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Abstract

An approach for preparing the ordered structures ‘of Au/polymer
nanocomposites - is discussed, which employs solvent vapor, supercritical
CO, and, thermal annealing process for Au-loaded poly(1H,1H-
dihydroperfluorooctyl 'methacrylate)-b-poly(ethylene oxide) (PFOMA-b-
PEO) and Au-loaded poly(3-hexylthiophene)-b-poly(1H,1H-
dihydroperfluorooctyl ‘methacrylate) (P3HT-b-PFOMA) thin films.
Semifluorinated diblock copelymers PEFOMA o-b-EO,x was prepared by
atom transfer radical polymerization (ATRP), and its micellar solution with
a gold precursor, LiAuCls, in.chloroform wasspin-coated onto substrate to
produce thin hybrid films. After annealing, the chains were reorganized and
formed spherical copolymeric films. The nanoparticles were forced to
follow the morphological change and were transformed into a larger single
particle in each PEO domain. In the case of P3HT4-b-PFOMA 4, the block
copolymers underwent microphase separation and self-assembly into well-
defined and organized nanofibrillar-like morphology from their micelle
solution. The gold nanoparticles were stabilized by the interaction of the
sulfur atoms of P3HTs with the gold surface and they dispersed in the P3HT
phase. The length of nanofibrils increased a little with pronounced
branching after thermal annealing, solvent annealing and scCO, annealing in
the micellar films with the Au nanoparticles.
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Chapter 1

GENERAL INTRODUCTION

1.1. BLOCK COPOLYMER
1.1.1. Molecular structure

Block copolymers, consisting of connected blocks (sequences) formed
by two or more chemically homogenous polymer fragments joined together
by covalent bonds, independent of the procedure of synthesis, can be in a
linear and/or radial arrangement. In the simplest case, a diblock copolymer
AB consists of two different homopolymers linked end to end. Extension of
this concept leads to ABA or BAB triblocks and to (AB), linear multiblocks,
whereas ABC copolymers are obtained by the incorporation of a polymer
sequence having a third composition. Radial arrangements of block
copolymers are in the simplest case star-shaped structures, where n block
copolymer chains are linked by one of their ends to a multifunctional moiety.
Another structural possibility designated by heteroarm block copolymers is
to link » homopolymer sequences to a given junction point [1]. The type of
monomer in a block determines many of the properties and modern polymer
synthetic techniques. provide access to a -wide range of components [2]
(Figure 1.1). These block “copolymers have-shown great diversity in
morphology, depending on the composition of block copolymer as well as
the molecular architectures [3].

ABA
ABABA ABC miktoarm AB ring A B, star arm

Figure 1.1. Various molecular architectures of block copolymers.



The complex structure of BCP materials leads to a variety of useful
properties; indeed, industrial applications for BCPs in thermoplastic
elastomers, foams, adhesives, etc. have been around for decades [4].

1.1.2. Diblock copolymer morphology

The phase behavior of diblock copolymers has been the subject of
numerous theoretical and experimental studies over recent decades, and is
relatively well understood [5-8]. This self-assembly process is driven by an
unfavorable mixing enthalpy and a small mixing entropy, while the covalent
bond connecting the blocks prevents macroscopic phase separation. The
microphase separation of diblock copolymers depends on the total degree of
polymerization N (= Na + Ng), the Flory-Huggins y-parameter (which is a
measure of the incompatibility between the two blocks) and the volume
fractions of the constituents blocks (faand fg, fa =1 - f5). The segregation
product ¥N determines the degree of misrophase separation.-Depending on
xN, three different regimes can be distinguished: (1) the weak-segregation
limit for yN < 10; (2) the intermediate segregation region for 10 < yN < 50
and (3) the strong segregation limit for N — oo.

‘ ) /// I3
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Figure 1.2. Schematic representations of the morphologies obtained for

diblock copolymer melts.

In bulk, the minority block is segregated from the majority block
forming regularly-shaped and uniformly-spaced nanodomains [8]. The
shape of the segregated domains in a diblock is governed by the volume
fraction of the minority block, f, and block incompatibility. Figure 1.2
shows the equilibrium morphologies documented for diblock copolymers
[9]. At the volume fraction of = 20 %, the minority block forms a body-
centred cubic spherical phase in the matrix of the majority block. It changes
to hexagonally packed cylinders at a volume fraction = 30 %. Alternating



lamellae are formed at approximately equal volume fractions for the two
blocks. At the volume fraction of = 38 %, the minority block forms gyroid
or perforated layers at moderate and high incompatibility, respectively.
Furthermore, the smallest dimension of a segregated domain, e.g., the
diameter of a cylinder, is proportional to the two-thirds power of the molar
mass of the minority block and can typically be tuned from = 5 to = 100 nm
by changing the molar mass of the block [10].

1.1.3. Semifluorinated block copolymer

Semifluorinated block and graft copolymers are amphiphilic materials
that combine the unique self-assembly characteristics of block copolymers
and the unparalleled properties of fluorinated polymers. Fluorinated blocks
have attracted much-attention due to their unique such-as low surface energy,
excellent chemical and thermal stability, low refractive index and dielectric
constant, chemical/biological inertness, and oil/water repellence, which
cannot be achieved by the corresponding non-fluorinated materials [11-13].
They may be utilized in many applications for example, as surfactants for
polyurethane foams [14] and as emulsifiers in liquid and supercritical
carbon dioxide [15]. Although waterin-carbon dioxide (W/C) emulsions
have been' formed with perfluoroether surfactant and silicone based
surfactants [16], they have not been reported with fluoromethacrylate
polymers. These-emulsions are of interest in environmentally benign solvent
formulations for separations, polymerizations [17] and in material synthesis.

Lowering surface energy is mainly contributed by the structure and the
hydrophobicity of the fluorinated copolymers. Perfluorinated segments of
the fluorine containing graft copolymer of poly(perfluoroalkyl
ethylmethacrylate)-graft-poly(methyl methacrylate) had better surface
modification ability in comparison with the random copolymer with same
components [18]. The reason is high hydrophobicity of graft copolymer and
less hindrance of perfluoroalkyl groups by grafting methyl ester groups of
methyl methacrylate segments.

Semifluorinated diblock copolymers based on methyl methacrylate and
IH, 1H, 2H, 2H-perfluoroalkyl methacrylates were prepared by



nucleophilic-catalyzed group transfer polymerization [19,20]. The surface
activity of the materials and the formation of micelles were revealed in
toluene. While the block copolymer formed cylindrical micelles, the
coexistence of the poly(methyl methacrylate) homopolymer shifted the
association equilibrium to the side of spherical aggregates. Micelles were
formed with the fluorinated blocks turned inside the core and the non-
fluorinated blocks located at the corona. However, the surface of thin
polymer films cast from a toluene solution consisted mainly of the
fluorinated block. During the film formation, monomeric polymers covered
the surface with fluorinated block at the airside.

Several attempts have been reported to prepare semifluorinated
copolymers by means-of cationic [21], anionic [22];living radical [23], and
group transfer polymerization [24], but few studies have addressed the
synthesis of block copolymers composed of a hydrophilic block and a
semifluorinated block [25,26]. The limited number of studies may be
attributed to the limited solubility of fluorinated polymers 'in common
organic solvents and the limited mechanisms by which the fluorocarbon
monomer c¢an be polymerized.

Controlled free radical polymerization techniques provide the best route
for the preparation of these amphiphilic block copolymers due to the relative
ease of synthesis and their compatibility with a wide range of solvents
[27,28]. Specifically;. atom transfer radical polymerisation (ATRP) is an
attractive method for the -synthesis of well-defined copolymers with
controlled molecular weight, polydispersities, terminal functionalities, and
chain architecture composition [28, 29].

Recently, the synthesis of block copolymers containing poly(ethylene
oxide) (PEO) and PS were reported by ATRP using a PEO macro-initiator
obtained by functionalizing the HO-PEO-OH with 2-bromo- or 2-
chloropropionyl ester end group [30, 31]. The polymerization proceeded in a
living manner to yield well-defined block copolymers, which are difficult to
synthesize by the sequential anionic method. Thus, esterification of a
hydroxyl group of a preformed macromolecule with halogenated acyl halide



proved to be an excellent method for producing macroinitiators suitable for
ATRP [31, 32].

1.1.4 Conjugated rod-coil block copolymers

Several classes of m-conjugated rod-coil block copolymers have been
reported in the literature, including fluorene [33-35], phenylene [36-38],
thiophene [39-42], quinoline [43,44]. Aggregation and microphase
separation of rod-coil block copolymers have yielded a number of nanoscale
morphologies, such as lamellar, spherical, cylindrical, vesicular, and
microporous structures. The m-m interaction between the conjugated rods
provides additional structural control factor and functionality, which differs
distinctly from those of conventional coil-coil block copolymers.
Furthermore, the self-assembled morphology of conjugated rod-coil block
copolymers may lead to additional electronic processes. such as exciton
confinement -and interfacial effects. Also, the combination of a stimuli-
responsive coil segment with the tunable photophysical properties of the
conjugated rod could produce novel multifunctional sensory materials. The
synthesis, morphology, and applications of conjugated rod-coil block
copolymers involved in this review are summarized in Figure 1.3 [45].

Solution oy Film Morphology &
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Figure 1.3. Synthesis, morphology, and applications of conjugated rod-
coil block copolymers.



The self-assembly of rod-coil block copolymers is fundamentally
different from that of coil-coil block copolymers because of the effect of
chain topology on conformational entropy and molecular packing
geometries and because of the additional interactions that can occur between
anisotropic rod blocks. The rod block does not have the same
conformational entropy as a coil block, which restricts its ability to stretch
to accommodate packing within self-assembled structures and its ability to
gain conformational entropy when dissolved in solution. The extended,
anisotropic nature of the rodlike chains also leads to anisotropic interactions
between the blocks, resulting in the potential for liquid crystalline ordering.
In many rod-coil materials the rod blocks show not only liquid crystalline
alignment but also extended chain crystalline phases or high-order smectics,
further increasing the complexity of the systems [46-48].

1.1.5 Block copolymer containing regioregular poly(3-
hexylthiophene)

Block copolymers consisting of stiff-rod and flexible-coil segments,
referred to as ‘rod-coil block copolymers’, have been of great interest
because of their specific properties, unexpected behavior and hierarchical
nanostructures by self-assembly, as reported in several papers [49-51]. In
particular, rod-coil block copolymers, based on n-conjugated rods such as
poly(3-hexylthiophene)-and poly(phenylene vinylene), have received much
attention because of their” prompt: application to a wide variety of
optoelectric devices.

McCullough et al. and Yokozawa et al. discovered that well-defined
end-functionalized P3HTs can be synthesized with low polydispersity via a
chain growth mechanism by using a catalyst-transfer polycondensation
method mediated by a nickel catalyst (GRIM method) [52-54]. McCullough
et al. further demonstrated that P3HT block copolymers can be synthesized
from a linker molecule attached to an end-functionalized P3HT as a
macroinitiator via atom transfer radical polymerization (ATRP) [55,56].
Recently, Tomoya Higashihara and coworkers reported new ABA-type coil-
rod-coil triblock copolymers of PS-b-P3HT-b-PS [57] and PMMA-b-P3HT-
b-PMMA [58]. In addition, attractive block copolymers comprised of donor-



acceptor segments have emerged, in which rod and coil segments
correspond to P3HT and fullerene-substituted PS [59] or PMMA [60],
respectively. New block copolymers bearing P3HT and poly(meth)acrylate
substituted with perylene bisimide have also been developed [61,62].

1.2 ATOM TRANSFER RADICAL POLYMERIZATION

Atom transfer radical polymerization (ATRP) is an example of a living
polymerization or a controlled/living radical polymerization. ATRP is an
attractive method for the synthesis of well-defined copolymers with
controlled molecular weight, polydispersities, terminal functionalities, and
chain architecture composition.-ATRP is-a-tool for the formation of carbon-
carbon bonds in organic synthesis. As the name implies, the atom transfer
step is the key step in the reaction responsible for uniform polymer chain
growth. ATRP (or transition metal-mediated living radical polymerization)
was independently discovered by Mitsuo Sawamoto [63] and by Krzysztof
Matyjaszewski and Jin-Shan Wang in 1995 [64]. A general mechanism for
ATRP shown in Scheme 1.1.

k
R-X + ' MM™Y/Ligand e R + X-M™LY/Ligand
kdeact Vi
monomer b N
termination

Scheme 1.1. Transition-Metal-Catalyzed ATRP

The radicals, or the active species, are generated through a reversible
redox process catalyzed by a transition metal complex (M'-Y/Ligand,
where Y may be another ligand or the counterion) which undergoes a one-
electron oxidation with concomitant abstraction of a (pseudo)halogen atom,
X, from a dormant species, R-X. This process occurs with a rate constant of
activation, ke, and deactivation kgeact. Polymer chains grow by the addition
of the intermediate radicals to monomers in a manner similar to a
conventional radical polymerization, with the rate constant of propagation .



Termination reactions (k) also occur in ATRP, mainly through radical
coupling and disproportionation; however, in a well-controlled ATRP, no
more than a few percent of the polymer chains undergo termination. Other
side reactions may additionally limit the achievable molecular weights.
Typically, no more than 5% of the total growing polymer chains terminate
during the initial, short, nonstationary stage of the polymerization. This
process generates oxidized metal complexes, X-M;""', as persistent radicals
to reduce the stationary concentration of growing radicals and thereby
minimize the contribution of termination [65]. A successful ATRP will have
not only a small contribution of terminated chains, but also a uniform
growth of all the chains, which is accomplished through fast initiation and
rapid reversible deactivation.

The name atom transfer radical polymerization originates from the atom
transfer step, which is the key elementary reaction responsible for the
uniform growth of the polymeric chains, in the same way that the addition-
fragmentation is the key step in the RAFT process. ATRP has its roots in
atom transfer radical addition (ATRA), which targets the formation of 1:1
adducts of alkyl halides and alkenes, also catalyzed by transition metal
complexes [66]. ATRA"is. a modification of Kharasch addition reaction,
which usually occurs in the. presence of light or conventional radical
initiators [67].~Because of the involvement of transition metals in the
activation and deactivation_steps, chemo-, regio-, and stereoselectivities in
ATRA and the Kharasch-addition may be different. For example, under
Kharasch conditions, in the reaction with chloroform the alkene will “insert”
across the H-CCl; bond but in ATRA it will insert across the CI-CHCI,
bond, because the C-Cl bond is rapidly activated by the Fe(Il) or Cu(I)
complexes [68].

ATRP also has roots in the transition metal catalyzed telomerization
reactions [69]. These reactions, however, do not proceed with efficient
exchange, which results in a nonlinear evolution of the molecular weights
with conversions and polymers with high polydispersities. ATRP also has
connections to the transition metal initiated redox processes as well as
inhibition with transition metal compounds [70-72]. These two techniques



allow for either an activation or deactivation process, however, without
efficient reversibility. ATRP was developed by designing an appropriate
catalyst (transition metal compound and ligands), using an initiator with the
suitable structure, and adjusting the polymerization conditions such that the
molecular weights increased linearly with conversion and the
polydispersities were typical of a living process [73-75]. This allowed for an
unprecedented control over the chain topology (stars, combs, branched), the
composition (block, gradient, alternating, statistical), and the end
functionality for a large range of radically polymerizable monomers [76-80].
Earlier attempts with heterogeneous catalyst and inefficient initiators were
less successful [81].

ATRP reactions are very robust in that they are tolerant of many
functional groups-like allyl, amino, epoxy, hydroxy and vinyl groups present
in either the ‘monomer or the initiator [82]. ATRP methods are also
advantageous due to the ease of preparation, commercially available and
inexpensive catalysts (copper complexes), pyridine based ligands and
initiators (alkyl halides) [83]. A very attractive feature of ATRP is that it
combines | the advantages of controlled molecular weight and low
polydispersity offered by anionic living polymerization with the ease of a
free-radical polymerization. The requirement of achieving extremely pure
polymerization-conditions that limits the general applicability of anionic
living polymerization'is not an-issue in ATRP.

1.3. NANOPARTICLES AND POLYMERIC NANOCOMPOSITES

1.3.1. Nanoparticles

Nanoparticles are defined as particles with size in the range of 1 to 100
nm at least in one of the three dimensions. In this size range, the physical,
chemical and biological properties of the nanoparticle change in
fundamental ways from the properties of both individual atoms/molecules
and of the corresponding bulk material. Nanoparticles can be made of
materials of diverse chemical nature, the most common being metals, metal
oxides, silicates, non-oxide ceramics, polymers, organics, carbon and
biomolecules. Nanoparticles exist in several different morphologies such as



spheres, cylinders, platelets, tubes, etc. Generally, they are designed with
surface modifications tailored to meet the needs of specific applications they
are going to be used for. The enormous diversity of the nanoparticles
(Figure 1.4) arising from their wide chemical nature, shapes and
morphologies, the medium in which the particles are present, the state of
dispersion of the particles and most importantly, the numerous possible
surface modifications the nanoparticles can be subjected to make this an
important active field of science [84].

Chemical Nature Shape
Metals Spheres, Cubes
Metal oxides Cylinders or Needles
Semiconductors Platelets
Polymers Hollow spheres
Carbon Hollow tubes
Biomolecules Core/shell'structures

R

Engineered
Nanoparticles

Dispersion Medium
Gases (aerosols)

Dispersion State
Individually dispersed

Liquids Aggregated Irreversiblly
Solid matrix Agglomerated reversibly
Gels Ordered structures

y

Surface Modification
Unmodified (as-produced)
Grafting thiol surfactant
Polymer grafting
Grafting charged ligands
Adsorbed surfactants/polymers
Attachment of DNA, enzymes or
other biomolecules
Surface coatings

Figure 1.4. Various features contributing to the diversity of engineered
nanoparticles. The same chemical can generate a wide variety of
nanoparticles.

The most significant consequences of the nanoscale are the presence of a
high fraction of atoms/molecules constituting the nanoparticle on the
particle surface rather than in the particle interior and the immense surface
area available per unit volume of the material. Both of these properties
increase in magnitude with a decreasing particle size. The unique physical,
chemical and biological properties of nanomaterials originate from these

10



two features. In some nanoscale materials quantum effects are exhibited
allowing for a number of interesting applications. Further, unusual
morphologies such as carbon nanotubes (CNT) and dendrimers contribute to
morphology dependent novel applications [84].

The small particle size leads to many unique properties of nanoparticles.
Nanoparticles display interesting optical properties since the absorption
and/or emission wavelengths can be controlled by particle size and surface
functionalization. If the nanoparticle size is below the critical wavelength of
light, then transparency can be attained. The chemical nature and the size of
the nanoparticle control the ionic potential or the electron affinity and
thereby the electron transport properties.-For metals, with decreasing size of
nanoparticles, the sintering and melting temperatures decrease.
Nanoparticles may be incorporated into a solid matrix. to provide better
thermal conduction. For some metals and metal oxides, the decrease of the
particle size results in improved magnetic behavior. Individual metallic
magnetic nanoparticles can exhibit super paramagnetic behavior [84].

The large specific surface area of nanoparticles is the origin of a number
of their unique applications. Catalysis is enhanced by high surface area per
unit volume and the homogenous distribution of nanoparticles. High surface
areas give strong interactions between the nanoparticles and the solid matrix
in which they ‘may- be:incorporated. In compesites, depending on the
chemistry of the nanoparticle, its aspect ratio, extent of dispersion and
interfacial interactions with the polymer matrix (which can be modified by
surface functionalization), it is possible to obtain different levels of
mechanical properties for the final composites. In particular, a high elastic
modulus can be achieved without a proportional loss in impact strength that
is commonly observed when larger particles are used. The platelet
morphology and large specific surface areas of silicate particles enhance the
barrier properties of polymer membranes by vastly increasing the pathway
for molecular transport of permeating substances. Nanoparticles can also
influence the flammability of polymers by increasing the glass transition
temperature and the heat deflection temperature.
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For most practical applications, the nanoparticles have to be assembled
in one, two or three dimensions, similar to how atoms and molecules are
assembled into matter. For example, a sensing device may require that
nanoparticles be arranged with specified inter-particle separation. An
optoelectronic device may require the nanoparticles to be assembled to
create a patterned surface. In general, it will be necessary to place the
nanoparticles in specified locations on a substrate so that addressing and
connecting them to the macroscopic outside world will be possible.

Figure 1.5. Assembling nanoparticles for applications, (a) Nanoparticles
with stabilizing polymer molecules around them in a random three
dimensional arrangement to create a porous nanoparticle system for

catalytic or adsorption applications, (b) Nanoparticles assembled on a
polyelectrolyte or a DNA molecule to serve as a nanoelectrical wire, (c)
Nanoparticles assembled on a block copoelymer patterned surface with
nanoparticles located at the domain boundaries for a sensor application [85].

A number of approaches have been developed to accomplish this
objective. For example, surface patterning has been used to direct polymer
and silica nanoparticles to specific surface locations. Self-assembled
surfactant and block copolymer nanostructures have been used as templates
to direct the nanoparticle assembly of metal oxide particles to generate
mesoporous materials. Cationic (or anionic) polyelectrolytes have been used
to direct the assembly of oppositely charged nanoparticles such as
negatively charged gold particles or silica particles. Nanoparticles can also
self-assemble into nano-crystalline materials. A variety of molecular
recognition methods such as antigen-antibody interactions have been used to
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direct the assembly of nanoparticles that have the recognition molecules
bound to their surfaces. The binding of DNA to the nanoparticle surface has
been used to create particle assemblies dictated by nucleic acid interactions.
Nanoparticles have also been self-assembled at air-liquid and liquid-liquid
interfaces taking advantage of surface tension effects. Also the dewetting of
a solid surface by a polymer solution has been exploited to attain
nanoparticle self-assembly. Biological nanoparticles such as viruses can
self-assemble to yield ordered nanoparticle assemblies in one, two or three
dimensions.

Nanoparticles constitute the building blocks for nanotechnology and
thus for numerous potential applications-in energy and power, health and
biomedicine, electronics and computers, environmental applications, new
engineering materials, consumer goods, personal care products, food and
transportation.” To perform these functions nanoparticles have to be
synthesized, passivated to control their chemical reactivity, stabilized
against particle aggregation, and functionalized to achieve specific
performance goals. The individual nanoparticles then have to be assembled
into devices or integrated into other solid matrices to create the final
nanoproducts. The tremendous diversity of nanoparticles possible because
of their wide chemical nature, shape and morphology, medium in which
they are present, their state of dispersion and-the nature of surface
modifications make thisa rich field for scientific investigations.

1.3.2. Gold nanoparticles

Gold nanoparticles (AuNPs) have long been a topic of intense research
due to their size-related electromagnetic, optical and catalysis properties
[86,87]. These properties are significantly different from those of the
corresponding bulk materials or molecular compounds, resulting in a wide
range of applications in such fields as optoelectronics, biology and catalysis
[86-88]. Bare gold nanoparticles are not stable and prone to aggregate into
bulk materials, thus stabilizing agents have been used to decorate their
surface. Polymers as stabilizers for gold nanoparticles have attracted
increasing interest since they exhibit many advantages, such as enhancing
the long-term stability of gold nanoparticles, tuning the solubility and
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amphiphilicity of gold nanoparticles, promoting the compatibility and
processability of gold nanoparticles, giving gold nanoparticles special
properties, etc [89].

In typical synthesis, AuNPs are produced by reduction of gold salts such
as AuCls in an appropriate solvent. Usually a stabilizing agent is also added
to prevent the particles from aggregating. Because thiol groups bind to gold
surfaces with high affinity, most frequently thiol-modified ligands are used
as stabilizing agents which bind to the surface of the AuNPs by formation of
Au-sulfur bonds [90]. Synthesis of AuNPs with various sizes and shapes can
be achieved through judicious choice of experimental conditions and
additives [91-93]. Several mechanisms-have been proposed to explain the
dependence of the morphology and geometry of -AuNPs on the growth
conditions. However, none of these mechanisms is widely accepted [94].

After synthesis, the stabilizing agents surrounding the AuNPs can be
replaced by other molecules by ligand exchange reactions [95]. In addition,
ligands can also be linked to the shell of stabilizing agents. One of the most
common applications is the linkage of amino groups in biological molecules
with carboxyl groups ‘at the free ends of the stabilizing agents [96].
Functionalization of AuNPs makes it possible to  adjust' the surface
properties and attach different kinds of molecules to the particles.

Figure 1.6. Electron density map (red mesh) and atomic structure (gold
atoms depicted as yellow spheres, and p-MBA shown as framework and
with small spheres) of Au;p2(p-MBA)4a.
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Jadzinsky et al. reported a crystal structure of a thiol monolayer-
protected AuNP, which contains 102 gold atoms and 44 p-mercaptobenzoic
acid (p-MBA) units [97]. This is the first detailed structural study of
nanometer-sized AuNPs. The nanoparticles are chiral, although they
crystallize in the centrosymmetric space group C2/c. The gold atoms in the
core are packed in a Marks decahedron, whereas the thiol monolayer outside
is stabilized by both gold-sulfur bonding and interactions between p-MBA
molecules.

AuNPs have shown great potential applications in the fields of chemistry,
physics, materials, biology, medicine, and related interdisciplinary fields
[98-100]. Zhou et al. reported a method to detect copper(Il) by azide- and
alkyne-functionalized AuNPs based on the fact that the extinction efficient
of gold nanoparticles is several orders of magnitude larger than those of
traditional organic chromophores [101]. The 50 pM minimum concentration
sets the record for detection of Cu®" by the naked eye. Another exciting
finding is that AuNPs have shown potential in therapies for HIV [102]. By
attaching multiple copies of a low acting HIV drug onto AuNPs, Bowman
and his coworkers have stopped HIV from infecting human white blood
cells. The results demonstrate that we may find a simple strategy to convert
therapeutically poorly active. monovalent small organic molecules into
highly active drugs by just conjugating them to AulNPs.

1.3.3. Nanoparticle-Polymer Composites

Nanoparticle-polymer composites are commonly defined as a binary
mixture of functional inorganic nanomaterials dispersed in a polymeric
matrix. Inorganic materials with a characteristic size on the nanometer scale
can give various functionalities with unique electric, magnetic, and optical
properties while the polymer matrix allows the integration and stability of
nanomaterials as well as processability. Moreover, nanocomposites of
polymer and inorganic nanoparticles can exhibit new properties that are not
possessed by the components in their own right. A large number of research
works have been presented in the literature that were dedicated to
technological and scientific problems of polymeric nanocomposites, and, as
a result, the combination of such kinds of materials enables nanocomposites
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to be used in wide fields ranging from microelectronics to biomedical
applications [103-107].
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Figure 1.7. Polymer-mediated assembly approaches to fabrication of
ordered nanocomposites and their possible utilization.

Several experimental methods have been developed for incorporating
inorganic nanoparticles.into polymeric nanostructures [108-119]. The most
popular approach involves the synthesis of nanoparticles in situ within the
block copolymer template by using preformed micelles of block copolymers
containing metal precursors. However, despite the importance of controlling
the arrangement of nanoparticles produced by such methods within the
periodic structure of the block copolymer, establishing such control has
been difficult. Another approach, recently proposed as a possible way to
overcome some of these drawbacks, uses cooperative selforganization of
preformed nanoparticles and block copolymers. After the preparation of the
nanoparticles, the particle core size was the significant parameter in the
localization of particles along the interface between the two blocks or at the
center of the respective polymer domain. The localization is limited by two
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factors: the size of the particles deposited on the surface and the width of the
interface between neighboring polymer blocks [120].

Polymer-mediated nanoparticle assembly provides a versatile and
effective method for the creation of structured nanocomposite materials
where control over composite morphology is paramount. In addition to their
role in assembling nanoparticles, functionalized polymers can be used to
control interparticle distances, assembly shape, size and porosity, and to
induce an anisotropic ordering of nanoparticles. The ability to control such
structural parameters enables the creation of responsive materials as well as
effective catalysts.

1.4 AIM AND OUTLINE OF THIS THESIS

The main thrust of this thesis is to investigate a simple.in sifu synthesis
of gold nanoparticles in semifluorinated block copolymer thin films. The
organization of inorganic nanostructures within self-assembled organic or
biological templates is receiving the attention of scientists interested in
developing functional hybrid materials: So, the studies carried out in this
thesis are basically divided into two parts. In the first part, the preparation of
gold nanoparticles incorporated in self-assembled and ordered poly(1H,1H-
dihydroperfluorooctyl methacrylate)-b-polyethylene oxide (PFOMA-bH-PEO)
block copolymer-thin films is explored. Herein, the approaches for preparing
the well-ordered Au/polymer hybrid structures are discussed, which employ
thermal annealing, solvent annealing and supercritical CO, process.

In the second part of the thesis, thin nanocomposite films generated from
poly(3-hexylthiophene)-b-poly(fluorooctyl methacrylate) (P3HT-b-PFOMA)
micellar solution in which gold precursor was added, were also investigated.
The microphase separation and self-assembly behavior of the block
copolymer was studied. The development of the morphology of Au-loaded
micellar solution of P3HT-h-PFOMA was investigated after annealing in
solvent vapor and also in supercritical CO,.
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Chapter 2

SINTERING OF NANOPARTICLES THROUGH PHASE
TRANSITION OF BLOCK COPOLYMERIC MICELLAR
THIN FILMS

The preparation of gold nanoparticles incorporated in self-assembled
and ordered  poly(1H,1H-dihydroperfluorooctyl methacrylate)-b-
polyethylene oxide-(poly(FOMA-b-EQ)) block copelymer thin films is
explored with a change of size of the gold nanoparticles-through a phase
transition. Semifluorinated diblock copolymers poly(FOMA,o-b-EO )
was prepared by atom transfer radical polymerization (ATRP), and its
micellar solution with a gold precursor, LiAuCly, in chloroform was spin-
coated onto substrate to produce thin hybrid films. The salts complexed with
the PEO chains selectively. Three different annealing modes of LiAuCls-
loaded block copolymeric thin films were employed: in solvent vapor
annealing at 70 °C, in supercritical CO, at 70 °C and in a vacuum oven at
100 °C. After annealing; the chains ‘was reorganized as they try to reach
thermodynamic equilibrium-and formed spherical copolymeric films. The
nanoparticles were forced to follow the morphological change and were
transformed into a larger single particle in each PEO domain.
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2.1. INTRODUCTION

Over the last few decades, many approaches have been made to
synthesize metallic or semiconductor nanoparticles using block copolymers
as templates or nanoreactors in order to modify the unique optical, magnetic,
electronic, and catalytic properties [1,2]. In particular, gold nanoparticles
have attracted much interest for applications as catalysts, chemical sensing
and as well as building blocks for electronic devices that operate at the
single-electron level [3-5]. The fabrication of thin layers is essential for such
applications and control over the location at the nanoscale will be the key
for the manipulation of the certain properties of the nanocomposite systems.
Selective loading is an essential condition, in which the number of
nanoparticles is controlled in the desirable blocks,. because physical and
chemical properties are mainly determined by how metallic nanoparticles
are dispersed in the designed polymer structures.

The incorporation of nanoparticles into block copolymer domains can be
done in two ways. In the first, the nanoparticles having uniform size and
shape are synthesized separately and then mixed with the block copolymer
to generate polymeric nanocomposites (ex situ method) [6-8]. For example,
Kramer and coworkers examined to incorporate nanoparticles and control
their location within different diblock copolymer domains by controlling the
surface chemistry of the particles [6]. Wei and-coworkers examined the
morphological transformation- from cylinder phase to lamellar phase in
poly((styrene)-block-4-vinylpyridine) = (PS-b-P4VP) diblock copolymers
through the hybridization with modified CdS quantum dots [7]. Green and
coworkers recently reported that polystyrene functionalized gold
nanocrystals were initially dispersed within the corona PS phase of the
polystyrene-b-poly(1,1,2,2-tetrahydroperflurooctyl methacrylate) (PS-b-
PFOMA) block copolymer. Upon annealing in scCO, the structure inverted
and the PS chains subsequently constituted the core, harboring the
nanocrystals closer to the block interface, with the PFOMA chains forming
a continue (corona) phase [8]. In this case, it is easy to control the shape and
size of nanoparticles through separate synthesis, but difficult to make well-
ordered dispersion in the polymer matrix due to the lack of interaction
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between nanoparticles and polymers. In the other way, the inorganic
precursors are mixed with block copolymer in solution, and then self-
assembled together to form the nanocomposites with better dispersion of
inorganic nanoparticles through reduction process (in situ method) [9-14].
For example, Sohn and coworkers demonstrated core-corona inversion of
micelles was induced in situ in a free-standing film by a selective solvent for
the core and applied this inversion of micelles to silver nanoparticles [9]. Ho
and coworkers investigated morphological evolution by the introduction of
various amounts of gold precursors to poly((4-vinylpyridine)-block-(¢-
caprolactone) (P4VP-b-PCL) diblock copolymers [10]. Recently Kim and
coworkers have demonstrated that block copolymer micelles (polystyrene-b-
poly(acrylic acid) (PS-b-PAA)) in thin films can-effectively act as template
to produce well controlled nanocomposites with various structures through
complexation with inorganic precursors and solvent annealing [11]. In this
case, however, the reduction of inorganic precursors can sometimes destroy
the dispersion of inorganic materials in the matrix, and it becomes difficult
to control the size and shape of nanomaterials in the matrix.

Semifluorinated block copolymers are amphiphilic materials that
combine the unique self-assembly characteristics of block copolymers and
the unparalleled properties of fluorinated polymers. Fluorinated blocks have
attracted much-attention due to their unique properties such as low surface
energy, excellent chemical and thermal stability, low refractive index and
dielectric constant, chemical/biological inertness; and oil/water repellence,
which cannot be achieved by the corresponding non-fluorinated materials
[15-17]. Although a variety of methods have been developed to selectively
incorporate nanoparticles into desired block copolymer domains, only few
articles have been reported for the sintering of gold nanopartices through
phase transition of BCP thin films.

This paper reports a simple in situ synthesis of gold nanoparticles in
semifluorinated block copolymer thin films and size change of the
nanoparticles through a phase transition of the BCP thin films. Three
different annealing modes of LiAuCls-load block copolymeric thin films
were employed: in solvent vapor annealing at 70 °C, in supercritical CO, at
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70 °C and in a vacuum oven at 100 °C. LiAuCls, gold precursor complexed
with BCP consisting of semifluorinated and PEO blocks were reduced to Au
nanoparticles that were well dispersed in the PEO phase of the disordered
BCPs micellar thin films. The same sample after annealing, the formation of
larger single gold particle per PEO domain with a small variation in size
was observed. Figure 2.1 shows a schematic diagram of the process.
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Figure 2.1. Schematic diagram of the assembly process for gold
nanoparticles.

2.2. EXPERIMENT SECTION

2.2.1. Synthesis of block copolymers by ATRP

The semifluorinated diblock copolymers poly(ethylene oxide)-b-
poly(1H, 1H-dihydroperfluorooctyl methacrylate) (PEO-b-PFOMA) were
synthesized by atom transfer radical polymerization (ATRP) of FOMA
using PEO-Br as the macroinitiator in the mixed solvent of trifluorotoluene
and benzene as described previously [18,19]. For this study, 10k was
utilized to make PEO,o-b-PFOMA 5. The molecular structure of PEO-b-
PFOMA is depicted in Figure 2.2.
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Figure 2.2. Molecular structure of PEO-b-PFOMA
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2.2.2. Thin film preparation

PEO;ok-b-PFOMA 5x was dissolved in chloroform to yield 0.5 wt%
solutions. LiAuCly loaded micellar solutions were prepared by adding 0.1 wt%
of LiAuCls (99.995%, Aldrich) into the pre-prepared copolymeric micellar
solutions. The thin films were prepared on mica substrates by spin-coating
of the BCPs micellar solutions and LiAuCl, treated micellar solutions. The
prepared films were dried in the ambient atmosphere for 5 min.

2.2.3. Annealing

The micellar thin film was fabricated simply by spin-coating at 700
RPM from the chloroform solution of the block copolymer on a piece of
freshly cleaved mica. The LiAuCli-loaded thin. film on the mica was
annealed in supercritical CO; in a high-pressure reactor. After charging the
sample, the reactor was sealed and pressurized at 13.8 MPa with carbon
dioxide (99.99 %) using a high-pressure syringe pump (ISCO-Model 2608)
and the reactor was heated to 70 °C in a water bath for 24 h. The sample was
taken for TEM analysis after depressurization by venting CO; from the top
of the reactor. After annealing, the film was easily separated from the mica
substrate by floating on water due to the strong affinity of water to mica.
Such a film was transferable to a regular TEM copper grid having no
supports. The LiAuCls-loaded thin film on mica substrate was also annealed
in a vacuum oven-at 100 °C for 24 h and examined with TEM analysis.

For solvent vapor annealing, the thin film was placed into a glass vessel
with the reservoir of fluorinated solvent, PF-5080 (perfluoroalkanes,
primarily compounds with 8 carbons). The temperature of the fluorinated
solvent vapor was always kept at 70 °C. PEO-h-PFOMA films were exposed
to solvent vapor to induce mobility and develop ordered nanostructures.
After 12 h, the samples were taken out from the vessel and dried in the air at
room temperature.

2.2.4. Characterization

'H-NMR spectra of block copolymers were obtained in a mixed solvent
of trichlorofluoromethane and CDCl; using a JNM-ECP 400 (JEOL). The
composition of PEO,gx-b-PFOMA |5, was determined by 'H-NMR spectra,
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from which the degree of polymerization was calculated. The morphologies
of the thin films were investigated before and after annealing by
transmission electron microscope (TEM) using a Hitachi H-7500 instrument
operated at 80 kV.

2.3. RESULTS AND DISCUSSION

Amphiphilic block copolymers self-assemble into micelle-like objects
when dissolved in solvents that are selective good solvents for one of the
blocks. As previously reported, semifluorinated block copolymers with
different block ratios give different micellar film morphologies [20,21]. The
TEM image of as-spun asymmetric PEO;o-b-PFOMA 2 micellar films
from chloroform (a good solvent for PEO chains) is.shown in Figure 2.3a.
The film was not subjected to any staining procedure due to the high
electron density of PFOMA block [20]. The darker phase corresponds to the
major component, the PFOMA blocks, and the lighter phase, comprising the
minor component, the PEO blocks. When the soluble block is much shorter
than the insoluble block, the aggregates form a crew-cut morphology. A
variety of different morphologies can form for these types of polymers. One
of the noteworthy phenomenon associated with crew-cut aggregates is the
accessibility of a wide range of morphologies such as spheres, rods, vesicles,
lamellae, a hexagonally packed hollow structure, large compound micelles
and nanotubes [22]. Tt ‘can be seen that the as-spun PEO,-b-PFOMA 2
film showed a crew-cut aggregate of worm-like micelles, uniform in width
with average sizes of 25 nm in PFOMA blocks, because the fraction of
insoluble PFOMA blocks in the copolymers is larger than PEO blocks.
LiAuCly loaded micellar solutions were prepared by adding 0.1 wt % of
LiAuCly into the pre-prepared copolymeric micellar solutions. When the
block copolymer solution was treated with solid LiAuCly, the salt was
slowly solubilized as the Li" ions formed complexes with ethylene oxide
units of the block copolymer and the tetrachloroaurate ions are bound as
counter ions within the PEO phase of the micelles [23]. Figure 2.3b shows
TEM images of the thin films spin-coated from the LiAuCls-loaded micellar
solution of PEO-b-PFOMA. The gray regions are the PFOMA phase in
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accordance with the higher electron density of the fluorinated blocks. The
bright color of the PEO phase is marked by dark dots, which are gold
nanoparticles resulting from the reduction of tetrachloroaurate ions due to an
interaction with PEO chains [24].
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Figure 2.3. TEM image of (A) PEO-b-PFOMA micellar thin films and (B)
gold nanoparticles produced in the micellar thin films of PEO-b-PFOMA,
spin-cast from chloroform solutions at room temperature.

As shown in Figure 2.3b, it is clear that gold nanoparticles are well
dispersed in the PEO phase and were not located in the entire PFOMA
phase. And it showed a denser array of nanoparticles as our expectation. In
the thin films, the average diameter of the gold nanoparticles was 6 nm. The
effects of nanoparticles-addition on the structure of'block copolymers have
been investigated by several groups [25-29]. Some have focused on the
location of added nanoparticles within block copolymer domains [25,26],
and others have observed the nanoparticle induced phase transition of block
copolymers [27-29]. Recently, it was reported that the morphology in block
copolymer films were varied in depth by adding high concentration of
nanoparticles. However, such spatial variation of morphology was observed
only for thick films, but not expected for thin films containing one or two
layers of micelles [11], as in our case. Typical structure of micellar films is
observed as in the case without Au precursors, showing nanoparticle-
ineffective behavior over the block copolymer morphologies in our work.
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For phase transition, the thin films were annealed under saturated PF-
5080 at 70 °C, in a supercritical fluid (scCO,) environment at 70 °C, or
thermally at 100 °C in a vacuum oven (Figure 2.4). Each treatment imparts
mobility to the BCP thin films, allowing them to reach the equilibrium
morphology. Fluorine-containing polymers are highly solvophobic (lipo-
and hydrophobic), i.e. they are insoluble in common organic solvents but are
soluble in fluorinated solvents. This leads to easy phase-separation in BCP
thin films as well as facile self assembly in organic sovents [16,17]. Figure
2.4a shows TEM image of the thin film spin-coated from the LiAuCls-
loaded micellar solution of PEO-b-PFOMA. It shows the worm-like
morphologies in which the gray regions are the PFOMA phase in
accordance with the higher electron density of the fluorinated blocks, the
bright color of the PEO phase is marked by dark dots.“The TEM images in
Figure 2.4b are shown the effects of solvent annealing for the micellar films
of PEO-b-PEFOMA complexed with Au precursors, where PF-5080 was used
as a solvent for annealing at 70 °C. This temperature was chosen so that
solvent vapor annealing was kept above the glass transition temperature (T,)
of the PEO and PFOMA, given complications that may arise from
crystallization [30,31]. Solvent vapor annealing is a useful method for
increasing domain size [32-35]. In this technique, the copolymer mobility is
increased as the film absorbs solvent from the vapor phase. The plasticizing
effect of the solvent reduces the glass transition temperature of the blocks
below ambient temperature, allowing the copolymer nanostructure to relax
into a lower energy, defect-free orientation [36-38]. During PF-5080
annealing, PFOMA block absorbed more PF-5080 than PEO due to the
selective solvent of PF-5080 for PFOMA blocks. Hence, the mobility of
PFOMA was larger than that of PEO. The smaller surface energy of
PFOMA than PEO made PFOMA blocks tend to move towards the air
surface. In addition, the attraction between PFOMA and PF-5080 was also
favorable for PFOMA exposing to the air surface, the repulsion between the
PEO and PF-5080 made PEO move towards the substrate. Based on these
facts, there was more PFOMA located at the air surface after treatment, and
the film exhibited spherical morphology of the PEO domain. During phase
transition, the nanoparticles were moved together with the PEO blocks,
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leading to the formation of a larger single particle in each domain. The
average diameter of the gold nanoparticles was calculated to be 11 nm,
respectively.

Figure 2.4."T]_EM ir&l‘ges of gold na .
films of PEO-h-PFOMA, (A) spin-cast film _
after PF-5080 solvent vapor € tmir_l_tir) nnealing in scCO, and (D)

after annealing in a vacuum oven.

The LiAuCli-loaded thin film samples were also annealed in
supercritical CO, in a high-pressure reactor. A sample was taken for TEM
analysis after depressurization by venting CO; from the top of the reactor.
The presence of scCO, on the free surface of thin films can strongly
influence the interfacial interactions, effectively modify the kinetics of
phase segregation, and substantially affect the wetting behavior. ScCO; is a
solvent for hydrophobic polymers such as fluorinated polymers [39-41],
therefore, scCO; can penetrate into fluorinated block copolymers and swell
the fluorinated blocks significantly. Figure 2.4c shows morphologies of
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LiAuClL-load thin film samples after scCO, annealing. The strong affinity
between PFOMA and CO; induced phase segregation when annealing PEO-
b-PFOMA films at 70 °C. Upon desorption of CO,, the diblock films rapidly
cross the glass transition and become “frozen” [42]. The “frozen” PEO core
would, therefore, have a size somewhere between the pure unswollen PEO
and the CO; swollen PEO and reside on the substrate. The PFOMA block,
owing to its substantially lower surface tension, resides on the free surface.
In the annealing procedure, the nanoparticles were constrained to follow the
continuous films and produced single large particles in the PEO domains.
After annealing in scCO,, the average diameter of the gold nanoparticles
was calculated to be 19 nm, respectively.

Thermal annealing is performed by raising the temperature above the
glass transition temperature of all the copolymer block, when the polymer
chains have sufficient mobility to rearrange the film into the favored ordered
state [43-45]. In order to determine if this hypothesis applies to Au-loaded
BCP thin films, the films were subjected to thermal annealing at 100 °C in a
vacuum oven for 24 h (the upper glass transition temperature of PFOMA is
45 °C). As shown in Figure 2.4d, the resulting morphologies were changed
to spherical and the average diameter of the single gold nanoparticles
embedded inside the PEO domains was 13 nm. The particle size distribution
of the gold nanoparticles from annealing at 100 °C:was smaller than that
from annealing in scCO, at 70.°C but broader than that from annealing in
PF-5080 vapor at 70 °C. In'the case of PF-5080 vapor annealing, the
micellar structure undergoes rapid transition in solvent environment that is
highly selective toward fluorinated polymer chains. But in the case of scCO;
annealing, many gold nanoparticles were observed. In fact, the solvent
quality can be easily adjusted with pressure and temperature. Moreover,
plasticization of the film and supercritical fluid absorption may also enhance
diffusion of the nanoscopic particles in comparison to liquids solvents,
facilitating the sintering of nanoparticles within the BCP. It is most likely
that all nanoparticles locating in the PEO phase were constrained to follow
the morphological change more easily than in the case of thermal and
solvent treatment.
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2.4. CONCLUSION

In conclusion, this study demonstrated the formation of larger single
gold nanoparticles in each phase PEO domain from a number of well
dispersed smaller gold nanoparticles within the self-assembled copolymeric
thin films after annealing. PEO,¢-b-PFOMA 5k diblock copolymers provide
an excellent means of producing well dispersed gold nanoparticles in the
PEO phase with an average particle diameter of 6 nm. Using selective
solvent annealing as a means of controlling the size and location of the
nanoparticles within the periodic structure of BCPs is feasible. While the
phase transitions that enable control of the size and location of the
nanoparticles within a bulk BCP can be-accomplished by exposing a BCP to
any selective solvent, the use of supercritical fluids-offers the possibility of
tuning the morphology of the polymer in a very controlled manner.
Sintering of nanoparticles using phase transition of semifluorinated BCP is a
simple and versatile method that can be extended to other particles.
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Chapter 3

GOLD/SEMI-FLUORINATED BLOCK COPOLYMER
NANOCOMPOSITES DEVELOPED IN THIN FILM
WITH ANNEALING

Herein, an approach for preparing the ordered structures of Au/polymer
nanocomposites is discussed, which employs solvent vapor, supercritical
CO; and thermal annealing process for Au-loaded poly(3-hexyl thiophene)-
block-poly(1H,1H-perfluorooctyl methacrylate) (P3HT-b-PFOMA) thin
films. The block copolymers underwent microphase separation and self-
assembly into well-defined and organized nanofibrillar-like. morphology
from their micelle solution. The gold nanoparticles were stabilized by the
interaction of the sulfur atoms of P3HTs with the gold surface and they
dispersed in the P3HT phase. The length of nanofibrils increased a little
with pronounced branching after thermal annealing, solvent annealing and
scCO; annealing in the micellar films with the Au nanoparticles.
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3.1. INTRODUCTION

Regioregular poly(3-alkylthiophenes) (PATs) belong to a class of
conjugated polymers that are highly conductive in their oxidized state, yet
soluble and environmentally stable [1,2]. These properties enable PATs to
be significantly useful in a wide variety of applications ranging from
chemical and optical sensors, smart windows, light emitting diodes, displays
and memory devices [1,3]. In particular, poly(3-hexylthiophene) (P3HT) has
proven its usefulness in organic field effect transistors [4], and has shown
the highest performances in organic solar cell devices [5].

The self-assembly of block copolymers into a nanostructure with novel
morphology and property -has attracted an increasing interest as a new
approach for materials science, chemical synthesis;-and nanofabrication
[6,7]. Most theoretical and experimental studies have concentrated on the
assembly characteristics of coil-coil block copolymers. Recently, rod-coil
block copolymers have received a great deal of attention since they offer an
attractive strategy for the organization of many highly functional rod-like
polymers such as helical biopolymers;and conducting polymers with rigid n-
conjugated backbones [7-11]. In particular, block copolymers containing
conducting « polymer segments, such as polyfluorene, poly(phenylene
vinylene), have received much attention because of their prompt application
to a wide variety of optoelectric devices. On the other hand, fluorinated
block copolymers are-of growing interest due to their unique properties such
as low surface energy, excellent chemical and thermal stability, low
refractive index and dielectric constant, chemical/biological inertness, and
oil/water repellence, which cannot be achieved by corresponding non-
fluorinated materials [12-15]. These unique properties of semifluorinated
blocks may be transferred to other polymeric materials by copolymerization.
The modification of some characteristics of polymeric materials by the
addition of semifluorinated blocks represents a goal of increasing
importance. The unique behavior resulting from the dissimilar blocks, thus
drives a self-assembly by polymer phase separation.

Polymeric nanocomposites are commonly defined as a binary mixture of
functional inorganic nanomaterials dispersed in a polymeric matrix. The
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stabilization of nanoparticles (NPs) with polymers has been investigated by
a number of groups [16,17]. Although innumerable research articles were
shown in the literature for the self-assembly of BCPs and the morphological
development of the hybrid films of BCPs and NPs [18-20], few works have
been reported for the block copolymers of m-conjugated and fluorinated
polymers which have potential applications to optical and microelectonics
devices. In this work, semifluorinated BCP micelles are used as a template
for composites to generate well-dispersed NPs with uniform size and shape
without severe aggregation. Three different annealing modes of Au-loaded
block copolymeric thin films were employed: in solvent vapor, in
supercritical CO, at 70 °C and in a vacuum oven at 150 °C.

3.2. EXPERIMENT SECTION

3.2.1. Synthesis of block copolymers by ATRP

The semifluorinated diblock copolymers poly(3-hexylthiophene)-b-
poly(1H, 1H-dihydroperfluorooctyl methacrylate) (P3HT-b-PFOMA) were
synthesized by atom transfer radical polymerization (ATRP) of FOMA
using P3HT-Br as the macroinitiator in the mixed solvent of toluene and
trifluorotoluene as described previously [21]. The molecular structure of
P3HT-b-PFOMA is depicted in Figure 3.1.
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Figure 3.1. Molecular structure of P3HT-b-PFOMA
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3.2.2. In-situ synthesis of gold nanoparticles and ordering of the
prepared micellar thin film

The micellar thin film was fabricated by spin-coating at 700 RPM from
the chloroform solution (1 wt%) of the BCP on a piece of freshly cleaved
mica. The LiAuCls-loaded micellar solutions were prepared by adding 0.1
wt% of LiAuCl, into the pre-prepared copolymeric micallar solutions. The
LiAuCls-loaded thin film on the mica was annealed in scCO, in a high-
pressure reactor. After charging the sample, the reactor was sealed and
pressurized at 13.8 MPa with carbon dioxide using a high-pressure syringe
pump (ISCO-Model 2608) and the reactor was heated to 70 °C in a water
bath for 12 h. The sample was taken for TEM analysis after depressurization
by venting CO, from the top of the reactor. After-annealing, the film was
easily separated from the mica substrate by floating on water due to the
strong affinity of water to mica. The film was transferred to.a regular TEM
copper grid having no supports. The LiAuCls-loaded thin film on mica
substrate was also annealed in a vacuum oven at 150 °C for 24 h and
examined with TEM analysis.

For solvent vapor annealing, the thin film with gold or without gold was
placed into, a glass vessel with the reservoir of a fluorinated solvent,
perfluoroalkanes - primarily compounds with 8 carbons' (PF-5080) or
triflurotoluene (TFT). The temperature of the fluorinated solvent vapor was
always kept at 70 °C. P3HT-h-PFOMA films were exposed to different
solvent vapors for different periods to induce -mobility and develop ordered
nanostructures. After the vapor treatment, the samples were taken out from
the vessel and dried in the air at room temperature.

3.2.3. Characterization

'H NMR spectra were obtained in CDCl; and a mixed solvent of
trichlorofluoromethane and CDCIl; for the P3HT macroinitiator and the
semifluorinated block copolymers, respectively using a JNM-ECP 400
(JEOL). The morphologies of the thin films were investigated by
transmission electron microscope (TEM) using a Hitachi H-7500 instrument
operated at 80 kV.
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3.3. RESULTS AND DISCUSSION

3.3.1. TEM studies of nanostructered morphology

A new type of m-conjugated block copolymer of semifluorinated
poly(fluorooctyl methacrylate) was synthesized by ATRP. ATRP yielded
diblock copolymers with well-defined molecular weights. The second block,
poly(fluorooctyl methacrylate) (PFOMA) is a semifluorinated polymer with
several interesting properties of its own [22-25]. For this study, 4k of P3HT
was used as macroinitiator to produce P3HTs-b-PFOMA, 4. Rod-coil
diblock copolymers containing P3HT can have good electrical properties
despite the presence of the insulating segment, because they self-assemble
into long conductive nanofibrils that provide paths for charges between
electrodes. Nano-ordered microphase separation has been found in a rod-
coil block copolymer film, similar to a conventional  coil-coil block
copolymer, induced by spontaneous' self-assembly of each immiscible
segment in which domains rich in one block are separated from domains
rich in the other so as to minimize contact energy. In our work, the
nanoscale morphology of the BCP in the solid-state was investigated using
TEM for films cast from chloroform. Regioregular poly(3-hexylthiophene)
forms a characteristic nanofibrillar morphology. TEM image of P3HT-b-
PFOMA copolymer.is shown in Figure 3.2A, where nanofibrillar
morphology is clearly evident, pointing to the prevalence of this type of
supramolecular structure in “P3HT based materials [26-28]. A control
experiment was performed in order to assign the specific phases in the TEM
image to P3HT and PFOMA blocks of the copolymer. The Figure 3.2B
shows the TEM image of as-spun asymmetric P3HT4-b-PFOMA 4
micellar films from chloroform after adding 50 wt% of the PFOMA
homopolymer. It can be seen that the nanofibrils were changed to the
densely packed shape with the addition of the PFOMA homopolymer into
the block copolymer. Therefore, it is considered that the darker phase and
lighter phase in the TEM images correspond to the major component, the
PFOMA blocks and the minor component, the P3HT blocks, respectively.
The electron density of semifluorinated PFOMA blocks could be higher
than P3HT. The obtained nanofibrillar microstructure is the result of
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interplay between different driving forces of self-assembly (m-stacking
versus phase separation).

Figure 3.2. TEM images of the self-assembled structure of P3HT-b-
PFOMA copolymeric thin films: (A) spin cast thin film, and (B) after
adding PFOMA homopolymer (50%).

The development of the surface’ morphology of P3HT-b-PFOMA
copolymeric thin films was further investigated with annealing in PF-5080
and TFT solvent vapor, which are selective solvents for the PFOMA block,.
When the samples are exposed to solvent vapor at 70 °C, the mobility is
imparted to the system, as when the polymer is heated above its transition
glass temperature (Ty), and the morphology would change. Therefore, it is
interesting to investigate the-process of morphology evolution under various
solvent vapors. During-fluorinated solvent annealing, the PFOMA block
absorbed more PF-5080 than P3HT due to the selective solubility of PF-
5080 for PFOMA blocks. Hence, the mobility of PFOMA was larger than
that of P3HT. The morphologies of polymer films with the same thickness
(approximately 80 nm) but different annealing times were investigated
(Figure 3.3).
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Figure 3.3. TEM micrographs of P3HTffk-b-P'FOMA14k thin films prepared
from 1 wt% solutions of BCP in chloroform, obtained after PF-5080 vapor
anneahng for (A) 4h and.'-(B) 16 h, and TFT Vgpor annealing for (C) 4 h and
'--*-“1:'.~___: (D) 16.h y

-
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After 4 h, the ﬁlm dlsplayed a featureless rnOﬁphology, Just like the as-
cast film after PF- 5086 V@p@w annealmg;as‘ishowﬁ in Figure 3.3A. An
incomplete change was also observed-in this morphology, indicating the PF-
5080 vapor treatment for 4 h is not enough to reach in an equilibrium
morphological state. However, upon longer annealing, P3HT nanofibrils and
dark PFOMA aggregates are well developed. The morphology was
developed to the dendrimer structure with longer nanofibrils after annealing
in PF-5080 for 16 h (Figure 3.3B). The as-cast thin film was also subjected
to the TFT solvent vapor annealing. The development of the morphology of
the micellar thin films in TFT vapor which has also preferential affinity for
PFOMA blocks was investigated by TEM. After annealing in TFT solvent
vapor environment for 4 h, no specific morphology was formed as shown in
Figure 3.3C. After 16 h of TFT vapor annealing, nanofibrillar morphology
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of P3HT4-b-PFOMA 4 was distinctly different (Figure 3.3D). The
nanofibrils were longer than that from PF-5080, isolated from one another,
and were randomly oriented throughout the sample. All the branched longer
nanofirillar domains eventually form a networked morphology after
annealing in TFT solvent vapor for 16 h. The formation of nanofibrillar
structure of P3HT-b-PFOMA copolymers is undoubtedly dictated by the
phase separation and crystallization of P3HT blocks [29,30]. The formation
of quasi-one-dimensional objects such as nanofibrils indicates that the block
copolymer self-assembles in a highly anisotropic way. Moreover, the phase
separation between P3HT and PFOMA chains most probably takes place
within nanoscale structure because P3HT and PFOMA segments are highly
immiscible. The final -nanofibrillar morphology must therefore be a
compromise between the molecular organizations typical of each subphase.

3.3.2. Ordering of gold nanoparticles in nanodomains

For the preparation of ordered AuNP/polymer thin films, the copolymers
were first dissolved in CHCl;. The LiAuCls-loaded micellar solution were
prepared by adding 0.1 wt% of LiAuCly into the pre-prepared copolymeric
micellar solutions. A’ freshly prepared aqueous solution of sodium
borohydride, was added slowly to the mixture with vigorous stirring. The
color change from orange to dark purple evidenced the formation of AuNPs
and the interaction with metal ions by sulfur atoms of P3HT. Torsi et al. has
shown that conjugated polymers can stabilize inorganic nanoparticles by
coordinating or forming complexes with the inorganic nanoparticles [31].
Furthermore, Ng ef al. has demonstrated that sulfur atoms of polythiophenes
can interact with metal ions [32]. Hence, it is assumed that the AuNPs are
stabilized by the interaction of the sulfur atoms of poly(3-hexylthiophene)s
with the gold surface. Figure 3.4A shows the TEM image of the thin film
spin-coated from the LiAuCl-loaded micellar solution of P3HT-b-PFOMA.
It shows the nanowire morphologies in which the gray regions are the
PFOMA phase in accordance with the higher electron density of the
fluorinated blocks, the bright color of the P3HT phase is marked by dark
dots which are gold nanoparticles resulting from the reduction of
tetrachloroaurate. It is notable that the morphology of the micelles with NPs
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is similar to the micelles without the particles, from previous images (Figure
3.2A). In the thin film, the average diameter of the AuNPs was calculated to
be 8 nm.

Figure 3. 4 TEM images of gold nanopas cles produced in rmcellar thin
films of P3HT- b- PF%&A (A) spin-c st film from c oroforrh solutions, (B)
after annealing in-a \;Wm-qven at 150 °C, 5080 solvent vapor

treatment at 70- OC ) F_i‘il in ScCOz at 70 °C.

For phase develpment, the thin ﬁlrns were attempted to anneal under
saturated PF-5080 at 70 °C, in a supercritical CO, environment at 70 °C, or
thermally at 150 °C in a vacuum oven (Figure 3.4). Each treatment imparts
mobility to the BCP thin films, allowing them to reach their equilibrium
morphology. The upper glass transition temperature of PFOMA is 58 °C.
The high temperature provides sufficient thermal energy for the chains to
reorganize as they try to reach thermodynamic equilibrium. Fluorine-
containing polymers are highly solvophobic (lipo- and hydrophobic), i.e.
they are insoluble in common organic solvents but are soluble in fluorinated
solvents. This leads to easy phase-separation in BCP thin films as well as
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facile self assembly in organic solvents [33]. We also examined the
morphological structures of the Au-loaded thin films upon annealing in
scCO,. Due to its high diffusivity and solubility for fluorous polymers, it
has been reported that scCO, annealing accelerates the ordering process of
the block copolymers [34]. ScCO, can penetrate into fluorinated block
copolymers and swell the fluorinated blocks selectively. All the
experimental results shows branched, and eventually connected to other
nanofibrils after the annealing. The length of the nanofibrils increased a
little with pronounced branching. The gold nanoparticles were produced in
the thin films of P3HT-b-PFOMA and dispersed in the P3HT phase. In the
thin films, the average diameter of the gold nanoparticles was in the range of
9-11 nm after annealing.

3.4. CONCLUSION

n-Conjugated and semifluorinated diblock copolymers consisting of
P3HT and PFOMA were synthesized by ATRP using the end functionalized
P3HT as the macroinitiator. The diblock copolymers exhibited a range of
densely packed nanofibrillar morphologies with variable degrees of
interfibrillar order. The ordering is improved by solvent vapor annealing
under PF-5080 and TFT, where the block copolymeric thin films show
nanometer-scale. nanofibrillar morphologies. It was“also demonstrated that
BCP micelles in thin “films-effectively..act as a template to produce
nanocomposites through complexation with gold precursors and annealing.
The gold nanoparticles are stabilized by the interaction of the sulfur atoms
of P3HTs with the gold surface and it dispersed in the P3HT phase. The
length of nanofibrils increased a little with pronounced branching after
thermal annealing, solvent annealing and scCO, annealing of the micellar
films with Au NPs. Regioregular poly(3-hexylthiophene)/gold nanoparticle
hybrid materials may find applications in single-electron tunneling studies
as well as organic field effect transistor.
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