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Abstract

Supracolloidal chains of diblock
copolymer micelles as nanoscale
analogues of conventional polymers

Kyunghyeon Lee
Department of Chemistry
The Graduate School
Seoul National University

Colloidal particles in nanoscale or microscale assemble into well-
ordered superstructures such as crystals, chains, and clusters through the
interaction between the particles. Superstructures of colloidal particles are
promising candidates for new nanomaterials owing to complicated structures
and collective properties, which are rarely observed in individual particles. In
particular, colloidal particles can assemble into linear supracolloidal chains
through bidirectional attraction with orthogonal repulsion. For example,
magnetic and electrostatic particles polymerize into supracolloidal chains by
using the end-to-end attraction between dipoles with steric repulsion of

ligands preventing lateral aggregation. Supracolloidal chains exhibit



cooperative and structural properties for practical applications, which are
distinct from constituent particles. For instance, supracolloidal chains of
metallic nanoparticles can exhibit plasmon and magnetic coupling through
synergetic interaction between particles, which are applicable for sensors and
magnetic storage. In addition, periodic and linear nature enables optical and
mechanical applications such as one-dimensional photonic crystals,
rheological fluids, and colloidal motors.

Chemically and physically distinctive patches on the surface of
particles can effectively mediate linear assembly for supracolloidal chains.
Each particle requires two patches for the bidirectional attraction, which
provide attractive forces via a variety of chemistry such as hydrogen bonding,
host-guest interaction, and solvophobic interactions. Especially, block
copolymer micelles can assemble into supracolloidal chains by merging of
patches induced by segregation of the corona.

Supracolloidal chains can be considered as colloidal analogues of
conventional polymers. In this perspective, behaviors of supracolloidal chains
have been explained with the assistance of traditional theories of polymers.
For example, assembling mechanism of supracolloidal chains can be
described using the theory of polymerization including step-growth and
chain-growth  polymerization. Furthermore, physical dimensions of
supracolloidal chains can be measured in the size parameters of polymers

such as the contour length, end-to-end distance, and radius of gyration. Using
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these parameters, flexibility and conformation of the chains can be suitably
explained by the theoretical models of polymer chains such as freely jointed
and worm-like chain model. Furthermore, processing and functionalization
strategy of polymers can provide inspirations for applications of
supracolloidal chains.

This dissertation demonstrates supracolloidal chains of diblock
copolymer micelles of PS-b-P4VP as nanoscale analogues of conventional
polymers. For the assembly of supracolloidal chains, spherical micelles of
PS-b-P4V/P are first converted into patchy micelles. Then, the patchy micelles,
the colloidal monomers, polymerize into supracolloidal chains by merging
patches in a polar environment. The main purpose of this research is to
describe assembling process and flexibility of the supracolloidal chains from
the theory of polymers, and find their potential applications by processing and
functionalizing the chains. Assembling mechanism of supracolloidal chains
is first discussed in Chapter 2. Polymerization of patchy micelles follows the
mechanism of step-growth polymerization, where degree of polymerization
linearly increases and polydispersity index approaches to two. According to
the conventional step-growth equation, a high degree of polymerization is
achieved after a certain polymerization time by increasing the initial
concentration of patchy micelles. Furthermore, cyclic supracolloidal chains
are produced in a very low concentration. The colloidal polymerization is

accelerated by adding more water to the solution and employing patchy

iii



micelles having large patches. Flexibility and conformation of supracolloidal
chains are elucidated in Chapter 3. By evaluating persistence length, the
supracolloidal chains are assessed as semi-flexible, and their conformation is
explained by the worm-like chain model of conventional polymers. A self-
supporting film of the chains with microscopic pores is produced by spin-
coating semi-flexible chains on a solid substrate. PS-b-P4VP micelles
incorporating CoNPs are demonstrated as colloidal monomers of
supracolloidal chains in Chapter 4. By encapsulating cobalt nanoparticles

with PS-b-P4VP, spherical micelles consisting of cobalt nanoparticles—P4VP
shell-PS corona are obtained. Then, the spherical micelles transform into

patchy micelles via segregation of PS corona, after crosslinking P4VP shells.
Finally, the patchy micelles polymerize into supracolloidal chains by adding
water. In this process, undesirable aggregation is prevented by treating P4VP

shells with CHsl, which provides additional repulsive forces.

Keyword: Block copolymer micelle, Self-assembly, Supracolloidal chain,
Step-growth polymerization, Semi-flexible chain, Worm-like chain model,
Self-supporting film, Cobalt nanoparticle.

Student Number: 2017-29824.
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Chapter 1. Introduction



1.1. Study Background

1.1.1. Superstructures of colloidal particles
Colloidal particles

Colloidal particles in nanoscale or microscale have been widely
studied as fundamental elements of nanoscience. There is a huge library of
colloidal particles with various sizes, shapes, and compositions, which are
closely related to the properties. Owing to their small size, colloidal particles
exhibit unique properties distinct from bulk materials. For example, a high
surface area to volume ratio increases surface energy of particles, resulting in
outstanding catalytic activities ['31. The high surface area also enhances the
solubility which is critical for pharmaceutical applications *°. Moreover, the
reduction in size significantly affects the electronic states of the particles ©71,
In particular, the bandgap of semiconductor nanoparticles increases with a

reduction in size, which is known as quantum confinement effect [0,
Colloidal particles also exhibit extraordinary properties including localized

[1112] * superparamagnetism 1314 and

surface plasmon resonance
photothermal effects 15161, which can be engineered for specific applications.
Dozens of metals [17281 semiconductors %23 and polymers 247281 have been
used to synthesize colloidal particles, which are processed into various shapes

such as spheres 2730 cubes 3132 rods B34 triangles B core-shells B7

39 and vesicles 4041,



Superstructures of colloidal particles

By carefully adjusting the attractive and repulsive forces between the
particles, colloidal particles spontaneously assemble into well-ordered
superstructures including crystals, chains, and clusters 243, Superstructures
of colloidal particles are promising candidates for new nanomaterials because
of their complicated structure and collective properties, which are not
observed in individual particles. Colloidal crystals are ordered three-
dimensional assemblies that resemble the crystalline structures of atomic

crystals 1461 They are obtained by close-packing particles through
evaporation of the solvent 748 or supramolecular interactions 1“1 and

their crystalline structure is determined by the geometry of the constituent
particles (Figure 1.1a) [*]. Owing to the crystallinity, they exhibit exceptional
properties for functional materials, such as structural color arising from

photonic crystals 52754 high mobility carrier transport I and collective

mechanical responses of coherent vibration %71 In addition, colloidal
particles can be close-packed at the interface of two phase, resulting in a two-
dimensional superlattice [*4%81. Interestingly, non-close-packed two-
dimensional superlattice of kagome structures have been also reported,
obtained from the assembly of microspheres with two hydrophobic regions
on the surface (Figure 1.1b) . These planar colloidal superlattices are

applicable for functional coatings such as surface enhanced Raman scattering



(SERS) 6961 "In contrast to colloidal crystals and lattices, colloidal clusters,
the aggregates of a few particles, independently disperse in the solvent [621,
The geometry of colloidal clusters can be delicately controlled from simple
spheres to well-defined molecular mimetic structures by engineering the

number of particles and clustering strategy (Figure 1.1c) 3781 The colloidal

cluster can be further utilized as a building block for complex hierarchical
materials, resulting from the step-wise assembly 7. For example, the co-
assembly of individual microsphere and tetrahedral clusters produces
colloidal crystals of the MgCuz structure, which is extremely difficult to
obtain [ In addition, colloidal clusters of particles with different

functionalities can be utilized as multifunctional catalytic platforms [©701,

1.1.2. Supracolloidal chains from linear assembly of colloidal particles
Supracolloidal chains are one-dimensional superstructures of
colloidal particles. They span the gap between colloidal clusters and crystals,
and show distinct behaviors from other superstructures owing to the linear
structure. This chapter presents the assembly strategies of supracolloidal
chains, the dipole-mediated and ligand-mediated assembly. Colloidal
particles assemble into a linear supracolloidal chain through bidirectional

attraction, while orthogonal repulsive forces prevent lateral aggregation.



Linear assembly from dipole-dipole interaction

The end-to-end attraction of magnetic and electrostatic dipoles can
effectively induce the linear assembly of colloidal particles. In this strategy,
undesirable aggregations from side-by-side attractions are suppressed by the
van der Waals forces and steric repulsion of the surrounding ligands.
Supracolloidal chains from dipolar interaction inherently respond to external
fields, which affect their conformation, alignment, and movement.

Magnetic particles have been widely reported to form supracolloidal
chains by using coupling interactions between magnetic dipoles ['*72. For

example, ferromagnetic nanoparticles of Co ["*7°1 Ni [®] Fe [/l and Fe304

[78] spontaneously assemble into chains, even in the absence of external
magnetic fields (Figure 1.2a). These supracolloidal chains can be effectively
stabilized by polymeric ligands, which prevent interchain aggregation
through steric repulsion /984, In addition, superparamagnetic particles can
linearly assemble with the assistance of an external field, which enhances
magnetic interaction to overcome the thermal fluctuation of dipoles 8284,
The resulting chains are inevitably aligned parallel to the direction of field
[728586]  However, to obtain permanent chains, an additional crosslinking
process is necessary because the field-induced dipoles immediately disappear

without an external field [87:88],



Dipolar attraction between electrostatic dipoles also leads to linear
assembly of particles. Since colloidal particles possessing inherent
electrostatic dipoles are rarely reported %9 electrostatic dipoles should be
induced on the building blocks before assembly. For example, oppositely
charged particles first dimerize into dipolar monomers and then assemble in
linear chains 92, An external alternating current (AC) field can induce
electrostatic dipole in colloidal particles, which can be utilized for their linear
assembly (Figure 1.2b) %394, Through the field-induced electrostatic dipoles,
colloidal particles with various geometries such as spheres [*>%l ellipsoids

7] “and Janus particles 871%! have been reported to assemble into linear

chains.

Linear assembly from attraction of surface patches

Introducing chemically and physically distinctive surface patches is
a promising strategy for the assembly of supracolloidal chains. For
bidirectional attraction, the number and geometry of patches are carefully
engineered through phase separation of surface ligands or selective
functionalization of anisotropic particles 19192 In general, each particle
requires two patches for the bidirectional attraction, which provide attractive
forces via a variety of chemistry such as hydrogen bonding, host-guest

interaction, and solvophobic interactions [1031051,



Supramolecular interactions between molecular recognition pairs
have been introduced to create attractive forces between patches [206:107],
Hydrogen bonding is a representative example of molecular recognition
strategy utilized for assembly of patchy particles (Figure 1.2c) [1081091 For
example, hydrogen bonding between complementary single-stranded DNA
strongly connects patchy particles with high specificity. DNA patches can be
introduced on the surface of various particles, such as microbeads %
metallic nanoparticles %, and DNA origami Y. Interestingly, chains of
DNA-patchy particles show temperature-responsive behaviors because
hydrogen bonding between DNA strands easily dissociates above a critical
temperature 121, Beyond hydrogen bonding, host-guest interactions [1*3114],
metal coordination [1*5116] and zwitterionic interactions [**1 have also been
reported to induce attraction between patches for linear assembly.

Solvophobic interactions between patches can also mediate the linear
assembly of supracolloidal chains. By making patches unfavorable to the
solvent, particles assemble by combining the patches to reduce undesirable
contact with solvent. For example, gold nanorods having hydrophobic
patches at two ends were polymerized to a linear chain by merging the
neighboring patches upon increasing the polarity of the solvent (Figure 1.2d)
(1181191 ' This solvophobic interaction is applicable to a variety of colloidal
particles such as nanoplates 21 nanocubes ™! dimpled nanoparticles

[122123] ‘and cylindrical micelles [*241,



1.1.3. Property and application of supracolloidal chains

Owing to the synergetic interaction between particles and the highly
anisotropic structure, supracolloidal chains show novel properties allowing
various practical applications. This chapter first elucidates the plasmon and
magnetic coupling of the chains, which originates from the synergetic
interaction between particles, and then discusses the photonic crystals and
mechanical behaviors from the perspective of structure related properties.

The supracolloidal chains of plasmonic nanoparticles show coupling
behavior of surface plasmon resonance between the particles. Since the
particles composing a chain are in proximity, plasmons are coupled with
adjacent particles, resulting in a change in the transversal and longitudinal
oscillation modes 1251261 Specifically, the longitudinal plasmon resonance
red-shifts as the chain length increases, which is further affected by the
particle size and spatial gap between the particles (Figure 1.3a) 1?7128 This
intimate relationship between the structure and plasmon coupling mode
enables sensor application of the chains for detecting metal ions, organic
molecules, and DNAs 1161291 |n addition, red-shifted extinction as the chain
length can be utilized to quantitatively analyze the growth of the
supracolloidal chain %],

Through the coupling between magnetic dipoles, supracolloidal
chains of magnetic particles show significantly enhanced magnetic properties,

including large coercivity and anisotropic magnetization, which can be



utilized for high-density data storage, spintronics, and magnetic resonance
imaging ["134. Furthermore, coupled dipoles lying in supracolloidal chains
can control their arrays by aligning them parallel to an external field (Figure
1.3b) [B0.132133] ‘Moreover, when the chains are sufficiently flexible, they
undergo a complex structural transformation under in the presence of an
external field, which can induce field-adaptive motion 3134, The detailed
applications of field-adaptive motion are discussed in the following paragraph
on mechanical behavior. Interestingly, magnetotactic bacteria such as
magnetospirillum gryphiswaldense uses supracolloidal chain of iron oxide
nanoparticles to find low oxygen conditions from their responses to the
magnetic field of the Earth [,

Periodic arrays of dielectric colloidal particles, whose refractive
indices differ from the environment, have photonic bandgaps, where the
propagation of electromagnetic wave is only allowed for certain wavelengths
[136.137] Thus, the arrays emit structural color without the support of other
emissive materials, whose wavelength is determined by the size and spatial

period of the particles %8140 Because the particles are arranged in a linear

fashion, supracolloidal chains exhibit structural color, which strongly
depends on the angle between the direction of chains and the incident light
(Figure 1.3c) 1142 Therefore, their structural color can be changed by

adjusting the direction of aligned chains, implying their applications in



stimuli-responsive photonic crystals 1431441,

By affecting the velocity field of a fluid, one-dimensional
nanostructures can cause significant changes in the rheological properties of
the solution 1451461 |n a concentrated solution of magnetic particles, the
viscosity dramatically increases when supracolloidal chains are formed by
applying an external magnetic field, which is known as a magnetorheological
fluid (471481 This phenomenon is also observed for the solution of
supracolloidal chains fabricated by dipolar assembly of electric field-induced
dipoles, called electrorheological fluid 9. Magnetorheological and
electrorheological fluids can be used in various mechanical engineering
applications 50151,

By engineering the motion, supracolloidal chains can be utilized as
colloidal swimmers for microfluidics and nanorobotics. In particular,
supracolloidal chains of magnetic particles undergo directional alignment or
morphological transformation by responding to an external field, which can
generate translational and rotational motions in solution (%l For example,
under a rotating magnetic field, chains of magnetic particles rotate and create
awhirlpool, leading to the agitation of the solution. Thus, they can be utilized
as nanoscale stirring bars for microscopic catalytic system and lab-on-a-chip
system [1521531 |n addition, relatively flexible supracolloidal chains show
structural transformation, such as stretched, folded and helical structures, as

a response to the external field. By periodically transforming morphology

10



using a time-varying magnetic field, the chains can be propelled and behave

as a micromotor through flagella-like motion (Figure 1.3d) [132:134.154],

1.1.4. Supracolloidal chains of block copolymer micelles
Block copolymer micelles

Block copolymers, in which chemically distinctive homopolymers
are covalently linked, spontaneously assemble into ordered nanostructures
through the segregation of dissimilar blocks. Block copolymers are classified
by the number of component blocks, represented by diblock and triblock
copolymers, and architectures of linear, star-like, and dendritic structures.

Block copolymers segregate into an ordered structure at the
nanoscale, known as microphase separation (451, This process is determined
by the contributions of enthalpy and entropy of mixing, which are expressed
by the Flory-Huggins interaction parameters () and total degree of
polymerization (N), respectively 5671581 In pulk, the order-to-disorder
transition of block copolymers is predicted by the product of the Flory-
Huggins parameter and degree of polymerization ( x N), which indicates the
balance between enthalpy and entropy 567181 In particular, the simplest
block copolymer system of diblock copolymers undergo microphase
separation when x N exceeds 10.5. The nanostructures resulting from the

microphase separation are determined by the volume fraction of each block

11



(f). For a diblock copolymer, by increasing the volume fraction of one block
from 0 to 0.5, at a fixed x N, the nanostructure of the diblock copolymers

varies from spherical to cylindrical, and subsequently to lamellar (Figure 1.4a)
(15671581 Block copolymers consisting of more than two blocks exhibit highly

complex phase behaviors because the number of parameters involved in phase
separation increases. For instance, triblock copolymers exhibit a broader
spectrum of morphologies such as sphere-in-cylinder, double helices in

cylinder, and core-shell cylinders (15871601,

When dissolved in a selective solvent for a certain block, the block
copolymers aggregate into nanoscale micelles above the critical micelle
concentration [M. Generally, micelles have spherical, cylindrical, and
vesicular morphologies, consisting of a soluble corona and an insoluble core.
In solution assembly, the morphology of micelles is mainly determined by the
volume fraction between the core- and corona-forming blocks, which is
expressed by the packing parameter p=v/aolc, where v and l. denote the
volume and length of the core-forming block, respectively, with ao indicating
the contact area of the corona-forming block. Spherical micelles are obtained
at a relatively low packing parameter (p < 1/3), whereas a higher packing
parameter is required for cylindrical micelles (1/3 < p < 1/2) and vesicles (1/2
< p) (Figure 1.4b) 11621631 |n line with the bulk assembly, introducing an

additional block increases the level of complexity, resulting in non-
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conventional micellar morphologies such as core-shell structure and

multicompartment micelles (581,

Supracolloidal chains of block copolymer micelles

Block copolymer micelles have been widely utilized as nanoscale
building blocks for supracolloidal chains. To induce bidirectional attraction
of the linear assembly, they are first converted into anisotropic patchy
micelles by compartmentalizing the corona. The patchy micelles then
assemble into linear supracollodial chains through solvophobic interactions
between the surface patches [101105164  The linear assembly of patchy
micelles of polyethylene oxide-b-polystyrene-b-poly(2-vinylpyridine)
triblock copolymer (PEO-b-PS-b-P2VP) is a typical example. PEO-b-PS-b-
P2VP copolymers first aggregated into spherical micelles of the PS core and
PEO/P2VP mixed corona. Upon increasing the solvent polarity, P2VP in the
corona selectively collapsed, resulting in hydrophobic P2VP patches on the
core. By further increasing the polarity of the solvent, the patchy micelles
finally assembled into a linear chain through solvophobic interactions
between P2VP patches (Figure 1.5a) [*81. This patchy micelle strategy has

been utilized for diverse systems of diblock [*6671%° and triblock copolymers
(17071721 (Figure 1.5b and c). With a wide range of polymers for block segments,

supracolloidal chains of block copolymer micelles with diverse
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functionalities have been reported. For example, a light-induced assembly-
disassembly system of the supracolloidal chain is obtained by introducing
photochromic azobenzene moieties in a patchy block, whose polarity changes
upon photoisomerization 173l In addition, patchy micelles whose patches
consist of a thermoresponsive poly(N-isopropyl-acrylamide) were assembled
by increasing the temperature 72, Moreover, functional materials such as
nanoparticles 170174 quantum dots [1”°! and organic dyes [7® can be

incorporated into the micellar cores composing a chain.

1.1.5. Supracolloidal chains as nanoscale analogues of conventional
polymers

Linear assembly of colloidal particles can be compared to
polymerization of molecular monomers. In this regard, supracolloidal chains
can be considered as colloidal analogues of conventional polymers. From this
perspective, supracolloidal chains has been explained with the assistance of
traditional theories of polymers. The analogy of supracolloidal chains and
polymers can not only help us to understand their behaviors, which are crucial
to design and fabricate supracolloidal chains with desired properties, but also
provide inspirations for applications of the chains. Moreover, as
supracolloidal chains can be directly visualized by microscopes, they can be

utilized as a model system for polymer research.



Assembling mechanism of supracolloidal chains can be described by
theories of polymerization. Because most of supracolloidal chains are
assembled through bidirectional attraction of particles, their assembly
processes have been extensively explained with step-growth mechanism,
where the growth of chains follows the Carothers equation, and polydispersity

index (PDI) approaches two 351777189 |t js noted that supracolloidal chains

can also polymerize through a diffusion-controlled mechanism because of

slow diffusion of particles 1221231871831 " Intriguingly, the chain-growth

mechanism can describe the growth of the supracolloidal chains. For instance,
supracolloidal chains of gold nanoparticles, which is induced by the sphere-
to-cylinder transformation of the polymeric shell, share the characteristics of
chain-growth polymers, whose colloidal monomers are only added to the end
of a growing chain 184, These understandings of assembling mechanism
allow precise control of polymerization kinetics and resulting structures. Co-
assembling colloidal monomers with different reactivities yields block-type
supracolloidal chains [86:1851861 and colloidal monomers with more than three
reactive groups induce branched chains and gels [*871,

Flexibility and conformation of supracolloidal chains have been
explained by the theoretical models of polymers. For the evaluation, physical
dimensions of supracolloidal chains are first measured by the size parameters

of conventional polymers including the contour length, persistence length,
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end-to-end distance, and radius of gyration. The flexibility of supracolloidal
chain can be assessed by comparing the persistence length with the contour
lengths 821881 In particular, chains are assessed as rigid when persistence
length exceeds contour length, and vice versa, they are flexible 89, The
flexibility information of supracolloidal chains is necessary for studying
bending dynamics 2% and mechanical responses %% which allows
various applications such as colloidal liquid crystals 83 microdevices [*9,
and microswimmers 34154 Furthermore, conformation of supracolloidal
chains has been successfully described by single chain models of polymers,
including freely jointed chain [ and worm-like chain model %%, which are

determined by the flexibility of the chain.



1.2. Purpose of Research

1.2.1. Motivation

Supracolloidal chains have attracted increasing attention as one-
dimensional nanomaterials for various applications. To design and fabricate
supracolloidal chains with desired properties, it is crucial to understand how
the chains are formed and behave. Because supracolloidal chains can be
considered as a nanoscale analogue of conventional polymer, the chains can
be described by the theory of conventional polymers. Moreover, the analogy
of polymers provides inspiration for applications of the chains, such as

processing and functionalization strategies.

1.2.2. Aim and objectives

This dissertation describes supracolloidal chains of patchy micelles
of PS-b-P4VP as nanoscale analogues of a conventional polymer. The main
purpose of this research is to understand assembling mechanism and single
chain conformation of the chains and demonstrate application strategies by
processing and functionalizing the chains. Assembling process is first
elucidated using the mechanism of step-growth polymerization. Flexibility
and conformation of the chains are explained using theoretical models of

polymers, which are processed into a film. Finally, the PS-b-P4VP micelles
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incorporating cobalt nanoparticles are demonstrated as functional colloidal
monomers for supracolloidal chains.

In Chapter 2, assembling mechanism of the supracolloidal chains is
discussed. Patchy micelles assemble into supracolloidal chains following the
mechanism of conventional step-growth polymerization, where the degree of
polymerization linearly increases and the polydispersity index approaches to
two. According to the step-growth equation, a high degree of polymerization
is achieved after a certain polymerization time by increasing the initial
concentration of patchy micelles. Furthermore, cyclic supracolloidal chains
are produced in a very low concentration. The colloidal polymerization is
accelerated by adding more water to the solution and employing patchy
micelles having large patches.

In Chapter 3, flexibility and conformation of the supracolloidal
chains are elucidated. The persistence and contour lengths of supracolloidal
chains coated on a solid substrate are assessed to evaluate their flexibility.
Based on this analysis, the chain is semi-flexible, and the conformation is
suitably explained by the worm-like chain model. In addition, a self-
supporting film of supracolloidal chains with nanoscale pores is obtained by
utilizing a spin-coating technique with semi-flexible chains.

In Chapter 4, PS-b-P4VP micelles incorporating cobalt nanoparticles
are demonstrated as colloidal monomers of supracolloidal chains. By

encapsulating CoNPs with PS-b-P4VP, spherical micelles incorporating
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CoNPs are first prepared and then transformed into patchy micelles. The
patchy micelles incorporating CoNPs are polymerized into supracolloidal
chains. In this process, undesirable aggregation is prevented by treating P4VP

shells with CHal.
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Figure 1.1 Superstructures of colloidal particles: (a) colloidal crystal *7I; (b)

two-dimensional colloidal superlattice *°: (c) colloidal cluster 5],
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Figure 1.2 Supracolloidal chains from linear assembly of colloidal particles:
(a) Magnetic dipolar interaction [™®; (b) Electrostatic dipolar assembly [**!: (c)
Hydrogen bonding between patches [1%°!: (d) Solvophobic interaction between

patches 1181,
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Figure 1.3 Properties of supracolloidal chains: (a) plasmonic coupling 2%
(b) magnetic coupling %: (c) one-dimensional photonic crystal 144: (d)
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Figure 1.5 Supracolloidal chains of patchy micelles of block copolymers: ()
poly(ethyleneoxide)-b-polystyrene-b-poly(2-vinylpydine) [165], (b)
polystyrene-b-poly(4-vinylpyridine) [%81; (c) poly( 7 -benzyl-L-glutamate)-
g-poly(ethylene glycol) 169,
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Chapter 2. Step—growth
polymerization of patchy micelles of

diblock copolymers
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2.1. Introduction

Effective assembly of linear supracolloidal chains can be achieved by
utilizing chemically or physically distinct patches on the surface of particles
(651041981 'For example, gold nanorods having hydrophobic patches at two
ends were polymerized to a linear chain by merging the neighboring patches
upon increasing the polarity of the solvent [**8l. In the same way, patchy
micelles of triblock terpolymers, whose patches were originated from
segregation in the corona, were assembled into a linear chain by combining
the patches [165170 Moreover, patchy micelles were induced with diblock
copolymers and assembled into linear supracolloidal chains (1661761871 \which
can be further functionalized by incorporating nanoparticles and quantum
dots in the cores of the micelles 741751,

A supracolloidal chain consisting of colloidal monomers can be
considered as a nanoscale analogue of a traditional polymer of molecular
monomers 8% In this perspective, the assembling mechanism of
supracolloidal chains can be described by conventional theory of
polymerization. For instance, the growth of supracolloidal chains from
colloidal particles such as nanorods with patches [*" and patchy micelles of
triblock terpolymers 81 was well explained by the mechanism of step-
growth polymerization. In addition, chain-growth mechanism has explained

the growth of supracolloidal chain assembled through morphological
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transition of spherical micelles into cylindrical micelles [#I  The
understandings of assembling mechanism allow engineering of the reaction
kinetics and structures of supracolloidal chains. For example, co-assembling
colloidal monomers with different reactivities vyields block-type
supracolloidal chains #8518 Fyrthermore, branched chains and networks
have been demonstrated by introducing multifunctional colloidal monomers
during the assembly, inspired by theory of gels 871,

In this study, assembling mechanism of supracolloidal chains of patchy
micelles of PS-b-P4VP is demonstrated. Patchy micelles assembled into
supracolloidal chains following the mechanism of conventional step-growth
polymerization. By increasing the initial concentration, a high degree of
polymerization was achieved after a certain time without changing the rate
constants. In addition, cyclic supracolloidal chains were produced in an
extremely diluted solution. Furthermore, the colloidal polymerization was
accelerated by adding more water to the solution and employing patchy

micelles having large patches.

2.2. Experimental Section
Materials: Polystyrene-b-poly(4-vinylpyridine) of PS(51)-b-P4VP(18) and
PS(25)-b-P4VP(7) were purchased from Polymer Source, Inc. The numbers

in the parenthesis are the number average molecular weights (Mn) in kg mol
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! The polydispersity indices (PDIs) are 1.15 and 1.10 for PS(51)-b-P4VP(18)
and PS(25)-b-P4VP(7), respectively. Styrene (>99%), 4-vinylpyridine (95%),
2,2° -azobisisobutyronitrile (AIBN, 98%), 2-cyano-2-propy dodecyl
trithiocarbonate (CPTTC, 97%), and 1,4-dibromobutane (99%) were
purchased from Sigma-aldrich. CaH> (93%) was obtained from Acros
Organics. Commercially available solvents and chemicals were used as
received unless otherwise stated. The monomers were purified by the vacuum
distillation from CaH. before polymerization. AIBN was recrystallized from

diethylether.

Synthesis of PS-b-P4VP diblock copolymers: PS(145)-b-P4VP(40) was
synthesized by reversible addition-fragmentation chain transfer (RAFT)
polymerization as described in the literature %!, The P4VP block was first
synthesized and then utilized as a macro chain transfer agent (CTA) to
synthesize the additional PS block. A mixture of 4VP (16.0 g), CPTTC (28
mg), AIBN (13 mg) was added into a 50 ml Schlenk tube and degassed by
three freeze-pump-thaw cycles. The reaction mixture was then immersed in

an oil bath at 80 C for 1.5 h and subsequently cooled down in a water bath

to stop the polymerization. The resulting mixture was diluted with
dichloromethane (40 ml) and slowly poured into an excess of n-hexane (500

ml) to precipitate the polymer, which was collected by filtration and then
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dried in a vacuum oven at room temperature for 1 day. The obtained P4VP
(3.0 g) was used as a macro CTA for the synthesis of the second PS block.
The above procedure of RAFT polymerization was repeated for PS(145)-b-
P4VP(40). A mixture solution of styrene (3.0 g), macro CTA of P4VP (0.2
g), AIBN (0.08 mg), and DMF (3.2 g) were prepared and then the
polymerization was proceeded at 110 C for 24 h. The polymerized mixture
was diluted with methylene chloride before precipitation in n-hexane. After
precipitation, filtration, and drying, PS(145)-b-P4VP(40) (0.7 g) in pale

yellow was obtained.

Formation of PS-b-P4VP micelles having the crosslinked cores: PS-b-P4VP
(10 mg) was first dissolved in chloroform (3.0 g), a good solvent for both PS
and P4VP blocks. Then, toluene (1.0 g), a selective solvent for the PS block,
was slowly added to the solution. After mixing, chloroform was evaporated
thoroughly at 50 C and extra toluene was added to yield a 1.0 wt% toluene
solution of PS-b-P4VP micelles. To crosslink the P4VP core, 1,4-
dibromobutane (0.5 molar ratio to 4VP) was added to this solution, followed

by stirring at 50 ‘C for 48h.

Preparation of patchy micelles as colloidal monomers: To produce patchy

micelles, DMF (0.90 g) was added to a toluene solution (0.25 ~ 1.0 wt%, 0.10
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g) of PS(51)-b-P4VP(18) micelles having the crosslinked cores. For PS(25)-
b-P4VP(7) and PS(145)-b-P4VP(40), DMF was added to a 1.0 wt% toluene
solution of core-crosslinked micelles, yielding a 0.01 wt% solution of patchy

micelles.

Polymerization of patchy micelles: To polymerize patchy micelles into
supracolloidal chains, we further increased the polarity of the solvent by
adding a mixture of deionized water and DMF (2.5:7.5 w/w) to yield 12.5 (or
25.0) wt% water in the final solution. The solution was kept without stirring

at 30 C up to 48h.

Characterizations: NMR spectra were obtained on a Varian NMR System
(500 MHz). Gel permeation chromatography (GPC) was carried out on an
Agilent 1260 Infinity GPC system equipped with a PL gel 5-um Mixed-D
column (Agilent Technologies) and a differential refractive index detector.
DMF with LiBr (0.01 M) was used as the eluent at a flow rate of 1.0 ml/min.
A PS standard kit (Agilent Technologies) was used for the calibration.
Scanning electron microscopy (SEM) was performed on a Carl Zeiss SUPRA
55VP at 2 kV and on a Hitachi S-4300 at 15 kV. SEM samples of
supracolloidal chains were prepared by spin-coating (3000 rpm, 60 s) onto a

Si wafer, followed by Pt coating. A Si wafer was cleaned using a piranha

30



solution (70:30 v/v of concentrated H.SO4 and 30% H20z), and thoroughly
rinsed with deionized water several times and then blow dried with nitrogen.
Transmission electron microscopy (TEM) was performed on a Hitachi H-
7600 at 100 kV. A TEM sample was prepared by dropping a solution of
micelles or chains on a TEM grid with removal of excess solvent by a filter
paper and drying in air. TEM samples were exposed to I; or RuO4 vapor to

stain P4VP or PS, respectively.

Evaluation of the degree of polymerization of supracolloidal chains: SEM
images of supracolloidal chains were digitally processed by ImageJ software
(NIH, USA) and then analyzed with Persistence software, a freely available
Matlab script %1 to measure contour lengths. The number of micelles
consisting a chain, i.e., the degree of polymerization (x), was calculated by
dividing contour length of a chain by a segment length of the patchy micelle,
which are ~24 nm, ~32 nm, and ~43 nm for PS(25)-b-P4VP(7), PS(51)-b-
P4AVP(18), and PS(145)-b-P4VP(40), respectively. The number-average

degree of polymerization (x,,) was obtained from > 500 chains.
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2.3. Results and Discussion

Supracolloidal chains were obtained by assembling patchy micelles of
PS-b-P4VP diblock copolymers (Figure 2.1). PS(51)-b-P4VP(18) was first
assembled into spherical micelles consisting of a PS corona and a P4VP core

in toluene, a selective solvent for PS 1861741761871 The PAV/P cores of the
micelles were then crosslinked with 1,4-dibromobutane [166:1747176.187] The

spherical shape of the micelles was recognized in the TEM images, in which
the cores and coronas appeared dark after stained with I and RuOa,
respectively (Figure 2.2). Upon the addition of DMF to a toluene solution of
PS-b-P4VP micelles, two patches were induced on a spherical micelle by
segregating the corona. The cross-linked P4VP core cannot be dissolved by a
favorable solvent of DMF. However, the P4VP core can be exposed to DMF
by rearranging the PS corona into two separate patches, resulting in a
dumbbell-shaped structure of two divided PS patches connected with the

exposed P4VP core [1661747176.187] patchy micelles in a dumbbell shape are

clearly visible in the TEM and SEM images (Figure 2.3, top row). By taking
a close look at the micelles in Figure 2.3a, the core, which remain spherical
after patch formation, is observed between two patches. The patches look
plump in the TEM image of Figure 2.3b after RuOa staining, similar to the
SEM image of Figure 2.3c. It is noted that the line in the center correspond to

the exposed core.
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By adding water to a solution of the patchy micelles which can be
considered as colloidal monomers, patchy micelles polymerized into
supracolloidal chains. The addition of a polar solvent reduces the solubility
of the hydrophobic patches so that attraction between the patches of
neighboring micelles occurs, leading to polymerization of patchy micelles

into a chain [166.1747176.187 | ateral aggregation of the colloidal monomers can

be effectively prevented by the P4VP core exposed to the solvent because the
exposed P4VP core becomes more favorable to contact with the solvent
containing water. In addition, bonding between the micelles is created by
fusing two patches of neighboring micelles so that the patch works as a
reactive functional group. Thus, with the micelle having two patches, a
colloidal analogue of a bifunctional monomer, a linear supracolloidal chain
can be dominantly produced. A supracolloidal chain is shown in the TEM
image of Figure 2.3d, where the spherical cores located along the chains are
observable after I, staining. The TEM image obtained after RuO4 staining
(Figure 2.3e) and the SEM image (Figure 2.3f) also shows a supracolloidal
chain, which looks like a string of beads and resembles a rosary. Along the
chain, lines, corresponding to the cores, are clearly discerned between the
beads that are the fused patches after merging two patches of neighboring
micelles, which appear dark in the TEM image due to RuOs staining. In

addition, two chain ends, which are uncombined patches so that they are
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smaller than fused patches, can be found in both images of Figure 2.3e and
2.3f. It is worthwhile to note that the degree of polymerization (x) can be
directly obtained by counting the number of cores in the chain. However, an
approximate x was employed by dividing the contour length by the segment
length (~32 nm) in the following discussion.

The assembling mechanism of the patchy micelles can be explained by
the step-growth polymerization. Thus, it is first investigated that whether the
distribution of x follows the most-probable distribution, which is a
characteristic of the step-growth mechanism 1971 By spin-coating
supracolloidal chains from a dilute solution (2.50 x 1072 wt%), well-separated
chains with sufficient numbers (> 1200) are found for the analysis of size
distributions in large-area SEM images, parts of which are shown in Figure
2.4. As the polymerization proceeded (0.5 h to 6 h), chains apparently became
longer in the SEM images of Figure 2.4, which can be verified by the increase
of the number of longer chains in the size distributions. Each distribution
follows the most-probable distribution of Nx=p*!(1-p), where Ny is the
number fraction of chains having x and p is the extent of reaction, marked as
the green lines, confirming a feature of the step-growth polymerization 171,

From each distribution in Figure 2.4, the number-average degree of
polymerization (x,,) and polydispersity index (PDI) were calculated, which
were plotted with respect to the polymerization time (Figure 2.5). As the

polymerization proceeded, X, linearly increased and PDI gradually
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approached to two, which are well fitted with the conventional step-growth
equations of x,=1+2k[Alot and PDI=2-1/x,,, respectively %71 It is noted
that [A]o is the initial molar concentration of colloidal monomers, which was
evaluated as 1.77 x 10 mol L by dividing the total weight of polymers in a
solution by the weight of one micelle estimated from the micelle size. From
the slope in Figure 2.5a, the rate constant (k) were calculated as 1.67 x 10* M-
151 which is much greater than the typical values (10°~10 M s%) for small
molecules 171 but shows a similar order of magnitude to those (10*~10° M
s found in the polymerization of nanoscale particles 1221771,

To achieve a high x, after a certain polymerization time, the initial
concentration [A]o can be simply increased according to the conventional
step-growth equation of x,,=1+2k[A]ot. Figure 2.6 shows the distributions of
x of supracolloidal chains after 6 h by varying the initial concentration. The
chains in a higher concentration appear longer in the SEM images of Figure
2.6, which can be identified in the size distributions. It is noted that all
distributions follow the most-probable distribution of the step-growth
polymerization regardless of the initial concentration. Figure 2.7a also shows
the linear increase of x,, as the polymerization proceeded with a larger slope
for a higher initial concentration. From these slopes, the rate constant k was
obtained by plotting dzx,,/dt vs. [A]o (Figure 2.7b), which is 1.68 x 10* Mg

! not changed with the variation of the initial concentration. It is noteworthy



that the linear dependence of X, on the polymerization time and the
concentration-independent rate constant k imply the insignificant effect of
diffusion on the polymerization (1221971

In conventional step-growth polymerization, a high concentration of
monomers is desirable in order to minimize the cyclization by intramolecular
reaction (71, In contrast, a very low concentration (2.50 x 10" wt%) of patchy
micelles was intentionally employed for the formation of a cyclic chain,
which cannot be easily detected in polymerization of small molecules. As the
result, several neckless structures with various sizes were observed in the
TEM image of Figure 2.8. The enlarged image in the inset clearly shows a
closed-loop of beads on a string, indicating a cyclic supracolloidal chain
originated from merging of the two end patches in the same chain due to a
low concentration of colloidal monomers 7],

Colloidal polymerization of patchy micelles is mainly progressed by
merging the non-polar PS patches on the neighboring micelles to reduce the
unfavorable contact with the polar environments after addition of water,
implying that more water can accelerate the polymerization. Twice amount
of water was added to a solution of the patchy micelles having the same initial
concentration. After 3h polymerization (Figure 2.9a), the chains polymerized
with more water apparently appear longer. X, were again plotted with
respect to the polymerization time for two different water contents. Figure

2.9b shows a larger slope for a high content of water. The rate constant is also
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evaluated as 2.84 x 10* M? s, indicating 1.6 times faster polymerization by
adding twice amount of water.

The fast polymerization of the patchy micelles in an environment with a
high content of water implies that the polymerization can be accelerated if we
employ a micelle with a large patch because the solubility of a polymer
decreases with the increase of its molecular weight Bl Thus, two
independent patchy micelles having the dissimilar patch sizes were prepared
by utilizing PS(25)-b-P4VP(7) and PS(145)-b-P4VP(40) (Figure 2.10). Both
PS-b-P4VP block copolymers assembled into spherical micelles in toluene
(Figure 2.11), from which the patchy micelles were induced as shown in the
TEM images of Figure 2.12. As before, the patchy micelles of both PS(25)-
b-P4VP(7) and PS(145)-b-P4VP(40) have a dumbbell-like shape. However,
the patchy diameter (~42 nm) of PS(145)-b-P4VP(40) is twice larger than that
(~23 nm) of PS(25)-b-P4VP(7), indicating the quadruple difference in the
surface areas. Both patchy micelles were polymerized into supracolloidal
chains, which appear as beads on a string in the SEM images of Figure 2.12.
The chain of PS(145)-b-P4VP(40) is much thicker than that of PS(25)-b-
PAVP(7). Again, X, was investigated with respect to the polymerization
time (Figure 2.13). The initial molar concentration of the patchy micelles is
7.72 x 10° M for PS(25)-b-P4VP(7) and 1.59 x 10° M for PS(145)-b-

P4VP(40). The polymerization of both patchy micelles follows the linear
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relation of x,=1+2k[A]ot. The rate constant (1.76 x 10* M s?) of the large
patchy micelles is approximately twice higher than that (0.92 x 10* M s
of the small ones, confirming the fast polymerization with the micelles having

the large patches.

2.4. Conclusion

Patchy micelles of PS-b-P4VP, which can be considered as bifunctional
colloidal monomers, polymerized into supracolloidal chains following the
mechanism of step-growth polymerization, where x,, linearly increases and
PDI approaches to two. According to the conventional step-growth equation,
ahigh x, was achieved after a certain polymerization time by increasing the
initial concentration of patchy micelles. In this process, the rate constant k
remains unchanged, implying negligible effect of diffusion on the
polymerization. Furthermore, cyclic supracolloidal chains were produced in
a very low concentration, which are hardly detected in conventional polymers.
The colloidal polymerization was accelerated by simply adding more water
to the solution since the chain formation is induced by the unfavorable contact
of patches with water. The fast polymerization was also accomplished by
employing patchy micelles having large patches. Thus, the reactivity of
colloidal monomers was effectively engineered by modifying chemical

environment and patch size, which can be extended to colloidal reaction of
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patchy particles for colloidal molecules. The colloidal polymerization
approach demonstrated here provides not only the theoretical explanation for
the assembling process but also synthetic strategy for supracolloidal chains

with controlled kinetics and structures.



Figure 2.1 Schematic illustration of linear assembly of supracolloidal chains
of PS-b-P4VP micelles
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Figure 2.2 TEM images of spherical micelles of PS(51)-b-P4VP(18): (a) after
staining P4VP with I; (b) after staining PS with RuO4. The scale bars are 100
nm. Schematic illustration of a spherical micelle is depicted in the inset of (a).
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Figure 2.3 Patchy micelles (top row) and supracolloidal chains (bottom row)
of PS(51)-b-P4VP(18): (a) and (d) TEM image after staining P4VP with Iy;
(b) and (e) TEM image after staining PS with RuO4; (c) and (f) SEM image.
The scale bars are 100 nm. Schematic illustration of a patchy micelle is

depicted in the inset of (a).
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Figure 2.4 Distributions of degree of polymerization x of supracolloidal
chains after polymerization: (a) 0.5 h; (b) 2 h; (c) 3 h; (d) 6 h. The
corresponding SEM images are placed on the right with the scale bar of 500
nm. The green lines are the most-probable distributions, from which the
extent-of-reaction values for 0.5 h, 2 h, 3 h, and 6 h are extracted as 0.50, 0.82,

0.86, and 0.93, respectively.
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Figure 2.5 Evolution of X, and PDI during polymerization: (a) x,; (b) PDI.
The dotted lines in (a) and (b) are calculated by the conventional step-growth
equations of x,=1+2k[A]ot and PDI=2-1/%,,, respectively. The error bars

indicate the standard deviations of counting.
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Figure 2.6 Distributions of degree of polymerization x of supracolloidal
chains after 6 h by varying the initial concentration: (a) 1.25 x 102 wt%; (b)
2.50 x 102 wt%); (c) 3.75 x 102 wt%; (d) 5.00 x 10 wt%. The corresponding
SEM images are placed on the right with the scale bar of 500 nm. The green

lines are the most-probable distributions.
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Figure 2.7 Polymerization of supracolloidal chains by varying the initial
concentration: (a) X, Vvs.time; (b) dx,/dtvs. [A]o. The dotted lines in (a) are
calculated by x,=1+2k[A]ot. The error bars in (a) indicate the standard

deviations of counting.
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Figure 2.8 TEM image of cyclic supracolloidal chains after staining with I».
The scale bar is 500 nm. The inset is an enlarged image of a representative
cyclic chain in 600 nm x 600 nm. Schematic illustration of the cyclic chain is

given at the left of the inset.
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Figure 2.9 Effect of the content of water on polymerization of patchy micelles:
(a) SEM images after 3h polymerization with the scale bar of 500 nm; (b)
X, Vs. time. The dotted lines in (c) are calculated by x,,=1+2k[A]ot. The error
bars in (c) indicate the standard deviations of counting. Schematic illustration
is given above the images.
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Figure 2.10 GPC results of PS-b-P4VP used for assembly of supracolloidal
chains.
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Figure 2.11 TEM images of spherical micelles: (a) PS(25)-b-P4VP(7); (b)
PS(145)-b-P4VP(40). TEM images were obtained after stained with 1. The
scale bars are 100 nm.
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Figure 2.12 Colloidal polymerization of PS(25)-b-P4VP(7) (top row) and
PS(145)-b-P4VP(40) (bottom row): (a) and (c) TEM images of patchy
micelles after staining with RuOys; (b) and (d) SEM images of supracolloidal

chains. The scale bars are 100 nm.
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Figure 2.13 Evolution of x, for patchy micelles with different size of
patches: (a) PS(25)-b-P4VP(7); (b) PS(145)-b-P4VP(40). The dotted lines are
calculated by x, =1+2k[A]et. Error bars indicate standard deviations of
counting. Schematic illustrations are given above the corresponding graphs

of Xp VS. time.
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Chapter 3. Porous self—supporting
film of semi—flexible supracolloidal

chains of diblock copolymer micelles
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3.1. Introduction

To understand physical and mechanical behaviors of supracolloidal
chains, it is crucial to understand their flexibility (54181 For a conventional
polymer, flexibility determines not only conformations of single chain but
also mechanical properties of bulk materials such as elastic modulus and
crystallinity [l Based on the analogy of polymers, flexibility of
supracolloidal chains can be also determined by using theoretical tools of
polymers [2%0:1%1 The physical dimensions of chains are first measured in the
traditional parameters of polymers such as radius of gyration and end-to-end
distance %1921, Then, flexibility and bending rigidity of supracolloidal chains
can be evaluated by comparing their persistence length and contour length
[154,188.189] * Flexibility of supracolloidal chains allows to investigate their
physical behaviors such as conformation, alignments, and mechanical
responses [134, 183, 192, 199]_

Owing to high aspect ratio, one-dimensional nanomaterials including
nanowires and supracolloidal chains have been processed into macroscopic
films with microscopic percolation networks similar to conventional
polymers [200-2021 These films have been developed for various applications
such as flexible and stretchable devices, which show unique mechanical
behaviors with novel properties 293204 However, there are few example of

film formation from supracolloidal chains [2%5],
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In this study, flexibility, conformation, and processing of the
supracolloidal chains are elucidated. The flexibility of supracolloidal chains
was first assessed by evaluating their persistence lengths and contour lengths.
Based on the analysis, the chains were semi-flexible, and their conformation
was suitably explained by the worm-like chain model. Then, by utilizing spin-
coating process with the semi-flexible nature of chains, a self-supporting film
of supracolloidal chains having microscopic pores was obtained, which would
not be easily achievable with colloidal particles due to their tendency toward

dense packing.

3.2. Experimental Section

Materials: Polystyrene-b-poly(4-vinylpyridine), PS-b-P4VP, with a number
average molecular weight (Mn) of 51,000 g mol™ for PS and 18,000 g mol™*
for PAVP and polydispersity index (PDI) of 1.15, was purchased from
Polymer Source. Commercially available solvents and chemicals were used

as received. 1,4-dibromobutane was purchased from Sigma-Aldrich.

Formation of PS-b-P4VP micelles and crosslinking of P4VP cores: PS-b-
P4VP (10 mg) was first dissolved into chloroform (3.0 g), a good solvent for
both PS and P4VP blocks. Then, toluene (1.0 g), a selective solvent for the

PS block, was slowly added to the solution. After mixing, chloroform was
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evaporated thoroughly at 50 C and extra toluene was added to yield a 1.0 wt%

toluene solution of PS-b-P4VP micelles. To crosslink the P4VP core, 1,4-
dibromobutane (2.7 mg, 0.5 molar ratio to 4VP) was added to this solution,

followed by stirring at 50 C for 48h.

Preparation of patchy micelles and supracolloidal chains: To produce
colloidal monomers of patchy micelles, DMF (0.99 g) was added to a 1.0 wt%
toluene solution of core-crosslinked micelles (0.01 g), resulting ina 0.01 wt%
solution of patchy micelles. To polymerize the patchy micelles into
supracolloidal chains, a mixture of deionized water and DMF (2.5:7.5 w/w)
was added to the solution of patchy micelles to yield 12.5 wt% water in the

final solution. The solution was kept without stirring at 30 C for 24 h.

Spin-coating and transferring of supracolloidal chains: A silicon wafer with
a thermally grown oxide layer with a thickness of 300 nm (Si/SiO2) was
cleaned using a piranha solution (70:30 v/v of concentrated H>SO4 and 30%
H>0>), and thoroughly rinsed with deionized water several times and then
blow dried with nitrogen. The solution of supracolloidal chains was spin-
coated onto a cleaned substrate at 3000 rpm for up to 200 repeats. The

supracolloidal chains prepared after 200 cycles of spin-coating were floated
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on water by dissolving the underlying SiO2 layer with a 2.0 M aqueous
solution of sodium hydroxide and transferred onto another Si/SiO, wafer.

Characterizations: Scanning electron microscopy (SEM) was performed on
a Carl Zeiss SUPRA 55VP at 2 kV and on a Hitachi S-4300 at 15 kV. SEM
samples of patchy micelles of PS-b-P4VP on a Si/SiO> substrate were
prepared by spin-coating followed by Pt coating. Transmission electron
microscopy (TEM) was performed on a Hitachi H-7600 at 100 kV. A TEM
sample was prepared by dropping a solution of micelles or chains on a TEM
grid with the removal of excess solvent by filter paper and drying in air. The
TEM samples were exposed to I> or RuO4 vapor to stain P4VP or PS,

respectively.

Conformational analysis of supracolloidal chains: SEM images of
supracolloidal chains were digitally processed using ImageJ software (NIH,
USA) and then analyzed with Persistence software, a freely available Matlab
script 1% to evaluate contour length (L), end-to-end distance (Re), and
persistence length (Lp). The radius of gyration (Rg) of each chain was also
calculated by Equation 3.1 from its contour coordinates (X, y) consisting of N

segments, depending on its length.

Ry = \/%Zi [(xi - %)2 + i - %)2] (3.1)
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3.3. Results and discussion

Supracolloidal chains were polymerized by assembling patchy
micelles of PS-b-P4VP, which can be considered as colloidal monomers, by
applying same protocol demonstrated in Chapter 2. Patchy micelles were first
prepared by adding DMF to a toluene solution of core-crosslinked spherical
micelles of PS-b-P4VP (Figure 3.1). The TEM image of Figure 3.1b shows
patchy micelles of PS(51)-b-P4VP(18) in a dumbbell shape, where two
hemispherical PS patches are connected by the P4VP core. The patch
formation was explained as the result of segregation of the PS corona due to
the preferential swelling of the cross-linked P4VP core by DMF 168, These
patchy micelles assembled into supracolloidal chains by addition of water to
a solution of patchy micelles. As shown in the SEM in Figure 3.2, a long chain
is observed as like beads on a string, which can be also identified in the TEM
images (Figure 3.2b and c). The chain formation of colloidal polymerization
can be described by merging the non-polar PS patches on the neighboring
micelles in order to reduce the unfavorable contact with water 1661, Along the
chain in Figure 3.2a, the beads correspond to the merged patches. The two
chain ends, which are unreached patches without merging, appear smaller. It
is worthwhile to note that dimers are also observed in Figure 3.2a, which
consists of one bead and two ends. In this regard, the degree of polymerization

x of a chain can be directly obtained by counting the number of beads, which
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is 35 for the chain in Figure 3.2a. For evaluating x in the following analysis,
however, the contour length of each chain in an SEM image was divided by
the length of the repeating unit (~32 nm) as discussed in Chapter 2. In this
chapter, supracolloidal chains were fabricated in a relatively low
concentration (0.005 wt%), to clearly observe each chain without overlap in
order to analyze their conformation.

As conventional polymers can be processed to form a film upon
coating from their solutions, supracolloidal chains were spin-coated onto a
substrate. After one-time spin-coating, scattered chains with negligible
overlaps were found due to the low concentration (0.005 wt%) of the solution
(Figure 3.3). The chains had various lengths and were randomly oriented in
the image of Figure 3.3. The contour lengths of 1085 individual chains were
measured from the SEM images. Figure 3.4a shows a histogram of the
contour lengths of chains, in which the number of chains drastically decreases
as the contour length increases. The number- and weight- averages of contour
lengths are calculated by L, = ¥;n;l; /¥:n; and L, = ¥, mli2 / Ynil;,
respectively, giving L, = 400 nm and Lw = 854 nm, where | is the length of a
chain and n is the number of chains with length I. The polydispersity index
(PDI) of Lw/Lx is 2.13, close to 2, implying that the chain formation can be
explained by the step-growth mechanism in consistent with the Chapter 2.
Since DPs in step-growth polymerization follow the most probable

distribution, contour lengths and counting numbers are converted to DPs and
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number fractions of the total, respectively, as shown in Figure 3.4b. The

dotted line is a fitting curve of p" (1 — p) with an extent of reaction p of 0.90

(R?=0.943), where n is the DP of each chain, offering additional evidence of
the step-growth mechanism for the chain formation 771, It is noted that the
most probable distribution of chain lengths deviates from the normal

distribution of sizes observed in non-directional colloidal assemblies.

Since the chains shown in Figure 3.3 are somewhat extended, the
persistence length (Lp) was evaluated from the correlation between the
tangent angles along the chain to assess the flexibility of supracolloidal chains.
As before, 1085 chains were used to calculate the average cosine correlation
(C(s)) = (cos[B(s) —6(0)]), where s and O(s) are the distance from the
chain end to a point along the chain and the tangent angle at the point,
respectively. Then, L, of 546 nm was obtained by fitting the correlation with
the two-dimensional case of (C(s)) = Aexp(—s/2L,), where Aisascaling
factor [831%l Since this persistence length is comparable to the average
contour length (Ln =400 nm, Lw =854 nm), it can be stated that supracolloidal
chains are semi-flexible [, It is noted that the value of L, here is larger than
that of double-strand DNA (~50 nm) 2% put smaller than that of an actin
filament (> 9 um) %1 The semi-flexibility of supracolloidal chains was

further investigated with the worm-like chain model, in which the radius of
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gyration (Rg) and the end-to-end distance (Re) as a function of contour length

(L) can be described by Equations 3.2 and 3.3, respectively [2%¢1,

1
2 321,% L 16L,3]2
R, = [ngL — 4L, + Lf (exp [—— — 1> + —=2 ] (3.2)

2Ly L

R, =4L,L — 8Lp2 (1 — exp [—% ) (3.3)
14

It is noteworthy that Equations 3.2 and 3.3 are modified versions for
a worm-like chain on a two-dimensional flat surface. Again, the values of Rg,
Re, and L for 1085 chains were extracted from the SEM images as explained
in the experimental section. As shown in Figure 3.5, Rg and Re against L are
marked as open circles. Then, Equations 3.2 and 3.3 with L, = 546 nm are
plotted as the dotted lines in Figures 3.5a and 3.5b, respectively. The extracted
values of both Rq and Re from the images are well fitted with the equations,
implying that the conformation of supracolloidal chains can be explained by
the worm-like chain model. It is worthwhile to note that the Rg and Re of some
chains with contour lengths longer than 2,000 nm (solid circles in Figure 3.5)
are located above the lines predicted by the worm-like chain model because
these chains were apparently stretched as shown in the SEM images (Figure
3.6) possibly by spin-coating.
A self-supporting film consisting purely of semi-flexible
supracolloidal chains can be produced if chains with long contour lengths are

stacked with sufficient contact for mechanical stability. To deliver enough
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chains for constructing a film, the spin-coating process was repeated instead
of increasing the concentration of the solution because a high concentration
of chains resulted in undesirable precipitation. As shown in Figure 3.7, more
cycles of spin-coating delivered more chains on the substrate. Accordingly,
more overlaps between the chains were also created. Successive overlaps of
stacked chains are distinguishable in a side-view image (inset of Figure 3.7a),
where red, green, blue, and yellow chains are sequentially coated. After 50
repeats of spin-coating (Figure 3.7c), most chains seemingly touched each
other so that it is attempted to detach these chains as a whole film from the
substrate by floating them on water as described in the experimental section.

However, it wasn’ t able to perceive a film on the water surface although

delamination was verified by an image of the empty substrate after the
detachment procedure.

According to an image of supracolloidal chains delivered by 100
cycles of spin-coating (Figure 3.8a), in which dense chains with abundant
overlaps are visible, tolerable stability of the chains for detachment was
expected. However, it was failed to fish a film out of the water surface, even
though a film of the chains was briefly visible during detachment. After 200
cycles of spin-coating, a film of the chains floating on the water was able to
be scooped and transferred onto another substrate, although the image of the

chains was not much different from that after 100 cycles (Figure 3.8). The



inset in Figure 3.8b is a photograph of a transferred film of the chains
(indicated by the arrow), implying the successful fabrication of a self-
supporting film consisting solely of colloidal chains with mechanical stability
enough for the transfer process, presumably originated from van der Waals
interactions between the overlapping chains.

A film of supracolloidal chains after 100 or 200 repeats of spin-
coating has a macroscopically continuous feature but has a lot of microscopic
pores as shown in Figure 3.8 due to incomplete space-filling with semi-
flexible colloidal chains. To estimate the average size of the pores, the high-
resolution images of Figure 3.8a and 3.8b were digitized and displayed in
Figures 3.8c and 3.8d, respectively. From the black spots, which are not
covered by the chains, in the digitized images, the average pore diameters
after 100 and 200 cycles of spin-coating are 42 nm and 37 nm, respectively,
with the assumption of circular pores. This evaluation indicates the formation
of nanoscale pores with potential control of their sizes by number of repeats
of spin-coating. It is worthwhile to note that a porous film with a colloidal
nature is unusual because colloids tend to form dense packing. Making semi-
flexible chains with colloids can be a promising strategy to achieve a porous
self-supporting colloidal film with a controllable pore size, which could find
potential applications in size-selective membranes for nano-objects including

viruses and catalytic filters after loading various catalysts in the colloids.
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3.4. Conclusions

Supracolloidal chains polymerized from patchy micelles of PS-b-
P4VP diblock copolymers were directly visualized in SEM images, from
which persistence and contour lengths were effectively measured for
conformational analysis. According to the evaluation, the supracolloidal
chains were polymerized via the step-growth mechanism and showed semi-
flexible nature so that their conformations were suitably explained by the
worm-like chain model. In addition, a self-supporting film consisting purely
of semi-flexible supracolloidal chains was produced because chains with long
contour lengths were stacked each other with sufficient contacts for
mechanical stability by spin-coating. Furthermore, the film had microscopic
pores owing to incomplete space-filling with the semi-flexible colloidal
chains. Since colloidal particles tend to form dense packing, a porous film
essentially from colloidal constituents would not be easily achievable if there
was no prior organization of them into a semi-flexible chain, which can open

an opportunity for membrane applications of colloidal chains.
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Figure 3.1 TEM images of PS(51)-b-P4VP(18) micelles after staining with
I>: (a) spherical micelles; (b) patchy micelles. The scale bars are 100 nm. The
inset in (a) and (b) shows an enlarged image (100 nm x 100 nm) of individual
spherical and patchy micelles, where the PS corona was stained with RuQa,
respectively.

65 s A2



Figure 3.2 Supracolloidal chains of PS(51)-b-P4VP(18): (a) SEM image; (b)
TEM image after staining the PS corona with RuOa; (c) TEM image after
staining the P4VP core with I>. All scale bars in images are 100 nm.
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Figure 3.3 SEM image of supracolloidal chains spin-coated on a substrate.

The scale bar is 500 nm.
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Figure 3.4 Size distributions of supracolloidal chains: (a) contour length; (b)

degree of polymerization. The dotted line in (b) corresponds to a most-
probable distribution in step-growth polymerization.
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Figure 3.5 Semi-flexible supracollodial chains: (a) Rg vs. L; (b) Re vs. L. The
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worm-like chain model, respectively.
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Figure 3.6 SEM images of supracolloidal chains marked with solid circles in
Figure 3.5. They are displayed in order of contour lengths. The scale bar is
250 nm.
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Figure 3.7 SEM images of supracolloidal chains on a substrate after repetitive
spin-coating: (a) 5 cycles; (b) 20 cycles; (c) 50 cycles. The scale bars are 500

nm. The bottom inset in (a) is a side-view image in 500 nm X< 400 nm, where

chains are painted with false colors.
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Figure 3.8 SEM images of supracolloidal chains on a substrate after repetitive
spin-coating: (a) 100 cycles; (b) 200 cycles. The scale bars are 500 nm. The
digitized images in (c) and (d) show black spots which are not covered by the
chains from the high-resolution images corresponding to (a) and (b),
respectively. The bottom inset in (b) shows a photograph of the film
(indicated by the arrow) transferred onto a silicon wafer.
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Chapter 4. PS—5H—P4VP micelles
incorporating cobalt nanoparticles as

building blocks for supracolloidal chains
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4.1. Introduction

As colloidal monomers of supracolloidal chains, a variety of
inorganic nanoparticles have been reported to polymerize into a
supracolloidal chain with novel properties 191191941 |n this process, the
nanoparticles work as functional monomers of supracolloidal chains, which
deliver their intrinsic properties to supracolloidal chains for various
applications 105119191 For example, supracolloidal chains of gold
nanoparticles show catalytic activities for hydrogenation reaction %! and
supracolloidal chains of upconversion nanoparticles exhibit upconversion
luminescence 2191,

Block copolymer micelles can be utilized as an effective platform for
assembling inorganic nanoparticles into supracolloidal chains. Because the
chemical environment of micellar cores is distinct from that of corona,
various functional nanoparticles such as plasmonic nanoparticles and
quantum dots can be selectively loaded into the cores [2*%?12 The block
copolymer micelles functionalized with nanoparticles can then assemble into
supracolloidal chains by inducing patches on their corona without affecting
the nanoparticles embedded in micellar cores [70:174.175],

In this study, PS-b-P4VP micelles incorporating cobalt nanoparticles
(CoNPs) are demonstrated as colloidal monomers of supracolloidal chains

(Figure 4.1). By encapsulating cobalt nanoparticles with PS-b-P4VP,
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spherical micelles consisting of cobalt nanoparticles—P4VP shell-PS corona
are obtained. Then, the spherical micelles transform into patchy micelles via
segregation of PS corona, after crosslinking P4VP shells. Finally, the patchy

micelles polymerize into supracolloidal chains by adding water.

4.2. Experimental Section

Materials: Polystyrene-b-poly(4-vinylpyridine), PS(51)-b-P4VP(18), was
purchased from Polymer Source, Inc. The numbers in the parenthesis are the
number average molecular weights (Mn) in kg mol™ and the polydispersity
index (PDI) is 1.15. Trioctylphosphine oxide (TOPO) (99%), caffeic acid
(98%), 1,2-dichlorobenzene (99%), iodomethane (99%), and 1,4-
dibromobutane (99%) were purchased from Sigma-Aldrich. Co2(CO)s (95%)
and ethanol (96%) were obtained from Acros Organics. Oleic acid (99%) was
purchased from TCI Chemicals. Commercially available solvents and

chemicals were used as received.

Synthesis of cobalt nanoparticles: CoNPs were synthesized using the thermal
decomposition method described in the literature ?°1. TOPO (0.1 g) and oleic
acid (0.2 ml) were dissolved in 1,2-dichlorobenzene (15 ml). The resulting
solution was poured into a three-neck flask and purged with argon for 10

minutes. The solution was further flushed with argon for 30 minutes at 110 °C
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and heated to 178 °C. Next, a solution of Coz(CO)s (0.52 g) in 1,2-
dichlorobenzene (3 ml) was rapidly injected into the refluxing bath. After
stirring at 130 °C for 1 h and subsequent cooling cooled down to room
temperature, the mixture solution was diluted with toluene (12 ml) and poured
into ethanol (30 ml) to precipitate the particles. The precipitate was dispersed
in CHCIs. CoNPs were purified by collecting them with a permanent magnet

and re-dispersed in CHCla.

Crosslinked PS-b-P4VP micelles with cobalt nanoparticles: PS-b-P4VP (5
mg) and cobalt nanoparticles (4 mg) were dissolved in chloroform (7 ml).
After the addition of caffeic acid (2 mg), the solution was shaken at 35 °C for
12 h. Toluene (4.0 g) was slowly added to this mixture using a syringe pump
at a rate of 4.0 ml/h to induce the formation of micelles. After mixing,
chloroform was evaporated under reduced pressure and toluene was added to
yield a 0.1 wt% solution of PS-b-P4VP micelles incorporating CoNPs. To
crosslink the P4VP shells, 1,4-dibromobutane (DBB) (0.5 molar ratio to 4VP)
was added to this solution, followed by shaking at 50 °C for 48 h. For linear
assembly, the solution of crosslinked micelles was treated with iodomethane
(2.0 molar ratio to 4VP) and shaken at 50 °C for 12 h to quaternize the P4VP

shells.

76



Preparation of patchy micelles and supracolloidal chains: To produce
colloidal monomers of patchy micelles, DMF (0.9 g) was added to a 0.1 wt%
toluene solution of core-crosslinked micelles (0.1 g), resulting in a 0.01 wt%
solution of patchy micelles. To polymerize the patchy micelles into
supracolloidal chains, a mixture of deionized water and DMF (2.5:7.5 w/w)
was added to a solution of patchy micelles to yield 12.5 wt% water in the final

solution. The solution was kept at 30 °C without being stirred for 6 h.

Characterizations: Transmission electron microscopy (TEM) was performed
using a Hitsachi H-7600 at 100 kV. TEM samples were prepared by dropping
a solution of micelles or chains onto the TEM grid, with the excess solvent
removed by using a filter paper and drying in the air. The TEM samples were
exposed to I or RuO4 vapor to stain P4VP or PS, respectively. To study the
magnetic behavior, solutions of each particle were dropped onto a TEM grid
positioned between two permanent magnets. The strength of the magnetic
field was 40 mT. CoNPs and spherical micelles were diluted with 1,2-
dichlorobenzene and toluene to yield 0.01 wt% solutions, respectively. The
solutions of patchy micelles and supracolloidal chains were cast without

dilution.
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4.3. Results and Discussion

As colloidal monomers of supracolloidal chains, micelles
incorporating CoNPs were prepared by using an ex-situ encapsulation
strategy. For the encapsulation, CoNPs were first synthesized by the thermal
decomposition of cobalt precursors, as reported in the literatures 292131,
Figure 4.2a shows the TEM image of as-prepared spherical CoNPs. The
nanoparticles are highly monodispersed, and their average diameter is ~11
nm, as can be confirmed from the histogram shown in Figure 4.2b. It is noted
that the CoNPs in Figure 4.2a are densely packed in a hexagonal array
because they are coated with the ligands of small molecules [2°2%3],

These CoNPs were encapsulated with PS(51)-b-P4VP(18)
copolymers, whose micelles assembled into linear supracolloidal chains [2661.
CoNPs were first dispersed in a solution of PS-b-P4VP in chloroform, which
is a good solvent for the CoNPs and two blocks of PS-b-P4VP. Caffeic acid
was added to this solution in order to selectively ligate the P4VP blocks and
CoNPs. Owing to the presence of carboxylic acid and catechol moieties,
caffeic acid can ligate P4VP to the surface of CoNPs via hydrogen bonding
with P4VP and binding to the metallic surface [?!42151 Next, toluene, a
preferential solvent to PS, was added to the solution. By evaporating
chloroform, a toluene solution of PS-b-P4VP micelles incorporating CoNPs

was obtained.
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The TEM image in Figure 4.3 shows the spherical micelles of PS-b-
P4VP incorporating CoNPs. Dark CoNPs surrounded by polymeric shells are
scattered across the entire field of view. In contrast to the as-prepared CoNPs
shown in Figure 4.2, the CoNPs are not densely packed due to the thick
polymeric shells. In the enlarged image shown in the bottom right inset, a PS
corona appears as a dark sphere due to RuO4 staining. In addition, a thin gray
shell at the periphery of a CoNP is clearly visible even without staining,
implying the P4VP shell directly attached to the particle. These observations

indicate the core—shell-corona structure of micelles, which are composed of

a CoNP core, P4VP shell, and PS corona. The diameter of the entire micelle,
including the PS corona, is ~60 nm, which is slightly larger than that of
pristine PS-b-P4VP micelles in toluene (~50 nm). It is noted that empty
micelles of PS-b-P4VP, which appear as gray spheres without CoNPs, are
also observed in Figure 2.3a. By counting the number of CoNPs in a single
micelle, most micelles incorporate one CoNP (~86 %), while ~10% of
micelles are empty, as evidenced by the histogram in Figure 4.3b. In addition,
a small proportion of micelles had two or more CoNPs in their cores.
Pristine spherical micelles of PS-b-P4VP can transform into patchy
micelles by adding DMF after crosslinking the cores [*661871 Hence, the same
protocol was applied to convert the micelles incorporating CoNPs into patchy

micelles. First, the P4VP shells of spherical micelles were crosslinked with
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1,4-dibromobutane. Next, DMF, which prefers P4VP to PS, was added to the
solution. Upon the addition of DMF, the spherical micelles transformed into
patchy micelles via the segregation of the PS corona, leading to the P4VP
shell exposed to the solvent. Figure 4.4a shows the TEM images of the patchy
micelles of PS-b-P4VP incorporating CoNPs. As shown in the upper image,
bloated patches were induced on the surface of micelles without deterioration
of the central CoNPs. After staining with RuOs, the patches appear dark
(bottom image), which can be clearly distinguished from the exposed P4VP
shells surrounding the CoNPs. Each patchy micelle has two or three patches.
In particular, ~69% of the patchy micelles have two patches, while ~31 % of
them have three patches, as shown in Figure 4.4b. The proportion of the three-
patch micelles is higher than that of the pristine micelles of PS(51)-b-
P4VP(18) (~2 %), presumably originating from the reduced mobility of the
PAVP block by strong interaction with CoNPs. With the assumption of
spherical patches, the diameter of the patches was ~35 nm for two-patch
micelles, which is slightly larger than those of the pristine micelles (~32 nm).
In the case of three-patch micelles, the diameter of patches was ~28 nm.

By adding water, patchy micelles of PS(51)-b-P4VP(18) assemble
into supracolloidal chains by merging non-polar PS patches to reduce
unfavorable contact with water [1661871 |n this process, the exposed P4VP
prevent lateral aggregation since they are still soluble to the solvent [1661,

Accordingly, water was added to the solution of patchy micelles
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incorporating CoNPs to induce linear assembly. However, all the patchy
micelles rapidly precipitated rather than forming supracolloidal chains,
implying insufficient repulsion between the exposed P4VP shells. The
micelles, therefore, were treated with iodomethane (CHzsl) to increase lateral
repulsive forces during the assembly. CHzl quaternize the P4VP shells
surrounding CoNPs, yielding P(CH3:4VP*)I', which can provide additional
charges to the P4VP shells [2%¢], These micelles also transformed into patchy
micelles in DMF, and successfully assembled into supracolloidal chains
without noticeable precipitation, after adding water.

The TEM image of Figure 4.5 shows the supracolloidal chains
assembled from PS-b-P4VP micelles incorporating CoNPs. Along a chain,
dark CoNPs are connected through the merged patches, which appear gray
lines between the CoNPs. Empty micellar cores, which look gray sphere, and
those with two CoNPs are also observed because of the distribution of the
number of CoNPs in a micelle (Figure 4.2b). It is noted that several chains
are aggregated in a lateral and random fashion, implying relatively weak
lateral repulsion to pristine PS-b-P4VP micelles. Importantly, encapsulating
nanoparticles with PS-b-P4VP copolymers is a promising strategy to prepare
colloidal monomers of supracolloidal chains, which are functionalized with
nanoparticles.

Lastly, magnetic behaviors of micelles were investigated because

CoNPs are the well-known magnetic nanoparticles. First, Figure 4.6a shows
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the as-prepared CoNPs, which are drop-casted onto a TEM grid in the
presence of an external magnetic field. The CoNPs formed microscopic fibers
the CoNPs aligned in the direction of the magnetic field owing to their
magnetic dipoles. Notably, after dried under the identical magnetic field,
spherical micelles incorporating CoNPs left elongated blots aligned parallel
to the field, as shown in the TEM images in Figure 4.6b. In addition, patchy
micelles formed micro-sized fibers along the direction of the magnetic field
(the TEM images of Figure 4.6¢). The alignments imply that the magnetic
dipoles of CoNPs are preserved during encapsulation and patch formation. It
is noted that the fibers in Figure 4.6¢c are composed of small chunks,
indicating that the patchy micelles first aggregate into small chunks during
drying process, which subsequently aligned with the field. However,
supracolloidal chains showed no evidence of alignment as shown in the TEM
image of Figure 4.7. This observation could be understood by the magnetic
nanoparticles positioned too far away in the rigid chains or low solution

concentrations.
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4.4. Conclusion

Spherical micelles of PS-b-P4VP incorporating CoNPs were
obtained from the ex-situ encapsulation of CoNPs. The micelles were
composed of a CoNP core, P4VP shell, and PS corona. After crosslinking the
P4VP shells and changing the solvent to DMF, the spherical micelles
transformed into patchy micelles via the segregation of PS corona. For linear
assembly, the P4VP shells by quaternization to prevent lateral aggregation.
The patchy micelles finally assembled into supracolloidal chains upon the
addition of water. Importantly, encapsulating nanoparticles with PS-b-P4VP
copolymers is a promising strategy to prepare colloidal monomers of
supracolloidal chains, which are functionalized with nanoparticles. In the
presence of an external magnetic field, spherical and patchy micelles aligned
parallel to the direction of field, but supracolloidal chains showed no evidence

of alignment.
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Figure 4.1 Schematic illustration of linear assembly of supracolloidal chains

by using PS-b-P4VP micelles incorporating CoNPs as colloidal monomers.

84 2 M E g



Counts

600+

400+

200+

-

2

4

6 8 10 12
Diameter (nm)

14 16

Figure 4.2 Cobalt nanoparticles (CoNPs): (a) TEM image; (b) Histogram

showing the diameters of CoNPs. The scale bar is 50 nm.
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Figure 4.3 Spherical micelles of PS-b-P4VP incorporating CoNPs: (a) TEM
image; (b) Histogram of the number of CoNPs in a micelle. The scale bar is
200 nm. The bottom insets show enlarged TEM images of spherical micelles
in 100 x 100 nm. The TEM image in the right inset is obtained after staining

PS with RuO4. Schematic illustration is depicted in the upper inset.

86 - H kl 1_'.]| [



1 2 3 4
Number of patches

Figure 4.4 Patchy micelles of PS-b-P4VP incorporating CoNPs: (a) TEM
images; (b) TEM images after staining with RuOgs; (c) Histogram of the
number of patches. The scale bars are 100 nm. The insets show enlarged TEM
images of patchy micelles in 100 x 100 nm. Schematic illustration is depicted

in the inset of (a).
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Figure 4.5 TEM image of supracolloidal chains of PS-b-P4VP incorporating
cobalt nanoparticles. The scale bar is 200 nm.
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Figure 4.6 TEM images of CoNPs and micelles incorporating CoNPs after
dried in the presence of a magnetic field: (a) CoNPs; (b) spherical micelles;
(c) patchy micelles. The scale bars are 1 um. The inset in (c) shows the

magnified image in 500 nm x 400 nm.
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Figure 4.7 TEM image of supracolloidal chains incorporating CoNPs after
dried in the presence of a magnetic field. The scale bar is 2 pm.
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