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I Introduction

Nanoparticles exhibit different properties as compared to their bulk materials due to
quantum size effects (Lewis 1993, Alivisatos 1996, Henglein 1993, Ball et al. 1992, 1993).
The quantum size effects are related to alterations in the electronic band structure of the metal
particle due to its small size and the presence of a high fraction of a co-coordinately and
electronically unsaturated atoms at the surface of the metal nanoparticles (Shipway et al.
2001). These peculiar properties of nanoparticles have important implications in material
science such as surface enhanced spectroscopy (Svoboda et al. 1994, Feldstien et al. 1997,
Fukumi ef al. 1994, Hagland ef al. 1993), catalysis (Toshima ef al. 1997, Schmidt et al. 1998,
Thomas et al. 1988, Schmid et al. 1990, 1992, Watze et al. 1987, Boudart et al. 1994, Xu et
al. 1994), optics (Colvin et al. 1994, Weller et al. 1995), magnetics, microelectronics
(Hermnason et al. 2001, Asakawa et al. 2000), information storage (Sun et al.1994), sensors,
photoelectrochemically active electrodes (Maye 2003), magnetic fluids (Li ef al. 2001, Sun et
al. 2000), photonic crystals (Ozin ef al. 2001, Romanov et al. 1999, Fink et al. 1998, Urbas et
al. 1999, Norris et al. 2001, Netti et al. 2001), biological sensors (Emory et al. 1998, Bruchez
et al. 1998, Chan et al. 1998), medical diagnostics, ceramics, pigments in paints and
cosmetics etc.

Numerous investigations are being carried out today is aimed at the synthesis of
metal nanoparticles in the size range 1-10 nm (Roucoux et al. 2002, Bénnemann ef al. 2001,
Aiken III ef al. 1999) The stabilization of metal nanoparticles is a challenging issue as their
high surface energy of the metal nanoparticles tends to aggregate them to form bigger
clusters. Hence, most of the synthetic techniques are targeted to produce monodisperse
nanoparticles, which are stable over a long period. Generally, metal atom precursors are used
to grow nanoclusters in the presence of stabilizes. The stabilizers interact with the surface of
the nanoclusters to overcome agglomeration and at the same time controls their growth, very
often to a predetermined size. Some of the stabilizers include solvent molecules, ion pairs,
surfactants (Fendler et al. 1995, Duff ef al. 1993, Ahmadi et al. 1996, Collier et al. 1997),
micelles (Spatz et al. 2000, 1996, Djalali et al. 2002, Clay et al. 1995), ligand molecules
(Kumar et al. 2003, Brust et al. 1994, 1995, Porter et al.1998, Weisbacker et al. 1996,
Templeton ef al. 1998, Johnson ef al. 1997, Mayya et al. 1997, Leff et al. 1996, Bharathi ef al.
1997), polymers (Antonietti et al. 1997, Teranishi et al. 1998, Mayer et al. 2000), dendrimers
(Crooks et al. 2001) and gels (Biffis et al. 2003, Svergun et al. 1998).

Besides this, the deposition of preformed metal nanoparticles on substrates to

produce various interesting nanocomposite particles have been developed. The substrates vary
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from spherical colloids (Caruso et al. 2001, Gittins et al. 2002, Dokoutchaev et al. 1999,
Shchukin et al. 2003, Pol et al. 2003, Lindlar et al. 2002, Ji et al. 2001, Khan et al. 2001,
Siiman et al. 2000), porous materials (Bronstein et al. 1996) to biological templates such as
DNA (Harnack et al. 2002, Cobbe et al. 2003, Kumar et al. 2001), plants and micro
organisms (Gardea-Torresdey ef al. 2002, Ahmad et al. 2003).

The usage of spherical colloids as the substrate to load metallic nanoparticles is being
researched recently for its direct application in photonic crystals (Lim et a/. 2003, Oldenburg
et al. 1998, 1999, Graf et al. 2002). The metals used are gold, silver, palladium, and platinum.
However, the routes described involve the deposition of preformed particles on a suitably
modified surface. The alternative way to produce metal nanoparticles directly on the
substrates have not been studied so widely (Djalali ef al. 2002, Liu et al. 2002, Youk 2003,
Ghosh et al. 2003).

The major theme of this thesis is to generate metal nanoparticles on the surface of the
polystyrene spheres bearing cationic polyelectrolyte brushes. Polymer brushes refer to an
assembly of polymer chains tethered to a surface or an interface. Above a critical grafting
density, in order to avoid overlapping, chains stretch away from the surface. The synthesis of
brushes have been carried out by mainly two routes physisorption and covalent attachment.
The covalent attachment is preferred over physisorption due to desorption of polymeric chains
in non favourable conditions.

In the present work, chains of poly(aminoethylmethacrylate hydrochloride) (PAEMH)
are covalently attached to the surface of polystyrene core by photo-emulsion polymerisation.
By this “grafting-from technique” a cationic spherical polyelectrolyte brush is generated (Guo
et al. 1999). The grafting of the PAEMH chains achieved by photo-emulsion polymerisation
is so dense that the brush limit is reached in these systems, i.e., the average distance of the
chains on the surface is much smaller than their average dimensions. The chloride counterions
are subsequently exchanged by AuCly /PtClg” ions. As an alterative route, the hydrochloride
can be converted into the free base first and then reacted with metal ions. Moreover, it can be
demonstrated that ca. 95 % of the counterions are confined in the brush layer (Das et al.
2002). This confinement predicted some time ago by Pincus “closes” the nano-reactor and
prevents the formation of metal-particles in the aqueous phase (Pincus 1991). The metal ions
thus immobilized can be reduced in the final step to yield metallic metal particles on the
surface. In this way, the well-established physics of the polyelectrolyte brush layer can be
used for chemical reactions on the surface of colloidal particles. The surface of the latex

sphere hence becomes a “nano-reactor” in which the reduction is done.



The mentioned way of generating metal nanoparticles is comparable to the use of
micelles (Spatz et al. 1998, Selvan et al. 1999, Lindlar et al. 2002, Djalali et al. 1999, 2002)
or dendrimers (Esumi et al. 2000, 1998, Manna et al. 2001, Garcia et al. 1999) as “nano-
reactors . Evidently, the metal ions must be firmly immobilized in this nano-reactor to prevent
the exchange of the metal ions into the continuous phase. It is hence important to elucidate the
interactions of suitable metal ions with model colloids having a well-defined surface structure.
As the particles are formed without any stabilizing reagents, the metal nanoparticles are freely
accessible to chemical and physical interaction with other molecules.

Catalytic properties in nanoparticles are generated or enhanced due to high surface
area-to-volume ratio, high edge concentration and quantum size effects as compared to the
bulk metals (Lewis 1993, Haruta 1997, Chen 1997, Chen ef al. 1998). For example, gold, the
metal in bulk is catalytically active when sized at nanoscale (Sault et al. 1986, Saliba et al.
1998, Hammer ef al. 1995, Sanchez et al. 1999). The other widely used metals for catalysis
are platinum (Alvarez et al. 2000), palladium (Crooks et al. 2001) and silver (Joly et al.
2000). Usually, the catalyst systems are composed of metal nanoparticles on a metal oxide
support. The role of support material in origin of catalytic activity in the metal nanoparticles
has been a topic for theoretical and experimental studies. On one hand, the theoretical studies
prove that the nanosized nanoparticles are catalytically active without any support, on the
other, experiments prove that the activity due to the junction effect, because of the interaction
of the support and the metal nanoparticles (Frost 1988, Weng et al.1992).

The current study of synthesis of metal nanoparticles is further extended to study
their catalytic activity in heterogeneous hydrogenation reactions. Due to the inert polystyrene
used as support particles in the synthesis of the metal nanoparticles, the participation of the
support particle in the electronic interactions with the metal nanoparticles can be ruled out.
The effect of reaction conditions on the stability of metal nanoparticles is an important issue
in the field of catalysis. A decrease in the efficiency is observed after a number of runs.
Hence, the further investigations are carried out by recycling the catalyst and observing the

efficiency of the catalyst in the subsequent runs.



II Brushes - Definition

The polymer brushes can be defined as the linear polymeric chains attached to a surface or an
interface, where the distance between the grafting points of the polymer chains on the surface
is less than the radius of gyration of the polymeric chains (Milner 1991, Halpern et al. 1992).

Such a condition stretches the polymeric chains to their maximum to avoid the repulsions

(Fig. 1).

S

“pancake” “mushroom” “brush”

Fig. 1 Possible conformations of polymers attached to a planar solid surface with different
grafting densities. The distance between the grafting points, when exceeds the hydrodynamic
radii of the grafted polymer the “pancake” or “mushroom” conformation results depending
on the affinity of the chains to the surface. With the decrease in the distance of the grafting
points, the conformation starts showing a transition from pancake or mushroom to brush

conformation.

End tethering of the polymer reduces the degree of freedom for different
macromolecular conformations ending up in the stretch conformation of the polymer. The free
energy of the F of the chains is obtained from a balance between the interaction energy
between the statistical segments Fj,; and the energy difference between the stretched and the
unstretched polymer chains F (elastic free energy) caused by the entropy loss of the chains.

F=Fin+ Fq
The important parameters for the description of brushes are segment density profile ®(Z) of
the surface attached chains, the brush height h as a function of the grafting density ¢ and the
molecular weight of the surface attached chains and the solvent quality of the medium.

The stretched conformation has a direct consequence on the properties like osmotic
pressure, interaction parameters and water activity. The conformation of the brushes can be
changed by changing the solvent quality. These properties can be studied by conventional

experimental methods. With the advanced microscopic and surface sensitive spectroscopic
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techniques, it is possible to visualize the brushes directly (Yamamoto et al. 2000, Goodman et
al. 2004, Mei et al. 2003).

The formation of a brush modifies the properties of the grafting surface, making the
brushes a very interesting subject towards the application in a wide range of fields. For
example, ultra low friction surfaces are obtained by coating of two surfaces, which slide
against each other with polymer brushes (Klein et al. 1993). Autophobic surfaces can be
produced by grafting polymer brushes, which are not wetted by free polymer (Reiter et al.
1996, 2000). Non-fouling biosurfaces can be synthesized according to the requirements in
artificial implants (Ward 1989), cellculture dishes and biosensors (Ito et al. 1992). Other types
include temperature responsive brushes (Takai et al. 1994), electrically switchable brushes

and brushes for applications in separation techniques (Hennion et al. 1978, Van Zanten 1994).

II.1 Classification of brushes

The polymer brushes are classified according to their geometry and the charges they
bear. The brushes can be planar (Biesalski et al. 1999), spherical (Jayachandran et al. 2002,
Guo et al. 1999), cylindrical (Cheng et al. 2001, Djalali ef al. 2002)) or comb like (Borner et
al. 2002, Koper et al. 2003) depending on the geometry of the surfaces on which they are
grafted. According to the charges, brushes can be classified as positively charged, negatively

charged or neutral depending on the charges of the monomer units.

Classification based on geometry

Planar brushes:

Fig. 2 Schematic diagram of a planar brush. The polymer chains are grafted on planar
surfaces such as silica, glass, gold etc.

Planar brushes result when chains are grafted on a planar surface (Fig. 2). A planar brush is



built up of strings of volume—filling blobs of size & equal to the distance between the attached
points D. A blob contains g segments of monomers of a single chain. The monomer density
and the blob size is same throughout the brush. In planar brushes, electrostatic interactions
between the chains and the osmotic pressure are dominant forces. The neutralization length
where the interaction between a fixed charge and its counter ion decays strongly can be given
by Debye length in dense brushes (Pincus 1991). Hence, for the thickness 'L of the brush
greater than that of the {, electrostatic interactions are balanced within the brushes confining
all the counter ions within the brush. Experimentally, these theoretically predictions were
confirmed by Ahrens et al. and Tran et al. who showed that the distribution of counterions in

planar polyelectrolyte brush follows closely the monomer profile of the monomeric units.

Spherical brushes

Fig. 3 Schematic diagram of a spherical brush (Daoud et al. 1982). The spherical brushes
can be formed by micelles of a block copolymer, or grafting polymer on preformed spheres of
a polymer or an inorganic material.

Linear polymer chains densely grafted onto the spherical surfaces forms spherical brushes
(Fig. 3). Hydrophobic spherical particles such as polystyrene latex can be made highly stable
in hydrophilic solvents by grafting of charged polymers i.e., polyelectrolyte. Spherical
brushes are characterised by the core radius R, the contour length L. of the grafted polymeric
chains and the grafting density o, the number of chains per unit area. The brushes are
modelled in terms of volume-filling blobs where the size of the blob £(7) varies linearly with
the radial distance » from the grafting surface. The monomer density decreases with the
increase in the distance from the grafting surface. For polyelectrolytes, the Daoud and Cotton

model (Daoud et al. 1982) was analytically extended by Hariharan et al. (Hariharan et al.



1998) to give the number of segments N, and segment density inside a blob po(r) in good

solvents as

2
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where /, is the Kuhn length and vis the excluded volume parameter that characterizes the

polymer-solvent interaction. The thickness 'L’ of the spherical polymer brush in a good

solvent extending from the surface is given by (Hariharan et al. 1998):

1

3
Gl srerke[ 2]
R R\

where k is a constant.

The electrostatic interactions between the polyelectrolyte and the counterions are of long

range, larger than that of monomer length.

Classification of brushes according to charges:

The brushes can be classified as positively charged, negatively charged or neutral according
to the charges of the constituting polymers. The charged brushes are anionic [(Polystyrene
sulfonates, Polyacrylic acid), Guo et al. 2000, Biesalski ef al. 2003] and cationic [(poly(ar-
vinylbenzyl)trimethyl ammonium chloride, Sumerlin et al. 2003), Vinylbenzylamine
hydrochloride (current work), Poly((2acryloyl)ethyl)trimethyl ammonium chloride (Mei et al.
2003), Poly(-trimethylbenzylammoniumchloride), Polyaminoethylmethacrylate hydrochloride
(Sharma et al. 2004), quaternized polyvinyl pyridine (Biesalski et al. 1999, 2000)]. The
uncharged or neutral polymers include hydrophobic polystyrene and hydrophilic
polyacrylamide (Jones et al. 2002, Balamurugan et al. 2003). Another class of polymers is of
zwitterionic polymers similar to amino acids having both the charges at different pH values (
{poly(3-[2-(N-methylacrylamido)-ethyldimethylammonio] propane sulfonate)-b-poly(N,N-
dimethylacrylamide), Sumerlin et al. 2003}. The feasibility of generating different
functionalities in brushes make their usage possible in a wide range of applications. The
functionalities can be generated by using the monomer bearing the required moiety or by
treating the polymer chemically after its formation accordingly. The former method gives
homogeneous distribution of functionalities over the polymer whereas the latter procedure
produces inhomogeneous charge distribution. The charged brushes are further classified into
quenched and annealed brushes. The quenched polyelectrolytes have charges fixed along the

chain, independently of the external conditions (polystyrene sulfonate and quaternized
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polyvinylpyridine). For annealed polyelectrolytes, the distribution and overall fraction of
charges vary according to the pH of the solution and the polymer concentration (Pincus 1991,

Guo et al. 2001, Guenoun et al. 1995, 1998, Prinz et al. 2000).

I1.2) Synthetic techniques

Brushes are synthesized by a number of techniques such as physical adsorption, Langmuir-
Blodgett technique and covalent attachment. The important brush parameters such as grafting
density, stability of the brushes, thickness of the brushes and polydispersity depend on the
preparatory methods. Every technique has its own advantages and disadvantages. While some
techniques are better suited for synthesis at small scale, the others at industrial scale.
Depending upon the application, the synthetic techniques are chosen.

Physical adsorption of the polymeric chains onto suitably modified surfaces produce
brushes. The polymers are usually block polymers with one of the polymer having affinity to
adsorb on the surface and the other to form brushes which are preferably soluble in the
solvent. The structure of the resulting brushes depend on the lyophobic/lyophilic ratio of the
block copolymer (Hariharan et al. 1998, Singh et al. 1994, An et al. 1999, Walter et al. 1999,
Kelley et al. 1998). Langmuir-Blodgett technique can also be used to yield polymeric brushes
from a dilute phase where the grafting density can be adjusted (Kent et al. 1992, 1995, de
Hann et al. 1995). The choice of the solvent poses difficulty in this technique, as the solvent
has to be non-selective for the block copolymer to be adsorbed. Otherwise micelles of block
copolymers are formed which result in inhomogeneous brushes. The physically adsorbed
brushes also face the problems of desorption by reversal of the charges of the adsorbing
surfaces or in an environment of molecules with preferred adsorption as compared to the
substrate, which causes the chains to desorb. The brushes are also thermally and solvolytically
unstable. (Zhao et al. 2000, Currie et al. 1999, Prinz 2000). These disadvantages can be
overcome by covalent attachment.

Covalent attachment can be achieved in two ways- “grafting to” and “grafting from”
approaches. In “grafting to” approach, the functionalised polymeric chains are reacted with
the suitably modified surface. The length of the polymer to be grafted can be controlled as
they are synthesized before the formation of the brushes. The method has kinetic limitations
as the crowding at the surface inhibits the diffusion of the chains at the surface leading to
lower grafting densities (Luzinov et al. 2000, Jordan et al. 1996, Tran et al. 1999, 2001,
Sukhishvili et al. 1997, Piehler et al. 2000).



“Grafting from” technique is described as in situ polymerization of the monomer on the
surface of the substrate by using the immobilized initiator on the substrate. Various routes
include radical (Prucker et al. 1998, Deboer et al. 2000, Meier et al. 1994, Uchida et al. 1997,
Kawai et al. 2000, Sidorenk et al. 1999), anionic (Jordan et al. 1998, 1999, 2001) cationic
(Ingall et al. 1999, Zhao et al. 1999, Jordan et al. 1998), ring-opening (Husseman et al. 1999),
ring opening metathesis (Buchmeiser et al. 2000, Juang et al. 2000) and atomic transfer
radical polymerization (ATRP) (Borner et al. 2002, Ista et al. 2001, Cheng et al. 2001, Zhao
et al. 2000, Matyjaszewski et al. 1999, Kim et al. 2000, Wu et al. 2001, Von Wern et al.
2001, Ejaz et al. 1998, Huang et al. 1999, 2002, Husseman et al. 1999, Perruchot et al. 2001).
The “grafting from” technique is better suited for the synthesis of the long and dense brushes
as the diffusion of the chains is not a barrier in the synthesis. As the radicals are not able to
diffuse away, the propagation step is more effective than the termination steps. Though very
dense brushes are formed, the precise control over the grafting density beforehand is not
possible and also the brushes formed are of high polydispersity. Living radical polymerization
can be used to graft monodisperse chains where the polymerization can also be reinitiated to
accommodate different monomers. So far, Habicht et al. have synthesized the longest brushes
of polystyrene on gold by living radical polymerization where in dry brush thickness is 135
nm (Habicht ez al. 1999).

I1.3 Spherical Polyelectrolyte Brushes

Fig. 4 Schematic representation of spherical anionic polyelectrolyte brushes grafted onto a
polystyrene surface. The grafted polymer is of polyacrylic acid or polystyrenesulfonates. The
brush parameters R, L and the grafting density depend on the synthesis (Guo et al. 1999).



Anionic spherical polyelectrolyte brushes (Fig. 4) have been synthesized by Guo et al. by
“grafting from” technique. Here, polystyrene spheres provide the grafting surface and
polyacrylic acid (annealed brushes) and polystyrene sulphonate (quenched brushes) form the
brushes. The brush is grafted by the photoreaction of the vinyl part of the monomer with the
thin shell of photoinitiator on the polystyrene surface. The brushes formed were later
characterised by determining the grafting density and contour length of the grafted polymers.
(Guo et al. 1999)

In the further research, the behaviour of the spherical brushes was studied as a
function of ionic strength and pH. The brushes can shrink or swell to their maximum
thickness according to the concentration of salt. For monovalent salts, there are three regimes
- osmotic, for concentrations (ca < 10” M) salted, for concentrations (ca > 10°M) and beyond
these concentrations, neutral regimes (Zhulina 1995, Fleer 1996). In osmotic regimes, the
brush thickness is independent of salt concentration and is fully swollen (Pincus 1991,
Zhulina et al. 1994, 1995, Fleer et al. 1996). This is due to the osmotic pressure exerted by the
ions inside the brushes whose ionic strength is less than external environment. In the salted
regime, the electronic interactions are screened and the screening increases with the
increasing ionic strength. As a result, a monotonic decrease in the brush thickness is seen with
increasing concentration of salt (Zhulina et al. 1995, Fleer 1996). For divalent salts, the
shrinking is much more pronounced than the monovalent salts, because of the contribution of
more ionic strength from the same number of ions.

Annealed brushes e.g., polyacrylic acids have functional groups —COOH, where the
degree of dissociation varies with the pH. Hence, at higher degree of dissociation,
electrostatic repulsion in the chains causes them to stretch. So at high pH values the brush
starts swelling. The swelling is seen between pH 3-7, as the dissociation constant pK of
acrylic acid is 4.6. At low pH values, the brush is in shrunken state as the electrostatic
repulsion is reduced. A plot of brush thickness vs. pH appears as “S” shaped with an
elongated head, as after pH 7 the brush comes in fully swollen state (Fig. 5). The quenched
brushes do not show any sensitivity towards pH as the functional groups (e.g. —SOsNa) have a
permanent charge and hence the degree of dissociation is not dependent on the pH (Guo ef al.
2000).

A study of the osmotic coefficient (ratio of real to ideal osmotic pressure), which is a
direct measure of osmotically active counter ions, of the quenched polyelectrolyte brushes in

aqueous solution is also reported (Das et al. 2002, Hansen et al. 2003). The study

10



demonstrates that nearly all the counterions are confined within the charged spherical
polyelectrolyte brushes. The osmotic coefficient for free polyelectrolyte chains is much lower
in the case of the polyelectrolyte brushes suggesting directly the trapping of counter ions in an

osmotic brush predicted by theory.
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Fig. 5 Hydrodynamic radii(L) of the annealed anionic polyelectrolyte brushes as a function of
pH at constant ionic strength. 0 0.0001M , ® 0.001M, A0.0IM, © 0.01M,X 1M (Guo et al.
2001)

The present work aims at the synthesis of annealed cationic spherical polyelectrolyte brushes
by photoemulsion polymerisation of cationic monomers on the spherical polystyrene latex.
The annealed cationic brushes bear protonated amines as functionality. The interaction
between the positive charges along the backbone of the polymers and the negatively charged
metal complex ions is used to complex the metal ions in the brushes. The metal ions are
confined within the brush due to the “osmotic effect” as will be discussed later. Hence, the
brushes act as “nanoreactors” for the synthesis of the metal nanoparticles. The localised ions
are reduced chemically to generate metal nanoparticles. The mechanism of the brushes to
form the metal nanoparticles can be compared with that of the micelles, dendrimers and other
nanostructured assemblies, which localise the metal ions in a similar way to generate metal
nanoparticles.

The synthesis of metal nanoparticles often requires stabilizing agents like thiols and

phosphorus derivatives, which passivates the surface, making them catalytically inactive. As
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the particles formed by this way do not use any of these stabilizing agents, the particles are

used for the heterogeneous catalysis.

Results and Discussion

IIT  Synthesis of Cationic Brushes

Cationic or polybasic brushes have been formed in past by several researchers. Wesley et al.
synthesized spherical polybasic brushes by selective adsorption of poly(methyl methacrylate)
from the block copolymer Poly(methylmethaacrylate)]PMMA ]-poly(2-dimethylamino)
ethylmethaacrylate) [PDMAEMA] onto the surface of PMMA beads. As the PDMAEMA is
not compatible with PMMA, only PMMA part gets adsorbed, leaving brushes of
PDMAEMA, 8nm in thickness on the surface of PMMA (Wesley et al. 2000). Other cationic
brushes include planar brushes of quaternized polyvinylpyridine (Murata et al. 2003, Bielski
et al. 1999, Minko et al. 2002, Prinz 2000), polyethyleneimine (PEI), (Koper 2003)
polypyrrole (Huijs et al. 2000), poly (L-glutamic acid) or poly-(L-lysine) (Hayashi et al.
2002), hydrophilic polymer shells containing amino groups on latexes with poly(methyl
methacrylate) core (Li et al. 2003), electroactive brushes of polyaniline for metallization with
gold and copper (Kang et al. 2000), w-primary amino functionalised polystyrenes (Kukula et
al. 2002), poly (N, N, -dimethylacrylamide) (Jayachandran et al. 2002) and Poly(vinylamine)
(Hughes et al. 1977, Lewis et al. 1984). Synthesis of quenched cationic brushes by
photoemulsion polymerisation is achieved by Mei (Mei et al. 2003). The cationic brushes

were further studied by AFM for their interaction with the charges of the surface.

Starved
Conditions,
- 5 -
o Monomer
70°C,
Photoinitiator UV/VIS
RT
Polystyrene Photoinitiator
core Shell
Polyelectrolyte
brushes

Fig. 8 Schematic diagram showing the formation of polyelectrolyte brushes. In the 1" step
polystyrene core is synthesised by emulsion polymerisation, in 2 step photoinitiator layer is
generated under starved conditions in the last stages of formation of the latex in and in the 3"
step the polyelectrolyte brushes are generated by polymerising water soluble monomer using

photoemulsion polymerisation technique (Guo et al. 1999).
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The present work focuses at the synthesis of annealed polybasic brushes by photoemulsion
polymerisation. Polyvinyl amine brushes are difficult to synthesize by deprotection of the
thalimide groups as discussed before, considering the mechanism of the reaction and harsh
conditions of deprotection or hydrolysis for the colloid stability. A three-stage process
achieves the synthesis. A thermal initiator initiates first polymerisation of styrene in presence
of a surfactant by the conventional emulsion polymerisation technique. In the second stage,
just before the completion for polymerisation, the photoinitiator is added under starved
conditions, where the rate of addition is less than the consumption of the photoinitiator. The
photoinitiator, which is also a monomer, copolymerises with the styrene to generate a closed
layer of photoinitiator around the particles. In the last stage, a mixture of the latex particles
and monomer to be grafted is irradiated with UV-VIS rays to cleave the photoinitiator to
generate the radicals. The radicals polymerise the monomer to form the brushes on the

surface of the latex particles.

I11.1 Synthesis of cationic core particles
In case of anionic brushes, core particles were made by emulsion polymerisation of styrene
using KPS as initiator and SDS as surfactant. The initiation of polymerisation in emulsions by
potassium persulfate produces a surface of negative charge with the chemical groupings,
sulphate, hydroxyl and under some conditions carboxyl (Van der Hulst 1970). The
polymerisation of acrylic acid and sodium styrene sulphonate on these surface produced
stable latexes, but polymerisation of cationic monomers failed due to the aggregation of the
latex. The aggregation started with the addition of the monomer or during the polymerisation.
The phenomena can be due to the dissimilarity in the charges of core and the monomers. The
synthesis of cationic brushes requires the surface of the core to be positively charged
(Madaeni 2000). In earlier studies, the use of oppositely charged surfactant and initiator leads
to a decrease in the rate of polymerisation and higher polydispersity (Alexander 1967).
Cationic latex can be synthesized using a cationic initiator either with or without the
use of the emulsifier (Goodwin 1978). Cationic monomers such as trimethyl-
ethylmethacrylate ammonium salts, dialkyl amino ethyl methacrylates,
aminoalkylmethacrylate hydrochloride vinyl benzyl trimethylammonium chloride, vinyl
benzyl triphenylphosphonium chloride, vinylbenzylamine hydrochloride and polymerisable
soaps have been used to impart the cationic character to the latex (Delair 1994, Brouwer 1990,
Sakota 1976, Cochin 1997). The water soluble initiators such as Azo bis isobutyramidine

hydrochloride ABA.2HCl (Maroto 1998), azo N, N’dimethyleneisobutyramidine
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hydrochloride ADMBA.2HC1 (Goodwin 1979), and oil soluble initiator 2, 2'-azobis(2-
methylpropionitrile) AIBN (Ferrick 1989) have been used to synthesize cationic latexes. The
use of cationic initiator generates amidine or amine groups as the chemical end groups,
whereas quaternary ammonium groups can be generated by the copolymerisation with
cationic monomers. The cationic emulsifiers used in the synthesis of the latexes are
alkylpyridinium salts, quaternary ammonium emulsifiers, dodecyltrimethylammonium
bromide, hymin and tetradecyldimethylbenzylammonium chloride (Gomez — Cisneros et al.
2002, Ottewill 1966). The emulsifier free polymerisation of styrene can also be carried out
using a cationic initiator which results in a cationic latex stabilised by the hydrophilic part of
the initiator bound to the polymer ends residing on the surface of the particles (Kazukuki
1976, Wiebolt 1998).
Hexadecyltrimethylammonium bromide/dodecyltrimethylammonium bromide and V-
50 were used for the first time by Miraballes-Martinez for the emulsion polymerisation of
styrene (Miraballes-Martinez 2001). The studies included the different reaction conditions for
the synthesis. The variables entailed the reaction temperature, amount of initiator and the
emulsifier and the chain length of the quaternary ammonium emulsifier. The increase of
CTAB concentrations increased the yields and the particle sizes. The latexes produced were
polydisperse because CTAB forms very stable micelles in the reaction medium. Using a
concentration of CTAB below cmc 9.5%10™, monodisperse particles are produced but the
particles are very large. The increase in the amounts of the V-50 increased the particle sizes
due to the increase in the ionic strength, which induces the coagulation of the particles by
compression of the electrical double layer and by changing the solubility of the emulsifier. An
increase in temperature upto 90°C gave higher yields and smaller particle sizes. The increase
in the temperature favours a rapid decomposition of the initiator, which increases the rate of
the reaction and the yields as well. The cationic surfactants produce more stable latexes than
corresponding anionic surfactants at the same concentrations (Antonietti 1991, Capek 2001,
Ya Jiang Yang et al. 1992, Atik 1982).
In the present study, CTAB is chosen as surfactant and V-50 as thermal initiator.
The concentration of CTAB used is above CMC. As discussed above, the size of the particles
can be varied according the amounts of initiator and surfactant. A study is conducted to see its
effect. Table 1 (See Appendix) shows the various compositions. It is evident from the table
that decreasing amounts of both surfactant and the thermal initiator increases the particle size.
The first composition is used for further synthesis. The decomposition temperature of V-50 is

54°C, hence the styrene polymerised at faster rate as compared to the KPS initiated
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polymerisations at lower temperatures. The rate of polymerisation was determined
gravimetrically. It was found the conversion is nearly complete between first 15-20 minutes
after introducing the thermal initiator into the reactor. The Fig. 6 shows the rate of conversion
as compared to time of the reaction.

The composition used is shown in Table 1 (See Appendix). The photoinitiator is added
after 20 mins of the reaction, when the polymerization is ~95% complete. The photoinitiator
is in monomeric form and insoluble in water. It reaches the oil phase, i.e., styrene on the
particles and copolymerises with it. The addition is done in “starved conditions” where the
rate is adjusted such that the rate of consumption is higher than the rate of addition. This
ensures the formation of a complete shell. The shell thickness is typically 2nm. The particles
were studied by Disc centrifuge, DLS and TEM. The Fig. 7 shows the TEM images of the

particles after the emulsion polymerization.
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Fig. 6 Synthesis of latex particles. Conversion of styrene is plotted as a function of Time/min
after the addition of thermal initiator. Conversion is complete after 20-25mins after which it
remains constant. Conversion is calculated by measuring the solid content after every 5
minutes. Zero time is taken just after the addition of the thermal initiator.

(Composition: 2 mol styrene, 14.58 mmol CTAB, 3.234 mmol, and 47 mol water). The particle

size of the core obtained is 40 nm in radius.
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Fig. 7 Transmission electron microscope images of core particles

I11.2 Synthesis of cationic brushes by photoemulsion polymerisation

The core particles formed as discussed in last section were cleaned before photoemulsion
polymerisation. The surfactant added during the polymerisation resides on the polystyrene
particles and has to be removed. The cleaning is done by ultra filtration or dialysis. The
cleaned core is diluted as to give 2.5% of solid content and then charged into the reactor with
the monomer. The brush is grafted by the photoreaction of the vinyl part of the monomer with
the thin shell of photoinitiator on the polystyrene surface (Fig. 8). The layer of photoinitiator
was generated during the last stages of polymerisation under “starved” conditions. The
photoinitiator 2-[p-(2-hydroxy-2-methylpropiophenone)]-ethyleneglycol-methacrylate
(HMEM) copolymerises with the styrene, as the photoinitiator is added in last stages, the
photoinitiator shell is formed on the surface of the spheres.

The core particles with photoinitiator on the surface were charged in the
photoreactor with the monomer to be polymerized on the surface. Water is used as solvent.
The photoemulsion polymerisation is carried out in suspension, which scatters radiation
elastically. The UV light, which is not directly absorbed by the particles, undergoes multiple
scattering and is absorbed later by other particles. As the scattering is elastic, the scattered

radiation is also capable of triggering the photoreaction (Fig. 9).
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Fig. 9 Schematic representation of Photo emulsion polymerisation in latex medium. The
UV/VIS light is strongly scattered in the turbid medium. As the scattering is elastic in nature,
the radiation, which is not absorbed directly, is able to start photo initiation after scattering

(Guo et al. 2000).

The photoinitiator decomposes into the fragments, one held on the core particle and the other
escapes into the solvent. These radicals combine with the radicals generated by the monomers
(Fig 10). The monomer also polymerises with the radical formed in the solvent, so half of the
monomer is polymerised in the solvent.

At higher concentrations, there exists a finite probability of the two latex particles
combining and forming aggregates. Hence, the effective volume fraction was kept low at
about 2.5%. Dynamic light scattering monitored the progress of the reaction. The size of the
particles grows with time with becoming constant after the completion of the reaction.

The polydispersity of the core particles was determined by disc centrifuge. Narrowly
dispersed particles were chosen for further synthesis. The brushes formed were later
characterised by finding the grafting density and contour length of the grafted polymers. The
grafted polymer was cleaved at the ester bond by alkaline hydrolysis. The cleaved polymer
was characterised by GPC and viscosimetry. The molecular weight determined was used to
determine grafting density and contour length (Table 2, See appendix). The brush thickness
was found to be dependent on the amount of initiator used and the amount of monomer used.
The increasing amounts of photoinitiator also increase the brush thickness because of the

stretching of the chains due to the steric effects.
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Fig. 10 Decomposition of photoinitiator HMEM into radicals during photoinitiation by
UV/VIS radiation. The polymerisation starts at both the radicals I and Il. One half of the

monomer polymerising with each radical resulting in the structures III and 1V, Il is bound to

the polystyrene core and structure IV ends up in the solvent.
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I11.3 Synthesis and characterization of AEMH brushes:
The monomer is a protonated form of amine as the functional group (Fig. 11). It is freely
soluble in water. It is synthesized by the reaction of ethanolaminehydrochloride and

methacrylolylchloride in ethanol (See experimental section).

NH3+C|'\/\01{

Fig. 11 Chemical structure of aminoethylmethacrylatehydrochloride (AEMH)

Brushes are grafted on the polystyrene surfaces by photoemulsion polymerisation as described
in the last section. The reaction is triggered by UV irradiation (wavelength 200-600 nm),
which generates radicals of HMEM by photoemulsion polymerisation. These radicals start
radical polymerisation of the monomer. The mixture of diluted core particles and monomer is
charged into the photoreactor. The solid content is adjusted at 2.5% as discussed above. The
radical polymerisation follows, which can be followed by measuring the hydrodynamic radii
of the particles by DLS at regular intervals. The monomer concentration is used from 10
mol% to 100 mol% depending on the desired brush length. Reaction is carried out in an inert
environment to rule out the possibility of radical recombination with oxygen molecules.

The rate of polymerisation of AEMH monomer was very fast as compared to
anionic brushes (acrylic acid, sodium styrenesulfonates) and quenched cationic brushes poly
(2-acryloyl)ethyl)trimethylammonium chloride. The brushes grew to their maximum after
only 60 minutes, after which no substantial increase was observed. The brush thickness
depends on the amount of photoinitiator used, the amount of monomer and the cleaning of
polystyrene core. The dependence on the photoinitiator concentration and amount of
monomer has been studied for anionic brushes by X. Guo (Guo ef al. 2000). The increasing
amounts of monomer increased the length of brushes as a result of more number of units
available for the polymerisation. The usage of monomer concentration more than 60mol %
shows a drastic decrease in the brush thickness possibly due to recombination of radicals. The
increase in the photoinitiator concentration increased the number of radicals formed per unit
area. Hence the number of chains per unit area increased with the same monomer
concentration, which caused more stretching of the chains by virtue of increased mutual
repulsion. The studies conducted by Guo et al. also emphasised the importance of presence of
photoinitiator. Reactions done in the absence of photoinitiator do not give any increase in the

hydrodynamic radii even when the amount of monomer was high.
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Effect of Photoinitiator (HMEM) concentration on AEMH brushes:

The photoinitiator are of many types and the yield of the polymerisation depends on the
mechanism of the radical generation. Photoinitiators can be categorised by the mechanism
they produce radicals. The radicals can be produced via dissociative mechanism, hydrogen
abstraction or ARTP mechanism to give living polymerisation. X. Guo has studied three types
of photoinitiators- 2-[p- (2-hydroxy-2-methylpropiophenone)]-ethyleneglycol-methacrylate
(HMEM), benzoin acrylate and 4-acryloxybenzophenone (ABP). HMEM and BA split upon
irradiation of UV-VIS irradiation into two radicals initiating the polymerisation reaction
(Salamon 1996, Foussier et al. 1995, 1986, Carlini et al. 1986, 1983, 1995). HMEM have
been found to be the most suitable photoinitiator because of its good solubility in acetone,
which gives a control to adjust its concentration for the synthesis. As observed before in case
of anionic brushes, increasing the photoinitiator quantity also increases the thickness of the
grafted brush.

The usage of more photoinitiator starts growth of more number of chains in the same
area, which in turn increases the stretching of the brushes (Fig. 12). The maximum
concentration of the photoinitiator used was 4 mol %, above which no further increase was
observed as only the upper layer of photoinitiator was available for the reaction. As expected,

there were no results by carrying out the reaction without the photoinitiator.
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Fig. 12 Brush Thickness L/nm (hydrodynamic radii) as a function of t time/min. Different
curves show the effect of changing the amount of photoinitiator at constant monomer
concentration. The brush thickness increases with increase in photoinitiator concentration
due to more stretching of the chains as the crowding increases. Photoinitiator concentration:

(0) 4%, (1) 1%, (0) 1.5%, (V) 0.5%.
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Effect of Monomer concentration and gel formation: Increasing amounts of monomer
increased the brush thickness, as expected due to more number of monomer units available.
Usage of more than 30 mol % of monomer increased the viscosity of the latex, which may be
due to the formation of gel structure in the latex (Fig. 13). The latex shows very high
viscosity. The phenomenon can be attributed to the structural effects due to the presence of
quaternary charged ammonium group and the carbonyl group. The interaction of carbonyl
oxygen s and the hydrogen bound to the nitrogen can give rise to the H-bonding which may
be responsible for the gelation of brushes (Fig. 14). Similar gelling is reported for the
microgel of poly (N-isopropylacrylamide) and polyacrylic acid (Xia et al. 2004).
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Fig. 13 Brush Thickness L (hydrodynamic radii) as a function of time t/min as determined by
dynamic light scattering. The different curves show the effect of monomer concentrations on
the final thickness of the brushes. The network of dotted line shows gelation effect at higher
monomer concentrations. Monomer (AEMH) concentration (in mol%) is different the curves.

Core radii- 40 nm (e) - 20%, (o) — 10%.
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Fig. 14 Predicted hydrogen bondings in the brushes of polyAEMH resulting in the gelation

effect at higher monomer concentrations

This phenomenon is not observed in case of anionic brushes or other cationic quenched
brushes like poly ((2-acryloyl) ethyl) trimethylammonium chloride and Poly (trimethylbenzyl
ammonium chloride), which were synthesized by same techniques.

In case of anionic brushes, up to 60 mol% of acrylic acid and sodium styrene sulphonates
were used without any gelation being observed. Using monomer concentration above this
level decreases the brush length drastically due to radical recombination contrary to the results
obtained in the current studies. In case of quenched brushes, synthesized by Mei et al. the
monomer concentration was used more than 100 mol %. The formation of gel is reported in
past but at higher concentrations of monomers (Pawlowski et al. 2003).

At higher pH, the structure of the gel is destroyed and the latex is coagulated as the charges
of the gel are destroyed. Cleaning of latexes played a vital role in the brush thickness. The
presence of surfactant reduced the grafting density and increased the brush thickness.
Uncleaned latex gave a gel even with small quantities of monomer used at low effective
volume fractions, whereas the cleaning of the same core to different extent gave different

brush lengths.

II1.4 Characterization:

Important parameters to be determined in the core-shell system are the core radius, contour
length (L.), and the grafting density of the brushes. The size of the core particles and the
thickness of brush are determined by Dynamic Light Scattering.

Contour length:
In “grafting to” process, in contrast to “grafting from* process, the polymers to be grafted are
already characterized. To determine the contour length of the polymer grafted in the “grafting

from” technique, the polymer has to be cleaved from the surface. It is done by hydrolysis of
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the ester bond, which is formed during the initiation of polymerisation by the radicals of the
photoinitiator on the surface (Fig 15).

The hydrolysis of the ester bond is achieved with 2M NaOH at 120°C for 20 days. The
system contains two types the ester bonds, one in the photoinitiator and another in the
polymer. During the hydrolysis, both of these ester bonds are hydrolysed, resulting in
coagulated latex particles with residual photoinitiator, polymeric chains of polymethacrylic
acid and molecules of protonated ethanolamines. The mixture is centrifuged at 20000 rev/min
for 3 hours. The latex is separated from the polyelectrolytes and small molecules. The
polyelectrolyte is then ultrafiltrated through regenerated cellulose of 5000 dalton cut off to
obtain polymethacrylic acid. The amount is determined gravimetrically after drying. The
polymer was analysed by MALDI (Matrix assisted laser desorption Ionisation) to confirm the

complete hydrolysis of the ester bonds.
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Fig. 15 Cleavage of brushes from the grafting surface by alkaline hydrolysis. The strong
basic environment hydrolyses the ester bond at the grafting point and of the monomer unit to
result in the formation of polymethacrylic acid. The contour length of the polymethacrylic

acid corresponds to the grafted polymer.
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The molecular weights are determined by viscometric methods (Ubbelohde viscometer). The
viscosity average molecular weight is determined by the intrinsic viscosity of the polymers
with the Mark-Houwink relation:
[n] = KM%,

Where M, represents the viscosity average molecular weight of polymethacrylic acid in 2M
NaNO;. At 25°C, K= 4.49%10™ ml/g and a=0.65 (Arnold et al. 1955). The viscosity can also
be determined in 0.002N HCI at 30°C. The Mark-Houwink constants are K=6.6*10* ml/g and
a=0.5 (Brandup et al. 1989). It has been shown by the previous studies that the standard
polymers on being given the same treatment of hydrolysis do not degrade. The contour length
L. can be obtained by dividing the molecular weight by the effective bond length 0.252 nm
(C-C bond length) per repeat unit of the monomer.

Grafting density:

The amount of the monomer grafted on the core latex particles can be determined by direct
titration on the core shell particles with a standard solution of AgNOs;. The Ag’ forms
insoluble salt AgCl with the chlorides of the monomers. The titration is followed by
conductivity methods. The latex should be completely cleaned by serum replacement to
remove the polyelectrolytes formed in the serum. Table — 2 summarises the characteristics of
the systems synthesized. The distance between the two grafted points is smaller than the
hydrodynamic radii of the polymeric chains, hence the chains are stretched to their maximum
to avoid the overlap.

Grafting density increases with the increased amounts of photoinitiator as more grafting
points are generated. The contour length increases with increasing amounts of monomer. The
grafting density is reduced drastically in presence of the surfactants as the photoinitiator layer
is covered with the surfactant. The contour length decreases and the grafting density increases
with cleaning of the core. As discussed earlier, the concentration of monomers more than 30%

to that of the polystyrene amount leads to formation of the gel.
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Latex |R(nm)| HMEM(%)| AEMH(%)| Mn(g/ml) | c(nm2)| Le(nm)| D(nm)
S1 42 0.5 30 50,000 0.037 75 5.8
S2 40 0.5 10 62,000 0.014 93 9.5
S3 47 1.5 20 1,00,000 0.017 149 8.6
S4 42 0.5 20 95,000 0.016 142 8.9
S5 55 4 20 1,15,000 0.018 171 8.4
S6 40 1 20 1,00,000 0.017 147 8.6
S7 42 2 20 1,00,000 0.018 152 8.4

Table 2: Characteristics of the AEMH brushes synthesized

R = radius of core

Mn = Viscosity average molecular weight of methacrylic acid

HMEM(%) = Amount of photoinitiator (HMEM) used in molar percent of styrene used for the

synthesis of cores latexes.

AEMH (%) = The amount of added AEMH (monomer) in molar percent of styrene used for

synthesis of core latexes.

o = Grafting density of the chains on the surface

D = The average distance between two neighbouring grafted points

Lc= Contour length of the methacrylic acid

I11.5 Brushes of Vinylbenzylamine hydrochloride (VBAH)
The rate of polymerisation of VABH was not so high. As seen from the Fig. 16, the reaction
was not complete even after 210 minutes. As the synthesis of this monomer is tedious, most

studies were conducted by the brushes of AEMH.
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Fig. 16 Brush Thickness L/nm (as measured by hydrodynamic radii) as a function of time
t/min for the monomer Vinylbenzylamine hydrochloride (VBAH). The reaction not complete
even after 210 minutes as the brush thickness goes on increasing showing any constant value.
The core radius used is 40 nm. Monomer concentration used is 30 mol% of the polystyrene.

Photoinitiator concentration is 2 mol%.

I11.6 Synthesis of polyvinylpyridine brushes:

Vinyl pyridine is a weak base with negligible solubility in water. The polymer is
soluble only in very polar solvents like alcohol, DMF, benzene or in acidic water. The alkyl
halide quarternized polyvinylpyridine is soluble in aqueous solutions. There are reports of
polymerisation of vinyl pyridine in ethanol (Akin et al. 1992). Planar polyvinylpyridine
brushes has been synthesized by Riihe et al. in benzene using self assembled monolayers of
an azo initiator on the surface of the substrate (Kawaguchi et al. 1999, Kawaguchi ef al. 1998,
Bielaski ef al. 2002). The polyvinylpyridine can be quaternized or can be made to complex
with cupric ions in ethanol-water mixtures (Acar ef al. 2001).

The photoemulsion polymerisation technique uses water soluble monomers for the
synthesis of brushes. The resulting latexes are highly stable due to charged surface of the
latexes, which are hydrophilic. But for the water insoluble polymers like polyvinylpyridine
the photoemulsion polymerisation gives a hydrophobic surface to the latexes which results in
the aggregation of latex due to phase separation of polyvinylpyridine and water phases. The
protonation of the monomer first and then polymerisation does not work due to the self-
polymerisation mechanism of the protonated monomers. Charge transfer complexes of
pyridinium ions act as charged photoinitiator for the polymerisation (Hizal ef al. 1994). It is

an acid catalysed polymerisation.
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The above problem can be solved by using a mixture of alcohol: water mixture in the
ratio of 92.8 % alcohol: 7.2 % water. Polyvinylpyridine is soluble in the mentioned mixture at
25°C. The latex before photoemulsion polymerization was diluted to 2.5 wt% by absolute
alcohol to adjust the ratio as discussed. The polystyrene latexes showed swelling in ethanol.
This has been reported in past (Rubio-Hernandez 1994). Vinyl pyridine was dissolved in the
diluted latex and the mixture was charged in the photoreactor to give the polyvinylpyridine

brushes (Fig. 17). The brushes formed are sensitive to temperature.
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Fig. 17 Brush thickness/nm as a function of time/min: Hydrodynamic Radius of core: 58 nm,
Hydrodynamic radius of brush: 72 nm (In ethanol). Photoinitiator-Benzoin acrylate (1mol%),
Solvent-92.8: 7.2 Ethanol: water, Vinyl pyridine concentration in mol% of core amount-30%.
The reaction is not complete as a constant value of brush thickness is not reached. The rate of

polymerization is slow as compared to other anionically or cationically charged monomers.

Effect of photoinitiator concentration and solvent strength

As observed previously (See page 19), the brush thickness varies with the amounts of
photoinitiator and monomer concentration used. Fig. 18 shows the effect of photoinitiator
concentration. Increase in the photoinitiator concentration increases the brush thickness
considerably, though the reaction is not complete in either of the curve. The increase can be
attributed to the effects of stretching of the chains on increasing the photoinitiator
concentration as discussed in previously. In addition to these factors, the brush thickness also
depends on the ratio of ethanol to water in the solvent. As the ethanol content of the solvent

goes down, the brush thickness also reduces as shown in Fig 19.
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Fig. 18 Brush thickness/nm as a function time. The variable parameter in the two curves is

the photoinitiator concentration.
Solvent: 85% ethanol /H,O, Monomer: 60% VP, Hydr. Rad.: 45nm (In H,O), Hydr. Rad.:
80nm (In Ethanol) (0)- 0.5% HMEM, (0)- 1% HMEM
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Fig. 19 Brush thickness/nm as a function of Ethanol/water ratio. As seen from the curves, the
polymerisation rate and the brush thickness depends on the solvent strength. Decreasing the
strength of the solvent decreases the final brush thickness keeping the other experimental
conditions same. The phenomenon can be due to the different conformations of the polymer in
0 solvent conditions.

(0)- 80:20, (e) 92.8:7.2, Monomer: 60% VP, Hydr. Rad.: 40 nm (In H,O), Hydr. Rad.: 78 nm
(In ethanol) Photoinitiator: 0.5% HMEM
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IV Behaviour of spherical cationic brushes

Besides grafting density o and the contour length L, the geometry of the grafting surface
becomes an important parameter for the spherical brushes as the R, radius of the grafting
surface also becomes important parameter to define brush characteristics.

As discussed earlier (See Section I1.3), the theoretical studies of the spherical polyelectrolyte
brushes are modelled by Hariharan et al., by extending the model of Daoud and Cotton model
for neutral brushes. The model is validated by the experimental data by Guo et al. for anionic
brushes the brush thickness L of the spherical brush in a good solvent extending from the
surface is given by:

1

3
(£+1)% er ke 0_;’
R R\L

(Biver et al. 1997, Hariharan et al. 1998), where k is a constant. /, is the Kuhn length and v is

the excluded volume parameter that characterizes the polymer-solvent interaction. The brush

thickness is dependent on ionic strength, pH and solvent strength.

IV.1 Effect of ionic strength

Planar as well as spherical brushes are investigated theoretically and experimentally as a
function of salt concentration (monovalent and multivalent) and solvent quality. The
systematic experimental studies on the spherical anionic brushes have been done by Guo et al.
to see the effect of monovalent and divalent ions (Guo et al. 2000, 2001). Fig. 20 shows the
behaviour of poly (AEMH) brushes in presence of a monovalent salt NaCl. Poly (AEMH)
brushes are annealed brushes, which can deprotonate at high pHs. The hydrodynamic radius
of the brushes is plotted as a function of added salt concentration C, (Fig. 20). The ionic
strength of the purified water assumed to be 107 M. As can be seen from the curve, the brush
thickness decreases with increasing salt concentration. The curve can be divided into three
parts the osmotic regime, the salted regime and the neutral regime. As seen from the curve, in
osmotic regime the brush is fully swollen, in salted brush regime the brush thickness starts to
decrease with increasing salt concentrations. In neutral regime, the brush behaves like a
neutral brush. Pincus and Zhulina have theoretically studied the discussed behaviour of the
polyelectrolyte brushes in terms of electrostatic interactions (Pincus 1991, Zhulina et al. 1994,

1995, Fleer 1996).
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Fig. 20 Brush thickness L (Hydrodynamic radii) of poly (AEMH) brush as a function of NaCl
concentration C, in aqueous solution. The three brush regimes- Osmotic, Salted and neutral

are depicted in the Fig..

At very high salt concentration, the electrostatic interactions are totally screened, the ionic
strength outside and inside of the brush are the same. The brush behaves like a neutral brush
(Zhulina et al. 1995, Fleer 1996).
Lo N (va)%

Where L denotes the thickness of brush, N the number of statistical segments of a
polyelectrolyte chain and v the excluded volume parameter. At C,>10~ M and higher, the
thickness decreases monotonically with the addition of the salt due to the screening of
electrostatic interactions by salt. This is salted brush regime (Zhulina et al. 1995, Fleer 1996).
Although the electrostatic interactions are still screened, they become comparable to the

excluded volume interactions. Resulting from electrostatic interactions, the excluded volume

parameter v for a neutral polymer in equation is replaced by the volume parameter
. -2
v, =4rl,x
Or v e

The thickness of the brush is given by

1/3 1/3 -1/3
L N(v,0)" «No "c,
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In this region, the brush thickness will increase monotonically with decreasing of external salt
concentration. Below C,<10° M, the brush length shows no dependence on the salt
concentration showing the Osmotic brush regime (Pincus et al. 1991, Zhulina et al. 1994,
1995, Fleer 1996). If the salt concentration is further decreased, such that the local ionic
strength inside the brush becomes noticeably different from their bulk values, it leads to the
transition from salt brush to osmotic brush. Here, due to the Donnan effect the mobile co-ions
are expelled from the brush and the counterions are mainly confined inside the brush, and the
electrostatic interactions are effectively described in terms of the osmotic pressure of the
trapped counterions. The concentration of the counterions inside the brush is equal to that of
the immobilized charge of the grafted chains, and thus the brush becomes electroneutral as a
whole. The brush thickness is determined from the balance between the osmotic pressure of
the mobile ions inside the brush IT and the elastic force arising in the stretched chains F¢. The
osmotic pressure can be expressed as

Mo aocN
L

Where « is the average charged degree of the polyelectrolyte chains and the elastic force per

unit chain.

F, OCO-%\/'

The force balance is given by

II=Fy
Thus, the thickness of brush L scales as

Lo Na'?

The thickness of the brush is independent of the added salt concentration C, and the grafting

density o .

IV.2 Effect of pH:

In annealed brushes, the functional groups are as such which can be ionised or deionised with
pH change. Examples include brushes of polyacrylic acid, polyamine brushes. The brushes in
charged state stretches completely because of the electrostatic repulsion. In uncharged brushes
electrostatic repulsion is reduced which causes brush to shrink as shown in Fig. 21. On the
other hand the “quenched brushes” have fixed charges, these are not affected by the pH
change, hence in full range of pH the brushes is fully stretched. Guo ef al. conducted pH

studies on polyacrylic acid brushes. The brushes swelled at high pHs due to ionisation of the
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Fig. 21 Deprotonation of polyAEMH and polyVBAH brushes at higher pHs. The charged
brushes lose protons to result in shrunken uncharged brushes due to the loss of electrostatic

repulsions of the charges.

carboxylic groups, which led to increased electrostatic repulsions. The swelling was reported
between 3 to 7 pH. The protonation of primary groups is determined by potentiometric
titration by G. Koper for the comb like brushes of polyethyleneimines (Koper et al 2003). The
pKa’s of primary amine were observed to be around 10.3 but the primary amine groups were
protonated at pH around 9.5, secondary and tertiary group protonate at around 4.5 and less
than 1 respectively. The pK of the amines groups in the discussion are shown to be dependent
on the ionic strength. The pK increase with ionic strength with for the primary and secondary
groups. The protonation of tertiary groups could not be detected so accurately.

Fig 22 shows brush thickness L as a function of pH. The latex was titrated at constant
ionic strength. To maintain constant ionic strength was necessary to eliminate the effect of
screening of electrostatic interactions. The titration was done by standard solution of NaOH
against standard solution of HCI. The ionic strength was adjusted by adding precalculated
amount of NaCl. The brush thickness was determined by observing the hydrodynamic radii by
DLS. The Fig. 22 and shows effect of pH on poly (AEMH) and Fig. 23 on the poly (VABH)
brushes. The amine groups are both primary but the pKa of poly-(AEMH) is higher than that
of poly-(VBAH). This can be due to the ester functionality present in the poly-(AEMH)
groups. The ester functionality may form H bonds with the protons of other chains and hence
may require higher pH than poly-(VBAH) to deprotonate. The pK is approximately 10 and
8.5 for poly (AEMH) and poly (VBAH) respectively as detected by the mentioned titration.
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Fig 22 Thickness of poly (AEMH) brushes as a function of pH at different ionic strengths.
Each curve is at a constant ionic strength. A sharp decrease in brush thickness is observed at
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Fig 23 Thickness of poly (VBAH) brushes as a function of pH at different ionic strengths.

Each curve is at constant ionic strength. The sharp decrease in the brush thickness is

observed at pH between 8-9. (x) 1M; (A) 0.1; () 0.01; (0) 0.001; (A) 0.0001
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IV. 3 Polyelectrolytes Brushes as nanoreactor to generate metal nanoparticles

HAuCly is widely used for making the gold nanoparticles (Youk 2003, Lim ef al. 2003, Ghosh
et al. 2003, Pol et al. 2003). HAuCly can interact with a variety of organic and inorganic
compounds to form complexes such as with the unsaturated hydrocarbons, aromatic and
aliphatic compounds containing nitrogens. The nitrogen replaces the chlorides in HAuCly in
different stoichiometries to form complexes. The heterocyclic amines and related compounds
are well known to form complexes in neutral pHs and ionic compounds in acidic pHs (Adams
et al. 1982, Cattalini et al. 1966, Kukushkin et al. 1981, Ahrens et al. 1999). Interaction of
polymeric amines with the metal complexes yield a ionic pairs [RsNH]' [AuCly] (Alguacil et
al. 2001) by the electrostatic interactions and complexes are AuCI(NH;R) (Kumar et al.
2003). The protonated polyamine groups serve as first as well as second sphere coordinating
ligands. The optimum pH regime for complexation is 3-9. (Schlaepfer et al. 1990,
Myasoedova et al. 1997, Zelewsky et al. 1993) M"™ ions (transition metals) bind via
complexation releasing protons of the polymer, whereas negatively charged complexes such
as PtCly> are ion exchanged easily with the anions of the polymer. The interaction of AuCly
and PtCl42' in the brush system follows the same mechanism.

The brush thickness at high ionic strength shrinks due to the screening of charges as described
before (See page 29). From 10 M concentration of NaCl, which is a monovalent salt, the
brush starts decreasing. In presence of divalent ions the onset of the salted regime is much
before than for the monovalent like NaCl. Guo et al. (2001) has studied the effect of divalent
ions such as MgSO, on the anionic brushes. The shrinking of the brushes is much more
pronounced. Similar studies with HAuCls shows the decrease of brush thickness starts from
10 M. The low concentration of HAuCly is required to produce the shrinking (Fig 24). The
gold salt was added exactly in 1:1 stoichiometry of the nitrogens present in the brush, which
was calculated by titration with AgNOs as described before. The addition of excess salt at the
same concentration aggregated the system. The sharp decrease in the brush thickness may be
due to complexation of two or more amine functionalities with the AuCl, ions. Such binding
is observed before in the nitrogen and sulfur containing compounds where chlorides of AuCly
are replaced by nitrogen and sulfur (Porter ez al. 2003, Rombke ef al. 2001, Gmelin Handbook
Au Suppl. Vol. B1). In principle, all the chlorides can be exchanged by some ligand.
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An interesting study is the complexation behaviour of deprotonated brushes with the HAuCl,
ions. For this study, polyelectrolyte brushes were deprotonated first by the treatment with the
base. The PAEMH chains could be converted into the uncharged amino-form by treatment
with strong base and subsequent purification. In this way a dense surface layer of
poly(aminoethylmethacrylate) chains is generated that can be used for complexation of other
metal 1ions as well. Fig. 22 demonstrates that the conversion of the
poly(aminoethylmethacrylate hydrochloride) chains into an uncharged polymer is followed by
a strong decrease of the layer thickness L as expected. The latex is still stable against
coagulation, however, and may be used for uptake of ions again. Hence, the neutral amino
form of the brush is titrated with HAuCly. No salt is added in this procedure to ensure the full
uptake of AuCly ions into the brush. Since the total number of charges is known with good
precision, this way offers allows to restrict the amount of the precious metal ions to the
absolute minimum necessary.

Due to the high affinity of the brush particles for AuCly ions, no ions are left in the
solution. This can be shown by DLS. Titration with HAuCls does not lead to the strong
swelling as expected for a titration with HCI but to the same layer thickness L as observed
previously. These shrunken brushes then complexed with the gold salt. The hydrodynamic
radii were observed at each stage. Fig. 25 shows two systems studied. The shrunken brushes
in case of treatment with HCI swell again due to formation of the polyelectrolyte. But with the
addition of HAuCly the brushes do not show any swelling, even when the pH was observed to

be around 3.
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The confinement of the counterions can be demonstrated by osmotic measurements.
Osmotic coefficient describes the osmotically active counterions. This is given by ratio of real
to ideal osmotic pressure. If all the counterions are free to move the measured osmotic
pressure is given by the ideal term calculated from van t° Hoff's law. The counterions present
in the polyelectrolyte brushes comprise three different types. The first types of counterions are
those, which are condensed to the polyelectrolyte chains owing to the -electrostatic
interactions. Such counterions have been described in literature by ‘Manning Condensation’.
The second type of counterions are those, which are trapped within the brushes and contribute
to the osmotic pressure of the system. The third type of counterions are able to move freely
within the brush and outside into the bulk system.

The measurement of osmotic coefficient shows about 95-98% of the counterions are
confined within the brush leaving only a fraction osmotically active (Das et al. 2002). It is
also observed that the greater the contour length of the grafted polyelectrolyte chains, the
lower is the number of osmotically active counterions in these spherical polyelectrolyte
brushes. Hence the ions once introduced in the brush are confined within the brushes. Metal
ions interact with the backbone of the brush chains and bound there after. These are do not

exchange with the medium.
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Fig. 25 Titration of deprotonated brushes with HAuCly. (-0-)Brush thickness-160 nm,
Deprotonated thickness-60 nm, (-®-) Brush thickness-183 nm, Deprotonated brush thickness-
97 nm.
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V Generation of metal nanoparticles

V.1 Metal Nanoparticles in the range of 1-20 nm can be formed by a number of methods.
The stability, size and properties of the particles are dependent on the synthetic methods used.
The synthetic methods can be divided into physical and chemical ways. The particles find
applications in catalysis, biosensors, dielectric reflectors (Fink ez al. 1998, Urbas et al. 1999),
quantum dots, light emitting diodes (Colvin et al. 1994, Dabbousi ef al. 1995) and magnetic
information storage ( Joly et al. 2000).

Physical Methods include molecular beam epitaxy, sputter deposition, electron beam
lithography etc. Some of the recently developed methods include metal vapor synthesis,
where the metal vapor is condensed in a controlled manner to yield the nanoparticles (Ecstein
et al. 1991, Niidome et al. 2000, Kamat et al. 1998, Kurita et al. 1998, Takami et al. 1999,
Mafuné et al. 2001). Laser induced ablation techniques generate a broadly dispersed
nanoparticles. Narrowly distributed gold nanoparticles are obtained by pulsed irradiation of
gold metal plates (Mafuné et al. 2002).

In the solvated metal atom dispersion technique, the frozen atoms of the metal are slowly
warmed up to yield the metal clusters (Klabunde ef al. 1979). Other method to obtain
narrowly dispersed particles is the digestive ripening of the metal dispersion (Stoeva et al.
2002).

Chemical Methods

The chemical methods include the usage of ligands and polymers in the specific control of the
size and in prevention of agglomeration of the particles. More advanced techniques include
growth of particles in mesoscopically confined geometries such as vesicles (Watzke et al.
1987), zeolites (Wang et al. 1987), organic and inorganic gels, dendrimers, or other
prestructured templates (Lianos et al. 1986, Steigerwald et al. 1988, Kortan et al. 1990, Pileni
et al. 1992, Breitscheidel et al. 1991, Xiao et al. 1990, Zhao et al. 1991, Luong et al. 1988,
Zhou et al. 1999, Rabaine et al. 1998, Maye et al. 2000, Ascendio et al. 2000, Hou et al.
1999, Antonietti et al. 1997).

Protecting agents

The protecting agents stabilise the nanoparticles not only against aggregation, but also
controls their particle size. The molecular weight and the amount of the polymer used
determine the size of the nanoparticles. The wide variety of polymers has been used for
protecting different metal nanoparticles such as Poly (2-hydroxyalkyl methacrylates) to

protect nanoparticles of palladium, gold and silver with the radii 20 nm, 4 nm, and 8 nm
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respectively (Mayer et al. 2000) and poly (N-Vinyl-2-pyrrolidone) for monodisperse Pt and
Pd nanoparticles in the range of 17-35°A (Chadwick et al. 1977, Janietz et al. 1993). Other
polymers include nafion (Quinn et al 1994), polyethyleneglycol, polyvinylalcohol
(Longenberger et al. 1995), polyphosphate (Henglein et al. 1995), polyacrylate (Belloni et al.
1994, Keita et al. 1996, Remita et al. 1994, Strelow et al.1994), polyethyleneimines (Ershov
et al. 1994, Sosebee et al. 1995), gelatine (Kapoor et al. 1994) and PMMA (Nakao et al.
1995) has also been used.

Linear polymers having cyano (—CN) or mercapto (-SH) functional groups which
have high affinity for gold have been used to protect the gold particles of 15- 30 °A of mean
diameter (Tamoto et al. 1997, Pei et al. 1995, Teranishi et al. 1998). Gold colloids stabilised
by cationic polyelectrolytes were synthesized by Mayer et al. by in-situ reduction of HAuCl,
in presence of cationic polyelectrolytes having ammonium side groups (Mayer et al. 1997).
The application of polymer protected nanoparticles is limited in catalysis as the protecting
polymers have an passivating effect on the metal nanoparticles and due to dense coverage of
the surface by the protecting polymers, the reachability of the reactants is limited. Moreover,
separation of the nanoparticles is difficult by using simple filtration techniques due to their
small particles size. The nanoparticles attached to the microsized structures are easy to
separate.

Mesoscopically confined geometries

Nanoreactor Metal nanoparticles

Fig. 26 General scheme of a nanoreactor. The metal ions are confined inside the nanoreactor
by physical or chemical means. The confined ions are reduced by suitable methods to
generate nanoparticles. The nanoreactor can be micelles, nanostructured templates,

biological vesicles etc.
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Amphibilic block copolymers serve as building blocks to control material interfaces
structurally and energetically. Thermodynamically stable hybrid materials can be made with
nanoscale structure. Amphibilic block copolymers can be arranged linearly as grafts, stars or
H shaped blocks. These structures have the ability to form structures such as spherical and
cylindrical micelles, lyotropic phases, and mesophases. Any of these structures can be utilized
to form nanoparticles (Schillen ef al. 1994, Price et al. 1986, Nyrkova et al. 1993, Zhang et al.
1995, 1996, Clay et al. 1995).

Diblock copolymers form inverse micelles in organic solvents where the hydrophilic
block is able to bind HAuCly, LiAuCly, H,PtCls, CdCl,, NiCl,, TiCls, Ti (OR)4, Si (OR)a, 3-
glycidyloxypropyl trimethoxysilane (Spatz et al. 1998) CdCl,, CoCl,, ZnCl, to form ionic
complexes of metals in the core in the micelles which are later reduced chemically to form
gold nanoparticles. The particles were spherical or wire shaped according to the shape of the
micelles. The particles were from 1-10 nm in size depending on the concentration of the gold
salt (Spatz et al. 1998, 1996, 2000, Selvan et al. 1999, Antonietti et al. 1995, Lindlar et al.
2002, Djalali et al. 1999, 2002, Dziezok 1997, Youk et al. 2002, Antonietti et al. 1996).
Microporous and Mesoporous materials (MCM-41) with the pore size of 2-10 nm can be
efficiently used to produce stable nanoparticles. The MCM-41 is organo functionalised to
produce propylamine-MCM-41 and propylthiol-MCM-41. The silanol groups present on the
matrix reduces the AuCly ions and the functional groups stabilize the gold nanoparticles. The
average size of the particles was 17.5"nm. The particle size of the metal can be controlled by
using the appropriate sized MCM-41 matrices (Ghosh et al. 2003, Mukherjee et al. 2001).
Micellar template of the surfactant can be effectively used to produce gold nanorods (Ahmadi
et al. 1996, Petroski et al. 1998, Bradley et al. 2000, Jana et al. 2001).

Amphibilic poly (organosiloxane) nanospheres for the synthesis of topogically trapped
noble metal colloids has been described by Jungmann et al. The nanospheres with hydrophilic
core and hydrophobic shell are soluble in toluene and the metal ions can be introduced in the
core by solid-liquid or liquid-liquid phase transfer. The gold, palladium and silver ions can be
localised into the cores of these nanospheres. The average size of the gold colloids after
reduction is 1.7 + 0.7 nm (Jungmann et al. 2003).

Polyelectrolyte hydogels with oppositely charged surfactants has also been used to
embed noble metal nanoparticles. Complex of a cationic gel of with the anionic surfactant
sodium dodecylsulfate (PADMACI/SDS and that of the anionic gel of poly (methacrylic acid)
with a cationic surfactant cetylpyridinium chloride (PMA/CPC). Addition of gold salt in
cationic gel distorts the structure of the gel partially. After reduction, the ordering in the gel
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disappears completely and metal particles are formed. The particles size of the metal particles
ranges from a few nanometres to 40 nm. The platinum particles of 2 nm sizes were also
formed by the same mechanism (Svergun ef al. 1998).

Poly- (octadecylsiloxane) has both the alkyl chains and silanol groups. The polymer
forms a bilayer structure having water molecules between the layers. Intercalated water
molecules between the siloxybilayers of an amphibilic polymer poly- (octadecylsiloxane) are
replaced by metal ions. The metal ions were reduced by NaBH,4. The 1-2 nm metal particles
owing to high contrast visualizes the bilayer structure in TEM (Bronstein et al. 2000).
Carboxylic acid fictionalized gold clusters were assembled in the scaffolds of polymers
having amine functionality such as polyethyleneimines or poly-L-lysines (Maya et al. 2000).
Liu et al. made pH responsive core shell by the triblock polymers. These triblock polymers
were dissolved at low pH, on addition of NaOH, micellization occurred, above pH 7-8 onion
like structures are formed. These structures were used as nanoreactors to produce
nanoparticles of gold. The colloid produced was stable for long periods (Liu et al. 2002) U

Usage of dendrimers for anchoring to generate metal nanoparticles also provide a
route to synthesize metal nanoparticles (Esumi et al. 2000, 1998, Manna et al. 2001, Garcia et
al. 1999). The monomers complexed transition metal ions have been polymerized by living
polymerization to form the desired polymer/block copolymer complexed transition metals
(Ng et al. 1992).

Metal nanoparticles on Substrates

Adsorbing directly preformed metal nanoparticles on the substrates provides a simple
route to assemble the nanoparticles on the desired surfaces. The method has a general
approach where the functional groups or the ligands having an affinity for the metal particles
are supported on the substrates. The preformed metal nanoparticles are then anchored to the
functionalised substrates.

In situ Au/Pt bimetallic colloids were produced on the surface of polystyrene
microspheres by dispersion copolymerisation of styrene and poly (N-isopropylacrylamide) in
presence of ethanol-water media in presence of HAuCly and H,PtCles. The ratio of Au/Pt
controls the nucleation of polystyrene spheres. Hence the size of polystyrene spheres and the
morphology of the particles can be controlled by the varying the Au/Pt ratio (Chen et al.
2002). Gold silica nanocomposites were prepared by sonochemical methods on silica
microspheres in an inert atmosphere. The gold particles were of 5 nm in size (Pol et al. 2003).

Thin films of sequentially adsorbed interpenetrating polyelectrolyte layers can be used

to produce nanoparticles of metals (Ag) and semiconductors (PbS). Silica coated gold were
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synthesized by the Liz-Marzan and Philipse (Liz-Marzan et al. 1996, Coenen et al. 1988,
Schirtl et al. 2000). Dokoutchaev et al. showed that microspheres of silica can anchor metal
colloids of Pt, Pd and Au by electrostatic deposition onto the oppositely charged beads of
polystyrene. The beads were charged by adsorption of polymers like polystyrene sulphonic
acid and polyallylaminehydrochloride (PAH). The metal particles were of 12.5 nm in size in
case of citrate reduction and 15-30 nm in size with the sonochemical reduction for gold
particles (Dokoutchaev et al. 1999). A similar approach to coat the islands of gold and silver
on the micro sized polystyrene latex beads was done by Siiman et al. The metal colloids were
held on the surface by aminodextran, which were covalently bound to the aldehyde and
sulfate groups on the polystyrene beads (Siiman et al. 2000).

Organosilanes having functional groups (-SH, -P (C¢Hs),, -NH», -CN) were coated on
substrates. The functional groups on silanes bind to the gold colloids of size (2.5-120 nm) to
produce macroscopic Au surfaces with a well-defines nanostructure (Katherine et al. 1996).
Microcrystals of polydiacetylene were used as core particles to coat gold and silver layer on it
(Katagi et al. 2000). The adhesion of polymers and inorganic materials can be done through
specific interactions like dipolar interactions, hydrogen bonding, complex formation or
covalent bonding such as gold nanoparticles adsorb at the surface of poly (2-vinylpyridine)
and at the interface of PS and poly (2-vinylpyridine) (Kunz et al. 1993).

The method is easy and the complicated procedures of in situ synthesis are avoided.
The particle size of the metal nanoparticles is not dependent on the support material as in the
case of mesoscopically confined vesicles and controlled beforehand. But the particles below
10nm are difficult to prepare as the particles in this size range can only be generated by using
protecting agents, which hinders the direct adsorption on the substrates.

Immobilization of platinum nanoparticles on polystyrene surface their activity in
hydrogenation of cyclohexene in liquid phase has been reported (Mayer et al. 1997). The
surfaces of the latexes are modified such that metal precursor complexes with the surface of
the latexes which after reduction immobilizes on the latexes surface (Tamai ef al. 1995).
Layer by Layer assembly (LBL) is one of the very recent techniques developed by Caruso et
al.. In this method, gold particles can be directly adsorbed on the polystyrene surfaces by
electrostatic interactions and H-bondings. Polystyrene spheres of 620nm in size were coated
with poly (allylamine hydrochloride)/poly (sodium 4-styrenesulfonate) multilayers and
exposed to stabilised gold nanoparticles of 6 + 2nm in size. (Gittins et al. 2001, 2002, Liang et
al. 2002, Caruso 2001) Similarly, Ji et al. used polyethyleneimines to adsorb onto the
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polystyrene latexes which makes the latex positively charged and then adsorbing the
negatively charged Au particles (Ji et al. 2001).

Youk prepared amphibilic spheres of 200nm with core of poly
(methylmethacrylate)(PMMA) and shell of poly (allylamine)(PAA). The hydrophilic shell
was treated with HAuCly and then reduced with NaBHy to give gold nanoparticles. The gold
particles formed were of approximately 12nm in diameter with a very low the coverage (Youk
et al. 2003). Porous metal microspheres have been obtained by calcination of organic

templates (Shchukin et al. 2003).

V.2 Introduction of Gold ions in the brushes and synthesis of Gold nanoparticles

Amine functional groups and their protonated forms successfully bind to metal ions
either by complexation or by ion exchange mechanism, which has already been described in
the literature (Kumar et al. 2003, Bharathi et al. 1997, Myasoedov 1997, Alguacil et al
2001). The discussion in the preceding sections describes the interaction of
polyaminoethylmethacrylatehydrochloride brushes and AuCls ions. The experiments show
that AuCly ions behave like a multivalent ion to complex with the brush such a phenomenon
is not observed in the case of univalent ions of NaCl salt.

The metal ions are introduced into the polyelectrolyte brushes by the ultrafiltration
method. The polyelectrolyte brushes are ultrafiltered with the of 1*10™* M HAuCl, solution
prepared in Millipore water. The excess ions are eliminated by continuing ultrafiltration with
Millipore water until the conductivity of the outgoing serum is reduced to less than 1uS.
Washing of the chloride ions is an essential process, because the presence of chloride ions in
the solution induces the aggregation of the gold particles. After extensive cleaning of the
polyelectrolyte brushes, these brushes retain the yellow colour of the HAuCly solution. This
can be attributed to the localisation of the aurate ions within the brush system.

As discussed earlier in Section IV.5, shrinkage is observed in the brush length with
the addition of metal ions largely due to the formation of a complex between the
polyelectrolyte chains of the brushes and the metal ions. The metal ions complexed to the
polyelectrolyte chains render a higher contrast to the system. Such polyelectrolyte brushes
with a higher contrast provide an interesting system to be studied by cryo TEM (V.3).

Fig. 27 is the schematic representation of the process of the introduction of metal ions
into the polyelectrolyte brushes and their subsequent reduction to form nanoparticles. Stage I
in Fig. 27 shows the polyelectrolyte brushes, with fully stretched chains bearing protonated
amine groups. In Stage II of Fig 27, the titration of the polyelectrolyte brushes with NaOH
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solution leads to the deprotonation of the functional groups to form their corresponding
uncharged amine functional groups (Sec. IV.2). The aurate ions can be either be introduced at
Stage I or Stage II of Fig. 27. Stage III of Fig. 27 demonstrates the polyelectrolyte brushes
after the introduction of the metal ions. Having shown that aurochlorate ions are fully
confined within the brush layer, we now turn to the reduction of these ions within the “nano-
reactor”’. This is achieved by the addition of dilute solutions of NaBH4 to the polyelectrolyte
brushes complexed with the metal ions. The reduction is a spontaneous process and can be
followed visually with a change in the colour from yellow to brown of the polyelectrolyte
brushes. No change in colour is observed as a function of time afterwards suggesting that gold
particles once formed are relatively stable and do not tend to form aggregates. Commonly
used reducing agents are LiAlH4, NaBH4, LiBEt;H, hydrazine and hydrogen. The size of the
nanoparticles is largely dependant on the selection of the reducing agent. The formation of
gold nanoparticles using citrate based reducing agents generally generates gold nanoparticles
with particle sizes between 8-12 nm. The citrate groups are known to stabilize the gold
particles after their formation. Hence, the use of citrates as reducing agents allows us to have
a better control over the size of the nanoparticles formed (Okitsu ef al. 1997).

In the case of sonochemical methods in presence of ethanol, the reactive radicals are first
generated, these radicals then reduce the metal ions to zerovalent state, the reduced metal
particles later aggregate to give rise to larger nanoparticles. The particles formed using
sonochemical methods are generally stable for months even in the absence of protecting
agents. The particle size is usually between 15-30 nm (Okitsu et al. 1996, 1997, Mizokushi et
al. 1997). In principle, physical methods such as exposure to UV light can also be used. The
chemical reducing agents such as NaBH4 and tetrakis (hydroxymethyl) phosphonium chloride
are generally used in the formation of metal nanoparticles (Duff ez al. 1993). The size of the
nanoparticles varies depending on the chemical reducing agent used. In our case, gold
nanoparticles formed by reduction with NaBH4 formed particles with the size varying
between 2-3 nm, while the reduction with tetrakis(hydroxymethyl)phosphonium chloride
formed particles with size less than 2 nm. During the process of reduction, the latex remains
stable. The onset of a slow aggregation is only observed after several days. The factors
affecting the stability of the latex covered by gold particles must still be investigated in more
detail. For the present investigation, it suffices to note that the colloidal stability is not

impeded by the chemical reaction-taking place in the nano-reactors.
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Fig. 27 Schematic representation of formation of gold particles on the surface of the core
shell system. The core shell system having shell of poly (aminoethylmethacrylate
hydrochloride) [1] is deprotonated reversibly at high pH to give amine shell system [11]. |
and 1l can be counterion exchanged/complexed with HAuCl, to give |1l. NaBH4 reduction of

111 forms |V with nanosized gold particles.

It should be noted in this context that no reagents have been used for the stabilization of the
Au particles. Hence the surface could be used for immobilizing further functional groups on
the surface of the Au particles like sulphur or phosphorus containing reagents. The
polyelectrolyte brush system after the reduction of gold nanoparticles within the
polyelectrolyte brush can be used subsequently for catalysis.
V.3 Cryogenic temperature TEM of polyelectrolyte brushes with gold ions

Although electron microscopy is a very powerful tool in the investigation of soft
matter like colloids and self-assembled systems and in the field of nanotechnology, its
applications in studying the samples in their native state are limited. The sample preparation

for the investigation using electron microscopy requires complete drying of the solvent
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medium under vacuum. Such a process may lead to the changes in the conformation of labile
samples due to the surface tension, which may lead to some artifacts. Besides this, there is a
strong interaction between the electron beam and the material under investigation usually
leading to the damage of the system (Bellare et al. 1988).

These technical difficulties are eliminated by the use of Cryogenic TEM. This
technique was originally developed to observe the biological samples in 3 dimensions in their
native state or the hydrated state. In this technique the sample preparation is carried out by
rapidly freezing the sample to be investigated. This process is called as the ice-embedding
method. The irradiation induced damage is reduced in the case of cryogenic electron
transmission microscope, since the instrument operates at extremely low temperatures.

In order to avoid the formation of ice crystals the samples under investigation
are required to be frozen rapidly (Danino et al. 2000). This process is called as vitrification.
Three different forms of solid ice like hexagonal, cubic and vitreous can be formed depending
on the temperature and the time taken for cooling. Slow freezing results in formation of
hexagonal ice crystals. The rapid freezing to temperatures below -100°C leads to cubic ice
formation (also crystalline). Extremely rapid freezing of the sample to temperatures below -
140°C results in the vitrification, which is the formation of amorphous ice. Vitrification
requires the specimen to be in the form of a very thin film (50-200 nm) so as to allow
sufficiently rapid heat transfer. If the temperature of the vitrified ice is raised above -140°C an
irreversible phase transition to cubic ice will occur. Liquid ethane, propane or nitrogen is used
for freezing the sample.

The internal structure of the samples with low density of electrons such as
biological samples and polymers are difficult to observe using TEM, as they have rather low
contrast as compared to the background medium, and hence making the detailed structural
studies difficult. The heavy metals ions possess higher contrast as compared to polymer or
biological samples due to their high electron density. Since the electron density depends on
the atomic number of the atoms constituting the system under investigation, staining the
samples with the heavy metal ions enhances the contrast considerably so as to be “seen” by
TEM. Conventional metal ions used for this purpose are uranyl acetate and tungsten
phosphate. One of the techniques used was to coat the sample by chemical vapour of the gold.
Gold, which has a high electron density, when absorbed onto the sample selectively stains the
region of adsorption.

As discussed earlier, direct imaging of polyelectrolyte spherical brushes under

TEM requires the drying of the sample under high vacuum. The evaporation of the solvent
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leads to a collapse of the polyelectrolyte chains, which form a shell around the core particles
of the polyelectrolyte brushes. Under these conditions, the visualization of the shell becomes
impossible inspite of using a higher contrast. The contrast solution usually contains a protein
bovine serum albumin (0.1 wt%), phosphotungstic acid (1 wt%) and sucrose sugar (2 wt%).
In Cryo-TEM, as described above, the solvent is frozen rapidly and the polyelectrolyte
brushes are in their native state. At neutral pH and low ionic strength, the polyelectrolyte
chains of polyelectrolyte brushes are fully stretched. This fully stretched conformation of the
polyelectrolyte chains is retained is the polyelectrolyte brushes are frozen rapidly at —140°C.
It should therefore be possible to see single polyelectrolyte chains at sufficient high resolution
of the electron beam. Fig. 28, demonstrates the images of polyelectrolyte brushes taken using
cryo-TEM without the use of any staining agent. Although the polystyrene core particles, the
individual polyelectrolyte chains are not visible, since they have a rather low contrast as
compared to the spherical polystyrene core of the polyelectrolyte brushes. Although
polystyrene can be seen easily, due to its compact structure with a thickness of 100 nm. The
polyelectrolyte chains are very long, and the thickness of these chains is of the size of a few
atoms, hence the observation of these individual chains is almost impossible without the use

of any staining methods.

200nm 100nm 200nm

Fig. 28 Cryogenic temperature transmission electron microscope of cationic brushes. The
polystyrene core particles are clearly visible. The polymeric brush though in native state is
not seen due to the low contrast. The particles were observed without any staining. The

sample is 1wt %.
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Gold has a high electron density hence when absorbed in the sample selectively stains the part
where it is absorbed. For the polyelectrolyte brushes studied here, a rather unique method was
employed to increase the contrast of the polyelectrolyte brushes. As discussed in earlier
section, aurate ions were introduced into the polyelectrolyte brushes using ultrafiltration
technique. The excess aurate ions were washed away by extensive ultrafiltration of the
polyelectrolyte brushes. The gold ions present within the cationic brushes are usually in close
vicinity of the polyelectrolyte chains and since they have a higher contrast, these aurate ions
increase the contrast of the polyelectrolyte chains considerably, allowing us to study the
structure of the polyelectrolyte brushes using cryo-TEM.

Fig. 29 demonstrates the images of polyelectrolyte brushes after the
introduction of aurate ions, taken using cryo-TEM. From the Fig. 29, it is clearly evident that
the aurate ions provide a very high contrast to the polyelectrolyte chains of the polyelectrolyte
brushes, and hence the polyelectrolyte chains are clearly visible stretching out into the bulk
solvent. A magnification of the image shown on the right side of Fig. 29 shows the structure
of the polyelectrolyte chains more clearly. The polyelectrolyte chains are seen to be forming a
corona around the polystyrene core.

In the magnified image, the high electron density of the gold ions is clearly
visible on the polystyrene core. The hydrodynamic radii measured using dynamic light
scattering is the uppermost limit to which the chains are being stretched. In cryo-TEM, as the
density of the brushes decreases with the increase in the distance from the grafting surface,
the weaker is the visibility of the polyelectrolyte chains. And hence in cryo-TEM only the
high density areas of the brushes near the grafting surface are visible, leaving out the margins

of the brushes.
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200nm
Fig. 29 Cryogenic TEM images of spherical polyelectrolyte brushes with gold ions. The

brushes are visualized due to the high contrast of the staining by gold ions. The enlarged

image shows the brushes more clearly.

100nm 200nm

(a)Brushes with gold ions (b)Brushes without any ions

Fig. 30 A comparison of the spherical polyelectrolyte brushes with gold ions(a) and without
gold ions (b) as seen under Cryogenic TEM. The brushes are visualized due to the high

contrast of the staining by gold ions.
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V.4 HRTEM of Gold nanoparticles:

The HR-TEM measurements were carried out by Philips (FEI) CM 200 FEG equipped with
an energy dispersive X-ray system. A carbon grid was used for the sample preparation. The
crystallinity of the samples was evaluated from the selected area electron diffraction. EDX
was used to exactly confirm the elements present. In spite of the disadvantages discussed
about transmission electron microscopy in the previous section, direct imaging of the
composite nanoparticles under dried state provides important information of the particles size
and the nature of the nanoparticles formed. HR-TEM allows us to obtain images at much
higher magnification.

Fig. 31 shows the HR-TEM images of gold nanoparticles formed by the reduction of
aurate ions introduced in the polyelectrolyte brushes. From the HR-TEM images it is evident
that the gold nanoparticles, which are formed by the aurate ions, present in the vicinity of the
polyelectrolyte chains, are seen on the surface of the polystyrene core. All the gold
nanoparticles are seen on the surface of the polystyrene core because of the collapse of the
polyelectrolyte chains during the drying process of sample preparation.

Images in the Fig. 32 demonstrates the magnified image taken by HR-TEM, the gold
nanoparticles seen in this image have a diameter of ca. 2.5 nm. The crystalline nature of these
gold nanoparticles can be observed from the Fig. 33. The lattice fringes visible in Fig. 33
suggest that the gold nanoparticles thus formed are fully crystalline as expected. Since the
aurate ions are distributed along the polyelectrolyte chains, the nucleation of gold
nanoparticles takes place at multiple spots, which in turn leads to much smaller size
distribution of the gold nanoparticles as compared to the gold nanoparticles formed by the
reduction of a bulk solution. The Au nanoparticles formed within the polyelectrolyte brushes

are relatively stable and do not form further aggregates for a considerable period of time.
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Fig. 31 HRTEM images by Philips (FEI) CM 200 FEG on carbon grid. Gold nanoparticles
are formed by reduction of gold ions with NaBH4. Gold nanoparticles are clearly visible due
to high contrast as compared to polystyrene. Further confirmation can be done by energy
dispersive X- ray system. Gold nanoparticles are not seen in the solvent. Clusters of

polystyrene particles are seen due to the effects of surface tension during sample preparation.
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Fig. 32 HRTEM images by Philips (FEI) CM 200 FEG on carbon grid. Gold nanoparticles

are clearly visible due to high contrast as compared to polystyrene. Further confirmation can
be done by energy dispersive X- ray system. Gold nanoparticles are not seen in the solvent.

Clusters of polystyrene particles are seen due to the effects of surface tension during sample

preparation.
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10nm 10nm

Snm
Fig. 33 HRTEM images of gold nanoparticles formed by reduction with NaBH; on
polystyrene at higher magnification. The crystalline structure of the gold nanoparticles is
clear from the crystal planes as shown in the marked region. The marked nanoparticles is
approx. 3nm in size. The diffraction of the x-ray is also observed at the crystalline areas. EDX

confirms the presence of the gold element at the crystalline parts.
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Formation of gold nanoparticles by using tetrakis (hydroxymethyl) phosphonium chloride as a
reducing agent, yields extremely small gold particles as described in literature previously.
(Duff et al. 1993).

The use of tetrakis (hydroxymethyl) phosphonium chloride as a reducing agent,
leads to the yellow coloured polyelectrolyte brush solution to colourless, while the use of
sodium borohydride as a reducing agent changes the colour of the polyelectrolyte brush
solution with aurate ions from yellow to brown. The polyelectrolyte brushes in which the gold
nanoparticles are prepared using tetrakis (hydroxymethyl) phosphonium chloride are usually
more stable as compared to the gold nanoparticles prepared by using NaBH,4, as a reducing
agent. Fig. 34 demonstrates the HR-TEM images of polyelectrolyte brushes, where the gold
nanoparticles are prepared by using tetrakis (hydroxymethyl) phosphonium chloride as a
reducing agent. From the images it is clear that no individual gold nanoparticles are visible
although the contrast around the polyelectrolyte brushes is enhanced significantly. A
comparison of the polyelectrolyte brushes with gold nanoparticles (Fig 34) and
polyelectrolyte brushes without any gold particles (Fig 35) shows that in the case of
polyelectrolyte brushes with gold nanoparticles a gel structure is seen around the brush
particles. Such a gel-like structure is absent in the case of polyelectrolyte brushes without

gold nanoparticles, as is seen from Fig. 34.
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100nm S50nm

Fig. 34 HRTEM images of gold nanoparticles formed by the reduction of ions by
tetrakis(hydroxymethyl) phosphonium chloride. Though no individual gold particles are seen

but the contrast of the shell is enhanced by gold particles. The amount of gold ions is same as

that of the sample in Fig. 32.
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50nm 100nm
Fig. 35 HRTEM images of carrier particles without any gold particles. The particles appear

uniform without any distinction between shell and the core particles.

At higher magnification, the HR-TEM images show the presence of extremely small gold
nanoparticles (Fig 36). The gold nanoparticles due to the hydrophobic interactions with the
polystyrene core, attach to the polystyrene particles. The presence of elemental gold was
confirmed by energy dispersive microscopy. The particle size measurement is difficult as the
particles as the particles are not well separated.

The above discussion suggests that the particles size of the gold nanoparticles is dependent
on the choice of the reducing agent. The smaller particles though invisible at lower

magnification provides a contrast to the shell and at higher magnification are clearly visible.
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Fig. 36. HRTEM images of gold nanoparticles formed by the reduction of ions by tetrakis
(hydroxymethyl) phosphonium chloride. Images show high magnification of the particles
shown in Fig 34. Areas of high contrast can be seen easily but measurement of particles size

is difficult. EDX confirms the presence of gold element in the sample.
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10nm 10nm

Fig. 37. HRTEM images of carrier particles without any gold particles. The particles appear
uniform. No gold particles are seen unlike Fig. 36.

V.5 UV spectroscopic studies of polyelectrolyte brushes with reduced gold nanoparticles
An intense absorption is observed in the visible-near UV region if noble metals are exposed to
ultra violet light. This absorption is caused largely if the size of the particles is below the
mean free path (the distance the electrons travels between the scattering collisions with the
lattice centres). This absorption results from the coherent oscillations of the free electrons and
is called as ‘surface plasmon resonance’. Such strong absorption also induces a strong
coupling of the nanoparticles to the electromagnetic radiation of light. This phenomenon has
been reported in literature by solving the Maxwell s equation for the absorption and scattering
of electromagnetic radiation by spherical metallic particles. With the knowledge of the
dielectric constants of the metal and its environment, spectra of the nanoparticles smaller than
that of the wavelength of the light have already been predicted (Mulvaney 1996, Wiesner et
al. 1989, Henglein et al. 1995, Creighton et al. 1991).

The UV-absorption spectra of gold nanoparticles largely depend on the size of the
particles and the chemical environment surrounding the gold particles. Size of the gold
nanoparticles also plays a vital role in determining the color of the solution of gold
nanoparticles. The Gold nanoparticles less than 2 nm are usually orange or yellow colored in

aqueous dispersions containing hydrolysed AuCly in poly (vinyl alcohol) or poly
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(vinylpyrrolidone). The polymers in this case absorb weakly in UV region. The absorption
spectrum of the gold particles shows maxima at around 680 nm for the gold particles of the
sizes 8-12 nm adsorbed on the polystyrene beads (Dokoutchaev et al. 1999). Gold dispersions
having particles larger than 3 nm in size absorb at 520 nm and are red in color.

For the current system under investigation, the gold nanoparticles, which were
generated inside the polyelectrolyte brushes, are brown in color. The UV-Vis spectra shown
in Fig. 38 exhibits a broad maxima at around 502-512 nm. Such a maxima is expected for
gold nanoparticles, which are less than 3 nm in size. The particles having diameter more than
3 nm absorb at 520 nm and exhibit a red colour, while uncovered gold particles having an
average diameter less than 1.5-2.5 nm shows absorbance between 490-500 nm and are
orange-yellow colored (Hengelein et al. 1999, Duff et al. 1993). For the present system,
however, the strong scattering of the latex itself precludes further analysis of the UV/VIS
spectra. The resonance plasmon of gold appears only as a shoulder in UV/VIS spectrum of the
latex. The subtraction of the background (polyelectrolyte brushes, in this case) leads to a
broad maxima at around 502-514 nm, emanating from the absorption of light by the gold
particles.

During the process of reduction, the latex remains stable. The onset of a slow
aggregation is only observed after several days. The factors affecting the stability of the latex
covered by gold particles must still be investigated in more detail. For the present
investigation it suffices to note that the colloidal stability is not impeded by the chemical
reaction taking place in the nano-reactors. It should be noted in this context that no reagents
have been used for the stabilization of the Au particles. Hence the surface could be used for
immobilizing further functional groups on the surface of the Au particles like sulfur or

phosphorus containing reagents.
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Fig. 38 UV/VIS spectrum of the reduced gold nanoparticles in the core-shell system. Latex
with gold nanoparticles show a shoulder, which is absent in the spectra of latex particles
only. Subtracting the absorption of the latex by selecting it as a reference gives the absorption

spectra of only gold nanoparticles.

V.6 Synthesis of Platinum nanoparticles:

The synthesis of platinum nanoparticles was carried out exactly in the same way as that of
gold nanoparticles. H>PtClg solution was used as a source of platinum ions to be introduced
inside the cationic brushes by using ultrafiltration method already discussed in more details
previously (See Section V.2). The mechanism of formation of platinum nanoparticles is
identical to that of the formation of gold nanoparticles. H,PtCls solution of 10° M was used
for the ultrafiltration with polyelectrolyte brushes. The excess ions were removed by
extensive ultrafiltration with water until the conductivity of the outgoing serum decreased
very slowly or remained constant. The platinum ions were then reduced chemically by
NaBH4. The greyish black colored latex obtained was stable for months and was later used in
catalysis. The characterization of the platinum nanoparticles was carried out by cryogenic

temperature transmission electron microscopy.
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Fig. 39 Schematic representation of formation of platinum particles on the surface of the core
shell system. The core shell system having shell of poly (aminoethylmethacrylate
hydrochloride) [1] is deprotonated reversibly at high pH to give amine shell system [11]. |
and |l can be counterion exchanged/complexed with H>PtCls to give |1l. NaBH4 reduction of

L forms IV with nanosized gold particles.

V.7 Cryo TEM studies of platinum nanoparticles

Sample Preparation: In characteristics of the latex used for the preparation of the sample of
platinum nanocomposites can be seen in the Table 2 (See appendix, Sample S5). The
hydrodynamic radius of the polystyrene core was 55nm and the contour length was 171nm.
The nanoparticles were generated within the polyelectrolyte brushes as described in the
previous section. Cyro TEM measurements of the composite particles were carried out using
cryo electron microscope (CEM902a, Zeiss, D-Oberkochen, Philips CM120, NL-Eindhoven)
on copper grid at 100 K.
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Pt Nanoparticles: Images obtained by Cryo transmission electron microscopy of the platinum
nanoparticles (Fig. 40) confirms the chemical reduction of Pt ions to platinum nanoparticles.
Due to the high electron density of the platinum nanoparticles, the contrast of platinum
nanoparticles is higher than that of the polystyrene particles so they are easily visible. The
platinum particles are roughly spherical in shape.

As Cryo-TEM is done in the frozen solvent, the exact location of the platinum
nanoparticles on the carrier particles can be seen in contrast to the TEM studies in the dried
state where the drying of the solvent collapses the brush. As discussed in the section V.3, in
the collapsed state of the brush it can not be concluded if the metal particles are on the brush
or adhered to the polystyrene sphere. As seen in the images, the most of particles are seen
resting on the surface of polystyrene surface. Induction of reduction by NaBH4 causes ions
complexed with the chains of brushes to form nanoparticles, which later adhere to the
polystyrene surface due to hydrophobic interactions between the metal nanoparticles and the
polystyrene particles. The metal particles are also seen outside the carrier particles in the
solution. These particles are seen on some polymeric material, which can be the brush
polymer in the solution. It is not clear if these chains were present in the sample before the
catalyst preparation or the chains were lost during the preparation of sample for TEM. The
particles are seen well separated from each other though a few clusters are also seen. The size
of the particle is between 2-5 nm. The latex particles are covered uniformly with the platinum
nanoparticles. Some latex particles are seen more densely covered as compared to other latex

particles.
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Fig. 40 Cryogenic TEM of the platinum polystyrene nano composites. Platinum nanoparticles
can be easily distinguished from the polymer particles due to its high contrast. Platinum
nanoparticles are seen attached to the polystyrene surface. The metal particle seen in the

solvent is attached to polymer which can be seen more easily in the high magnification.
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Fig. 41 Cryogenic TEM of the
platinum-polystyrene nanocomposites
at higher magnification. The marked
regions ~ show  the  platinum
nanoparticles in solution attached to

the polymer.



V. 8 Generation of silver nanoparticles
Beside gold and platinum, silver is also widely studied for the preparation of nanoparticles.
The synthetic methods of silver nanoparticles is similar to the synthesis of gold and platinum
nanoparticles. Polymers such as polyacrylic acid, (Boyes et al. 2003, Joly et al. 2000, Ershov
et al. 1998) poly N-isopropylacrylamide (Wei et al. 1998), polymethacrylate (Quaroni et al.
1999) and mesoporous silica (Hornebecq et al. 2003, Wang et al. 2001) are generally used for
the immobilization of silver ions.
For the present study, anionic polyelectrolyte brushes for the synthesis of the silver
nanoparticles. A 10° M solution of AgNO3 is stirred with latex of polyacrylic acid brushes for
a period of 2 days. After the completion of ionic exchange between the polymer and AgNOs,
the latex is concentrated and ultrafiltered against double distilled water to remove excess of
the Ag-ions. The entire process is carried out in dark to avoid the reduction of Ag ions by
light. Turning of the latex to grey can identify reduction of the Ag ions in between the
process. In case of incomplete reduction, the latex is discarded and a fresh synthesis is done.
After the cleaning process, the latex is reduced chemically with NaBHy4, which turns the white
coloured latex to yellow. The colour of the latex depends on the amount of the metal ions
inside the latex. Incomplete cleaning of the latexes gives a range of colours from yellow to
brown. The latex is stable for months.

The Ag nanoparticles can be characterized by HRTEM and cryogenic TEM.
HRTEM images showed a dried sample of the silvered latex. As can be seen in the images
(Fig. 42), the silver particles are polydisperse. The biggest particles of silver seen were 15nm
in radii and the smallest particles seen were of 1 nm in radii. The lattice fringes of the silver
nanoparticles as observed in the images and the diffraction of the X-rays at selected areas
confirm the metallic nature of the silver nanoparticles. The silver particles are mostly seen
spherical but some elongated spheres are also seen. Cryogenic TEM images show
monodisperse nanoparticles of silver approx. 2 nm in size synthesized by the same method as
described above (Fig. 43). The enlarged image of Fig 43 in Fig 44 shows the silver
nanoparticles more clearly. A few clusters of silver nanoparticles are also seen in the solvent

as is indicated by the marked region.
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Fig. 42 HRTEM of silver nanoparticles on polystyrene support. The particles are seen from
Inm to 15nm in radii. The lattice fringes of the silver nanoparticles show the crystalline
nature of the particles. The drying of the sample during the sample preparation causes the
latex particles to aggregate.
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Fig. 43 Cryogenic TEM of
silver nanoparticles on
polystyrene spheres. The region
marked by the small circle
shows the cluster of silver
nanoparticles formed in the

solution.

100nm

(VD) Catalysis by metal nanoparticles

VI.1 Catalytic activity of bulk metals

The capability of metals as catalysts depends on the optimum degree of d- band
vacancy (Haruta 2003). The “coinage metals” (Cu, Ag, Au) have fully occupied d-bands.
Since Cu and Ag have low ionisation potential they readily lose electrons to yield d-band
vacancies and hence can be used as a catalyst more effectively than Au. For example, Cu is
used in methanol synthesis and Ag for ethylene oxide synthesis. Au has a high ionization
potential and has poor affinity towards molecules of other elements. There is no dissociative
adsorption of H, and O, over the smooth surfaces of Au below temperatures 473K, as proved
by surface science investigation (Sault et al. 1986, Saliba et al. 1998, Koel et al. 1998) and
density functional theory calculations (Hammer et al. 1995, Haruta 2003).

Though catalytic inactivity of Au is theoretically proven, there are some early reports of
the catalysis of the combustion of dihydrogen and dioxgen to give water on gold foils. The
studies were done by Bone and Wheeler in the year 1906 (Bone et al. 1906). At higher
temperatures the bulk gold is found to be active for hydrogenation of cyclohexene using gold
powder and gold films (Chambers et al. 1966, Erkelens et al. 1963). Hydrogenation of
acrolein has also been performed at enhanced temperatures by bulk gold (Bond et al. 1999).
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V1.2 Origin of catalytic activity in metal nanoparticles

Reduction in size of the metal nanoparticles to nano-range modifies the
electronic and atomic structures differentiating them from the bulk metal due to quantum size
effects. In metals, electrons are delocalised due to the overlap of the conduction and the
valence bands in metals. The separation of the valence and the conduction band increases with
reduction in size from conductor to semiconductor to insulator. During the transition from
semiconductor to insulator, the continuum conduction electron band of the bulk metal splits
into discrete energy levels of spacing 8, which increases with the decreasing particles size and
the line width of the conduction electron spin resonance decreases due to decreasing

relaxation times. The energy level spacing & increases with decreasing particles volume
(Aiyer et al. 1994, Rao et al. 2002).
§=(4E./3N)~1/d’

Er is the Fermi energy of electrons, N is the number of conduction electrons, and d is the
particles diameter. Quantum size effects are shown when d is small enough to fulfill the
condition

hv/o» 1 and h/7to» 1
where h is the Plank’s constant, v is the microwave frequency and 7 is the spin relaxation
time (Halperin 1986, Kawabata et al. 1970). The catalytic property is dependent on the
electronic structure, which is directly related to the size of the metal nanoparticles. For
example, for gold nanoparticles on silica, the electronic properties are modified with
reduction in the size of the particles as the 5d valence band density of states of the gold
particles are shifted towards higher binding energies. There is a redistribution of the valence
states as compared to the bulk metal and with increasing particles size, the valence band are
restored to that of the bulk metal (Guczi et al. 2003, Guczi et al. 2000). Such studies were
also carried out for Copper and silver (Paszti ef al. 1998).

Theoretical calculations by Lopez and Norskov showed that the isolated Au;g
clusters are expected to catalyse the CO oxidation below room temperature (Lopez et al.
2002). Similar calculations based on density functional theory and molecular dynamic
calculations showed that the Au;¢ and Auys cluster in three dimensional compact structure are
sufficient to act as a catalyst without any support (Okumara et al. 2001, Giordano et al. 2001,
Erkov 2000).
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V1.3 Activity of metal nanoparticles on metal oxide surfaces

The catalytic activity is found more pronounced when the support of the gold
nanoparticles is metal oxide. In these cases, the alteration of the electronic properties of the
metal/support interface is accounted for the catalytic properties. First experiments, which
proved that Au nanoparticles on metal oxide support are active, were carried out by Bond and
Sermon (Bond et al. 1973). They reported the hydrogenation of alkenes and alkynes at
temperatures below 473 K over Au/SiO,. Oxygen and hydrogen transfer reactions over
Au/MgO and Au/Al,O3 were investigated by Parravano and co-workers (Cha et al. 1970). The
first experiment to oxidise CO was done by Ozine and coworkers. The atomic Au species
reacted with a solid matrix of CO and O, to form a complex, which disintegrated above 30 K
to produce CO,. Haruta and coworkers reported oxidation of CO by composite oxides of Au
on 3d transition metal oxides (Fe,Os, Co3;04, NiO) prepared by co-precipitation at 200 K. The
activity is shown due to the moderate strength of metal-oxygen bonding (Haruta et al. 1983,
1987, 1989, 1993).

The changes in the electronic states of the metal nanoparticles with size reduction
leading to the catalytic activities is well accepted, but in case of the metal nanoparticles
supported on metal oxide support, there are many theories describing the origin of catalytic
activity. The theories include the changes in the electronic properties of the metal
nanoparticles, the interface, the crystalline state of the metal, and the oxygen vacancy defects
in the support particles.

The quantum size effects with respect to the thickness of the gold islands (particles
size) on the surface of titania is found to be the cause of catalytic activity towards oxidation of
CO by Valden and Goodman (Valden ef al. 1998, Bond et al. 1999). The findings suggested
that unusual catalytic properties of the gold clusters originated as the one dimension of the
cluster becomes smaller than three atomic spacing. The optimum gold particles size is about
4nm and the band gap is 0.4 eV, which increases in width by decreasing the particle size with
further decrease giving rise to non-metallic character. The transition from metal to non-metal
is seen when the number of gold atoms in the cluster becomes less than 300.

Turnover frequencies for CO oxidation for Pt and Au particles shows that Au is more
active below 4 nm and the activity of Pt particles is more or less same below this size (Haruta
et al. 1993). The effect can be described for the reaction taking on Pt surface and for Au
particles taking on the interface on the edges, corners, step sites, the reaction sites being the

periphery of the particles, the number of which are increased by decreasing the particles size
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(Mavrikakis et al. 2000). The debye functional analysis of X-rays scattered by the Au
particles suggested the active species to be 13-atom cluster. Amongst the two possible
structures of 13 atom clusters, icosahedron and cubo-octahedron, the former is active
(Cunningham et al. 1998). The inactive catalyst is found to be 55-atom cluster. The
icosahedral cluster shows negative apparent activation energy in the temperature range of
196-273 K (Cunningham et al. 1999). The increase in temperature transforms icosahedron to
cubo-octahedron.

The active particles of Au always exposed their densely packed (111) plane. (Akita et
al. 2000) The (111) plane of the Au rested on the oxygen layer of the oxide support. The 2nm
hemispherical particles of the Au were found to make contact angle of less than 90°. The
wettability changes with the particles size which changes the electronic state of the interfaces.
The particles greater than Snm showed a contact angle greater than 90°(Akita et al. 2001).
Similar effects of metal-support interactions with the creation of defects in the metal-oxide
interface were found by Concepcion et al. (Concepcion et al. 2004). The Au hemispherical
particles strongly attached to the support are found to be active at lower temperatures with
better selectivity than the spherical particles loosely bound to the support (Hayashi ef al.
1998).

Heterogeneous catalysis by a metal supported on a metal oxide support or on a mixed
oxide, has been described by Frost (Frost 1998), Weng and Delmon (Weng et al. 1992).
According to Frost, high activity of the metal/support can be attributed to the junction effect,
arising from transfer of electrons from the support to the Fermi level the adjacent metal,
giving rise to the oxygen vacancies that become the active sites. Weng and Delmon have
explained that in case of mixed metal oxides one oxide needs to function as an activator and
supplier of the oxygen while another absorb the co-reactant and receive the reactive oxygen
species. In case of platinum, the metal oxide surface is found to play a less role with the
reaction occurring mostly on the platinum surface (Bamwenda et al. 1997). 8 and 11 cluster
of Au were smallest particles to be found to be catalytically active on MgO (Heiz et al. 2000).
The activity was found to be higher on the defect rich support. Ab initio simulations showed
that the partial electron transfer from the surface of the Au clusters and oxygen —vacancy
defects in the support are responsible for the activity of the metal particles (Abbet et al. 2001,
Heiz et al. 1999). The crystalline nature of the support is also important in determining the
activity of the catalyst. For eg. only anatase TiO; and not rutile or amorphous TiO, causes Au
to be selective for the epoxidation of alkenes. Modification in the structure of TiO; has been

found by the embedded gold nanoparticles on it (Haruta et al. 1998, Mallick et al. 2004).
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V1.4 Chemical reactions catalysed by metal nanoparticles
The chemical reactions catalyzed by metal nanoparticles can be categorized into two parts -
Hydrogenation and Oxidation.
Hydrogenation reactions:
Partial hydrogenation reactions of hydrocarbons were successfully carried out by Au
supported on Al,O3, SiO; and TiO, (Bond et al. 1973, Okumura et al. 2002, Jia et al. 2000).
Selective hydrogenation of carbonyl bond of crotonaldehyde to crotylalcohol with a
conversion of 80% on Au supported on ZnO (Bailie et al. 2001) and by silver nanoparticles
(Claus et al.1997) is also reported. Allylalcohol is produced by hydrogenation of acrolein over
Au/ZrO,. Synthesis of methanol by hydrogenation of CO and CO; is achieved by Au/ZnO
(Sakurai et al. 1995). Reduction of NO with hydrocarbons to N, in the presence of O, and
H,0 in engines is carried out by Au supported on Al203 (Ueda et al. 1996, Salama et al.
1996, 1997).

Platinum has been used in hydrogenation of olefins (Grunes et al. 2002, Jackson et al.
1996, Larpent et al. 1991, Thybaut et al. 2002), acetonitrile (Arai et al. 1998), Heck reaction
(Mandal et al. 2004) and hydroxylation (Laufer et al. 2002) on solid supports. Reactions
catalysed by platinum nanoparticles stabilised by polymers and organic molecules are usually
in organic phase such as hydrogenation of cyclohexene and other olefines (Mu X. -Dong et al.
2004, Mayer et al. 1998, Eklund et al. 2004). Dendrimer stabilised platinum particles were
studied for hydrogenation of alkenes (Zhao et al. 1999) where the catalytic activity is found to
be affected by the size of the dendrimers. Polymer stabilised Pt nanoparticles are used for
electron-transfer reaction (Narayanan et al. 2003) and block copolymer stabilised Pt particles
have been used for reduction of nitro groups to amines in aromatic compounds (Tu et al.
2000, Esumi ef al. 2004) and carbonyl bonds in sugars (Maranhdo et al. 2004). Structure,
shape and size of Pt nanoparticles have been found to effect the reaction (Narayanan et al.
2004, Arai et al. 1998, Grunes et al. 2002). Other widely studied reactions are selective
hydrogenation of a-f3 unsaturated aldehydes such as citral on Pt/SiO2 (Singh et al. 2000) and
hydrogenation of crotonaldehyde to crotylalcohol on silica (Marinelli ef al. 1995, Coloma et
al. 2000, Margitfalvi et al. 2000), alumina (Santori et al. 2002), titania (Dandekar et al. 1999),
Ce02 (Concepcion et al. 2004) and polymer (Michalska et al. 2002, Bailie et al. 1999).
Enantioselective hydrogenation of ketones with the cinchona derivatised Pt nanoparticles is
also being studied (Exner et al. 2003, Collier et al. 1999). In some cases, selectivity can be

controlled by the particle size, temperature and the chemical environment of the catalyst.
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Oxidation reactions
In oxidation reactions, CO oxidation at ambient temperatures (Sakurai et al. 1995) has been
studied most extensively. Epoxidation of propylene (Haruta 1997), complete oxidation of
hydrocarbons (Walters et al. 1995, Aida et al. 1990, Takita et al. 1992), oxidation of nitrogen
containing hydrocarbons and decomposition of ozone (Hao et al. 2001) are among some of
other reactions studied in past.

Hutchings studied addition of HCI to ethyne to produce vinyl chloride. (Hutchings et
al. 1996) The discovery of metal nanoparticles for hydrochlorination replaced the use of
mercuric chloride supported on carbon. Besides being poisonous, the supported mercuric

chloride deactivated rapidly.

VL5 Catalytic activity of platinum nanoparticles on spherical polyelectrolyte brushes

In this section the catalytic activity of platinum nanoparticles on the surface of the
spherical colloidal brushes is discussed. The size of the metal nanoparticles is limited by the
polymeric brushes, as the uptake of metal ions is dependent on the brush length. A large
surface area provided by the latexes is exploited to disperse the platinum nanoparticles. As the
particles are formed on the surface of the latexes, they are available for the direct contact with
the reactants. The metal particles are stable against aggregation and have a larger surface area
optimum for the catalytic activity. We will discuss here hydrogenation of butyraldehyde as a
model reaction to test the catalytic activity of the platinum nanoparticles.

Model reaction

H»
/\/\O — > N OH
Pt Catalyst
Butyraldehyde 1-Butanol

Fig. 45 Reaction conditions: Time: 3-4 h, T= 40°C, Pressure = 65 bar

The reaction is carried out with dihydrogen with the platinum nanoparticles supported on
polystyrene as catalyst. The reaction is carried out in aqueous phase and in optimum
conditions of 40°C and 70 bar pressure in an autoclave equipped with a thermostat. Solubility
of substrate butyraldehyde in water is 7g/100 ml. At the concentrations used in the catalysis,
the substrate is soluble in the aqueous phase. The reactant and product butyraldehyde and 1-

butanol both were monitored by gas chromatography.
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Determination of active sites

The number of active sites in a catalyst is an important parameter in catalysis to
determine mechanism kinetics of the reaction. In hydrogenation reactions, amount of
adsorbed hydrogen per particle of the catalyst gives an exact number of active sites on the
catalyst available for the reaction.

Irreversible hydrogen adsorption is determined at 40°C as the hydrogenation of
butyraldehyde is carried out at this temperature. The adsorption is determined on the freeze-
dried solid catalyst sample. It is assumed that the adsorption of hydrogen is same in the
presence of solvent as is in the reaction conditions. The number of moles of hydrogen
adsorbed per gram of the freeze dried catalyst is determined by pulse titration ChemBET3000
from Quantachrome which shows that 1.65 x 10™* +/- 1 x 10" moles of hydrogen is adsorbed

per gram of the catalyst.
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Fig. 46 Pulse titration of Pt nanocatalyst by ChemBET3000: Moles of active centers are
determined via pulse titration of hydrogen adsorption on dried catalyst (40 °C). The first four
pulses show the hydrogen transmission of the instrument without any sample. The rest of the
pulses are the transmission of hydrogen through the instrument with the sample. The
difference of the pulse gives the hydrogen adsorbed by the sample. A value of 478 +/- 46
molecules of hydrogen per platinum particle is observed.

The number of platinum particles per gram of the solid catalyst is calculated by the
number of platinum particles per polystyrene spheres as observed in the TEM pictures. This

value is calculated to be 3.00%10'7 Pt particles / g of dried catalyst. From the above values the
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number of hydrogen molecules adsorbed per platinum particle is 478 £ 46. The number of
active sites in the liquid catalyst can be determined by the equivalent active sites present in
the solid content of the liquid.

Alternatively, the average surface area provided by the catalyst can be determined by
adsorption of nitrogen. Nitrogen adsorbs on the organic support and not on the platinum
particles. Hence, by evaluation of BET isotherms of the organic support and catalyst, the
difference in the active areas of can be found, which corresponds to the surface area of the

catalyst. This is calculated to be 18.1m” per gram of the catalyst.

Preliminary results

As described above hydrogenation of butyraldehyde to 1-butanol is studied in aqueous phase.
The solid content of the catalyst used in all the studies is 14.4 mgs/ml. First 2 ml of the
cataylst was used with 0.1 1mmols of the substrate i.e., butyraldehyde. A conversion of 90% to
I-butanol is observed. Further reactions were carried out to check the recyclability and

kinetics of the reaction.

Recyclability of the catalyst

An important aspect of the catalysis is the lifetime and reusability of the catalyst.
Recyclability of the catalyst can be evaluated by carrying out a number of reactions using the
same catalyst and comparing the activity for each run.

Using the same catalyst for several number of runs checked recyclability of the
catalyst. 0.1 1mmols of substrate was used for each run. The products were extracted in ether
after one run and the residues of ether were removed by sonication at 40°C from the catalyst.
The removal of ether is important as the adsorbed ether prohibits the interaction of substrate
and the catalyst resulting in failure of the reaction. Fresh substrate was introduced in the
catalyst and the next run was carried out. Fig 47 shows that the catalyst is recyclable at least
up to 5 runs. The efficiency of the catalyst remains unaltered during the runs. The conversion

was found to be more than 95% for each run. No deactivation was observed during the reruns.
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Fig. 47 [ Butyraldehyde, B 1-Butanol Recyclability of Pt catalyst in hydrogenation of

Butyraldehyde for 5Sruns. The number of runs on X-axis shows the number of reactions
performed with a catalyst. The Y-axis shows the conversion. Reaction Conditions:
Buytraldehyde: 0.1mL(0.11mmol); Catalyst Pt/Polystyrene: 3 x 10" particles/ml water;
Volume: 3 ml; Time: 24 h; T: 40 °C; Pressure: 70 bar

CryoTEM pictures of the catalyst before (See Section V.7) and after 5 runs are shown in Fig
48. The particle size of the platinum nanoparticles is nearly the same before and after the run.
But a redistribution of the platinum nanoparticles is observed after 5 runs. The number of
platinum nanoparticles is observed concentrated on some polystyrene particles and some of
the polystyrene particles are found vacant (Fig 48). The higher magnification of the particles
is shown in Picture 49. Though the particles are redistributed, the catalytic activity is not
found to be affected. This behavior can be due to the catalysis or can also occur during the
removal of products by ether. The surface area available of the catalyst affects the catalytic
efficiency. With the aggregation of the nanoparticles, the surface area decreases which in turn
decreases the catalytic efficiency. In above discussion, the catalytic activity is not found to be

affected and also the particles size as can be seen in the Cryo TEM pictures.
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Fig. 48 Cryogenic TEM of platinum nanocatalysts after 5 runs of butyraldehyde
hydrogenation with dihydrogen. The marked particles show more number of platinum
nanoparticles. The coverage of polystyrene nanoparticles is not uniform unlike the particles
before catalysis (See Section V.7). More polystyrene particles are seen bare. The platinum

nanoparticles bounded with polymer are also visible in the solvent.

50nm 100nm

Fig. 49. The highlighted particles in Fig. 48 at higher magnification.
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Time dependent studies

Following the disappearance of butyraldehyde as a function of time carries out the
time dependent studies of the reaction. The time dependent studies can be utilized to
determine important parameters of the reaction like kinetics and reaction mechanism. For the
reaction, 0.17mmols of butyraldehyde is hydrogenated with 0.047ml of catalyst diluted to 2ml
of volume with water. The reaction was run for 6hrs keeping rest of the conditions constant as
described before. Small samples were drawn from the reaction mixture at different times. The
results are shown in Fig 50. As seen from the data, the activity is low in first lhour. The
conversion after 4.5hrs becomes nearly 95%.
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Fig. 50 Qualitative kinetic studies. Amount of substrate: 0.15 ml (0,17 mmol) 2 ml (0.047 ml

Pt-cat. + 1.953 ml water) of the same Catalyst. High conversion is observed after 5Shrs. Low

activity/conversion is observed initially (0-1hrs)
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Fig. 51 Pseudoqualitative kinetic studies. Butyraldehyde (%) as a function of time. Different
catalysts with constant concentrations and constant volumes of 2 ml (0.047 ml Pt-cat. + 1.953

ml water). Amount of substrate: 0.1 ml (0,11 mmol).
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An alternative way to follow kinetics is a qualitative pseudokinetics (Fig. 51). In this method,
instead of drawing samples from the reaction mixture at different interval of times, fresh
mixtures are reacted for each time interval. The results are similar as those of the qualitative
kinetics. The reaction is complete after 6hrs.

The curve shows that the rate of the reaction is very slow initially, which increases
with time and decreases at the completion of the reaction. As stated earlier, the mechanism of

the reaction and rate constants of the reaction can be determined by the discussed curves.

V1.6 Catalysis by Gold nanoparticles:

As discussed in the theory section, theoretically gold nanoparticles should be catalytically
active even without an oxide support. In this section catalytic activity of the gold
nanoparticles supported on cationic polyelectrolyte brushes is discussed. Polystyrene is an
inert material providing no support effect as in the case of oxide support. In the current study
the polystyrene latexes grafted with polyelectrolyte brushes only acts as agent to control the
particle size and a defence against aggregation of the particles.

The same model reaction, hydrogenation of butyraldehyde as used for the platinum
nanoparticles is chosen for the gold particles. The reactions were carried out at 40°C and in
aqueous phase. The pressure was 70bar for each run. The number of gold particles per ml
3*10" of the catalyst was determined by TEM and it was assumed that the number of gold
particles is constant on all the polystyrene particles. Preliminary results of catalysis showed
that gold hydrogenates the carbonyl bond but the rate and the conversion were found to be
less than that of the platinum catalyst. Hence the time period of the hydrogenation was
increased to 24 hrs. The solubility of butyraldehyde in water is 7gm/100ml. For the
concentrations used in the reactions for catalysis, the substrate is soluble in the solvent

forming a homogeneous phase. The products were extracted in ether and analysed by GC.

H»
/\/\O _ N OH
Au Catalyst
Butyraldehyde 1-Butanol

Fig. 52 Hydrogenation of butyraldehyde by gold catalyst

The conversion after 24hrs was substantial approx. 80% as seen in the first run of the Fig. 53.
The next important studies as done for the hydrogenation with platinum nanoparticles are the

recyclability of the Gold nanoparticles. The studies to evaluate the recyclability were done in
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exactly the same way as done for Platinum nanoparticles as discussed in previous section. The
same catalyst was used for a number of runs as shown in the Fig. 53. The products after a run
were extracted in ether and fresh substrate is introduced in the catalyst to check the activity

further. As seen in the Fig. the conversion is not constant for all the runs.
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Fig.53 Dutyraldehyde, B -Butanol Recyclability of Au catalyst in hydrogenation of
Butyraldehyde for 7runs. The number of runs on X-axis shows the number of reactions
performed with a catalyst. The Y-axis shows the conversion. Reaction conditions:
Buytraldehyde: 0.1mL; Cat. Au/ polystyrene/H,O — 3 x 107 particles/ mL; Time: 24 h; T:
40 °C; pressure: 70 bar; Final Volume of the reaction mixture: 3 ml (2 ml Au-cat. + 1 ml
water)

Catalysis by unsupported gold for the same reaction was carried out in the same reaction
conditions. The reaction showed no results and the gold nanoparticles aggregated after the 1*
run. These experiments were carried out for a gold sol reduced by NaBH4 and with tetrakis
(hydroxymethyl phosphonium) chloride. Both the sols showed no results.

The catalysis by gold nanoparticles supported on polystyrene suggests that the activity
of the gold nanoparticles can be attributed to the quantum size effects. Due to the inertness of
the polystyrene, electronic interactions between the support material and the metal
nanoparticles are absent. The reproducibility of the results suggests that there is no substantial

increase in the particles size of the metal nanoparticles
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Summary

This thesis describes synthesis of spherical cationic polyelectrolyte brushes by
“grafting from” technique. The spherical polyelectrolyte brushes have been used as
“nanoreactors” for the synthesis of metal nanoparticles (Gold, Platinum and Silver). The
catalytic activity of the resulting metal/polymer nanocomposites has been tested by
heterogeneous hydrogenation of carbonyl groups.

The synthesis of the cationic spherical polyelectrolyte brushes is achieved by a three-
step procedure. Firstly, cationic polystyrene core particles are synthesized by emulsion
polymerization by using a cationic surfactant and a cationic thermal initiator. In the second
step, a thin layer of photoinitiator is generated around the particles by addition of the
photoinitiator under “starved conditions” . The photoinitiator is a monomer, which is added
when the formation of core particles is in the last stage. The photoinitiator polymerizes with
the styrene to give a covalently bound photoinitiator. The core particles are characterized by
dynamic light scattering. In the third and last Step, the brushes are grafted on the core
particles by photoemulsion polymerization, where the initiation is triggered by UV/VIS
radiation. Dynamic Light Scattering follows the growth of the brushes. Further studies were
carried out to investigate of the effect of monomer and the photoinitiator concentrations on
the thickness of the brushes. At high concentrations of monomers, formation of gel is
observed. The important parameters of the brushes- contour length and grafting density are
determined by the cleavage of the chains from the surface by alkaline hydrolysis. The ester
functionality within the photoinitiator is hydrolyzed under the harsh conditions of hydrolysis.
The cleaved chains are analyzed to determine the molecular weight. The grafting of the
charged polymeric chains stabilizes the colloids even under unfavorable conditions like high
ionic strength and high pH.

The behavior of brushes is investigated at different ionic strength and pH. At
different ionic strengths brushes show three regimes- osmotic, salted and neutral regime. At
increasing ionic strength, a shrinking in brush thickness is observed due to the screening of
ionic charges. The cationic brushes (polyamino ethylmethacrylate hydrochloride and poly
vinylbenzylamine hydrochloride) bear protonated amine functionality. The brushes are
classified as annealed brushes as they are sensitive towards pH. The brushes lose the protons
at high pH, to result in the uncharged brushes, causing them to shrink, which is followed by
dynamic light scattering. A sharp decrease in hydrodynamic radii is observed at high pH. The

behavior of shrinking is observed at constant ionic strength to eliminate the effect of ionic
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strength. The polyaminoethylmethyacrylate brushes show shrinking at higher pH as compared
to the polyvinylbenylaminehydrochloride brushes.

Polyaminoethylmethyacrylate brushes are used as nanoreactors to synthesize the
metal nanoparticles of gold and platinum. The water-soluble metal salts are to introduce metal
ions in the brushes. The negatively charged metal ions (AuCly and PtClg?) interact with the
cationic chains of the brushes. Dynamic Light Scattering is used to study the influence of the
metal ions on the brushes. It is observed that metal ions induce much more pronounced
shrinking as compared to the monovalent ions. The shrinking can be compared with the
shrinking caused multivalent ions such as MgSO4. The metal ions once introduced are
localized within the brushes due to strong correlation of counterions with the polyelectrolyte
chains. The excess ions are cleaned by ultrafiltration. The trapped counterions render high
contrast to the brushes and hence visualize brushes in Cryo-TEM. The metal ions can be
reduced chemically by NaBHy4 to generate nanoparticles. The particles are studied by high-
resolution Transmission microscopy and cryogenic TEM. The metal nanoparticles formed are
well spaced and crystalline in nature. The particles formed are found to be stable against
aggregation. The silver nanoparticles are formed by using the anionic brushes (polyacrylic
acid) and AgNOs as the precursor salt.

The catalytic activity of Platinum is tested by the heterogeneous hydrogenation of the
carbonyl functionalities with dihydrogen under optimum conditions. The platinum
nanoparticles give a 90% conversion of butyraldehyde to 1-butanol. The catalyst is found to
be recyclable for a number of runs without losing the efficiency. The time dependent studies
are carried out to gain insight in the mechanism and the kinetics of the reaction. The particles
are found to be stable after the catalytic cycles. The gold nanoparticles supported on the
polystyrene are found to be catalytically active for the same reaction. The gold particles are
found to be recyclable for a number of runs without losing the efficiency. The bulk gold is
completely inactive, hence the origin of catalytic activity is attributed to the quantum size
effects. As the polystyrene particles are inert, the role of support particles in the origin of
catalytic activity can be ruled out. The nanoparticles are found to become inactive for
catalysis after 6 months of standing with a manifold increase in the particle size as revealed

by microscopy.
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Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurde die Synthese kationischer
Polyelektrolytbiirsten =~ mittels  einer  ,grafting from“-Technik  vorgestellt. = Die
Polyelektrolytbiirsten wurden als Nanoreaktoren zur Synthese von Metallnanopartikeln (Gold,
Silber und Platin) benutzt. Die katalytische Aktivitit der Metall/Polymerkomposite wurde
tiber die heterogene Hydrierung von Carbonylbindungen getestet.

Die Synthese der Polyelektrolytbiirsten wurde in drei Schritten durchgefiihrt. Zuerst
wurde ein kationischer Kern-Latex aus Polystyrol durch eine konventionelle
Emulsionpolymerisation mit einem kationischen oberflichenaktiver Tensid und einem
kationischen Initiator hergestellt. Im zweiten Schritt wurde eine diinne Photoinitiatorschicht
auf die Kernoberfliche aufgebracht durch die Zugabe eines Photoinitiators unter ,,starved
conditions®. Der Photoinitiator ist ein Monomer, welches hinzugefiigt wird, wenn die Bildung
der Kernpartikel nahezu abgeschlossen ist. Der Photoinitiator copolymerisiert mit Styrol,
wodurch kovalent gebundene Photoinitiatorgruppen erhalten werden. Die Kernpartikel
wurden mittels Dynamischer Lichtstreuung charakterisiert. Im dritten und letzten Schritt
wurden die Biirsten iiber eine sogenannte Photoemulsionspolymerisation aufpolymerisiert,
welche liber UV-Bestrahlung initiiert wurde. Mittels Dynamischer Lichtstreuung wurde die
Ausbildung der Biirsten beobachtet. Weiter wurde der Einfluss der Monomerkonzentration
und der Photoinitiatormenge auf die Biirstendicke untersucht. Bei  hoher
Monomerkonzentration wurde ein Gel erhalten. Die charakteristischen Parameter —
Konturlinge und Pfropfungsdichte, wurden iiber eine Abspaltung der Ketten von der
Oberfliche mittels alkalischer Hydrolyse bestimmt. Die Esterfunktionalitit der
Photoinitiatoreinheit wurde unter diesen Bedingungen hydrolysiert. Das Molekulargewicht
der abgespaltenen Ketten wurde bestimmt. Das Aufpfropfen der Polymerketten stabilisiert die
Kolloidpartikel selbst bei hohen Ionenstirken und pH-Werten.

Das Verhalten der Biirsten wurde untersucht bei verschiedenen lonenstirken undr
pH-Werten. Je nach lonenstirke werden die Biirsten als ,,osmotic* oder ,salted brush*
klassifiziert. Mit zunehmender lonenstirke wird ein Schrumpfen der Biirstendicket beobachtet
infolge der Ladungsabschirmung. Die kationischen Biirsten
(Polyaminoethylmethyacrylathydrochlorid und Polyvinylbenzylaminhydrochlorid) weisen
protonierte Amingruppen auf. Die Biirsten sind als ,,annealed brush* zu bezeichnen, da sie

pH-sensitiv sind. Die Biirsten werden deprotoniert bei hohem pH-Wert, was zu ungeladenen
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Biirsten fithrt. Das Schrumpfen der Biirsten wurde mittels Dynamischer Lichtstreuung
verfolgt. Ein starker Riickgang im hydrodynamischen Radius wurde bei hohem pH
festgestellt. Diese Untersuchungen wurden bei konstanter lonenstirke durchgefiihrt, um
Abschirmungseffekte auszuschlieBen. Die Polyaminoethylmethyacrylatbiirsten zeigten
gegeniiber Polyvinylbenylaminhydrochloridbiirsten ein Schrumpfen bei hohem pH-Wert auf.

Polyaminoethylmethyacrylatbiirsten wurden als Nanoreaktoren zur Generierung
von Metallpartikeln aus Gold und Platin herangezogen. Wasserldsliche Metallsalze wurden
zur abgenutzt zur Einfiihrung der Metallionen in die Biirsten genutzt. Die negativ geladenen
Metallionen (AuCly and PtClg 2) wechselwirken mit den kationischen Ketten. Die
Metallionen bedingen ein viel stirkeres Riickgehen der Schale als monovalente Ionen. Das
Schrumpfen ist vergleichbar dem Schrumpfen in Gegenwart mehrwertiger lonen wie MgSO,,
Die Metallionen sind rdumlich fixiert aufgrund der starken Korrelation der Gegenionen mit
den Polyelektrolytketten. Uberschiissige Ionen werden durch Ultrafiltration abgetrennt. Die
Gegenionen dekorieren die Polyelektrolytketten und erhohen dadurch den Konstrast entlang
den Ketten, was Cryo-TEM-Untersuchungen der Biirsten ermdglicht. Die Metallionen werden
mit NaBH, reduziert unter Bildung von Nanopartikeln. Die Partikel werden mittels ,,High
resolution transmission microscopy” und Cryo-TEM untersucht. Die Metallpartikel sind
regelméBig geformt und kristalliner Natur. Die Partikel erwiesen sich als stabil gegeniiber
Aggregation. Die Silbernanopartikel werden ausgehend von anionischen Biirsten
(Polyacrylsdure) und AgNO; hergestellt.

Die katalytische Aktivitit von Platin wurde iiber die heterogene Hydrierung von
Carbonylverbindungen mit Wasserstoff untersucht unter optimierten Bedingungen. Die
Platinnanopartikel erlauben eine 90%ige Umsetzung von Butyraldehyd zu 1-Butanol. Der
Katalysator ist mehrfach verwendbar ohne Verlust an Effizienz. Zeitabhingige Studien
wurden durchgefiihrt, um einen Einblick in den Mechanismus und die Kinetik der Reaktion
zu erhalten. Die Partikel sind iiber mehrere katalytische Zyklen hinweg stabil. Die
Goldpartikel auf den Kolloidpartikeln sind ebenfalls katalytisch aktiv in der selben Reaktion.
Die Goldnanopartikel sind auch wieder verwendbar ohne Effizienzverlust. Gewdhnliches
Gold ist inaktiv. Daher ist die katalytische Aktivitdit auf ,,Quantum size -effects®
zurlickzufiihren. Da die Polystrolpartikel inert sind, kann ein Einfluss der Triagerpartikel auf
die katalytische Aktivitit ausgeschlossen werden. Nach 6 Monaten werden die
Goldnanopartikel inaktiv, wobei eine mehrfache Zunahme des Partikeldurchmessers

einhergeht, wie mikroskopische Untersuchungen zeigten.
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VII Appendix:

VII.1 Tables

Table: 1 Different composition of latex system on importance of amounts of surfactant and
thermal initiator. Decreasing amounts of surfactant and thermal initiator increased the
particles sizes of the particles as expected from the theory of emulsion polymerisation. The
first recipe showed the smallest size of the particles obtained and the 5™ one showed the
maximum size obtained. The polydispersity of the particles decreased with the increase in the

particles size. The 1* composition was chosen for most of the synthesis work.

Styrene (Mol Wt. | CTAB (Molwt. |V-50(Mol. Water Hydrodynamic

104.2) G/Mol 364.5) G/mmol | wt.271.2)G/mmol G/Mol radii/nm
208/1.996 5.31/14.56 0.87/3.2 845/46.95 40
208/1.996 2.65/7.27 0.87/3.2 845 63
208/1.996 0.20/0.548 0.87/3.2 845 100
208/1.996 1.32/3.62 0.21/0.77 845 96
208/1.996 0.20/0.548 0.42/1.54 845 135

VII.2 Experimental techniques and characterization

Materials:

All chemicals used for the synthesis are of analytical grade and were used as received.
Styrene (BASF) was distilled under reduced pressure and stored at — 4°C until used. 2-[p- (2-
hydroxy-2-methylpropiophenone)]-ethyleneglycol-methacrylate (HMEM) was used as the
photoinitiator whose synthesis has been described previously.
Hexadecyltrimethylammoniumbromide (CTAB), 2-2'azodiisobutyramidinedihydrochloride
(V-50)(Fluka) were used in synthesis of core particles.

4-vinyl-pyridine (Fluka), ethanolaminehydrochloride (alfa aesar), absolute ethanol (Fluka),
methacrylolylchloride (Fluka), 1,2dichloroethane, 4chloromethylstyrene(Fluka), pyridine
(Fluka), potassiumphthalimide (aldrich), thoinylchloride (Fluka), benzoin (Fluka),
acryloylchloride (Fluka), dimethylaniline dimethylformamide (aldrich), chloroform (Fluka),
diethylether (Fluka) and hydrazine hydrate (aldrich) were used as received in the synthesis of
functional monomers. MgSO, (Fluka), NaOH (Fluka), Na,COs(Fluka), KOH(Fluka),
H,SO4(Fluka) were used as received. Silica gel (Silica gel 60, Fluka) was used for
chromatography. Tetrachlorogold (III) acid trihydrate (Merck), hexa chloroplatinum (IV)
acid trihydrate (Merck), and AgNOs was used to introduce metal ions in the brushes and

NaBHjy and tetrakis (hydroxymethyl) phosphonium chloride (Merck) was used to reduce the
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ions. The water was purified by reverse osmosis (Millipore Milli-RO) and subsequent ion

exchange (Millipore Milli-Q).

Synthesis of monomers

Aminoethylmethacrylate hydrochloride(AEMH)

Ethanol amine hydrochloride was heated at 50 °C with stirring, in a two neck flask equipped
with a addition funnel, methacryloyl chloride was then added drop wise using the addition
funnel, HCl is released as the reaction is triggered, the reaction mixture was further heated at
100°C, until the release of HCI was totally stopped. The reaction mixture is cooled to room
temperature and Aminoethylmethacrylate hydrochloride thus obtained in form of yellow oily

liquid is recrystallised in 1,2 dichloroethane.

NH
TS OH N SOCl,

l Absolute ethanol, 0°C

a

j/o
NH; CI\/\OH N \

l 90-105°C, dropwise T HCI

NH3+O\/\ Oi{
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Vinylbenzylamine hydrochloride(VBAH)

VBAH was synthesized by Gabriel synthesis. Potassium phtalimide (440mmol) was stirred
in DMF (250ml) at 50°C and 4-Chloromethylsytrene (400mmol) was added to this solution.
The stirring was continued for 4 hrs. The mixture was then concentrated by the evaporation of
solvent under reduced pressure.

The solid 4-vinylbenylthalimide obtained was dissolved in CHCIs. This organic layer was
washed several times with 0.5N NaOH and further treated with water, and dried using
MgSO,.The solvent was later evaporated and the white solid obtained was recrystallized from
methanol. 4-vinylbenzylphalimide was taken in 200ml of ethanol and heated till boiling, to
this solution was added 20ml of ethanolic hydrazine hydrate solution containing 210mmol of
hydrazine hydrate.

A thick white mixture formed instantly was further refluxed for 3 hrs. After cooling, 3N KOH
solution was added to dissolve the mixture. The organic layer was extracted with diethylether,
washed several times with 5% Na,COj solution and water, dried over MgSO4 and evaporated
to obtain white liquid.

To an ethanolic solution of VBA kept at 0°C, thionylchloride was added drop wise to give a

white precipitate of VBAH, which was filtered, dried under vacuum.

6] N
|
N'K
|
o) n a
(Potassium phthalimide, 220mmol) (4-chloromethylstyrene, 200mmol)
DMF, 50°C, 4h

0 5

(4-vinylbenzylphthalimide, 130mmol)
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Absolute ethanol
90°C, 1.5h
(N2Hy, 210mmol)

/

OL
NH
(0] + NH;

(Vinylbenylamine)

SOCl, , dropwise
0°C

/

NH; Cl”

(Vinylbenylamine hydrochloride)

Synthesis of photoinitiator (HMEM) 2-[p- (2-hydroxy-2-methylpropiophenone)]-
ethyleneglycol-methacrylate

An Schotten —Baumann reaction, synthesized HMEM. 94.8¢ of 2-hydroxy-4’'-
hydroxyethoxy-2-methylpropiophenone (HMP) and 43.1 of methacryloyl chloride (MC) in
600ml of acetone using 50ml of pyridine as catalyst. At first, HMP was dissolved in the
mixture of acetone and pyridine. Then MC was added dropwise into the solution, which
surrounded by an ice water bath. After the addition of MC, the mixture was stirred for 12 h at
room temperature. At last, the solvent was evaporated under vacuum, and the resulting
product was carefully washed with water for eight times. Further purification was achieved
through chromatography on silica gel (Silica gel 60, Fluka) using acetone as eluent where the

thin chromatography serves as the analytical method. The overall yield was 40%
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2-hydroxy-4’-hydroxyethoxy Methacryloyl chloride (MC)
-2-methylpropiophenone (HMP)

Acetone, Pyridine

Room temperature Schotten —Baumann reaction

12h
O
. H
{LO/\/ OH

2-[p- (2-hydroxy-2-methylpropiophenone)]-ethyleneglycol-
methacrylate(HMEM)

Synthesis of phtoinitiator HMEM
HMEM.
'H-NMR (CD;COCD3, & in ppm): 1.53 (s, 3H, -C(CHs)-), 1.93 (s, 3H,=C(CH3)), 2.89(s, 1H,
OH), 4.45, 4.54(t, 4H, CH,CH2), 5.69, 6.10(d, 2H, CH>»), 7.70, 8.28 (m, 4H, CsH,).
13C-NMR(CD3;COCD3, § in ppm): 207, 164 (CO), 134, 129, 127, 115(CsHs), 79(Crer), 68,
65(COH, OC,H,40), 28, 29(CH,, CH3).
IR (film): 3440, 2978, 1719, 1667, 1601, 1508, 1456, 1375, 1307, 1257, 1166, 1044, 959,
841,767 cm’
UV( chloroform): Am.x = 277nm

Synthesis of benzoin acrylate(BA)

BA was prepared by Schotten —Baumann reaction as well.To a stirred solution of 22.2g
(0.102mol) benzoin, 54ml of dimethylaniline and 90ml of chloroform, acryloyl chloride (AC)
57g (0.63mol) was added dropwise below 10°C. after addition of AC, they were reacted for 1
hour maintaining a gentle reflux of the solvent.The unreacted AC and solvent were removed

under vacuum, and the residue was hydrolyzed with 6N aqueous H,SO4, then washed with
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water ten tmes.The product was crystallized from ethanol two times. The overall yield was

90%.

Benzoin Acryloyl chloride
Chloroform
Dimethylaniline Schotten —Baumann reaction
70°C, 1H v

Benzoin Acrylate
Synthesis of photoinitiator BA
'H-NMR (CD;COCD3, & in ppm): 5.99,6.01 (d, 2H, =CH,), 6.28-6.32 (q, 2H, =CH,),

6.43,6.47(s, 1H, CH), 7.11(s, 1H, CeHs), 7.41(m, 2H, CgHs), 7.51 (t, 2H, CeHy), 7.61(m, 2H,
CoHy), 8.07(d, 1H, CeHy)
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IR (film): 3066, 2360, 1970, 1717, 1693, 1616, 1597, 1499, 1449, 1408, 1367, 1285, 1255,
1231, 1196,1061, 989, 963,936, 861, 810, 760, 696 cm’!
UV( Chloroform): Amax = 250nm

Synthesis of polysytrene core particles:

The polysytrene (PS) core latexes were synthesized in 3000ml double-wall reactor(Biichi)
using a conventional emulsion polymerisation. The reactor consists of thermometer, a reflux
condenser, a paddle stirrer system (IKA) and a thermostatic system (Lauda R 400). 1 mol of
styrene was emulsified by CTAB (7.29 mmol) in 420 ml of water. The mixture was then
heated at 80°C under nitrogen atmosphere(evacuted five times). A solution of thermal
initiator V-50 (1.617mmoles) in 50ml water was introduced in the reactor. The polymerisation
was continued till 20 minutes after which the photoinitiator(HMEM) was added under starved
conditions (0.5ml/min) to obtain a thin shell of photoinitiator on the core particles. The
temperature was reduced to 70°C. The amounts of the photoiniator varied from 0.5mol% to
4mol % of the sytrene used. After the addition of the photoinitiator the reaction was continued
for 6 hrs. The latex obtained was cooled and purified by ultrafiltration till the conductivity of

the serum was around 20-30uS/cm.

Synthesis of the core-shell particles by phototemulsion polymerisation:

The amount of monomer to be added (AEMH or VBAH) was calculated by mol % of the
core used in the photoemulsion polymerisation, which varied from (10-60 %). The core used
was diluted to 2.5 wt% of water. The mixture of diluted core and the monomer was charged
into the reactor ( heraeus TQ 150, volume: 650 cm’, range of wavelength: 200-600 nm). The
mixture was evacuated and flushed with nitrogen several times. Photopolymerisation was
carried out by UV-VIS iradiation with constant stirring. Sampes were drawn regularly from
the reaction mixture, and the increase in hydrodynamic radii was followed by dynamic light
scattering (DLS). The core-shell polyelectrolyte brushes, thus obtained were cleaned by
ultrafiltration, using bidistilled and deionized water (Millipore) under a pressure of 1 Bar,

until the conductivity of the outgoing serum dropped under 2puS/cm.

Formation of Gold nanoparticles in the brush:

3.22 ml of the polyelectrolyte brush system (3.10 wt%) was placed in an ultrafiltration cell,

ion exchange was then carried out by serum replacement against 5*10™ M of 2 litres HAuCly
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solution. The remaining co-ions were cleaned by ultrafiltration with pure water until the
conductivity of the serum was reduced to 2 us/cm. The white polyelectrolyte brush system
turns pale yellow after the treatment with HAuCl4 solution this brush system bearing
HAuCl4 ions as counter ions was then divided into two equal parts and reduced using very
dilute solution of NaBH4 and tetrakis(hydroxymethyl)phosphonium chloride. Reduction with
NaBH4 changed the colour of the latex to red whereas using the latter reagent resulted in the
colour change of the latex from yellow to white. Further addition of either reagent did not
produce any change in the colour, suggesting that the HAuCl4 ions present in the system had

been completely reduced .

Formation of Platinum nanoparticles

3 ml of the polyelectrolyte brush system(core radii: 40nm, brush thickness:120nm)
(2.57wt%) was placed in an ultrafiltration cell, ion exchange was then carried out by serum
replacement against 1*10* M of 2 litres H,PtClg solution. The remaining co-ions were
cleaned by ultrafiltration with pure water until the conductivity of the serum was reduced to
2us/cm. The white polyelectrolyte brush system turns pale yellow after the treatment with
H,PtClg solution. This brush system bearing H,PtClg ions as counter ions was reduced using v
dilute solution of NaBH4. Reduction with NaBH4 changed the colour of the latex to black.
Further addition of either reagent did not produce any change in the colour,suggesting that the

H,PtCl¢ ions present in the system had been completely reduced .

Formation of Silver nanoparticles inside the brushes

7 ml of core shell system(core diameter: 99 nm diameter,brush length: 130 nm),solid
content:1.45 %, was stirred in 0.001 M AgNO;, in dark for 2 days for exchange of H" ions
with Ag" ions. The core shell system was cleaned with deionised water till the conductivity
was 1 uS. The cleaned core was reduced by freshly prepared NaBH, solution. The latex turns

from white to yellow.

Purification of latexes
The cleaning of both core and core shell particles is very important as the amount of
surfactant on the core particles affects the thickness of the brush formed and the

polyelectrolyte left on the core shell add up to the ionic strength of the solution.
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Dialysis

The dialysis uses membranes(cut off 12000-14000) from Visking (Medicell). The membranes
were boiled for two hours before use. The latexes were filled in and the tubes are rotated to
maintain a high concentration gradient of diffusible molecules across the membrane. The

serum is renewed every day until its conductivity is constant.

Ultrafiltration
In this process, a reservoir is connected to a cell having a membrane at its base.The latex is
filles inside the cell. The pore size of the membrane is chosen such that it is permeable only to
the small polyelectrolyte chains and latex particles can’t pass through it. Air or nitrogen
pressure is applied to the reservoir so that water flows through the connecting tubes to the cell
and then through the membrane and hence separating the latex from smaller molecules.The
latex particles are rotated with the help of magnetic stirrer to avoid latex from settling in the
cell.

Membranes are of pore sizes 0.05um to 0.1pum. The material of the membranes is cellulose

nitrate or regenerated cellulose.

Contrast solution for transmission microscopy
The contrast solution usually contains a protein bovine serum albumin (0.1wt%), tunsgten

phosphonic acid (1 wt%) and sucrose sugar (2 wt%). The pH is maintained around 6-7.

Analytical Methods

Photoemulsion polymerisation was done in UV-reactor (Heracus TQ 150 Z3) the wavelength
range was from 200- 600nm with the capacity of 650cm’. The pH and conductometric
measurements were carried out by Q pH 70 and Q cond 2200 pH meter and conductometer,
respectively. Characterization by NMR spectroscopy using a Bruker AMC 400 spectrometer.
Tetramethylsilane (TMS) served as an internal standard. Gas chromatography was carried out
by Agilent 6890N mit FID equipped with Agilent 19091J-413 FS- Kapillarsdule, HP-5

column.
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Instrumentation & Methods

Dynamic Light scattering
The hydrodynamic radius was determined by dynamic light scattering using a Peters ALV
4000 goniometer. The hydrodynamic radius of the latex particles can be determined by
dynamic light scattering (DLS)(sometimes termed photon correlation spectroscopy) (PCS) or
quasi-elastic light scattering(QELS)).
When light shines on matter, the electric field of the light induces oscillations of the electrons
in the molecules, the molecules then serve as secondary sources of light and subsequently
scatter light. The intensity of scattered light is determined by the size, shape and the molecular
interactions in the scattering material. Thus from the light scattering characteristics of a given
system it is possible to obtain information about the structure and molecular dynamics. [Berne
and Pecora 1976]
A coherent light source laser is required for the dynamic light scattering .the interference
patterns are produced by the array of particles. The particles in a colloidal dispersion are in
continuous Brownian Motion(particle diffusion).When the particles in a change positions, the
light paths (and hence the phases) of the scattered waves are altered. As a result, the detected
light fluctuates between bright (constructive interference)and dim8destructive
interference). Thus the temporal fluctuations in scattered intensity provide information of the
particles motions. The dynamic light exploits this fact.
In essence the moving particles shifts the scattered radiation by the Doppler effect and the
Doppler shift can be obtained by a correlation analysis for a continuous time-record of the
intensity scattered from the single coherence area. The correlation function represents the
fluctuations in the light intensity, namely the relation between the average intensity at a time
(t + 1) and that at time t. This function in effect is a measure of the probability of a particle
moving a given distance in a time t. [Philips 1990,Takeo 1999]

The analysis of the fluctuations in the intensity I of the light scattering yields the

normalised time correlation function g,(t) which is defined as [Ottewill 1997]:

Where the angular brackets denote a time-averaged result. <I > is the conventional time

average intensity which describes the average of the fluctuations taken over a long time

interval.
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(1(0)1(z))= ;@;%zz(t)z(mr)dt

Where 7 is the correlation time, 7 the averaged time.
Since the number of scattering particles is very large, the Siegert relation holds

[Nicholson ef al. 1982]

g ()=1+C[g(0)] (1)

where C is a constant close to unity depending on the experimental conditions (0<C<I) and
gi(t) i1s the temporal correlation function of the scattered light field, gi(t)depends on the
structure, the size polydispersity, and the inner movement of the particle.
In the case of monodisperse spherical particles the correlation function is a simple
exponential function:
g (7)=exp(-T'7)

Where I denotes the relaxation rate:

I =Dqg’
Where D is the diffusion coefficient and q the scattering vector which is defined as

q= 47” Sing
Where A denotes the wavelength of the light and € the scattering angle. Since D is given by

the Stokes-Einstein equation.

kT
67nR,

Where K is the Boltzmann constant, T the absolute temperature, n the viscosity of the
medium and Ry, the hydrodynamic radius of the particles.

In the case of real latex system, the distribution of the particles size must be taken into
account. For polydisperse systems, g;(t) consists of the sum of a great number of exponential
terms. For reasonably narrow size distributions, the method of cumulants [Koppel 1972] is

frequently used to obtain an average particle size [Ottewill 1997].
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The size distribution assumed continual, eq 1 can be rewritten for the polydisperse system as:

g (7)=|G(T)exp(-I'7r)dr

S ey 8

Where G(F) is the distribution function of TI'". Then, according to the Siegert relation we

have; g (7)-1= CﬁG(F)eXP(—FT)drT (2)

Practically, G (F) is estimated by “cumulants —fit”: fitting the experimental data by the power
series of I" (or 7 ) [stock and Ray 1985].

Eq 2 can be reduced to

-1
lln ﬂ = —Klz'Jrlef2 —iK3r3 +one
2 C 2! 3!

2 3

K K
Where K,,K, and K,are the 1%, 2" and 3™ moment, K”K_z and — are the cumulants of
1 1

the distribution functionG(F) and the characterize the average value, the width and the slope

respectively. namely:

K, =T'=Dq’
Then
p=X
q

Where D is the intensity weighted average diffusion coefficient:
_ 2NMR(q)D,
D=

ZNiMizP;(Q)

Where P(q) denotes the form factor, N, and M, are the number and the number average

molecular weight of the species i respectively.

In case of very small particles or ¢ — 0

D represents the z-averaged value. [Wiesse 1992]:

Z ]\fiMiz Di _
=D

z

D-_—_
> NM?

Thus, the averaged hydrodynamic radius R_h is given from [Ottewill1997]:
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kT

D=——
67nR,

Where R, can be expressed as

B D> N.R
R —

>N

Moreover, the ratio % can provide the information about the polydispersity [Ottewill 1997]
1

UV spectroscopy:
UV spectrophotometer (Perkin-Elmer Lambda 2S, Lambda 19) equipped with the Wolfram-
halogen lamp for visible range and Deuterium lamp for UV range has been used to measure

the absorption of the metal nanoparticles.

Transmission electron microscopy:

Low magnification TEM microscope Hitachi H7 operated at 150V(Faculty of physics,
University of Karlsruhe) has been used to investigate the core particles. The samples are
prepared by mixing 1% of the latex with the contrast solution as described before. The
particle size has been calculated using Carl Zeiss, TGZ3 measuring the diameter of the latex
and then correcting it by the magnification value. High resolution transmission electron
microscopy has been done using Philips (FEI) CM 200 FEG ( Faculty of physics, Univeristy
of Karlsruhe) equipped with a energy dispersive X-ray system. The composite particles were
investigated using HRTEM. The sample has been prepared on carbon grid without using the
contrast solution. Crystallinity of the samples were evaluated from the selected area electron

diffraction. EDX was used to exactly confirm the elements.

Cryogenic Transmission microscopy

A drop of sample was put on an untreated pure copper TEM grid (600mesh, Science Services,
Muenchen, germnay), where most of the liquid was removed with blotting paper leaving a
thin film stretched over the grid holes. The specimens were instantly shock frozen by rapid
immersion into liquid ethane and cooled to approximately 90K by liquid nitrogen in a
temperature — controlled freezing unit (Zeiss cryobox, Oberkochen, Germany). The
temperature was monitored and kept constant in the chamber during all the sample
preparation steps. After freezing the specimens, the remaining ethane was removed using
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blotting paper. The specimen was inserted into a cryotransfer holder (Gatan CT 3500,
Munich, germany) and transferred to a zeiss 922 EFTEM (Zeiss, OberKochen, Germnay).
Examinations were carried out at a specimen temperature of approximately —180°C. The
TEM was operated at 200kv acceleration voltage and a beam current of 1pA. Images were
taken with elelctron doses of approximately 10 to 500e/nm”. Zero loss filtered images were
registered digitally by a CCD camera (Gatan ultrascan 1000, munich, Germany) combined
and processed with a digital imaging processing system (Digital micrograph 3.9, Gatan,

Munich, Germany)
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Glossary

ABA.2HCI
ABP
ADMBA.2HCI
AEMH
AFM

Ag

AIBN
ARTP

Au

BA

BSA

Ca

Cd

CMC

CPC

Cryo TEM

DLS
DMF
EDX
Er

Fel
Fint
g1(7)
g2(7)
G(T)
GC

Azo bis isobutyramidine hydrochloride
4-acryloxybenzophenone

Azo N, N'dimethyleneisobutyramidine hydrochloride
Aminoethylmethacrylatehydrochloride

Atomic force microscopy

Argentum(Silver)

2, 2"-azobis (2-methylpropionitrile)

Atomic radical transfer polymerization

Aurum (gold)

Benzoin acrylate

Bovine Serum Albumin

Added ionic strength

Cadmium

Critical micelle concentration

Cetylpyridinium chloride

Cryogenic temperature transmission electron microscope
Local ionic strength inside the brush
Hexadecyltrimethylammonium bromide
Cuprum(copper)

Intensity weighted average diffusion coefficient
Diffusion coefficient

Dynamic Light Scattering

Dimethyl formamide

Energy dispersive x-rays

Fermi energy of electrons

Free energy of the chains

Elastic free energy

Interaction energy between the statistical segments
Temporal correlation function of the scattered light field

Normalised time correlation function

Distribution function of T"

Gas Chromatography
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GPC

HMEM
HRTEM

P(q)
PAA

PCS
PDMAEMA
PEI

PMMA

PS

Pt

PVP

QELS
R

Ry

SDS

T

TEM
THMP
UV/VIS
V-50
VBAH

Gel permeation chromatography

Brush height
2-[p-(2-hydroxy-2-methylpropiophenone)]-ethyleneglycol-methacrylate
High resolution transmission electron microscopy

Conventional time average intensity

Kuhn length of the brush polymer

Mark- Houwink constant

Potassium persulfate

Contour length of the grafted polymeric chains
Viscosity average molecular weight
Nanometer

Number of segments in the blob

Form factor

Polyallylamine

Photon correlation spectroscopy
Poly(2-dimethylamino)ethylmethaacrylate)
Polyethyleneimine

Poly(methyl methacrylate)

Polystyrene

Platinum

Polyvinylpyridine

Scattering vector

Quasi-elastic light scattering

Core radius

Hydrodynamic radius of the particles
Sodium dodecyl sulfate

Averaged time

Transmission electron microscopy
Tetrakis(hydroxymethyl)phosphonium chloride
Ultraviolet/visible
2-2"azodiisobutyramidine dihydrochloride
Vinylbenzylamine hydrochloride
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D(Z)

9 2 x © A9

=

[n]

&)
p(r)

Segment density profile of the surface attached chains
Grafting density of the surface attached chains
Scattering angle

Wavelength of the light

Relaxation rate

Correlation time

Osmotic pressure

Viscosity of the polymers

Intrinsic viscosity of the polymers

Neutralization length

Size of the blob
Segment density inside a blob

Excluded volume parameter

Degree of dissociation of the chargeable groups
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