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Chapter 1 Introduction

Chapter 1 Introduction

The synthesis of novel materials with improved properties and performance is a
continually expanding frontier at the interface of chemistry and materials science. In this
pursuit, the ability to control molecular structure on atomic and microscopic dimensions is a
key parameter in designing materials with desired properties. A significant advance in this
area is the synthesis of nanocomposites where the structural order within the material can be
controlled on nanometer/submicron scales.

The field of organic-inorganic nanocomposite materials has been widely recognized as
one of the most promising and rapidly emerging research areas in materials chemistry. The
spatial organization of dissimilar and commonly incompatible components in these hybrid
materials produces a wealth of novel structural features, physical properties, and complex
functions, arising from the synergistic interaction of the individual constitutes. Promising
applications are expected or have already been realized in fields of electronics, optics,
catalysts, and sensors, among others. Harnessing the potential of organic-inorganic
nanocomposite materials requires fine-tuning of the sizes, topologies, and spatial assembly
of individual domains and their interfaces. This, in turn, relies on perfecting chemical routes
to these nanocomposite materials as well as an improved fundamental understanding of
mechanisms.

Synthesis of inorganic nanoparticles within well-defined polymeric templates
represents a very promising technique for the preparation of organic-inorganic
nanocomposites, since the as-prepared nanocomposites combine the peculiar properties of
inorganic nanoparticles (optic, magnetic, electronic, etc.) with very desirable processing
characteristics of polymers. The dispersion and lateral distribution of nanoparticles can be
controlled by the intrinsic morphology of the polymer. Recently, advances in living
polymerization techniques have provided many opportunities for the synthesis of well-
defined polymers with complex structure which can be used as templates/matrixes for
controlled nanoparticle fabrication. In this thesis, well-defined core-shell cylindrical
polymer brushes, which were synthesized via combination of anionic polymerization and
atom transfer radical polymerization (ATRP), were used as single molecular templates for

the controlled fabrication of magnetic/semiconductor nanoparticles.
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1.1  Cylindrical polymer brushes

Polymer brushes refer to an assembly of polymer chains which are tethered by one end
to a polymer chain or a surface of a solid. Scheme 1-1 summarizes the possible architectures
of polymer brushes.' Depending on the substrates, they can be classified into 1-D, 2-D, and
3-D brushes, corresponding to brushes grafted on linear polymer chains, planar surfaces,
and spherical particles, respectively. In terms of chemical compositions and architectures,
polymer brushes can be also classified into homopolymer brushes, mixed homopolymer

brushes, block copolymer brushes, and branched polymer brushes.

1D

RS RNTY Ly

3D

Linear Mixed Block Branched

Scheme 1-1. Possible architectures of polymer brushes.

Cylindrical polymer brushes, which were synthesized and used as templates for
inorganic nanoparticle formation in this thesis, refer to the 1D brushes possessing the same
number of side chains as the degree of polymerization (DP) of the main chain. They
represent an intermediate type of polymer between branched and linear polymers. Scheme
1-2 shows the schematic 2-D and 3-D structure of cylindrical polymer brushes. The
multibranched structure of cylindrical polymer brushes leads to very compact molecular
dimension in solution compared to the corresponding linear polymer with the same
molecular weight.

One of the driving forces behind the recent interest in controlled/”living” radical

polymerizations (CRP) is that these techniques permit an unprecedented opportunity to
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design and control macromolecular architecture under mild reaction conditions. A good
example is the success in synthesizing well-defined cylindrical polymer brushes via atom

transfer radical polymerization (ATRP).

Scheme 1-2. Schematic 2-D (a) and 3-D (b) structure of cylindrical polymer brush.’

1.1.1 Synthesis of cylindrical polymer brushes

As shown in Scheme 1-3, there are three different methods which can be used for the
synthesis of cylindrical polymer brushes: “grafting through”,>® “grafting onto”,”® and

“grafting from”.”'! In the following these three methods are described in detail.

“Grafting through”. The “grafting through” method, which is the polymerization of
macromonomers, is the first method applied for the synthesis of cylindrical polymer
brushes. In 1989, Tsukahara et al. reported a pioneering study of the radical polymerization
of macromonomers.>* In their work, oligomers prepared by anionic polymerization were
end-functionalized to obtain macromonomers possessing vinyl group at one end. The
subsequent radical polymerization of macromonomers produced polymer brushes with
uniform side chains. The major limitations associated with the radical polymerization of
macromonomers is the difficulty of obtaining complete conversion and precise size control
of the polymer brushes formed. Very often, the resulted polymer brushes have broad
distributions in the backbone length, due to the nature of conventional radical
polymerizations. In addition, incomplete conversion of macromonomers causes difficulties
in purification, i.e., the separation of polymer brushes from residual unreacted
macromonomers. So fractionation is generally required. Although living anionic

13-15
were also used to

polymerization'* and living ring-opening methathesis polymerization
polymerize macromonomers aiming to produce well-defined polymer brushes, so far, high

molecular weight polymers have not been prepared by these living techniques.
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Scheme 1-3. Synthesis of cylindrical polymer brushes via three different methods.

“Grafting onto”.  As shown in Scheme 1-3, in the “grafting onto” technique, both
backbone and side chain are prepared separately. The grafting of side chains onto a
backbone is carried out via coupling reaction between the pendant functional groups (X) of
backbone and the end-functional groups (Y) of grafts. For example, coupling
polystyryllithium with poly(2-chloroethyl vinyl ether) (PCEVE) resulted in a polymer brush
with a PCEVE backbone and polystyrene (PS) side chains. The advantage of this technique
is that both backbone and side chain can be well-defined because they are prepared
separately. However, insufficient grafting efficiency was often obtained using the “grafting
onto” method due to steric hindrance, specially for long grafts. So it is difficult to control
the degree of branching and compositional heterogeneity may exist along the backbone of
polymer brushes. Additionally, incomplete coupling reaction will cause the problem of
purification similar to that for “grafting through” method.

o1 In this

“Grafting from”  The last method, i.e. “grafting from”, appeared lately.
method a well-defined backbone is first prepared via living polymerization techniques,
followed by functionalization to attach ATRP initiating groups to the backbone (one
initiating group per backbone monomer unit). Side chains of polymer brush are then formed
via ATRP initiated by the pendant initiating groups on the backbone. By this method well-

defined cylindrical polymer brushes with high grafting density and narrow distributions of
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both backbone and side chain can be obtained, and the purification of the resulting polymer
brushes is much easier compared to the other two methods. Via the “grafting from” method,
cylindrical polymer brushes with various homopolymer and block copolymer side chains

have been successfully synthesized.

1.1.2 Properties of cylindrical polymer brushes in solution and in bulk

So far, there have been intensive studies on the properties of cylindrical polymer
brushes, induced by their peculiar structure, in solution and also in bulk. Most investigations
were performed in dilute solutions with emphasis on their molecular shape and

. . 16-21
dimensions.

It is known that these polymer brushes have much higher main chain
stiffness than linear flexible polymers in solution, due to the intramolecular repulsion
between adjacent side chains. The persistence length (/;) or Kuhn statistical segment length
(l) of polymer brushes increases monotonously with increasing side chain length, and the
contour length per main chain monomer unit was found to approach the limiting value, 0.25

nm, for large side chain lengths. Based on their stiff main chains, cylindrical polymer

995 59 6,22

brushes have been also named as “rodlike combs™ or “bottlebrushes”.

By combing gel permeation chromatography (GPC) with multi-angle light scattering
and viscosity detectors, Schmidt et al. reported a structural characterization of cylindrical
polymer brushes with fixed side chain length in terms of absolute molar mass, M, the radius
of gyration, Ry, and intrinsic viscosity, [7].° It was found that, for polymer brushes with
fixed side chain (PS) length but variable main chain (polymethacrylate, PMA) length, the
relation of R, vs. M was excellently described by the Kratky-Porod wormlike chain model,”
whereas the same model did not fit well to the Mark-Houwink (i.e., [77] vs. M) relation. It
was supposed that the wormlike chain theory for intrinsic viscosity failed for polymer
brushes with large chain cross-section exhibiting no sharp boundaries but rather a gradually
decaying segment density towards the not well-defined cylinder surface. Subsequently, they
did a more comprehensive study on the same type of polymer brushes in dilute benzene
solution.® They concluded that these polymer brushes exhibit a bottlebrush structure in that
the PMA main chain adopts an extremely stiff conformation surrounded by the expanded
but still flexible PS side chains. Qualitatively similar conclusions were drawn from dynamic
light scattering and sedimentation velocity measurements.”' In a concentrated solution, these

polymer brushes were reported to form a lyotropic phase.**
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To avoid the influence from the chemical heterogeneity between backbone and side
chain, Nakamura et al. synthesized a series of polymer brushes containing PS backbone and
PS side chain (with fixed side chain length), and studied their solution properties by static
light scattering and viscosity measurements.'* >’ Analysis of the measured z-average mean-
square radii of gyration based on the Kratky-Porod wormlike chain model” showed the
Kuhn segment length to be one order of magnitude larger than that of the linear chain at the
O point, indicating that the high segment density around the main chain remarkably stiffens
the backbone of the polymer brush. In addition, repulsions between the main chain and side
chain and between neighbouring side chains play an important role in the high stiffness of
polymer brushes. Furthermore, they found that the Mark-Houwink relation can be described
almost quantitatively by the wormlike chain model when the end effect arising from side
chains near the main chain end is considered.

The intrinsic shape and size of polymer brushes in solution were also studied by small-
angle X-ray scattering, aiming at investigating the cross-sectional characteristics of polymer
brushes.” A conformational change of the backbone was speculated to take place when the
degree of polymerization (DP) of main chain exceeded a certain limiting value. An elliptical
cylinder was found to outline the polymer brush in solution at large DP of main chain.

Besides the investigations on the solution properties, there are also studies on the bulk
state of polymer brushes, about the glass transition and film-forming properties, as well as
the presence of liquid-crystalline mesophases resulting from the molecular anisotropy of

polymer brushes.*%

Tsukahara et al. found that the polymer brushes with PMA main chain
and long PS side chains and without any mesogenic groups, formed a mesomorphic phase.”®
The formation of the liquid-crystalline phase indicates that these polymer brushes,
possessing large branch number and sufficient branch length, behave as rod-like molecules.
Rheological measurements of the polymer brushes showed that the master curve of the
storage dynamic shear modulus G’ did not show the so-called plateau region and G’
decreased gradually from the edge of the glass transition region to the terminal flow zone
with decrease in frequency. These results indicate that the intermolecular chain

entanglement might be strongly restricted in polymer brush systems due to the

multibranched structure with high branch density.”’



Chapter 1 Introduction

1.2 Polymer-controlled synthesis of inorganic nanoparticles

The term “nanoparticle” describes materials having at least one dimension between 1
and 100 nm. Inorganic nanoparticles have distinct electronic, optical, magnetic, chemical
and thermal properties deriving from quantum confinement effects and from their large
surface areas, with the best established examples including size-dependent excitation or

3031 quantized conductance,” superparamagnetism,> single-electron tunneling,*

emission,
and metal-insulator transition.”> The ability of fabricating such nanoscale structures is
essential to many fields of modern science and technology. So far, the most successful
example is provided by microelectronics,”® where “smaller” normally means greater
performance: more component per chip, lower cost, faster operation, and lower power
consumption. Miniaturization also represents a trend in a range of other technologies. For
example, there are many active efforts to develop magnetic and optical storage components
with nanometer dimensions in the field of information storage.”’

Inorganic-organic nanocomposites are promising systems for a variety of applications
due to their extraordinary properties based on the combination of different building blocks.
There are several routes to these materials, but probably the most prominent one is the
incorporation of inorganic building blocks into organic polymers.

At first sight, the incorporation of inorganic materials into polymeric domains is not a
trivial matter. Since most polymers are materials with low surface energy, the adhesion
between metals and polymers is usually poor. Only through specific interactions like dipolar
interactions, hydrogen bonding, complex formation, or covalent bonding can inorganic
materials be incorporated into polymers. This is of special relevance to the controlled
synthesis of inorganic nanoparticles or the controlled assembly of hybrid materials.

In the following various techniques for the polymer-directed synthesis of inorganic

nanoparticles are summarized.

1.2.1 Metal-containing polymers

A straightforward way to incorporate metals into polymers is the use of metal-
coordinated monomers for polymerization. Polymerization and copolymerization of such

38-41
In

monomers have attracted much interest, as revealed in a number of reviews.
principle, two different polymer systems can be distinguished: those in which the metal is

part of the polymer main chain and others in which the metal is coordinated to pendant
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groups. As examples, Scheme 1-4 shows polymers containing the ferrocenylene moiety in

the main chin (2) and in the side group (4) and the corresponding monomers (1 and 3).

R R'
N < s ”
Fe Si‘\”‘R @ Fe
. )
1 2 3 4

Scheme 1-4. Structure of metal-containing monomers and polymers

Ring-opening polymerization methods have enabled the synthesis of metallocene-based
polymer systems such as polyferrocenylsilane (PFS).* These organometallic materials are
easily processed. Pyrolysis yields nanocomposites containing magnetic Fe nanoparticles.
The size of Fe nanoparticles can be controlled through the pyrolysis temperature, allowing
the magnetic properties to be tuned from superparamagnetic to ferromagnetic.”® Block
copolymers containing PFS can be synthesized via anionic ring-opening polymerization.**
The diblock copolymer polyisoprene-b-polyferrocenyldimethylsiloxane (PI-6-PFS) forms
cylindrical micelle in hexane with a PFS core and a PI corona. Pt catalyzed hydrosilylation
of the coronal PI chain resulted in shell cross-linked permanent cylindrical nanostructures,
from which PFS-derived arrays of magnetic Fe nanoparticles formed upon pyrolysis.*

An alternative method to incorporate metal into polymer is to attach it onto the pendant
groups of a polymer via chemical modification. For example, Cohen et al. modified a
diblock copolymer, poly(2-exo-3-endo-bis(diphenylphosphino)-bicyclo[2.2.1]heptane)-b-
poly(methyl-tetracyclododecene) (polyNORPHOS-b-polyMTD) with Ag(Hfacac)(COD)
(Hfaca = hexafluoroacetylacetonate; COD = 1,5-cyclo-octadiene) to obtain a block
copolymer containing silver (shown in Scheme 1-5).* A bulk film of the modified block
copolymer revealed a lamellar morphology. Thermal treatment lead to the formation of

silver nanoparticles within the lamella containing organometallic precursor.
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Scheme 1-5. Structure of [Ag:(Hfacac),(NORPHOS) Jso/MTD J300

1.2.2 Nanoparticle formation within polymeric micelles

Amphiphilic block copolymers, in a solvent which preferentially dissolves one block,
form micelles with a core consisting of the less soluble block and a highly swollen corona of
the more soluble block.”” Depending on the relative composition of the copolymer and the
solvents, spherical and cylindrical micelles, as well as more complex polymer vesicles and
compound micelles, may form. Micellar cores offer unique microenvironments
(“nanoreactors”) in which inorganic precursors can be loaded and then processed by wet
chemical methods to produce comparatively uniform nanoparticles. Various block
copolymer micelles have been successfully used as templates and nanoreactors for
nanoparticle fabrication.*” Block copolymer-nanoparticle hybrids present peculiar magnetic,
electro-optical, and catalytic properties arising primarily from single inorganic colloids.

As mentioned before, polymers and inorganic materials are mutually incompatible. In
order to prepare stable polymer/inorganic nanoparticle hybrid material, the
polymer/nanoparticle interface has to be sufficiently stabilized, especially when inorganic
nanoparticles with very large interfacial areas have be to prepared. Binding functional
groups in block copolymers to inorganic material can improve the adhesion between
polymer and inorganic microphase and thus stabilize the hybrid material. Examples of such
functional blocks are summarized in Table 1-1.

Basically, the controlled fabrication of nanoparticles within block copolymer micelles
involves the following steps: micellization of block copolymer, loading of inorganic
precursor into the micellar core, chemical reaction followed by nucleation and growth
process to form nanoparticles. In principle, the loading-chemical reaction cycle can be
carried out for several times so that core-shell or onion-type colloidal structures can be

prepared.
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Table 1-1. Common functional blocks for incorporating inorganic materials into polymers

Functional blocks Structure Remarks
) - B G ligand
poly(vinylpyridine)s @ O acid-base reactions
N
R ion binding
poly((meth)acrylic acid) TCHG— ion exchange
COOH
—CH,CH—
. . ion binding,
poly(styrenesulfonic acid) ion exchange
SO3H
poly(ethylene oxide) —CH,CH,0— ion binding
R = 2-mercaptopyridine,
—CHoCH— 2-mercaptobenzothiazole:
specific ligand_containing CHZCHZO%—R blndlng of transition metals;
blocks 0 R = benzoic acid:
binding to ceramic surfaces
and alkaline earth salts
poly(cyclopentadienylmethyl binding of transition metal
norborene) via metallocene complexes

The loading of inorganic salts into preformed block copolymer micelles has become the
most common method for the incorporation of inorganic precursors into block copolymer
microcompartments. It is quite versatile and can be used for a large number of
precursor/block copolymer/solvent systems.” Usually, the loading of precursor into the
micellar core is achieved simply by stirring the precursor salt in the micellar solution. Metal
ions are bound either directly to the polymeric ligand in the micellar core or indirectly as
counterions. For example, a large number of different metal ions can be loaded into the
poly(4-vinylpyridine) (P4VP) core of the micelles of polystyrene-b-poly(4-vinylpyridine)
(PS-b-P4VP), since P4VP is a strong metal-chelating agent.* On the other hand, when
HAuCly is mixed with PS-h-P4VP micellar solution, the PAVP micellar core is protonated,
thereby AuCl,” is bound as counterion.’® Similarly, micelles of polystyrene-b-poly(2-
vinylpyridine) (PS-b-P2VP),>"* polystyrene-b-poly(ethylene oxide) (PS-5-PEO),” and
modified polystyrene-b-polybutadiene® have also been used as micellar nanoreactors for

the preparation of metal and metal oxide nanoparticles.

10
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Alternatively, it is also possible to bind inorganic precursors to the functional groups of
block copolymers before the micelle formation. In most cases, the binding of the precursor
will make the functional block insoluble and induce micellization. For example,
neutralization of polystyrene-b-poly(acrylic acid) (PS-b-PAA) by metal hydroxides (CsOH,
Ba(OH),) or metal salts (Cd(Ac),, Pb(Ac),, Ni(Ac),, Co(Ac),) results in block ionomers,
which form micelles with ionic block in the core in organic media.”* Compared with their
nonionic counterparts, block ionomers in solution exhibit extremely low critical micelle
concentrations (cmc) and high aggregate stability.

After the loading of metal ions into the micellar core, chemical reactions can transform
the metal ions into metal (via reduction), metal oxide (for example, ZnO nanoparticles can
be prepared by addition of tetrabutylammonium hydroxide to Zn*"-loaded micelles), and
semiconductor (for example, introduction of H,S into to Cd*"-loaded micelles)
nanoparticles.*’

The stability of micelles in thermodynamic equilibrium (except crew-cut micelles
which exist under non-equilibrium conditions) depends strongly on external conditions,
because they are formed via weak undirected forces (van der Waals forces, hydrophobic
effects). Even a relatively slight change in the physical conditions that result in the original
self-assembly can completely disrupt them. So it is of special interest and importance to fix
the micellar structure to obtain stable micelles.

Stable micelles have been obtained via crosslinking and used as templates. Liu et al.
reported the preparation of hollow triblock nanospheres which were then used as templates
for the preparation of iron oxide® and palladium® nanoparticles. A triblock copolymer
polyisoprene-b-poly(2-cinnamoyloxyethyl methacrylate)-b-poly(#-butyl acrylate), PI-b-
PCEMA-b-PfBA, was used to form ‘“onion-like” spherical micelles (with a PI corona,
PCEMA shell, and PrBA core) in THF/hexane with 65 vol.% of hexane. Their structure was
locked in by photo-crosslinking the PCEMA shell, followed by the hydroxylating the PI
double bonds to obtain water-dispersible nanospheres. Finally the hydrolysis of the PrfBA
block resulted in hollow nanospheres which are capable of binding metal ions in the core for
inorganic nanoparticle formation. A similar approach has also been used for the preparation
of polymer nanotubes which were further used to prepare magnetic nanoparticles via

templating technique.”’

11
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1.2.3 Nanoparticle formation within bulk block copolymer microphases

In bulk, block copolymers are microphase-separated into a number of different
morphologies (sphere, cylinder, lamella, etc), depending on block length and segment-
segment interaction parameter.”’ Typical dimensions of microdomains are 10-100 nm.
Inorganic precursors can also be loaded into block copolymer microdomains. Cohen et al.
synthesized a number of metal (Ag, Au, Cu, Ni, Pb, Pd and Pt) nanoparticles within a
microphase-separated  diblock copolymer, poly(methyltetracyclododecene)-b-poly(2-
norbornene-5,6-dicarboxylic acid) ([MTD]400[NORCOOH]sp), thin film.>®>>® In their
method, metal ions or complexes were coordinated to carboxylic acid groups within
hydrophilic polyNORCOOH domains of a copolymer thin film, which was immersed in an
aqueous metal salt solution. Subsequent reduction of the metal ions by exposure to
hydrogen at elevated temperatures or aqueous NaBH, resulted in the formation of metal
nanoclusters.

It was reported that a non-equilibrium interconnected cylindrical morphology of the
polyNORCOOH domain in [MTD]400[ NORCOOH]s thin film facilitated the transport of
metal ions through the polymer film. In contrast, in the film of [MTD]goo[NORCOOH]3, in
which isolated spherical polyNORCOOH microdomains within a hydrophobic polyMTD
matrix were formed, no metal ion loading was observed.” This problem can be solved via
another strategy first introduced by Méller.®! He prepared metal sulfide nanoparticles within
microphase-separated PS-b-P2VP film, via film casting from a polymer solution containing
a metal salt, followed by treatment with H,S. In this case, metal salts were confined in the
P2VP domains during solvent evaporation, due to the complex formation between metal
ions and vinylpyridine units. Recently, Kofinas et al. reported the synthesis of CoFe,0O4
nanoparticles within a diblock copolymer thin film via a very similar strategy.” The
advantages of this strategy include the much faster metal ion loading and the applicability to
all kinds of morphologies.

Wiesner et al. used block copolymers as structure-directing molecules to prepare
various silica-type nanoparticles.”*> When a polyisoprene-b-polyethyleneoxide (PI-b-PEO)
block copolymer is mixed with a mixture of (3-glycidyloxypropyl)trimethoxysilane
(GLYMO) and aluminium sec-butoxide (Al(OBu®)3) in solution followed by film casting,
inorganic microdomains form within the polymer matrix, with different morphologies
(sphere, cylinder, lamella) depending on metal alkoxide content. Condensation of the

metal alkoxides leads to aluminosilicate nanoobjects incorporating the PEO block of the

12
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polymer. After dissolution, isolated hybrid objects (with PI surrounding layer) of controlled
shape and size can be obtained. When iron(III) ethoxide was added in addition to GLYMO

and Al(OsBu)s, magnetic silica-type nanoparticles were obtained.”’

1.2.4 Nanoparticle formation within microporous polymers

Many microporous polymers, such as resin,’® membrane,”” have been used as templates
and/or nanoreactors for nanoparticles. Ziolo et al. synthesized superparamagnetic y-Fe,O3
nanoparticles within an ion-exchange resin, which is sulfonated polystyrene cross-linked
with divinylbenzene.® The microporous polymeric matrix not only provides spatially
localized sites for the nucleation but also minimizes the degree of aggregation of the iron
oxide nanoparticles. Specially, the as-prepared 7y-Fe,Os/polymer nanocomposite is a
optically transparent magnetic material. Via a similar strategy, ferrihydrite (5Fe,O3'9H,0)
nanoparticles were produced in the pores of polypropylene membranes possessing
poly(acrylic acid) grafts in the pores.”” In the above two cases, the microporous polymers
possess functional groups (such as sulfonate or carboxylic acid) capable of binding
precursor metal ions, so these polymers are not only physical templates but also
nanoreactors. For those microporous polymers without functional groups, inorganic
nanoparticles can also be produced within the pores simply via physical confinement.
Bronstein et al. succeeded in fabricating cobalt nanoparticles within the pores of hyper-
crosslinked polystyrene (HPS).®® Impregnation of HPS by either Co2(CO)g in 2-propanol or
the [Co(DMF)]* [Co(CO)4]™, complex in DMF, followed by thermolysis at 200°C, resulted
in the formation of discrete Co nanoparticles.

Ordered nanoscopic polymeric pores (channels) can be obtained via chemical
modifications of microphase-separated block copolymer films. For example, degradation of
one microphase would result in ordered pores (channels), which can be used as templates
for the fabrication of ordered nanoparticle arrays. Synthesis of nanoparticles via chemical-
deposition or electro-deposition into track-etched polymeric membranes has become a
versatile and robust route to the fabrication of densely packed nanoparticle arrays. Recently,
Russell et al. reported the electro-deposition of ferromagnetic cobalt nanowires® and the
chemical-deposition of SiO, nanoposts’’ into nanoporous films, which was generated by
selective removal of hexagonally packed cylindrical poly(methyl methacrylate) (PMMA)
domains from PS-H-PMMA thin films. The PMMA cylindrical domains were oriented

71,72
d

normal to the surface either by application of an electric fiel or deposition onto a
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neutral substrate.”” Similarly, high-density arrays of chromium (Cr) and layered
gold/chromium (Au/Cr) nanodots and nanoholes in metal films were fabricated by
evaporation onto these nanoporous templates.”* In addition, such nanoporous membranes
have been proposed for the preparation of nanoelectrode arrays.”

Another elegant method to prepare polymeric membranes with ordered channels based

7677 and recently used by Minko™® for

on a supramolecular assembly was proposed by Ikkala
the metallic nanoparticle fabrication. Well-ordered nanostructured thin polymer films can be
fabricated from the supramolecular assembly of PS-b-P4VP and 2-(4’-hydroxy-
benzeneazo)benzoic acid (HABA), consisting of cylindrical microdomains formed by
P4VP-HABA associates (via hydrogen bonding) within the PS matrix. Alignment of the
cylindrical domains was shown to be switched upon exposure to vapours of different
solvents from parallel to perpendicular to the substrate and vice versa.”” Extraction of
HABA with selective solvent resulted in membranes with a hexagonal lattice of hollow

channels, which was then used to fabricate the ordered array of metallic nanoparticles via

electrodeposition.”®

1.2.5 Nanoparticle formation using single polymer molecules as templates

Recently, using single polymer molecules as templates have attracted much attention,
since isolated nanocomposites can be obtained, which have very desirable processing
characteristics. Among single molecule polymeric templates, dendrimers attract most
research interests up to now.® Crooks et al. have prepared a number of metal and
semiconductor nanoparticles within poly(amidoamine) (PAMAM) dendrimers.*® PAMAM
dendrimers have a generation-dependent number of interior tertiary amines, which are able
to complex a range of metal ions. The metal ions adsorbed within the dendrimer interior can
be reduced or sulfidized to yield dendrimer-encapsulated metal or semiconductor
nanoparticles. Because each dendrimer contains a specific number of metal ions, the
resulting metal/semiconductor nanoparticles are of nearly monodisperse size in many cases.
Nanoparticles within dendrimers are stabilized by the dendrimer framework, i.e., the
dendrimer acts as a stabilizer to prevent nanoparticle agglomeration. These unique
composites are useful for a range of catalytic applications.

Polyelectrolytes have been also used as single molecule templates. Recently Minko et
al. reported the mineralization of single flexible polyelectrolyte molecules.®’ They prepared

single molecule templates from P2VP deposited on silicon wafer or mica. Pd*" ions were
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coordinated by P2VP upon exposing the samples to palladium acetate acidic aqueous
solution, followed by chemical reduction. This route resulted in wire-shaped metallic
nanoparticle assemblies. Very recently, this group also used unimolecular micelles,
constituted from a heteroarm PS/P2VP star-shaped block copolymer, to prepare Pd
nanoparticles.*

In addition, natural scaffolds such as DNA®** have been successfully used for the
construction of synthetic nanostructures. Braun et al. have shown that DNA molecules can
be uniformly coated with metal nanoparticles to form metallic conductive nanowires that
can be attached to macroscopic electrodes by virtue of the DNA molecular recognition

properties.®

15



Chapter 1 Introduction

1.3 Magnetic nanoparticles

The fundamental motivation for the fabrication and study of nanoscale magnetic
materials is the dramatic change in magnetic properties that occurs when the size of
nanoparticle is comparable to the critical length governing certain phenomena (magnetic,
structural, etc.). Effects due to surfaces and/or interfaces are stronger in nanoparticle

systems than in bulk.

1.3.1 Basics

1.3.1.1 Basic definitions

In the field of magnetism, two different unit systems (SI and CGS units) coexist. In the
following the SI units are used in the basic definitions and the conversion of these two unit
systems can be easily found in many books concerning magnetism.®

A magnetic solid consists of a large number of atoms with magnetic moments. The
magnetization M (Am™) is defined as the magnetic moment per unit volume. Usually this
vector quantity is considered in the “continuum approximation”, i. e. on a lengthscale large
enough so that one does not see the graininess due to the individual atomic magnetic
moments.

In free space (vacuum) there is no magnetization. The magnetic field can be described

by the vector fields B and H which are linearly related by

B = uH Eq. 1-1

where 1) = 41 x 107 Hm'is the permeability of free space. The two magnetic fields B and
H are just scaled versions of each other, the former measured in Tesla and the latter
measured in Am™.

In a magnetic solid that relation between B and H is more complicated and the two
vector fields may be very different in magnitude and direction. The general vector

relationship is

B = 1o(H + M) Eq. 1-2

In the case that the magnetization M is linearly related to the magnetic field H, the solid

is called a linear material, and one gets

M= yH Eq. 1-3
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where y is called the magnetic susceptibility (dimensionless). In this special case there is

still a linear relationship between B and H, namely

B = (1 +)H = popH Eq. 1-4

where =1 +y is the relative permeability of the material.

1.3.1.2 Types of magnetism

Diamagnetism. Diamagnetism is a basic property of all substances and involves a
slight repulsion by a magnetic field. The magnetic susceptibility of a diamagnetic substance
is small (-10%), negative and independence of temperature.

Paramagnetism. Paramagnetic substances possess unpaired electrons which are
randomly oriented on different atoms. Each atom, ion, or molecule of a paramagnetic
substance can be considered as a small magnet with its own, inherent magnetic moment.
When a magnetic field is applied to them they become magnetized (usually much more
weakly than ferromagnetic substances). The magnetization depends linearly on the applied
field and it disappears when the field is removed. Paramagnetic substances are attracted
towards a magnetic field. The magnetic susceptibility of a paramagnetic substance is
positive and small (0 to 0.01). It varies with temperature and its behaviour can be described

by the Curie-Weiss law:

C
=— Eq. 1-5
x T_0 q

where C is the Curie constant and € is the temperature where 1/y vanishes. When & equals
to zero, Equation 1-5 is known as the Curie law.

The temperature dependence of y is the result of two opposite tendencies: as the
temperature rises, the increased alignment of the magnetic moments is opposed by the
stronger thermal vibrations, hence y decreases. Below a certain temperature, depending on
the substance, a transition to a magnetically ordered state can happen and the substance
becomes ferromagnetic, antiferromagnetic, or ferrimagnetic. The transition temperature is
termed as the Curie temperature (7¢) for ferromagnetic and ferrimagnetic substances and
Neéel temperature (7) for antiferromagnetic substances.

Ferro- and ferrimagnetic substances are strongly attracted by a magnetic field. They

contain unpaired electrons whose moments are, as a result of interactions between
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neighbouring spins, at lease partially aligned even in the absence of a magnetic field. The
spin coupling energy is positive.

Ferromagnetism. 1In a ferromagnetic substance, the alignment of the electron spins is
parallel (Scheme 1-6a). Such substances have a net magnetic moment and a large positive
susceptibility (0.01-10%). With rising temperature, the ordered arrangement of the spins
decreases due to thermal fluctuations of the individual magnetic moments and the
susceptibility falls rapidly. Above the Curie temperature, a ferromagnetic substance
becomes paramagnetic and thus its susceptibility follows the Curie-Weiss law (the constant
@1s equal to T¢).

Antiferromagnetism. In an antiferromagnetic substance, the electron spins are of equal
magnetic moment and are aligned in an antiparallel manner (Scheme 1-6b). Such substances
have zero net magnetic moment, a small positive susceptibility (0-0.1). Below the Néel
temperature, increasing the temperature usually causes susceptibility to increase because the
antiparallel ordering is disrupted.

Ferrimagnetism. Ferrimagnetic substances consist of at least two interpenetrating
sublattices with antiparallel alignment of the spins. Different from antiferromagnetic
substance, a ferrimagnetic has a net magnetic moment (Scheme 1-6¢). Ferrimagnetic
substances are superficially similar to ferromagnets. One difference is that ferromagnets are
usually metallic and ferrimagnets are usually non-metals. But this is not an exclusive
separation. A more reliable difference that is observed experimentally is that the
susceptibility of most ferromagnets measured above 7 follows the Curie-Weiss law, but the
susceptibility of most ferrimagnets does not follow this law until relatively high
temperatures are reached. The graph of 1/y against T is often hyperbolic at temperatures up

to 27¢, becoming linear asymptotically.
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Scheme 1-6. Schematic illustration of the main varieties of magnetic order: (a)

ferromagnetism, (b) antiferromagnetism, and (c) ferrimagnetism.
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Scheme 1-7 summarizes the temperature dependence of magnetic susceptibility for

different magnetic substances.

Ferromagnetic

Paramagnetic

. -~
arams: stic < H i
Paramagnetic Paramagnetic Antiferromagnetic

Scheme 1-7. Temperature dependence of magnetic susceptibility for (a) paramagnetic, (b)

ferromagnetic, and (c) antiferromagnetic substances.

1.3.1.3 Hysteresis loop

Scheme 1-8 schematically illustrates a typical hysteresis loop with commonly measured
magnetic parameters. The application of a sufficiently large magnetic field causes the spins
within a material to align along the field direction. The maximum value of the
magnetization achieved in this state is called the saturation magnetization, M. As the
magnitude of the magnetic field decreases, spins cease to be aligned with the field, and the
total magnetization decreases. In ferromagnets, a residual magnetic moment remains at zero
field. The value of the magnetization at zero field is called the remnant magnetization, M,.
the ratio of the remnant magnetization to the saturation magnetization, M,/Mj, is called the
remanence ratio and varies from 0 to 1. The coercive field H. is the magnitude of the field
that must be applied in the opposite direction to bring the magnetization of the sample back
to zero. The shape of the hysteresis loop is especially of interest for magnetic recording
applications, which require a large remnant magnetization, moderate coercivity, and

(ideally) a square hysteresis loop.

19



Chapter 1 Introduction

M

‘ Saturation
Magnetizalion, M,

Remanent
Magnetization, M,

Coercivity, H,
: Y
Y

i 4 7 e
_----"

Scheme 1-8. Important parameters obtained from a magnetic hysteresis loop.

1.3.2 Anisotropy

Most magnetic materials contain some types of anisotropy affecting the behavior of the
magnetization. The common anisotropies include (1) crystal anisotropy, (2) shape
anisotropy, (3) stress anisotropy, (4) externally induced anisotropy, and (5) exchange
anisotropy.® The two most common anisotropies in nanostructured materials are crystalline
and shape anisotropy. The anisotropy can often be modeled as uniaxial in character and

represented by

E=KVsin* 0 Eq. 1-6

where K is the effective uniaxial anisotropy energy per unit volume, @ is the angle between
the moment and the easy axis, and V' is the particle volume.

Magnetocrystalline anisotropy arises from spin-orbit coupling and energetically favors
alignment of the magnetization along a specific crystallographic direction, which is called
the easy axis of the material. The magnetocrystalline anisotropy is specific to a given
material and independent of particle shape. The magnitude of the magnetocrystalline
anisotropy at room temperature is 7x10° erg/cm’ in cobalt, 8x10° erg/cm’ in iron, and 5%10*
erg/cm’ in nickel. The coercivity is proportional to the anisotropy constant, so high-
anisotropy materials are attractive candidates for high-coercivity applications.

A polycrystalline sample with no preferred grain orientation has no net crystal
anisotropy due to averaging over all orientations. A nonspherical polycrystalline specimen,

however, can possess shape anisotropy. For example, a cylindrical sample is easier to
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magnetize along the long direction than along the short directions. Shape anisotropy is
predicted to produce the largest coercive forces. The departure from spherical shape does
not need to be significant: an increase in the aspect ratio from 1.1 to 1.5 in single-domain
iron particles with easy axis aligned along the field quadruples the coercivity. An increase in
the aspect ratio to 5 produces another doubling of the coercivity. For comparison, a sample
having the same coercivity as the 1.1 aspect ratio iron particle would need a crystal
anisotropy of 2.8 x 10° erg/cm’.

Stress anisotropy results form external or internal stresses due to rapid cooling, external
pressure, etc. Stress anisotropy may also be induced by annealing in a magnetic field, plastic
deformation, or ion beam irradiation. Exchange anisotropy occurs when a ferromagnet is in
close proximity to an antiferromagnet or ferrimagnet. Magnetic coupling at the interface of
the two materials can create a preferential direction in the ferromagnetic phase, which takes
the form of a unidirectional anisotropy.®” This type of anisotropy is most often observed in

particles with antiferromagnetic or ferrimagnetic oxide forming around ferromagnetic core.

1.3.3 Single domain magnetic particles3 3

Domains — groups of spins all pointing in the same direction and acting cooperatively —
are separated by domain walls, which have a characteristic width and energy associated with
their formation and existence. Experimental investigations of the dependence of coercivity
on particle size showed the behaviour illustrated in Scheme 1-9. In large particles, energetic
considerations favour the formation of domain walls. Magnetization reversal thus occurs
through the nucleation and motion of these walls. As the particle size decreases toward
some critical particle diameter, D, the formation of domain walls becomes energetically
unfavourable and the particles are called single domain. Changes in the magnetization can
no longer occur through domain wall motion but via the coherent rotation of spins, resulting
in larger coercivities. As the particle size continues to decrease below the single domain
value, the spins are increasingly affected by thermal fluctuations which present a stable

magnetization thus neither remanence nor coercivity exists.
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Scheme 1-9. Qualitative illustration of the change of coercivity with the particle size.

Theoretical predications of the existence of single domain particles were made by

1 %and others. Table

Frenkel and Dorfman,*® with estimate of the critical size made by Kitte
1-2 estimates the single-domain diameter for some common materials in the form of
spherical particles. Note that particles with significant shape anisotropy can remain single

domain to much larger dimension than their spherical counterparts.

Table 1-2. Estimated single-domain sizes for spherical particles

Material Co Fe Ni Fes;04 v-Fe,0s
D, (nm) 70 14 55 128 166

1.3.4 Time dependence of magnetization

The time over which the magnetization of a system will remain in a certain state is of
importance for practical engineering applications as well as for probing the fundamental
mechanisms of magnetization reversal. The time variation of the magnetization of any

magnetic system (without application of magnetic field) can be generally described by

dM (1) ~ M) —M(t =)
da T

Eq. 1-7

where M(t=x) is the equilibrium magnetization and 7 is a characteristic relaxation time

corresponding to relaxation over an energy barrier (AE):
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= fle MM Eq. 1-8

where k is Boltzmann’s constant, and 7' is the temperature in Kelvin.

For uniaxial anisotropies, the energy barrier is equal to the product of the anisotropy
constant and the volume. f; is often taken as a constant of value 10° s™,”° but actually
depends on applied field, particle volume, and the magnitude of the anisotropy constant.’’

T is more

Although some experimental studies suggest that a value of 10'2-10" s
appropriate,”” exact knowledge of the magnitude of fj is not necessary because the behavior
of 7 is dominated by the exponential argument.

The simplest solution to Equation 1-8 occurs when all components of a system have the
same relaxation time; however, the expected behavior is not usually observed in real
systems due to a distribution of energy barriers. The energy barrier distribution may be due
to a variation of particle size, anisotropy, or compositional heterogeneity and results in a

distribution of relaxation times. If the distribution of energy barriers can be approximated as

nearly constant, the magnetization decays logarithmically:*®

M(f) = M(t = 0) - SIn(t) Eq. 1-9

where the magnetic viscosity, S, contains information about the energy barrier distribution.
When the distribution function is not constant, deviations from logarithmic behavior are

observed if the measurement extends to sufficiently long times.”**

1.3.5 Superparamagnetism

In 1949, Néel pointed out that if a single domain particle was small enough, thermal
fluctuations could cause its direction of magnetization to undergo a sort of Brownian
rotation, thus Hc approaches zero for very small particles because thermal fluctuations
prevent the existence of a stable magnetization.”® This state is called superparamagnetic
because the particle behaves similarly to paramagnetic spin but with a much higher moment.

Consider an assembly of aligned particles that are fully magnetized, the resulting

remanence will vanish with time, when the field is removed, as

M, =M exp(—t/7) Eq. 1-10
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where M is the full magnetization, ¢ is the time after removal of the field, and 7 is the
relaxation time for the process, and is defined in Equation 1-8.

When 7 is less than or comparable to a measurement time (typically on a time scale of
100 s), such that the zero remanence corresponding to thermal equilibrium (a sufficient
number of particles are reversed by thermal activation over the energy barrier) can be
reached within the measuring time. In this case one will observe the superparamagnetism
phenomenon. Returning to Equation 1-8, if we take an arbitrary measurement time to be ¢ =
100 s and fy = 10° s™', then for a particle with a uniaxial anisotropy (AE = KV at H = 0) the

condition for superparamagnetism becomes

AE,., =1In(ff,)kT = 25kT Eq. 1-11

The strong dependence on the argument of the exponential makes exact knowledge of f

less important. If f; is 10'> s, the criteria becomes

AE. . =32kT Eq. 1-12

crit

Particles with AE > AE are blocked, so they do not relax during the time of the

measurement. Thus a blocking temperature, 7, can be defined as
T, =AE,, 125k Eq. 1-13

The blocking temperature in a superparamagnetic system decreases with increasing
measuring fields, being proportional to H** at large magnetic fields and proportional to H*
at lower fields.”™”®

Note that the relaxation time depends critically on the particle size (as exp(r)).
Assuming representative values (= 10° s, K = 10° erg/cm’, and 7 = 300 K), a particle of
diameter 11.4 nm will have a relaxation time of 0.1 s and hence will reach thermal
equilibrium almost instantaneously. Increasing the particle diameter to 14.6 nm increases t
to 10* s and hence it will be extremely stable.

The temperature-dependent magnetization exhibits a maximum under the zero-field-
cooled (ZFC) conditions at the blocking temperature. Above T, the particles are free to

align with the field during the measuring time and behave superparamagnetically. The

magnetization of system of particles, ; , 1s described by the Langevin function

ﬁ = L[ﬂj = coth(ﬂj —k—T Eq 1-14
M
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where 4 is the magnetic moment of a single particle. At low fields (uH << kT), the
magnetization behaves as pH/3kT and at high fields («H > kT), as 1-kT/uH. If a distribution
of particle sizes is present, the initial susceptibility is sensitive to the larger particles present,
and the approach to saturation is more sensitive to the smaller particles present.

The experimental criteria for superparamagnetism are (1) the magnetization curve
exhibits no hysteresis and (2) the magnetization curves at different temperatures must
superpose in a plot of M vs H/T.>***!' Imperfect H/T superposition can result from a broad
distribution of particle sizes, changes in the spontaneous magnetization of the particle as

function of temperature, or anisotropy effects.

1.3.6 Ferrofluids'®'

Ferrofluids are stable colloidal dispersions of nano-sized particles of ferro- or
ferrimagnetic particles in a carrier liquid. Ferrofluids attract more and more research interest
since they were first synthesized in the middle of 1960-ies.'”*'™ A wide range of carrier
liquids have been employed, depending on particular applications. For most applications a
low viscosity, low vapor pressure and chemical inertness are desirable for the carrier liquid.
Many ferrofluids are now commercially available.

Generally the magnetic particles are of approximately 10 nm in diameter so that the
colloidal suspension remains stable. Particles of this size, whether they be ferrite or metal,
possess a single magnetic domain only, i.e., the individual particles are in a permanent state
of saturation magnetization. Thus a strong long-range magnetostatic attraction exists
between individual particles, the result of which would lead to agglomeration of the
particles and subsequent sedimentation unless a means of achieving a repulsive interaction
can be incorporated. In order to achieve this repulsive mechanism, either the particles are
coated by a surfactant or polymer to produce an entropic repulsion, or the surfaces of the
particles are charged thereby producing an electrostatic repulsion.

A process for preparing a ferrofluid consists of two basic stages: preparation of
magnetic colloidal-size particles and the dispersion of such particles in a carrier liquid. The
main feature of this process is that both stages overlap in time: to prevent particle
agglomeration due to the attractive forces, the absorbed layers must be formed on the
surface of magnetic particles immediately after their origination. Fine particles may be made
by a size reduction (e.g., wet-grinding), chemical precipitation, microemulsion technique,

decomposition of organo-metallic compounds, and so on.
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Under an applied magnetic field, the magnetic moments of individual particles in a
ferrofluid are aligned, causing the net magnetization of the fluid. There are two mechanisms
of disorientation of the magnetic moments of colloidal particles. In an uniaxial single-
domain particle a thermal fluctuations of the magnetic moment occurs along two opposite
directions of the “easy” axis of magnetization. The second mechanism is due to the
Brownian (thermal) rotation of particles relative to the carrier liquid.

Coupling of the magnetic and mechanical degrees of freedom of the particles is the
main specific feature of ferrofluids. Explicit manifestation of this coupling is the increase of
the viscosity of ferrofluids under application of a magnetic field, which is called

- 105
magnetoviscous effect.

The appearance of magnetic field and shear dependent changes of
viscosity in ferrofluids opens possibilities for future applications, e.g. in damping
technologies. There have also been many studies about the other properties of ferrofluids,
including magnetic, electric, rheological, thermal and acoustic characteristics.' "’

Based on their promising properties, ferrofluids have applications in a number of
fields:'**'%® (i) in chemical engineering, ferrofluids are used as seals, lubricants, supports,
bearings, dampers, and shock-absorbers; (ii) for technological applications, ferrofluids have
been used for separation of ores, drag reduction, flow separation control, and heat transfer
enhancement; (iii) ferrofluids have also been used in a variety of devices such as sensors,
printers and acoustic radiators; and specially (iv) ferrofluids have very promising medical

applications. For example, ferrofluids have been used as drug carriers in cancer therapy. "'
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1.4 Semiconductor nanoparticles

Semiconductor nanoparticles exhibit a change in their electronic properties relative to
that of the bulk material: as the size of the solid becomes smaller, the band gap becomes
larger. This gives chemists and materials scientists the unique opportunity to tune the
electronic and chemical properties of a semiconductor simply by controlling its particle size.
Semiconductor nanoparticles are expected to have potential applications in many fields such
as nonlinear optics, luminescence, electronics, catalysis, solar energy conversion, and
optoelectronics. For comparison and easier understanding, the introduction of the properties

of bulk semiconductors is given first in the following.

1.4.1 Bulk semiconductors

Bulk (macrocrystalline) semiconductors, free of defects, consist of a three-dimensional
network of ordered atoms. The translational periodicity of the crystal imposes a special form
on the electronic wave functions. An electron in the periodic potential field of a crystal can
be described using a Bloch-type wave function

y(r) = p(kryu(r)

. Eq. 1-15
u(r+n)=u(r) (n : integer) e

where u(r) represents a Bloch function modulating the plane wave ¢(kr) of wave vector K.

In a bulk semiconductor the large number of atoms leads to the generation of sets of
molecular orbitals with very similar energies which effectively form a continuum. At 0 K
the lower energy levels (or valence band) are filled with electrons, while the conduction
band consisting of the higher energy levels is unoccupied. These two bands are separated by
an energy gap (E,), the magnitude of which is a characteristic property of the bulk
semiconductor (at a specific temperature). Materials considered as semiconductors exhibit
band gaps typically in the range of 0.3-3.8 eV.'"”

At temperatures above 0 K, electrons in the valence band may receive enough thermal
energy to be excited into the conduction band across the band gap. An excited electron in
the conduction band together with the resulting hole in the valence band form an “electron-
hole pair”. The conductivity (o) of the semiconductor is governed by the number of
electron-hole pairs, the charge carrier concentration (n), and their mobility (z). Thus
conductivity can be expressed as the sum of the electrical conductivities of electrons and

holes, as shown in Euation 1-16 (g is the charge of the carrier):
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o =qnp, +qn,p, Eq. 1-16

In conventional semiconductors electrons and holes are the charge carriers. They exist
in small numbers as compared to conductors. However, the carrier mobilities in
semiconductors are substantially larger than in many conductors.

The charge carriers in a semiconductor can form a bound state when they approach
each other in space. This bound electron-hole pair, known as a Wannier exciton, is
delocalized within the crystal lattice and experiences a screened Coulombic interaction. The
Bohr radius of the bulk exciton is given by Equation 1-17 (¢ represents the bulk optical
dielectric coefficient, e the elementary charge, and me and my the effective mass of the

electron and hole, respectively)

nel 1 1
Uy =—5 | —+— Eq. 1-17

1.4.2 Nanocrystalline semiconductors

Two fundamental factors, both related to the size of the individual nanocrystal,
distinguish their behavior from the corresponding macrocrystalline material. The first is the
large surface/volume ratio associated with the particles, with both the physical and chemical
properties of the semiconductor being particularly sensitive to the surface structure. The
second factor is the actual size of the particle, which can determine the electronic and
physical properties of the material. The absorption and scattering of incident light in larger
colloidal particles is described by Mie’s theory. However the optical spectra of
nanocrystalline compound semiconductors which show blue shifts in their absorption edge
as the size of the particle decreases cannot be explained by classical theory. Such size

19 which occurs

dependent optical properties are examples of the size quantization effect
when the size of the nanoparticle is smaller than the bulk-exciton Bohr radius, ag (Equation
1-17), of the semiconductor. Equation 1-18 defines, for a spherical crystallite of radius R,
the region of intermediate character between that of a “molecule” and that of the bulk
material (/ is the lattice spacing)

I<R<a, Eq. 1-18

Charge carriers in semiconductor nanocrystallites are confined within three dimensions
by the crystallite. In the case of ideal quantum confinement the wave function in Equation

1-15 has to satisfy the boundary conditions of
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w(r>R)=0 Eq. 1-19

For nanoparticles the electron and hole are closer together than in the macrocrystalline
material, and as such the Coulombic interaction between electron and hole cannot be
neglected; they have higher kinetic energy than in the macrocrystalline material. On the
basis of the effective mass approximation, Brus''' showed for CdE (E = S or Se)
nanocrystallites that the size dependence on the energy of the first electronic transition of
the exciton (or the band gap shift with respect to the typical bulk value) can be

approximately calculated using

272001 1 1.8¢*
AE=E ) 2 Eq. 1-20
2R m m, &R

e

In Equation 1-20 the Coulomb term shifts the first excited electronic state to lower
energy, R, while the quantum localization terms shift the state to higher energy, R™.
Consequently, the first excitonic transition (or band gap) increases in energy with
decreasing particle diameter. This prediction has been confirmed experimentally for a wide
range of semiconductor nanocrystallites, with a blue shift in the onset of the absorption of
light being observed with decreasing particle size. Moreover, the valence and conduction
bands in nanocrystalline materials consist of discrete sets of electronic levels and can be
viewed as a state of matter between that of molecular and the bulk material.

Equation 1-20 does not account for a number of other important effects observed in real
nanocrystallites, such as the coupling of electronic states and effects attributable to surface
structure. However, from a practical point of view this model is particularly useful and the
size-dependent energy shift for a number of nanocrystalline semiconductors can be
estimated. Furthermore, the model also provides a useful qualitative understanding of the

quantum confinement effects observed in semiconductor nanocrystallites.
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. . 112
1.5 One-dimensional nanostructures

113,114

Compared to zero-dimensional (0-D, such as quantum dots) and two-dimensional

(2-D, such as quantum wells)'"

nanostructures, which have been extensively studied in past
decades, the advancement of one-dimensional (1-D) nanostructures (nanowires, nanorods,
nanobelts and nanotubes) has been slow until very recently, as hindered by the difficulties
associated with the synthesis of these nanostructures with well-controlled dimensions,
morphology, phase purity, and chemical composition. Although now 1-D nanostructures can
be fabricated using various lithographic techniques, such as electron-beam or focused-ion-
beam writing, proximalprobe patterning, and X-ray or UV lithography, further
developments of these techniques are still needed in order to produce large quantities of 1-D
nanostructures from a broad range of materials, rapidly, and at reasonably low costs. In
contrast, methods based on chemical synthesis may provide an alternative and intriguing
strategy for the fabrication of 1-D nanostructures in terms of material diversity, cost,
throughput, and potential for large-quantity production.

It is generally accepted that 1-D nanostructures provide good systems for the
investigation of the dependence of electrical, optical, mechanical and thermal properties on
dimensionality and size reduction. They are also expected to play an important role as both
interconnects and functional units for electronic, optoelectronic, electrochemical, and
electromechanical devices with nanoscale dimensions.

As shown in Scheme 1-10, the strategies for the fabrication of 1-D nanostructures
include: (i) 1-D growth; (ii) self- assembly of 0-D nanostructures; and (iii) size reduction. 1-
D growth can be achieved via different methods: the control from the anisotropic
crystallographic structure of a solid; confinement by a liquid droplet as in the vapor-liquid-
solid process; direction by a template; and kinetic control provided by a capping reagent.

Template-directed synthesis represents a straightforward and versatile route to 1-D
nanostructures. In this approach, the template acts as a scaffold within (or around) which a
1-D nanostructure is generated in situ. A number of templates have been used, including
step edges on the surfaces of a solid substrate, channels within a porous material, mesoscale
structures self-assembly from surfactants or block copolymers, natural macromolecules such
as DNA or rod-shaped viruses, and preformed 1-D nanostructures (such as carbon
nanotubes). It is generally accepted that template-directed synthesis provides a simple, high-
throughput, and cost-effective procedure. However, as a major drawback, nanostructures

synthesized using template-directed methods are often polycrystalline, and the quantity of
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nanostructures produced in each run of the synthesis is relatively limited. Only under
carefully controlled conditions, single crystals can be obtained. For example, Barbic and co-
workers have demonstrated the use of electroless deposition in generating single-crystalline

. . . . 11
silver nanowires in channels of a polycarbonate membrane via a self-catalyzed process.''®
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Scheme 1-10. Schematic illustration of different strategies for the synthesis of 1-D
nanostructures: (4) dictation by the anisotropic crystallographic structure of a solid; (B)
confinement by a liquid droplet as in the vapor-liquid-solid process, (C) direction through
the use of a template; (D) kinetic control provided by a capping reagent; (E) self-assembly

of 0-D nanostructures; and (F) size reduction of a 1-D microstructure.'’?

Compared to bulk materials, low-dimensional nanoscale materials, with their large
surfaces and possible quantum-confinement effects, exhibit distinct electronic, optical,
chemical and thermal properties. In many cases, 1-D nanostructures are superior to their
counterparts with larger dimensions. There have been a number of investigations about the
thermal stability, mechanical properties, electron transport properties, and optical properties
1-D nanostructures.

Obviously the most promising application for 1-D nanostructures is the usage in
electronics, where smaller dimensions allow the production of denser, faster circuits. There
are also a number of applications for 1-D nanostructures in areas outside of electronics.
Examples include, for instance, ultrasmall chemical and mechanical sensors, optical
elements for optoelectronics, near-field probing, nonlinear optic conversion, information

storage, and biological applications.
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1.6 Motivation of this thesis

The motivation of this work is to use novel single molecule cylindrical templates, well-
defined amphiphilic core-shell polymer brushes, for the controlled fabrication of inorganic
magnetic/semiconducting nanoparticles, aiming to obtain novel 1-dimensional
polymer/nanoparticle hybrid materials with peculiar properties and potential applications.

To achieve a precise size/shape control of nanoparticles, a well-defined template is
needed. Combination of living anionic polymerization (for the synthesis of the polymer
backbone) and atom transfer radical polymerization (for the synthesis of the side chains)
ensures the well-defined structure of the obtained polymeric templates, cylindrical polymer
brushes with poly(acrylic acid) core and poly(n-butyl acrylate) shell. Scanning force
microscopy provides the direct information of the core-shell structure and size distribution
of polymer brushes.

The polymer brushes can be used as nanoreactors and cylindrical templates for
inorganic nanoparticle fabrication, because the carboxylate groups (after neutralization of
the poly(acrylic acid)) within the polymer core are capable of coordinating with a number of
different metal ions. The subsequent chemical reactions of the coordinated metal ions will
result in the formation of nanoparticles within the core of polymer brushes. The shell of
polymer brushes provides not only the protection of nanoparticles from aggregation but also
the solubility of the hybrid nanocylinders in organic solvents.

The as-prepared hybrid materials were characterized by various techniques (such as
microscopes, spectroscopies, magnetometer, etc) to obtain information about the peculiar

properties of the hybrids.
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1.7 Structure of this thesis

The following chapters in this thesis describe in detail

e Fundamentals of the polymerization techniques and characterization methods used in

this work (Chapter 2)

e Synthesis and characterization of the amphiphilic cylindrical polymer brushes with

poly(acrylic acid) core and poly(n-butyl acrylate) shell (Chapter 3)

e Synthesis and characterization of the polychelates of polymer brushes and metal ions;

laser-induced formation of a-Fe,O3 from Fe** ions in the polychelates (Chapter 4)

e Synthesis and characterization of superparamagnetic nanocylinders — hybrids of

cylindrical polymer brushes and ultrafine magnetic nanoparticles (Chapter 5)

e Synthesis and characterization of semiconducting nanocylinders — hybrids of cylindrical

polymer brushes and semiconductor nanoparticles (Chapter 6)
e Summary / Zusammenfassung (Chapter 7)

e List of publications (Chapter 8)
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Chapter 2 Methods

2.1 Polymerization methods
2.1.1 Atom transfer radical polymerization (ATRP)

Over the past decades, the living polymerization technique has expanded to include all
chain-growth polymerization methods: cationic, anionic, transition metal-catalyzed, and
recently, free radical polymerization. An ideal living polymerization is a chain-growth
polymerization in which irreversible chain termination and chain transfer are absent.
Therefore, once a chain is initiated, it will grow until no monomer is left. Unless a
terminating agent is introduced, the living chain will remain active, so block copolymers can
be synthesized via sequential addition of different monomers. Provided that the initiation
efficiency is 100% and exchange between species of various reactivities is fast, the average
molecular weight of the final polymer will be determined simply by the initial
monomer/initiator ratio and the molecular weight distribution will be narrow. However, in
practice, it is impossible to completely avoid chain transfer and chain termination reactions.
Very often, the rates of these side reactions are controlled to be sufficiently slow such that
well-defined polymers can be prepared. In such cases, the polymerizations are termed
“controlled/’living” polymerizations” to indicate that, although chain transfer or chain
termination may occur to some extent, the polymerizations are still as synthetically useful as
the true living polymerization.

The development of living ionic polymerization methods, such as anionic
polymerization, allowed for the preparation of well-defined polymers with controlled chain
lengths and end functionalities, and the synthesis of well-defined block and graft
copolymers. However, only a limited number of monomers can be used, and the presence of
functionalities in the monomers causes undesirable side reactions. Moreover, these
polymerizations have to be carried out with nearly complete exclusion of moisture and often
at very low temperature.

In comparison, radical polymerizations provide numerous advantages over ionic
polymerizations: suitable to a large variety of monomers, tolerant to functional groups and
impurities, mild reaction conditions, and so on. So radical polymerization has become the

most popular industrial method to produce materials such as plastics, rubbers and fibers.'
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However, the lack of control over the polymer structure is the main drawback of
conventional radical polymerization, from which polymers with high molecular weights and
high polydispersities are generally produced, due to the slow initiation, fast propagation and
subsequent chain transfer or termination.

Conventional radical polymerization has been revolutionized by the advent of methods
named controlled/“living” radical polymerizations (CRP) to control the polymerization
process with respect to molecular weight and polydispersity. A major difference between
conventional radical polymerization (i.e., azobis(isobutyronitrile)/peroxide-initiated
processes) and CRP is the lifetime of the propagating radical during the course of the
reaction. In conventional radical processes, radicals generated by decomposition of initiator
undergo propagation and bimolecular termination reactions within a second. In contrast, the
lifetime of a growing radical can be extended to several hours in a CRP, enabling the
preparation of polymers with predefined molecular weight, low polydispersity, controlled
composition, and functionality.

In CRP processes, the mechanism to extend the lifetime of growing radical utilizes a
dynamic equilibration between dormant and active sites with rapid exchange between the
two states. CRP requires the use of either persistent radical species or transfer agents to
react with propagating radicals to form the dormant species. Conversely, propagating
radicals can be regenerated from the dormant species by an activation reaction.

The three main CRP techniques are nitroxide-mediated polymerization (NMP),> atom
transfer radical polymerization (ATRP)’ and reversible addition/fragmentation chain-
transfer (RAFT) polymerization.* While these three systems possess different components,
general similarities in the CRP processes can be seen in the use of initiators, radical
mediators (i.e., persistent radicals or transfer agents), and in some cases catalysts. Radical
mediators are used to lower the radical concentration and hence significantly decrease
termination events. Concomitantly, the rate of polymerization is strongly decreased. Among
CRP techniques, transition-metal-mediated ATRP is regarded as the most successful
method. Since Matyjaszewski’ and Sawamoto’ reported two different catalyst systems
independently in 1995, a number of different transition-metal complexes have been used in
ATRP, including systems based on Cu,3 Ru,5 Fe,6’7 Ni,8 Pd,” Rh,'" Re,'" and Mo."* So far,
copper(I)-catalyzed ATRP is the most popular and successful one.
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2.1.1.1 Mechanism and Kinetics of ATRP

In ATRP, the propagating radicals are generated via reversible metal-catalyzed atom
transfer, as shown in Scheme 2-1. Fast, reversible deactivation of radicals to dormant
species lower the radical concentration significantly and thus minimize the irreversible
termination. The dormant species can be reactivated yielding free radicals. To obtain good
control on a radical polymerization, two prerequisites should be met: (i) the equilibrium
between radicals and dormant species must lie strongly to the side of the dormant species to
assure that the overall radical concentration remains very low and the rate of irreversible
termination is negligible compared to the propagation rate; (ii) the exchange rate between
radicals and dormant species must be faster than the rate of propagation so that all polymer

chains have equal probability of growing.

Initiation
z+ Ko +1)+
R—X + LM — R + LMFEV'X (X=clBr)
ki
R' + 7\ —_—> Pl.
R

Propagation

Keq

P—X + LM —= Py + LMFVTX (Keqg=kaet/ Kdeact)

kp
Pn. + RN Pn+1 °
R
Termination
kq
P, + P —> Poim + (P, + Py)

Scheme 2-1. General mechanism for ATRP (RX: alkyl halide, initiator, L,: ligand; M,:

transition metal)

The kinetics of ATRP is discussed using copper-mediated ATRP as an example. In
homogeneous systems, the rate of ATRP has shown to be the first order with respect to the

monomer and initiator. The rate of the polymerization is also influenced by the ratio of
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activator to deactivator. By neglecting the termination step and using a fast equilibrium

approximation'> one can obtain the rate of propagation, R,

[Cu(n)]
[Cu(in] M

ko, _ [P-JCuaD)]
Kuewr  [PX]Cu(D)]

Eq. 2-1

where K, =

Consistent with the derived rate law, kinetic studies of ATRP using soluble catalyst
systems have proven that the rate of polymerization is first order with respect to monomer,
alkyl halide (initiator), and copper(I) complex concentrations."

Determining the precise kinetic order with respect to the deactivator (Cu(Il) complex)
concentration was complicated due to the spontaneous generation of Cu(Il) during the
polymerization via the persistent radical effect.”” As shown in Scheme 2-1, a reactive radical
and a stable Cu(II) species are generated in the atom transfer step. If the initial concentration
of Cu(Il) is not high enough to ensure a fast deactivation (Rgeact = kdeact/ Cu(I)][R-]), the
irreversible coupling and/or disproportionation of radicals will occur, and the concentration
of Cu(Il) builds up. Eventually, the concentration of Cu(Il) is sufficiently high that the
deactivation step is much faster than the rate at which the radicals react with each other in
an irreversible termination step. This is so called the persistent radical effect. Thus, a
controlled/“living” polymerization will be achieved.

As an example, in the bulk polymerization of styrene using 1-phenylethyl bromide as
the initiator and CuBr/4,4'-di(5-nonyl)-2,2-dipyridyl as the catalyst,” the equilibrium
constant, K.q, 1S approximately 4 x10™® at 110 °C."* The initial concentrations of all the
species are [RBr]p = [Cu(I)]o = 0.1 M and [R-]yp = [Cu(I])]o = 0 M. The concentrations of
Cu(l) and halide end groups will remain approximately constant throughout the
polymerization, and thus [R-][CuBr;] = K [RX][CuBr] = 41070 M2, During the initial
stage of the polymerization, the radical and Cu(II) concentrations will increase to about 10
M. At these concentrations the radicals will couple rapidly, resulting in the formation of
Cu(Il) irreversibly. Along with the polymerization more Cu(Il) will be formed until a
radical concentration of 107 M and a deactivator concentration of 10° M are reached. At
these concentrations the rate of radical coupling (k[R-]%) will be much slower than the rate
of deactivation (kgeaet[R-][Cu(Il)]), and a controlled/“living” polymerization will ensue. It

has been found that a small amount of the polymer chains are be terminated during this
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initial non-stationary stage, the majority of the chains will continue the polymerization and
thus well-defined polymers can still be obtained.

As shown in Scheme 2-2, ATRP has been used for the synthesis of well-defined
polymers with various topologies, compositions, and functionalities, by using functional
initiators, functional monomers and copolymerization. Because of its radical nature, ATRP
is tolerant to many functional groups in monomers leading to polymers with functionalities
along the chains. By using functional initiators, functionalities such as vinyl, hydroxyl,
epoxide, cyano and other groups have been incorporated at one chain end, while the other
chain end remains alkyl halide capable of reinitiating the polymerization of other
monomers.

A unique combination of initiator, metal, ligand, deactivator, solvent, temperature, and
reaction time must be employed for the ATRP of each particular monomer. Therefore,
understanding the role of each component of ATRP is crucial for obtaining well-defined

polymers and for expanding the scope of ATRP to other monomers.

Well-defined polymers from ATRP

l
[ | |

Topology Composition Functionality
~— N\ COO00CO000 MIANAAAAAX
linear homopolymer end-functional polymer
COOOCOBOO0000

X r~A~a~nsansnX
star random copolymer -
telechelic polymer

COOOCO000C00
comb block copolymer NAANAAANANAAN
macromonomer
'
network :
graft copolymer
< OOCOB00000000 X X

hyperbranched tapered/gradient copolymer multifunctional polymer

Scheme 2-2. Various well-defined polymers with different topologies, compositions, and

functionalities which can be synthesized via ATRP.
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2.1.1.2 Monomers

ATRP has been used for the controlled polymerizations of a wide range of vinyl

13-15 16,17 18,19

monomers such as styrenes, acrylates, methacrylates, acrylonitrile,”
(meth)acrylamides,21’22 dienes® and other monomers which contain substituents capable of
stabilizing propagation radicals. Very recently, living radical polymerizations of vinyl
acetate®® and vinyl chloride,” which lack a conjugating substituent (for the stabilization of
radicals), were reported by Sawamoto and Percec respectively using special designed
catalyst systems. The current generation of catalyst systems is not sufficiently efficient to
polymerize less reactive monomers, such as ethylene and a-olefins, which produce non-
stabilized, highly reactive radicals. Acrylic and methacrylic acid cannot be polymerized
with currently available ATRP catalysts, because these monomers react rapidly with the
metal complexes to form metal carboxylates which cannot be reduced to active ATRP
catalysts. In addition, nitrogen-containing ligands can be protonated, which interferes with
the metal complexation ability. However, the corresponding tert-butyl esters of these
monomers, which are easily hydrolyzed, can be polymerized using ATRP. A better
understanding of the transition metal chemistry involved in ATRP and better ligand design

may allow these monomers to be polymerized directly.

2.1.1.3 Initiators

Alkyl halides (RX) are the most common initiators for ATRP. The halide group, X,
must rapidly and selectively migrate between the growing chain and the transition metal
complex. So far, bromine and chlorine are the halogens affording the best molecular weight
control. lodine works well for acrylate polymerizations; however, in styrene
polymerizations the heterolytic elimination of hydrogen iodide is too fast at high
temperatures.”® Some pseudohalogens, specifically thiocyanates, have also been used
successfully to initiate polymerizations of acrylates and styrenes.”

In general, any alkyl halide with activating substituents on the a-carbon, such as aryl,
carbonyl, and allyl groups, can potentially be used as ATRP initiators. Polyhalogenated
compounds (CCly and CHCl;) and compounds with a weak R-X bond, such as N-X, S-X,
and O-X, can also presumably be used as ATRP initiators. There is an upper limit to the
stability of the initiating radicals beyond which it also becomes an inefficient initiator. For

example, trityl halides are poor initiators for ATRP. The list of potential ATRP initiators
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includes not only small molecules but also macromolecular species (macroinitiator or
polyinitiator) that can be used to synthesize block/graft copolymers.

Generally, for the selection of ATRP initiators one has to consider the ratio of the
apparent initiation rate constant (kiKo, where k; and K, are defined in Scheme 2-1) to the
apparent propagation rate constant (k,K.q, defined in Scheme 2-1 as well). If the product
kKo 1s much less than k,K.q, then initiation will be incomplete during the polymerization,
consequently the molecular weights and polydispersities will be high.

To select an initiator for a monomer in ATRP, the structure of the alkyl group (R) in the
initiator should be similar to that of the dormant polymer species. Thus, 1-phenylethyl
halides resemble dormant polystyrene chain ends, a-halopropionates approximate dormant
acrylate end groups, and a-halopropionitriles are homologous to dormant acrylonitrile chain
ends. This guideline holds true for secondary radicals but not for tertiary radicals. For
example, a-haloisobutyrates are not the best initiators for MMA, most likely due to the -
strain effect.”” For the selection of initiators that are not structurally related to the dormant
polymer chain end, it is better to use organic halides that form less reactive radicals with
higher efficiency than the dormant polymer chain ends. For example, alkyl 2-
chloroisobutyrates and arenesulfonyl chlorides are good initiators for styrene, alkyl
acrylates, and alkyl methacrylate ATRP, but chloroacetates, 2-chloropropionates, and 1-

phenylethyl chloride are poor initiators for the polymerization of methyl methacrylate.

2.1.1.4 Catalyst system: transition metals and ligands

In the case of copper-mediated ATRP, the role of the Cu(I) complex is the generation of
radicals via atom transfer. In general, the rate of polymerization is first order with respect to
the concentration of ATRP catalyst.

There are several important criteria for the successful design of ATRP catalysts: (i) the
metal must possess an accessible one-electron redox couple to promote atom transfer, (ii)
the oxidation potential should be low, but optimal for reversible halogen atom transfer, (iii)
there should be good reversibility between the reduced and oxidized forms of the catalysts —
favored by ligands which minimize changes to the metal coordination sphere between the
reduced and oxidized states, and (iv) the metal center must be sterically unencumbered in its

reduced form to allow a halogen atom to be accommodated.
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The most important system variables in selecting or designing good ATRP catalysts are
the position of the atom transfer equilibrium and the dynamics of exchange between the
dormant and active species. The position of equilibrium depends upon the nature of the
metal and ligands. Generally, more electron donating ligands better stabilize the higher
oxidation state of the metal and accelerate the polymerization. The equilibrium constant
required for the successful polymerization of methacrylates, styrenes, acrylates, and
acrylonitrile is ranging from 107 to 107"°. The dynamics of exchange between dormant and
active species is also important for ATRP. The deactivation step must be very fast, (kg =
10" M's™), otherwise the polymerization will display poor control over molecular
weights.

For ATRP catalysts that are insoluble in relatively non-polar media such as styrene and
methyl methacrylate, ligands possessing long alkyl chains serve to increase the complex's
solubility, hence a homogeneous polymerization system can be obtained. For example,
when bipyridine is used in copper-mediated ATRP, the copper halide is sparingly soluble in
the polymerization medium. Bipyridyl ligands with long alkyl chains at the 4,4’-positions
(such as dNbipy, 4,4’-di(5-nonyl)-2,2’-bipyridine) can completely solubilize the copper
halide.”® Qualitatively, ATRP behaves in a similar manner whether or not the catalyst is
soluble in the polymerization medium, because the catalyst is not bound to the growing
chain. Only somewhat higher polydispersities are observed in heterogeneous copper-
mediated ATRP due to the lower concentration of the Cu(Il) complex (deactivator) and

consequently a slower deactivation process.

2.1.1.5 Deactivator

The deactivator in ATRP is the higher oxidation state metal complex formed after atom
transfer, and it plays an important role in ATRP in reducing the polymerization rate and the
polydispersity of the final polymer. Equation 2-2 defines the relationship between
polydispersity and concentration of deactivator for a system with fast initiation and

deactivation.?*°

M, :1+(£_1JE%J Eq. 2-2

k deact [D]
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where p is the monomer conversion, [RX]y is the concentration of initiator, and [D] is the
concentration of deactivator.

For complete conversion (p = 1), Equation 2-2 can be simplified

RX], k
MW=1+[[ ) ”j Eq. 2-3

M k deact [D]

From Equation 2-3 several conclusions can be drawn. First, the final polydispersity
should be higher for shorter polymer chains, because of the higher value of [RX]y. This
result can be rationalized by the fact that relative to longer chains, the growth of smaller
chains involves fewer activation-deactivation steps and therefore fewer opportunities for
controlled growth. Second, the final polydispersity should be higher for higher values of the
ratio, ky/kgeact. Thus, for the hypothetical polymerization of two monomers with different &,
values, such as methyl acrylate and styrene, and the same kgeact, the polymerization with the
larger k,, methyl acrylate in this case, will yield polymer with the higher polydispersity.
Third, the polydispersity of the final polymer should decrease with an increasing
concentration of deactivator.

In ATRP the concentration of deactivator continuously, but slowly, increases with
increasing conversion due to the persistent radical effect. While the final molecular weights
do not depend upon the concentration of deactivator, the rate of polymerization will
decrease with its increasing concentration. In the case of copper-mediated ATRP, it is
possible to increase the observed polymerization rate by adding a small amount of metallic
Cu(0), which comproportionates with Cu(Il) to regenerate Cu(I). This approach also allows

for a significant reduction in the amount of catalyst required for polymerization.®!
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2.1.2 Anionic polymerization

The interest in anionic polymerization has increased continuously since Szwarc first
reported the living nature of the anionic polymerization of styrenes and dienes in 1956.%*
One important aspect of the term living polymerization refers to the fact that the
polymerization occurs in the absence of irreversible termination and chain transfer. Thus the
molecular weight is determined by the stoichiometry of the reaction and the monomer
conversion. The living nature of the propagating chain allows the synthesis of block
copolymers. Living anionic polymerization has been used to prepare well-defined polymers
varying in topology, composition, end functionality, and tacticity.

Similar to other polymerizations, anionic polymerization proceeds in three principal
steps: initiation, propagation, and finally termination of the reaction by an electrophile.

The initiation step is the formation of the carbanionic adduct by a nucleophilic attack of
an initiator on the double bond of a monomer. The carbanion of this adduct (P;") possesses
an electronic structure which remains nearly the same through further addition of monomer

units during the polymerization.

Initiation: '+ M — > Pl*

I : initiator
M : monomer
P, : active polymer chain with one monomer unit

Example: R—Li + _ / _ R C Li"

Y: electron withdrawing group

Scheme 2-3. Reaction scheme for the initiation step of an anionic polymerization

The initiator required to polymerize a monomer depends on the reactivity of the
monomer towards nucleophilic attack. The monomer reactivity increases with increasing
ability to stabilize the carbanion charge. Very strong nucleophiles such as amide anions®* or
alkyl carbanions are needed to polymerize monomers with relatively weak electron-
withdrawing substituents, such as styrene and butadiene. Weaker nucleophiles, such as

alkoxide or hydroxide ions, can initiate the polymerization of monomers with strong
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electron-withdrawing substituents, such as acrylonitrile, methyl methacrylate and methyl
vinyl ketone.

The propagation step proceeds with the rate constant constant, k.

* k *

Propagation: P, + M —P> P,

P; : active polymer chain with i monomer units

Y Y

| Yk 1
Example: R\/Cf Li" . —— P R W\/C Li"

Scheme 2-4. Reaction scheme for the propagation step of an anionic polymerization

As a requirement to obtain a constant number of carbanionic centers and high initiating
efficiency, the rate of initiation must be higher that the rate of propagation. Above a certain
limit, ki/k, > 4/DPy max (DPnmax 1s the maximum degree of polymerization), initiation occurs
with sufficient rate constant and no effect of the rate of initiation is observed on the

molecular weight distribution.*>°

* k _
Termination: P; + X-H s P,-H +X

X-H : hydrogen transfer agent

Y Y Y

. k
Example: R\/C Li" + H,0 _ RWH + LiTOH™

n

Scheme 2-5. Reaction scheme for the termination step of an anionic polymerization

Termination occurs mainly by a hydrogen transfer agent, which can be present as
impurity in the reaction system or is added after the complete consumption of monomer. In
some cases X is able to reinitiate, then the reaction shown Scheme 2-5 is a transfer
reaction. Sometimes, termination is also observed as a side reaction of propagating chain

with functional group of monomer.

51



Chapter 2 Methods

2.2 Characterization methods

In this part, characterization methods that are not of common use in the laboratory are
described in more detail. For the common methods, only a brief description of the

instrument’s characteristics is given.

2.2.1 Scanning force microscopy (SFM)

SFM has become a versatile method for characterization of the microstructure of
polymeric materials in the nanometer scale.”’ In addition to the topological resolution, SFM
can distinguish surface areas differing in local mechanical properties and composition,

: 38,39
respectively.”™

Mechanical properties, such as viscoelasticity, friction, and adhesion, as
well as long-range electrostatic and steric forces can be characterized in the scale of a few

nanometers.

Segmented
Photodiodes

Cantilever

ot
Piezo-tube
Scheme 2-6. Schematic setup of a scanning force microscope. The tip is located at the end
of a cantilever. A laser is reflected from the cantilever onto a photodiode. Either the tip or
the sample is positioned in 3D space by a piezo element. In a dynamic mode of operation

the cantilever is excited by a piezo element causing its vibration at an amplitude A.

52



Chapter 2 Methods

A schematic setup of a scanning force microscope is shown in Scheme 2-6. A tip
positioned at the very end of a cantilever is used as probe. A laser is focussed onto the end
of the cantilever and reflected into the center of a segmented photodiode. Any forces acting
on the tip result in a bending (vertical forces) or twisting (lateral forces) of the cantilever
and therefore result in a different reflection angle. The difference of the output of the
photodiodes is used as output signal, which is proportional to the deflection of the
cantilever. Depending on the mode of operation the photodiode signal is used directly or as
a feedback signal as discussed below. A feedback loop continuously checks the feedback
signal, compares it to some user defined setpoint value and adjusts the height of the tip over
the sample such that the difference is minimized. Stable operation is possible if the feedback
signal is monotonous in the tip-surface distance. The tip is then kept at a height
corresponding to a constant interaction over the sample surface. Either the cantilever or the
sample is mounted to a piezoelectric element, which provides the necessary means to
position the tip relative to the sample in 3D space.

The instrument used in this work is a Digital Instruments Dimension 3100 SFM with a
Nanoscope III Controller. Of particular interest in determining topography and phase
morphology of polymers is Tapping Mode SFM.

Tapping Mode measures topography by lightly tapping the surface with an oscillating
probe tip. This technique eliminates lateral forces that can damage soft samples and reduce
image resolution. Tapping Mode imaging is implemented in ambient air by oscillating the
cantilever at or near its resonance frequency using a piezoelectric crystal. The piezo motion
causes the cantilever to oscillate with a high amplitude (typically equal or greater than 20
nm) when the tip is not in contact with the surface. The oscillating tip is then moved toward
the surface until it begins to slightly touch, or “tap” the surface. During scanning, the
vertically oscillating tip alternately contacts the surface and lifts off, generally at a
frequency of 250 - 350 kHz. As the oscillating cantilever begins to intermittently contact the
surface, the cantilever oscillation amplitude is reduced due to energy loss caused by the tip
contacting the surface. The oscillation amplitude of the tip is measured. A digital feedback
loop then adjusts the tip-sample separation to maintain a constant amplitude. The reduction
in oscillation amplitude is used to identify and measure surface features.

Two important types of images which are used in this work described in the following:

Height image: The vertical position of the probe tip is monitored by noting changes in

the length of the z-axis on the xyz scanning piezo tube. The input voltage to the scanning
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piezo tube is proportional to the length of the tube. The change in the z-axis is plotted as a
topographical map of the sample surface. Height data is a good measure of the height of

surface features but does not show distinct edges of these features.

Phase image: This type of imaging monitors the change in phase offset, or phase
angle, of the oscillating cantilever with respect to the phase offset of the input drive signal
(to the drive piezo). The phase of the drive signal is compared to the phase of the cantilever
response signal on the photo diode detector. The phase offset between the two signals is
defined as zero for the cantilever oscillating freely in air. As the probe tip engages the
sample surface, the phase offset of the oscillating cantilever changes by a certain angle with
respect to the phase offset of the input drive signal. As regions of differing elasticity are
encountered on the sample surface, the phase angle between the two signals changes. These
changes in phase offset are due to differing amounts of damping experienced by the probe
tip as it rasters across the sample surface. This phase shift is very sensitive to variations in
material properties such as adhesion and viscoelasticity. Applications include contaminant
identification, mapping of components in composite materials, and differentiating regions of

high and low surface adhesion or hardness.

2.2.2 Transmission electron microscopy (TEM)***!

TEM is one of the most popular analytical tools for the investigation of polymer
microstructures. It has been widely used in the characterization of polymer morphologies.
The transmission electron microscope overcomes the limitation of the optical microscope,
the spatial resolution of which is limited to about half the wavelength of the visible light. In
the 1930’s, TEM provided the first insight into structural features on a sub-micrometer
scale.

Presently, the resolution limit in transmission electron microscopy is in the order of
about 0.1 nm using an acceleration voltage of about 10*-10> V. Scheme 2-7 shows a
schematic cross-section of a transmission electron microscope which typically contains two
parts, the illumination and the imaging system.

The former consists of the electron gun and the first and second condenser lenses.
Electrons are emitted from a V-shaped heated tungsten filament whereas the emitted
electron density is controlled by the voltage applied at the filament. A grid cap fading out

parts of the electron emitting cathode allows the generation of a spot-shaped electron beam.
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A high voltage field accelerates the emitted electrons which reach the system of condenser
lenses in the illumination system after crossing the ring anode. These lenses regulate the
intensity and refocus the electron beam. The specimen is then hit by an intense, parallel

beam of monoenergetic electrons.

S Filament
Y | «—————— GridCap
Acceleration Voltage
Anode

Illumination

system First condenser lens

First condenser lens aperture

Second condenser lens

Second condenser lens aperture

Specimen
Objective lens
Objective aperture
Intermediate lens

Imaging o1t
system Sada

Projector lens

Phosphor viewing screen

<«——— Photographic films

Scheme 2-7. Schematic cross section of a conventional transmission electron microscope

The imaging system is build up by the objective lens, the intermediate lens and their
corresponding apertures, the projector lens, a phosphor viewing screen, and the
photographic film. The most important parts of the imaging system are the objective lens
and objective aperture which can either generate a bright-field or a dark-field image of the
specimen. The apertures act as filters mainly for elastically or inelastically scattered or
transmitted electrons and are necessary to create a phase contrast in the sample. Specimens
of low-density hydrocarbon materials like polymers must be less than 100 nm thick while
high-density metals should be less than 20 nm thick.

Bright field is the most widely used mode of transmission electron microscopy
imaging, selecting the weakly scattered and transmitted electrons by an objective aperture.

In consequence dark areas in the image correspond to strongly scattering areas in the
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specimen corresponding to areas of higher mass thickness (density x thickness). For dark-
field imaging only elastically scattered electrons in defined angles are used.

Usually, due to relatively similar electron densities, the contrast between most organic
polymers is rather limited and sometimes too low to render an image via TEM. A variety of
methods are now available to enhance the contrast in TEM images. Staining is one of the
most popular techniques for contrast enhancement, in which a staining agent (for example,
chemicals with high electron density like heavy metals) selectively reacts with or diffuses
into one phase of the polymer microstructure. In this work, the poly(acrylic acid) core of
polymer brushes are selectively stained via coordination with transition metal ions.

In this work, TEM images were taken with a Zeiss CEM 902 electron microscope
operated at 80 kV or a LEO 922 OMEGA electron microscope operated at 200 kV. Both
machines are equipped with an in-column energy filter, which is important for analytical
purposes such as electron spectroscopic imaging (ESI) and electron energyloss spectroscopy
(EELS). So these machines are also called energy filtering transmission electron

microscopes (EFTEM).

2.2.3 Light scattering

When an incident light of intensity Iy penetrates a medium, a loss of intensity may

happen due to the scattering and/or absorption:

I,=1,+1+(1,) Eq. 2-6
where [; , I and I, denote the intensities of the transmitted, scattered and absorbed light
respectively.

Light scattering is very useful in determination of the molecular weight and the size of
polymer. Generally, as an characterization method for polymer solutions, light scattering
includes static light scattering (SLS) and dynamic light scattering (DLS), which study the
equilibrium behavior and dynamic behavior of polymer solutions respectively (Scheme 2-8).
In SLS, the time-averaged “excess” scattering intensity of polymer solution above that of
pure solvent is measured, which is directly proportional to the dimension of polymer as well
as concentration. On the other hand, In DLS method the detector monitors the dynamic

behavior of the intensity of scattered light (scattering intensity fluctuation), which is related

56



Chapter 2 Methods

to the movements of scattering molecules, and therefore the diffusion coefficient and the

corresponding hydrodynamic radius of the molecule can be determined.

particles
Laser >
q
Static Light Scattering:
Scattering vector: Photon detector time-averaged scattering
q=k, -k intensity
TR0 R

lg|=4n nsin (6/2) /1

Dynamic Light Scattering:

Photon correlator fluctuation of scattering

intensity

Scheme 2-8. Schematic illustration of light scattering

2.2.3.1 Static light scattering (SLS)

The total scattering intensity of a dilute polymer solution is proportional to the polymer
concentration and the molecular weight. When an isolated scattering particle (polymer
molecule) is small compared to the wavelength of the incident light, A (generally, diameter
of molecule < A/20), the polymer molecule can be regarded as a single scattering center and

in this case the scattering intensity can be calculated from Rayleigh scattering theory.

Ko 1y,
0 Mw
) ) _ ) Eq. 2-7
where K = 47 n Edn/dc) and R, =l—sr—2
AN, I, 1+cos” ¢

where K is the optical constant; Ry is called Rayleigh ratio and is defined as the
relative scattering intensity measured at an angle ¢ and a distance r from the
scattering center; c is the polymer concentration; M, is the molecular weight (for a

polydisperse polymer, it is the weight-average molecular weight); 4, is the second
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virial coefficient of the osmotic pressure; n is the solvent refractive index; and is 1s
the @ and r dependent scattering.

If the incident light is vertically polarized, R is constant (1+cos’¢ = 2) and the
scattering intensity is angular independent. In this case when SLS measurements are
carried out with a series of concentrations, M, can be obtained from the
extrapolation to zero concentration, and 4, can be calculated from the concentration
dependence of scattering intensity.

When the diameter of a molecule exceeds A/20, interferences are observed, because the
light scattered by a certain part of the molecule interferes with the light scattered by another
part of the same molecule. In other words a molecule of this size contains several scattering
centers. In this case the scattering intensity is angular dependent, and from the angular
dependence the size of the molecule can be derived. The theory of the light scattering by

particles with diameters > A/20 is called Debye scattering theory.

2
ﬁ: L+2Azc 1+q—<rg2> Eq. 2-8
R, \M 3 :

w

where ¢ = (4nn/A)sin(6/2), is the length of the scattering vector; <rg2>Z is the z-
average mean-square radius of gyration.

Equation 2-8 is called the Zimm Equation. It combines all the experimental
variables and molecular parameters of a SLS experiment. A Zimm plot can be
constructed by measuring the scattering intensity of diluted solutions with different

concentrations at various angles (Scheme 2-9).

Kc 6 =150°
Ry &
0 = 100°
4r_u‘) L~ 50°
3M,,
{ 1
J : ! J
1 i 1 :
1 U 2A, 1 1
| 1 { [l [}
1 . 1 1 ' \
i
M, . : ' 1 a
' - H ! ' .
q%(50°) ke, ke, ke, ke, q’ + ke

Scheme 2-9. Zimm plot (data points at ¢ = 0 or 8 = 0 are extrapolated data).
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As shown in the Zimm equation, the molecular parameters can be determined via the

following extrapolations:

(1) ¢—>0and 6>0: Kc/Ry = 1/M,,
2) ¢—>0: Kc/Ry = (1/My) [1 + (¢*/3)<rg™>,]
(3) 0—0: Kc/Ry = 1/My, +24sc

In this work, gel permeation chromatography with multi-angle light scattering (GPC-
MALS) detector was used to determine the molecular weight and radius of gyration. In this
case, only one concentration (for one polymer) was used for the measurement. Because the
injected dilute solution (concentration equals to a few grams per liter) is further diluted by
GPC (dilute from 0.1 mL to a few mL) before the detection, so the measurement is actually
done in the highly dilute region. Thus the obtained molecular weight should be very close to
the absolute one. The obtained radius of gyration is the absolute value, because it is
calculated from the fractional change in scattering intensity at different angles (specially

low angles), and the radius calculation is independent of concentration.

2.2.3.2 Dynamic light scattering (DLS)

Polymer molecules in solution always undergo Brownian movements, which result in the
fluctuation in scattering intensity. DLS is a technique to investigate the scattering intensity
fluctuation and obtain the size information of the molecules. Molecules in solution move in
all directions with the same probability and they have a continuous rate distribution.
Consequently, the frequency of the scattered light is shifted to higher or lower values
depending on the velocity and moving direction of the molecules relative to the detector
(Doppler effect). Thus, a broadening of the spectrum is observed with respect to the
frequency line of the stimulating radiation (14). Therefore, light scattering is rather quasi-
elastic than elastic.*” The spectral broadening is too small to be detected by conventional
spectrometers working in the frequency domain (interferometers). For this reason,
measurements are performed in the time domain, and fluctuation of the scattered light with
time is measured. Generally, this is done according to the Homodyn method, i.e. the
scattering light is directed to the photo detector. The detector’s output signal is proportional

to the intensity of light 1(¢) and, thus, also proportional to the mean square of the electric
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field |E(7)*. The output signal of the detector is auto-correlated with time according to the

following equation:***

(1(0)-1(1)) Eq. 29
(1))’

where g,(7) is the normalized intensity autocorrelation function.

g,()=

The field autocorrelation function g;(¢), which describes the fluctuations of the electric

field of the scattered light, can be deduced from g,(¢) using the Siegert relation:*

g (t)=<E(O)'E(t)> =,/g2(t)_A Eq. 2-10
S (EO) B

where A and B are usually equal to unity. A is determined by an experimental baseline, and

B is a coherence factor accounting for deviation from ideal correlation.

For monodisperse hard spheres, g;(¢) can be described by an exponential function:
g () =exp(—1"-1) Eq. 2-11

where /”is the fluctuation rate with /"= qu, and D is the translational diffusion coefficient,

which can be used to calculate the hydrodynamic radius Ry, via Stokes-Einstein equation.***
R, = kT Eq. 2-12
' 6xnD

where k is Boltzmann constant, 7 is the temperature Kelvin, and 7 is the solvent viscosity.

For a system of polydisperse spheres, the following equation holds:
g(q.0) =D a;(q)exp(-T 1) Eq. 2-13
J

with aj(q) = relative amplitudes:
¢;M;P;(q)

D 2.¢,MP,(q)

Eq. 2-14

where M; and Pj(q) are the molecular weight and particle form factor, respectively, of
particle j. In the case of large spheres (diameter >2/20 and Pj(q) <1), gi(¥) becomes
dependent on g. Change from hard spheres to polymer molecules in solution involves
rotational diffusion and internal modes in addition to translational diffusion. Rotational
diffusion is of particular importance in rod-like molecules, whereas internal modes are

significant in large coil-like molecules.*® From a mathematical point of view, these factors
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involve additional additive and multiplicative terms. The terms can be eliminated by angle-
dependent measurements as the amplitudes approach zero for ¢g*—0.%

The determination of the mean diffusion coefficient and standard deviation for
polydisperse systems is best accomplished by the CONTIN method.*”** The function g, () is

described by a continuous distribution:

rmax
g/(t)= [G(T)exp(-T -£)dl Eq. 2-15

T,

mi

where G(/) denotes the fluctuation rate distribution function. Equation 2-15 can be inverted
by a Laplace transformation. This inversion is problematic as there is basically an unlimited
number of solutions that describe the data within experimental error. In order to minimize

these solutions, the CONTIN analysis uses the following regularization:

I*max n
R,(G(M) = | (8 L )jdf Eq. 2-16
Dinin or

where 7 is the order of regularization. Regularization of 0™ order represents minimization of
the integration area of function G(/); regularization of 2" order corresponds to smoothing
of function G(/). The original CONTIN routine calculates a rate distribution (log(/) scale),
whereas the CONTIN routine of the ALV software calculates a time distribution (log(?)
scale) that is proportional to the distribution of hydrodynamic radius.

The ALV software also enables a direct fit of gy(¢)-1 via a special algorithm. This

usually yields a smoother distribution function with less artifacts as compared to g;(¢).

fimax

g,()—-1= [ _[e’G(t)dtJ Eq. 2-17

Timin

Care must be exerted on interpreting results so as to avoid artifacts, especially in the case
of a low signal-to-noise ratio, an inappropriate baseline or inappropriate choice of /7,,x and
I hin. Thus, the signal-to-noise ratio should always be high. For evaluation of the results, it
should be considered that two different distributions can only be distinguished with the
CONTIN program if the respective hydrodynamic radii differ from each other by a minimal
factor of two.

The radii or rather diffusion coefficients obtained by the CONTIN method are z-average
values. In order to eliminate the influence of form factors for large molecules, the D and Ry,

values, respectively, measured at different angles have to be extrapolated for ¢g>—0.
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2.2.4 Superconducting quantum interference device (SQUID) magnetometer

A superconducting quantum interference device (SQUID) is a technique used to
measure extremely weak signals, such as subtle changes in the human body's
electromagnetic energy field. Using a device called a Josephson Junction, a SQUID can
detect a change of energy as much as 100 billion times weaker than the electromagnetic

energy that moves a compass needle.

2.2.4.1 The Josephson junction

A Josephson junction is made by sandwiching a thin layer of a nonsuperconducting
material between two layers of superconducting material. The devices are named after Brian
Josephson, who predicted in 1962 that pairs of superconducting electrons could "tunnel"
right through the nonsuperconducting barrier from one superconductor to another. He also
predicted the exact form of the current and voltage relations for the junction. Experimental
work proved his predictions, and he was awarded the 1973 Nobel Prize in physics.

To understand the unique and important features of Josephson junctions, it's first
necessary to understand the basic concepts and features of superconductivity. When many
metals and alloys are cooled down to very low temperatures (within 20 degrees or less of
absolute zero), a phase transition occurs. At this “critical temperature”, the metal goes from
the normal state to the superconducting state, where there is essentially no electrical
resistance to the flow of direct electrical current. What occurs is that the electrons in the
metal become paired. Above the critical temperature, the net interaction between two
electrons is repulsive. Below the critical temperature, though, the overall interaction
between two electrons becomes very slightly attractive, a result of the electrons' interaction
with the ionic lattice of the metal. This very slight attraction allows them to drop into a
lower energy state, opening up an energy “gap”. Because of the energy gap and the lower
energy state, electrons can move (and therefore current can flow) without being scattered by
the ions of the lattice. When the ions scatter electrons, it causes electrical resistance in
metals. There is no electrical resistance in a superconductor, and therefore no energy loss.
There is, however, a maximum supercurrent that can flow, called the critical current. Above
this critical current the material is normal.

In a Josephson junction, the nonsuperconducting barrier separating the two
superconductors must be very thin. If the barrier is an insulator, it has to be on the order of

30 angstroms thick or less. If the barrier is a nonsuperconducting metal, it can be as much as
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several microns thick. Until a critical current is reached, a supercurrent can flow across the
barrier; electron pairs can tunnel across the barrier without any resistance. But when the
critical current is exceeded, another voltage will develop across the junction. That voltage
will depend on time - that is, it is an AC voltage.

There are two main types of SQUID, DC and RF (or AC). RF SQUIDs have only one
Josephson junction whereas DC SQUIDs have two or more junctions. This makes DC

SQUIDs more difficult and expensive to produce, but DC SQUIDs are much more sensitive.

2.2.4.2 SQUID magnetometer

The SQUID magnetometer used in this work consists of superconducting wires,
operating as pickup coils, through which the sample is moved with constant speed (Scheme
2-10). The pickup coils and the detection coils form a superconducting flux transformer that
“carries” the magnetic flux changes in the pickup coils (because of the sample movement)
to the SQUID detector. The SQUID is inductively coupled to a resonant circuit, which is
referred to as the “flux locked loop”, providing a liner read-out of the input signal to the
SQUID. This means that the output voltage is proportional to the magnetic flux through the

pickup coil system.

Superconducting 4
wire =

Magnetic field

Scheme 2-10. Pickup coils of the SQUID magnetometer.

The magnetometer can be operated in various modes, among them the Zero Field

Cooling (ZFC) and Field Cooling (FC) modes are very important. The zero field cooling
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method is to cool the sample down to a desired temperature without applying any magnetic
field. When the desired temperature is reached, a small magnetic field is applied and then
the sample is heated again while measuring the magnetization of the material. In contrast,
the magnetization of the sample under a small magnetic field as a function of decreasing

temperature is termed as the field-cooled (FC) magnetization.

2.2.5 Mossbauer spectroscopy‘w’50

In 1957 Mossbauer discovered that a nucleus in a solid can sometimes emit and absorb
gamma rays without recoil; because when it is in a solid matrix the nucleus is no longer
isolated, but is fixed within the lattice. In this case the recoil energy may be less than the
lowest quantized lattice vibrational energy and consequently the gamma ray may be emitted
without energy loss. This phenomenon is called the Mdossbauer effect. Many isotopes
exhibiting this characteristic are called Mossbauer nuclei. As >'Fe (2.19 % natural
occurrence) has the most advantageous combination of properties for Mdssbauer
spectroscopy the great majority of studies continue to involve this isotope and the technique
has been widely used for the investigation of iron-containing systems.

The energy levels of a nucleus situated in an atom and in a solid are influenced by the
environment of the nucleus. Mossbauer spectroscopy is a technique which enables these
energy levels to be investigated by measuring the energy dependence of the resonant
absorption of Mossbauer gamma rays by nuclei. This is possible since the recoil-free
processes arising from the Mossbauer effect lead to the resonant absorption of gamma rays
with extremely precise energy. This enables the very small energy changes resulting from
the hyperfine interactions between the nucleus and its surrounding electrons to be
investigated and thus Mdossbauer spectroscopy provides a mean of using the nucleus as a
probe of its environment. Information such as oxidation state and coordination state of the
Mossbauer nuclei can be obtained from Mdssbauer spectrum.

The most common experimental setup for Mdssbauer spectroscopy involves a
radioactive source containing the Mdssbauer isotope in an excited state and an absorber
consisting of the material to be investigated which contains the same isotope in its ground
state. For example, the source for >’Fe Mdssbauer spectroscopy is normally radioactive >'Co
which undergoes a spontaneous electron capture transition to give a metastable state of >'Fe
which in turn decays to the ground state via a gamma ray cascade containing the 14.4 keV

gamma ray (Scheme 2-11).
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5/2 136 keV

9% 91%
gamma ray
I=1/2 \ 4 0

Scheme 2-11. Nuclear decay of °’Co showing the transition giving the 14.4 keV Méssbauer

57Fe

gamma ray.

In the normal transmission experiment the gamma rays emitted by the source pass
through the absorber. In order to investigate the energy levels of the Mossbauer nucleus in
the absorber it is necessary to modify the energy of the gamma rays emitted by the source so
that they can have the correct energy for resonant absorption. This is usually accomplished
by moving the source relative to a stationary absorber, and hence giving the gamma rays an
energy shift as a result of the first-order relativistic Doppler effect. The motion of the source

is normally oscillatory in order to provide an energy scan.

excited state

[]
Mossbauer @ E
VA VAY. Z \'/ detector
8

gamma ray !

I .

velocity
h 4 ground state L
emitter nucleus absorber nucleus

Scheme 2-12. A schematic representation of Mdssbauer spectroscopy with the simplest
situation of source and absorber nuclei in identical environment and showing the resulting

Mossbauer spectrum with an absorption line at zero velocity.
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Scheme 2-12 depicts a simplest Mdssbauer spectroscopy experiment. Resonant
absorption occurs when the energy of the gamma ray matches the nuclear transition energy
for a Mossbauer nucleus in the absorber. The resulting spectrum consists of a plot of gamma
ray counts (or relative absorption) against the velocity of the source with respective to the
absorber.

In the absence of a magnetic field, The Mdssbauer spectrum consists of one (if the
absorbing atoms are at a site of cubic symmetry) or two (symmetry distorted from cubic)
absorption maxima. When a static magnetic field acts on the resonant nuclei, this splits the
nuclear spin of the ground state into two and those of the excited state into four. The six
allowed transition then produce a 6-line spectrum. The positions and the numbers of the
absorption maxima are determined by the hyperfine interactions between the resonant nuclei
and the electrons surrounding them. There are three types of hyperfine interaction (Scheme

2-13):

Electric monopole interaction. It is an interaction between the nuclear charge
distribution over finite nuclear volume and the electric charge density over this volume. In a
system where the electric monopole interaction is the only hyperfine, the nuclear ground
and excited states are unsplit, but their separation is different in the source and absorber by
an amount given by the isomer shift, 6, which is defined as the velocity of the source
necessary to counteract the difference between the source and the absorber. The isomer shift
provides information about the coordination number, valence and spin state of iron in the

sample.

Electric quadrupole interaction. 1Tt is generated when an electric field gradient, which
is produced by an asymmetric electric charge distribution or ligand arrangement, acts on the
nucleus. It gives rise to a splitting of the nuclear energy levels. From the quadrupole

splitting the information about the site distortion can be derived.

Magnetic hyperfine field. When a nucleus is placed in a magnetic field there is a
magnetic dipole interaction between the nuclear magnetic moment and the magnetic field.
In the case of °’Fe the ground state with /= 1/2 splits into two substates and the excited state
with 7 = 3/2 splits into fours substates. There are six possible transitions and hence a
Mossbauer spectrum consists of six absorption lines. The spectrum provides information

about the valence and magnetic properties of the compound.
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Scheme 2-13. Top: Nuclear energy levels of *'Fe as shifted by electric monopole (left), or
split by electric quadrupole (center) or by magnetic dipole interaction (right); Bottom:

Schematic Mossbauer spectra corresponding to the energy levels schematized above.
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2.2.6 Commonly used methods
2.2.6.1 NMR spectroscopy

'H- and *C-NMR spectra were obtained on a Bruker AC 250 at an operating frequency
of 250 MHz and 62.5 MHz, respectively. Various deuterated solvents (Deutero GmbH)
were used depending on the solubility of the samples. As an internal standard, either

tetramethylsilane or the residual proton signal of the deuterated solvent was used.

2.2.6.2 UV/visible spectroscopy

UV spectra were recorded on a Perkin-Elmer Lambdal5 UV/vis spectrophotometer in
the wavelength range from 190 to 700 nm. Measurements were carried out in solution. The

spectrum from a quartz cuvette containing pure solvent was subtracted from sample spectra.

2.2.6.3 IR spectroscopy

IR spectra were recorded on a Bio-Rad FT-IR spectrometer. The measurements were

performed on a KBr pellet (mixture of a small amount of sample with KBr).

2.2.6.4 Raman spectroscopy

Raman spectra were recorded using a confocal optical setup consisting of a He-Ne laser
(A=632.8 nm), objectives of numerical aperture 0.45 and 0.20, and a 50 pm pinhole
replacing the entrance slit of the monochromator. A CCD line detector in the exit focal

plane of the monochromator was used for recording the spectra.

2.2.6.5 Gel permeation chromatography (GPC)

GPC measurement were performed at room temperature on a system with PSS SDVgel
columns (30 x 8 mm, 5 um particle size) with 10%, 10°, 10%, and 10° A pore sizes using RI

and UV detection (4 =254 nm). THF was used as an eluent (flow rate 1.0 mL/min).

2.2.6.6 Thermogravimetric analysis (TGA)

TGA measurements were carried on a Mettler Toledo TGA/SDTAS851 with the sample
amount of 4-11 mg. The measurements was performed under air flow of 60 mL/min with

heating from 30 °C to 1000 °C (rate: 10 °C/min) and then keeping at 1000 °C for 0.5 h.
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Chapter 3

Amphiphilic cylindrical brushes
with poly(acrylic acid) core and poly(n-butyl acrylate) shell

and narrow length distribution”

Abstract

Core-shell cylindrical polymer brushes with poly(t-butyl acrylate)-b-poly(n-butyl
acrylate) (PtBA-b-PnBA) diblock copolymer side chains were synthesized via “grafting
from” technique using atom transfer radical polymerization (ATRP). The formation of well-
defined brushes was confirmed by GPC and 'H-NMR. Multi-angle light scattering (MALS)
measurements on brushes with 240 arms show that the radius of gyration scales with the
degree of polymerization of the side chains with an exponent of 0.57 & 0.05. The hydrolysis
of the PtBA block of the side chains resulted in amphiphilic core-shell cylindrical polymer
brushes with poly(acrylic acid)-b-poly(n-butyl acrylate) (PAA-b-PnBA) side chains. In
order to obtain a narrow length distribution of the brushes, the backbone, poly(2-
hydroxyethyl methacrylate), was synthesized by anionic polymerization in addition to
ATRP. The characteristic core-shell cylindrical structure of the brush was directly
visualized on mica by scanning force microscopy (SFM). Brushes with 1500 block
copolymer side chains and a length distribution of l,/l, = 1.04 at a total length I, = 179 nm
were obtained. By choosing the proper solvent in the dip-coating process on mica, the core

and the shell can be visualized independently by SFM.

* Part of this chapter (3.1-3.3.5) has been published in
Mingfu Zhang, Thomas Breiner, Hideharu Mori, Axel H. E. Miiller
Polymer, 2003, 44, 1449-1458.
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3.1. Introduction

It is well known that solution and bulk properties of polymer are dramatically
influenced by their chain architecture. Cylindrical polymer brushes which have the same
number of side chains as degree of polymerization of the main chain, are architecturally
interesting for both experimental and theoretical chemists because of the possibility to form
extended chain conformations, based on the intramolecular excluded-volume interactions
between side chains densely grafted to the backbone. Since Tsukahara et al.'? first
succeeded in the synthesis of polymer brushes by radical polymerization of macromonomers
in 1989, this type of polymers attracted considerable attention over the past years.*

Generally, there are three methods to synthesize cylindrical polymer brushes. The first
one, which was widely used in the past decade, is the conventional radical polymerization of
macromonomers.'™ In this method, end-functionalized oligomers prepared by anionic
polymerization are converted into polymerizable macromonomers, which form well-defined
side chains of the brushes after subsequent radical polymerization. However, conventional
radical polymerization of macromonomers normally yields a broad chain-length distribution
of the resulting polymer. So the crude product may contain polymers with both star-like and
brush-like shape in addition to residual macromonomers. It is worthy to note that living
anionic polymerization”' and living ring-opening metathesis polymerization (ROMP)**?* of
macromonomers were also performed aiming to get well-defined polymacromonomer,
however, high molecular weight polymers have not been prepared by these living

! The grafting

polymerizations, so far. The second method is the “grafting onto” technique.
of side chains onto a backbone was carried out via a coupling reaction. For example,
coupling polystyryllithium with poly(chloroethyl vinyl ether) (PCEVE) resulted in a
polymer brush with PCEVE as backbone and polystyrene (PS) as side chains.”'° However
insufficient grafting efficiency was often achieved using the “grafting onto” method. The
last method, i.e. “grafting from”, appeared lately. In this method side chains of the brush are

27 jnitiated by the pendant

formed via atom transfer radical polymerization (ATRP)
initiating groups on the backbone.'>*®* By this method well-defined polymer brushes with
high grafting density and rather narrow distributions of both backbone and side chains can
be obtained, and the purification of resulting polymer brushes is much simpler comparing to
the other two methods.

Cylindrical wormlike micelles have been investigated by many groups in recent years,”

most of them being formed by aggregation of surfactants. As an example,
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cetyltrimethylammonium bromide reversibly assembles into long, flexible wormlike
micelles in 0.1 M KBr aqueous solution. These aggregates may dissociate or undergo
structural changes under changed conditions. Similarly, block copolymers can form

. . . . . . 1,32
spherical or cylindrical micelles in selective solvents.’'”

Although spheres are the most
common morphology for block copolymer micelles, other types of supramolecular
structures such as cylinders have also been found. For example, polyferrocenylsilane-b-
poly(2-(N,N-dimethylamino)ethyl methacrylate) with a block ratio of 1:5 formed cylindrical
micelles in aqueous solution.® In our case, the brushes with amphiphilic diblock copolymer
(poly(acrylic acid)-b-poly(n-butyl acrylate), PAA-b-PnBA) side chains resemble the normal
inverse block copolymer micelles in structure and therefore can be regarded as unimolecular
wormlike micelles. Compared to block copolymer micelles they are very stable towards
environmental changes since the side chains are covalently linked to the backbone. In
addition, their length can be controlled in a much better way than for self-associating
micelles. The ability of the hydrophilic PAA core of the amphiphilic core-shell brushes to
coordinate with different metal cations can be used for the synthesis of novel nanosized
organic/inorganic hybrids.

So far, there have only a few reports about the synthesis of polymer brushes with
amphiphilic side chains, whose peculiar topology makes them very attractive for
applications involving unimolecular micelles.*** Gnanou et al.** first reported the ROMP of
norbornenoyl-endfunctionalized polystyrene-b-poly(ethylene oxide) macromonomers.
Although complete conversion of macromonomer was achieved, the degree of
polymerization was very low. Consequently, the polymacromonomer adopted a globular
rather than a cylindrical shape. Moreover, the difficulty in this method lies more in the
synthesis of the macromonomer than in the polymerization. Later, Schmidt et al.®
synthesized amphipolar cylindrical brushes with poly(2-vinylpyridine)-b-polystyrene side
chains via radical polymerization of the corresponding block macromonomer. Similar
polymer brushes with poly(a-methylstyrene)-b-poly(2-vinylpyridine) side chains were also
synthesized by Ishizu via radical polymerization.”* Again, the problem is the very wide
length distribution of the obtained polymer brushes. To find an efficient and convenient
methodology for the synthesis of well-defined amphiphilic cylindrical brushes still remains
a challenge. Very recently, we succeeded in the synthesis of the core-shell cylindrical
brushes with amphiphilic block copolymer, poly(acrylic acid)-b-polystyrene (PAA-bH-PS) or
PS-b-PAA, as side chains by ATRP using the “grafting from” technique.”® Compared to the
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macromonomer route, this method is quite versatile and effective. ATRP is tolerant to many
functionalities, so a multitude of monomers, including those with functional groups, can be
polymerized to form the side chains. At the same time, the living character of ATRP enables
the control of the distributions of backbone as well as side chains, so the resulting
amphiphilic brushes have a well-defined structure.

As part of our continuous effort for the synthesis and applications of amphiphilic core-
shell cylindrical brushes, we synthesized and characterized well-defined amphiphilic
brushes with a PAA core and a soft PuBA shell. The chemical compatibility between the
core and the shell of these brushes is somewhat better, compared to the amphiphilic brushes
with PAA core and PS shell we synthesized before.”®

In the synthesis of cylindrical brushes with side chains containing PS block, we found
that sometimes cross-linking occurred during the polymerization of styrene, probably due to
intermolecular coupling reactions between spatially neighboring radical sites on the side
chains. Using a high molar ratio of monomer to initiator and quenching the polymerization
at quite low conversion of styrene (< 5 %) we could suppress this undesirable side
reaction.”® Adding Cu(Il) to decrease the radical concentration in ATRP and using 2,2'-
bipyridine or its derivatives as ligands were also useful to avoid the coupling reaction,
however, in this case the polymerization is very slow.” The polymerization of n-butyl
acrylate (nBA) to form the shell can go to relatively high conversion (about 20%) without
any cross-linking and the polymerization of #BA is quite fast under mild conditions.

In our previous syntheses™ we prepared poly(2-hydroxyethyl methacrylate),
poly(HEMA), which forms the backbone, via ATRP in ethanol. We now use an improved
method to obtain more narrow molecular weight distribution (MWD). However, it is very
hard to synthesize poly(HEMA) with high molecular weights as well as very narrow MWD.
Thus anionic polymerization was carried out, using 2-(trimethylsilyloxy)ethyl methacrylate
as a protected monomer. Using the poly(HEMA) synthesized via anionic polymerization,

very uniform amphiphilic polymer brushes were obtained.
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3.2. Experimental Part

3.2.1 Materials

2-Hydroxyethyl methacrylate (HEMA, Acros, 96%) was purified according to
literature.” £-Butyl acrylate (fBA, BASF AG) was fractionated from CaH, at 45 mbar,
stirred over CaH,, degassed and distilled in high vacuum. n-Butyl acrylate (nBA, BASF
AQG) was vacuum distilled just before use. CuBr (95%, Aldrich) was purified by stirring
overnight in acetic acid. After filtration it was washed with ethanol, diethyl ether, and then
dried. 2,2'-Bipyridine (bpy) was recrystalized from ethanol to remove impurities. o-
Bromoisobutyryl bromide and N,N,N’,N",N"-pentamethyl-diethylenetriamine (PMDETA)
were purchased from Aldrich and used as received without further purification.

2-(Trimethylsilyloxy)ethyl methacrylate (TMS-HEMA, 97%, Aldrich) was purified
according to the method described in the polymerization part. Trioctylaluminum (25 wt% in
hexane, Aldrich) and sec-butyllithium (sec-BuLi, 1.3M in cyclohexane, Aldrich) were used
without further purification. 1,1-Diphenylethylene (DPE, 97%, Aldrich) was vacuum
distilled and dried by adding a small amount of sec-BuLi solution until the color changed to
light yellow. Lithium chloride (LiCl, >98%, Fluka) was dried at 300 °C under vacuum
overnight, and then dissolved in THF. THF (p.a., Merck) was purified first by distillation

under nitrogen from CaH; and then by refluxing over potassium.

3.2.2 Synthesis of poly(2-hydroxyethyl methacrylate), poly(HEMA)

Both anionic polymerization and atom transfer radical polymerization were used to
synthesize poly(HEMA).

. o 3637
(a) via anionic polymerization.”

The silyl-protected monomer (2-(trimethylsilyloxy)ethyl methacrylate, TMS-HEMA)
was purified on a vacuum line using home-made glassware consisting of two flasks
connected by a glass bridge, as shown in Figure 3-1. Into one flask 50 mL of TMS-HEMA
were added and degassed by three freeze-pump-thaw cycles. A small amount of
trioctylaluminium solution (in hexane) was added until the color changed to light yellow,
indicating the complete removal of water. The monomer was then frozen by liquid N, and
evacuated. During thawing, hexane evaporated and was caught in the cooling trap of

vacuum line. Now the second flask was cooled with liquid N, and the monomer was
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condensed into this flask under gentle heating. After thawing the monomer was transferred
into the reactor with a syringe equipped with a stainless steel needle (dry, flush with N,).
For the anionic polymerization, 300 mL of THF were placed into the reactor and cooled
down to —75 °C. Then LiCl solution (in THF, tenfold molar excess with respect to the
initiator used) was added. After the system changed to a light red color (indicating absence
of water) by adding a small amount of sec-BuLi solution, the calculated amount of sec-BuLi
was added via a syringe. Then, a fourfold molar excess of DPE (with respect to the amount
of sec-BuLi) was placed into the reactor. Ten minutes later, when the formation of the 1,1-
diphenyl-3-methylpentyl-lithium initiator species was completed, the monomer was added.
The polymerization proceeded for 2.5 hours at —75 °C and finally was terminated by adding
1 mL of a well degassed methanol/acetic acid (10/1) mixture. After the polymerization THF
was removed by rotating evaporation. The resulting polymer was dissolved in methanol and
precipitated in water mixed with several drops of HCI solution (32%). The final deprotected
product, poly(HEMA), was freeze-dried from dioxane. 'H-NMR (CD;OD): & = 4.04 (-CH>-
0CO0), 3.77 (-CH»-OH), 2.20-1.40 (-CH»-C), 1.30-0.70 (-CH3) ppm.

Water bath

Liquid nitrogen

Figure 3-1. Glassware for the purification of TMS-HEMA.

(b) via ATRP.

Inside a glove-box, CuCl (0.0393 g, 0.4 mmol), 2,2'-bipyridine (0.127 g, 0.81 mmol)
were added into a 50 mL round flask. Afterwards methylethyl ketone (7 mL), 1-propanol (3
mL), HEMA (10.427 g, 80 mmol) as well as octane (2 mL, internal standard) were added
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and the mixture was stirred for 20 minutes. An initial sample was taken for the monomer
conversion measurement via gas chromatography (GC). Finally the initiator, ethyl 2-
bromoisobutyrate (0.081 g, 0.42 mmol) was added. The flask was then sealed and placed in
a thermostated oil bath with temperature of 50°C. The polymerization was stopped after one
hour by cooling to room temperature and exposure to air. A sample was taken from the final
reaction mixture for GC measurement, and the monomer conversion was determined to be
57.6 %. To remove the catalyst (Cu(Il)), 120 mL DMF was added and the solution was
passed through a neutral alumina column. Most of the solvent (DMF) was removed by
rotating evaporator and finally the polymer was precipitated in diethyl ether. 4.45 g
poly(HEMA) was obtained after freeze-drying from dioxane.

3.2.3 Preparation of poly(2-(2-bromoisobutyryloxy)ethyl methacrylate (PBIEM)

As shown in Scheme 2, esterification of poly(HEMA) by a-bromoisobutyryl bromide
produced the polyinitiator (PBIEM) for ATRP. The reaction proceeded as follows: 4.45 g
poly(HEMA) (-OH groups, 0.0342 mol) was dissolved in 60 mL anhydrous pyridine. 16.24
g (0.0706 mol) a-bromoisobutyryl bromide was added dropwise at 0°C in one hour. The
reaction mixture was stirred for 3 h at 0 °C followed by stirring at room temperature for 22
h under inert gas. The insoluble salt was then removed by filtration and the solvent was
removed by a rotating evaporator. The produced polymer was purified by passing through a
basic alumina column using toluene as solvent, followed by precipitation in methanol. 6.42
g PBIEM (yield = 67.3 %) was obtained after freeze-drying from benzene. 'H-NMR
(CDCl3): 6 =4.37,4.21 (-CH>-OCO), 2.20-1.40 (-CH,-C), 1.97 [-C(Br)(CHs)2], 1.30-0.70 (-
CHs) ppm.

3.2.4 Typical ATRP procedure for the synthesis of brushes

All operations except the polymerization were carried out inside glove box under nitro-
gen atmosphere. CuBr (or CuCl), initiator (PBIEM or the purified polymer brushes with
homopolymer side chains), monomer, acetone (which was added in some cases) and decane
(internal standard, 1/10 molar ratio relative to monomer) were added into a round flask. The
mixture was stirred until all the initiator was dissolved completely. Then an initial sample
was taken for GC measurement and finally the ligand, PMDETA, was added. The flask was

then sealed and immersed in an oil bath at a preset temperature for a certain time. The
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polymerization was stopped by cooling to room temperature and exposed the reaction
mixture to air. A sample was taken from the final reaction mixture for GC measurement.
After polymerization, the catalyst was removed by an adsorption filtration through an
alumina column and the resulting polymer was precipitated from chloroform into mixture of
methanol and water (v/v = 4/1 to 3/1). The produced polymer was dissolved in benzene and

freeze-dried.

3.2.5 Hydrolysis of the poly(t-butyl acrylate) blocks **

The brush was dissolved in CH,Cl, and then a fivefold molar excess of CF;COOH
(with respect to the amount of the #-butyl group in the brush) was added. The reaction
mixture was stirred at room temperature for 24 h. During the hydrolysis, the resulting brush
with PAA-b-PnBA side chains precipitated in CH,Cl, gradually Finally, solvent and
CF;COOH were removed by rotating evaporation followed by freeze-drying. Traces of

CF5;COOH in the polymer were removed by vacuum drying at 40 °C overnight.

3.2.6 Analysis

Monomer conversion was determined by gas chromatography (GC) from the
concentration of residual monomer with decane as an internal standard, using a
polymethylsiloxane capillary column. Proton and carbon nuclear magnetic resonance (‘H-
NMR and “C-NMR) spectra were recorded with a Bruker AC-250 spectrometer at room
temperature in CDCl; or CD;OD (or mixture of them). The apparent molecular weights of
the brushes were measured by gel permeation chromatography (GPC) using THF as eluent
at a flow rate of 1.0 mL/min at room temperature. Column set: Sp SDV gel, 105, 104, 103,
10> A, 30 cm each (PSS, Germany); detectors: Waters 410 differential refractometer and
Waters photodiode array detector operated at 254 nm. PS standards (PSS) were used for the
calibration of the column set. The samples for scanning force microscopy (SFM)
measurements were prepared by dip-coating from dilute solutions of brushes in different
solvents, with concentration of 10°-10* g/ml, onto freshly cleaved mica surface. The SFM
images were taken with a Digital Instruments Dimension 3100 microscope operated in
Tapping Mode (free amplitude of the cantilever ~ 30 nm, set point ratio = 0.98).

Membrane osmometry was performed in toluene at 35 °C in order to determine the true

number-average molecular weight of the polyinitiator (forming the backbone) using a
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cellulose triacetate membrane with a Gonotec Osmomat 090 (Gonotec GmbH, Germany).
GPC with a multi-angle light scattering detector (GPC-MALS) was used to determine the
absolute molecular weights of the brushes. THF was used as eluent at a flow rate of 1.0
mL/min. Column: 30 cm linear SDV 5u (PSS); detectors: DAWN DSP-F MALS and PSS
ScanRef interferometer, both equipped with 632.8 nm He-Ne laser. The ScanRef
interferometer was also used to measure refractive index increment (dn/dc) in the oftline
mode.

Static light scattering (SLS) measurements was carried out on a Sofica goniometer with
He-Ne laser (632.8 nm) at different temperatures. Prior the measurements, sample solutions
were filtered through Millipore Teflon filters of pore size 0.45 um. A Zimm plot was used
to evaluate the data. A ScanRef laser interferometer was used to measure refractive index
increment, dn/dc, of the polymer solution. The temperature dependence of dn/dc of polymer
brush with deuterated PS side chains was found to be negligible in the temperature range
used.

Dynamic light scattering (DLS) measurements were performed on an ALV DLS/SLS-
SP 5022F compact goniometer system with an ALV 5000/E correlator and a He-Ne laser.
Prior to the light scattering measurements the sample solutions were filtered using Millipore
Teflon filters with a pore size of 0.45 um. The measured field correlation function g;(?) was

analyzed by means of a cumulant expansion
Ing,(q,t) = ln(A)—Fl(q)t+F2(q)t2/2—... Eq. 3-1
I'; is the first cumulant which is related to the translational diffusion coefficient via D =
qu'z. I'; is the second cumulant which is related to the relative standard deviation o=

\/F_z /T'1. Then average hydrodynamic radius was calculated via the Stokes-Einstein relation.

The viscosity data of chloroform at different temperatures are calculated according to
logn=A+B/(C-T) Eq. 3-2

where A, B and C are constants and equal to —4.4573, -325.76 and 23.789 respectively,
and T is the absolute temperature.”
Cryogenic-transmission electron microscopy (Cryo-TEM) measurements were carried

out with a CEM 902 (Zeiss) transmission electron microscope with an acceleration voltage

of 80 kV.
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3.3. Results and Discussion

3.3.1 Synthesis of poly(2-hydroxyethyl methacrylate), poly(HEMA)

Poly(HEMA), which has functional hydroxy group at each monomer unit, can be easily
modified to obtain ATRP initiator via the esterification of the hydroxy groups with
chemicals like o.-bromoisobutyryl bromide. Both anionic polymerization and atom transfer

radical polymerization were used to synthesize poly(HEMA), as depicted in Scheme 3-1.

(a) Sec-BuLi (1) DPE (2) TMS-HEMA

LiCl, THF, -70°C

(1) CH3OH/ CH3COOH (10/1)
>  Sec-Bu m
) H'/ Hy0 H

O /~0
HO HO

Br

[ CO,CH,CHj3/ CuCl / BPy
(b) A, OH - 0
H MEK / 1-Propanol (7/3), 50°C o OH

p

Scheme 3-1. Synthesis of poly(HEMA) via (a) anionic polymerization and (b) ATRP.

Obviously poly(HEMA) will form the backbone of the polymer brush, and the length
distribution of the cylindrical polymer brushes is dependent only on the molecular weight
distribution (MWD) of the backbone. Thus the synthesis of poly(HEMA) with a narrow
MWD is crucial to get uniform polymer brushes. Although ATRP can give quite good
control on the polymerization of many monomers, normally anionic polymerization
provides better control on the polymerization and thus polymers with very narrow MWD
could be obtained, despite of its strict purification procedure for monomer, solvents and all

additives. In order to protect the reactive hydroxy group of HEMA, trimethylsilyl-protected
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HEMA (TMS-HEMA) was used as monomer in anionic polymerization, and it is very easy
to remove the trimethylsilyl groups of the produced polymer. For comparison, ATRP was

also carried out to synthesize poly(HEMA).

CD,0D

CD;0D

‘ R
65 60 55 50 45 40 35 30 25 20 15 1.0 05
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Figure 3-2a. 'H-NMR spectrum of poly(HEMA) in CD;OD.
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Figure 3-2b. *C-NMR spectrum of poly(HEMA) in CD3;0D.
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Figures 3-2a and 3-2b shows the 'H- and ?C-NMR spectra of poly(HEMA), which are
in agreement with those reported in literature. The limited solubility of poly(HEMA) in
THF and its adsorption to the column material prevent the direct analysis of the MWD
under standard conditions of GPC. However the esterification product of poly(HEMA) with
a-bromoisobutyryl bromide is THF-soluble. The information of molecular weight and

MWD can be obtained from that of the corresponding ester (see below).

3.3.2 Synthesis of polyinitiator (poly(2-(2-bromoisobutyryloxy)ethyl methacrylate,
PBIEM)

As shown in Scheme 3-2, esterification of poly(HEMA) with a-bromoisobutyryl
bromide results in the polyinitiator for ATRP. Complete esterification of the hydroxy groups
of poly(HEMA) with a-bromoisobutyryl bromide was confirmed by 'H-NMR and "C-
NMR (Figure 3-3). In 'H-NMR spectrum, no peak is observed at 3.77 ppm, which is
assigned to methylene protons adjacent to the hydroxy group in poly(HEMA). Instead, a
new peak at 4.37 ppm appears, which represent the methylene protons designated as d in
Figure 3-3a. Additionally, a strong peak at 1.97 ppm represents the end methyl protons in
PBIEM. *C-NMR spectrum also confirms the successful formation of PBIEM, indicated by
the appearance of new peaks (g, h, and 1 in Figure 3-3b).

]
9 Br*{ Br 0
o\ OH owo% Br
Py |
p p 0

Scheme 3-2. Synthesis of PBIEM via esterification of poly(HEMA) with a-bromoisobutyryl

bromide .
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Figure 3-3a. 'H -NMR spectrum of PBIEM in CDCl.
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Figure 3-3b. *C-NMR spectrum of PBIEM in CDCl.
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Elution volume (mL)

Figure 3-4. GPC traces of two polyinitiators (PBIEMs) synthesized via anionic

polymerization (solid line) and ATRP (dash line) respectively.

GPC measurements (Figure 3-4) clearly show that the polyinitiator synthesized via
anionic polymerization has a more narrow MWD than that from ATRP. In addition, much
higher molecular weight can be achieved by anionic polymerization. It is worth to mention
that a small peak with double molecular weight was observed in the GPC trace of PBIEM-II
synthesized via anionic polymerization, indicating that probably some side reactions
occurred during the termination of the living polymer chain. This has been attributed to an
attack of the anionic chain end on the TMS group.’’ Nevertheless the amount of the polymer
with double molecular weight is very small (1.3 mol%) and the polydispersity of the
PBIEM-II is very low (PDI = 1.08).

Since the polyinitiator will form the backbone of the brush, the knowledge of its true
molecular weight (or degree of polymerization) is very important for the further
characterization of the brushes. Thus, membrane osmometry was used here to determine the
true number-average molecular weights of polyinitiators. The results are shown in Figure 3-
5 and Table 3-1. The number—average molecular weights of the two polyinitiators are
6.68x10* and 4.18x10°, corresponding to number-average degrees of polymerization DP, =
240 and 1500, respectively. By using these two polyinitiators, amphiphilic cylindrical
brushes with different backbone lengths were obtained. The reduced osmotic pressure, I1/c,

of the polyinitiator solution in toluene at 35 °C was almost constant in the concentration
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range from 1-13 g/L (Figure 3-5), which indicates the membrane osmometry measurements

of polyinitiators were done near the theta condition.
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Figure 3-5. Membrane osmometry measurements of two polyinitiators synthesized via

anionic polymerization (open circle) and ATRP (open square).

Table 3-1. Characterization of PBIEMs synthesized via different polymerization methods

Polymerizati ] . ]
Code 0 y;l'ft;‘;z O 1 10*xM,, gpe® | 107X My osm® | PDIgpc DP, osm
PBIEM-I ATRP 2.05 6.68 1.16 240
PBIEM-II Anionic 8.01 41.82 1.08 1500
polymerization

(a) calibrated against linear polystyrene standards; (b) obtained by membrane osmometry.
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3.3.3 Synthesis of cylindrical brushes with poly(t-butyl acrylate) (PtBA) core and poly
(n-butyl acrylate) (PnBA) shell

The general synthetic approach for core-shell cylindrical polymer brushes is
schematically shown in Scheme 3-3. For the amphiphilic cylindrical brushes with PAA core
and PnBA shell, the synthetic route is shown in Scheme 3-4. First, ATRP of #-butyl acrylate
(rBA) initiated by the polyinitiator formed the core block of polymer brushes. After
purification (removal of the unreacted /BA), the polymer brush with P/BA side chains was
used as poly(macroinitiator) for the polymerization of n-butyl acrylate (nBA) to form the
PnBA shell block of polymer brushes. Finally, selective hydrolysis of PrBA produced well-
defined amphiphilic core-shell polymer brushes.

anionic Esteri-
PZﬂ flcatlon
or ATRP

Scheme 3-3. Schematic route to amphiphilic core-shell cylindrical polymer brush (M;:
HEMA; M;: tBA (or styrene/nBA), M;. styrene/nBA (or tBA).

O
O BA ? o =0
0@0% Br > o\ Br
\ CuBr/ PMDETA I m
(0] p O

p

hydrolysis
of PBBA  Amphiphilic
block
——) cOre-shell

polymer brush

T

nBA | CuBr/PMDETA

o HO o5 O ¢  cFcooH
A0 g ‘
v CH,Cl, Ay n
g
p

Scheme 3-4. Synthetic procedure for amphiphilic brush with PAA core and PnBA shell.
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Tables 3-2 and 3-3 present the results of ATRP by using two different polyinitiators.

Well-defined polymer brushes with homopolymer and diblock copolymer side chains were

obtained, as confirmed by the monomodal GPC eluograms (Figures 3-6 and 3-7). The

molecular weight distributions of the resulting brushes are quite low in most cases (PDI <

1.3), indicating that intermacromolecular coupling reactions during the polymerization are

negligible. The polymerizations of both fBA and nBA are fast and can go to relatively high

conversion without the occurrence of cross-linking. In the case of the polymerization of

nBA, the reaction system became very viscous at the final stage of polymerization, but

coupling reaction was not observed. In contrast, when styrene was used as monomer to form

the polymer shell instead of nBA, cross-linking happened very often at quite low monomer

conversion when PBIEM-II was used as polyinitiator, although different polymerization

conditions (such as ligand type, monomer/initiator ratio, and solvent addition) were tried.

Table 3-2 Synthesis and characterization of short cylindrical brushes initiated by PBIEM-I

[CuX]/ . -5 -6
Brush | Initiator | M | [PMDETA] (0’2) 2;:::3 C((;/n)v ) N}O ) » | PDI® N}O ) (Il;;) Formula ©
/[Br] d/[M] 0 n,GPC n,MALS
1472
1 PBIEM-I | BA /1/200 50 20 29.3 2.98 1.17 1.44 16.3 [(BA4s]240
1°/1
2 PBIEM-I | 1BA /1/250 50 30 10.8 2.07 1.15 0.93 11.6 [(BAs]240
1472
3 PBIEM-I | tBA /1/250 50 20 22.8 2.95 1.16 1.25 16.0 [(BA39]240
329/6.1
4 Brush 3 | nBA /1°/890 70 65 18.1 5.55 1.25 4.90 33.5 | [(BAso-nBA15]40
0.5%0.5
5 PBIEM-I | BA 11/300 50 35 12.2 2.41 1.17 1.12 12.9 [(BA34]240
1.6/3.2
6 Brush 5 | nBA /177520 70 85 9.1 3.65 1.27 3.29 23.4 | [BA34s-nBA7 ]h40

(a) molar concentration of initiating bromine groups in PBIEM or polymer brush with P/BA side

chains; (b) calibrated against linear PS standards; (c) DP of the side chain is calculated from the

number-average molecular weight from GPC-MALS measurement (M mars); (d) CuCl; (e) CuBr;

and (f) calculated from M, maLs.
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Table 3-3 Synthesis and characterization of long cylindrical brushes initiated by PBIEM-II

[CuX]/ . . )
Brush | Initiator | M | [PMDETA] (%) (Tnl::;; C(g/n)v Mlo “ | pore Mlo x (fngq) I
/ [Br]?/ [M] 0 n,GPC n,MALS
0.5¢/0.5 C
7| PBIEM-IL| BA | 7 507 |50 | 35 | 100 [ 683 | 131 | 757 | 516 | [BAslsw
19¢/3.9 c
8 | Brush7 |#BA| [[i/s7s | 70| 75 | 70 | 772 | 140 | 2216 | 813 | [BAy-nBAscise
0.5¢/0.5 c
9 | PBIEM-IL| BA | 7 507 |50 | 40 | 125 | 737 | LI8 | 669 | 502 | [BAxliw
10¢ | Brush9 | #BA ff’f / 5262 70| 60 | 93 | 885 | 134 | - — | BASBAL] 50"
0.5¢/0.5 i
11| PBIEM-IT| BA | 7 502 |50 | 15 | 85 | 645 | 116 | - = [1BAss]is00
g 2¢/2 i
12 Brush 11} nBA /17450 700 13 13.5 7.60 1.29 - = | [(BAs-nBAei]is00

(a)-(f): see Table 3-2; (g) adding 30 vol.% of acetone; (h) calculated according to '"H NMR; and (i)

calculated from monomer conversion.

Elution volume (mL)

Figure 3-6. GPC traces of PBIEM-I and the corresponding brushes with homopolymer and
diblock copolymer side chains (= : PBIEM-I; ==: Brush 5, [tBA34/>40; =*=: Brush 6, [tBA;z4
nBA7 f240).
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Elution volume (mL)

Figure 3-7. GPC traces of PBIEM-II and the corresponding brushes with homopolymer
and diblock copolymer side chains (= : PBIEM-II; ==: Brush 9, [tBA33] 1500, === Brush 10,

[tBA33-nBA44] 1500).

It has been reported that in ATRP potentially active macromolecules terminated with
bromine could be converted into inactive macromolecules devoid of terminal bromine due
to the degradative transfer reaction.”’ In this procedure, ligands such as PMDETA act as a
transfer agent. This side reaction normally takes place at the end of the polymerization only
(e.g. high monomer conversion is achieved), and it may be to some extent reduced by
decreasing the [ligand]/[CuBr]/[initiator] ratio and/or temperature. For the synthesis of core-
shell polymer brushes, it is very important to avoid the loss of bromine end group when the
core block of the side chain (P/BA) is formed, since the side chain devoid of terminal
bromine can not initiate the further polymerization of the second monomer (n-butyl
acrylate), and thus well-defined core-shell structure could not be obtained. In order to avoid
this side reaction, the polymerizations of #-butyl acrylate, were stopped at relatively low

conversion (< 30%), and in most cases, less PMDETA ([PMDETA]y/[CuBr]y/[initiator]y =
0.5/0.5/1.0) was used, compared to normal ATRP of acrylates.

It has to be pointed out that since the polyinitiator and poly(macroinitiator) (i.e., the
brushes with P/BA side chains) are solids, the polymerization mixture (catalyst, initiator,

monomer, internal standard, and solvent) had to be stirred until all initiator was completely
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dissolved before starting the polymerization by adding ligand and placing the flask into an
oil bath. Especially the polyinitiator with high molecular weight (PBIEM-II) dissolves in
monomer (fBA) much slower than PBIEM-I. Thus, if the time of stirring before the addition
of ligand is not long enough (which means the polyinitiator is incompletely dissolved), the
MWD of the final product will be somehow broader (such as Brush 7 in Table 3-3), because
in this case not all the polyinitiator molecules start the polymerization at the same time.
After the formation of P/BA side chains, the molecular weights of the resulting brushes are
very high, and correspondingly their solubility in the second monomer (nBA) decreases. In
order to dissolve these brushes, adding suitable solvent such as acetone is helpful. As shown
in Table 3-3 (Brushes 10 and 12) and Figure 3-7, a core-shell brush with more narrow
MWD was obtained after adding 30 vol% of acetone.

Obviously, the molecular weights of these brushes obtained from GPC against linear PS
standards are just the apparent ones. The absolute molecular weights as well as the radii of
gyration, R,, in THF of these brushes were determined by GPC-MALS. With the same
backbone but longer side chain length, R, of the brushes increase with a scaling law R, oc
DP’"7 %% as shown in Figure 3-8. To our best knowledge this is the first experimental
quantitative investigation about the influence of side chain length on radius of gyration of
the cylindrical brushes with exactly identical backbone length. Further systematic study on
this relationship is needed since only a few data points are available at the moment.
Nevertheless, polymer brushes synthesized via “grafting from” method are the best
candidates to study the independent influence of side chain length on overall dimensions of
the brushes, because the length of backbone is fixed. On the other hand,
polymacromonomer method is suitable for the investigation of the relationship between the
radius of gyration and the backbone DP since here the side chain DP is fixed and a broad
MWD of backbone is obtained. Using GPC-MALS coupling such measurements were
performed by Schmidt et al.** It is expected that the main chain stiffness of the polymer
brush increases with increasing side chain length, because the stronger overcrowding of
longer side chains forces the otherwise flexible main chain into a more stretched

conformation.
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Figure 3-8. Radius of gyration versus DP of side chain of the brushes with PBIEM-I as
backbone (R: Brush 2; @: Brush 5; &: Brush 3; V¥ : Brush I, @ : Brush 6; 4 Brush 4).

Figure 3-9 shows the 'H-NMR spectra of different polymer brushes, and for direct
comparison, the 'H-NMR spectrum of the polyinitiator is shown again in Figure 3-9A. After
the formation of the brush with P/BA side chains, a characteristic strong peak at 1.44 ppm
(peak c) corresponding to methyl protons in #-butyl group (-C(CHs);) appears, as shown in
Figure 3-9B. The successful formation of the core-shell brush with PnBA shell is confirmed
by the appearance of several new peaks in Figure 3-9C, such as the typical triple peak at
0.94 ppm and the peak at 4.04 ppm, corresponding to the terminal methyl protons
(-O(CH3)3CHj3) and the methylene protons adjacent to oxygen (-OCH>(CH;)>CHs) in the n-
butyl group, respectively. The protons from the other two methylene groups in the n-butyl
group can also be seen at 1.35 ppm (which is overlapped with protons from the z-butyl

group) and 1.60 ppm.
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Figure 3-9. 'H-NMR spectra of (A) polyinitiator (PBIEM-I); (B) brushes with PtBA
homopolymer side chains (Brush 5),; and (C) brushes with PtBA-b-PnBA diblock copolymer
side chains (Brush 6).
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3.3.4 Formation of amphiphilic core-shell cylindrical brushes

By selective hydrolysis of the P/BA block of the side chains, amphiphilic core-shell
cylindrical brushes with poly(acrylic acid) (PAA) core and PnBA shell were obtained. The
hydrolysis procedure was very simple and effective. As shown in Figure 3-10, the
disappearance of the characteristic strong peak at 1.44 ppm corresponding to the methyl
protons of the #-butyl group demonstrates the successful hydrolysis of P/BA block of the
side chains. The resulting brushes resemble inverse cylindrical micelles of amphiphilic
block copolymers in non-polar solvents, thus can be regarded as unimolecular cylindrical
micelles. By simply changing the type and quality of solvents, one can easily adjust the

sizes of the core and the shell of these amphiphilic brushes.”®

OC(CH3)3

i A _

A _

7 6 5 4 3 2 1 0
ppm

Figure 3-10. "H-NMR spectra of core-shell brushes (A) Brush 6, [tBA34+nBA7; 40, and (B)
the hydrolysis product of Brush 6, [AA34+nBA7; 4.

Dynamic light scattering was used to characterize the amphiphilic core-shell brushes in
dilute THF solution. Figure 3-11A shows the typical normalized field correlation functions
of a long amphiphilic core-shell brush (hydrolysis product of Brush 8) at room temperature.
The CONTIN*' analysis of these autocorrelation functions shows a monomodal decay time

distribution at all scattering angles. Apparent hydrodynamic radii of the amphiphilic brushes
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were calculated according to Stokes-Einstein equation under the assumption that the
scattering particles behave as hard spheres. Figure 3-11B shows the hydrodynamic radius
distribution of this amphiphilic brush in THF at scattering angle of 30°. The z-average
hydrodynamic radius of this brush at 30° is 72.4 nm.
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Figure 3-11. (4A) Normalized field correlation functions of the hydrolysis product of Brush
8, [AA37-nBA7s]is00, in THF (c = 1.0 g/L) at different angles (=—: 30° ==: 607 ====:90°; ==
:120°); (B) The corresponding hydrodynamic radius distribution of this brush at 30°.
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3.3.5 Scanning force microscopy (SFM) characterization of cylindrical brushes

The core-shell brushes were further characterized by SFM in order to visualize the
unimolecular cylinders. All samples for SFM were prepared by dip-coating from dilute
solutions using freshly cleaved mica as substrate.

Figure 3-12 shows the SFM images of one amphiphilic brush [AAszo-nBAjis]240
(hydrolysis product of Brush 4), dip-coated from 1-butanol on mica. From SFM images this
polymer appears starlike rather than brushlike, because of its very long side chains and
somewhat short backbone. From the phase image one can easily observe a core with a
surrounding corona. In the case of the brushes with PAA-bH-PS side chains we did not see
this apparent phase difference from SFM image.”® Similar SFM images were also found for
the cylindrical brush with PuBA core and PS shell, and the driving force was claimed to be
the collapse of the PS block on mica (because the nonpolar PS block has weak interaction
with the polar substrate mica).29 However, for the amphiphilic brush [AA39-nBA|5]240, both
PAA and PnBA have attractive interactions with mica, therefore the core as well as the shell
of this brush should be tightly absorbed to the substrate. Thus, we conclude that the core
shown in the SFM images corresponds to PAA and the backbone of the brush whereas the
corona corresponds to the PuBA shell. This apparent phase difference stems from the large
difference of stiffness between PAA and PrnBA, taking into account that the glass transition

temperature of PuBA is much lower than that of PAA (and also PrBA).

6 nm 30°

Figure 3-12. SFM images of the amphiphilic brush [AA3o-nBA;;s]240 (hydrolysis product of
Brush 4), dip coated from dilute 1-butanol solution on mica: (left) height image and (right)

phase image.
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In order to obtain polymers exhibiting cylindrical shape, one has to increase the aspect
ratio, corresponding to the ratio between the backbone and the side chains lengths. Figure 3-
13 presents SFM images of another core-shell brush [fBAss-nBA7i]240 (Brush 6), with
exactly the same backbone as the above brush but shorter side chains on a mica surface. The
polymer cylinders are directly visualized. One can clearly observe some millipede-like
structures, especially in the phase image. The cross section analysis of the cylinder marked
with a rectangle shows that its height (2.5 £ 0.2 nm) is much smaller than its diameter (20 £
2 nm, neglecting the length of hairs), indicating a strong deformation of the cylindrical
profile on mica. This is due to the attractive interaction between the side chains and the
substrate. The length distribution of the polymer cylinders in Figure 3-13 is somehow broad,
although the MWD of the polyinitiator (PBIEM-I) for these cylinders is not very high (PDI
= 1.16). This also indicates the necessity of synthesizing polyinitiators with very narrow

distribution in order to get uniform polymer cylinders.

Figure 3-13. SFM image of the brush [tBA3;4#nBA7; s (Brush 6), dip coated from dilute
THF solution on mica: (left) height image and (right) phase image.

When using the polyinitiator synthesized via anionic polymerization (PBIEM-II), long
amphiphilic core-shell cylinders with much more narrow backbone length distribution were
obtained. Figure 3-14 shows the SFM images of the amphiphilic brush [AA37-nBA76]1500
(hydrolysis product of Brush 8). The high uniformity as well as the regular cylindrical shape
of the polymer cylinders enables us to perform a statistical analysis. The results of length
distribution is shown in Figure 3-15. The number-average and weight-average lengths of

249 individual cylinders in Figure 3-14 (neglecting those cylinders which overlap) are /[, =
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179 nm and [, = 186 nm respectively, with a polydispersity //l, = 1.04 which agrees well
with the polydispersity of the backbone (M,,/M, = 1.08). It has to be noted that the results of
statistical analysis is somehow dependent on the selected area on a SFM image.
Nevertheless, it is clear from SFM images that the polymer brushes with PBIEM-II as

backbone are very uniform and have a narrow length distribution.

Figure 3-14. SFM image of the brush, [AAs37-nBA74] 1500 (hydrolysis product of Brush 8) dip
coated from dilute CH;OH/CHCI; (4/1) solution on mica: (left) height image and (right)

phase image.
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Figure 3-15. Length distribution of the brushes shown in Figure 3-14, obtained from

statistical analysis.
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Since the DP of the backbone is 1500 and the number-average length obtained from
SFM image is 179 nm for the brush [AAs7-nBA76]1500, the length per monomer unit of the
backbone is calculated to be [ = 0.12 nm. This value is lower than /,,; = 0.25 nm for the
all-trans conformation of an aliphatic chain, but it is comparable to that of the brush with

poly(methyl acrylate) main chain and poly(methyl methacrylate) side chain.'

Figure 3-16. SFM image of the brush, [AA3;-nBA76] 1500 (hydrolysis product of Brush 8) dip
coated from dilute CH;OH/CHCI; (1/1) solution on mica: (left) height image and (right)

phase image.

The phase difference between the core and the shell is not very clear in Figure 3-14,
probably because the shell (PnBA) is not well extended in the mixture of methanol and
chloroform with volume ratio of 4/1. However, the phase difference is enhanced
dramatically when the ratio of the two solvents was changed to 1/1, as shown in Figure 3-
16. In the height image the corona is invisible, probably because the height of the PnBA
shell is too small to be detectable. However, in the phase image the corona is very clear,
making it possible to obtain size information about the core and the shell directly from the
SFM height and phase images, respectively. For example, the average diameter of the core
of cylinders in Figure 3-16 is measured to be about 25 nm and the diameter of whole
cylinder (core and shell) is about 65 nm.

Scheme 3-5 shows the schematic structure of amphiphilic polymer brushes on mica. As
mentioned before, the soft PuBA shell totally collapses on the substrate, thus it is invisible

in the height image.
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PAA, relative hard PnBA, very soft
(Tg =106 °C) (Tg=-54°C)

Scheme 3-5. Schematic illustration of the structure of the amphiphilic polymer brushes
with PAA core and PnBA shell on mica.

3.3.6 Synthesis of other polymer brushes and investigation of solution properties

Via similar approach, polymer brushes with protonated polystyrene (PS) or deuterated
polystyrene (PSD) homopolymer or polystyrene-b-poly(acrylic acid) (PS-b6-PAA) block
copolymer side chains were also synthesized. Table 3-4 summarizes the characterization

results of these brushes.

Table 3-4. Characterization of cylindrical brushes with PS, PSD, or PS-b-PAA side chains

Brush Initiator Side chain 1075x My sis b PDIgpc € Formula
13 PBIEM-IIT * PS 1.20 1.45 [S23]310 d
14 Brush 13 PS-5-PtBA - 1.34 [Sa3-BAiss]310 ©
14H — PS-b-PAA — — [S23-AAis6]310
15 PBIEM-II PSD 11.3 1.47 [(S-d8)43]1500 d

(a) PBIEM-III, synthesized via ATRP, PDI = 1.24, DP = 310 from membrane osmometry;* (b)
weight-average molecular weight from the SLS measurement; (c) polydispersity obtained from GPC
measurement using linear PS as standards; (d) DP of side chain is calculated from M, ss and
PDIgpc; and (e) DP of P/BA is calculated from the block ratio of the side chain according to 'H
NMR.

The shape/size of polymer brushes observed by SFM depends not only on their original

shape/size in solution but also on the interaction between the polymer and the substrate,
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since interaction of the monomer units with a flat substrate changes the orientation of the
side chains relative to the backbone and breaks the symmetry and the dimensionality of the
system.*” Therefore the shape/size of polymer brushes observed by SFM may somehow
differ from that in solution.

In contrast to SFM, cryogenic transmission electron microscopy (cryo-TEM) is a tool to
obtain the original shape and size of polymers in solution directly, since the sample is frozen
during the measurement. For Brush 14H, because its outer hydrophilic PAA block of the
side chain is much longer than the inner hydrophobic PS block, it can be dissolved in basic
aqueous solution (0.083 M NaOH) and measured with cryo-TEM to visualize its
morphology in solution. As depicted in Figure 3-17, rod-like shapes of these brushes were
clearly observed, indicating a rather high persistence length of the cylinders in solution.
There are also many dot-like objects in the cryo-TEM image. Since only the projection of
the cylinders on the observation plane are seen, these are attributed to cylinders oriented

unparallel to the observation plane and/or probably some very short cylinders.

Figure 3-17. Cryo-TEM image of amphiphilic polymer brush [S23-AA;ss]310 (Brush 14H).

Light scattering techniques, such as static and dynamic light scattering (SLS and DLS),
are widely used in the structural characterization of polymers in solution. Here dilute
solutions of the cylindrical brush with PSD homopolymer side chains are studied by SLS
and DLS in chloroform at different temperatures. Figure 3-18 shows a typical Zimm plot of
Brush 15 in chloroform at 20°C.
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Figure 3-18. Zimm plot of Brush 15 ([(S-d8)s3]1500) in chloroform at 20°C, where K
denotes the optical constant, and Ry is the Rayleigh ratio at scattering angle of 0 (cgs unit).
Solid circles denote the experimental data and open circles denote the extrapolated data at

zero scattering angle and zero concentration. M,, = 1.13-10” g/mol, <Rg2>1/2 =59.6 nm.

The typical scattering behavior of semiflexible polymers at large values of the
dimensionless quantity u = gR, allows the determination of the molar mass per unit contour
length, M; = M/L (where M and L are the molar mass and contour length of polymer
respectively) from Holtzer plot, which is a plot of gRs/Kc versus gR,. For polymer brushes
with very high molecular weights a pronounced maximum was observed in Holtzer plot
before the asymptote was obtained at high ¢ values, and this asymptote is indicative of
rigid-rod behavior. However for brushes with lower molecular weight a monotonously
increasing curve was observed which leveled off at high ¢, and the Holtzer plateau, nM,
was obtained.">* The Holtzer plot of Brush 15 is shown in Figure 3-19. Very similar to the
observation for the polymer brushes with PS side chains and relative low molecular
weights,” a monotonously rising curve with decreasing slope was observed. It is difficult to
obtain the accurate experimental value of M; from Figure 3-19 due to the lack of data points
at large u value. However, according to the experimental observation for similar polymer
brushes with PS side chains,” for Brush 15 probably the maximum does not exist and the
Holtzer curve approaches to a plateau at highest ¢ value. An estimation can be made in this
case and the apparent M| is calculated to be 53,730 g/(mol-nm), which leads the cylinder

length per main chain monomer unit, /,,;; = My/M; (Where My = Myrsn/1500), to be iw =

103



Chapter 3 Synthesis of polymer brushes

0.14 nm and /,;;,» = 0.95 nm. This / value is comparable to that for the polymer brushes with

PS side chains in THF (0.145 nm).*
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Figure 3-19. Holtzer plot of Brush 15 in chloroform at 20°C.

The SLS measurements of Brush 15 in chloroform were carried out at different
temperatures aiming to investigate the temperature dependence of molecular dimension. As
shown in Figure 3-20a, <Rg2>zl/ ? was evaluated from the initial slope of the curve Kc/Ry vs.
¢* (extrapolated data at ¢ = 0). The values of <Rg2>zl/2 (z-average root-mean-square radius of
gyration) at different temperatures are shown in Figure 3-20b.

Interestingly, above 20°C the radius of gyration decreases almost monotonously with
increasing temperature. For the cylindrical polymer brushes consisting of PS main chain and
PS side chains, Nakamura et al found that in the theta solvent cyclohexane <R,*>, increased
with rising temperature, although the temperature dependence was much weaker than that

16,17 .
" In our case, the system is more complex

for linear PS with same molecular weight.
because of the chemical heterogeneity between the main chain and the side chain (and
therefore different polymer-solvent interactions of different parts of the brushes). Generally,
linear polymer chains should expand in good solvents with rising temperature, thus R,
increases. Chloroform is a good solvent for both the main chain (polymethacrylate) and the
side chain (deuterated PS) of Brush 15. Thus, when the temperature increases, the main
chain stretches longitudinally while the side chains stretch along the direction perpendicular

to the backbone of the brush. The stretch of the main chain and the side chain leads to an

increase in the molecular dimension. However, the stretch of the side chain also leads to a
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decrease of the steric overcrowding of side chains near the backbone (which is exactly the
origin of the high main chain stiffness of polymer brushes), thus the main chain contracts
and R, decreases correspondingly. Therefore the increase in temperature has two contrary
effects on the dimension of polymer brushes. For Brush 15 in chloroform, above 20°C, the
contraction of main chain is the major effect thus R, decrease with rising temperature. From
dynamic light scattering measurements similar temperature dependence of the

hydrodynamic radius were also observed (see below). Further investigations are needed to

clarify this phenomenon.
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Figure 3-20. SLS measurements of Brush 15 in chloroform at different temperatures: (a)
angular dependence of extrapolated Kc/Ry (c = 0) at 20°C (O, and the solid line indicates
the initial slope), 30°C (O) and 45°C (A); and (b) temperature dependence of radius of

gyration.
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Figure 3-21 shows the temperature dependence of the second virial coefficient 4, of
Brush 15 in chloroform. It is quite similar to that of radius of gyration. Comparing to the 4,
value of linear PS in chloroform (6.56 x 10 mol'ml/g2 at 25°C) ,* the 4, values for Brush

15 in chloroform are much smaller.
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Figure 3-21. Temperature dependence of second virial coefficient (A;) of Brush 15 in

chloroform.

To further confirm the temperature dependence of the size of Brush 15 observed from
static light scattering, DLS was performed on a dilute chloroform solution of this polymer
brush. Figure 3-22 depicts the typical normalized field correlation functions of Brush 15 at
different temperatures (20 - 45°C) and different scattering angles (30° and 90°). Cumulant
analysis was then applied for data evaluation. The curves of I'ig” vs. ¢ at different
temperatures are shown in Figure 3-23a. In principle, the translational diffusion coefficient

D (= lim (T'1g™)) can be obtained via linear extrapolation of the data of ;g™ vs. ¢ and
q—>

therefore the hydrodynamic radius can be calculated according to the Stokes-Einstein
relation. From Figure 3-23a it is obvious for 7" < 25°C, the linear extrapolation looks
reasonable. However at higher temperatures, the data points at the lowest g value
increasingly deviate from the linear relation. We have no explanation for this phenomenon
at the moment. Nevertheless, the apparent diffusion coefficients obtained at the lowest
scattering angle (30°) should be closest to the real diffusion coefficients. The temperature
dependence of the apparent hydrodynamic radii of Brush 15 obtained at scattering angle of

30° is shown in Figure 3-23b. For comparison, the extrapolated data (linear extrapolation of
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['1g” vs. ¢ from the experimental data at scattering angles of 60°, 90°, 120° and 150°) are
also shown. A decrease of the apparent hydrodynamic radius (Ry) with increasing
temperature was clearly observed at scattering angle of 30°, which agrees well with what we

observed from SLS, whereas at extrapolated R;, is almost independent of temperature.
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Figure 3-22. Normalized field correlation functions of Brush 15 in chloroform (c = 0.5
g/L) at different temperatures (O: 209C; O: 30°C; A: 459C): (a) scattering angle of 30°;
and (b) scattering angle of 90°.
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Figure 3-23. (a) q dependence of the first cumulant I, in the form of I',q-2 vs q (solid line:
linear fit of the data at all scattering angles,; dash line: linear fit of the data without the
scattering angle of 30° ) of Brush 15 in chloroform at different temperatures (from bottom
to top: 20°C (M); 25°C (O); 30°C (A); 35°C (V); 40°C (Q); and 45°C (%)); and (b)
temperature dependence of hydrodynamic radius of Brush 15 in chloroform (I: scattering
angle of 30°; O: extrapolated data).
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3.4 Conclusions

Via combination ATRP and anionic polymerization, well-defined amphiphilic core-
shell polymer brushes with PAA-b-PnBA side chains were synthesized using "grafting
from" technique. Polymer brushes with different morphology (from star shape to cylindrical
shape) were obtained via changing the ratio of DP between the backbone and the side chain.
Due to the coordination ability of carboxylic acid with various metal ions, these amphiphilic
polymer brushes can be used as unimolecular cylindrical template for inorganic nanoparticle

formation.
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Chapter 4

Polychelates of amphiphilic core-shell cylindrical

polymer brushes with iron cations*

Abstract

Well-defined amphiphilic cylindrical polymer brushes with poly(acrylic acid) core and
poly(n-butyl acrylate) shell were synthesized via atom transfer radical polymerization.
Unimolecular polymer cylinders were directly visualized on mica by scanning force
microscopy (SFM). The hydrophilic core of polymer brushes, poly(acrylic acid), was
neutralized by NaOH and afterwards iron cations (Fe’" and Fe*") were loaded into the
polymer core via ion exchange. The formation of polychelates of polymer brushes and iron
cations were confirmed and characterized by various techniques such as fourier transform
infrared spectroscopy (FTIR), UV/vis spectroscopy, transmission electron microscopy
(TEM) and SFM. Formation of crystalline a-Fe,Os (hematite) was observed during the He-
Ne laser irradiation in the confocal Raman microscopy measurement of the polychelate

.. + .
containing Fe’" ions.

* This chapter combines two papers which have been published or accepted for publication:
1. “Polychelates of amphiphilic cylindrical core-shell polymer brushes with iron cations”
Mingfu Zhang, Pierre Teissier, Marina Krekhova, Valérie Cabuil, Axel H. E. Miiller
Progress in Colloid and Polymer Science, 2004, in press.
2. “In situ laser-induced formation of a-Fe;Os; from F ¢ ionsina cylindrical core-shell
polymer brush”
Carmen Pérez Ledn, Lothar Kador, Mingfu Zhang, Axel H. E. Miiller
Journal of Raman Spectroscopy, 2004, 35, 165.
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4.1 Introduction

Cylindrical polymer brushes, which have long side chain at each main chain monomer
unit, have attracted extensive interest, due to the possibility to form extended chain
conformations and their peculiar properties.'™

Polymerization of macromonomer '~ as well as the “grafting from” technique *° have
been used to synthesize of cylindrical polymer brushes. In the latter method, the backbone
of the brush is first synthesized and then modified to carry an initiating group at each
monomer unit. The subsequent polymerization initiated by the pendant initiating groups on
backbone forms side chains. Using this method well-defined polymer brushes with high
grafting density and narrow distributions of both backbone and side chain can be obtained.

With amphiphilic block copolymers as side chains, polymer brushes have a core-shell
structure and can be regarded as unimolecular micelles. Very recently, we succeeded in the
synthesis of core-shell cylindrical brushes with amphiphilic block copolymer side chains,
such as poly(acrylic acid)-b-polystyrene (PAA-b-PS)’ or poly(acrylic acid)-b-poly(n-butyl
acrylate) (PAA-b-PnBA).° Specially, the amphiphilic polymer brushes with PAA-b-PnBA
side chains were synthesized via combination of anionic polymerization (for the backbone)
and atom transfer radical polymerization (ATRP, for the side chain). The living nature of
these two polymerization techniques enables the control of the distributions of both
backbone and side chain, so the resulting amphiphilic brushes have well-defined sizes.

Due to the well known coordination between carboxylate groups and metal cations, we
are able to synthesize composite materials of polymer brushes (with PAA core) and metal
cations. Such composite materials are named as polychelates, due to their polymeric
structure.” It is easy to expect that the polychelates containing metal cations are precursors
to polymer-nanoparticle composites, which are of special interest. It seems also reasonable
to expect that polychelates might provide some additional heterofore unknown functions, in
light of the high number of metal ions that can be coordinated to a single polymer molecule
and their well-defined position in the polymer brush. For example, the close proximity of
metal ions in such materials might result in cooperative catalytic properties, which is often
observed in natural enzymatic materials. Additionally, metallic salts of polymeric acids have
elastic moduli several times greater than those of the common thermoplastic materials, a
high softing temperature, good thermal stability and a very low coefficient of thermal

expansion.®
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As part of our continuous effort for the synthesis and applications of amphiphilic core-
shell cylindrical brushes, we report here the synthesis and characterization of the
polychelates of amphiphilic brushes and iron cations, utilizing the coordination between
carboxylate groups and iron cations.

Further chemical reaction of the iron cations within the polychelates, such as
alkalization or reduction, are expected to produce magnetic nanoparticles inside the cores of
polymer brushes, forming a new class of hybrid nanoparticles.

Although only iron cations were used here for the formation of polychelates, it is
obvious that many other metal ions can be used as well. It will be shown in Chapter 6 that
cadmium cations (Cd*") have been also successfully loaded into polymer brushes and
semiconductor (CdS) nanoparticles can be formed via sulfidization.

Confocal Raman microscopy is a powerful tool for the nondestructive analysis of
materials on the micrometer scale. It has found applications in many different fields such as

9,10

: L 1LI12 .13 14 - -
biology, medicine, " ° food analysis,” archeology,” and materials science, e.g.,

regarding polymers.'”? Scanning the sample with respect to the laser focus yields the
possibility to obtain two- or three-dimensional images of the chemical composition'®*" or
molecular orientations.”® Usually the wavelength and the focal intensity of the laser are
chosen such that no degradation of the sample occurs. It is also possible, however, to
observe and characterize light-induced chemical alterations or degradation reactions in sifu.
It is shown here that crystalline o-Fe,O; (hematite) formed during the He-Ne laser

irradiation in the confocal Raman microscopy measurement of the polychelate containing

+ .
Fe’" ions.
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4.2 Experimental section

4.2.1 Materials

FeCl; (Merck, anhydrous, for synthesis), FeCl,-4H,O (Fluka, analytical grade) and
NaOH (Merck, analytical grade) were used as received. All organic solvents were of
analytical grade and used without further purification. Water was ultra pure obtained from
Milli-Q plus system (Millipore). The synthesis of amphiphilic core-shell cylindrical polymer

brushes was reported in our previous papers.™®

4.2.2 Polymer characterization

Monomer conversion in polymerization was determined by gas chromatography (GC)
using a polymethylsiloxane capillary column. Apparent molecular weights of polymer
brushes were measured by gel permeation chromatography (GPC) using THF as eluent at a
flow rate of 1.0 ml/min at room temperature. Column set: S5u SDV gel, 10°, 10%, 10°, 10° A,
30 cm each (PSS); detectors: Waters 410 differential refractometer and photodiode array
detector operated at 254 nm. Polystyrene standards (PSS) were used for the calibration of
the column set. Membrane osmometry was performed at 35°C in toluene to determine the
true molecular weight of the backbone of polymer brush using a cellulose triacetate
membrane with a Gonotec 090 Osmometer. The samples for scanning force microscopy
(SFM) measurements were prepared by dip-coating from dilute solutions of polymer
brushes or polychelates onto freshly cleaved mica surface. The SFM images were taken

with a Digital Instruments Dimension 3100 microscope operated in Tapping Mode.

4.2.3 Preparation and characterization of polychelates

A typical procedure for the synthesis of the polychelates of polymer brushes and Fe’*
ions is described in the following: amphiphilic polymer brushes were dissolved in a mixture
of methanol and chloroform (v/v = 3/5 to 1/1). Then a calculated amount of 1.0 M NaOH (=
80% of the molar amount of COOH group in polymer) was added to the polymer solution,
followed by stirring overnight. Afterwards a 3-fold excess of FeCl; (1.0 M aqueous
solution) was added and the mixture was stirred for one day. The unassociated ferric cations
were removed by dialysis against the solvent mixture which was used to dissolve polymer.
Dialysis was carried out in one week (and the solvent was changed once a day) using a

regenerated cellulose membrane tube with molecular weight cutoff 6-8,000.
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The synthesized polychelates were characterized by fourier transform infrared
spectroscopy (FTIR, Bio-Rad), UV/vis spectrophotometer (Lambda 15, Perkin-Elmer),
SFM and transmission electron microscopy (TEM). A small drop of polychelate dilute
solution was placed on a copper grid coated with formvar-carbon film. After drying, the grid
was used for TEM measurements using a Zeiss CEM 902 electron microscope operated at

80 kV.

4.2.4 Insitu laser-induced formation of a-Fe;O3 from Fe*' ions in the polychelates

The experimental set-up was similar as described previously.'® It is centered around an
inverted microscope Swift M 100 with an objective Leica PL Fluotar 100%/0.75 for focusing
the laser and collecting the scattered light. For some of the measurements a PlanApo
objective 20%/0.75 was used. The set-up was equipped with a linearly polarized He-Ne laser
(A = 632.8 nm) with approximately 3 mW power on the sample. It was focused to a spot
size of 0.5 um, corresponding to a focal intensity of about 1.5 MW/cm®. Spectral dispersion
was performed in a single monochromator (Acton Research SpectraPro-5001) with a grating
of 300 grooves per mm. The entrance slit of the monochromator was replaced with a 50 um
pinhole for confocal depth selection. The Rayleigh line was suppressed by a factor of 10°
with a holographic notch filter (Kaiser Optical Systems). Raman spectra were recorded with
a liquid-nitrogen-cooled CCD detector with 1340x100 pixels (Princeton Instruments);

typical acquisition times ranged between 15 s and 5 min.

117



Chapter 4 Synthesis of polychelates

4.3 Results and discussion

4.3.1 Synthesis and characterization of amphiphilic polymer brushes

The synthesis of polymer brushes was carried out as described in detail previously.>®
The structure of amphiphilic core-shell polymer brushes with PAA-b-PnBA side chains is
illustrated in Scheme 4-1. Due to the core-shell cylindrical structure and the amphiphilicity

of the side chain these polymer brushes can be regarded as unimolecular micelles.

a b

Scheme 4-1.  Chemical (a) and 3-D (b) structure of amphiphilic core-shell cylindrical
polymer brush with poly(acrylic acid)-b-poly(n-butyl acrylate) side chains.

The backbone of polymer brush was synthesized via anionic polymerization. GPC
measurement showed that the backbone had a very narrow distribution (My/M, = 1.08), and
its degree of polymerization was determined as DP, = 1500 from its absolute molecular

weight obtained by membrane osmometry measurement.’

Table 4-1. Characterization results of polymer brushes with PAA core and PnBA shell

Polymer brush *| 10°xM,gpc ® | My/M,cpc" DP.:. ° DPge €
Brush 1 9.3 1.40 37 48
Brush 2 7.7 1.40 29 32

(2) DPpackbone = 1500; (b) number-average molecular weight and polydispersity of unhydrolyzed
brushes (with P/BA core and PunBA shell) obtained from GPC measurements; (c) DP = degree of

polymerization, calculated according to initial monomer/initiator ratio and monomer conversion.
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Core-shell cylindrical brushes with poly(#-butyl acrylate)-b-poly(n-butyl acrylate)
(PrBA-b-PnBA) side chains were formed via sequential atom transfer radical
polymerizations (ATRP). Selective hydrolysis of the core block of side chain, P/BA, into

PAA resulted in amphiphilic brushes. Table 4-1 shows the characterization results of

polymer brushes used for the synthesis of polychelates.

Figure 4-1a. SFM image of Brush 1: (left) height image, and (right) phase image.
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Figure 4-1b. (left) 3-D image; and (right) cross-section analysis of one cylinder which is
marked by the dash line in the height image of Figure 4-1a.
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The morphology of the amphiphilic brush was characterized by SFM. Figure 4-1 shows
a typical SFM image of Brush 1, dip-coated from dilute CHCIl3/CH30H (v/v=1/1) solution
onto mica. Wormlike polymer cylinders can be clearly visualized. Statistical analysis shows

that the average length of cylinders are about 180 nm.

4.3.2 Formation and characterization of polychelates of amphiphilic polymer brushes

and iron cations

To understand the mechanism of the complex formation between polymer brushes (the
PAA core, actually) and iron ions, examination of stability constants, K,, between various
cations (H" and metal cations) and carboxylate anions, is very important. Because of the
structural similarity of acetate anion (CH3;COO ) to the carboxylate anion within polymer
brushes and availability of literature data, acetate anion is chosen for discussion. The

stability constant between various cations and the acetate anion is defined as

ML, , +L=ML_ Eq. 4-1
[ML, |
K, =" Eq. 4-2
ML, L] 1

where M represents the cation (H™ or metal cation), and L represents the acetate anion.

It is known that H' ions bind strongly to acetate anions, K; ~ 10° (mol/L)'l(Ref.zz),
transition metal and rare earth ions bind to acetate anions with intermediate strength, K; ~ 3-
2500 (mol/L)"(Ref.****), and Na' ions bind weakly to acetate anions, K; ~ 0.7 (mol/L)"
(Ref.****). Addition of NaOH into the solutions of polymer brushes will exchange H' ions
from carboxylic acid groups for Na" ions due to the formation of H,O. Transition metal or
rare earth ions are then substituted for the more weakly binding Na" ions. Thus polychelates
(complexes of polymer brushes and metal ions) form.

In the case that no neutralization of polymer brushes is performed, exchange between
transition metal/rare earth ions and H' ions from carboxylic acid groups is more difficult
due to the high stability constants of H' and carboxylate ions. Specially, when metal
chlorides are used, the cation exchange causes the formation of HCI, whose K] is essentially
zero thus free H' ions prevent significant metal ion binding to the polymer core. However,
when metal acetates are used, the cation exchange is remarkably enhanced due to that H"
ions liberated from carboxylic acid groups become bound to acetate ions to form stable

acetic acid.”*
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It is well-known that carboxylic acid or carboxylate can coordinate with various metal
cations to form the corresponding chelates. Due to the peculiar structure of amphiphilic
polymer brushes, the coordination will induce uptake of metal ions solely into the core of
the brushes, since the shell doesn’t interact with metal ions strongly. As discussed above,
conversion of carboxylic acid groups to sodium carboxylate results in large increase in
extent of transition metal ion uptake, thus the carboxylic acid groups in amphiphilic
polymer brushes were first neutralized by NaOH aiming to load more iron cations into the
polymer core. The synthetic routine for the polychelates of polymer brushes and iron ions

(Fe’*, Fe’") is schematically shown in Scheme 4-2.

a b (o

Scheme 4-2. Schematic illustration for the synthesis of polychelates of amphiphilic core-
shell polymer brushes and metal ions: (a) the polymer brush with PAA core and PnBA shell;
(b) the neutralized polymer brush with poly(sodium acrylate) core (Na" is not shown); and
(c) the polychelate of the brush and M"" (Fe**; Fe’”) ions.

FTIR measurements verified the uptake of iron ions into the core of polymer brushes. A
unneutralized polymer brush (Brush 2) was used here, because neutralization with NaOH
will induce a very similar change in the FTIR spectrum as that from the coordination of
COOH with Fe*". Figure 4-2 shows the FTIR spectra of Brush 2 and the its complex with
FeCl,. Besides the peak at 1735 cm™, which corresponds to carbonyl groups of -COOH and
—~COO(CH,);CHj in polymer brush, a new peak at 1595 cm™ appeared when Brush 2 was
mixed with FeCl,. This new peak is associated with asymmetric stretching of carboxylate
salts, indicating the coordination of between Fe*™ ions and COOH groups. The intensity of
the peak at 1595 cm™ increases with increasing the amount of FeCl,. It has been reported

that FeCls has a similar behavior when it reacts with carboxylic acid group of polymer.25
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COOH and
COOR (1735) —= COO’
(1595)
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Figure 4-2. FTIR spectra of (a) Brush 2, and complexes of Brush 2 with FeCl,: (b)
Fe*"/COOH = 0.25, (c) Fe’"/COOH = 0.5. Measurements were performed on KBr pellets.

As mentioned before, conversion of carboxylic acid groups to carboxylate increase the
extent of transition metal ion uptake dramatically. Thus for the formation of polychelates,
neutralization was carried out before the loading of iron ions in most cases. SFM
measurements showed there were no apparent changes in morphology and size before and

after neutralization, as shown in Figure 4-3.

Figure 4-3. SFM image of Brush 1 after 80 % neutralization : (left) height image,; and
(right) phase image.
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When iron salts (FeCl, or FeCls;) were added to the solution of neutralized polymer
brush, polychelates formed via ion exchange, indicated by the results of various analytical
techniques. To obtain purified polychelates free of uncoordinated iron ions, various methods
were tried to remove unreacted iron salts, such as dialysis, precipitation and
ultracentrifugation. All these methods have their advantages and disadvantages, as shown

below.

e  Dialysis. Dialysis was carried out in membrane tube against pure solvent which is
used to dissolve polymer brushes (such as mixture of methanol and chloroform). The
purification procedure can be easily monitored by the diffusion of free iron salts into
the dialysis solvent, due to the characteristic color of salts. During the dialysis,
polychelates are kept the in the same solvent, so finally stable solution of polychelates
can be obtained. However, dialysis is a slow process thus it is not suitable for the

purification of a big amount of polychelates.

e  Precipitation. In contrast to dialysis, precipitation can purify a big amount of
polychelates quickly. Polychelates were precipitated out when a small amount of water
was added into the solution. In this case the unreacted iron salts stayed in the
supernatant. Obviously precipitation is a fast method, compared to dialysis. However,
sometimes the purified polychelates can not be redissolved in the solvents completely.

This might be due to the limited solubility of polychelate (because of the huge size).

o Ultracentrifugation. Due to the huge size of the polychelate, ultracentrifugation was
also carried out to purify the polychelates. However, only part of polychelate,
probably with bigger size and corresponding bigger gravity, can precipitate out.
Interestingly, the precipitate from ultracentrifugation can be redissolved again. The
rest of polychelates in the supernatant has to be purified by either precipitation or

dislysis.

In practice, one of the above methods or the combinations of ultracentrifugation and
precipitation were used. The complete removal of unreacted ferric cations was confirmed by
SFM, since unreacted iron salts generally formed spherical particles on mica. Figure 4-4a
depicts a typical SFM image of the polychelate of Brush 1 and FeCl; after purification by
dialysis. Obviously the morphology and size of polychelate differ significantly from that of
pure polymer brush. Peculiar “pearl necklace” structure was clearly observed for the

polychelate. In contrast to the smooth contour of Brush 1 (as shown in Figure 4-1),
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polychelates have periodic undulations in height and diameter along the backbone.
Moreover, the height of the polychelate is much higher than that of polymer brush,
indicating that the loading of Fe’" cations into the polymer core stiffens the polymer
cylinder dramatically. Interestingly, the morphology change solely happened in the core

region of polymer brush, confirming again Fe’* ions coordinated selectively with

carboxylate (or residual carboxylic acid) groups.

Figure 4-4a.  SFM image of the polychelate of Brush 1 and FeCl; after dialysis: (left)
height image and (right) phase image.
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Figure 4-4b. (left) 3-D image; and (right) cross-section analysis of one polychelate which
is marked by the dash line in the height image of Figure 4-4a.
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We speculate that the “pearl necklace” structure of polychelate may be due to the cross-
linking of side chains via coordination of multivalent Fe’* cations with monovalent
carboxylate groups from different side chains. The schematic structure of polychelate is
shown in Scheme 4-3. Similar phenomenon was also observed in Fe*" loaded microporous
membranes containing PAA grafts in the pores. Winnik etz a/ found that, the “cross-linking”
between carboxylic acid groups on the grafted chains and the bridging Fe*" ions caused the
high brittleness of the membrane loaded with Fe®" jons ( compared to the parent membrane).
However, after the formation of iron oxide particles, the membrane recovered their original

mechanical properties and were no longer brittle, since the “cross-linking” vanished.

Scheme 4-3. Schematic illustration of the “pearl necklace” structure of the polychelate.

UV/vis measurements also confirmed the formation of polychelates. Figure 4-5 shows
the UV/vis spectra of the neutralized Brush 1, FeCl; and the corresponding polychelate.
With the same polymer concentration, polychlate has a much stronger absorption than that
of polymer. Comparison between the spectra of polychelate and FeCl; indicates that the
absorption of polychelate mainly originates from the coordinated Fe** cations.

Although the polymer brush itself is not visible by TEM, the core of polychelate should
be visible due to the high electron density of Fe'" ions. A TEM image of polychelate of
Brush 1 and FeCl; is depicted in Figure 4-6. As expected, thin wormlike cylinders are
clearly seen. Fe’" worked as a staining agent in this case. The fine structure of the
polychelate (“pearl necklace” structure) was not observed, due to the insufficient resolution

of the electron microscopie we used (Zeiss CEM 902 operated at 80 kV). It will be shown in
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the following two chapters that by using another microscopie with higher resolution the

“pearl necklace” structure of polychelates can be observed by TEM as well.
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Figure 4-5. UVvis spectra of (a) Brush I neutralized with NaOH (= 80% COOH, polymer
concentration C, = 0.25 g/L); (b) FeCls (c = 0.042g/L); and (c) polychelate of Brush 1 and
FeCl; (after dialysis) with C, = 0.25 g/L. Solvent: CHCI3/CH3;0H (v/v = 5/3).
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Figure 4-6. TEM image of the polychelate of Brush 1 and FeCl; (after dialysis).
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4.3.3 In situ laser-induced formation of a-Fe,O; from Fe** ions in polychelates

The Raman spectrum of the polychelate is very similar to that of the pure polymer
brush, as shown in Figure 4-7. The latter is somewhat better defined at low Raman shift
values and exhibits a shoulder at 1670 cm™', whereas the spectrum of the Fe’* complex
shows a peak at 1580 cm™ which is not homogeneously present in all measured places. Its

origin will be discussed (see below).
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Figure 4-7. Raman spectra of Brush 1 (lower curve) and the polychelate of Brush 1 and
FeCl; (upper curve), recorded with 5 minutes integration time. The spectra have been

shifted vertically for clarity.

During the Raman investigations the spectrum changed and the polymer underwent
structural transformations, which we ascribe to laser heating. In particular the peak at 1580
cm™ increased and, simultaneously, a broad fluorescence background appeared, whereas the
other Raman lines decreased in intensity. At a later stage the fluorescence background
decreased as well, and eventually only two broad peaks around 1330 cm™ and 1580 cm™
remained, as shown Figure 4-8. These peaks correspond to the well-known D and G bands
of amorphous carbon, which is a mixture of sp” and sp> hybridized carbon atoms.”” Hence,
we conclude that the high intensity in the laser focus thermally decomposes the polymer,

producing amorphous carbon. After the experiment the sample indeed showed a hole at the
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position of the focus. We often saw tiny liquid droplets around the irradiated spot, probably
due to the water produced by the heating of the organic material. The amount of the liquid

was too small to record a Raman spectrum, however.
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Figure 4-8. Temporal series of Raman spectra of the polychelate of Brush 1 and FeCl;
(from bottom to top) indicating the decomposition of the polymer. The spectra were
recorded with 1 minute integration time each, and they have been shifted vertically for
clarity. The times at the spectra indicate the intervals between the start of the respective
scan and the beginning of the experiment. In the uppermost spectrum, D and G indicate two
peaks from amorphous carbon. The features marked with asterisks are artifacts of the

spectrometer.

Along with the fluorescence background and the D and G bands, several new lines
began to appear at lower Raman shift values. When the fluorescence background decreased,
these lines became well visible and, upon continued irradiation, they further increased in
intensity, narrowed, and slightly shifted to higher wavenumbers (see Figure 4-9). These new

2829 \which is formed from the Fe’* ions in the

peaks are attributed to a-Fe,O; (hematite),
laser focus. The formation of an iron oxide from iron ions by high light intensities has, to
our best knowledge, not been reported in the literature so far. Only the laser-induced

transformation of other iron oxides (Fe;Oy4, y-Fe,03, FeO) and oxyhydroxides (a-FeOOH, y-
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FeOOH, 03-FeOOH, Fe(Ill) oxyhydroxide, Fe(Ill) oxyhydroxysulfate) to hematite was
observed.?? So this is the first time that direct laser-induced formation of a-Fe,Os from
Fe’* ions has been observed.

High laser intensities can give rise to photochemical reactions and/or thermal effects.
From the comparison of the hematite Stokes and anti-Stokes signals we can estimate that the
temperature of the focal spot was in the range of 250 — 300°C. Therefore heating effects
have to be taken into account. We cannot decide, however, whether the formation of a-

Fe,Os is of photochemical or thermal origin.
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Figure 4-9. Series of Raman spectra of the polychelate of Brush 1 and FeCl; after
prolonged laser irradiation indicating the formation of a-Fe,0;3. The spectra were recorded
with I minute integration time each, and they have been shifted vertically for clarity. The
times at the spectra indicate the intervals between the start of the respective scan and the
start of the first scan. The vertical lines indicate the slight shift of the peaks toward higher

frequencies.

Table 4-2 list the Raman shifts of peaks from the hematite produced by laser irradiation
and shows the comparison with the reference data from other groups. The Raman spectra we
obtained contain all the peaks reported in the literature, including some features observed

and discussed by Bersani ez al..>' In our spectrum the lines at 232 cm™ and 285 cm™ appear
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as shoulders of the peaks at 216 cm™ and 279 cm™, respectively, and are often not well
resolved. The larger widths of our peaks may be related to heating effects and/or smaller
size of the hematite crystallites (see below).

Raman investigations on a-Fe,Os; have been performed and, due to its magnetic
properties, magnon scattering in addition to phonon scattering was considered.”® Hematite is
antiferromagnetic below the Morin temperature (260 K) and slightly ferromagnetic between
260 K and the Néel temperature (960 K). Its corundum-type structure allows for seven
Raman-active optical phonons with even symmetry at the center of the Brillouin zone (2 A,
+5 Eg),3 " and all of them have frequencies below 620 cm™. There is a strong band at 1304
cm” which was first attributed to two-magnon scattering,” but was later interpreted as an
overtone of a phonon™ at approximately 660 cm™ which is however Raman-inactive and
unobserved in perfect crystals of a-Fe;Os. In our measurements, this peak appears at 646
cm™, with intensities ranging between about 50 and 100 percent of that of the 600 cm™
peak. According to the literature,” this mode becomes Raman-active during the
crystallization process due to symmetry breaking. Also in our case the nanocrystals
generated by laser irradiation obviously lack long range order and, hence, the peak appears

in the spectrum.

Table 4-2. Raman shift (cm™) and assignment of the hematite Raman modes.

The laser power of the experiments is indicated.

Our results Ref.” Ref.” Ref.*! .

(G mW) (7 mW) ©7mW) | (<10pwy | Assignment
216 219.6 226.7 226.5 Aig
232 236.5 245.7 245.5 E.

279 282.7 292.5 293.5 E,

285 295.9 299.3 300 E,

399 395.9 410.9 413 E,

486 492.3 497.1 498.5 Aig

601 596.0 611.9 612.5 E,

646 - - 659 disorder '
1304 - 1320 1318 overtone
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It was observed that during laser irradiation the peaks of hematite became narrower and
shift to higher frequencies, as shown in Figure 9. The changes in the spectra seem to
indicate an increase of the average crystallite size. The width of our Raman peaks is slightly
larger than reported in reference.”” This can be a consequence of the small crystallite size or
a size distribution, although we cannot completely rule out that the widths are affected by

heating effects at the relatively high laser power of 3 mW.

4.4 Conclusions

Amphiphilic cylindrical polymer brushes with poly(acrylic acid) core and poly(n-butyl
acrylate) shell were synthesized via ATRP. The core of polymer brush was first partially
neutralized by NaOH, then reacted with iron cations via ion exchange. The formation of the
polychelates of polymer brushes and Fe’"/Fe*” ions was confirmed by various
characterization techniques. The conversion of the polychelates to magnetic nanocylinders
via either reduction or alkalization of iron cations inside polymer core will be shown in next
chapter.

We have monitored the laser-induced decomposition of cylindrical core-shell polymer
brushes containing Fe’* ions with confocal Raman micro-spectroscopy. Simultaneously
with the decomposition, the Raman lines of a-Fe,O; appeared in the spectrum, indicating
the laser-induced formation of this oxide from the Fe’* ions. The spectral changes during

laser irradiation were ascribed to growth of the crystallites.
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Chapter 5

Superparamagnetic hybrid nanocylinders

Abstract

Well-defined cylindrical polymer brushes with poly(acrylic acid) (PAA) core and
poly(n-butyl acrylate) (PnBA) shell were synthesized via combination of anionic
polymerization and atom transfer radical polymerization. These amphiphilic brushes are
unimolecular cylindrical micelles and can be used as single molecular templates for
synthesis of inorganic nanoparticles, because the carboxylic acid groups (or carboxylate
groups, after neutralization) in the polymer core can coordinate with various metal ions.
Ultrafine iron oxide magnetic nanoparticles were successfully synthesized within the core of
these core-shell polymer brushes, as confirmed by various characterization techniques. The
as-prepared hybrid nanocylinders show typical superparamagnetic behavior indicated by the

magnetization measurements.

* This chapter contains a paper which has been accepted for publication:
“Superparamagnetic hybrid nanocylinders”

Mingfu Zhang, Claude Estournes, Werner Bietsch, Axel H. E. Miiller
Advanced Functional Materials, 2004, accepted.
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5.1 Introduction

The design, synthesis and investigation of particles with nanometer dimensions, so-
called nanoparticles, have become a subject of intense current interest, due to their novel
electronic, optical, magnetic, and other properties arising from quantum size effect and the
large surface area-to-volume ratio.'” Magnetic nanoparticles, for example, exhibit size
effects. Below a critical size, magnetic particles become single domain, in contrast to
multidomain in the bulk material. With decreasing particle size the coercivity of single
domain magnetic particles decreases until it vanishes, and unique phenomena such as
superparamagnetism® and quantum tunneling of magnetization’ appear. Due to their unique
properties, magnetic nanoparticles not only are of fundamental interest but also have many
potential applications in diverse areas such as information storage,® color imaging,’

12 magnetic refrigeration, and ferrofluids. '*'°

bioprocessing,'® immunoassay,

It is well known that nanoparticles tend to aggregate in order to reduce the energy
associated with the high surface area-to-volume ratio. Thus the stabilization of nanoparticles
is crucial for investigations and applications, in addition to the size control during particle
formation. Polymer templates have proven to be versatile hosts and stabilizing matrices in
the controlled synthesis of nanoparticles. As hosts, polymers provide functionalities and
structured frameworks for the synthesis and confinement of nanoparticles. In addition to the
impartation of mechanical stability to the nanoparticles, polymers contribute to the chemical
and physical properties of the nanocomposite as a whole. Polymer-nanoparticle hybrid

materials combine the promising properties of both components. So far, nanoparticles have

. . . . 1 1
been synthesized in various polymers, such as resins,'® membranes,'” block copolymer

19,20 21,22

films,"™ micelles, gel particles, polymeric nanospheres,” nanotubes,”* and
dendrimers.”® In particular, single molecular templates are of interest since isolated
nanocomposites can be synthesized and used directly.”® Very recently, gold nanoclusters
were successfully fabricated within the poly(2-vinylpyridine) core of a single polymer brush
molecule.”’

Metals (Fe, Co, Ni, etc) and metal oxides (y-Fe,Os, Fe;Oy4, etc) are the most common
materials for magnetic nanoparticles. Generally, the production of magnetic metallic
nanoparticles is difficult, as the large surfaces are easily oxidized or otherwise subject to
corrosion. In contrast, magnetic metal oxide nanoparticles are not oxidation sensitive and

are in high demand for magnetic recording applications.”® Many oxide particles have
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significant shape anisotropy, which allows the particle size to be much larger without
becoming multidomain.

Recently we reported a method of synthesizing a wire-like assembly of semiconductor
(CdS) nanoparticles within a novel single molecule template, an amphiphilic cylindrical
polymer brush with poly(acrylic acid) (PAA) core and poly(n-butyl acrylate) (PnBA) shell
(see Chapter 6).” Our technique takes advantages of each of the unique aspects of polymer
structure: the core of polymer brush, which possesses carboxylate groups (after
neutralization of PAA) capable of coordinating with metal ions such as Cd*", worked as a
nanoreactor for CdS nanoparticle formation and directed the particle distribution; and the
shell of the polymer brush protected the fabricated nanoparticles from aggregation and
provided the solubility of the hybrid material.

In this paper we report the synthesis and characterization of superparamagnetic iron
oxide nanoparticles within the cylindrical polymer brushes with PAA core and PnBA shell.
Iron oxide nanoparticles were produced within the core of the polymer brushes via alkaline
oxidation of ferrous ions, proceeding in the following steps: (i) an coordination step to load
ferrous/ferric ions into the polymer core; (if) formation of ferrous hydroxides in alkaline
medium (in the case that ferric ions were used, preceded by their reduction to ferrous ions);
and (iii) oxidation of the ferrous hydroxides in alkaline medium by either oxygen or
hydrogen peroxide to produce magnetic iron oxide nanoparticles. This method results in the
formation of a wire-like assembly of ultrafine magnetic nanoparticles within single polymer
brush molecules. The alkaline oxidation of ferrous ions has been demonstrated to yield
superparamagnetic forms of maghemite (y-Fe,03)'*** or sometimes iron hydroxyoxides
(such as a-FeO(OH)*))in a variety of polymeric templates. It is often stated that
functionalized polymeric templates can control the chemical composition of products of the
alkaline oxidation of ferrous ions. Identical reactions carried out in the absence of the
polymer matrix resulted in nonmagnetic large particles.'®?' In addition to the general
advantages offered by polymeric templates, the polymer brushes used here provide the
solubility of the hybrid materials in organic solvents due to the hydrophobic polymer shell
and thus stable magnetic fluids can be obtained.

The obtained hybrid magnetic nanocylinders are expected to orient under application of
a magnetic field, due to the longitudinal distribution of magnetic nanoparticles along the
backbone of polymer brush. Similar phenomena have been observed in nature. Some
aquatic bacteria which contain a chain-like assembly of magnetic nanoparticles can orient

and swim along the earth’s magnetic field lines.”®*' The orientation of these magnetic
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nanocylinders by an applied magnetic field will result in some peculiar properties such as
magnetoviscous effect’” and birefrigence.

Coupling of the magnetic and mechanical degrees of freedom of the particles is the
main specific feature of magnetic fluids. Explicit manifestation of this coupling is the
increase of the viscosity of ferrofluids under application of magnetic field, which is so-
called magnetoviscous effect. In the classical theory the magnetoviscous effect is accounted
for by the hindrance to particle rotation caused by the magnetic torque.”® Recently, however,
dependence of the fluid effective viscosity on the magnetic field was experimentally
observed to be much more than that predicted by classical theory. Odenbach et al
demonstrated that the magnetic field-induced formation of chain-like aggregates of
magnetic nanoparticles caused the strong magnetoviscous effect.*> However, these chain-
like aggregates can be destroyed by high shear flow and thus magnetoviscous effect
decreases significantly.

In our case, chain-like assemblies of superparamagnetic nanoparticles are encapsulated
within a polymeric template, so they are much more stable than the chain-like aggregates
(induced by magnetic field) existing in conventional ferrofluids of spherical magnetic
particles. Thus it is reasonable to expect that strong magnetoviscous effect will be observed
for the solutions of superparamagnetic nanocylinders, and specially this effect will not be
destroyed by the high shear flow. This will be a big advantage compared to conventional

ferrofluids.
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5.2 Experimental Section

5.2.1 Polymer synthesis

Amphiphilic cylindrical polymer brushes with poly(acrylic acid) (PAA) core and
poly(n-butyl acrylate) (PnBA) shell, which were used as templates in this paper, were
synthesized via the combination of anionic polymerization and atom transfer radical
polymerization (ATRP) as described previously.”® The synthetic procedure is briefly
described as follows. The backbone of the polymer brushes, poly(2-hydroxyethyl
methacrylate) (PHEMA), was synthesized via anionic polymerization of 2-
(trimethylsilyloxy)ethyl methacrylate followed by the cleavage of the protecting
trimethylsilyloxy groups. Complete esterification of the pendant hydroxyl groups of
PHEMA with a-bromoisobutyryl bromide resulted in the attachment of an a-bromoester
group to each monomer unit of PHEMA. Sequential ATRP of #butyl acrylate (rBA) and n-
butyl acrylate (nBA) initiated by the pendant a-bromoester groups on the backbone formed
the PrBA-b-PnBA block copolymer side chains. Finally, the selective hydrolysis of the
PrBA block resulted in the amphiphilic core-shell cylindrical polymer brushes with PAA
core. Due to the living nature of both anionic polymerization and ATRP, the length of the
polymer brush as well as the diameters of the core and shell are well-defined. The chemical
and schematic 3-dimensional structure of such a polymer brush used as templates in this

paper are shown in Scheme 5-1.

HO_o @ o
O/\/O
© m'  h
|y

Scheme 5-1. (left) Chemical structural formula of the polymer brushes used in the present

paper, defined as [AA,-nBA,], (where p, m and n denote the degrees of polymerization of
the backbone, core block and shell block respectively); and (right) their schematic 3-D

Structure.
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Detailed synthetic procedure and characterizations of the polymer brushes have been
reported in our previous paper.’* Gel permeation chromatography (GPC) was used to
determine the molecular weight distribution, M,,/M,. The degree of polymerization (DP) of
the backbone was determined to be 1500 by membrane osmometry and the DP of the side
chains was calculated from monomer conversion of polymerization. The characterization

results are summarized in Table 5-1.

Table 5-1 Characterization results of the polymer brushes with PAA core and PnBA shell

Polymer * | 10° x Mygpc ° | My/Mupe” | DPeore” | DPgen© Formula
Brush 1 7.60 1.29 25 61 [AAys5-nBAgi 1500
Brush 2 9.34 1.40 37 48 [AA37-I’IBA48] 1500

(a) The backbone of the polymer brushes has degree of polymerization (DP) of 1500
determined by membrane osmometry, with a polydispersity index of 1.08; (b) polydispersity
index of unhydrolyzed brushes (with P/BA core and PnBA shell) obtained from GPC
measurements; (c) calculated according to initial monomer/initiator ratio and monomer

conversion determined by gas chromatography.

5.2.2 Magnetic nanoparticle formation within the polymer brushes

All chemicals were of analytical grade and used as received without further
purification. All solvents used in the glove-box were degassed before the usage.

To synthesize magnetic iron oxide nanoparticles within polymer brushes, alkaline
oxidation of ferrous ions was carried out. The schematic synthetic procedure is shown in
Scheme 5-2.

Different strategies were tried, using either ferrous (Fe’") or ferric (Fe'") ions as
precursors (Scheme 5-3). It has been reported that maghemite (y-Fe,O3) nanoparticles were
successfully produced within a porous polymeric resin from both two strategies shown in
Scheme 5-3.'° There are both advantages and disadvantages in each case.

As shown in Scheme 5-3, when Fe** ions were used, the synthesis is more
straightforward. In addition, the theoretical maximum loading capacity of the PAA polymer
core for Fe*" (0.5 mol per mole of acrylic acid) is higher than that of Fe** (0.33 mole per
mole of acrylic acid), assuming ion exchange as the only binding mechanism.”> However,

due to the easy oxidation of Fe*" ions by oxygen in air, the uptake of Fe*" ions and the
140



Chapter 5 Superparamagnetic nanocylinders

further purification had to be performed under the inert atmosphere (N;). This caused some

difficulties in the synthesis procedure, specially in the step of removal of uncoordinated

metal ions (for example, via ultracentrifugation).

A 5 N A\ o \ae—
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N N\ NaOH e e%"’\/
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Fe3* (@)
Magnetic SO
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- NaOH /O, or @Og %eeg\.v
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N,H,/NaOH /0,  AOHBE~—
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Scheme 5-2. Schematic illustration for the synthesis of a wire-like assembly of maghemite
(1-Fe;03) nanoparticles inside the cylindrical polymer brush: (a) polymer brush with PAA
core and PnBA shell; (b) neutralized polymer brush with poly(sodium acrylate) core (Na"
ions are not shown); (c) polychelate of the brush with Fe’" or Fe’" ions; and (d) hybrid

nanocylinder of the brush and wire-like assembly of iron oxide nanoparticles.

NaOH O, (air)
(1) Fe® — > Fe(OH), ————>  magnetic iron oxide
or H,O,
(1) N2H4 02 (air)
3+ - .
(2) Fe"* ———> Fe(OH), ——>  magnetic iron oxide
(2) NaOH or H;O;

Scheme 5-3. Formation of magnetic iron oxide nanoparticles from Fe’™ (method 1) or Fe’™
ions (method 2).
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Table 5-2. Synthetic conditions for the preparation of magnetic nanocylinders

Coifa()fnl;ﬁl;nd Polymer Solvent Neutralization | Iron Fe™/AA © Oxidation
Sne brush of PAA ° salt agent
nanocylinder
MC1 Brush 1 THF - FeCl, 0.56 O, (air)
CH;0H/ o .
MC2 Brush 1 CHCL * 90 % FeCls 0.33 O, (air)
CH;0H/ o .
MC3 Brush 2 CHC ® 90 % FeCls 0.33 O; (air)
CH;0H/ o
MC4 Brush 2 CHCI; ® 90 % FeCl; 0.33 H,0;

(a) volume ratio = 1/1; (b) neutralization of the poly(acrylic acid) core of polymer brushes

by NaOH; (c) molar ratio.

In contrast, the loading of Fe’* ions into polymer brushes and the following purification
(removal of uncoordinated Fe** ions) can be done under air. However, the coordinated Fe**
ions within the polymer brushes have to be reduced to Fe*" ions by hydrazine, followed by
alkaline oxidation to produce magnetic nanoparticles. Table 5-2 summarizes the preparation

conditions for the synthesis of various magnetic nanocylinders.

(i) Ferrous ions (Fe*") as precursors (for the magnetic nanocylinder MC1)

Inside a glove-box filled with N;, 104.2 mg of Brush 1, [AA»s-nBAgi]1500 (containing
0.29 mmol of acrylic acid), were dissolved in THF (15 mL). Then, FeCl, (0.15 mmol
FeCl,-4H,0, in 5 mL THF) was added. The mixture was stirred overnight, and a transparent
yellowish-green solution was obtained. Addition of a mixture of methanol (40 mL) and
water (8 mL) induced precipitation of the Fe*-loaded brushes. After removal of the
supernatant containing the uncoordinated ferrous chloride, the precipitate was washed first
with methanol containing 5 vol.% of water and then with methanol. The composite of the
polymer brush and the coordinated iron ions is designated as polychelate.

The polychelate, however, was not well soluble in THF. It was dispersed in THF (80
mL) and the turbid dispersion was stable over hours without appreciable precipitation. Into
60 mL of the dispersion a saturated methanolic solution of NaOH was added until the pH
value reached about 11. Upon addition of the NaOH solution, the dispersion turned olive-

green, which is the typical color of Fe(OH)s.
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After stirring for one hour, the reaction mixture was removed from the glove-box and
bubbled with air for 3 hours. The color of the mixture turned brown instantly upon air
bubbling. Addition of water (15 mL) into the mixture induced precipitation, and the brown

precipitate was washed with a mixture of methanol and water (v/v = 5/1) until neutral pH.

(ii) Ferric ions (Fe’") as precursors (for the magnetic nanocylinders MC2-4)

409.4 mg of Brush 2, [AA37-nBAug]is00 (containing 1.73 mmol of acrylic acid), were
dissolved in a mixture of methanol and chloroform (250 mL, v/v = 1/1). Then NaOH (1.55
mmol, in 12 mL methanol containing 2 vol.% water) was added to partially neutralize the
PAA core of the polymer brush. The mixture was stirred overnight. Afterwards, FeCls (0.58
mmol, in 2.9 mL methanol) was added and a brown solution was obtained. To remove the
uncoordinated ferric ions, two methods were tried. First ultracentrifugation (20,000 rpm
with relative centrifugal force of 47,800 g, Sorvall RC-5B centrifuge, Du Pont Instruments)
was carried out to separate the Fe’"-loaded polymer brushes from solution. However, the
supernatant still contained considerable amounts of the Fe**-loaded polymer brushes. Thus,
the supernatant was concentrated via rotating evaporation until precipitation occurred. The
precipitates (from both ultracentrifugation and precipitation) were washed with methanol for
3 times. The precipitates obtained from both methods were soluble in a mixture of methanol
and chloroform (300 mL, v/v = 1/1) and a clear brown solution was obtained.

In a vacuum line, 240 mL of the solution of the polychelate was first degassed and put
under N,. Afterwards, degassed N,H4-H,O (9.23 mmol, N,H4/FeCls = 20) was added and
the mixture was stirred for 1.5 hours. The color of the solution changed from brown to
yellowish-green, indicating the reduction of Fe’* to Fe*".

Addition of NaOH (4.66 mmol, in 36 mL methanol containing 2 vol.% water,
NaOH/FeCls = 10) into the above solution resulted in a color change from yellowish-green
to olive-green, indicating the formation of Fe(OH),. The mixture was stirred under N, for
1.5 hours. Without stirring, we observed an olive-green floccular precipitate.

The obtained dispersion was divided into two equal parts. Two oxidization agents, e.g.
O; (air) and H,0O,, were used separately to oxidize Fe(OH),. One part of the dispersion was
bubbled with air for 2.5 hours. The color instantly changed to reddish brown. Into the other
part of the dispersion H,O, (2.31 mmol, 30 wt.% in H,O, H,0O,/FeCl; = 10) was added and
the color of the mixture also changed to reddish brown immediately. The mixture was

stirred for 2.5 hours. In both cases a reddish brown precipitate, the hybrid nanocylinder of
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the polymer brush and iron oxide nanoparticles, was obtained and washed with methanol
until neutral pH.

Although the as-prepared magnetic nanocylinders mentioned above are not soluble,
soluble magnetic nanocylinders can be produced by fine-tuning the synthetic conditions. For
example, when Brush 1 was used, the hybrid nanocylinder (MC2) synthesized using Fe’™ as
precursor and O, as oxidation agent was soluble in a mixture of methanol and chloroform
(v/v = 1/1). Thus a stable magnetic fluid (solution of the magnetic nanocylinders) can be

obtained.

5.2.3 Characterization

Scanning force microscopy (SFM) images were recorded on a Digital Instruments
Dimension 3100 microscope operated in Tapping Mode ™ (free amplitude of the cantilever
~ 20 nm, amplitude set point ~ 0.98). The standard silicon nitride probes were driven at 3%
offset below their resonance frequencies in the range of 250-350 KHz. The samples were
prepared by dip-coating from dilute solutions (about 10 g/mL) of the polymer brush,
polychelate, or hybrid nanocylinder in methanol/chloroform (v/v=1/1) mixture onto freshly
cleaved mica. An image analysis software, ImageJ, was used for the statistical analysis of
SFM images to obtain the average lengths of polymer brushes.

Transmission electron microscopy (TEM) images were taken on a LEO 922 OMEGA
electron microscope operated at 200 kV. A 5 uL droplet of a dilute solution (in dioxane),
was dropped onto a copper grid (300 mesh) coated with Formvar/carbon film, followed by
drying at room temperature.

UV/visible absorbance spectra of samples in methanol/chloroform (v/v = 1/1) were
recorded on a Perkin-Elmer Lambda 15 UV/visible spectrophotometer. The spectrum from a
quartz cuvette containing pure solvent was subtracted from all sample spectra.

Dynamic light scattering (DLS) measurements of Brush 1 (0.2 g/L) and the hybrid
nanocylinder MC2 (about 0.1 g/L) in a mixture of methanol and chloroform (volume ratio =
1/1) were performed on an ALV DLS/SLS-SP 5022F compact goniometer system with an
ALV 5000/E correlator and a He-Ne laser. Prior to the light scattering measurements the
sample solutions were filtered using Millipore Teflon filters with a pore size of 1 um.
CONTIN?® analysis of the autocorrelation functions was carried out.

Thermal gravimetric analysis (TGA) measurements were carried on a Mettler Toledo

TGA/SDTAS851 with the sample amount of 4-11 mg. The measurements was performed
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under air flow of 60 mL/min with heating from 30 °C to 1000 °C (rate: 10 °C/min) and then
keeping at 1000 °C for half an hour. Before TGA measurements samples were dried in
vacuum oven at 50 °C for at least one day.

Magnetic properties of the samples were studied with a quantum design MPMS-XL
superconducting quantum interference device (SQUID) magnetometer between 295 and 2
K, with a maximum applied field of 50 kOe (= 5 T). The magnetization was also measured
as a function of temperature at a given applied field in the field cooled and zero field cooled
modes. For the zero field cooled (ZFC) measurements, the sample was first cooled down to
2 K in zero magnetic field. Subsequently, a magnetic field of 20 Oe was applied and the
magnetization was measured while the temperature was increased until 400 K. Afterwards,
the magnetization of the sample under a magnetic field of 20 Oe as a function of decreasing
temperature (till 2 K) was measured as the field-cooled (FC) magnetization.

Mossbauer analyses were carried out using a triangular waveform spectrometer
(Wiessel) and a source of *’Co (50 mCi) diffused into a rhodium matrix. Mdssbauer
experiments without a magnetic field were performed at 300 K. The values of the isomer
shift are quoted relative to that of a-Fe foil at room temperature. The hyperfine parameters
were refined using a least-square fitting procedure in the MOSFIT program.”’

In the absence of an external magnetic field, the Mdssbauer spectrum shows the
information of the magnetic spin fluctuations among the easy axes of magnetization. The
average time necessary to move the magnetization from one axis to another is denoted the
superparamagnetic relaxation time (t). Both crystallite size and temperature determine the
relaxation time. Thus, for a given measuring temperature, if the relaxation of the particle is
faster than the Mdssbauer time scale (=10 s), a doublet will be observed on the spectrum
consistent with a superparamagnetic behavior. If the relaxation of the particle is slower than
the Mdssbauer time scale, the magnetization of the particle will appear blocked and a sextet
will be observed consistent with a magnetic blocked state. In the case of size-distributed
particles, a broadening of the hyperfine structure will be observed due to the distributed

relaxation time.
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5.3 Results and Discussion

5.3.1 Synthesis and characterization of magnetic nanocylinders

The polymer templates used in this paper, amphiphilic cylindrical polymer brushes with
poly(acrylic acid) (PAA) core and poly(n-butyl acrylate) (PrBA) shell, are well-defined in
structure, due to the living/controlled nature of both anionic polymerization and atom
transfer radical polymerization (ATRP) which were used for the polymer synthesis.** Figure
5-1 shows a typical SFM image of Brush 1 ([AAzs-nBAgi]is00) on the substrate mica. The
worm-like morphology of the polymer brushes can be easily visualized. A statistical
analysis of the SFM image shows that the number- and weight-average lengths of Brush 1
are L, = 166 nm and L,, = 180 nm respectively, with a polydispersity index L,/L, = 1.08,
which is identical to the molecular weight distribution of the backbone. The core-shell
structure of the polymer brushes could be directly observed in the SFM phase image (Figure
1b), because of the apparent contrast produced by the large difference in hardness between
the relatively hard PAA (glass transition temperature 7, = 106 °C 3%) and the very soft PnBA
(T = -54 °C 3%). However, in the corresponding height image (Figure 5-1a) the shell is
invisible because it is totally collapsed on the mica surface, thus its height is too small to be
detected by the SFM tip we used. A three-dimensional height image, as shown in Figure Ic,
clearly reveals the cylindrical shape of the polymer brushes. The SFM image shows that
these polymer brushes are structurally well-defined.

It is well known that carboxylic acid and carboxylate groups can coordinate with
various metal ions such as Fe*” and Fe’".* Therefore the polymer brushes with PAA core
can be used as nanoreactors and cylindrical templates for magnetic iron oxide nanoparticle
formation. Consequently, the size control during the particle formation and the directed
distribution of nanoparticles along the backbone of the polymer brushes can be achieved.
Scheme 5-2 shows the procedure for the synthesis of magnetic iron oxide nanoparticles
within the polymer brushes. It includes: (1) neutralization of the PAA core of the polymer
brush (a—b; This step is optional.); (2) uptake of Fe*" or Fe’" ions into the polymer core
(b—c, the complexes of the polymer brushes and iron ions are named polychelates); and (3)
in situ formation of magnetic nanoparticles (c—d), via the reactions shown in Scheme 3.

Although metal ions can be coordinated directly to carboxylic acid groups, experiments
have shown that conversion of carboxylic acid to sodium carboxylate significantly increases

both the rate and the extent of metal ion uptake.35 In this paper, polymer brushes with either

146



Chapter 5 Superparamagnetic nanocylinders

PAA core or poly(sodium acrylate) core were used as templates for magnetic nanoparticle
fabrication. The uptake of iron ions into the polymer core was confirmed by various
characterization techniques including FT-IR,*® UV/visible spectroscopy, SFM and TEM,*’

besides the apparent color change before and after the iron ion uptake.

Height, nm

0 50 100 150 200 250
nm

Figure 5-1. Tapping-Mode SFM images of Brush 1: (a) height image,; (b) phase image; (c)
three-dimensional height image,; and (d) cross-section of one cylindrical polymer brush
molecule indicated by an arrow in the height image (along the black solid line). We present

the cross-section from original SFM images without deconvolution.

Removal of uncoordinated iron ions from the iron ion-loaded polymer brushes
(polychelates) is very important, since otherwise big iron oxide particles (with dimensions
in the micrometer range'®) will form in solution. Various methods were tried to remove
uncoordinated iron ions, such as precipitation and ultracentrifugation. Precipitation was

carried out via concentration or addition of water, and the iron ion-loaded polymer brushes
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precipitated while unreacted iron salts stayed in the supernatant. However, sometimes the
precipitates could not be completely redissolved, especially when the precipitation was
induced by addition of water. This might be due to the limited solubility of polychelates
resulting from the huge molecular weights (more than 107) of the polymer brushes used.
Alternatively, ultracentrifugation can separate polychelates from the solution without
changing the solubility. However, experiments showed that only part of polychelates, which
have larger size and correspondingly larger sedimentation coefficient, can be separated from
solution via ultracentrifugation. So the rest of polychelates in the supernatant have to be
purified by other methods like precipitation. We observed that combination of
ultracentrifugation and precipitation can remove uncoordinated iron ions while keeping the
solubility of polychelates.

The uptake of iron ions induced a dramatic change in the morphology of polymer
brushes, as revealed in SFM images. In contrast to the smooth cylindrical shape of pure
polymer brushes, a “pearl necklace” structure was observed for polychelates, as shown in
Figure 5-2. The three-dimensional height image and cross-section analysis clearly
demonstrate the height (and also the diameter) undulation along the backbone. Moreover,
the height of the polychelate of Brush 1 and Fe’ ion (h = 3.4 + 1.5 nm) is much larger than
that of Brush 1 (£ = 1.4 £ 0.3 nm). From the comparison between the SFM images of the
pure polymer brush and the polychelate, one can easily observe that the morphology change
solely happened in the core region of the polymer brushes, supporting that Fe’™ ions
coordinated selectively with carboxylate groups.

We speculate that the “pearl necklace” structure of polychelates is produced by the
cross-linking of side chains via coordination between the multivalent Fe’* ions and the
monovalent carboxylate groups from different side chains. Thus, Fe’" ions work as a
bridging agents. We also found that loading of bivalent Cd*" ions into polymer brushes
induced the formation of a “pearl necklace” structure.” In contrast, neutralization of the
PAA core of polymer brushes by NaOH did not change the apparent morphology of
polymer brushes, as indicated by SFM measurements, since Na' is monovalent and can not

induce the cross-linking of side chains.
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Figure 5-2. Tapping-Mode SFM images of the polychelate of Brush 1 with Fe’" ions: (a)
height image; (b) phase image; (c) three-dimensional height image, and (d) cross-section of
one cylindrical polymer brush molecule indicated by an arrow in the height image (along

the black solid line).

Besides SFM measurements, transmission electron microscopy (TEM) measurements
can also provide the information of successful iron ion uptake. Although pure polymer
brushes are invisible due to lack of contrast, after the formation of polychelates the iron ions
with high electron density stained the core of polymer brushes thus the polymer core should
be visible. This is actually the case, as shown in Figure 5-3. In Figure 5-3a, wire-like dark
objects are clearly observed after iron ion (Fe’) uptake. A TEM image with higher
magnification (Figure 5-3b) shows the presence of the “pearl necklace” structure, similar to

that observed in SFM images.
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Figure 5-3. Non-stained TEM image of the polychelate of Brush 1 and Fe’* ions.

For the polychelates containing Fe** ions, addition of NaOH will produce Fe(OH),,
which can be easily oxidized to form magnetic iron oxide nanoparticles. In the case of the
polychelates containing Fe*" ions, reduction of Fe’* to Fe** by hydrazine'®*' was carried out
before the formation of Fe(OH),. After the formation of iron oxide nanoparticles, cross-
linking of side chains via iron ions should vanish and thus the “pearl necklace” structure
should disappear. As expected, we observed an apparent morphology change of polymer
brushes upon the particle formation: the “pearl necklace” structure disappeared and the
morphology of the magnetic nanocylinders (hybrids of polymer brushes and iron oxide
nanoparticles) was very similar to that of pure polymer brushes (Figure 5-4). In particular,
the cross-section analysis shows that the height of the magnetic nanocylinders (4 =1.4 £ 0.3
nm for the magnetic nanocylinder MC2) is very close to that of the corresponding pure
polymer brushes, indicative of the very small size of the fabricated iron oxide nanoparticles
which did not change the size of the polymer template remarkably. From the cross-section
analysis, one can conclude that the single iron oxide nanoparticle must be smaller than 1.7
nm (in diameter), which is the maximum height of the hybrid nanocylinder.

Consistent with the SFM observations, TEM images of as-prepared hybrid magnetic
nanocylinders show wire-like objects with smooth contour, in contrast to the “pearl
necklace” structure of the polychelates. As shown in Figure 5-5, the dark wire-like objects
with diameter of about 6 nm correspond to the assemblies of tiny magnetic nanoparticles
whose diameter is smaller than 1.7 nm (as observed in SFM images). It has to be noted that

the wire-like objects observed in TEM images are not perfect cylinders with circular cross-
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section, but rather collapsed cylinders due to a strong deformation of the soft polymer
brushes on the substrate.’® As reported previously, polycrystalline particles rather than

single crystalline particles were produced within the polymer brushes.”
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Figure 5-4. Tapping-Mode SFM image of the magnetic nanocylinder MC2 (hybrid of Brush
1 and magnetic iron oxide particles): (a) height image; (b) cross-section of one cylindrical

polymer brush molecule indicated by an arrow in the height image (along the black line).

Figure 5-5. Non-stained TEM image of the hybrid magnetic nanocylinder MC?2.
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Dynamic light scattering (DLS) measurements were carried out to investigate the size
change of polymer brushes in solution upon iron oxide particle formation. Figure 5-6 shows
a comparison of the hydrodynamic radii between the magnetic nanocylinder MC2 and the
corresponding polymer brush (Brush 1). One can observe a slight increase (ca. 9%) of the
hydrodynamic radius of the polymer brush after the formation of iron oxide particles. This
might be due to one or a combination of the following reasons: (1) the influence of the
encapsulated iron oxide nanoparticles within the polymer core; (2) the repulsion between
the side chains with negatively charged core block (poly (sodium acrylate)); or (3) the
fractionation during the removal of uncoordinated iron ions by ultracentrifugation and
precipitation, since during purification short brushes with higher solubility may stay in the
supernatant rather than precipitate. Nevertheless, the formation of iron oxide particles did
not change the size of the polymer brush significantly, in agreement with the observations

from SFM measurements.

z(R,)

T

10" 162 10°

R, (nm)
Figure 5-6. Hydrodynamic radius distribution of Brush 1 (dash line) and magnetic
nanocylinder MC2 (solid line), in a mixture of methanol and chloroform (volume ratio =
1/1) at a scattering angle of 90° The apparent z-average hydrodynamic radii of Brush 1
and MC?2 at this scattering angle are 64.0 nm and 69.9 nm respectively.
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The procedure of the polymer brush-directed formation of iron oxide nanoparticles was
also monitored by UV/visible spectroscopy, as shown in Figure 5-7. The polychelate of
Brush 1 and Fe’” ion has an absorption edge of about 425 nm, with a distinct shoulder at
around 350 nm which corresponds to the broad absorption peak of FeCls at this position.
Since the pure polymer brush has almost no absorption in the observation wavelength
range,”’ the absorbance of the polychelate can be attributed exclusively to the coordinated
Fe’* ions. After the formation of iron oxide particles, the absorption shoulder at 350 nm
disappears. Compared to the polychelate, the absorption edge of the magnetic nanocylinder
MC2 is slightly shifted toward longer wavelengths. This observation agrees well with that
reported by Cohen et al. in the investigation of block copolymer films containing

superparamagnetic iron oxide nanoclusters.*

Absorbance

T I T I T T
200 300 400 500 600
Wavelength (nm)
Figure 5-7. UV/isible spectra of FeCl; (dash dot line, about 0.04 g/L), polychelate of
Brush 1 with Fe’" ion (dot line, about 0.2 g/L) and magnetic nanocylinder MC2 (solid line,

about 0.1 g/L) in a mixture of methanol and chloroform. Pure solvent was measured and

subtracted from the spectra of the samples.

To determine the content of iron oxide particles in the hybrid magnetic nanocylinders,

thermal gravimetric analysis (TGA) measurements were performed, as shown in Figure 5-8.
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When the samples were heated up to 1000 °C under air flow and kept at this temperature for
half an hour, the organic templates should be completely burned away. TGA measurements
of pure Brushes 1 and 2 showed that the residual masses after burning were less than 1 wt.%
of the original masses (0.87 wt.% for Brush 1 and 0.74 wt.% for Brush 2). Since a large
excess of NaOH was used to form Fe(OH),, polymer brushes should be fully neutralized
after the particle formation. TGA measurements of neutralized polymer brushes showed
large increase in residual mass, because some inorganic materials, probably sodium
oxide,”* formed from the poly(sodium acrylate) core of polymer brushes. After the
subtraction of the contribution from neutralized polymer brushes, the contents of iron oxide

particle in hybrid magnetic nanocylinders can be obtained from the residual masses in TGA.
Table 5-3 summarizes the TGA results.
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Figure 5-8. TGA analysis of Brush 1 (dash dot line), neutralized Brush 1 (dot line) and

magnetic nanocylinder MC2 (solid line). The measurements were carried out under air flow
of 55-60 mL/min.

Comparison of the iron oxide contents between the magnetic nanocylinders MC1 and
MC2 shows that the conversion of carboxylic acid to sodium carboxylate increased the
loading capacity of the polymer core significantly (although FeCls rather than FeCl, was
used for MC2, experiments have shown that sodium carboxylate has similar loading

154



Chapter 5 Superparamagnetic nanocylinders

capacity for FeCl, and FeCl;*®). In principle, the hybrid nanocylinders MC3 and MC4
should have the same iron oxide content provided that they contain the same form of iron
oxide, since all the preparation conditions except oxidization agent were the same for these
two magnetic nanocylinders. However, a small difference (about 0.86 wt.%) in the iron
oxide content was observed between MC3 and MC4. This might be caused by the
experimental error of TGA measurements, considering that about 6 mg of samples was used
for these two measurements and 0.86 wt.% means only about 0.05 mg. No matter what form
of iron oxide or iron hydroxyoxide formed within polymer brushes, the final product after

TGA measurements should be haematite (a-Fe,O3), which is the most stable component at

high temperature.*®
Table 5-3. TGA analysis of magnetic nanocylinders
Code of Iron Theoretical | Residual mass | Residual mass | Iron oxide
magnetic Polvmer ® | ijon |™M2X amount | of neutralized | of magnetic content
nano- y used of iron oxide, brush, nanocylinder, Mexp,io
cylinder M io (Wt%) b My (Wt%) My me (WE%) Wt%) ©
MC1 | Brush1 | Fe* 9.07 5.28 8.77 3.68
MC2 Brush 1 Fe* 6.21 5.28 12.27 7.38
MC3 Brush2 | Fe’ 9.35 8.05 16.67 9.37
MC4 Brush2 | Fe’' 9.35 8.05 17.46 10.23

(a) Residual masses of pure Brushes 1 and 2 in TGA measurements are 0.87 wt.% and 0.74
wt.% respectively; (b) assuming formation of Fe,Os; and complete neutralization of PAA

core after the particle formation; and (c) iron oxide content Mexp o= ( Meme-Menp)/(1- Mppp).

To identify the composition of the as-prepared magnetic iron oxide nanoparticles,
Mossbauer analyses were carried out. The hyperfine interactions observed at °'Fe nuclei
provide relevant information on structural and local magnetic properties, especially in the
case of nanometer sized crystalline systems where the lack of long-distance range order
prevents to get accurate characteristics from X-ray diffraction (XRD).

Zero-field °’Fe Mdssbauer spectra were recorded at 300 K on the samples (MC1-4).
The Mossbauer lines of the 300 K spectrum are well defined, but fairly asymmetrical. All
the spectra show a unique quadrupolar doublet. The asymmetry of the spectra suggests that

(1) the Fe sites have different atomic environments and/or (ii) the magnetic domains are
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size-distributed. Figure 5-9 shows the room-temperature Mossbauer spectrum of the
magnetic nanocylinder MC3.

For all the four hybrid nanocylinders, only doublets are observed, giving a first
indication that all the samples are superparamagnetic at room temperature. This is due to the
rapid spin relaxation for superparamagnetic particles - otherwise for ferrimagnetic particles
sextets should be observed. The values of the isomer shift of the quadrupole doublets are
characteristic of Fe’" and there is no evidence for the presence of any significant F e phase
(see Table 5-4). For the magnetic nanocylinders MC2-4 the Mossbauer parameters are the
almost same (IS is about 0.45 mm/s and QS is about 0.70 mm/s) and correspond to Fe'" in
octahedral environment. While for the magnetic nanocylinder MC1 the parameters seem to
indicate that the Fe’" is in tetrahedral environment (IS is about 0.33 mm/s and QS is about
0.52 mm/s, lower than those of MC2-4). It has to be noted that the Mdssbauer spectrum of
MCI1 is noisy due to the limited amount of sample available for the measurement. From the
Mossbauer results the existence of magnetite (Fe3O4) in hybrid magnetic nanocylinders can
be ruled out, and the possible form of the magnetic nanoparticles might be maghemite (y-
Fe,0;) or goethite (a-FeO(OH)). It is reported that the alkaline oxidation of ferrous ions

. 16,22,2
often produces maghemite.'®**%
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Figure 5-9. Mdssbauer spectrum of the magnetic nanocylinder MC3 at 300 K.
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5.3.2 Magnetic properties of the hybrid nanocylinders

Magnetic properties of hybrid nanocylinders were studied using a superconducting
quantum interference device (SQUID) magnetometer at temperatures ranging from 2 K to
295 K. Figure 5-10 shows the magnetization curves of the hybrid nanocylinder MC1, which
was synthesized using FeCl, as precursor. Due to the very small particle size, we expect that
the particles should behave superparamagnetically at room temperature, which means that
they are easily magnetized but do not retain their magnetization once the field is removed.
As shown in Figure 5-10 the fabricated nanoparticles in MC1 are superparamagnetic at 295
K as expected, since no hysteresis was observed (both remanence and coercivity are zero).
Only at very low temperature such as 2 K, SQUID measurement showed a symmetric
hysteresis loop with a coercivity of 640 Oe and a remanence of 0.12 emu/g, and in this case
the particles are in the blocked state (ferrimagnetic). Additionally, the magnetization at
room temperature was low (0.30 emu per gram of the hybrid or 8.15 emu per gram of iron
oxide at 50 kOe) and was not saturated at 50 kOe. With decreasing temperature the
magnetization increased and reached about 1.07 emu per gram of the hybrid (29.08 emu per
gram of iron oxide) at 50 kOe. The low magnetization and lack of magnetic saturation result
from the quantum-size effects in ultrasmall nanoparticles.*

Starting from FeCls, superparamagnetic nanoparticles were also produced within the
polymer brushes, as indicated by the SQUID measurements. The as-prepared magnetic
nanocylinders, MC2-4, showed very similar magnetic behavior to that of MC1. As an
example, the magnetization curves of MC3 at various temperatures are shown in Figure 5-
11. It is superparamagnetic at temperatures above 25 K, and ferrimagnetic at very low
temperature (2 K). Consequently the blocking temperature (7}3), defined as the temperature
above which the particles are free to align with the magnetic field during the measurement
time and thus behave superparamagnetically, of the particles must be between 2 K and 25 K.
Below the blocking temperature the magnetic moment of the particles is fixed, i.e., their

approach to thermodynamic equilibrium is blocked, thus a hysteresis appears.
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Figure 5-10. Magnetization curves for the hybrid nanocylinder MC1 at (a) 295 K and (b)
2K

The experimental criteria for superparamagnetism include not only that (i) the
magnetization curve exhibits no hysteresis but also that (ii) the magnetization curves at

%47 As shown in Figure 5-

different temperatures should superpose in a plot of M versus H/T.
11c, data of M versus H/T for MC3 at 295 K and 100 K superpose perfectly, and only at 25
K a small deviation is observed. This imperfect H/T superposition may be due to the
changes in spontaneous magnetization of particles as a function of temperature, anisotropy
effects, inter-particle dipolar interactions, or a broad size distribution. It will be shown

below that the size effect can be ruled out.’
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Figure 5-11. (@) Magnetization curves for the hybrid nanocylinder MC3 at different

temperatures, (b) magnification of the central part of plot shown in (a); and (c) curves of M

vs. H/T.
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It has been reported that the conversion of Fe(OH), to y-Fe,Os is accelerated by heating
or addition of H,O, and may take place through intermediates such as FeO(OH) and
Fe;0,.'** Heating was not applied here because this may induce the hydrolysis of polymers
in strong basic medium. In our case, except for the magnetic nanocylinder MC4, a mild
oxidation agent, O, (in air), was used because of the easy oxidation of the fabricated tiny
particles with large surface. We observed that both O, and H,O, induced instant color
change from olive-green (the color of Fe(OH),) to reddish brown. SQUID measurements
show similar curves for MC3 and MC4, which were produced using O, and H,O, as
oxidation agents respectively. Only the magnetization of the produced nanoparticles was
slightly enhanced for oxidation with H,O,, as shown in Table 5-4. This agrees well with that
reported by other groups.*

Table 5-4. Results from Mossbauer and SQUID measurements

Code of Isomer | Quadrupole M,osK M,k M, H.
magnetic shift splitting at 50 kOe at 50 kOe at 2K at 2K
nanocylinder | (mm/s) (mm/s) (emu/g) * (emu/g)b (emu/g) ° (Oe)Cl
MC1 0.33 0.52 0.30° (8.15)" [ 1.07° (29.08)"[ 0.12° (3.26)" | 640
MC2 0.45 0.72 0.20 (2.71) | 2.29 (31.03) | 0.07 (0.95) | 370
MC3 0.44 0.70 0.29 (3.09) | 1.87 (19.96) | 0.15 (1.60) | 1160
MC4 0.44 0.70 0.33 (3.22) | 2.37 (23.17) | 0.18 (1.76) | 1000

(a) Magnetization at 295 K under an applied field of 50 kOe; (b) Magnetization at 2 K under
an applied field of 50 kOe; (c¢) remnant magnetization at 2 K; (d) coercivity at 2K; (e)
magnetization per gram of hybrid nanocylinder; and (f) magnetization per gram of iron

oxide.

Figure 5-12 shows temperature-dependent magnetization plots of MC3 at 20 Oe for the
zero-field-cooled (ZFC) and the field-cooled (FC) cases. The results are representative of
the behavior of all the samples. At high temperature the two curves coincide and follows the
Curie-Weiss law (linear relationship between M and T), as shown in the inset of Figure 5-
12a, while at low temperature they start to deviate from each other. Typically for

superparamagnetic nanoparticles, the ZFC curve shows a maximum at low temperature
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which is associated with the average blocking temperature of the particles. The maximum in
the ZFC curve shifts toward lower temperatures as the particle size decreases. As shown in
Figure 5-11b, a maximum at about 5 K was observed in the ZFC curve of MC3, indicative
of an average blocking temperature of 5 K. Such a small blocking temperature indicates

again the small particle size.

6 s a
51 -
! 2 24 P
,\U’\ 5 _8.-.'"8
g ] o m; P N
o 34 — DOB&
N &o@e"?
= 5 K ol ; :
0 50 100
1 T(K)
1_
e,
enolouoomo.o.o,o.o.m .
O T T T T T T T T T
0 100 200 300 400
T (K)
10
| b
6 \
D 6 \
S
E o
0 A
o 44 4
= |
= !
21 E \a
| T
E/ Tb
0 I| T T T T T T T
0 5 10 15 20 25 30
T (K)

Figure 5-12. (@) ZFC (full circles) and FC (open circles) magnetization measured as a
function of temperature (5—400 K for ZFFC and 400-3 K for FC) for the hybrid nanocylinder
MC3. The inset displays inverse magnetization as a function of temperature; and (b) refined
ZFC and FC curves with the temperature ranging from 2 K to 30 K (aiming to determine the

blocking temperature).
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28,50

According to superparamagnetic theory, the mean volume of spherical, V, can be

determined from the blocking temperature based on the following relationship:

KV
T, =T,€Xp T Eq. 5-1
BTb

where 7, is the experimental measurement time (100 s for the SQUID measurement), 7 is
the time constant characteristic for the material, K is the anisotropy constant, and kg is the
Boltzmann constant. Provided that y-Fe,Os nanoparticles were produced in our case, taking

3

the K and 7 values of 10° Jm~ and 10" s which are estimated and used by several

groups,’'? the calculated average y-Fe,O; particle size is about 1.7 nm in radius for 7j = 5
K. Equation 1 is derived for isolated and non-interacting magnetic particles, and in our case
inter-particle interaction may exist (as indicated by a deviation from linearity in the plot of
M' vs T, see Figure 5-12 a), nevertheless the above calculation still provide a clue of the
small size of the magnetic nanoparticles encapsulated in polymer brushes.

Additionally, the collapse temperatures (i.e., the temperature where FC and ZFC curves
deviate from each other) of all the four magnetic nanocylinders (MC1-MC4) are around 10
K. Such a low collapse temperature is a strong indication of a narrow size distribution of the

particles within the matrix.****
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5.4 Conclusions

In conclusion, magnetic iron oxide nanoparticles were successfully produced within the
well-defined polymer brushes with PAA core and PnBA shell via single molecule
templating technique, as confirmed by various techniques such as SFM, TEM, and
UV/visible spectroscopy. The SQUID measurements show that the hybrid nanocylinders are
superparamagnetic at room temperature. The polymer shell provides not only the stability of
the nanoparticles but also the solubility of the hybrid nanocylinders.

The amount and size of the fabricated magnetic particles are controlled by the limited
number of coordinated iron ions inside the polymer core. After the formation of the
magnetic nanoparticles, the carboxylate coordination sites within polymer brushes are freed
and ready for further coordination with more iron ions, thus it is possible to increase the
amount and/or size particle of the particles by multi-cycles of iron ion loading and particle
formation.

A polycrystalline sample with no preferred grain orientation has no net crystal
anisotropy due to averaging over all orientations. However, a nonspherical polycrystalline
specimen can possess shape anisotropy. A cylindrical sample, for example, is easier to
magnetize along the long direction than along the short directions.”® The investigations of
the orientation of these hybrid superparamagnetic nanocylinder under a magnetic field and
the related magneto-rheological behavior and birefrigence are undergoing and the results
will be published elsewhere.

The as-prepared hybrid nanocylinders combine of the promising properties of polymers
and superparamagnetic nanoparticles and may find potential applications such as in

ferrofluids.
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Chapter 6

Template-controlled synthesis of wire-like cadmium
sulfide nanoparticle assembly within core-shell

cylindrical polymer brushes

Abstract

A control fabrication of wire-like assemblies of cadmium sulfide (CdS) nanoparticles
has been developed based on a template technique. Well-defined amphiphilic core-shell
cylindrical polymer brushes were used as single molecule templates, utilizing the
coordination of cadmium ions with carboxylate groups in the core of the brush. Formation
of CdS nanoparticles inside the polymer brush was carried out via the reaction of the
coordinated Cd*" ions with H,S. This route resulted in wire-like CdS nanoparticle assembles
of about 4-5 nm in diameter and about 170 nm long. After the formation of the CdS
nanoparticles, the polymer brush resumes its original chemical structure and morphology
and therefore can be used as template again. The obtained polymer-semiconductor
nanocomposite is soluble and stable in organic solvents, and potential applications may be
found due to the quasi-1D structure of the assembly of the CdS nanoparticles. In principle,

the present synthetic approach is of general applicability to various metals and oxides.

* The results of this chapter has been published in
Mingfu Zhang, Markus Drechsler, Axel H. E. Miiller
Chemistry of Materials, 2004, 16, 537-543.
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6.1 Introduction

The synthesis and study of inorganic nanoparticles has become a major
interdisciplinary research area in recent years,'™ resulting from their numerous applications
in various areas. Particularly, research on semiconductor nanoparticles with size-dependent
optical and electronic properties is motivated by potential uses in the fields of nonlinear

10,11 12,13
’ ° and

0ptics,6’7 light-emitting devices,8 solar cells,9 biological labels, electronics,
catalysis,'* among others.* When the particles approach a size of a few nanometers, its
diameter is comparable to or less than that of the bulk semiconductor exciton (the exciton
diameter of cadmium sulfide is 5-6 nm '°), such that quantum confinement of electron-hole
pairs increases the band gap relative to that in the bulk materials. Therefore the control of
particle size allows tuning the band gap to give the desired electronic and optical properties.
Research has led to the fabrication of a number of devices.

Many synthetic methods for the preparation of inorganic nanoparticles have been
reported, including controlled precipitation in solution and confined synthesis in structured
templates.®* Template-directed synthesis represents a straightforward route to nanoparticles.
In this approach nanoparticles are generated in situ with the morphology complementary to
that of the template. A number of templates have been used, including hard solid templates

19,20

such as zeolites,'® glasses,17 layered solids,18 molecular sieves, alumina membranes’ and

21-28

self-organized media such as micelles (of surfactants and block copolymers) and

. 12931
vesicles

. In the case of hard solid templates, the fabricated nanoparticles are embedded
inside the matrix and thus it is hard to remove the templates after the synthesis. It is also
difficult for the further processing of the nanoparticles. In contrast, templates such as
micelles and vesicles can produce and stabilize dispersed nanoparticles which simplifies
postprocessing. Ordered (such as hexagonal) arrays of nanoparticles have been obtained via
a polymeric micellar route, and the templates can be removed completely by oxygen
plasma.”’’*? However, the instability of these templates limits their potential applications.
Once the templates decompose under harsh conditions (such as elevated temperatures or
change of solvent), the nanoparticles will lose their stabilization layer and may undergo
aggregation.

Recently, fabrication of inorganic nanoparticles in solid polymer matrixes has attracted
more and more attention, ' because the combination of inorganic nanoparticle and
polymer provides a simple route to stable and processable materials integrating the

promising properties of both components. However normally these composites cannot be
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redissolved while preserving the colloidal state of nanoparticles. Among polymeric
templates, the single polymer molecule represents an important type, because isolated
nanocomposites based on single molecules can be obtained, which have very desirable
processing characteristics. Dendrimers,*' DNA***, and polyelectrolytes** have been used as
single molecule templates for inorganic nanoparticle synthesis. Basically, all the
applications based on single polymer molecule can be applied to the single molecule-
nanoparticle composite as well. For example, a single DNA molecule was used as a
template for the growth of a conductive silver nanowire, which was used as a nanocircuit to
connect macroscopic electrodes.*

Very recently, Schmidt et al. succeeded in synthesis of gold nanoclusters and nanowires
using polymer brushes with poly(2-vinylpyridine) core and polystyrene shell as templates.*’
However, the length distribution of those brushes was broad because they were synthesized
via conventional radical polymerization of block macromonomers. Thus, control of the
length of fabricated nanowires could not be achieved.

In this paper we describe the use of a amphiphilic core-shell cylindrical polymer brush
with poly(acrylic acid) (PAA) core and poly(n-butyl acrylate) (PnBA) shell as template for
the synthesis of wire-like assemblies of cadmium sulfide (CdS) nanoparticles. The structure
of the polymer brush is shown in Scheme 6-1. It is well-defined both in length and diameter.
Obviously this amphiphilic core-shell polymer brush can be regarded as a unimolecular
cylindrical micelle, thus it has the advantages of both micellar templates and single
molecular templates. Compared to block copolymer micelles, it has a much better stability
against the change of exterior environment, because one end of the side chain is linked to
the backbone of the polymer brush via strong covalent bond. Moreover, the shell of the
polymer brush protects the fabricated nanoparticles from aggregation, which cannot be
achieved by other single molecule wire-like templates such as polyelectrolyte and DNA.

In our method, the amphiphilic polymer brush acts as both a nanoreactor for the
formation of CdS nanoparticles and a template to direct the distribution of nanoparticles
inside the polymer. The core of the polymer brush carries carboxylate groups (after
neutralization of PAA) capable of coordinating with Cd*" ions. The coordinated Cd*" ions
were subsequently sulfidized to form a string of nanoparticles along the backbone of the
polymer brush. Both chains of separated nanoclusters and continuous nanowires could be

obtained, which are of equal interest.* The hydrophobic shell of the polymer brush offers
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the solubility of the final composite in organic solvents, in addition to the stabilization of

nanoparticles.

HOOOO

25

1500

Scheme 6-1. (a) Chemical structural formula of the polymer brush used in the present

paper, [AA>s-nBAg] 1500, and (b) its schematic 3-D structure.

The combination of precise size control, solubility, stability and easy processing makes
the cylindrical polymer brush a unique template for the preparation of wire-like assemblies

of semiconductor nanoparticles.
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6.2 Experimental Section

All chemicals were of analytical grade and used as received without further

purifications. The synthesis of polymer brushes was reported earlier.**®

The degree of
polymerization (DP) of the backbone was determined by membrane osmometry and the DP
of side chains was calculated from monomer conversion of polymerization.

The synthesis of CdS nanoparticles inside the core-shell polymer brushes proceeded as
follows. First 29.7 mg of the polymer brush, [AA,s-nBAgi]i500 (containing 0.077 mmol of
acrylic acid), was dissolved in 20 mL of a mixture of methanol and chloroform (v/v = 1/1).
Then 75 pL of 1.0 M NaOH aqueous solution was added to neutralize the polymer core.
After stirring for 6 h, 0.042 mmol of CdAc,2H,0 (0.133 M solution in methanol) was
added and the reaction mixture was stirred overnight. A transparent solution was obtained.

To remove the uncoordinated Cd*" ions, dialysis was tried first. This was done in a
mixture of methanol and chloroform (v/v = 1/1) using regenerated cellulose membrane tube
(molecular weight cutoff = 6-8000). The solvent was changed every three days. After 20
days of dialysis, free Cd*" salt was still observed via scanning force microscopy (SFM),
indicating that dialysis is a very slow process. To remove the residual free Cd*,
precipitation was carried out by addition of water. The precipitate was washed with
methanol twice, and finally redissolved in 30 mL of methanol/chloroform (v/v = 1/1). The
turbid dispersion of the polychelate of the polymer brush and Cd*" ions was stable in this
solvent for several hours without appreciable precipitation, however, most polychelates
settled to the bottom one day later. The supernatant was used to check the purity of the
polychelate, and no free Cd*" salt was observed by SFM.

The turbid dispersion of the polychelate was bubbled with N, for 1 h to remove the
oxygen, and then H,S was introduced under N, atmosphere. The color of the dispersion
turned yellow instantly, indicating the formation of CdS. An optically clear solution was
finally obtained, which was bubbled with N, for 3 h. The yellow solution was stable over
several months.

Scanning force microscopy (SFM) images were recorded on a Digital Instruments
Dimension 3100 microscope operated in Tapping Mode. The samples were prepared by dip-
coating from dilute solutions of the polymer brush, polychelate (supernatant) and hybrid of
the polymer brush and CdS nanoparticles in CHCI3/CH3;OH (v/v = 1/1) onto freshly cleaved

mica.
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Transmission electron microscopy (TEM) images were taken on a LEO 922 OMEGA
electron microscope operated at 200 kV (Figures 6-2a and b, and 3b-d), or a Zeiss CEM 902
electron microscope operated at 80 kV (Figure 6-3a). A 5-uL droplet of a dilute solution,
with the concentration similar to that for SFM samples, was dropped onto a copper grid
(300 mesh) coated with a carbon or Formvar/carbon film, followed by drying at room
temperature. The same sample was also used for electron diffraction (ED) measurements,
which were carried out on a Philips CM 20 TEM operated at 200 kV. Energy-dispersive X-
ray (EDX) analysis was performed on a LEO 1530 field emission scanning electron
microscope using an X-ray detector. The samples were obtained by applying a drop of a
dilute solution onto a silicon wafer followed by drying at room temperature.

UV/visible absorbance spectra of samples in methanol/chloroform (v/v = 1/1) were
recorded on a Perkin-Elmer Lambda 15 UV/visible spectrophotometer. The spectrum from a

quartz cuvette containing solvent was subtracted from all sample spectra.
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6.2 Results and Discussion

Advances in living polymerizations enable us to synthesize polymers with well-defined
structures and sizes. An amphiphilic cylindrical polymer brush with hydrophilic poly(acrylic
acid) (PAA) core and hydrophobic poly(n-butyl acrylate) (PnBA) shell, used as the template
in this paper, was synthesized via combination of anionic polymerization and atom transfer
radical polymerization (ATRP), as reported in our previous paper.”® A brief description of
the polymer synthesis is given as follows. The backbone of the polymer brush, poly(2-
hydroxyethyl methacrylate) (PHEMA), was synthesized via anionic polymerization of the
silyl-protected monomer (2-(trimethylsilyloxy)ethyl methacrylate) followed by the cleavage
of the protecting trimethylsilyloxy groups. Through esterification of the all pendant hydroxy
groups of PHEMA with a-bromoisobutyryl bromide, ATRP initiating groups were attached
to the backbone. Sequential ATRP of #-butyl acrylate (fBA) and n-butyl acrylate (nBA)
initiated by the pendant a-bromoester groups on the backbone formed the block copolymer
(PtBA-b-PnBA) side chains. Finally, the selective hydrolysis of the tert-butyl groups of the
PrBA block resulted in the amphiphilic core-shell cylindrical polymer brush. Because of the
living/controlled nature of both anionic polymerization and ATRP, the length of brush as
well as the diameters of core and shell are well-defined. As shown in Scheme 1la, the
polymer brush used here has 1500 block copolymer arms consisting of 25 acrylic acid units
in the core block and 61 n-butyl acrylate units in the shell block (defined as [AAjs-
nBAg1]1s00)- The polydispersity indices (M,/M,) of the backbone and the polymer brush are
1.08 and 1.29, respectively.

A typical scanning force microscopy (SFM) image of the polymer brush is shown in Figure
6-1a. Wormlike cylinders are clearly visible. A statistical analysis of the SFM image shows
that the number- and weight-average lengths of the polymer brushes are L, = 166 nm and L.,
= 180 nm respectively, with a polydispersity index L/L, =1.08, which is identical to the
polydispersity index of the backbone. As shown in Figure 6-1a, one can easily see the core-
shell structure in the phase image but not in the corresponding height image. The difference
in hardness between the relatively hard PAA (glass transition temperature, 7, = 106 °C™)
core and the very soft PuBA (7, = -54 °C>" shell provides the apparent contrast in the phase
image, thus the core-shell structure shown in the right side of Figure 6-1a should correspond
to that of the polymer brush. Because of the very low glass transition temperature of PnBA,
the shell of the polymer brush is totally collapsed on mica at room temperature and thus its

height is undetectable.*® The SFM image clearly shows that these polymer brushes are
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structurally well-defined single molecule templates for the nanoparticle fabrication, and the

controls of both the dimension of nanoparticle and the length of wire-like nanoparticle

assembly can be achieved.

25°

25°

Figure 6-1. Tapping Mode SFM images (left: height, right: phase) of (a) the polymer
brush, [AAss-nBAsi] 1s00; (b) the polychelate of the polymer brush and Cd*" ions; and (c) the

hybrid of the polymer brush and CdS nanoparticles. All the samples were measured on

mica.
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0.5 um

0.5 um

Figure 6-2. 3-D SFM images of (a) the polymer brush, [AA>s-nBAsi]is00; (b) the
polychelate of the polymer brush and Cd’" ions; and (c) the hybrid of the polymer brush

and CdS nanoparticles.
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Our approach in using the cylindrical polymer brush as template for the synthesis of
CdS nanoparticles includes three steps, as illustrated in Scheme 6-2. In the first step (a—b),
the PAA core of the polymer brush was neutralized using NaOH. It has been reported that
the conversion of carboxylic acid to sodium carboxylate results in large increase in both the
extent and rate of transition metal ion uptake.”> Afterward, Cd*" ions were introduced into
the core of the polymer brush via ion exchange between Cd*" and Na" (step 2: b—>c). The
uncoordinated Cd*" ions were removed by either precipitation or membrane dialysis, then
the composite of the polymer brush and Cd*" ions, named as polychelate,”® was obtained. In
the final step (c—d), H,S gas was introduced into the dispersion of the polychelate, and CdS
nanoparticles were produced, indicated by the instant color change from colorless to yellow.
The size of the resulting particles was limited by the amount of Cd* ions within the
polychelate, which in principle can be controlled by varying the core size of the polymer

brush, the neutralization extent of the core and the amount of cadmium salt used.

IR S

Cds

d c

Scheme 6-2. Schematic illustration for the synthesis of wire-like assembly of CdS
nanoparticles inside the cylindrical polymer brush: (a) the polymer brush with PAA core
and PnBA shell; (b) the neutralized polymer brush with poly(sodium acrylate) core (Na" is
not shown); (c) the polychelate of the brush and Cd*" ions; and (d) the hybrid of the brush

and wire-like assembly of CdS nanoparticles.
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SFM measurements showed that there was no apparent change in the morphology of
the polymer brush before and after neutralization. However, after loading of Cd*" ions, the
morphology of the polymer brush changed dramatically. A peculiar “pearl necklace”
structure of the polychelate was clearly observed in the SFM image (Figure 6-1b) and the
corresponding 3-D image (Figure 6-2b). This structure may stem from the “cross-linking” of
side chains induced by the coordination between divalent Cd** ions and monovalent
carboxylate groups from different side chains. Similar phenomena were also observed in the

4 . 24 .
and in Fe”" loaded microporous

polychelate of another polymer brush and Fe’* ions,’
membranes containing PAA grafts in the pores.” In contrast, monovalent ions such as Na”
did not induce the formation of the “pearl necklace” structure, simply because the “cross-
linking” of different side chains cannot happen. Particularly, the morphology change was
observed solely in the core region, supporting that the Cd*" ions coordinate selectively with
the core block of the polymer brush. Moreover, the height of the polychelate is more than
two times of that of the pure polymer brush, indicating that the loading of Cd*" ions stiffens

the polymer brush significantly. Scheme 6-3 depicts the structure of the polychelate.

I single bead

Scheme 6-3. Schematic illustration of the “pearl necklace” structure of the polychelate.

The pearl necklace-like morphology was also observed in the SFM image of pure
polymer brushes with PuBA core and polystyrene (PS) shell on mica.’® However in that
case the driving force for the morphology formation is different from that for polychelates.
On substrate mica, the PS tails in the block copolymer brushes tend to aggregate due to
dewetting of PS on mica. While aggregation of PS occurs, the PuBA chain fragments
remain tightly adsorbed on the substrate, leading to the necklace-like morphology. In
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contrast, smooth contours were observed for the polymer brushes with PAA core and PnBA
shell on mica (as shown in Figure 6-1a), because both PAA and PnBA are tightly adsorbed
on the substrate due to their attractive interactions with mica. Thus the formation of the
“pearl necklace” structure of polychelates can be attributed to the “cross-linking” of side
chains by Cd*" ions.

Removal of uncoordinated free Cd*" ions via precipitation (or dialysis) ensures that the
CdS nanoparticles form solely inside the polymer template. Because of the linking of side
chains by Cd*" ions, the solubility of the polymer brush decreased. After precipitation, the
purified polychelate could not be completely redissolved in the same solvent for the pure
polymer brush, and only a turbid dispersion was obtained. Without stirring, most
polychelates precipitated out in one day. The supernatant of the polychelate dispersion was
used for SFM characterization. One can see more short brushes in the SFM image of the
polychelate (Figure 6-1b), as compared to that of the polymer brush (Figure 6-1a). This is
due to that long polymer brushes in the polychelate dispersion are easier to precipitate so
that there are more short brushes in the supernatant.

After the formation of CdS nanoparticles the “pearl necklace” structure disappeared
(Figures 6-1c and 6-2c¢), and the morphology of the obtained hybrids of the polymer brush
and CdS nanoparticles was almost the same as that of the pure polymer brush, indicating
that the “cross-linking” of side chains induced by inter-side chain coordination via bridging
Cd*" ions vanished. Additionally, the height of the hybrid is similar to that of the polymer
brush, indicating that the CdS nanoparticles formed inside the polymer brush must be very
small such that they did not change the overall dimension of the polymer template
significantly. As expected, the polymer brushes recovered their original solubility after the
formation of CdS nanoparticles, and a clear yellow solution was obtained. This yellow
solution was stable for several months (stored in a dark place with stirring), remaining free
of precipitate or turbidity.

Without staining, the contrast for the polymer brush is too weak to render an image via
transmission electron microscopy (TEM). However, a good contrast was observed when
Cd*" ions were loaded, as shown in Figure 6-3a. Wormlike dark domains in the bright-field
TEM image of the polychelate present a direct proof for the successful coordination of Cd**
ions with carboxylate groups in the core of the polymer brush. The diameter of the
wormlike objects is about 5-6 nm, which should correspond to that of the core of the

polymer brush. A closer examination of the TEM image of the polychelate (Figure 6-3b)
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clearly shows string of spherical dark grains, which again confirms the “pearl necklace”

structure of the polychelate as shown in the SFM image (Figures 6-1b and 6-2b).

Figure 6-3. Non-stained TEM images of the polychelate of the polymer brush and Cd”*

ions on Formvar/carbon coated copper grids.

o

Figure 6-4. Non-stained TEM images of wire-like assembly of CdS nanoparticles: (a) on
Formvar/carbon coated copper grid; and (b-d) on carbon coated copper grid. Inset in

Figure 6-4a: electron diffraction pattern.
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Figure 6-4 shows some typical TEM images of the hybrid of the polymer brush and
CdS nanoparticles on different substrates. Compared to that of the polychelate, a higher
contrast was observed due to the formation of CdS nanoparticles. Wire-like assemblies
(with a diameter of 4-5 nm) of CdS nanoparticles were clearly visible. The diameter of these
wire-like assemblies is slightly less than that of the core of the polychelate, indicating the
more compact structure of CdS nanoparticles. Both continuous nanowires with regular
shape (Figure 6-4c) and wire-like assemblies of discrete nanoparticles (Figure 6-4d) are
observed. Although the precursors of CdS nanoparticles, Cd*" ions, are confined in
separated “beads”, CdS can diffuse and grow to form a continuous phase due to its weaker
bonding to the carboxylic acid groups compared to that of Cd*". The nucleation, growth and
interconnection of CdS nanoparticles inside the polymer brush is a complex process, and
further investigation is needed to control the distribution of the nanoparticles along the
polymer brush. Nevertheless, the carboxylic acid coordination sites are regenerated after the
formation of CdS nanoparticles, therefore it is possible to perform multi-loading of Cd*"
ions followed by the treatment with H,S. Thus, the discrete CdS nanoparticles might be
further connected to generate continuous nanowires.

The electron diffraction pattern of the CdS nanoparticles, as shown in the inset of
Figure 6-4a, supports the presence of a polycrystalline structure, which is often obtained in
template-directed methods.” The d spacings calculated from the rings in the electron
diffraction pattern are 3.29, 2.02, and 1.73 A, which correspond to the reported d spacings
for lattice planes (111), (220), and (311) of the cubic (zinc blende) phase of CdS.”"”®

Elemental analysis of the hybrid was carried out using the energy dispersive X-ray
(EDX) analysis of a scanning electron micrograph. Figure 6-5 shows the EDX spectrum of
the hybrid of the polymer brush and CdS nanoparticles, which confirms the presence of
cadmium and sulfur. The average atom ratio of Cd/S over the selected area is 1.1, quite

close to the theoretical value.
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Figure 6-5. EDX spectrum of the hybrids of the polymer brush and CdS nanoparticles.

It is known that CdS particles larger than about 6 nm, the size of an exciton in the bulk,
start to absorb at the wavelength of about 515 nm. With decreasing particle size, the
absorption threshold shrifts to shorter wavelengths as a result of quantum confinement
effects. Figure 6-6 shows the UV/visible absorption spectrum of the hybrid of the polymer
brush and CdS nanoparticles. Considering the pure polymer brush has nearly no absorption
in the observed wavelength range,>* the absorption shown in Figure 6-6 can be attributed
exclusively to the CdS nanoparticles. The absorption spectrum illustrates characteristics
similar to those of CdS colloids formed via other techniques: an absorption onset at 500 nm,
a shoulder at around 450 nm and a steep rise below 300 nm.** As expected, the absorbance
edge (Ao =478 nm) of CdS nanoparticles in the polymer brush is blue-shifted relative to that
of bulk CdS, indicating of the small particle size.

As mentioned before, the core of the polymer brush is reprotonated after the formation
of CdS nanoparticles, therefore it is possible to perform further reactions. For example,
loading of other metal ions may be used for surface modification of the CdS nanoparticles
and core-shell and onion-type nanoparticles might be obtained.” Additionally,
reneutralizing the acrylic acid units with NaOH will increase the stability of the hybrids in
organic solution, since the solubility of poly(sodium acrylate) in organic solvents is much

lower than that of poly(acrylic acid).
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Figure 6-6. UV/isible spectrum of the hybrid of the polymer brush and CdS nanoparticles.
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6.4 Conclusions

Using the amphiphilic core-shell cylindrical polymer brush with PAA core and PnBA
shell as template, wire-like assemblies of CdS nanoparticles were successfully synthesized
under mild solution conditions, as confirmed by SFM, TEM, EDX, and UV/visible
spectroscopy. The well-defined polymer template provides good control of the formation of
CdS nanoparticles and the solubility of the hybrids in organic solvents, which might be very
important in some applications. Because of the promising combination of polymeric
properties (stability, elasticity, and processability) with those of semiconductor
nanoparticles, we might expect some interesting applications based on this hybrid material.

The reaction scheme presented here is not restricted to semiconductor nanoparticles,
but can also be used for the preparation of metal or metal oxide particles. The fabrication of
magnetic nanoparticles inside the polymer brush is under investigation and the results will

be published soon.
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Chapter 7 Summary

Core-shell cylindrical polymer brushes with poly(t-butyl acrylate)-b-poly(n-butyl
acrylate) (PtBA-b-PnBA) diblock copolymer side chains were synthesized via the “grafting
from” technique using a combination of anionic polymerization (for the synthesis of the
backbone) and atom transfer radical polymerization (ATRP, for the synthesis of the side
chains). The formation of well-defined brushes was confirmed by '"H-NMR and GPC. The
selective hydrolysis of the PtBA block of the side chains resulted in novel amphiphilic core-
shell cylindrical polymer brushes with poly(acrylic acid)-b-poly(n-butyl acrylate) (PAA-b-
PnBA) side chains. The characteristic core-shell cylindrical structure of the brushes was
directly visualized on mica by scanning force microscopy (SFM). Amphiphilic brushes with
1500 block copolymer side chains and a length distribution of 1,/1, = 1.04 at a total length 1,
= 179 nm were obtained. These amphiphilic polymer brushes can be regarded as
unimolecular cylindrical micelles, because of the core-shell structure and the amphiphilicity
of side chains.

The amphiphilic brushes can be used as single molecular templates for the synthesis of
inorganic nanoparticles, because the carboxylic acid groups (or carboxylate groups, after
neutralization) in the polymer core can coordinate with various metal ions.

The hydrophilic core of polymer brushes, poly(acrylic acid), was neutralized by NaOH
and afterward iron cations (Fe’" and Fe®") were loaded into the polymer core via ion
exchange. The formation of the polychelates of polymer brushes and iron cations was
confirmed and characterized by various techniques such as Fourier transform infrared
spectroscopy (FTIR), UV/vis spectroscopy, transmission electron microscopy (TEM) and
SFM. A peculiar “pearl necklace” morphology was observed for the polychelates, which is
caused by the physical cross-linking of the side chains via multivalent iron cations.
Formation of crystalline a-Fe,O; (hematite) was observed during the He-Ne laser irradiation
in the confocal Raman microscopy measurement of the polychelate containing Fe®* ions.

Magnetic nanoparticles were successfully produced from the coordinated iron cations
within polymer brushes via single molecule templating technique, as confirmed by various
techniques such as SFM, TEM, and UV/visible spectroscopy. Superconducting quantum
interference device (SQUID) magnetization measurements show that the hybrid

nanocylinders are superparamagnetic at room temperature. The polymer shell provides not
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only the stability of the nanoparticles but also the solubility of the hybrid nanocylinders.
After the formation of the magnetic nanoparticles, the carboxylate coordination sites within
the polymer brushes are liberated and ready for further coordination with more iron ions,
thus it is possible to increase the amount and/or particle size of the nanoparticles by multi-
cycles of iron ion loading and particle formation. The as-prepared hybrid nanocylinders
combine the promising properties of polymers and superparamagnetic nanoparticles, and
may find potential applications such as in ferrofluids.

Similarly, using the amphiphilic core-shell cylindrical polymer brush with PAA core
and PnBA shell as template, wire-like assemblies of CdS nanoparticles were successfully
synthesized under mild solution conditions, as confirmed by various characterization
techniques. Quantum confinement of the CdS nanoparticles was observed, indicated by the
blue shift of the absorbance edge in UV/visible spectrum.

The technique using a single cylindrical molecule as template for inorganic
nanoparticle fabrication presented in this thesis is not restricted to magnetic/semiconductor
nanoparticles, but can also be used for the preparation of a number of metal, metal oxide,

and metal chalcogenide nanoparticles.
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Zusammenfassung

Mit der ,,grafting from*“-Technik wurden zylindrische Kern-Schale-Polymerbiirsten mit
Seitenketten aus poly(z-butylacrylat)-b-poly(n-butylacrylat) (PtBA-b-PnBA)-
Zweiblockcopoly-meren  synthetisiert. Die Hauptkette wurde durch anionische
Polymerisation und die Seitenketten durch radikalische Atom-Transfer-Polymerisation
(ATRP) hergestellt. Durch 'H-NMR und GPC konnte die erfolgreiche Synthese
wohldefinierter Polymerbiirsten nachgewiesen werden. Die selektive Hydrolyse des P/BA-
Blocks der Seitenketten fiihrte zur Bildung von neuartigen zylindrischen Kern-Schale-
Polymerbiirsten mit Poly(acrylsdure)-b-Poly(n-butylacrylat) (PAA-b-PnBA)-Seitenketten
mit amphiphilen Eigenschaften. Die charakteristische zylindrische Kern-Schale-Struktur der
Biirsten konnte auf Mica direkt durch Rasterkraftmikroskopie (SFM) beobachtet werden. Es
wurden amphiphile Biirsten mit 1500 Blockcopolymer-Seitenketten mit einer
Langenverteilung von /,/l, = 1.04 und einer Konturldinge von /, = 179 nm erhalten.
Aufgrund der Kern-Schale-Struktur und der amphiphilen Eigenschaften der Seitenketten
konnen diese Polymerbiirsten als unimolekulare zylindrische Micellen angesehen werden.

Da die Sduregruppen (oder nach Neutralisation die Carboxylat-Gruppen) eine Vielzahl
von Metallionen binden kdnnen, konnen die Polymerbiirsten als unimolekulare Template fiir
die Synthese von anorganischen Nanoteilchen benutzt werden.

Nach Neutralisation der Polyacrylsdure, dem hydrophilen Kern der Polymerbiirste,
wurde dieser mit Eisenkationen (Fe*” und Fe*") durch Ionenaustausch beladen. Die Bildung
von Polychelaten zwischen der Polymerbiirste und Eisenkationen konnte durch
verschiedene analytische Methoden, wie Fourier-Transform-Infrarotspektroskopie (FTIR),
UV-VIS-Spektroskopie, Transmissionselektronenmikroskopie (TEM) und SFM bestitigt
und charakterisiert werden. Insbesondere wurde eine ,,Perlenketten-Struktur in den
Polychelaten beobachtet, die durch die physikalische Verkniipfung von Seitenketten durch
multivalente Eisenkationen erklart werden kann. Wihrend der Bestrahlung mit einem He-
Ne-Laser in der konfokalen Raman-Mikroskopie konnte die Bildung von a-Fe,O3; (Hédmatit)
beobachtet werden.

Die in den Polymerbiirsten gebundenen Eisenkationen konnten erfolgreich zur Synthese
von magnetischen Nanoteilchen verwendet werden. Die Polymerbiirste diente dabei als
unimolekulares Templat. Dies wurde durch SFM, TEM und UV-VIS-Spektroskopie

bestitigt. Der Superparamagnetismus der Hybrid-Nanozylinder bei Zimmertemperatur
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konnte durch Messungen der Magnetisierung mit einem supraleitenden Quanteninterferenz-
Gerit (SQUID) gemessen werden. Die Polymerschale sorgt nicht nur fiir die Stabilitdt der
Nanoteilchen, sondern auch fiir die Loslichkeit der Hybrid-Nanozylinder. Da nach der
Bildung der magnetischen Nanoteilchen die Carboxylatgruppen in der Polymerbiirste
wieder frei sind, konnen erneut Eisenionen koordiniert werden. Damit kann die Anzahl
und/oder die TeilchengroBBe der Nanoteilchen durch wiederholtes Beladen mit Eisenionen
und nachfolgender Teilchenbildung erhoht werden. Die so dargestellten Hybridmaterialien
vereinigen die vorteilhaften Eigenschaften von Polymeren und superparamagnetischen
Nanoteilchen und konnen zum Beispiel Anwendung in Ferrofluiden finden.

Auf dhnliche Weise wurden mit amphiphilen Kern-Schale-Zylinderbiirsten mit PAA-
Kern und PnBA-Schale als Templat erfolgreich leitungsartige Anordnungen von CdS-
Nanoteilchen unter milden Bedingungen dargestellt und durch verschiedene analytische
Techniken charakterisiert. Die beobachtete Blauverschiebung an der Absorptionskante im
UV-VIS-Spektrum weist auf eine Quanteneinschrinkung in den CdS-Nanoteilchen hin.

Die Darstellung von anorganischen Nanoteilchen durch templatgesteuerte Synthese
mittels einer einzelnen Zylinderbiirste, die in dieser Arbeit beschrieben wird, ist nicht auf
magnetische oder halbleitende Nanoteilchen beschrinkt, sondern kann auch auf eine
Vielzahl anderer Metall-, Metalloxid- und Metallchalkogenid-Nanoteilchen ausgeweitet

werden.
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