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Block copolymers (BCPs) consisting of two distinctive polymer chains can self-
organize into ordered nanoscale structures. Their self-assembled morphologies
depend primarily on the volume ratio of the constituent blocks, chain length, and
interaction between the segments. To further develop and control their
nanostructures and optimize corresponding properties, a variety of methods such as
solvent annealing, additives, surface treatment, and confinement have been

introduced. The self-assembled structures of BCP under nanoscale confinement



exhibit distinctive nanostructures, which do not appear in the bulk state. Particularly,
the ordering process of block copolymers and the resulting morphologies are
significantly determined by the dimensionality, geometry, and surface property of
the confining environment. Development of controllable nanostructures under
confinement has received much attention due to the possibility to achieve novel
structures with potential applications such as lithography, photonic crystals,
plasmonics, filtration, photovoltaic devices, and so on.

Various types of confinement using thin films, porous membranes, and
emulsion droplets have been investigated both experimentally and computationally.
It has been demonstrated that under confined states, besides the intrinsic properties
of polymers, external factors including size, shape, surface properties, and
dimensionality of the external confining environment were also crucial to the phase-
separated morphologies. In this study, systematic studies of nanoconfinement effect
on the structural properties of diblock copolymers will be discussed. We applied
nanoconfinements effect using porous anodized aluminum oxide templates and the
shape and size of confining environment is controlled to investigate the underlying
principle of the phase-behavior of BCPs under confinement. Also, to diversify the
BCP nanostructures, new approaches such as the addition of homopolymer or surface
modification was performed.

In the first Chapter, fundamentals on block copolymers, directed self-assembly
(DSA) and nanoconfinement effects upon the dimension of outer environment will
be described to address the importance and effectiveness of our approach.

In the second Chapter, we present the fabrication of anodic aluminum oxide
template with nanopore of various geometries which can be used for not only

confining environment, but template-assisted synthesis. The physical size of the
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nanomaterials such as diameter of nanoparticles or thickness or thin films as well as
their shape is controllable at nanoscopic scale, which have enabled quantitative as
well as qualitative analysis of the materials and made the materials exploited as
building blocks for an advanced material with desirable properties. Furthermore,
Anisotropic geometries can break the symmetry of molecular packing under
confinement and the frustration of assembled molecules are maximized in a
singularity point which leads to unconventional assembly of chained molecules and
novel nanostructures which is not observed. With engineering the synthetic method,
anisotropy in two different plane was demonstrated. Specifically, trigonal pores have
anisotropy in XY-plane and conical pores in z-axis. It is demonstrated that physical
properties including shape and size could be controlled for desired purpose. Also, to
facilitate nanostructured template easily, we developed nano-imprinting technique to
make positive and negative mold replicating the AAO templates.

In Chapter 3, we studied the phase transition behavior of block copolymers
using two different methods: addition of homopolymer and surface treatment using
organosilicate. Firstly, Block copolymer/homopolymer binary blends in cylindrical
confinement was investigated in comparison with that in the bulk state. The phase
behavior of lamellae-forming poly(styrene-b-1,4-butadiene) (PS-b-PB) in both bulk
and 2D confinement were examined with different chain length and weight fraction
of homopolymers. By the comparative study of bulk and confined states, we
conclude that the effect of hPS addition on the phase transition of BCP was
significantly enhanced in the nanoscale 2D confinement compared to the bulk state.
Constraints caused by confinement make the phase transition of BCPs more sensitive
to the addition of homopolymers, and at the same time the homopolymer chains

relieve the stress which copolymer chains experience under confinement. Secondly,
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we changed the surface properties of AAO templates via organosilicate (OS)
interlayer coating. Under 2D confinement, the phase-separation of BCPs
significantly depends upon the degree of confinement and interaction between the
environment. However, most previous studies have only focused on the effects of
confinement on the self-assembly of BCP. Here, we used organosilicate (OS) which
the surface energy could be easily controlled by thermal process as an interlayer to
identify the morphologies of BCPs as a function of interfacial energies. The OS
interlayer was coated on inner surface of anodized aluminum oxide (AAO) pores by
template-wetting method and cured in a range of temperature to control the surface
energy of interlayer. Lamellae-forming poly(styrene-b-methyl methacrylate) (PS-b-
PMMA) (SMA) was injected in the OS-coated AAO pores in the melt by capillary
forces. With detailed analysis, we could identify that the self-assembly of SMA in
2D confinement is competitively affected by entropic and enthalpic effects as
interfacial energy is changed. As simply controlling the curing temperature of OS
interlayer, various morphologies arising from both the preferential wetting behavior
and neutral wetting behavior were identified. This work provides the proof-of-
principle of microdomain transitions in self-assembled BCP under cylindrically
confined geometry.

In Chapter 4, we report a strategy to control the morphologies of poly(styrene-
b-1,4 butadiene) (PS-b-PB) confined within conical nanopores. While previous work
studied the self-assembly of chained molecules under confinement using symmetric
environment such as cylinders and spheres, the phase-behavior of block copolymers
within asymmetric geometries has rarely been addressed so far. With both
experimental and theoretical analyses of the geometric effects of conical nanopores,

we systematically investigate the competitive interplay of thermodynamic
¥ 3

v A '-';"_' I !- bt |

-
= |



parameters on the self-assembly of block copolymers within asymmetric geometry.
The size, shape, and surface properties of the nanopores were controlled in order to
investigate enthalpic and entropic factors on the self-assembly of BCPs. The loss of
conformational entropy induced by the large curvature at the vertices was the critical
parameter to determine the orientation of BCP microdomains within such
asymmetric pores. Specifically, while stacked lamellae perpendicular to the depth
were observed for small-sized conical pores, concentric lamellae replicating the
geometry of confining matrix were obtained in large cones and cylindrical pores. As
the size and shape of the pores were varied, intermediate morphologies were also
obtained. Computational results based on the simulated annealing method with
parameters matched to experiment was also calculated to compare observed
morphologies. Calculated results relating to the interfacial energies between blocks,
the entropic penalty induced by chain stretching, and the surface energy between
blocks and pore wall were quantitatively described in order to elucidate how the
interplay between thermodynamic factors contributed to the equilibrium
morphologies. 3D imaging of transmission electron microtomography was also
performed in an attempt to gain more detailed information on the internal

nanostructures of BCP.
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Chapter 1. Introduction

1.1. Fundamentals on Block Copolymers
1.1.1. Introduction to Block Copolymers

The control of structures with length scales from micro to molecular dimensions
is crucial in progress of nanotechnology. Especially, this should be realized over
length scales and dimension relevant to the specific application of interest. The
organization of periodic structures with long-range order can be made by either top-
down or bottom-up methods. As the top-down method, lithographic techniques such
as conventional photolithography, nanoimprint lithography, e-beam lithography, and
focused ion-beam (FIB) etching can produce nanoscale features even with around
10 nm linewidths in state of the art. However, these approaches are constrained by
optical limit for the features produced by diffraction or by low throughput and high
cost due to the sequential nature of the pattern formation. Bottom-up approaches take
advantage of self-assembly of building blocks including atomic, molecular or even
colloidal moieties to provide access to nanostructures with characteristic length
scales of interest. Although defects in self-organization process limit the symmetries
or the long range order of patterned structures, the advantages of high throughput
with low-cost processing and the formation of hierarchical structures over large areas
implies that at least in principle, processing methods that leverage self-assembly will
have vital roles to play in the development of advanced nanotechnology.

Block copolymers (BCPs) thought of as macromolecular amphiphiles have

much to offer in this context. They consist of chemically distinct homopolymers
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Figure 1.1. Schematic illustration of phase behavior and nanostructures of diblock

copolymer depending on the volume fraction of each block.



covalently linked end-to-end as shown in Figure. 1.1.12 The self-assembly of BCPs
is driven by the demixing of different polymer chains into microdomains. Since
dissimilar polymer segments are physically connected, the phase separation of BCP
occurs only locally and the characteristic length scale of microdomains is similar to
the radius of gyration (Rg) of the polymer chains. The composition of the system is
represented by the volume fraction of the constituent blocks. A generic sequence of
morphologies of phase-separated BCPs is represented by the composition of the
constituent blocks. As volume fraction of one block of the system is increasing, the
BCPs form various structures from cubic-packed spheres through hexagonally
packed cylinders, bicontinuous cubic networks and lamellae as shown in Figure. 1.1.
A dissimilarity of polymer chains is represented by the Flory-Huggins interaction
parameter, y and higher temperature enhance the miscibility of the blocks. Beyond
a critical temperature, the order-disorder transition temperature (Topr) the phase
become thermodynamically miscible and disordered or phase-mixed melt exist. As
x is higher, the phase separation is occurred in lower temperature. Since too smaller
and longer chains are difficult to be separated, the periodicities of microdomains are
possible in arange of 5 to 150 nm. The development of chemistries of polymer chains
makes it possible to expand a range of feasible length scales or to endow specific
functionalities into the systems, such as ligand-binding capabilities or
semiconducting electro-optical properties. For example, substituents on the polymer
backbone can themselves assemble into ordered structures, in the case of liquid
crystalline block copolymers, where order exists on ca. 0.5 — 10 nm length scales
embedded within block copolymer structures on ca. 10 — 100 nm length scales. Also,
complex chain architectures enable to design hierarchical nanostructures and access

to unconventional morphologies.



1.1.2. Directed Self-Assembly of Block Copolymers

BCPs have a potential to design nanostructured materials and corresponding
devices since two distinct blocks can be selectively treated. For example, after
removing or changing one phase, BCP matrix can be used as templates for the
fabrication of nanomaterials and the transfer of pattern in photolithography. BCP
microdomain can also be transport media for molecules, electrons, protons, and ions,
where species selectively travel in microdomains governed by the chemical identity
or the size of the block. These applications are related to energy devices such as fuel
cell membranes and battery separators. When the spacing of the self-assembled
nanostructure is matched to exciton diffusion lengths in organic/polymer
semiconductors, the optimization of the transport in heterojunction photovoltaics can
be realized.

The performance of nanostructured device is sensitive to the alignment and the
long-range order of the assembled morphology. For instance, the alignment of
microdomains in membrane applications is important because the tortuosity of the
conducting pathways should be minimized in order to optimize the transport of
desire species. To enhance the performance of device using BCPs, it is of great
interest to understand the interactions not only between two blocks but between
blocks. The ability to direct the self-assembly of BCPs and thus dictate the desired
design of effective directed self-assembly (DSA) methods and tools. There are a
bunch of principal approaches for DSA of BCPs, and several contributions provide

more detailed or comprehensive reviews of BCP DSA37 with specifically focused

14-19 17,20-24

on thin films geometries.>®!* In general, shear'*', electric and magnetic

29-34 35-39

fields*8, surface modification®3*, solvent annealing®-°, and grapho- and

chemoepitaxy*** have been well investigated to control the orientation and the
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defect-free pattern of BCP microdomains.

By merging self-assembly (bottom-up) with patterned template (top-down),
template-assisted self-assembly (TSA) of BCP can provide rich opportunities for the
development in the fabrication of devices in nanoscale, as well as fundamental
studies to reveal underlying mechanism of the phase behavior of BCPs under
confined environments. TSA is a process using artificial patterned templates as a
grapho- or chemoepitaxy in order to control the orientation of microdomain and
remove the defects of self-organized structures. While the ordering process of thin
film is related to the lattice of the patterned substrate in conventional epitaxy process,
templates for TSA are the topography or chemical pattern instead of the atomic
lattice of the substrate to guide the assembly of the component materials. The range
of characteristic lengths of templates (Ls) can be from the repeat period of BCP (Lo)
to sizes much larger than that of the self-assembled materials. Recent studies have
demonstrated that a various types of templates can not only control the orientation
and ordering of microdomains for defect-free pattern, but induce unconventional
nanostructure which have not been observed in bulk phase of block copolymers. The
ability to register and control novel block-copolymer morphologies can hold a great
promise in basic research of polymer physics as well as development of

nanotechnologies.



1.2. Phase-Behavior of Block Copolymers under Nano-

Confinement

1.2.1. Self-Assembly of Block Copolymers under 1D Nano-Confinement

When block copolymers are confined within the geometry in which
characteristic length scale of template is comparable to that of polymer chains, the
phase separation of block copolymer depends on not only intrinsic properties of
blocks, also the interaction between the confining surfaces. The effect of confining
environment can be differentiated by the direction in which the mobility of polymer
chains is constraint. (Figure 1.2). In general, block polymers are confined within
surfaces of constant curvature such as flat (1-dimensional, 1D), cylindrical (2D) or
spherical surfaces (3D). These surfaces make the geometrical constraint at all
locations within the material and break the symmetries of block copolymer’s
equilibrium morphology.

When block copolymers are confined within thin films, the interaction between
the surface and each block and the commensurability between the characteristic
length of geometries and polymer chains significantly affect the final morphologies
of copolymer. In case that surfaces are attractive to one of blocks, the surfaces are
wetted by that block and orientation parallel to the surfaces are formed. In contrast,
perpendicular orientation is built when the surfaces are neutrally attractive to both
blocks or the degree of confinement defined by film thickness (t) over the repeat
period of BCP (L) is far from an integer. In cases where one side of film is wetted
by highly attractive surface and the other side is located at air surface, a large
mismatch between the film thickness and Lo induces the quantization of the thickness

of the film in which the thickness varies with position, forming hole and island to
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Figure 1.2. Schematic illustration of the phase behavior of diblock copolymer under

various dimension of nano-confinement.



be commensurate with the repeat period of the microphase separated structure.

For applications, the surface modification to tune the interaction and relevant
thickness of the film can generate targeted morphologies. Additionally, the long
range order of patterned thin film can also be improved using versatile processing
methods which change the geometry of boundary conditions. Graphoepitaxy is used

to promote the alignment*-*

, where block copolymers are confined in narrow
channels which have precise integer multiples of the repeat period of the bulk block
copolymer. Another way is to manipulate the thickness of BCP thin films to fabricate
orientation of interest*®*!. Modifying the surface property of the substrate can also

be introduced to tune the structures®->*

. For example, chemically patterned
substrates with periodicities close to commensurate with the Lo of BCPs can make
precisely aligned/registered nanostructures. In thin film geometry where block
copolymers are one-dimensionally confined, a various of structures can be formed
and controlled by tuning the energetics of interaction between substrates and

materials or by controlling the boundary conditions which are well matched with the

characteristic length scale of polymer chains.



1.2.2. Self-Assembly of Block Copolymers under 2D Nano-Confinement

Many studies have investigated block copolymers in 2D confined systems both
experimentally and theoretically’>*°. In 2D confinement, materials are constrained
in two directions, mostly in xy plane, and in third dimension, geometries have
comparatively infinite extent. For investigate 2D confining systems, several types of
templates have been used as environments; hollow tube, porous templates and
trenches. Boundary conditions of these geometries provide further symmetry
constraints in the equilibrium morphology of block copolymers than 1D thin films.
If the characteristic length of the confining environment is not commensurable with
the repeat period of equilibrium bulk phase, the possibility of unconventional
morphologies significantly increases. Experiments and simulated studies have
investigated the systems with different interaction parameters and composition of
BCPs. These results help to exactly predict the final morphology in any given
condition of confinement even though not possible experimentally.

Moreover, in order to understand the key parameters, it is important to
systematically investigate the phase behavior of block polymers under 2D
confinement. For example, the structures of diblock copolymers confined within
cylindrical nanopores were identified at a range of volume fractions of the minority
block and degree of confinement with tuning the diameter of nanopores®.
Additionally, this work provided a good comparison of the morphologies of
cylindrically confined diblock copolymers between experimentally observed TEM
images and simulative results in which the effective parameters are systematically
controlled®’; Since the energetic parameter for the interaction is hard to control in
experiments, well-executed simulation where parameters varying correspondences

to experimental situations can give a detailed information about morphologies
- :
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formed by a variety of block polymers in pores of varying diameter and affinities for
each of the blocks>*°.

Under 2D confinement, incommensurability between the size of confining
environment and the periodicity of polymer chain can make unconventional
morphologies which have not been revealed in bulk phase or thin film. For examples,
cylindrical forming block copolymers are known to make single of double helix
which is coiled along the pore depth. These morphologies have huge potential
applications for chiral materials that may have novel mechanical, optical or
electronic properties. However, the control of handedness of helical structure should
be studied further. Additionally, concentric lamellae which is commonly observed in
cylindrical confinement can be used in drug delivery or photonic materials such as
waveguides. To make the regularity of block copolymer pattern and the long range
order of microdomain in third dimension, further development of material process

should be developed.
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1.2.3. Self-Assembly of Block Copolymers under 3D Nano-Confinement

Studies on 3D confined block polymers have been less exploited than other
confinement systems. Based on design rules of other systems, the generalized
method has been developed to control the morphologies of block copolymers as
functions of structural and thermodynamic considerations. There is confining surface
along each axis in 3D confinement meaning that there is frustration of the bulk
behavior of copolymer chains in all directions. This give rise to either concentric
structures in specific condition or the presence of defects or unrevealed structures.
Specifically, when one of the block is preferentially wetted by surface with favorable
interaction and the commensurability between confining geometries and polymer
chains exist, block copolymer microdomains have tendency to make concentric
structures. However, when surface property is neutral to both block or the symmetry
between length scales are broken, unconventional morphologies are observed. In
spherical confinement, the concentric wrapping of asymmetric block polymers can
lead to perforated shells of the minority component pierced in a regular arrangement
by structures of the majority component connecting inner and outer majority
domains.

Even though much less work has demonstrated the effect of 3D confinement
than 1 or 2D confinement, several studies is noteworthy as a guide line. For example,
the experimental investigation of lamellae-forming block copolymers in spherical
confinement was systematically studied with varying molecular weights and degrees
of confinement.®’ The merge of experiments and simulation to figure out the
underlying mechanism for the morphologies of spherical shells of diBCP was also
demonstrated.®> An extensive theoretical calculation even with the parameter which

is hard to be realized in experiments has been accomplished to identify the
1] O
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nanostructures formed by lamellar-%* and cylinder-forming® BCPs confined to

spherical geometry with controlled degrees of confinement and surface properties.
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Chapter 2. Development of Anodic Aluminum Oxide
Templates with Nanopores of Various Geometry for

Confining Environment

2.1. Introduction

Nanostructures have been of great interests owing to their unique properties that
are not shown in bulk phase or in molecular level. Many researchers have proven
that nanostructures exhibit size- and shape-dependent properties.'*¢>% This
interesting relationship has intrigued the design of more advanced materials with
size- and shape-controllable nanostructures. In terms of preparing nanostructures,
both top-down and/or bottom-up process such as self-assembly of materials,
lithographic techniques, and template-assisted methods have been mainly
introduced.®”® Dimension of the nanomaterials such as nanoparticles (0D),
nanorod/nanowires (1D), or planar sheet (2D) can be precisely fabricated on the basis
of various techniques. Furthermore, the physical geometries of the nanomaterials
such as not only the size of nanoparticles or the thickness of thin films but their shape
can be controlled at nanoscale. This ability has enabled both detailed analysis of the
materials both quantitatively and qualitatively, and thus the materials could be
exploited as building blocks for much advanced materials with desired properties.
For example, electronic and optical properties of metallic and semiconductor
nanomaterials is strongly affected by the size of crystallite and they can exhibit
quantum effect. Surface plasmon resonance (SPR) which have an interesting
%]
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behavior in sensing chemical and biological molecules is a representative example
of the quantum effect.

In addition to enhanced properties, nanostructured template can be used as mold
to fabricate nanomaterials with controlled dimension and as confining environment
to constraint the assembly of molecules. Anodized aluminum oxide templates (AAO)
consist of densely arrayed cylindrical nanopores. When the AAO is fabricated by
two-step anodization method, cylindrical pores are arranged in close-packed
hexagonal domain.””® The size of pore including diameter and depth can be
controlled and the diameter of pores ranges from 10 to 400 nm. Even though The
pores have closed ends due to Al barrier layer and the underlying Al substrate, both
layers can be easily detached in order to achieve through-hole nanomembranes.

In polymer researches, Nanoporous self-ordered AAO has been used for two
purposes, either as a confining environment to study the conformation of polymer
chain and corresponding phase behavior under 2D confinement or as nanostructured
templates to fabricate polymeric nanostructures such as nanotube and nanorod. As
porous templates, AAO membranes present distinctive features different from other
templates regarding the fabrication of polymer nanostructures. Firstly, AAO
templates have a wide range of structural feature regarding pore diameters, pore
lengths and interpore distances and this benefits to make polymer nanomaterials with
tailored structures. Also, cylindrical nanopores are monodispersed in shape and size
and arrayed in hexagonally packed patterns, allowing the replication of ordered
nanostructures with uniformity. Additionally, template-assisted fabrication
techniques have been well investigated so far and the patterning process is possible

in either condition molten or solution process.” After replicating, to obtain free

polymer nanostructures, Al and AAO layer can be easily removed by acidic or basic
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etchant without damage to the polymeric domain.

AAQO is one of the main tools to demonstrate confinement effects on the phase
behavior of polymers. Cylindrical nanopores with a diameter compared to polymer
chain length can impose 2D spatial confinement. The easiness to control pore
diameter is advantages in manipulating the degree of confinement defined by the
ratio between characteristic length of confining geometries and embedded materials.
Also, the uniformity of the pore structures can make well-defined geometries which
is crucial to precisely investigate the effect of confinement. another advantages of
AAQO is thermal and mechanical stability in the temperature ranges and thermal
process such as crystallization, melting, molecular dynamics and order—disorder

transitions can be identified.

1 5 -':l'\-\._! "';'. -T



\"" ‘ VAL AL AL
-_»—»»u

Electro- 15t Alumina
Polishing Anodization Etching

Anodic
Oxide
2nd Pore (AAO)
Anodization Widening

Figure 2.1. Schematics of two-step anodization process to fabricate porous

anodic aluminum oxide templates.
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2.2. Effect of Asymmetric Geometry on Confined Self-

Assembly

2.2.1. AAO Templates with Cylindrical Nanopores

Anodized aluminum oxide (AAQO) drew the attention in the nanotechnology
field, when Masuda and co-workers reported two-step anodization process for self-
ordering of pores” and the subsequent development of a method for achieving
ordered AAO templates. (Figure 2.1)” Two separate electrochemical oxidations
consecutively works over the surface of aluminum foil. Briefly, a high purity
aluminum foil is first cleaned and electro-polished. Then, 1st anodization is
performed in an acidic electrolyte under constant voltage which make not ordered
porous oxide structures. In contrast to disorder top surface, oxide-aluminum
interface has hexagonally arranged hemispherical concave pattern. After removing
out oxide layers, during 2nd anodization reaction, the current is concentrated on the
pit of concaves and it works as nucleation points where the hexagonally ordered pore
structures grow. After pores with desired length were achieved, pore diameter can be
widened by post-etching process which can selectively dissolves the pore wall
radially.

The dimensions of the structural features in AAO will determine the dimensions
of the replicated polymer nanostructure when used as a template. Therefore,
dimensions of the original template impact directly on the properties and
functionality of the polymer nanostructure. Likewise, pore dimensions define the
degree of spatial confinement experienced by the polymer material when used as a
confining medium. Hence, the great importance of size control in nanoporous AAO
templates. The characteristic dimensions of pore structure in a self-ordered AAO

Lo 2] 2 1
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1654nm

163.3nm

Figure 2.2. SEM images of AAO templates anodized in sulfuric, oxalic and

phosphoric acid electrolyte.
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Voltage Interpore Distance (Din) Pore Diameter (Dp)

Electrolyte
a V) (nm) (nm)
Sulfuric Acid 25 40, 60 20-50
Oxalic Acid 40 100 40 -80
Phosphoric Acid 195 500 100 - 400

Table 2.1. Pore dimension including interpore distance (Dint) and pore diameter (DP)

depending on the type of electrolytes and output voltage for anodization.
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template can be defined in terms of pore diameter, pore length and interpore distance
(lattice constant of the hexagonal symmetry). These can be easily tuned by applying
the appropriate set of reaction parameters during the anodization, namely constant
output voltage, anodization length, temperature, stirring and nature and
concentration of the electrolyte. It is well known that the interpore distance is linearly

proportional to anodizing potential.”®

So far, a few self-ordering regimes have been
identified under mild anodizing (MA) conditions as shown in Figure 4.2 and Table
4.1. Also, Lee at al. recently discovered that a routinely employed industrial process
using high current densities, the so-called hard anodization (HA), enabled AAO
templates with interpore distance between 220 and 300 nm’’, a range not covered by
MA self-ordering regimes.

Pore diameter is also linearly proportional to the applied potential. However,
whereas the interpore distance, and the related pore ordering, is established during
the first anodization, and is fixed for each value of applied voltage, the diameter of
pores can be further adjusted in a third step of the fabrication process. In this third
step, the originally obtained pores are enlarged by the controlled dissolution of the
pore walls using acidic solutions (typically H3PO4 solutions). Thereby, through the
selection of the appropriate anodization parameters and subsequent pore widening
process, one can cover almost the entire range of diameters from 10 to 400 nm. The

second anodization step also allows precise control over the length of the nanopores

from tens of nanometers up to hundreds of microns.
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2.2.2. Effect of Asymmetric Geometry on the Self-Assembly of Block
Copolymers

Anisotropy and asymmetry in nanostructures have been reported to influence
optical properties and adhesion properties, respectively.”®” Triangular Au or Ag
nanoparticles have been proved to enhance plasmon resonance by localizing the
incoming light to the sharper corners of the structures. Arrays of nanorods bent to a
direction were confirmed to be useful as physical adhesive. Therefore, there are
many other structural parameters to influence physiochemical behavior of
nanomaterials besides their dimensions or sizes. The various parameters have open
up possibilities to create more advanced materials having specifically manipulated
properties. This implies that finding of new structural parameters in nanostructures
should be urged to develop academic research in nanoscience and meet applicability
of the materials in industries.

Herein we, based on the interesting structural parameter, exhibited the
importance of our finding to control the physical structuring of organic and inorganic
materials. We introduce another structural parameter to help understanding of
nanomaterials. From a self-assembled structure, we adopted nanoscopically
anisotropic geometries with regularly packed structure. Different from isotropic
geometries such as cylindrical channel, thin film, or sphere, anisotropic geometries
break the symmetry of molecular packing under confinement and the frustration of
assembled molecules are maximized in a singularity point (i.e. vertices, tip) (Figure
2.3a) This can lead to unconventional assembly of chained molecules and novel
nanostructures which is not observed.

With engineering the synthetic method, anisotropy in two different plane was
demonstrated. Specifically, trigonal pores have anisotropy in XY-plane and conical

F 71
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pores in z-axis (Figure 2.3b). Among the self-assembled molecules, block
copolymers are significantly affected by confinement due to their connected
structure and immiscibility. Since the conformation of chained molecules cannot be
stretched or compressed over certain size in entropic point, morphological transition
occurs to compensate the loss of conformation entropy within vertices or tips. From
this perspective, we investigated the phase behavior of block copolymers within
anisotropic geometries and try to find out the way to release entropic penalty of

polymer chains.
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Figure 2.3. (a) Different domain packing in isotropic and anisotropic geometries.
(b) Two different types of nanopore with anisotropic geometry; Trigoanl and

conical pores.
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2.3. Development AAO Templates with Conical Nanopores

2.3.1. Experimental

Materials A high purity aluminum foil (99.999 %) with 0.5 mm thickness were
purchased from Good Fellow, UK and used after degreased in acetone and
isopropanol solution. 70 % Perchloric acid, oxalic acid, 85 % phosphoric acid,
ethanol, toluene was purchased from Sigma-Aldrich and used as received.
Fabrication of AAO Templates The schematics for the fabrication of AAO
templates was described in Figure 2.4. The aluminum slice was electropolished at 20
V in 70 % perchloric acid (HCIO4, Aldrich) and ethanol (C2ZH5OH, Aldrich) mixture
(v/v=1:4) at 5 °C for 5 min. Although both small (pore diameter, Dp = 80nm) and
large (Dp = 240 nm) conical pores were fabricated by the two-step anodization
process, the anodizing condition was different to control pore diameter and interpore
diameter; mild and hard anodization.®*®* For large one, the electropolished
aluminum plates were anodized at 140 V in 0.3 M oxalic acid solution at 0 °C for 2
hr, followed by chemical etching of aluminum oxide layer in an aqueous solution of
phosphoric acid (6.8 wt %) and chromic acid (1.8 wt %) at 70 °C for 6 hr. Then, second
anodization (122 V, 10 °C) and pore widening were alternatively repeated to obtain
desired aspect ratio and pore diameter. Reaction time and the number of repetitions
was determined to make smooth inner surface of the pores. To make conical pore
with a smaller diameter, polished aluminum sheet was anodized at 40 V at 15 °C for
12 hr. After removing out alumina layer, the recursive process of anodization and pore
widening was carried out at the same condition as first anodization. The pore widening
process was conducted in an aqueous phosphoric acid solution (4.0 wt %) at 30 °C. To

examine the effect of curvature at the bottom, truncated conical pores and cylindrical
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pores were also prepared. To make truncated conical pores, pre-made conical pores
with 60 nm diameter were widened for 20 min. The depth (h) of pores was controlled
to have an aspect ratio (h/Dp) of 2,3 and 5. The detailed information of prepared
nanopores including the diameter (Dp), the radius of curvature at the bottom (r.), and

aspect ratio (AR = h/Dp).
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Figure 2.4. Schematic for the fabrication of various shape of nanopores;

cylindrical, conical, truncated conical pores.
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2.3.2. Results and Discussion

We prepared conical pores which have tapered pore diameter along z-axis via
recursive process of anodization and pore-widening step. By manipulating either step,
the depth and diameter of pores could be controlled. For deeper pore, the total time
for anodization should be increased and we increased the number of recursive cycle
instead of the time for anodizing reaction. If only reaction time increase in a hold of
the number of cycles, the edge resulted from alternative process could be made. As
a result, conical pores with various depth were fabricated. (Figure 2.5). As shown in
images, all the pores had smooth inner surface which would not affect the phase-
behavior of confined molecules. The pore diameter of conical pores was also
controlled by varying the time for pore-widening step (Figure 2.6). As the time for
anodization maintained, the etching time for widening was only varied. With smaller
time, smaller diameter of pore was achieved. Since the variation in pore size could
be different degree of confinement, it is important to demonstrate the sensitivity of
controlled process. In this experiment, the temperature of each step was lower than
the conventional method in order to tune the size more accurately.

Conical pores with smaller diameter than 80 nm gave a new pathway to
fabricate truncated conical pores. Since outer wall of AAO templates vulnerable to
etching solution (phosphoric acid) can be etched out to make 80 nm of diameter as
maximum, conical pore with fully widened diameter cannot be widened more.
However, diameter less than 80 nm still have enough space for widening and pre-
made conical pore can be more etched out radially including the bottom of the pores.
Thus, post-widening can make larger bottom diameter, resulting in truncated conical
pores. The bottom diameter (Dp) also can be varied even with same top diameter

(Dp). Figure 2.7 shows that two different pore with 80 nm of Dp have 40 and 50 nm
3 ey i
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h =160 nm 200 nm 240 nm

320 nm 400 nm 550 nm

Figure 2.5. SEM images of fabricated conical pores. The depth of pore was

varied by controlling the anodizing time.
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Dp =50 nm 60 nm 70 nm

Figure 2.6. SEM images of fabricated conical pores; (a) Top-view and (b) cross-
sectional view. The top diameter (Dp) of pore was varied by controlling the time

for widening. All scale bar indicates 100 nm.
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of Dg. To prepare truncated conical pores with different Dg, pre-made conical pore
with 60 and 50 nm of Dp was widened to 80 nm. Since the bottom area (i.e. the tips
of conical pores) could be a singularity for severe confinement, the variation could
be used to investigate the effect of vertices.

Finally, we also tried to make another conical pores with different interpore
distance and bottom diameter. For templates not only confinement but fabrication of
nano-materials, the dimension of geometry is important. For example, the optical
response in anti-reflective coating is significantly affected by the scale of patterns
such as the size and the period.** Since, with mild anodization process, the period
and size of the nanopores are limited to a few cases, we adopted hard anodization
method to make larger conical pores and details are described in experimental section.
Figure 2.8 shows SEM images of conical pore with 240 and 80 nm of top and bottom
diameter (Dp and Dg). Compared to smaller cone, the dimension including the radius
curvature at the bottom was increased in triple and the interpore distance was also
changed to have 300 nm. The feasibility to control the size and shape of nanopores
enables to develop relevant research such as the self-assembly under confinement or
patterning the materials for optical applications. This results will be discussed in later

section.

3§ 53 17
30 -"-u"i':"ll |



Figure 2.7. SEM images of fabricated truncated conical pores with 80 nm of De.
They have different bottom diameter of (a) 40 and (b) 50 nm. All scale bar

indicates 100 nm.
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Figure 2.8. SEM images of large conical pores with 240 and 80 nm of Dy and

Dg, respectively. The depth of the pores can be controlled by anodization time.
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2.4. Development AAO Templates of Trigonal Nanopores

2.4.1. Experimental

Materials A high purity aluminum foil (99.999 %) with 0.5 mm thickness were
purchased from Good Fellow, UK and used after degreased in acetone and
isopropanol solution. Ether-terminated PDMS, (3-aminopropyl)triethoxysilane
(APTES), 70 % perchloric acid, oxalic acid, 85 % phosphoric acid, ethanol, toluene
was purchased from Sigma-Aldrich and used as received.

Fabricate Concave Pattern on Al Substrates The schematics for the fabrication of
AAO templates was described in Figure 2.9. The aluminum slice was electropolished
at 20 V in 70 % perchloric acid (HCIO4, Aldrich) and ethanol (C2ZH5OH, Aldrich)
mixture (v/v = 1:4) at 5 °C for 5 min. Polished slice was anodized in 0.3 M oxalic
acid at 40 V and 15 °C for obtaining 100 nm spacing pattern or in 0.1 M phosphoric
acid at 195 V and 0 °C for 500 nm spacing pattern. Selective etching of the ordered
alumina layer in an aqueous solution of phosphoric acid (6.8 wt %) and chromic acid
(1.8 wt %) at 70 °C for 6 hr remains aluminum substrates with hexagonal packing
concaves pattern.

Replicate Convex Pattern from Al Substrates To replicate the concave to convex
pattern, 0.5 ~ 2 um thick Al was deposited on the concave pattern using e-beam
evaporator. For an ease of detachment between them, anti-adhesion surface
treatments at the surface of pre-made concave pattern are performed before metal
deposition.* Briefly, oxygen plasma-treated Al slice was dipping in APTES solution
(1 wt% in methanol) for self-assembled monolayer of APTES and washed out excess

molecules. Ether-terminated PDMS was casted on APTES and heated at 80 °C for 4
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hr to link amino group of APTES to ether group of PDMS, followed by washing out
unreacted PDMS.

The evaporated Al with convex patterns in inverse hexagonal packing was
detached as supported by a substrate with a thin adhesive layer. The convexly
patterned Al foils were anodized under modified conditions; 0.1M H3PO4 at 140 V
for 500 nm spacing pattern and 0.1M H3PO4 at 27 V for 100 nm spacing pattern. As
cylindrical or conical pores, as-anodized pore arrays were immersed in 0.1M H3PO4

at 30 °C at different time scales to obtain triangular with various pore sizes.
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2.4.2. Results and Discussion

As the sharp peaks in the original concave patterns become the lowest
depressions in the replicated convex pattern, the packing structure of the pits were
opposite to each other: hexagonal packing in the concave patterns and inverse-
hexagonal packing in the convex patterns. As electric field is distributed vertically
to the surface, field distribution on rough or patterned surface should change locally.
In that aspect, electric field distribution for pore growth during anodization is
anticipated to be more concentrated in the lower depression of each pattern where
pores are anticipated to grow. Therefore, pores grown from each pattern should also
exhibit the opposite packing structures. Furthermore, pore shape will be determined
to minimize the mechanical stress in pore growth based on the basis of the imposed
patterns.

As reported in other studies, interpore spacing (Din) are determined by output
voltage (Uanod) for constant voltage condition.®” The equation 1 represents the linear
relationships between Din and Uanod.

Dine=—1.7 + 2.81Uanod (1)

However, this relation is only applied for the convex patterns where the distance
between pores is regular. There are three different pit spacing in the unit structure of
the convex patterns: 1/2 Din, V3/2 Din, and Din, where Diy indicates the pit spacing
of mother concave pattern. Hence, anodization for the convex Al was performed
under modified conditions from concave Al. The optimal condition was found in the
middle of the voltages corresponding to 1/2 Djy and Din: as demonstrated in other
studies.®%

By anodizing the convex patterned Al, interesting results in pore shape and its

ordering was observed. Triangular pores with high degree of anisotropy were grown
¥ oy
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from the convex Al (Figure 2.10). In previous studies making non-circular pores, the
anisotropic pore shape was only achieved by fully etching the pores until the frame
of the pores barely remains.®® However in this study, we fabricated well-defined
triangular pores with sharp corners as they are synthesized. With pore-widening
process, triangular pores which sizes are tunable in a wide range were also
demonstrated. Figure 2.10 exhibits that the triangular pores are tunable in their size
ranging from a few tens of to a few hundreds of nanometers. Even though the vertices
of triangle were covered by dome shaped wall, they could be identified by the pattern
imprinting of polymers.

The depth of trigonal pores was also controlled until the deposited Al is used
up. Figure 2.11 shows time-dependent growth of trigonal pores. As anodization was
working, the electric field was concentrated on the pit of convex pattern and trigonal
pores was growing (Figure 2.9a). Both small and large pores could be anodized and

aspect ratio of pore could be reach to 10.
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Figure 2.10. SEM images of triangular pores with various pore diameters. (a,b)

Smaller pores were anodized at 27V and (c,d,e) larger were anodized at 140V.

To vary the size of the pore, pore widening process was also performed (b,d,e).
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Figure 2.11. SEM images of triangular pores at different anodization times. (a)
The schematic of the growth of the trigonal pores. (b) Small trigonal pores were
growing as anodization time increased. (c) Large trigonal pores were growing as

anodization time increased.

: 25 A & 1) 8



2.5. Pattern Transfer of Ordered Nanostructures

2.5.1. Experimental

Surface Modification of AAO Template Porous AAO templates with conical and
trigonal pores were fabricated as described previous sections. For an ease to release
the polymeric replica molds from AAO templates, a surface modification of AAO
template was conducted. The surface of the AAO templates was treated with anti-
adhesion layers as detachment of deposited Al layer in section 2.4.

Preparation of Rigiflex Replica Molds Nanocone or nanoprism-patterned PUA
replica molds were prepared from AAO templates by dispensing PUA (311RM,
Minuta Tech.). After UV exposure through transparent poly(ethylene terephthalate)
(PET) film used as adhesive fixture, the PUA replica was gently detached from the
surface-modified AAO templates. Further UV exposure was conducted for 3 hr to
fully cross-link the precursors. PFPE mold which had conical or trigonal pores as
AAO templates were prepared by patterning PUA mold. PFPE (MD700, Fluorolink)
prepolymer mixture was dispensed onto the first PUA replica mold. After UV curing,
nanocavity-shaped PFPE replica mold could be detached from PUA mold. The
schematics of replication was illustrated in Figure 2.12. All nanostructures were

characterized by a field emission-scanning electron microscope (FESEM, JSM-74F).
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2.5.2. Results and Discussion

Figure 2.13 is the Minuta Tech.). After UV exposure through transparent
poly(ethylene terephthalate) (PET) film used as adhesive fixture, the PUA replica
The advantage of using rigiflex replica molds is the self-replication of molds with
sub-100 nm features. A negative-type PFPE replica mold featuring nanocavities was
realized by a two-step replication from the original AAO template (Figure 2.11),
allowing the fabrication of nanostructures of different materials. A poly(urethane
acrylate) (PUA (311RM), Minuta Ltd.)*® nanocone/nanoprism replica mold was
prepared by the UV crosslinking of the liquid prepolymer dispensed into an AAO
template. After detaching the cured PUA replica mold from the AAO template, we
exposed the replica mold to UV for the complete crosslinking of the replica mold.
Then, PFPE precursors (MD700, Fluorolink) were deposited onto the first PUA
replica mold. The UV crosslinking and detachment of PFPE from the first replica
mold resulted in the second PFPE replica mold with nanocavities. Likewise, the
second PFPE replica mold has served as the template to prepare different

nanostructures with another material which has optical or conductive functionality.
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Original AAO Templates 1st PUA Replica 2nd PFPA Replica

Figure 2.12. A schematic illustration to fabricate nanostructure-patterned PUA

and nanocavity-patterned PFPE regiflex replica.
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Original
Nanopore

1st Replica
(PUA)

2nd Replica
(PFPE)

Figure 2.13. SEM images of fabricated nanostructure including original AAO

templates, PUA 1% replica, and PFPE 2" replica.

43 ,’A—]_EI-]:_” ':'L



2.6. Conclusion

We fabricated various size and shapes of nanopore which can be used as
confining environment and template for the synthesis of nanomaterials. First, by
manipulating anodization process, conical and truncated conical pores were achieved.
The tip of the nanocone is important because it can induce electrical or optical
enhancement and be used as anisotropic geometries for nano-confinement.

Also, we found inverse-hexagonal packing structure from self-assembled
nanoporous AAQ via simple replication process. Exploitation of the finding enabled
us to fabricate both triangular and circular pores from the identical patterns with the
opposite curvatures. Differently from other studies adopting the same pit ordering,
the pores we manufactured in this study presented better-defined triangular feature.
We explain that the greater anisotropy in pore shape comes from the topography of
the pattern as well as the pit ordering structure. By replicating the pore structure, we
found that the corners of the triangles kept sharp up to the aspect ratio of 6.5.
Therefore, the triangular pores by our method were shown to be a good candidate as
a template for making non-circular nanorod arrays.

Lastly, we presented a strategy for a low-cost fabrication process of ordered
nanostructures by employing a direct transfer method using a rigiflex and reusable
replica mold obtained from AAO template. The low surface energy as well as the
strong resistance to common organic solvents of the PFPE replica molds allowed
easy and successful transfer of nanostructure onto target substrates. Consequently,
this new patterning process demonstrates, the possibility to reproducibly prepare
well defined ordered nanostructures using reusable PFPE molds and also to
effectively eliminate potential ionic impurities commonly caused by the direct

dissolution of AAO or Si templates, which would deteriorate the device peglforr_nance. _
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Chapter 3. Morphological Transition of

Block Copolymer within Cylindrical Channels

3.1. Introduction

The self-assembly of block copolymers (BCPs) has been highlighted in both
experimental and theoretical investigations due to their ability to generate self-
organized periodic nanostructures over large scale."* BCPs consist of chemically
distinct homopolymer chains covalently linked together at one end. The simplest
BCPs, linear diblock copolymers can form microphase-separated morphologies
including spheres, cylinders, lamellae, and gyroids depending on volume fraction,
chain length and interaction parameter of copolymer chains. There have been long
standing interests in utilizing external fields to direct the self-assembly of BCPs,
which has the potential for further expanding the fabrication of novel

nanostructures. '%28-31-3%

449193 In particular, template-assisted approaches have been
employed to engineer polymeric particles with controllable shape and structure. It
has been shown that the self-assembly of block copolymers (BCPs) in 2D confined
space is a robust and facile technique to create novel BCP nanostructures that are not
available in bulk state.’**® Since the confining walls constraint the copolymer chains
only radially, the degree of confinement can be defined as the ratio between the
diameter of pores (D) and the characteristic length (L¢) of copolymer chains.
Depending on the commensurability (D/Lo) and interfacial interactions, a variety of
morphologies such as concentric ring, stacked disk or torus, multiple helices and

peapod arrays have been achieved.”* Controllable shape, size, internal structure and
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surface topology of self-assembled BCPs play a significant role in applications such
as photonic crystals, optical sensors and organic devices.””

The morphology of mixture of BCPs and corresponding homopolymers (i.e.
AB/A or AB/A/B) has been well explored up to now.!%-192 Researchers have
introduced homopolymers in BCP processing to extend the study beyond the
morphological behavior of BCPs. The phase behavior of BCP/homopolymer blends
is more delicate than that of pure block polymers, since there are intricate interplays
of two kinds of phase transitions; microphase and macrophase transition. When a
small amount of A homopolymers is added to AB block copolymers, BCPs easily
accommodate homopolymer chains within microdomains of A block. As the amount
of added homopolymers increases, a solubility limit of homopolymer in BCP
microdomain is reached and macrophase separation eventually occur. The solubility
limit is determined by the relative chain lengths of homopolymer and corresponding
block in BCPs as well as the total volume fraction of A polymers in the blends.!%%1%
Various phase transitions of BCP microdomains have been demonstrated depending
on the molecular weight and composition of homopolymers added.

In addition, homopolymers were also used to fill the defect-prone region in
BCP microdomains that otherwise highly stretched copolymer segments would
occupy.'®1% Since chain conformation of BCPs under confinement is severely
restricted by the geometric factors (i.e. commensurability and curvature), adopting
homopolymers within BCP self-assembly under confinement could significantly
alleviate the stress of confined copolymer chain by filling in the high-stress region.
Previously, the phase behavior of binary blends of diblock copolymer/homopolymer
under 3D confinement was studied both experimentally and in simulation.!?”1%8
Recently, Xu et al. described the structural transformation of BCP/homopo?ymer

!
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assemblies under cylindrical confinement with homopolymers added.'” However,
this work only identified the change of BCP nanostructure but did not clarify the
underlying mechanism of the phase transition in the mixtures of BCP and
homopolymer.

Along with blending with additional molecules, the phase behavior of block
copolymers under nano-confinement can be controlled by surface treatment. Since,
in confined state, polymer chains are neighbored with both other chains and substrate,
the effect of interfacial energy between substrate are significantly increased.
Previous works demonstrated that the orientation of block copolymers thin film
could be controlled by various surface treatment method.''!'"> Mansky et al.
demonstrated that random copolymer brush could induce neutral wetting behavior
of block copolymer chains which had same consisting block as random copolymers.
Also, Suh et al. reported that the orientation of BCPs can be controlled by
organosilicate interlayer which had tunable surface energy upon curing temperature.
While the modification of surface energy of substrate was well established in thin
film geometries, same approach under 2D confinement have not been studied yet.
Within cylindrical nanochannel, polymer chains are totally enclosed by the wall of
substrates and the influence of interfacial energies are much enhanced compared to
thin film geometries.

In this report, we studied the phase transition behavior of block copolymers
using two different methods: addition of homopolymer and surface treatment using
organosilicate. Firstly, Block copolymer/homopolymer binary blends in cylindrical
confinement was investigated in comparison with that in the bulk state. The phase
behavior of lamellae-forming poly(styrene-b-1,4-butadiene) (PS-6-PB) in both bulk
and 2D confinement were examined with different chain length and weight fraction

:
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of homopolymers. Specifically, while low molecular weight hPS generally prefers
dissolution into BCP microdomains with more curved interfaces, hPS with high
molecular weight leads to the microemulsion phase. By the comparative study of
bulk and confined states, we conclude that the effect of hPS addition on the phase
transition of BCP was significantly enhanced in the nanoscale 2D confinement
compared to the bulk state. Constraints caused by confinement make the phase
transition of BCPs more sensitive to the addition of homopolymers, and at the same
time the homopolymer chains relieve the stress which copolymer chains experience
under confinement.

Secondly, we changed the surface properties of AAO templates via
organosilicate (OS) interlayer coating. In nanometer scale 2D confinement, the phase
behavior of BCPs is mainly dependent upon commensurability and interfacial
interaction. However, most studies have focused only on the effects of
commensurability on the microdomain of BCP. Here, we employed organosilicate
which has tunable surface energy upon curing temperature as interlayer to examine
the phase behavior of BCPs as a function of interfacial energy.’"!'? The OS interlayer
was coated on inner surface of anodized aluminum oxide (AAQ) pores by template-
wetting method and cured in a range of temperature to control the surface energy of
interlayer. Lamellae-forming poly(styrene-b-methyl methacrylate) (PS-6-PMMA)
(SMA) was injected in the OS-coated AAO pores in the melt by capillary forces.
With detailed analysis, we could identify that the self-assembly of SMA in 2D
confinement is competitively affected by entropic and enthalpic effects as interfacial
energy is changed. As simply controlling the curing temperature of OS interlayer,
various morphologies arising from both the preferential wetting behavior and neutral
wetting behavior were identified. This work provides the proof-of-principle of

;
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microdomain transitions in self-assembled BCP under cylindrically confined

geometry.
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3.2. Experimental

3.2.1. Block Copolymer/Homopolymer AB/A Binary Blends within
Cylindrical Channels

Materials Diblock copolymers PS45k-b-PB44k (SBD89, M/M,, = 1.04), PS20k-b-
PB22k (SBD42, M/M, = 1.03), homopolymers hPS 4.5k (hPS4.5, Mw/M, = 1.07)
and hPS 45k (hPS45, Mw/M, = 1.04) were purchased from Polymer Source, Inc.,
Canada. The repeat periods (Lo) of SBD89 and SBD42 were 42 and 30 nm,
respectively. Detailed information including volume fraction of PB block (fpg) in
SBD/hPS binary blends is listed in Table 3.1.

AAO templates were fabricated by the two-step anodization process.®>!!13114
First, a high-purity aluminum foil (99.999 %, 0.5 mm thick, Good Fellow) was
degreased in acetone and isopropanol solution. Subsequently, the aluminum slice (2
x 5 cm) was electro-polished in a perchloric acid (HCIO4, Aldrich) and ethanol
(C2H50H, Aldrich) mixture (volume ratio = 1:4) at 20 V. The polished aluminum
sheet was then anodized at 195 V in 0.1 M phosphoric acid solution maintained at
0 1 for 9 hr. After the first anodization, the aluminum oxide layer was chemically
removed by etching in an aqueous solution of phosphoric acid (6.8 wt %) and
chromic acid (1.8 wt %) at 60 [0 for 8 hr. Finally, the second anodization was
conducted at the same condition as the first one for 3 hr to produce 100 nm diameter
pore with a length of 20 um. To obtain 170 nm pore diameter, the pore widening was
performed in aqueous phosphoric acid solution (10 wt %) at 30 [] for 25 min (Figure
3.1).

PS-b-PBD and PS Homopolymer Blends inside AAO Templates PS-5-PBD and

hPS with different weight fractions of hPS (wmes = mups/(mnps + mspp)) were
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dissolved in toluene at a concentration of 2.0 wt %. 0.2 ml of polymer solution was
24 hr and annealed under vacuum at 125 [ for 7 days. Aluminum layer and casted
onto a clean AAO template (1 x 1 cm) and polymer blends entered the AAO pores.
After solvent evaporated slowly, it was completely dried in a vacuum oven for
alumina were then removed in copper chloride (CuCl2)/hydrochloric acid (HCI)
solution and 5.0 wt % sodium hydroxide (NaOH) solution, respectively. To prepare
the samples for TEM characterization, free-standing SBD/hPS nanorods were first
stained with an aqueous solution of osmium tetraoxide (OsO4) and embedded in an
epoxy resin composed of Embed 812, dodecenylsuccnic anhydride (DDSA), nadic
methyl anhydride (NMA) and DMP-30 (Ted Pella). After curing at 60 [ for 24 hr,
the epoxy-embedded samples were then cut with a diamond knife into 70 nm thin

sections using a Leica Ultramicrotome.
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Molecular Homo- Molecular  Weight
Sample Name BCP Weight olvmer Weight Fraction fpg®
@mol)  P%Y (g/mol) (@)

SBD42 PS-b-PB  20k-b-22k 0 0.55

SBD89 PS-b-PB  45k-b-44k 0 0.52
SBD42/S4.8 0.2 PS-b-PB  20k-b-22k PS 4.8k 0.2 0.44
SBD89/S4.8 0.1 PS-b-PB  45k-b-44k PS 4.8k 0.1 0.47
SBD89/S4.8 0.2 PS-b-PB  45k-b-44k PS 4.8k 0.2 0.42
SBD89/S4.8-0.3  PS-b-PB  45k-b-44k PS 4.8k 0.3 0.37
SBD89/S4.8-0.4  PS-b-PB  45k-b-44k PS 4.8k 04 0.32
SBD89/S45-0.1  PS-b-PB  45k-b-44k PS 45k 0.1 0.47
SBD89/S45-0.2  PS-b-PB  45k-b-44k PS 45k 0.2 0.42
SBD89/S45-0.3  PS-b-PB  45k-b-44k PS 45k 0.3 0.37
SBD89/S45-0.4  PS-b-PB  45k-b-44k PS 45k 04 0.32

2 nps = Mips/(Mips + Mgpp). PDensity of PS and PBD is considered as 1.04 and 0.9 g/cm.

Table 3.1 Detailed information of PS-6-PBD/hPS binary blends.
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Figure 3.1. SEM images of AAO templates from (a) top view and (b) cross-
sectional view. (c) Histogram representing the distribution of diameter of AAO
nanopores analyzed by image analysis software (Image J). The mean diameter of
pores is 176.5 £ 5.3 nm and the length is 20 um. Scale bar is (a) 200 nm and (b)

2.um.
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3.2.2. Tunable Surface Energy Interlayer Coating to Control the Phase
Behavior of Block Copolymers in 2D Confinement

Materials Diblock copolymers PS44k-b-PMMA45k (SMAS89, Mw/Mn = 1.05) were
purchased from Polymer Source, Inc., Canada. The repeat periods (L) of SMA89
were 42 nm. AAO templates were fabricated by the two-step anodization
process.®* 11311 Anodization was conducted at the condition for the desired pore size:
Dp = 65 nm (2™ Anodization in 0.3 M oxalic acid at 40V and 15 C for 1 hr, followed
by 25 min of pore widening process in 10 wt % phosphoric acid solution) and Dp =
170 nm (same condition as 3.2.1).

Organosilicate was synthesized by the sol-gel reaction with methyl
trimethoxysilane (MTMS, Aldrich) and 1,2-bis(trimethoxysilyl)ethane (BTMSE,
Aldrich). The molar ratio of MTMS and BTMSE was 7:2. The acid-catalyzed
hydrolysis of the mixture in THF was conducted for 30 min with HCl solution. After
the hydrolysis, the mixture was condensed at 65 °C in 250 rpm of stirring for 9 hr,
followed by quenching with ether. The detail synthetic procedure is described
elsewhere. !

Preparation of OS Interlayer Coating 2.5 wt% of OS were dissolved in methyl
isobutyl ketone (MIBK). AAO templates (1 x 1 cm) were dipping in OS solution for
10 min and washed by MIBK, followed by curing under vacuum at desired
temperature for 6 hr. After etching out AAO templates, the structure and size of OS
nanotubes were characterized.

PS-b-PMMA inside OS-Treated AAO Templates SMA89 were dissolved in
toluene at a concentration of 2.0 wt %. 0.2 ml of polymer solution was casted onto a
clean AAO template. After solvent evaporated slowly, it was completely dried in a

vacuum oven and annealed under vacuum at 180 [J for 3 days. After removing _
¥ L
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aluminum and alumina layers, free-standing polymer nanorods were dipping in 1 wt%
HF aqueous solution to etch OS interlayer, followed by embedding in an epoxy resin.

After curing at 60 C for 24 hr, the epoxy-embedded samples were then cut with a

diamond knife into 70 nm thin sections using a Leica Ultramicrotome.

3.3.3 Characterization

The size and shape of AAO nanopores were analyzed with a scanning electron
microscope (FE-SEM, JSM- 6701F, JEOL) operated at an acceleration voltage of
10.0 kV. The morphologies of BCP and OS nanotube were characterized by a
transmission electron microscope (TEM, JEM 1010, JEOL) at 80.0 kV. PBD domains
in SBD and PS domain in SMA were selectively stained with aqueous OsO4 solution
(2.0 wt %, Electron Microscopy Sciences) and RuO4 solution (Electron Microscopy

Science), respectively, followed by TEM characterization.
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3.3. Results and Discussion

3.3.1. Microdomain Transition of Binary Blends with Low Molecular

Weight hPS in 2D Confinement
The phase behavior of diblock copolymers confined in cylindrical nanochannels
has extensively been studied both experimentally and by simulation®®!16, Both intrinsic
properties of BCPs (i.e. volume fraction, interaction between consisting blocks, chain
length) and interfacial factors for 2D confinement severely affect the behavior of
copolymer chains, resulting in unconventional morphologies such as multiple helices,
stacked disks and concentric rings. Herein, we focus more on the comparison of phase
transitions of AB/A diblock copolymer/homopolymer binary blends between bulk and
confined states. Also, we examined that homopolymers are solubilized in BCP
microdomains in a way to facilitate BCP self-assembly under 2D confinement
depending on the molecular weight of homopolymers.
In the wet-brush regime where the ratio of the chain length of hPS to that of PS block
(ot = Mn,hps/Mn,ps block) 18 much lower than unity, hPS chains are allowed to be
uniformly solubilized within the PS microdomains.!'” The uniform distribution of
hPS within the SBD microdomains induces the swelling of the PS domains both
parallel and perpendicular to the interfaces, constraining the chain conformation of
the other block (PB block). This generally leads to the phase transition of BCPs into
microdomains with higher curvature to compensate the free-energy penalty caused
by the conformational entropy loss of the PBD blocks. Consequently, the BCP
morphology is changed from lamellae to cylinders and ultimately to spheres. Figure
3.2 shows different morphologies of self-assembled SBD42 with and without hPS4.8
confined in AAO nanopores. When D/Ly = 6.0, neat SBD89 forms the morphology
.
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of concentric rings with the outermost PB block layer (Figure 3.2a). With the low
molecular weight hPS added, however, the PBD phase in microdomain changed to
the helical structure due to the breaking of symmetry of the two blocks (Figure 3.2b).
Although the volume fraction of PB block in the SBD42/hPS4.8 (» = 20 wt %) is
0.44, which is generally in the lamellae morphology (Table 3.1), the helical
morphology was observed under cylindrical confinement. Also, we confirmed that
that SBD/hPS binary blend with the same composition (o =20 wt %) in the bulk
state retains the lamellar structure. Previous works have reported that only cylinder-
forming BCPs could self-assemble into helical structures under cylindrical
confinement. This reflects that 2D confinement could easily invoke the symmetry

breaking of BCPs upon the addition of low molecular weight homopolymers.
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Figure 3.2. TEM images of (a) neat SBD42 and (b) binary blends with 20 wt %
hPS4.8. All of the samples are stained with OsOs vapor before TEM

investigation. Scale bar is 200 nm.
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3.3.2. Comparison of the Effect of hPS Weight Fraction on the Phase
Transitions in the Bulk and Confined States

To demonstrate the drastic phase transition under confinement, we investigated both
bulk and confined states of SBD89/hPS4.8 (oo = 0.1) with the weight fractions of
hPS4.8 varying from 0 to 40 wt % (Figure 3.3). Here, we used SBD89 instead of
SBD42 to further increase the degree of confinement of the system (D/Lo was varied
from 6.0 to 4.2). In the bulk state, the lamellar structure of neat SBD89 changed to the
cylindrical structure when 40 wt % hPS4.8 is added (fpg = 0.32) (Figure 3.3a). In
contrast, rapid microdomain transition occurred in the confined geometry when
compared with the bulk state. The increase in the weight fraction of hPS4.8 to 20 wt %
changed the PBD microdomains from concentric rings (lamellar) to helices
(cylindrical) with the outermost PBD layer. Upon further increase of hPS4.8 to 30 wt %
(frs = 0.37), spherical structure of PBD domain was finally attained (Figure 3.3b).
Such strong influence of hPS addition originates from the severe constraint of
copolymer chains under 2D confinement. Since hard confinement of AAO nanopores
naturally make cylindrical shape of BCP assemblies, symmetric SBD forming
concentric ring morphology under cylindrical confinement intrinsically had
curved interface. Under this circumstance, less amount of hPS4.8 easily lead to
structural transformation to peapod array (spherical) which is not obtained in
bulk state with same composition. At » = 30 and 40 wt % of hPS4.8 additions, the
zigzag patterns of spherical PBD domains shows the clue that a helical motif with 20
wt % hPS4.8 in the blends still exist. As the weight fraction of hPS is increased, the

helical domains break up to develop spherical domains having higher curvature.
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4.8k hPS Weight Fraction
10% 30%

Figure 3.3. TEM images of the morphology of SBD89/hPS4.5 binary blends in
(a) bulk and (b) confined state by varying the weight fraction of hPS4.5. All of
the samples are stained with OsO. vapor before TEM investigation. Scale bar is

200 nm.
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3.3.3. Effect of Mn nps/Mn,ps Block on the Phase Transitions in Bulk and
Confined States

The molecular weight of homopolymer (hPS) added to BCPs also has
significant influence on the phase transition of SBD/hPS binary blends in 2D
confinement. To demonstrate the effect of molecular weight of hPS, we introduced
higher molecular weight homopolymer (hPS45) into BCP (SBD89) (a = 1.0)
confined in AAO nanopores with the same condition (D/Lo = 4.2) (Figure 3.4). In
the dry-brush regime (o =~ 1.0), since hPS chains are locally segregated in the middle
of PS block domains, the conformations of PS and PBD block chains are not obtained
significantly affected by hPS as explained in the wet-brush regime.''® Localized hPS
tends to cause the expansion of the PS microdomains followed by the eventual
formation of microemulsions. In the bulk state, it is confirmed that the BCP
microdomains retained lamellar morphologies with extended PS domains up to © =
40 wt % (Figure 3.4a). In the 2D confinement, on the other hand, the PS domains
were swollen radially up to ® = 20 wt % but microemulsion structure is eventually
when w is higher than 20 wt % (Figure 3.4b). The formation of such microemulsions
is believed to originate from the fragmentation of inner PBD domains. As shown in
Figure 3.5, the phase transition of SBD/hPS45 under the cylindrical confinement is
described. With the increase in the weight fraction of hPS45, the PBD domains were
broken into droplets, forming vesicular peapod arrays (Figure 3.4b, o = 40 wt % and
Figure 3.5a). Due to the hard confinement of nanochannels, not all the hPS45 could
not be accommodated in the PS domains radially and the inner PBD domains were
continuously pinched off to take excess hPS chains along the pore length. In contrast

to the low molecular weight homopolymers, hPS45 could not be uniformly
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45k hPS Weight Fraction
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Figure 3.4. TEM images of the morphology of SBD89/hPS45 binary blends in

(a) bulk and (b) confined state by varying the weight fraction of hPS45. All of
the samples are stained with OsO. vapor before TEM investigation. Scale bar is

200 nm.
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Increasing Weight Fraction of hPS45
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Figure 3.5. Schematic illustration of the phase transition of SBD45/hPS45 binary
blends under cylindrical confinement. (a) is the view along the pore axis and (b) is
the view normal to the pore diameter. As the weight fraction of hPS45 increases,
hPS is preferentially located at the center of the pore. When the weight fraction of
hPS45 is further increasing, the PBD layer continuous in the pore axis is broken

into droplets in order to take excess hPS chains.
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solubilized within the PS block and the phase transition into microemulsions of
BCPs occurred. Although different molecular weight gave rise to different routes of
phase transition, the transition caused by the addition of hPS under 2D confinement
is more sensitive than the bulk cases.

Figure 3.6 shows that hPS45 is mainly located at the center of the nanochannels
in the confined assembly of SBD89/hPS45 blends. We believe that PS microdomains
were not evenly swollen along the radial direction. When @ = 20 wt % of hPS45, the
thickness of outer PS microdomain is retained (A in the inset of Figure 3.6a,b) while
inner PS domain is swollen (B in the inset of Figure 3.6a,b). As the weight fraction
of hPS45 increases up to 40 wt %, PS domain is fully expanded radially and the PBD
middle layer disappeared concomitantly; the innermost PBD layer disappeared at
=20 wt % (Figure 3.6b,e) and the next middle PBD layer eliminated at 40 wt %
(Figure 3.6c,f). Since the effect of curvature is most pronounced at the center of the
channels, non-ideal packing of copolymer chains is maximized in the innermost
region of microdomains. Figure 3.5b shows that hPS is localized at the core as the
weight fraction of homopolymer increases. To compensate for the loss of free energy
induced by the large curvature at the core, hPS fill up the core region where highly
stretched copolymer chains otherwise occupy (Figure 3.5b). Previous work has
reported that the redistribution of homopolymers facilitated the defect-free assembly
under the circumstance where the domain dimension deviates from the dimension in
the bulk. Stoykovich et al. demonstrated that the local concentration of
homopolymers is the highest at the sharply bent geometry to minimize the free
energy of BCP assembly. Similarly, in the cylindrical confinement, excessive hPS45
are preferentially located at the center of the SBD/hPS microdomains and reduce the

structural frustration imposed by the curvature. 02
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6 4 e '\-\."i S — | |



Figure 3.6. TEM images of SBD89/hPS45 confined in cylindrical pores with
different fraction of hPS45 (a,d) 0, (b,e) 20, and (c,f) 40 wt %. (a) — (c) are the
views normal to the pore diameter and (d) — (f) are the views along the pore axis.
All the samples were stained with OsO4 vapor before TEM investigation. Scale

bars are 100 nm.
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Hierarchical internal structure of self-assembled BCPs can be readily tailored
with the addition of homopolymers. Tunable structures of polymer particles serve as
ideal scaffolds or templates, leading to potential applications including drug delivery,
catalytic supports, and optical-sensing. Polymer nanorods with various internal
morphologies is obtained depending on the molecular weight of hPS. Particularly,
even with the same weight fraction of hPS (® = 40 wt %), the addition of hPS4.8
changed the concentric PBD microdomains to peapod domains while vesicular
morphologies where PS domains are located inside the PBD shells were obtained
with the addition of hPS45 (Figure 3.7). Although the volume fraction of the PBD
block in the two blends is identical, different solubilization behavior with the
addition of hPS of different molecular weight leads to totally different morphological
reshaping of PBD domains to minimize the free energy of the systems. Various
reshaping of block copolymer morphologies only with the addition of homopolymers
in nanoconfinement could be effectively used to fabricate desired hierarchical

nanostructures.
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Peapod Domain Vesicular Peapod Domain

Figure 3.7. TEM images of SBD89/hPSwith inverse structures upon molecular
weight of hPS (a)4.8k and (b)45k hPS. (a) is normal peapod array and (b) is
vesicular peapod array morphologies. All of the samples are stained with OsO4

vapor before TEM investigation. Scale bar is 200 nm.
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3.3.4. Tunable Surface Energy of OS Coating to Control the Orientation
of Block Copolymers.

OS was synthesized by acid-catalyzed hydrolytic condensation of MTMS and
BTMSE mixture. Prepared OS have initially a considerable amount of hydroxyl
group (silanol group) owing to hydrolytic reaction. Since the silanol groups could be
cross-linked into Si-O-Si bond by thermal curing, the chemical structure of OS can
be controlled. As curing temperature and time increased, the ratio Si-O-Si bond to
silanol group also increased. This makes it possible to control the surface energy of
OS upon curing temperature. Specifically, the surface property is changed from
hydrophilic to hydrophobic as the silanol groups are converted to Si-O-Si bonds. To
estimate the surface energy of OS, the interfacial energy was calculated by contact
angle measurement of two-liquid harmonic method and young’s equation using
water and diiodomethane as test liquid shown in equation 1 and 2.'" The contact
angles of liquids on OS film which is cured at temperature ranging from 240 °C to

320 °C. (Table 3.2)

d .d P P
y = yio+Y 4YliqYos 4Y1i4Y0s 1)
lig—0S — li 0S — _d d P D
4 4 Yiig t Yos Yigq t Yos

Yos = Yiig-o0s T V1iqc0s0iiq  (2)

The decrease of the total surface energy of OS upon the increase of cure
temperature is affected by the changes in the relative ratio between polar and
dispersive functional groups. Since silanol groups, polar fractions, are vanished by
3.8a) To control the orientation of PS-b-PMMA block copolymers, we also estimate
the interfacial energy of PS and PMMA block on the OS substrate using the harmonic

the condensation reaction through thermal treatment, whereas Si-CH3 groups,
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Curing Contact Angle (°) Surface Energy (mJ/m?)

Temperature (°C)  Water ~ CH2I2  Dispersive Polar Total
240 81.8 55.9 27.51 10.95 38.46
260 86.9 59.0 26.32 8.99 35.30
280 89.6 57.4 27.23 7.62 34.86
300 91.2 58.7 26.73 7.09 33.82
320 92.0 60.5 25.93 6.95 32.89

2 The surface tension of water and diiodomethane is considered 19.9 + 52.2 =72.1 and 47.4
+ 2.6 =50 mJ/m? (dispersive + polar = total surface tension), respectively.

Table 3.2. Contact angles of water and diiodomethane on OS substrates and surface

energy divided by dispersive and polar fraction of OS cured at different temperature.
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Figure 3.8. (a) Surface Energy (dispersive + polar = total) of OS as a function of
curing temperature. (b) Estimated interfacial energy of PS and PMMA block on

OS substrates which are cure in different temperature
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dispersive fractions, are thermally stable and does not significantly change. (Figure
mean equation. The surface energy of PS and PMMA are considered with reference
of polymer handbook.'?’ Figure 3.8b shows the surface energy of PS and PMMA
block on OS substrate as a function of curing temperature. It is found that ypmma-os
and yps.os are almost identical at curing temperature of 280 °C. At this temperature,
PS and PMMA have neutral wetting orientation. We demonstrated it with SMA89
film spin-coated on pre-cured OS substrates. BCP thin film (~2.2L,) was annealed
at 180 °C for 3days, and their morphologies are characterized by atomic force
microscopy. (Figure 3.9)

we expect that the orientation of SMAS89 thin film on OS substrates is
determined by the interfacial energies between each block and OS, which is
estimated in figure 3.8b. The OS substrate cured at 260 °C has PMMA-wetting
orientation because ypmma-os is much lower than that of PS-OS. Thus, a microdomain
orientation parallel to the OS substrate was made (PMMA blocks are preferentially
wet on the bottom OS interface, whereas PS blocks cover the free surface due to
lower free surface energy than PMMA). In this asymmetric wetting, BCP thin film
have commensurable condition at film thickness ~ (n + 1/2)Lo, where n is the integer
number. Since tested film have a thickness of 2.2L, hole or island structure at the
free surface of films is expected as confirmed in Figure 3.9a,f, On the other hand,
neutral wetting of block against the OS substrate was observed at 280 to 320 °C
where the interfacial energy of each block and OS become comparable. Without any
preference, the perpendicular orientation of BCP microdomains which looks
fingerprint pattern was identified (figure 3.9b-d and g-i). When curing temperature
was 340 °C, the interfacial energy between PS and OS substrate are lower than that
of PMMA (Figure 3.8b) and PS block was wetting on both top and bottom of the
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film. This is the symmetric wetting which is commensurable when the thickness of
film ~ nLo. As asymmetric wetting case, SMA89 had holes or islands at the free

surface (Figure 3.9e,j).
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260° C

Height

Phase

Figure 3.9. AFM height and phase images of SMA89 film annealed at 180 °C
for 3 day in vacuum. BCP thin film was casted on the OS substrates pre-cured at

different temperature.
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3.3.5. OS Interlayer Coating on AAO templates to Control the
Orientation of Block Copolymers within Cylindrical Nano-Channels

OS interlayer was prepared by template-wetting method. Pre-made AAO
template was dip-coated in OS solution for 10 min and washed in MIBK. The
thickness of OS interlayer was 5 - 10 nm regardless of the concentration of OS
solution and dipping time. (Figure 3.10) Since there was no preferential interaction
between AAO wall and OS, only monolayer remained after washing the templates
in MIBK. The regularity of interlayer coating should be confirmed because the
degree of confinement is one of the most important factor to determine the phase
behavior of block copolymers.

SMAR89 was poured into nanochannels of AAO templates where surface is
modified by OS and cured at different temperature (Figure 3.11). Bulk SMAS&9
formed fingerprint microdomain (lamellae) (Figure 3.11a) which made concentric
ring morphology with commensurability within 2D confinement. Since D/Ly is ~4,
concentric ring was observed in pristine AAO (Figure 3.11b). However, within
nanochannels which were modified by OS, the orientation of microdomain was
changed. In 300 °C of curing temperature for OS, the stacked lamellae were observed,
meaning that the surface had neutral wetting behavior to blocks (Figure 3.11¢) Even
though the result is obtained with smaller diameter of nanochannels, the changes of
surface property could be identified. Figure 3.11d shows the concentric lamellae with
the outermost PS layer. When the OS was cured in 340 °C, the hydroxyl group was
linked and the dispersive part of surface energy was dominant. It made the interfacial
energy between OS and PS lower than that of PMMA. As indicated by red arrow,
thin OS interlayer could be identified, which is wetted by PS block (dark region).

Form surface treatment, we could control the orientation of block copolymers l_lnderI ]
> _ LI ol |
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2D confinement and this would be helpful in optical application since the spacing

can be realized in z-axis.
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Figure 3.10. The thickness of OS interlayer coated by template wetting method
characterized by TEM. The thickness is 5 - 10 nm regardless of the concentration

of OS solution and dip-coating times.

o i A ST



(a) SMA 89 (b) P(S-b-MMA) Confined in Pristine 170 nm AAO
LY

PMMA i i
Wetted :

(c)

Neutrally )
Wetted

4 .'v,aA “F 3
Figure 3.11. TEM images of SMA89 under (a) bulk state and co
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nfined in (b)

pristine cylindrical channel of AAO and OS treated AAO at (c) 300 °C and (d)

340 °C.
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3.4. Conclusion

The phase transition behavior of the BCP/homopolymer (SBD/hPS) binary
blends in 2D confinement was studied in detail. The comparison of SBD/hPS blends
in both bulk and confined states revealed that the constraints induced by the hard
confinement significantly enhance the effect of hPS addition on the phase transition
of BCPs. The addition of hPS led to the morphological transformation to compensate
the loss of conformational entropy of polymer chains under 2D confinement.
Depending on the molecular weight of hPS added, in particular, the phase transition
of SBD/hPS blends was quite different from the bulk behavior. Low molecular
weight hPS induced the structural transformation in a way to have more curved
interfaces while the addition of high molecular weight hPS selectively expanded the
microdomains of SBD from the center of the radial axis. Although the phase
transition of SBD/hPS binary blends under confinement is significantly governed by
the solubilization behavior of homopolymer chains, the phase transition in both wet-
and dry-brush regimes is realized in a way to release the constraint of copolymer
chains under confining geometry. The results shown here give us fundamental
information on the effect of homopolymer on the phase behavior of BCP under 2D
confinement to design hierarchical nanostructures of polymer particles, nanorods
and vesicles. As a result, this kind of fundamental study could be effectively applied
to shape the morphology of polymeric particles for versatile potential applications

such as photonic crystals, optical sensors, and other fields.
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Chapter 4. Self-Assembled Morphologies of

Block Copolymers Confined in Conical Nanopores

4.1. Introduction

Block copolymers (BCPs) consisting of two distinctive polymer chains can self-
organize into ordered nanoscale structures. Their self-assembled morphologies
depend primarily on the volume ratio of the constituent blocks, chain length, and
interaction between the segments.?*1?5 To further develop and control their
nanostructures and optimize corresponding properties, a variety of methods such as
solvent  annealing®!%,  additives'?’'?%8,  surface  treatment®?,  and
confinement!3130.131 have been introduced. Especially, the nano-confinement where
a spatial limitation is imposed on the chain conformation of polymers, has received
much attention due to the possibility to achieve novel structures with potential
applications such as lithography!®2133  photonic crystals'®*, plasmonics!®,
filtration!3, photovoltaic devices™" %, and so on. Various types of confinement
using thin films, porous membranes, and emulsion droplets have been investigated
both experimentally'3130.131.140-146  and computationally®63116.147-149 |t has been
demonstrated that under confined states, besides the intrinsic properties of polymers,
external factors including size, shape, surface properties, and dimensionality of the
external confining environment were also crucial to the phase-separated
morphologies.

For the self-assembly of BCPs under confinement, the confining environment
plays an important role to determine both shape and internal morphologies of

1]

—1
|

79



polymeric entities. Additionally, in the case of templates with ordered patterns,
hierarchical patterns of BCP microdomains could be obtained, which have potential
applications such as photonics and optical materials®™®*3, For example, previous
studies developed hierarchically ordered concentric silver nanoring arrays for highly
sensitive surface-enhanced Raman scattering (SERS) substrates using BCP confined
in ordered cavities. Even though hierarchically ordered nanopatterns in two-
dimension have been studied, the development of fabrication routes for hierarchical
3D nanostructures with controllable nanosized domains still remains a challenge.

In the present work, we report a strategy to control the morphologies of
poly(styrene-b-1,4 butadiene) (PS-b-PB) confined within conical nanopores. While
previous work studied the self-assembly of chained molecules under confinement
using symmetric environment such as cylinders and spheres, the phase-behavior of
block copolymers within asymmetric geometries has rarely been addressed so far.
With both experimental and theoretical analyses of the geometric effects of conical
nanopores, we systematically investigate the competitive interplay of
thermodynamic parameters on the self-assembly of block copolymers within
asymmetric geometry. The size, shape, and surface properties of the nanopores were
controlled in order to investigate enthalpic and entropic factors on the self-assembly
of BCPs. The loss of conformational entropy induced by the large curvature at the
vertices was the critical parameter to determine the orientation of BCP microdomains
within such asymmetric pores. Specifically, while stacked lamellae perpendicular to
the depth were observed for small-sized conical pores, concentric lamellae
replicating the geometry of confining matrix were obtained in large cones and
cylindrical pores. As the size and shape of the pores were varied, intermediate

morphologies were also obtained. Computational results based on the simulated
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annealing method with parameters matched to experiment was also calculated to
compare observed morphologies. Calculated results relating to the interfacial
energies between blocks, the entropic penalty induced by chain stretching, and the
surface energy between blocks and pore wall were quantitatively described in order
to elucidate how the interplay between thermodynamic factors contributed to the
equilibrium morphologies.

Since nanoscale pattern of BCP have a possibility to be hybridized with the
metal nanoparticles, a periodic array of metallic domains on a nanoscale can be
utilized in optical applications. Additionally, in our research, BCP matrix conforms
to the surface topology of nanopores and conical geometry are known to induce the
strong electronic and magnetic enhancement at the vertices.?®'% The synergetic
effect of the shape and periodic pattern of BCPs could play a significant role as
effective electromagnetic properties. These works pave the way for the potential

platform of optical metamaterials, leading to a variety of applications.
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4.2. Experimental

Materials A high purity aluminum foil (99.999 %) with 0.5 mm thickness were
purchased from Good Fellow, UK and used after degreased in acetone and
isopropanol solution. Diblock Copolymers PS2ok-b-PBo2a (SBL42, fpg = 0.55, Mw/M,
= 1.03) and 4k hydroxyl end-functionalized PS (PS-OH, M./M, = 1.03) was
purchased from Polymer Source, Inc., Canada. The repeat period (Lo) of SBL42 were
30 nm. Epoxy resin consisting of Embed 812, dodecenylsuccin anhydride (DDSA),
nadic methyl anhydride (NMA) and DMP-30 was purchased from Ted Pella and
used after mixing the components as manual. 70 % Perchloric acid, oxalic acid, 85 %
phosphoric acid, ethanol, toluene was purchased from Sigma-Aldrich and used as
received.

Fabrication of AAO Templates Various size and shape of nanopores were prepared
as confining templates. The experimental procedure to fabricate the nanopores are
described in Chapter 2. The detailed information of prepared nanopores including
the diameter (Dp), the radius of curvature at the bottom (r.), and aspect ratio (AR =
h/Dp).

Modifying Surface Properties of Inner Wall of Conical Pores Surface-modified
AR3 conical pores were prepared by anchoring monohydroxyl-terminated PS (PS-
OH) onto pre-made AAO templates.'*®!% 2.5 wt % PS-OH solution dissolved in
toluene was spin-cast on AAO templates, followed by annealing at 180 °C under
vacuum to graft PS chains onto AAO inner walls. The reaction time was varied to
control the grafting density of PS chains and unreacted PS-OH chains were removed

by repeated washing and sonication in toluene.
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Figure 4.1. Schematics for experimental procedure for characterizing

morphologies of PS-b-PB.
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Diameter  Radius of curvature at Aspect ratio

Types of pore (Ds) the bottom () (AR = h/Dy)
Small conical pores 80 nm 15 nm 2,3,5
Large conical pores 240 nm 80 nm 2,3,5

Small truncated

) 80 nm 40 nm 2,3,5
conical pores
Small cylindrical
80 nm 80 nm 2,3,5

pores

Table 4.1. List of various types of pore and their diameter (Dp), radius of curvature

at the bottom (r.), and aspect ratio (AR = h/Dp).

F
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PS-b-PBD within AAO Templates To fill various types of pores completely, 1.5 to
5.0 wt % of PS-b-PB solution dissolved in toluene were spin-cast and spin rate was
controlled from 1500 to 3000 rpm. After dried in a vacuum oven for 24 hr, the
samples were annealed under vacuum at 125 °C for 4 days. To prevent the release of
polymer nanocones during removing AAO templates, the samples were fixed using
epoxy adhesive and cured at 60 °C for 12 hr. The aluminum layer was chemically
etched using copper chloride (3.0 wt %) / hydrochloric acid (50 wt %) aqueous mixture
and alumina was removed by sodium hydroxide aqueous solution (5.0 wt %), followed
by embedded in epoxy resin and cured at 60 °C for 48 hr. Embedded samples were
then sectioned with a diamond knife using a Leica Ultramicrotome.
Characterization The top and cross-sectional view of nanopores were identified
using a scanning electron microscope (FE-SEM, JSM-6701F, JEOL Ltd.) operated
at an acceleration voltage of 10.0 kV. The morphologies of PS-b-PB were analyzed
with a transmission electron microscope (TEM, JEM1010, JEOL Ltd.) at 80.0 kV.
2.0 wt % aqueous solutions of OsO4 were used to stain PB block selectively.

For morphological observations in 3D using TEMT, the PS-b-PB within AAO
template was ultramicrotomed to a thickness of 100 nm by using an ultramicrotome
(UC7, Leica microsystems, Germany) with a diamond knife at — 80 °C. We note here
that we made thin section without chemical etching. The ultrathin section was
transferred onto a Cu mesh with elastic carbon film as a supporting membrane. The
thin section was stained with OsO4 vapor (1,000 Pa) for 1 hr.

Prior to the electron microscopy experiments; gold nanoparticles (diameter: 5
nm) were placed on the backside of supporting membrane. The thin section was
observed by a TEM operated at 200 kV (JEM-2200FS, JEOL Ltd.), and the system

was equipped with a slow-scan CCD camera (Gatan USC 4000, Gatan Inc.). A series
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of TEM images were acquired at the tilt angles of £70° in 1° step. The TEM images
were aligned by the fiducial marker method'® with Au nanoparticles deposited on a
supporting membrane. After the alignment, the tilt series of the TEM images were
reconstructed by a filtered back projection algorithm.

Simulation Method The simulations were conducted using a simulated annealing
method on a lattice model. Previous studies had established the validity of the
method for studying the self-assembly of block copolymers under the confined state.
The model and algorithm for the calculation are concisely described below, whereas
detailed information can be found elsewhere**-**>. Model diblock copolymers of A7Bs
were used in the study, and the volume fraction of A blocks is given by fa = 0.58,
which form lamellae in the bulk. The model chains are confined to a conical pore
embed in a cubic lattice with a total segment concentration of p = 0.85. The bond
length, connecting two consequent segments on a chain is set to 1 and V2 lattice
spacing, and therefore each site has 18 nearest neighbor sites. In the model system,
only interactions due to the nearest-neighbor sites are considered. In all cases, the
repulsion between a pair of A-B segment is modeled by an interaction parameter eap
= 1.0kgTrer, where kg is the Boltzmann constant and Ty is a reference temperature.
Interactions between the air surface (U) and chain segments are set to — gau = €su
= gap= 1.0. The surface-polymer interactions, €a, and €pe, have the form of — g5, =
€Bo = 0€ap and a is varied from O to 1. Other interactions are set to be zero. The
annealing schedule with T; = {Tj.; is applied, where T; is the temperature in the jth
annealing step and f is a scaling factor with a value the same as that used earlier®.
The annealing temperature of T = 100Ts, and the final temperature is fixed at Tr =

1.4T,r for convenient comparison.
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4.3. Results and Discussion

4.3.1. Self-Assembled Morphologies of Block Copolymer within Conical
Nanopores

We prepared nanopores with various shape and size by two-step anodization
and the fabrication method are described in Chapter 2 and Figure 4.1. Detailed
information for the nanopores including the diameter (Dp), depth (h), aspect ratio
(AR = h/Dp), and the radius of curvature at the bottom (r.) was listed in Table 4.1.
Lamella-forming BCPs, PS,ok-b-PBa2a (SBL42, feg = 0.55) with a repeat period (Lo)
of 30 nm were used in this study. To systematically investigate the effects of various
factors on the phase-separation of PS-H-PB under conical confinement, controlled
studies with different pore sizes, surface properties, and bottom geometries were
carried out (Figure 4.2).

Figure 4.3 presents SEM images of cross-sectional and top (inset) view of small
and large conical pores. Although tapered pores were produced using the stepwise
process of anodization and pore widening, the inner surface of pores was smooth
owing to the multiple times of short reaction and the roughness of the inner wall did
not influence the self-assembly of copolymer chain. The diameters of each pore were
80 and 240 nm and the depths were controlled to have an aspect ratio of 2,3 and 5.

Besides different Dp, they had different radii of curvature at the bottom and their
bottom diameters (Dg) were 15 and 80 nm. Since the ratio between Dg and Lo was
less than unity, the large curvature of small conical pores could induce much severe
entropic penalty on the chain conformation of copolymers than that of large pores.

In order to completely fill the conical pores with SBL42 using spin-coating, the

concentration of polymer solution and spin-rate were varied. After thermal annealing
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Figure 4.2. Schematic illustration of the self-assembled morphologies of

lamellae-forming PS-b-PB under conical nano-confinement.
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Figure 4.3. SEM Images of cross-sectional view of conical pores. Small and large
conical pores have 80 nm (a-c) and 225 nm (d-f) of pore diameter (Dp). Both size
of pores were fabricated to have various aspect ratio (AR = h/Dp, h is a depth of

pore); 2 (a,d), 3 (b,e) and 5 (c,f). Inset of the images are top-view of

corresponding pores.
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under vacuum for 4 days, epoxy resin was cast on the sample to prevent the release
of polymer nanocones and the AAO templates were then removed by the etchant
solution. The internal morphologies of the BCP nanocones were investigated by
transmission electron microscopy (TEM). OsO4 was used to selectively stain the PB
blocks and prevent damage during the epoxy embedding process.

TEM images (Figure 4.4) show completely different orientation of SBL42
microdomains confined within small and large conical pores. Although previous
works demonstrated preferential wetting of PB blocks to AAO walls®*%, stacked
lamellae perpendicular to the pore depth (stacked lamellae) was obtained within AR2
and AR3 small conical pores (Figure 4.4a,b). This morphology was expected for the
small conical pores due to severe confinement at the vertices. Since the radius of
curvature was much smaller than Lo of SBL42, the loss of conformational entropy
near the bottom was too large to make energetically favored orientation. Additionally,
PB blocks were located at the air surface due to lower surface free energy, and this
orientation propagated to the bottom which also contributed to stacked lamellar
structures. Even though these effects from the bottom and top of the pores were also
microdomain (Figure 4.4c). As pore depth increased, the influence of the top and
bottom surfaces was diminished and block copolymer chains were assembled in a
way to have a lower interfacial energy between polymer blocks and AAO surfaces.
Since the characteristic lengths of small conical pores (h, Dp, and r.) were
comparable to Lo of SBL42, the self-assembly within small conical pores was
identified in AR5 small cones, mixed orientation was observed in the middle of

predominantly affected by the confinement rather than other energetic factors.
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Figure 4.4. TEM Images of the morphology of SBL42 nanocones confined in

various size of conical pores; small and large BCP nanocones with diameter of
80 nm (a-c) and 225 nm (d-f). Both small and large nanocones have three aspect
ratio (h/Dp); 2 (a,d), 3 (b,e) and 5 (c,f). All of the samples were stained with OsO4

vapor before TEM investigation and PB block appear dark in images.
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Figure 4.5. 3D imaging of SBL42 confined in AR3 small conical pores using
TEM tomography. AAO templates is not removed. A digitally sliced electron
tomography image shows the cross section of AAO templates containing BCPs
parallel to the pore axis. Here, only OsOj4 stained PB microdomains (dark region)
are extracted in purple color. White arrows in magnified view indicate partially

connected PB domain at the interface between polymers and pore surfaces.
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In contrast to the case of small cones, lamellae parallel to the cone surface
(concentric lamellae) with the outermost PB layers were mostly observed in larger
nanocones, even though stacked lamellae caused by the surface energy still appeared
near the pore entrance (Figure 4.4d-f). Since the degree of confinement in large pores
was much lower than that in small pores, the interaction between polymers and
substrates mainly influence the phase-separation of BCPs. Overall, the morphologies
of BCP nanocones were determined in order to minimize the free energy of the
system associated with the effect of wall selectivity and confinement.

Since the ordered nanostructure of BCPs can be hybridized with metal
nanoparticle for other application, it is important to analyze the surface topology in
detail. Annealed BCP samples within AAO templates was directly visualized using
cryo-microtoming and transmission electron microtomography (TEMT) in order
to gain more detailed information on their three-dimensional structures and the
internal morphologies of BCP nanocones (Figure 4.5). The sample where block

copolymers remained within AR3 conical pores was directly microtomed at —80 C

by a diamond knife, followed by staining with OsOs. In figure 4.5, only PB
microdomains were extracted from 3D electron tomography and visualized as purple
color. As indicated by the white arrows, structural analysis with TEMT revealed that
PB domains were partially connected at the interface between polymers and pore
surfaces. Even though BCP microdomains had the perpendicular orientation to the
pore surfaces, pore surfaces were still weakly selective to PB blocks, and therefore
the segregation of PB chains was favorable in terms of surface energy of the wall
(Es). This interfacial undulation was also confirmed from the simulation data, as

discussed later section.
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4.3.2. Effect of Bottom Geometry on Chain Conformation of Block
Copolymers

To gain deeper insight for the entropic loss induced by the curvature at the
bottom, additional pores with different bottom geometries, i.e. truncated conical
pores with the same Dp and aspect ratio as conical pores and cylindrical pores, were
introduced (Figure 4.6). To make truncated conical pores, pre-made conical pores
with Dp = 60 nm were chemically etched to widen the pore radially. As etching time
increased, the radius of curvature at the bottom also increased and there was more
space to accommodate the BCP chains. Cylindrical pores were fabricated by
conventional two-step anodization and fully widened to make 80 nm of pore
diameters. Since r. of each pore was 40 and 80 nm, respectively, which were larger
than Lo of SBL42, different phase-behavior of SBL42 from conical pores was
expected.

Figure 4.7 shows the morphologies of SBL42 confined within AAO templates
as functions of pore shape and aspect ratio. TEM images of BCP nanocones which
were inserted in Figure 4.4 were reiterated for the comparison and categorization
with the morphologies of others. For all types of shapes, the morphologies of SBL42
changed with aspect ratio. For AR2 truncated cones, stacked lamellae were observed
due to the free surface energy of air surface as nanocones (Figure 4.7d). However,
in the case of AR3 and AR5, mixed orientation where stacked lamellae and surface
wetted orientation coexisted started to appear (Figure 4.7e,f). Since the entropic
penalty of polymer chains at the bottom decreased, the effect of interfacial energy
between blocks and AAO wall became dominant and contributed to the
morphological transition of BCP microdomains. In the AR2 cylinder, stacked

lamellae with undulated orientation at the bottom were observed (Figure 4.79). It .
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Figure 4.6. SEM Images of cross-sectional view of AAO pores w.i.th different
bottom shapes; small (a-c) truncated conical and (d-f) cylindrical pores. All types
of pore have 80 nm of top diameter and bottom diameters were controlled to have
40 and 80 nm, respectively, which are larger than 15 nm of conical pore. All pores
were fabricated to have three aspect ratio (h/Dp); 2 (a,d), 3 (b,e) and 5 (c,f). Inset

of all the images are top-view of corresponding pores.
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Increase of the Radius of Curvature at the Bottom

Figure 4.7. TEM Images of the morphology of SBL42 confined within sfnall (a-
¢) conical, (d-f) truncated conical, and (g-i) cylindrical pores. All of the samples
were stained with OsO4 vapor before TEM investigation. The images in yellow,
blue and red box correspond to groups of stacked lamellae, mixed orientation,
and concentric lamellae, respectively. (j) The schematic of comparative
thermodynamic parameters and corresponding microdomain orientation

depending on different shapes of the pore bottom.
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showed that increase of bottom diameter gave more space to accommodate the
copolymer chains, thus inducing the observed morphological transition. Previous
works also revealed that high curvature of the bottom and neutral selectivity of the
wall led to interfacial undulation as seen in Fig 4.79.1%8 As the depth of pore increased,
mixed orientation appears in AR3 (Figure 4.7h) and concentric lamellae were
apparently observed in AR5 cylinder (Figure 4.7i).

Overall, the morphologies of BCPs were categorized into three groups: stacked
lamellae, mixed orientation, and concentric lamellae (yellow, blue and red box in
Figure 4.7). The self-assembled morphologies of SBL42 could be explained by the
competitive interplay between thermodynamic parameters: the free surface energy
of the blocks, the interfacial energy between blocks and AAO walls, and the entropic
penalty due to the curvature at the vertices as illustrated in Figure 4.7]. As the pore
shapes changed from cone to truncated cone to cylinder, the curvatures at the vertices
were decreasing and there was a less entropic penalty on chain conformation. Also,
as pore depth increased, the influences from the top and bottom of the pores were
diminished. Therefore, the surface preference played a significant role in phase-

separation of BCPs and surface-wetted orientation of BCP chains was preferred.
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4.3.3. Changes in Wetting Behavior of Block Copolymer Confined within
Conical Nanopores

To demonstrate the effect of interfacial energy, the surface property of substrates
was modified by hydroxyl-terminated PS (PS-OH) brushes. PS-OH solutions were
spin-coated on AR3 conical pores and annealed under vacuum to graft PS brushes
onto the inner wall of pores. To control the surface energy, the annealing time was
varied from 20 min to 120 hr, which was related to the grafting density of PS
chains.!®® After washing out unreacted polymer chains, SBL42 was filled in pores
and the morphologies were characterized by TEM observation (Figure 4.8). In 20
min of annealing, PS and PB domains looked entangled, indicating that the
selectivity of wall surfaces was changed (Figure 4.8a). As annealing time increased,
selective wetting orientation with the outermost PS layer started to appear in the
middle of the pore domain (Figure 4.8b). This orientation propagated to vertices and
sequentially bottom of BCP nanocones and concentric lamellar structures eventually
observed in 120 hr annealed samples (Figure 4.8c,d). We speculated that the
increased selectivity of substrate walls overwhelmed the entropic effect of vertices
and sequentially energetic effect of air surface, meaning the energetic effect from air
surface is the most influential parameter on the self-assembled morphologies under
conical confinement.

To compare the experimental and simulative data for the phase-transition upon
the surface property of walls, the simulation work for the lamellar morphologies
confined in AR3 conical pores as a function of the surface-polymer interaction, g
was also conducted using simulated annealing method presented in Figure 4.8e. The

volume ratio of BCPs and the relative size of pores were chosen to match the
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Figure 4.8. TEM Images of the morphology of SBL42 confined in AR3 small

conical pores modified by PS-OH brush. The grafting density of PS brushes were
controlled by reaction time: (a) 20 min, (b) 1, (c) 48, and (d) 120 hr. All of the
samples were stained with OsO4 vapor before TEM investigation. (e) Simulated
morphologies of block copolymers as a function of interfacial energy between A

blocks and confining walls (gac).
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experimental parameters. The surface preferences were characterized by the wall - A
block interaction, eno = — €Bo. Polymer chains in green and red color in the snapshot
correspond to A and B blocks, respectively. Other specifications including simulation
parameters and procedure were described in detail in the Experimental Section.
Stacked lamellae observed in the limit of ea =~ 0 changed to mixed orientation in the
middle of microdomain at — 0.2 of gxe. From ea, = — 0.3, surface wetted orientation
propagated to air surface and eventually to vertices when the selectivity of the wall
was maximized (gao = — 1.0). It is interesting to note that the order of transition to

the surface wetted orientation was different from experimental results in that the
entropic loss at the vertices was much influential than the enthalpic effect of air
surface. This difference was caused by imperfect match of simulation parameters
such as the curvature at the vertices and free surface energy of constituent blocks.
Nevertheless, both experimental and simulative results implied that the phase
separation of block copolymers under conical confinement was comparatively
affected by confinement-induced entropy loss of polymer chains and the interfacial

energies with surroundings.

100 AMEZ2T



4.3.4. Effect of Molecular Weight of Block Copolymers

Figure 4.9 shows the self-assembled morphologies of SBL26 (Lo = 22 nm)
confined within small conical pores. While AR2 SBL26 made stacked lamellae
(figure 4.9a), both stacked lamellae and concentric lamellae was observed in AR3
and ARS SBL26 nanocones (figure 4.9b,c). Since the ratio between bottom diameter
to repeat period (Dg/Lo) of SBL26 was 0.73, larger than 0.5 in SBL42 small cones,
the constraint from the pore tip was much less and there was more freedom of chain
conformation to make energetically favorable assembly. This result indicated that
sharp vertices effectively confined the copolymer chains and governed the self-
assembly of block copolymers. The degenerated structures in AR3 and ARS could

be induced by the size of nanopores which were not perfectly regular.
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Figure 4.9. TEM images of the morphology of SBL26 confined in small conical

pores. BCP nanocones have diameter of 80 nm and various aspect ratio (h/Dp);
(a) AR 2, (b) AR 3 and (c) AR 5. All of the samples were stained with OsO4 vapor

before TEM investigation.
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4.3.5. Enthalpic and Entropic Contribution in the Free Energy of Block
Copolymers within Conical Confinement

A series of simulations as functions of pore sizes, pore shapes, and surface
preference was performed to investigate the effects of the competitive parameters
thoroughly (Figure 4.10 and Figure 4.11). Based on the simulation data in Fig 4.8e,
we concluded that the surface was weakly selective to PB block in our experiments,
which was consistent with previous studies by Russel’s group.®* Therefore,
calculated morphologies for weak selectivity (ea» = — 0.2) in Figure 4.10 showed a
good agreement with experimental observation in Figure 4.4 and 4.7. Other
simulated morphologies with controlled interaction parameters were also described.
Three competitive parameters affecting the phase-separation of BCPs were estimated
in the following way: (1) the A-B interfacial energy (E;), (2) the surface energy (Es),
and (3) the entropic cost AS of stretching chains. (Figure 4.11) Two energetic
components (E = Es + E;) were computed, and the third component (entropy) was
estimated in a mean-field sense by the mean-square end-to-end distance of chains.

33-35

As deduced early’~>, constraining ends of a chain to have a separation R leads to a
conformational entropy reduction of AS = — 3R?2Nb? and a free energy increase of
AF = 3TR?*/2Nb? per chain, where b is the segment length. The total free energy F
was calculated as a function of surface interaction: F = E; + Es + AF*N¢, where N¢
is the number of chains in the system. With a comparison of the plot and
morphologies in each case, it was noted that when the surfaces were strongly
preferential to the A block (eao < — 0.3), F was dominated by E, and therefore
concentric structures with outermost A layer were observed. In this case, lower

surface energy compensated entropic loss induced by chain stretching. For neutral
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wetting case (€ao = €80 = 0), F was dominated by E; the same as that in the bulk case,

and flat lamellar structures were formed regardless of aspect ratio and pore shapes.
At intermediate wettability between the two limiting cases, it was also the
competition between the enthalpic and entropic free energies that determined the
phase-separated structure of a system. For the case of cylindrical confinement, E;
was lower than that for conical or truncated conical confinement cases due to larger
surface area, which resulted in the formation of concentric cylinder (AR5) and mixed
orientation (AR2 and 3) at even weak preferential wetting value (gao = — 0.1 - 0.2).
When mixed orientation was formed, polymer chains were highly stretched whereas

the interfacial energy became lower.
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Figure 4.10. Simulated morphologies of block copolymers A;Bs as functions of

am
1
D | (A48 00m

sizes and shapes of confining pores; (a-c) large conical pores with Dp/L¢ of 7.37
and (d-f) small conical, (g-1) truncated conical, (j-1) cylindrical pores with Dp/Lo
of 2.53. Both small and large BCP pores have three aspect ratio; 2 (a,d,g,j), 3
(b,e,h,k) and 5 (c,f,i,1). The interaction of surface is fixed at gao = — 0.2 and &gy,

=02

B



AR 2 AR 3 AR S5

(a) (b)
12
10
— — CONE
(=) —— TRUNCATED -
<8 —— CYLINDER CYLIMDER
=
i
6 b
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
Epo Epo Epw
(d) —— CONE (E) —— CONE (f) ——CONE
6 —— TRUNCATED -8 —— TRUNCATED 12 —— TRUNCATED
—— CYLINDER — CYLINDER || — CYLINDER
-12 -16 1 -24
g £ t
T8 Xa o
w = k1
g, [Hies 1i-a8
-60
30 -40
. 72
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0
Enaw 0) Epo
H 38
® (h)s (i
- —— CONE ——CONE
— ?F?SECATE D —— TRUNCATED| 3 —— TRUNCATED|
8 —— GYLINDER 3% —— CYLINDER —— CYLINDER
Bulk Value Bulk Value Bulk Value
34
" ~
[vd o Nﬂ:
3 32
32 —
o LA 1
L L L L 20 3
0.0 0.2 0.4 SB(DO'S 08 10 0.0 0.2 0.4 Samo‘s 0.8 10 0.0 02 0.4 sm’{}_s 08 1.0
. 24
(1) (k) () =
10 —CONE ——CONE
—— TRUNCATED 16 o TRUNCATED —— TRUNCATED
. — CYLINDER —— CYLINDER 2 —— CYLINDER
—~ 8 Ay
< ) e
=0 ) el
freg gy w0
5
8 12
10
‘ 4 R 16 M0 02 04 06 08 10
00 02 04, 06 08 10 00 0z 04, 06 08 10 . Epe” :

Figure 4.11. (a-c) The A-B interfacial energy (E;), (d-f) the surface energy (Es),
(g-1) the mean-square end-to end distance of chains, and (j-1) the total free energy

of block copolymers A7Bs as a function of €g,. The ratio between pore diameter

and repeat period (Dp/Lo) is 2.53.
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4.4. Conclusion

We systematically investigated the self-assembled morphologies of PS-5-PB
confined in conical pores with various pore sizes, shapes and surface properties. The
controllable environment for the confinement allowed consistent observation of the
BCP morphologies and their dependence on the various thermodynamic factors.
Increasing the radius of curvature from conical to truncated conical to cylindrical
pores resulted in a morphological transition from the stacked lamellae to the
concentric lamellae. As the loss of conformational entropy decreased, the interaction
between pore surfaces became more dominant parameter to determine the phase-
separation of BCPs. The surface energy of pore wall was also varied to elucidate the
competitive interplay between the thermodynamic parameters and the order of
influence was identified by both experimental and simulative results. Quantitative
analysis including interfacial energies (E; and E) and end-to-end distance of chains
revealed how block copolymers self-assembled in order to minimize the free energy
of the system. Since BCP matrix formed hierarchically patterned 3D nanostructures
and conical structures had a possibility to enhance electromagnetic properties
strongly, this work can be used as a platform for nanophotonic and plasmonic

devices.
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