
(WAXS). The WAXS diffractograms (see Fig. S3, Supporting
Information) exhibit a marked broadening of the peaks owing
to their small size. A similar finding was already reported for
Au-Pt nanoparticles synthesized by Lou et al.'¥l The lattice
spacing depend linearly on the composition (Vegard’s law“q').
The lattice spacings obtained here are shown in Figure S,
together with the data of Lou et al.'* Hence, sufficiently small
Au-Pt-nanoparticles form true solid solutions, and the
bimetallic particles that form true solid solutions are expected
to exhibit different chemical properties than the core/shell

4,084

Lattice Parameter [A]

Amount Au [%]
Figure 5. Plot of the lattice parameter dependence on the composition of

the alloy particle. (Red triangles: own measured values; green triangles:
data from Zhong et al. [14].)
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particles described in Ref. M of course, the solid solution is
not an equilibrium state, and heating the nanoparticles would
certainly lead to demixing and a marked change of internal
morphology.!'® It should be kept in mind, however, that the
synthesis of these nanoparticles proceeds at room temperature.
Thus, we demonstrated that well-defined homogeneous alloy
nanoparticles can be obtained on spherical polyelectrolyte
brushes without further stabilizing agents.

We now turn to the catalytic activity of the alloy nano-
particles. The catalytic oxidation of alcohols to aldehydes in
presence of gold nanoparticles was studied by Miyamura et
all® The Au nanoparticles were stabilized by polystyrene in
mixtures of dichloromethane and water. Platinum nanoparti-
cles stabilized by a suitable resin were used by Yamada et al.
for the aerobic oxidation of alcohols to aldehydes.*”! Here, we
test for the first time the catalytic activity of Au-Pt alloys for
this reaction. All reactions were carried out at room tempe-
rature using aerobic conditions. In one case the oxidation was
carried out using pure O, in order to determine the oxygen
consumption. A total of 14 different alcohols was used and the
conversion was determined after a given time. Table 2 gathers
the results including the turnover numbers. Most notably, no
phase transfer catalyst is needed for this reaction and the
reaction conditions are very mild. A strong base is needed for
the oxidation to proceed”! otherwise small yields on the order
of only 5% are achieved. Gas chromatography revealed that no
byproduct is obtained under these conditions. This could be
further confirmed by carrying out the oxidation of benzyl
alcohol in presence of pure oxygen (see Supporting Informa-
tion). We find full conversion within the given limits of error.
Hence, water is the only product formed by this reaction
(besides the aldehyde or ketone). These findings, and the data
gathered in Table 2, demonstrate that a smaller yield can be
traced back to a smaller reactivity, not to possible side
reactions. The reactivity of the aliphatic substrate is much less
than the one measured for the aromatic ones. Most probably,
this is due to the stronger adsorption of the aromatic moieties
on the metal surface (see Table 2).

A central question to be asked when considering technical
applications of these catalysts is their stability against
coagulation or dissolution. We find that systems containing
pure Au nanoparticles are much less stable than the alloy
particles. Substrates containing phenylgroups lead to con-
siderable leaching of gold and even coagulation (see Table 2).
A possible explanation of this finding may be sought in the
strong interaction of Au with the phenyl groups already found
by Miyamura et al.l°) However, alloy nanoparticles turned out
to be fully stable under the same conditions. This finding is
corroborated by an analysis of the composite particles before
and after catalysis by cryogenic transmission electron micro-
scopy (see Fig. S4, Supporting Information). This method
allows us to directly visualize the particles in situ, that is, in
aqueous suspensions.'zz‘zgl No change or leaching of the
nanoparticles is seen. Moreover, repeated use of the composite
particles as catalysts did not lead to a noticeable decrease of
catalytic activity (see Supporting Information).
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Table 2. Selective oxidation of alcohols to aldehydes or ketones in presence
of Au-Pt NPs at ambient conditions in water{a]. The first lines gives the
yields while the second lines give the turnover numbers.

Product AusgoPto[b] AuggPts[c] AugePtsy[d] AugPt;oole]
0 >99%!1 >99% >99% 80%
©)j\ 2976 2976 2976 2381
o 81% 70% 63% 40%
241 2083 1875 1190
[e) >99%l >99% >99% 59%
2976 2976 2976 1756
®
N
> 0 > o > o >
0 999! 99% 99% 99%
2976 2976 2976 2976
H
o 73% 73% 78% 46%
©/\)‘\ 2173 2173 2321 1369
o 60%!" 68% 1% 65%
©/\)’\H 1786 2024 2113 1935
>99% >99% >99% 45%
0 2976 2976 2976 1339
0 >99% >99% >99% 58%
g 2976 2976 2976 1726
o >99%!"1 >99% >99% 89%
/@)K 2976 2976 2976 2649
MeO’
o] >99%!1 >99% >99% 77%
/©)k 2976 2976 2976 2292
Cl
~~0 1% 10% 8% 9%
327 298 238 268
NN 45% 40% 47% 41%
1339 1190 1399 1220
PN 44% 39% 34% 30%
1309 1161 1012 893
NN, 33% 26% 19% 21%
982 774 565 625

Oxygen from air is used as oxidizing agent.0.31mL Auyo0Pto solution in water with a
solid content of 0.342wt % and a metal content of ca. 6.5 wt % Au corresponds to a
catalyst loading of 0.0336 mol % Au. 0.28 mL AuysPts, solution in water with a solid
content of 0.339wt % and a metal content of ca. 8wt % Au-Pt corresponds to a
catalyst loading of 0.0336 mol 9% metal. 1 mL AusgPts4 solution in water with a solid
content of 0.094 wt % and a metal content of ca. 8 wt % Au-Pt corresponds to a
catalyst loading of 0.0336 mol % metal. 1.16 mL Pt solution in water with a solid
content of 0.520 wt % and a metal content of ca. 1.1wt % Pt corresponds to a catalyst
loading of 0.0336 mol % Pt. [f]Coagulation of the composite particles.
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Figure 6. Dependence of conversion (normalized to the surface area) on
the amount of gold in bimetallic nanoparticle.

Figure 6 demonstrates that there is a synergistic effect of
both metals in the nanoparticles related to their catalytic
activity. Benzylalcohol was used as a substrate and the
conversion was monitored under comparable conditions.
Because the reaction proceeds on the surface of the
nanoparticles, the reactivity has been normalized to the total
surface provided by all nanoparticles present in the sys-
tem. 2224 Figure 6 shows that the conversion per unit area of
metal surface goes through a maximum.

In conclusion, we presented the facile synthesis of Au-Pt
nanoparticles immobilized on spherical polyelectrolyte
brushes. The resulting particles are shown to be homogeneous
solid solutions despite the fact that the bulk metals exhibit a
miscibility gap. The catalytic activity for the oxidation of
alcohols to the respective aldehydes goes through a maximum
as the function of the Au/Pt composition. It should be noted
that no surface stabilization was needed to keep these particles
from coagulation. The stabilization is solely achieved by the
spherical polyelectrolyte brushes on which the alloy nanopar-
ticles are immobilized and the catalysis shows a very high
selectivity towards aldehydes owing to the mild reaction
conditions.*"" Hence, spherical polyelectrolyte brushes pre-
sent a system that allows us to generate and to utilize alloy
nanoparticles that exhibit properties widely differing from the
properties of the respective bulk alloys.

Experimental

Materials: Cationic spherical polyelectrolyte brushes carrying
chains of poly(2-aminoethylmethacrylate hydrochloride) (PAEMH)
were synthesized as described recently [25]. The radius R of the core
particles was 45 nm, the average contour length L of the grafted chains
was 165 nm and the grafting density (number of chains per unit area)
o=0.14nm 2. The entire number of charged groups in the polyelec-
trolyte layer was determined precisely by conductometric titration
[25].

The gold and platinum nanoparticles were synthesized as described
previously in Refs. [23-25]. In a typical experiment the bimetallic
Au-Pt NPs were generated as follows: In the first step 120 mL of latex
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(1.14wt %) in pure water was placed in an ultrafiltration cell (NC 10
membrane filters, cellulosenitrate, Schleicher & Schuell, Germany)
and 1L of 33x10*M HAuCl, (purchased from Aldrich:
HAuCl, - 3H,0) solution were passed through the cell. Subsequently,
S00mL of deionized water (Millipore, Milli-Q, A-10) were passed
through the cell to remove free AuCl, -ions. The suspension attained a
yellowish color indicating an exchange of counterions in the brush layer
from CI™- to AuCl, -ions. In the third step, 1 L of 8 x 107> M H,PtCl,
(purchased from Aldrich: H,PtCls-6H>O) solution were passed
through the cell. The color of the obtained dispersion changed to
bluish/purple depending on the amount of gold respective platinum
ions in the serum. For generation of bimetallic nanoparticles the
dispersion was mixed slowly with SmL of a 4 x 10~*M solution of
NaBH, through stirring under an atmosphere of nitrogen. The
reduction of the AuCl,  and PtCl,>~ ions could be followed casily
by a change of color, dependent on the composition. After completion
of the reaction the suspension was again placed in an ultrafiltration cell
and a five-fold excess of deionized water was passed through the cell.
The purification was monitored by measuring the conductivity of the
serum. The content of gold and platinum in the composite system was
determined by C, H, and N elemental analysis after burning off the
organic material at 950 “C, followed by a TEM-EDX analysis.

Methods: Cryogenic transmission electron microscopy (cryo-TEM)
and transmission electron microscopy (TEM) were carried out using a
LEO 9220 (200kV) as described previously [28]. High-resolution TEM
(HR-TEM) and EDX analysis were done using a Zeiss Libra 200 FE
(200kV) and a CM20 FEG with Noran Vantage system (Ge-detector)
at 200kV. The samples were prepared as follows: A drop of liquid was
placed on a grid (Plano S 166-3). After drying on air for three minutes
the rest of liquid was taken off by a filter paper. WAXS measurements
were performed using a Bruker-AXS D8 Advance. Dynamic light
scattering (DLS) was done using a Peters ALV 4000 light scattering
goniometer and elemental analysis measurements were done using a
Vario elementar EL 111 - CHN as described previously [25].

The catalytic activity was investigated as follows (for more details
see Supporting Information): In a typical experiment 1 mmol of the
alcohol (e.g., 172 mg a-methyl-2-naphthalenemethanol) was added to a
mixture of 8mL of water and 3mmol (414 mg) of K,COs;. At the end
I mL of the catalyst solution was added to reach a loading of 0.0336 mol
% of metal. The mixture was stirred for 24 h in an atmosphere of air at
room temperature. After 24h 0.4mmol (68 mg, 91 pL) dodecane as
internal standard was added. The products were extracted twice using
4mL of diethylether. The combined organic layers were dried over
Na,SO, and the conversion was checked by gas chromatography (GC).
GC analyses were performed on an Agilent 6890N Gas Chromato-
graph equipped with a flame ionization detector (FID) and an Agilent
19091J-413 FS capillary column using dodecane as internal standard.
Catalytic reactions were performed in glass tubes sealed with a PE
cover. A small cannula through to cover allowed a continuous flow of
air into the reaction vessel.
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Figure S1 Ion exchange

Figure S2 EDX-spectra of a entire SPB/Au-Pt-NP
composite particle

Figure S3 WAXS

Figure S4 Cryo-TEM of composite particles

Table SI Catalyst solutions

Table SII Recycling experiments
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Figure S1. Decrease of the shell thickness I during ion exchange. Starting with the carrier
particle SPB (Stage 0) the value of L is decreased by an increasing amount of [AuCly]-ions
(Stage 1). The following ultrafiltration step (Stage 2) is followed by a slightly increasing L,
indicating the change of ion strength. The introduction of [PtCls]™-ions is followed again by
an decreasing L (Stage 3). After reduction (Stage 4) and ultrafiltration (Stage 5) L becomes

comparable for all composite systems.
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Figure S2. EDX-spectra of an entire SPB/Au-Pt-NP composite (Aus;Pts;) particle. This
spectra coincides with the spectra shown in Fig. 3 of the text. Hence, all alloy nanoparticles

immobilized on a given carrier particle exhibit the same composition.

35000, Ty
300004 ' T AP
p “‘ Au45pt55
25000 L, AP
E 20000 e
©
= 15000\,

10000\ S~ N,

) \“\W;

0 T T T T T T T T g T T 1
20 30 40 50 60 70 80

°© 2 Theta

Figure S3. Wide-angle X-ray scattering intensities of the composite systems Aus3Ptss,

AussPtys, AuysPtss, AussPtys (from bottom to top).
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Figure S4. Cryo-TEM image of a catalyst solution (AussPtys) before (top) und after

(bottom) use in a catalytic reaction. There is no change of the morphology of the composite

particles. This underscores the stability of the composite system (see also Fig.S5).

Table SI. Solutions used for the determination of the catalytic activity

catalyst solution

solid content

metal content
in solid content

Au content in
metal content

Pt content in
metal content

AusPtyy 0.682 wt% 8.210 wt% 73 mol% 27 mol%
AussPtys 0.704 wt% 9.029 wt% 55 mol% 45 mol%
AuysPtss 0.529 wt% 7.935 wt% 45 mol% 55 mol%
AuysPtys 0.511 wt% 6.798 wt% 25 mol% 75 mol%
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Oxygen consumption of benzyl alcohol oxidation (Au-NP)

A 600 ml steel autoclave was charged with 100 ml of water, 37.5 mmol (5.2 g) K,COs,
12.5 mmol (1.3 ml) benzyl alcohol and 3.9 ml Au-NP.* A pressure of 1.1 bar pure O,
(pressure above atmospheric pressure) was used as oxidizing agent. The available gas
volume amounts to 496 ml which corresponds to 42 mmol oxygen at the beginning of the
reaction. At the stage of a complete conversion 35.75 mmol oxygen should be left, which
corresponds to a pressure change of 0.3 bar (found: 0.35 bar after 16 h; conversion > 99

%).

Comparison o catalysts with different Pt content

In a typical experiment, 1 mmol benzyl alcohol (108 mg, 103 ul) is added to a mixture of 8
ml of water and 3 mmol (414 mg) of K,CO;. At the end a catalyst solution in water is
added to yield 0.0336 mol% metal ( a) 0.31 ml Au-NP; b) 0.12 ml Au-;Pty7; ¢) 0.1 ml
AussPtss-NP; d) 0.16 ml AugsPtss-NP; €) 0.19 ml Au,sPtzs-NP; f) 1.16 ml Pt-NP; see table
1). The emulsion is stirred vigorously for 5 h in air at room temperature. After 5 h 0.4
mmol (68 mg, 91 pl) dodecane as internal standard are added. The benzaldehyde is
extracted twice using 4 ml of diethylether, the combined organic layers are dried over

sodiumsulfate and the conversion is checked via GC.

Recycling experiments

In order to test the stability of the catalytic nanoparticles, several runs have been performed
in which the catalysts have been re-used repeatedly. This has been done using the pure Pt-
sample and the AussPtys-NP using 1 mmol of benzyl alcohol. After the reaction time of 24
h the products were removed by ether and new educts were added. This was repeated four
times. Results are listed in the table. Stirring at 50°C leads to the precipitation of the gold

containing samples within one hour.
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Table SIIL. Recycling experiments.

sample run 1 run 2 run 3 run 4
Pt-NP* >99% >99% >99% >99%
AussPtys-NPP >99% >99% >99% >99%

"1.16 ml Pt-NP solution in water with a solid content of 0.520 wt% and a metal content of
ca. 1.1 wt% Pt correspond to a catalyst loading of 0.0336 mol% Pt.

® 0.28 ml AussPtis-NP solution in water with a solid content of 0.339 wt% and a metal
content of ca. 7 wt% AwPt (60 mol% Au and 40 mol% Pt) correspond to a catalyst loading
0f 0.0136 mol% Pt and 0.020 mol % Au (total 0.0336 mol %).
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ABSTRACT We describe the preparation of perfect single nanocrystals of platinum with a size of 2 —
3 nm. These particles are generated and immobilized on spherical polyelectrolyte brushes consisting of
a polystyrene core (diameter ca. 100 nm) onto which long chains of a cationic polyelectrolyte are
affixed. In a first step a nanoalloy of gold and platinum 1s generated within the layer of cationic
polyelectrolyte chains. Previous work demonstrated that the Au-Pt-nanoalloy generated in this way
presents a true solid solution of gold and platinum atoms. In a second step the gold is slowly and
selectively dissolved by cyanide ions in presence of oxygen. Cryo-transmission electron microscopy,
wide-angle X-ray scattering and high-resolution transmission electron microscopy show that the
resulting platinum nanoparticles are single-crystals with size of 2 to 3 nm only. The platinum
nanoparticles are firmly embedded in the layer of polyelectrolyte chains bound to the surface of the core
particles. Thus, the composite systems of the core particles and the platinum single nanocrystals exhibit
an excellent colloidal stability. Moreover, they show high catalytic activity in hydrogenation reactions

in the aqueous phase.

KEYWORDS nanocrystal, nanoalloy, spherical polyelectrolyte brushes, high-resolution TEM

3]
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Metallic nanoparticles of controlled size and shape have been of great interest recently for a number of
possible applications 1n electronic or optical materials as well as in catalysis (1, 2, 3, 4, 5, 6, 7). In this
way they have become one of the major basic building blocks of nanotechnology. By now the intense
research devoted to metallic nanoparticles in the last years has clearly demonstrated that particle
morphology plays a central role in catalysis. For instance, faceted platinum crystals have been found to
exhibit higher catalytic activity than spherical particles (8, 9); the activity of the exposed facets may
vary considerably (10, 11). The reactivity and selectivity of nanoparticles can therefore be tuned by
controlling their morphology. In opposite to this, amorphous platinum nanoparticles have been found to
exhibit a much reduced catalytic activity (12).

The prospect for a number of possible applications has led to a strong activity in this field m the last
years. However, faceted nanocrystals with a well-developed shape and a narrow size distribution exhibit
in general sizes typically in the range of 100 nm and more. Thus, Sun et al. could obtain well-defined
gold and silver crystals with sizes on the order of 100 nm (4). Nanoprisms of silver with dimensions
around 100 nm were prepared by Jin ef al. by a photochemical conversion of silver spheres (3).
Anisotropic silver nanoparticles of similar size have been synthesized by Liz-Marzan and coworkers
through careful choice of a suitable surfactant (13). Platinum nanocrystals with high-index facets have
been obtained recently by Tian and coworkers (6). Here again the typical sizes are ranging between 50
and 200 nm. Up to now, the only rather tedious route to faceted single crystals in the size range of a few
nanometers 1s the synthesis of well defined clusters, e.g., Auss-cluster and a following heat treatment

(14).
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Fig. 1. Synthesis scheme of platinum nanocrystals by de-alloying of a Au-Pt-nanoalloy. The carrier particles are spherical
polyelectrolyte brushes (SPB) that consist of a solid polystyrene (PS) core (Ry= 50 nm) onto which cationic polyelectrolyte
chains of 2-aminoethylmethacrylate (2-AEMH) are attached. In a first step the chloride counterions are exchanged against
AuCly-ions; in a second step the rest of Cl-ions are exchanged against PtCls" -ions. The strong electrostatic interaction of
the polyelectrolyte chains with their metal counterions leads to a virtually complete confinement of the ions (see the
discussion of this point in ref. (22)). Bimetallic AwysPtss nanoalloy particles are generated by reduction of the mixture of
these ions by NaBH, (21). The composition of the resulting nanoalloy can be adjusted very well by the ratio of the metal
ions in the brush layer. In the final step cyanide-ions and oxygen are used to leach out the gold-atoms from the nanoalloy
under very mild conditions. This procedure leads to faceted platinum nanocrystals with a size of few nanometers only. The
platinum nanocrystals are firmly embedded in the surface layer of polyelectrolyte chains and the entire composite particles

exhibit an excellent colloidal stability.
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Platinum nanoparticles play a central role in recent research, because the growth of specific surfaces
can be controlled by amphiphilic polymers or suitable surfactants (8, 15, 16, 17, 18). However,
downsizing the platinum nanoparticles to a few nanometers 1s often accompanied by a broadening of the
distribution, and partial loss of the control of the particle shape (5). The reduction of the metal 1ons and
the generation of the nanoparticles seem to proceed very rapidly, leading to disordered structures and
distorted crystal shapes. Thus, even amorphous platinum nanoparticles have been found recently (12).
Summing up, it is fair to state that a direct synthesis of well-defined single nanocrystals of metals in the
range of a few nanometers at room temperature has not been achieved yet.

In this communication we present a new and simple way for the synthesis of faceted, well-defined
platinum single nanocrystals with a typical size of 2 - 3 nm only. As shown in Figure 1 the platinum
nanocrystals are obtained by partial dissolution of nanoalloys of platinum and gold. In case of larger
nanoalloy particles this procedure leads to sponge-like or hollow structures (19, 20). Here we find that
the dissolution of the gold component of the nanoalloy leads to re-organization of the platinum atoms
and the formation of well-defined, faceted nanocrystals. Fig. 1 displays the details in a schematic
fashion. We start from a nanoalloy of gold and platinum generated on the surface of a spherical
polyelectrolyte brush (SPB) as described recently (21). These particles consist of a solid core with
colloidal dimensions (diameter: ca. 100 nm) onto which long charged polymer chains are gratted. These
spherical polyelectrolyte brushes have been shown to be uniquely suited for the generation and
immobilization of metallic nanoparticles in the aqueous phase (22, 23) for the following reasons:
anionic complex 1ons of metals, like gold, silver, palladium or platinum, can be immobilized in the
surface layer of cationic SPB. This confinement of these ions was attributed to the strong electrostatic
interaction of the counterion with the highly charged macroion. The complex metal ions like PtClg™ are
thus localized solely in the layer of polvelectrolyte chains of the SPB, virtually no metal salt is
dissolved into the aqueous phase. Subsequent reduction with NaBH, under mild conditions leads to
metallic nanoparticles, firmly embedded in a dense layer of polyelectrolyte chains. In the same way,

particles of nano-alloys (24) can be synthesized and immobilized on the surface layer of spherical

-80-



3 Publications of this Thesis

polyelectrolyte brush particles. We demonstrated this by reduction of a mixture of the AuCly- and
PtCls"- ions in the surface layer of a cationic SPB (21). High-resolution transmission electron
microscopy (HR-TEM) has shown that the nanoalloy particles do not exhibit a core-shell structure (cf.
the discussion of this pomnt i (24)), but present homogeneous, true solid solutions (21). The
composition of the metals can be varied continuously without disturbing the structure of the particles
that consist of a random mixture of gold and platinum (21). Moreover, the final composition is within
narrow limits determined by the ratio of the metal ions introduced into the brush layer before (21). A
point that 1s important for all possible applications as e.g. catalysis in the aqueous phase 1s the excellent
colloidal stability of the composite particles that consist of the carriers and the metallic nanoparticles.
This 1s due the strong interaction of the alloy nanoparticles with the polyelectrolyte chains affixed to the
surface of the carrier particle. As depicted in Fig. 1, the cationic polymer chains are interwoven with the
nanoparticles and form a dense mesh on the surface of the core particles. This could be shown by
careful measurements of the hydrodynamic radius Ry by dynamic light scattering (see supporting
information) (25). The thickness L of the surface layer is given by L = Rg- R where R denotes the radius
of the cores. As will be shown further below, the colloidal stability of the composites allows us to
transform the nanoparticles while keeping them on the surface of the core particles.

We prepared composite particles containing Au-Pt-nanoalloys with the composition AwysPtss as
shown by elemental analysis. Partial dissolution of these nanoalloy particles then leads to pure platinum
single nanocrystals. As shown in Fig. 1 the gold atoms are slowly dissolved by a treatment of the
particles with cyanide-ions in presence of oxygen. In a typical experiment the crystalline platinum
particles were generated as follows: The gold atoms of the bimetallic gold-platinum AussPtss nano-
particles were dissolved by drop-wise addition of 4 mL of a 1.9 x 10" M NaCN solution to 13 mL of a
gold-platinum-SPB suspension (0.04 wt.-%) at room temperature under air by vigorous stirring. The
high dilution of the cyanide 1ons turned out to be crucial to avoid coagulation or complete dissolution of

the nanoparticles. Air was bubbled slowly through the solution in order to achieve complete removal of
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the gold atoms. After 3 hours the dispersion turned blue, mdicating the formation of pure platinum

nanoparticles (25).

CN /0

(a) (b)
Fig. 2. (a) Cryo-TEM micrographs of the Au-Pt-nanoalloy particles (composition: AuysPtss) generated on the surface of the
spherical polyelectrolyte brushes. (b) Composite particles after complete removal of the gold atoms from the Au-Pt-

nanoalloy by a mixture of CN-ions and O5.

We find that the de-alloying of the Au-Pt-nanoalloy proceeds surprisingly smoothly. Fig. 2 shows
micrographs of the composite particles before and after the leaching process. These micrographs were
obtained by cryogenic transmission electron microscopy (cryo-TEM) that allows us to analyze the
particles in their native state (26). Thus, a small drop of the suspension of the composite particles is
shock-frozen and analyzed by transmission electron microscopy. The platinum nanocrystals can be seen

m Fig. 2b as black dots distributed over the SPB. Both the nanoalloy particles as well as the platinum
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nanoparticles are distributed more or less uniformly over the carrier particles. The metal nanoparticles

have a rather narrow size distribution which 1s preserved during the leaching process.

200nm

4nm

4nm

Fig. 3. (a)-(b) High angle annular dark field scanning transmussion electron microscopy (HAADF-STEM) micrographs of
the platinum nanoparticles (bright spots) embedded and uniformly dispersed on a surface layer of the spherical
polyelectrolyte: (¢) HR-TEM micrograph of nano-particles on the surface of two adjacent carrier particles; (d) HR-TEM
micrograph of several crystalline nanoparticles; (e)-(f) HR-TEM micrographs of two different single crystalline platinum
nanoparticles of sizes 4.6 nm and 2.8 nm, respectively. showing well defined facets. All micrographs were acquired at 300

keV.
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The formation of the cyanide complex of gold atoms 1s very selective (27). Hence, only gold atoms of
bimetallic Au-Pt-nanoalloy are leached out. Energy-dispersive X-ray spectroscopy (EDX) (see Fig. S1
and S2 of the supplementary material) demonstrates indeed that the metal nanoparticles resulting from
de-alloying of nanoparticles consist only of platinum. No traces of gold could be detected. Thus, the
selective dissolution of Au from the Au-Pt-nanoalloy leads to platinum nanoparticles still embedded on
the surface of the SPB-carrier particles. It 1s important to note, that the colloidal stability of the
composite particles 1s not lost during the reaction with the cyanide ions, nor is any coagulation of the
nanoparticles on the surface of the carrier particles observed during this process. Thus, the composite
particles consisting of the SPB and the metalnanoparticles present a very stable system that can be used
as catalyst, as further discussed below (21, 22, 28). However, the entire process depends crucially on the
conditions under which the de-alloying takes place. Rapid addition or high concentrations of the
cyanide 1ons lead to coagulation and coarsening of the metal nanoparticles on the surface.

The structure of the resulting platinum nanoparticles was analyzed by combining high angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) and high resolution TEM (HR-
TEM) with electron diffraction and wide-angle X-ray scattering (WAXS). Fig. 3a shows a low-
magnification HAADF-STEM micrograph of the polystyrene spheres on the supporting holey carbon
film. Fig. 3b is a higher magnification, of the same area which shows the uniform distribution of the
platinum nanoparticles on the polystyrene spheres. In order to avoid any disturbance of this analysis by
the core particles, only nanoparticles sitting on the periphery of the carrier spheres were analyzed by
HR-TEM (see Figure 3¢ — 3f). HR-TEM demonstrates that the platinum nanoparticles are single crystals
indeed. All platinum particles observed were crystalline and no grain boundaries were observed inside
the particles. In several cases the facets can be indexed because the nanocrystals are aligned by change.
For instance, in Fig. 3e and 3f the electron diffraction shows directly the hexagonal symmetry of the

cubic crystal.
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Fig. 4. Wide-angle X-ray scattering (WAXS)-diagrams of the Au,sPtss-nanoalloy (blue) and the platinum single crystals
(black). Shown are the observed patterns (diamonds) and the best Rietveld-fit profiles (solid lines). Average real crystallite
sizes were extracted from the line broadening of the peaks applying Rietveld analysis. The tick marks indicate the positions
of the Bragg reflections of the AuysPtss-nanoalloy (blue) and the platinum single erystals (black), respectively. Please note
the slight shift of the diffraction peaks to higher angles which reflects the expected decrease of the unit cell parameter when

going from the AuysPtss-nanoalloy to pure platinum single crystals by selective extraction of gold atoms.

The lattice spacing derived from the (200) reflection as seen in the electron diffraction (dp = 0.20
nm) is in good agreement with the bulk value (d2go = 0.196 nm; spacing: 0.392 nm; Ref. (29) (30)). The
overall size of the platinum nanocrystals lies within the range estimated from the volume contraction
due to the leaching of the Au-ions. All results hence demonstrate that the crystals of the Au-Pt
nanoalloy are converted to the platinum single crystals individually; no coagulation or exchange
between different nanoalloy particles takes place. Some of the particles moved under the intense

electron beam and rolled on the surface of the polystyrene spheres, but their shape remained stable (no

10
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melting was observed). Doubts may be raised whether the high crystallinity observed by HR-
TEM could have been induced by the electron beam through local heating and subsequent
crystallization. This problem can be solved by wide-angle X-ray scattering applied to powders of the
dried composite particles. Fig. 4 displays the X-ray diffractograms (XRD) of the entire composite
particles before and after partial dissolution of the Au-Pt-nanoalloy. The only preparatory step involved
in this analysis 1s the drying of the composite particles at room temperature. All XRD-peaks observed
can be mdexed with a fcc unit cell demonstrating that both, the starting Au-Pt-nanoalloy and the
resulting platinum single crystals represent single phases. The height and the breadth of these peaks can
be analyzed to yield information on the average particle size (Rietveld analysis). While the conventional
Scherrer analysis extracts only the crystal size from line broadening of a peak, the Rietveld analysis
uses the full diffraction pattern. Moreover, it takes into account the lattice strain effects on line-
broadening which yields more realistic values of the crystal size. Hence, the size of the crystallites
derived from this analysis can be directly compared to the ones obtained by direct observation in the
HR-TEM. Details of the Rietveld analysis are given in the supplementary material. First of all, a lattice
parameter of 0.40102 (+ 0.0000014) nm is obtained for the starting material (AuysPtss). This lattice
spacing agrees very well with the value expected from Vegard's law, that 1s, the lattice parameter of the
nano-alloy can be obtained by linear interpolation of the lattice parameters of Au and Pt (see the
discussion of this point in Ref. (21)). This shows that both Au and Pt are homogenously mixed mn the
alloy at the level of the unit cell. The nanoalloy thus represents a true solid solution. After complete
removal of the gold atoms, the lattice parameter shrinks to 0.39146 (+0.00009) nm as expected. This
value 1s in excellent agreement with the known lattice parameter of pure platinum (0.392 nim; (29)). The
average crystallite sizes as extracted from the Rietveld analysis were 7.01(3) nm for the AuysPtss-nano-
alloy and 3.80(4) nm for the resulting platinum single crystals, respectively. These values agree very
well with crystal sizes as observed by HR-TEM which confirms that particles shown in Fig. 3 are
representative for the whole sample. From these results we conclude that a possible dissolution followed

by re-crystallization of the platinum nanoparticles can be safely dismissed. Thus, all methods applied
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here lead unambiguously to the conclusion that Au-Pt-nanoalloys can be converted into single crystals
of Pt by selective leaching of the Au-atoms. Considering that the nanoalloy particles contain only 750 -
900 atoms in total, the present process represents a novel type of a well-defined chemical manipulation

of nanocrystals.

0,008 P
21 0,004
M% n ’
0,0004= . .
0,00 0,01 0,02
S[m/L]

Fig. 5. Catalytic activity of the Pt-nanocrystals. The normalized rate constant k; (see equ.(1)) obtained for the catalytic
reduction of p-nitrophenol to p-amino-phenol is plotted against the specific surface S of the platinum single nanocrystals in

the solution. S is the total surface of all particles per unit volume.

As a final point we discuss the catalytic activity of the platinum nanocrystals affixed to the surface of
the spherical polyelectrolyte brushes. Previous work (22, 31) demonstrated that the catalytic reduction
of p-nitrophenol to p-aminophenol can be used for the analysis of the catalytic activity of nanoparticles.
We assumed that reduction rates were independent of the concentration of sodium borohydride since it
was in excess compared to p-nitrophenol. Moreover, the apparent rate constant ko, was found to be

proportional to the surface S of the metal nanoparticles present in the system (28):
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de
- d_t[ = k¢, =k Se, (D

where ¢; 1s concentration of p-nitrophenol at time ¢, k; is the rate constant normalized to S, the surface
area of platinum nanoparticles normalized to the unit volume of the system. Therefore the rate constant
k; has been plotted against the specific surface S of the metal nanoparticles in the systems (see Figure 5;
(31)). Fig. 5 shows that the platinum single nanocrystals exhibit a high catalytic activity leading to
turnover numbers of 1580. This value is among the highest turnover number measured so far (22).
Hence, the composite particles consisting of the spherical polyelectrolyte brushes and the platinum
nanoparticles present a system with high colloidal stability that may be used for catalysis in an aqueous
environment. It should be noted that the polyelectrolyte layer can be dissolved to yield free nanocrystals
of Pt. Thus, the method communicated here presents a general access to the smallest faceted single
crystals of platinum known so far. Further tests of the catalytic properties of these crystals are under

way.
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Materials: Cationic spherical polyelectrolyte brushes carrying chains of poly(2-
aminoethylmethacrylate hydrochloride) (PAEMH) were synthesized as described recently
[give ref.?]. The radius, R, of the core particles was 45 nm, the average contour length, L, of
the grafted chains was 165 nm, and the grafting density (number of chains per unit area) ¢ =
0.14 nm™. The entire number of charged groups in the polyelectrolyte layer was determined
precisely by conductometric titration (1).

The bimetallic gold-platinum nano-particles on spherical polyelectrolyte brushes were
synthesized as described previously in ref (2). In a typical experiment the crystalline platinum
particles were generated as follows: The gold atoms of the bimetallic gold-platinum nano-
particles were dissolved by drop-wise addition of 4 mL of a 1.9 x 10 M NaCN solution to 13
mL of a gold-platinum-SPB suspension (0.04 wt.-%) at room temperature under air by
vigorous stirring. The solution was flushed slowly with air to achieve full oxidation of the
gold atoms. After 3 h the dispersion had a steel blue colour like the latex (Pt/SPB composite
system) with pure Pt nano-particles. The complexation of gold atoms by CN'-ions is selective
for gold and no platinum atoms dissolved by this method (3).

After completion of the reaction the suspension was placed in an ultrafiltration cell again,
and a two-fold excess of de-ionized water was passed through the cell. The purification was
monitored by measuring the conductivity of the serum. The content of platinum in the
composite system was determined by C, H, and N elemental analysis after burning off the
organic material at 950 °C, followed by a TEM-EDX analysis.

Methods: Cryogenic transmission electron microscopy (cryo-TEM) was carried out by an
FEI T12 (120 kV) and lacey carbon on copper grids (Science Services LC305-Cu [we used
the Pelco ones]), as described previously (4). High-resolution TEM (HR-TEM) imaging and
chemical analysis were done using a C. corrected FEI Titan 80-300 S/TEM operated at 300
kV with a point-to-point resolution below 1A, equipped with an EDX detector (EDAX Inc.).

All samples examined in the HR-TEM were placed on lacey carbon copper grids (Science

S2
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Services LC305-Cu). After drying in air for three minutes the rest of liquid was blotted by a
filter paper. After these procedures the grid was dried in vacuum for 24 h, and the samples
were plasma cleaned (Model 1020 plasma cleaner, Fischione Instruments, Inc.) for 30 seconds
to remove residuals from the solution and to avoid any contamination under the beam during
imaging and EDX analysis. PXR-diffractograms of the finely ground, dry samples on zero-
background sample holders were collected in Bragg-Brentano-geometry on a Panalytical
XPERT-PRO diffractometer with a X’Celerator Scientific detector using Cu - Ky radiation
(40 kV, 40 mA). Dynamic light scattering (DLS) experiments and elemental analysis were

done as described previously in ref. (5).

Catalytic Activity: As a model reaction we chose the reduction of p-nitrophenol by NaBH,4
to p-aminophenol, as described previously (6). In a typical experiment a given amount of
SPB/Pt-composite nanoparticles were added to a p-nitrophenol (0.1 mmol/L) solution. After
mixing these solutions, a given amount of sodium borohydride (10 mmol/L) was added to
start the reduction. The kinetic process of the reduction was monitored by measuring the
extinction of the solution at 400 nm as a function of time. To study the effect of oxygen
dissolved in water on catalytic kinetics, nitrogen was used to purge water for 30 minutes. At

the end, NaBH, was added directly in the cuvette to start the reaction.
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Figure S1. EDX-spectra of an entire SPB/Pt-NP composite particle. The Cu peaks are from
the grid.
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Figure S2. EDX-spectra of an entire SPB/Au-Pt-NP composite (AuysPtss) particle. The Cu-
peak is from the grid.
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Rietveld refinements were performed applying the program TOPAS (7) for both, the starting
material and the resulting Platinum nanoparticles. A good fit of the experimental diffraction
traces was obtained as indicated by the small difference curves (see Fig. S3) and low R-values

(see Tab. S1).

Size-strain-line broadening analysis can be performed with different procedures (8). The
results of a recently conducted round-robin showed that all techniques used give similar
results. We choose to extract the crystal sizes from Rietveld refinements. As suggested by the
round robin, the instrument parameters were determined using LaB; and both, Lorentzian and
Gaussian contributions to the size-broadening-term were refined. More details and results of

the Rietveld refinement are given in Table S1.

Table S1. Crystallographic details of the platinum nanoparticle and the Gold-Platinum alloy.

Parameter Platinum Gold-Platinum alloy
a[A] 3.9146(9) 4.0102(14)
VA% 59.98(4) 64.49(7)
space group Fm3m Fm3m

Rprage [%0] 1.44 0.65

Rup[%] 5.23 5.53

Zero point -0.0603 0.2226

strain [%] 1.80(8) 1.74(16)
crystal size [nm] 3.80(4) 7.01(3)
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Figure S3. Scattered X-ray intensities as a function of diffraction angle showing the good fit

ol %

between the observed and calculated data based upon a Rietveld refinement. In the top, the
observed pattern (diamonds) and the best Rietveld-fit profile (solid line) for Au,sPtss-nano-
alloy (blue) and the Pt-single crystals (black) are shown. The upper and the lower tick marks
indicate the positions of the Bragg reflections as obtained in the Rietveld refinement. In the

bottom the resulting difference curves are shown indicating the good quality of the fit.
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Since antiquity, alloys of various metals have been employed, because these materials
may displays properties that are superior to the ones of the pure components." This
synergistic effect is not only seen for mechanical properties, but also in catalysis. Recent
work has demonstrated that nano-alloys, that is, nanoparticles consisting of two metals
present highly active catalysts.2 Thus, homogeneous nano-alloys from gold and platinum
have been shown to be stable catalysts for oxidation reactions in an aqueous
environment by oxygen.” Here we show that homogeneous nano-alloys from gold with
iridium, rhodium, and ruthenium are highly selective catalysts for the epoxidation of
alkenes by molecular oxygen. The particles of the namo-alloy are shown to present
homogeneous mixtures of the respective metals that have miscibility gaps in bulk. We
find that the nano-alloys exhibit the maximum catalytic activity at compositions around
50 mol-%. Our observations suggest that nano-alloys present a viable route to catalysts

for “green” epoxidation reactions under very mild conditions.
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Oxidation reactions are among the most important chemical reactions. Thus, life is merely
possible via controlled reactions involving dioxygen from the air that lead to well-defined
products. Industrial oxidation processes are often much less selective and require expensive
intermediates. The use of molecular oxygen in an aqueous environment, which resembles the
reaction pathway of enzymes, would lead to a “green” and sustainable chemistry. Oxidation
products of alkenes as e.g. epoxides, ketones, aldehydes and alcohols are highly important
starting materials for many materials of our everyday life like plastics, detergents, dyes,
cosmetics and food additives. Epoxides are especially important in that they can be
transformed into a multitude of different compounds via regio- and stereoeselective ring-
opening reactions.** Since Haruta’s discovery of unexpectedly high activity of gold clusters
in the oxidation of CO in 1989° the application of gold catalysts in organic transformation
reactions is increasing rapidly.” As an example, propene can be oxidized directly in the gas
phase applying goldparticles immobilized on titania by a hydrogen/oxygen mixture yielding

891011 The epoxides of other cyclic and acyclic alkenes can also be

propylene oxide.
synthesized by means of heterogeneous gold catalysis employing molecular oxygen and zert-
butyl hydroperoxide (TBHP) as an initiator.* Dioxygen as a direct oxidizing agent
significantly lowers costs of industrial processes and dramatically enhances the atom
efficiency of the overall reaction compared to other “green” oxidants like hydrogenperoxide.
Gold catalysts derived from Auss clusters below 2 nm work with pure oxygen, but show little
selectivity.” Also many examples of alkene epoxidations requiring stoichiometric amounts of
hydrogenperoxide can be found in the literature applying heterogeneous transition-metal

s s 1415, 7,
containing'*!*1% 17.18

as well as transition-metal-free systems.
Recent work on core-shell nanoparticles consisting of a gold core and a palladium shell
demonstrates that electronic interactions may enhance the catalytic activity for oxidation
reactions.” In a similar manner, our recent work has shown that homogeneous Au-Pt-nano-
alloys exhibit a high activity for the selective oxidation of alcohols to aldehydes or ketones.
The nano-alloys have been generated on the surface of spherical polyelectrolyte brushes. The
method is shown in Figure 1: Nano-alloy of gold and platinum generated on the surface of a
spherical polyelectrolyte brush (SPB) as described recently.® Spherical polyelectrolyte
brushes have been shown to be uniquely suited for the generation and immobilization of
metallic nanoparticles.®*" Tons of metals, like gold, silver, palladium or platinum, can be
immobilized on the surface layer of cationic SPB. Subsequent reduction with NaBH, under
mild conditions then leads to metallic nanoparticles, firmly embedded in a dense layer of
polyelectrolyte chains. In the same way particles of nano-alloys can be synthesized and
immobilized on the surface layer of spherical polyelectrolyte brush particles by reduction of a
mixture of the respective metalate ions.

Figure 2 displays the composite particles Au-Ir@SPB thus obtained. This micrograph has
been obtained by cryogenic transmission electron microscopy (cryo-TEM) that allows us to
analyze the particles in-situ, that is, directly in the aqueous dispersion. The image shows the

morphology of the composite system. The Au-Ir nanoalloy particles are in the range of 1.8 nm

2
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and monodisperse. It is also visible, that all nanoparticles are well located near the PS-core.
For the other composite systems (Au-Rh@SPB and Au-Ru@SPB) we obtained similar results

(see supplementary information).

A 1. [AuCly]
\ 2.UF
3. 2.M-ion
S ———
4. UF
5. NaBH,
6. UF

-~

|
1

Figure 1. Synthesis of nano-alloy particles on the surface of spherical polyelectrolyte brushes: The carrier
particles are spherical polyelectrolyte brushes (SPB) that consist of a solid polystyrene (PS) core (R = 50 mn)
onto which cationic polyelectrolyte chains of 2-aminoethylmethacrylate (2-AEMH) are attached. In a first step
the chloride counter-ions are exchanged against AuCly-ions, in a second step the rest of chloride-ions are
exchanged against PtCly"-ions. During these steps the brush thickness £ is decreasing from around 71 nm to 21
nm. Bimetallic AuysPtss nano-alloy particles are generated by reduction of the mixture of these ions by NaBH,.
The same steps are used for the synthesis of Au-Rh and Au-Ru nanoalloys. This procedure leads to faceted Au-
Rh- and Au-Ru-nanocrystals with a size of a few nanometers only. The alloy-nanocrystals are firmly embedded

in the surface layer of polyelectrolyte chains and the entire composite particles exhibit an excellent colloidal

stability.
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Figure 2. Cryo-TEM image of Au-Ir@SPB nanocomposite particles. The nanoalloys are located near the PS-

core.

Table 1. Compositions of Au-Pt, Au-Ir, Au-Rh, Au-Ru, pure Au and Pt nanocomposites.

System® Metalate Ton ~ AwMe Theor*  AwMe Exp.® Exp. Metal e [NM ]
Ratios® content®
AuePts; 20:80 19:81 7.50 1305
AlzoPlg; 40:60 39:61 735 20£05
AugPlyg 60:40 60:40 7.47 3.0+05
AugPty 80:20 80:20 7.50 40+05
Augolag 80:20 80:20 7.99 18+0.1
Auy Rl 11:89 11:89 7.94 20402
AwsRhs 25:75 25:75 7.04 23+03
AugRhy, 43:57 43:57 8.06 28+04
AugsRhsy 69:31 69:31 7.94 35+0.5
Auy,Rugg 12:88 12:88 8.00 1202
AtsRus 2575 2575 8.07 17403
AuggRus, 46:54 46:54 8.21 29404
AugsRusy 68:32 68/32 8.00 3.8+03
Auy Pure Au Pure Au 7.51 1.7+£03
Augg Pure Au Pure Au 7.59 1.8+0.3
Auys Pure Au Pure Au 7.29 2353405
Aug g Pure Au Pure Au 6.88 6.0+0.75
Pty 75 Pure Pt Pure Pt 7.80 1754025

* sample name; ° amount of [AuCl,] and [PtCls]*/[IrCls]*/[RhCls]*/[RuCls]” introduced during ultrafiltration; ©
theoretical ratio of Au and Pt/Ii/RI/Ru@SPB; ¢ Measured ratio of Au/M in Au-M alloy NPs; © Total content of
metal; f diameter of generated nano-alloy or M-NP on the carrier particles.

Here we synthesized three different new nano-alloys, namely Au-Ir, Au-Rh and Au-Ru
immobilized on SPB (Table 1). In a typical experiment the synthesis was performed as
described in Figure 1. Starting from the SPB the CI'-ions were exchanged against AuCly -ions.
In the following step the suspension was purified by ultrafiltration (UF) from not complexed
AuCly-ions in the system. Now the second metalate ion was introduced (PECIGZ'/IrCléz'
/RhClg*/RuClg") and the excess of Cl-ions was exchanged. Before reducing by NaBH,, the
system was purified again by UF.

In case of the Au-Ir alloys only the composition Augglrzy proved to be stable. To the authors

best knowledge we are the first, who synthesized an Au-Ir nano-alloy. The particle size is in

4
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the range of 1.8 nm. The Au-Rh- and the Au-Ru-nano-alloys, however, could be obtained
throughout the entire range of compositions, like the discussed Au-Pt nano-alloy in our
previous paper.® For each alloy type four nano-alloys with different ratios of the metals were
synthesized. Table 1 summarizes the resulting compositions. As shown by elemental analysis,
the measured compositions are rather close to the ratios adjusted via ion exchange. The total
content of metal ranges from 6.9 — 8.2 wt.-%. This result demonstrates that almost all metalate
ions introduced previously have been reduced to metallic nanoparticles. It is also evident from
Table 1 that the synthesis of the Au-Rh und Au-Ru alloys are highly reproducible. An
evaluation of TEM micrographs shows, that the alloy size and morphology of the Au-Rh and
Au-Ru particles depends on the composition of the alloy particle. For both types of alloy the
average size of the nanoparticles (Table 1) decreases with increasing content of Rh and Ru
respectively.

For more detailed studies about the structure and the composition we need a powerful
instrument: High-resolution transmission electron microscopy (HR-TEM) in combination
with electron dispersive X-ray spectroscopy (EDX) (supplementary information) is the
method of choice for studying the resulting nanoparticles. Figure 3 shows the Au-Ir (A and
B), Au-Rh (C) and Au-Ru (D) nanoalloys embedded into the polymerbrush. All three
nanoalloys show crystallinity and a faceted morphology. The EDX analysis of the nanoalloys
shows, that the theoretical values (Table 1) are in good agreement with the experimental

results.
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Figure 3. HR-TEM micrographs of the three different types of nanoalloys: (A) and (B) Au-Ir@SPB, (C) Au-
ROU@SPB and (D) Au-Ru@SPB. All particles are faceted and the crystalline structure is by lattices recognizable.
The diameter of the nanoparticles are Au-Ir (1.8 nm), Au-Rh (3.8 nm) and Au-Ru (2.8 nmn).

Figure 4. WAXS- and Rietveld-analysis. (Vegard Gesetz?)

All synthesized nanoalloys@SPB are efficient catalysts for the solvent-free epoxidation of

alkenes using molecular oxygen as an oxidant and catalytic activation via TBHP (Scheme 1).

05 (20 bar)
nanoalloy@SPB
TBHP (2 mol-%) 0o
R———R' A
R R'
80°C, 24 h

selectivities: 70 to 100 %

Scheme 1. Heterogeneous epoxidation of alkenes using nanoalloys@SPB as efficient catalysts and O, as
oxidant, activated by TBHP.

A reaction without additon of TBHP as activator does not take place, as well as an oxidation
without catalyst. Below 2 mol-% of TBHP conversions decrease drastically. Catalytic
activities depend on the particle size and show like demonstrated by Hayashi et al. the best
results between 2 and 4 nm (Figure 5: A, C, E). Also a profound influence of the alloy on the
TON can be observed, AwRh@SPB and AwRu@SPB are in all cases much better catalysts
than pure gold particles (Figure 5: A [1, 5, 6], C [1, 5, 6], E [1, 5, 6]). This positive effect of
alloying on the catalytic performance of nanoparticles has been shown by Enache et al."” in
the case of alcohol oxidation, there the catalytic activity is enhanced by factor 25, if Pd/Au-
particles are employed compared to pure gold particles. In the present investigation similar
effects are observed: The activity in the epoxidation of cyclooctene using Au/Ru@SPB

6
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compared to pure gold partilcles is elevated by factor 4 (Figure 5 A), this effect is even more
evident in the case of #rans-stilbene, here AwWRh@SPB and Au/Ru@SPB show a five-fold
activity (Figure 5 C), the alloy of Augelry (Table 1) exhibits already an enhancement of the
TON by factor seven compared to pure gold particles, unfortunately Au/Ir-alloys@SPB are
only stable at this compositon. Less pronounced this effect can be observed for the allylic
oxidation of cyclohexene (Figure 5 E). Very insightful is the plot of the TON vs. content of
the extrinsic metal in the alloy, all three cases exhibit a ,,magic composition®, at which the
highest activity is obtained (Figure 5 B, D, F). This ,,magic composition‘ everytime is around
50 mol-% extrinsic metal. A possible explanation lies in the nature of the particles, they are
all solid solutions, i.e. mixed nanoparticles.” The highest degree of mixing between the two
metals and possibly also the greatest effect of alloying is obtained at a 50:50 mixture of the
two platinum metals. The achieved TONs in case of the nanoalloys lie noticeably above the
ones obtained by Hughes et al. employing pure goldparticles (cycloocten: Au@C—781;
AuysRusy—1132). Also the TOF (turnover frequency) of the conversion is close to obtained
results, e.g. styrene conversion using Auss@Si0; is at 0.03 st (toluene, 100°C, 0.5 bar O,)
same as the frams-stilbene epoxidation employing Ausplras (thf, 80°C, 20 bar O,). If
cyclohexene is employed an epoxidation of the double bond is not achieved, instead a
selective allylic oxidation (90 % selectivity towards 2-cyclohexene-1-one) like in the case of
Liu et al.*? is observed. The epoxidation of rans-stilbene yields benzaldehyde as a byproduct,
which stems from the decay of 1,2-diphenylethane-1,2-dione (double oxidation of the double
bond). The reaction is 80% frans-stilbenoxide-selective. A crucial problem using the SPB
support is its instability under the applied reaction conditions, the polystyrene cores with the
grafted carrier brushes are completely dissolved at the elevated temperatures and release the
metal particles. This can be deducted from e.g. dark red coloured solutions after catalysis, if
pure gold particles are employed (dark grey for pure platinum particles). The solubility of the
carrier system is likely to be the reason for the relatively low TONSs, dispite the high
temperatures. In search for a flawless and inert support two different approaches are carried
out in our labs currently. One is the cross-linking of the polystyrene cores to minimize their
solubility and the other is the transfer of the tailor-made particles to inert carrier systems
(MOFs, SBAs, MCMs, PILCs, ...).
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Figure 5. The TONs (7urn over mumbers) of the epoxidation reaction of A, B: cycloocten vyielding
cycloocteneoxide and C, D: rrans-stilbene yielding rrans-stilbensoxide as well as the allylic oxidation of E, F:
cyclohexene yielding 2-cyclohexene-1-one employing Aw/M@SPB as catalyst are shown in dependence of the
particle size of the gold/metal-nanoalloys and the size of the pure gold- and platinumnanoparticles respectively
as soon as the composition of the nanoalloy (1 = black: pure Au-nanoparticles; 2 = red: pure Pt-nanoparticles; 3
= blue: Auw/Pt-nanoalloys; 4 = olive: Aw/lIr-nanoalloys; 5 = magenta: AwRh-nanoalloy; 6 = dark yellow: Au/Ru-
nanoalloys). Reaction conditions: 0.5 ml or 0.5 g (+ 2 ml THF) alkene, 1 mg catalyst, TBHP (2 mol%). O, (20
bar), 80°C, 24 h.
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METHODS

Materials and Synthesis: Cationic spherical polyelectrolyte brushes carrying chains of poly(2-
aminoethylmethacrylate hydrochloride) (PAEMH) were synthesized as described recently. The radius R of the
core particles was 45 nm, the average contour length L. of the grafted chains was 165 nm and the grafting
density (number of chains per unit area) is 0.14 nur’. The entire number of charged groups in the polyelectrolyte
layer was determined precisely by conductometric titration™ The gold and platinum nanoparticles were
synthesized as described previously in Refs.->*. In a typical experiment the bimetallic AwM-NPs were generated
as follows: In the first step 120 mL of latex (1.14 wt.-%) in pure water was placed in an ultrafiltration cell (NC
10 membrane filters, cellulosenitrate, Schleicher & Schuell, Germany) and 1 L of 3.310* M HAuCl, (purchased

from Aldrich: HAuCl,-3H,0) solution was passed through the cell. Subsequently, 500 mL of deionized water
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(Millipore, Milli-Q, A-10) were passed through the cell to remove free AuCl,-ions. The suspension attained a
vellowish colour indicating an exchange of counterions in the brush layer from CI'- to AuCly-1ons. In the third
step, 1 L of 810° M H,PtCly/1 L of 810° M Na,iCly/1 L of 810" M K;RhCly/1 L or §10° M K;RuClg
(purchased from Aldrich: H,PtCls 6H,O/Na,IiCly 6H,O/K;RhCl/K3RuClg) solutions were passed through the
cell. The colour of the obtained dispersion changed to steel blue/purple/red/red depending on the amount of gold
and platinum-/iridium-/thodivm- or ruthenivm-ions in the serum. For generation of bimetallic nanoparticles the
dispersion was mixed slowly with 5 mL of a 410™* M solution of NaBH, through stirring under an atmosphere of
nitrogen. The reduction of the AuCl,- and PtCls”-/IrCls>-/RhCl*~/RuClg -ions could be followed easily by a
change of colour, dependent on the composition. After completion of the reaction the suspension was placed in
an ultrafiltration cell and a five-fold excess of deionized water was passed through the cell. The purification was
monitored by measuring the conductivity of the serum.

Freeze-Drying of Catalyst Solutions: In a typical experiment the composite dispersion was freeze-dried for two
days. For this purpose the sample was frozen in liquid nitrogen for 10 minutes. Then it was dried with a freeze-
dryer (ALPHA 1-2, CHRIST). The obtained powder was used as a catalyst.

Characterization Methods: Cryogenic transmission electron microscopy (cryo-TEM) and transmission electron
microscopy (TEM) were carried out using a LE09220 (200 kV) as described previously. High-resolution TEM
(HR-TEM) and EDX analysis were done using a FEI Titan (300 kV). The samples were prepared as follows: A
drop of liquid was placed on a grid (Plano S 166-3). After drying in air for three minutes the rest of the liquid
was taken off by a filter paper. Dynamic light scattering (DLS) was done using a Peters ALV 4000 light
scattering goniometer and elemental analysis measurements were done using a Vario elementar EL TIT — CHN as
described previously.

General Epoxidation / Allylic Oxidation Protocol: The reactions were carried out under a 20 bar dioxygen
atmosphere in a steel autoclave (Parr Instrument). The reaction mixture always contained 0.5 mL liquid alkene
(cis-cyclooctene or cyclohexene) or 0.5 g solid alkene (srans-stilbene) dissolved in 2 mL of thf, 1 mg of solid
catalyst and 2 mol% TBHP (6 M solution in decane). The autoclave was sealed, 20 bar of oxygen atmosphere
were applied and the reaction mixture was stirred for 24 h at 80°C. At the end of the reaction 2 mL of thf were
added in case of the liquid alkenes and 0.5 mmol of dodecane (113 pL) in all cases. The conversion was checked
via GC or GC-MS, if new products had to be identified (GC analyses were performed on an Agilent 6890N gas
chromatograph equipped with a flame ionisation detector (FID) and an Agilent 19091J-413 FS capillary column;
GC-MS analyses were performed on a Thermo Focus DSQ apparatus equipped with the same column using

dodecane as internal standard.). Results are shown in Table 2 (supplementary information).
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Table 1. Overview of all synthesized metallic nanoalloys supported on SPB.

Name wt.% wt.% mol% M Diameter
(pure gold) Au metal Au e [nm]
Auy 751 - 751 100 - 197 | 1703
Aug 7.59 - 7.59 100 - 197 1.8+0.3
Au s 7.29 - 7.29 100 - 197 25+0.5
Aug g 6.88 - 6.88 100 - 197 6.0+0.75
Name wt.% wt.% mol% Diameter
. )’[2"91'239
(pure platinum) Pt metal Pt [nm]
1.75 £
Pty 75 - 7.80 7.80 - 100 195
0.25
Name
wt.% wt.% wt.% mol% mol% Diameter
(gold/platinum Maverage
Au Pt metal Au Pt [nm]
alloys)
AujoPts; 145 | 605 | 750 | 1918 | 8081 | j9536 | 1.3=0.5
AusoPts 290 | 445 735 | 3915 | 60.85 | 19578 | 2.0£05
AugoPtso 4.48 2.99 7.47 59.75 40.25 19620 | 3.0+0.5
Au,oPtso 5.98 1.52 7.50 79.54 20.46 19659 | 4.0+0.5
Name
wt.% wt.% wt.% mol% mol% Diameter
(gold/iridium Maverage
Au Ir metal Au Ir [nm]
alloys)
Augolrzo 6.43 1.56 7.99 80.09 1991 | 196.02 | 1.8=0.1
Name
wt.% wt.% wt.% mol% mol% Diameter
(gold/rhodium Maverage
Au Rh metal Au Rh [nm]
alloys)
AuyRhsgo 1.56 6.38 7.94 1065 | 8935 | 11293 | 2002
Au;sRhos 3.13 4.82 7.94 2531 | 7469 | 12672 | 2.3=03
AugsRhs 4.78 3.28 8.06 43.18 | 56.82 | 14353 | 2804
AuggRh;, 6.41 1.53 7.94 68.60 | 31.40 | 16745 | 3505
Name
wt.% wt.% wt.% mol% mol% Diameter
(gold/ruthenium Maverage
Au Ru metal Au Ru [nm]
alloys)
AuzRusg 1.72 6.37 8.09 12.17 87.83 | 11277 | 1.2£02
AugsRuzs 3.17 4.90 8.07 24.93 75.07 | 125.00 | 1703
2
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AugeRus 5.13 3.08 8.21 46.09 | 5391 | 14529 | 2.9=04
AugsRusz 6.46 1.54 8.00 6829 | 3171 | 166.56 | 3.8+0.3
Table 2. Catalytic activities of nanoalloys@SPB.
Product Catalyst GC-Conversion TON*
0
(:_:J> Auy s 2.5 247
cylooctene oxide
O
Q Augs 2.7 273
cylooctene oxide
0O
Q Au 2.5 4.2 436
cylooctene oxide
0
(:_:j> Aug, 3.0 323
cylooctene oxide
o A
Q Pty s 1.9 178
cylooctene oxide
@
Q Allllgptm 2.6 257
cylooctene oxide
O
Q AuzoPts 33 332
cylooctene oxide
0
Q Aﬁugoptm 3.4 341
cylooctene oxide
@
Q Augy Pty 32 320
cylooctene oxide
0O
Q Ausolrio 34 320
cylooctene oxide
3
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9

e} i -
:\lluRhg\) 3.8 205
cylooctene oxide
0 -
:\llgsRh';s 9.2 3559
cylooctene oxide
0 -
:&ll_u.Rhﬂ 11.2 759
cylooctene oxide
e} _ .
AussRhs; 5.8 469
cylooctene oxide
6] ,
:\lluRllss 13.2 700
cylooctene oxide
O ) .
:\llgsRll';_; 12.6 740
cylooctene oxide
e} -
:\ll_;ﬁRllg 16.8 1132
cylooctene oxide
e}
AuﬁgRu32 9.2 728
cylooctene oxide
0[] »
3.8 (1.2, 76% epoxide
Au 1.7 o 281
selectivity)
trans-stilbene oxide**
o[ ) ,
4.5 (1.7, 72% epoxide
Alllls . 324
selectivity)
trans-stilbene oxide**
0[] »
4.9 (0.6, 89% epoxide
Au 2.5 372

trans-stilbene oxide**

selectivity)
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o
O 3.3 (0.9, 79% epoxide
AUG‘U L 268
selectivity)
trans-stilbene oxide**
o ] o
2.2 (0.7, 76% epoxide
Pty s . 157
selectivity)
mrans-stilbene oxide**
5 .
1.9 (0.4, 83% epoxide
AulgPtgl L 136
selectivity)
trans-stilbene oxide**
0[] s epons
3.0 (1.0, 75% epoxide
.&u39Pt51 o 221
selectivity)
trans-stilbene oxide**
0[] ‘
4.9 (1.5, 76% epoxide
A&llﬁopt_ﬂ) L 357
selectivity)
trans-stilbene oxide™**
o ] A
4.2 (1.3, 77% epoxide
Aﬁuggptm L 307
selectivity)
trans-stilbene oxide**
0[]
32.6 (7.8, 81%
Augolra ‘ o 2242
epoxide selectivity)
trans-stilbene oxide™**
12.6 (3.1, 80% ]
AlluRllsg) . o 503
epoxide selectivity)
trans-stilbene oxide™**
32.5(10.7,75%
O AuysRhs ‘ - 1453
epoxide selectivity)
mrans-stilbene oxide**
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@)

38.8(12.5,76%

:&ll_;;Rlls': i L 1933
epoxide selectivity)
trans-stilbene oxide**
23.6 (10.2, 70%
AugRhs; ) o 1391
epoxide selectivity)
trans-stilbene oxide**
0[]
Auy;Rugg 21.3 (4.9, 81% 833
epoxide selectivity) o
trans-stilbene oxide**
0[]
Au,sRuss 20.8 (4.7, 82% 903
epoxide selectivity) o
trans-stilbene oxide**
0[]
AugsRus, 38.4 (9.6, 80% 1905
‘ epoxide selectivity) )
trans-stilbene oxide**
o ] -
21.5 (5.4, 80%
AxllﬁgRllsz . o 1255
epoxide selectivity)
trans-stilbene oxide**
[e] OH
é 6.0 (0.8, 91% ketone
Alll‘-/ | o 780
selectivit
2-cyclohexene-1-one v)
2-cyclohexene-1-ol#**
[e] OH
6 O 4.7 (0.6, 89% ketone
AllLs | L. 954
selectivit
2-cyclohexene-1-one v)
2-cyclohexene-1-ol%%*
O OH
9.1 (1.5, 86% ketone
Allz‘s 1200

2-cyclohexene-1-one

selectivity)
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2-cyclohexene-1-o0l***

0 Q

5.7 (0.7, 89% ketone

selectivity)

Augo 2
selectivity) 802
2-cyclohexene-1-one
2-cyclohexene-1-01%**
[e] OH
é © . 2.5 (0.4, $7% ketone .
tljs 30
selectivity)
2-cyclohexene-1-one :
2-cyclohexene-1-01***
[¢] OH
6 9.2 (1.0, 90% ketone
;Alllgptm o 1171
selectivity)
2-cyclohexene-1-one :
2-cyclohexene-1-0l***
O OH
é O \uwP 13.5 (2.0, 87% ketone 1764
AuzoPts . D4
selectivity)
2-cyclohexene-1-one
2-cyclohexene-1-01%**
[e] OH
ij © 13.0 (1.16, 92% ,
Authm L 1680
ketone selectivity)
2-cyclohexene-1-one
2-cyclohexene-1-01***
[¢] OH
é © 7.4 (0.92, 89% ketone
;AllggPtzg 951
selectivity)
2-cyclohexene-1-one
2-cyclohexene-1-ol***
[¢] OH
é © : 9.7 (1.2, 89% ketone e
Augolry o 68
selectivity)
2-cyclohexene-1-one
2-cyclohexene-1-0]***
[e] OH B
9.3 (1.5, 86% ketone
Alllthsm) 646
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2-cyclohexene-1-one

2-cyclohexene-1-ol***

ole

17.9 (2.2, 89% ketone

Au,sRhs o 1398
2-cyclohexene-1-one selectivity)
2-cyclohexene-1-ol*%*
[e] OH
ij @ 25.0 (3.4, 88% ketone i
Auy;Rhs; o 2182
2-cyclohexene-1-one selectivity)
2-cyclohexene-1-ol***
[e] OH
ij @ 17.1 (2.3, 88% ketone _
AugRh3 o 1765
2-cyclohexene-1-one selectivity)
2-cyclohexene-1-ol*%*
[e] OH
é © 5.3 (0.9, 86% ketone
Aup;Rugg o 364
2-cyclohexene-1-one selectivity)
2-cyclohexene-1-ol***
O OH
é © 15.9 (2.0, 89% ketone
Au,sRuzs o 1210
2-cyclohexene-1-one selectivity)
2-cyclohexene-1-ol***
O OH
ij @ 14.7 (3.4, 81% ketone
AuygRusy o 1273
2-cyclohexene-1-one selectivity)
2-cyclohexene-1-ol***
O OH
é © 10.5 (1.6, 87% ketone
AugRus, 1067

2-cyclohexene-1-one

2-cyclohexene-1-ol***

selectivity)

* TONs shown in

Table 2 are based on the total number of metal atoms contained in the composite material.
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** trans-stilbene gave benzaldehyde as a byproduct, the numbers in brackets give the conversion of diketone
(1,2-diphenyl-ethane-1,2-dione) from which the benzaldehyde emerges and epoxide selectivity.
*#% 2-cyclohexene-1-one selectivity compared to 2-cyclohexene-1-ol is given in brackets. TON corresponds to

production of 2-cyclohexene-1-one (main product).
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4 Summary / Zusammenfassung

e Summary:

First of all the up scaled synthesis for cationic and anionic spherical
polyelectrolyte brushes (SPB) was introduced and a reproducible method for the
synthesis was established (Chapter 3.1). For a better understanding of anionic
SPB the complexation of the anionic polyelectrolyte chains with the cationic
surfactant cetyl trimethyl ammonium bromide was studied in detail. The models
were proved by cryogenic transmission electron microscopy (cryo-TEM) and
dynamic light scattering (DLS), if it’s in good agreement with the resulting
systems (Chapter 3.2).

It was possible to show, that cationic SPB could be used for the generation of
gold nanoparticles (Chapter 3.3). The synthesized carrier systems were
characterized in detail by transmission electron microscopy (TEM), cryo-TEM and
disc centrifuge (DCP). The more detail examination of the Au/SPB system by
DLS, TEM/cryo-TEM, showed that a reversible immobilization system for gold
nanoparticles was synthesized. The immobilized gold nanoparticles@SPB could
be complexed by cyanid ions and oxygen. After the complexation of the gold
nanoparticles we get the previous carrier system back. Detailed studies by wide
angle X-ray scattering (WAXS) and high resolution transmission electron
microscopy (HR-TEM) show an amorphous morphology of the gold nanoparticles
in the range of 1 nm. This kind of generation allow us to generate gold
nanoparticles in the range of 1.0 and 2.5 nm on the surface of the carrier
particle.

In the following part of the thesis the concepts described above were used for
the synthesis of binary gold nanoalloys (Chapter 3.4 and 3.6). The binary systems
Au-Pt, Au-Ru, Au-Rh and Au-Ir were sucessfully generated. In the next step the
nanoparticular structure of these binary systems were completely clarified by
different HR-TEM methods and WAXS. It was shown, that there is a different
behaviour between macroscopic and nanoscopic world. Bulk Au-Pt alloys show
miscibility gaps, whereas Au-Pt nanoalloys have no such miscibility gap. This
alloy obeys the Vegard’s law. For the generation of facetted Pt nanocrystals

(Chapter 3.5), the complexation of gold atoms by cyanid ions and oxygen is used.
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By this way it’s possible to synthesize well-ordered PtNP structures starting from
the Au-Pt nanoalloy.

In the second part of the thesis the immobilized gold nanoparticles and the
binary gold nanoalloys applied as catalysts for industrial interesting oxidation
reactions of alcohols and epoxidation reactions (Chapter 3.4 and 3.6) were
studied. All reactions could be conducted at room temperature and in water as
reaction media. The catalytic activities have a strong dependency on the
composition in the nanoalloy. Cryo-TEM characterization showed us no change of
the morphology of the catalyst before and after a catalyst cyclus.

Concluding this thesis showed successfully a new route for the synthesis of
monodispers and well defined gold nanoparticles, gold nanoalloys and facetted
platinum nanocrystals. The particle sizes ranges between 1.0 and 7.0 nm. All
systems can be used as green catalysts. This is an important point in the
discussion of sustainability. All dispersions are not light and air sensitive, so they

can be handled without any problems.

e Zusammenfassung:

Im Rahmen dieser Arbeit wurde in einem ersten Teil eine groBtechnische
Synthese fur kationische und anionische spharische Polyelektrolyt (SPB)-
Dispersionssysteme eingeflihrt (Kapitel 3.1). Zum tiefergehenden Verstandnis der
anionischen spharischen Polyelektrolyte wurde die Komplexbildung zwischen
Tensid CTAB und den Polyelektrolytketten eingehend untersucht. Die
Modellvorstellungen wurden mittels kryogener Transmissionselektronen-
mikroskopie (cryo-TEM) und dynamischer Lichtstreuung (DLS) untermauert
(Kapitel 3.2).

Es konnte gezeigt werden, dass sich kationische SPB als Tragersysteme fur
Goldnanopartikel eignen (Kapitel 3.3). Das synthetisierte Tragersystem wurde
mittels dynamischer Lichtstreuung (DLS), Transmissionselektronenmikroskopie
(TEM) / Tieftemperaturtransmissionselektronenmikroskopie (cryo-TEM) und
Scheibenzentrifuge (DCP) charakterisiert. Die eingehendere Untersuchung des
Gold-Kern/Schale-Tragersystems mittels DLS und TEM/cryo-TEM zeigte, dass ein
reversibles Immobilisierungssystem flir AuNP gezielt synthetisiert worden und

reproduzierbar herstellbar ist. Die auf der Oberflache des PS-Kerns durch die
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Wechselwirkung mit den funktionellen Gruppen der Polyelektrolytketten
immobilisierten Au-Partikel lieBen sich zerstorungsfrei durch
Cyanidionen/Sauerstoff unter Komplexbildung herauslosen. Anschliefend war
das zu Beginn eingesetzte SPB Tragersystem zerstorungsfrei erhalten. Des
Weiteren war es durch systematische Studien moglich, sehr einheitliche AuNP
auf der PS-Kernoberflache zu generieren, die je nach Bedarf im Bereich von 1 -
2,5 nm gezielt hergestellt werden konnen. Die Untersuchung der 1 nm grofien
Nanopartikel zeigte eine amorphe Struktur.

In einem weiteren Teil der Arbeit wurden die fur Goldnanopartikel gewonnen
Konzepte nun zur Generierung von Goldnanolegierungen (Kapitel 3.4 und 3.6)
angewendet. So konnten die binaren Systeme Au-Pt, Au-Ir, Au-Ru, Au-Rh mit
Erfolg synthetisiert werden, sowie deren Struktur mit Hilfe verschiedener HR-
TEM Methoden und WAXS vollkommen aufgeklart werden. Diese Untersuchungen
zeigten die vollkommen unterschiedlichen Strukturen zwischen makroskopischen
und nanoskopischen Legierungen. So weisen Au-Pt Nanolegierungen keine
Mischungslucke auf und gehorchen dem Vegard’schen Gesetz, wohingegen bulk
Au-Pt Legierungen dieser Regel nicht gehorchen. Fur die Generierung
facettierter Pt-Nanokristalle (Kapitel 3.5) konnte die bereits angesprochene
Komplexierung der Goldatome herangezogen werden. Aus den binaren Au-Pt
Nanolegierungen  konnten  mittels Cyanidionen/Sauerstoff = geometrisch
hochgeordnete Platin Nanokristalle gewonnen werden.

Der zweite Teil der Arbeit beschaftigt sich mit der Anwendung der
immobilisierten Goldpartikel, sowie der binaren Goldnanolegierungen als
Katalysatoren in industriell bedeutsamen Alkoholoxidations- und
Epoxidierungsreaktionen (Kapitel 3.4 und 3.6). Alle Reaktionen konnten bei
Raumtemperatur mit den wassrigen Dispersionsmedien als Katalysatoren
durchgefuhrt werden. Dabei zeigte sich fur die katalytische Aktivitat eine
Abhangigkeit von der Legierungszusammensetzung. Cryo-TEM Untersuchungen
zeigten, dass sich die Morphologie der Kompositpartikel nach dem Einsatz in der
Katalyse nicht verandert.

AbschlieBend ist festzuhalten, dass die vorliegende Arbeit einen neuen Weg zur
Generierung wohldefinierter und einheitlicher Goldnanopartikel, binarer

Goldnanolegierungen, sowie facettierter Platinnanokristalle aufzeigt. Die
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NanopartikelgroBen konnen gezielt zwischen 1 und 7 nm eingestellt werden,
sowie nahezu monodispers generiert werden. Es handelt sich bei allen Systemen
um wassrige Dispersionen, die eine mehrjahrige Licht- und Luftstabilitat
aufweisen. Im Hinblick auf den Einsatz als umweltfreundliche Katalysatoren

wurde ein wesentlicher Beitrag geleistet.
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6.2 Abbrevations and Symbols

[X]

1, 2
A-co-B
2-AEMH
AgNP
AuUNP
Cryo-TEM
CTAB
DCP

DLS
DMAEMA
Fig.
HMEM

h
HR-TEM
HAADF-STEM

Cat.
conc.
L
Solv.
m

Me
NP
4-Nip

PAA
PMMA
PS
PSS

reference list

serial number of substances
block-co-polymer

2-amino ethyl methacrylate-hydrochloride
silver nanoparticle

gold nanoparticle

cryogenic transmission electron microscopy
cetyl trimethyl ammonium bromide

disc centrifuge

dynamic light scattering

N,N dimethyl amino ethyl methacrylate
Figure
2-[p-(2-hydroxy-2-methylpropiophenone)]-
ethylene glycol-methacrylate

hour

high resolution transmission electron microscopy

high angle annular dark field scanning
transmission electron microscopy
catalysator

concentrated

contour length

solvent

meter

metal

nanoparticle

4-Nitrophenol

para-

poly(acrylic acid)

poly(methyl methacrylate)

poly styrene

poly(styrene sulfonate)
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PtNP
Ru
RT
SPB
TEM

Tab.
THF
V-50
WAXS
[wt.-%]

platinum nanoparticle
hydrodynamic radius

room temperature

spherical polyelectrolyte brush
transmission electron microscopy
time

temperature

table

tetrahydrofuran

a, a -Azo-di-isobutyramidine-di-hydrochloride
Wide angle X-ray scattering

solid content [wt.-%]
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