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1.1 Microphase separation

1.1.1 Nanofabrication using Block Copolymer

Block copolymers (BCPs) consisting of two or more chemically-distinct polymer chains (blocks)
spontaneously self-assemble to form a variety of nanoscale periodic structures when the constituent blocks
have a sufficient incompatibility to separate from each other.! This self-assembly behavior, the so-called
microphase separation, is driven by the demixing of the blocks into different phases referred to as the
microdomain and matrix. Since the periodic length of the microphase-separated structures typically ranges
from 5 to 50 nm and is controllable by the molecular weight adjustment, the BCP self-assembly has attracted
much attention as a promising platform for the “bottom-up” nanotechnologies. Starting from microphase-
separated BCPs in the bulk and thin film states, a variety of functional nanomaterials, such as nanoporous
materials, electronic devices, and patterned inorganic materials, are fabricated by the processes shown in
Figure 1.1.27° For example, Chen and coworkers prepared highly stretchable memory devices using the
saccharide-containing BCP systems and found that the memory-type behaviors can be tuned by the
morphologies of the microphase-separated structures.” Zhao and coworkers demonstrated the reproducible
synthesis of highly-ordered mesoporous polymers and carbons from the composite of the poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) triblock copolymers with the low-molecular-weight
phenolic resin precursors.® Several researchers reported that the nanoporous polymer films generated by the
selective removal of the microdomains are expected to be used as nanotemplates to fabricate the patterned
organic/inorganic nanoarrays and filtration membranes to remove specific molecules.”” ! Importantly, the
BCP nanolithography that transfers the nanopattern from the nanoporous thin film to the underlayer is
expected to be an innovative technique to fabricate a circuit pattern with a small feature size unachievable by
the existing photolithography (>43 nm resolution by ArF excimer laser).!” 2 For further development of such
next-generation nanotechnologies, the fine-tuning of the morphologies and minimization of the periodic

length of the microphase separation are the most important and challenging issues in this field.
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1.1.2 Theory of Microphase Separation Behavior

When a BCP system has a sufficient incompatibility between the blocks, the polymer chains are
arranged to minimize the interface area between the domains at equilibrium, as shown in Figure 1.2a (Note
that only amorphous BCPs are considered in this section).!>2¢ Thus, the morphology of the microphase-
separated structures depends on the volume fraction (f) of the constituent blocks, and the increase in the f'of
one block causes the continuous morphological changes from a body-centered cubic sphere structure (BCC)
through a hexagonally close-packed cylinder (HEX), bicontinuous gyroid (GYR), and lamella (LAM), as

shown in Figure 1.2b. The volume fraction of a diblock copolymer is described as

V4

fa=1-fp=

V4 + Vg

where v is the molar volume of the blocks while the subscripts A and B represent the constituent blocks.

(a) Ordered (microphase-separated) (b) Morphologies

Disordered EX

@

Volume fractlon of A

Figurel.2. (a) Schematic illustration of symmetric BCP chains in the ordered (upper) and disordered states

(lower). (b) The morphologies of the microphase-separated structures of diblock copolymers at equilibrium

in a strong segregation limit (SSL).
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The BCP phase behavior is governed by several factors, such as the f'of the constituent polymers,
incompatibility between the blocks characterized by the Flory-Huggins interaction parameter (y), overall
degree of polymerization (N), macromolecular architecture, and conformational asymmetry. The y is

generally expressed as a function of the temperature by the following equation:

A
X=r

where A and B are experimentally obtained constants for the block pair. Unlike the chemical degree of
polymerization, N is described as
M
VopNy

where M, vo, p, and Na are the number-averaged molecular weight, reference volume of the monomer,
polymer density, and the Avogadro constant, respectively. Based on the “y/N”” value, the phase behavior of the
BCPs is classified into two segregation limits. In the yN<<I region, the BCP chains are homogeneously
dispersed to have apparent volumes similar to the polymer radius of gyration (Ry) due to the insufficient
incompatibility to separate the blocks from each other, leading to a disordered state.?”-*® With the increasing
xN to ca. 10, the disorder-to-order transition occurs and each polymer block weakly segregates to form
microdomains. Such a phase-behavior limit in the yN < 10 is referred to as the “weak segregation limit (WSL)”

and the periodic length, termed the domain spacing (d), is a function of N'2 in this region, as follows:

1
d~Rg~aNz (x <10)
where a is the characteristic segment length of the repeating unit in the copolymer. The a of a copolymer is

given as follows:

In the yN>>10 region, the two blocks in a BCP system significantly separated from each other
form well-ordered microphase-separated structures. This phase-behavior limit is called the “strong

segregation limit (SSL)” and the d value is a function of !¢ and N*as described by

1 2
d~aysN3 (x> 10)
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The self-consistent mean field (SCMF) theory was developed to combine the two described segregation limits,
which gives the phase diagram to predict the phase behavior of linear diblock copolymers as shown in Figure
1.3.23% Importantly, the SCMF theory predicts the boundary between the ordered and disordered states, i.e.,
boundary line of the order-to-disorder transition (ODT) or disorder-to-order transition. With the increasing
temperature, the ordered BCP undergoes the order-to-disorder transition at the critical temperature (Topr)
because the y value decreases with the increasing temperature. The critical yN value of a symmetric diblock
copolymer (fa = 0.50) at Topr is predicted to be 10.495 according to the phase diagram, suggesting that yN
must be >10.495 to induce microphase separation. Considering that the d value is directly proportional to
x"6N?3, the decrease in N is a reasonable approach to reduce the d while a large y is required to achieve

microphase separation at a given small N.

B
7\'\.4

2 0.4

0 06 08
BCC  HEX LAM GYR
fa

0
GYR
Figure 1.3. Theoretical phase diagram of linear-type coil-coil diblock copolymers based on SCMF theory.

HEX BCC
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1.1.3 High-y Block Copolymer

In the past decade, a number of high-y BCPs has been designed for producing microphase
separation with an extremely low d value (<20 nm) unachievable by conventional low-y BCPs like
polystyrene-block-polyisoprene (PS-b-PI) and polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA).’!73% The high-y BCPs generally consist of a specific combination of hydrophobic blocks (e.g.,
polydimethylsiloxane, poly(cyclohexylethylene), and poly(4-fert-butylstyrene)) with highly polar blocks
(e.g., polylactide, poly(hydroxystyrene), and poly(4-vinylpyridine)) (Chart 1.1). Hillmyer and Bates groups
found that poly(cyclohexylethylene)-block-poly(methyl methacrylate) possesses a significantly higher y
value than that of PS-b-PMMA.*’ This BCP system formed lamellar structures with the extremely low d value
of ~10 nm, which corresponds to an ~5 nm feature size (Note that the feature size is defined as the width of
one microdomain (i.e., half-pitch) while the d corresponds to one full periodic length in the case of a lamellar
structure). Kim and coworkers reported extremely small microphase-separated structures with a sub-3 nm
feature size from the poly(3,4-dihydroxystyrene)-block-polystyrene system.*! Alternatively, several research
groups employed the highly hydrophobic or hydrophilic oligomeric segments as building blocks to produce
the high-y polymer systems. For example, the Meijer group prepared the monodisperse
oligo(dimethylsiloxane)-block-oligo(lactide), which formed the microphase-separated structures with a sub-
5 nm feature size.*” Hayakawa and several groups designed the polyhedral oligomeric silsesquioxanes

(POSS)-containing polymers to produce a high-y character.**#” Kakuchi and Borsali groups prepared the

sugar-based BCP systems to produce sub-10 nm-scale microphase-separated structures.* 3! Although these
polymer designs rely on the highly incompatible blocks to realize the size reduction of the microphase-
separated structures, such polymer systems generally suffer from industrial issues including low productivity,
high cost due to the difficul synthesis, and poor accessibility of the monomers. Therefore, a simple and
efficient strategy to produce high-y BCPs from readily available starting materials is required for further

development of nanofabrication technologies.
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Chart 1.1. High-y BCPs that form sub-10 nm-scale microphase-separated structures
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1.2 Postpolymerization Modification

Postpolymerization modification enables transforming a polymer into its various derivatives
without any change in the N and dispersity from the original one.’?">* In fact, the preparation of the high-y
BCPs using the postpolymerization modification strategies has been reported by several research groups,
which can be classified into two major types; i.e., the pendant-group and chain-end modifications (Scheme

1.1).

Scheme 1.1. Postpolymerization modifications for controlling the microphase-separated structures using (a)
poly(solketal methacrylate)-block-polystyrene,®> (b) polystyrene-block-poly(vinyl azlactone),’®>” (c)
polystyrene-block-poly(methyl vinyl siloxane),’® and (d) polystyrene-block-poly(ethylene oxide)*® as the
parent BCPs.

A-b-(B-r-C)  Pendant group -b-B Chain-end A-b-B-R
modification modification

Pendant group modifications
n n m
oo
HO/\l)
HO

(b) i
gy fA e f LD
HN~ A/\OH WOH A/\OMe
© Sy

Olm R-SI 'm

Chain-end modification:

(d j/g‘vo);n/\om MeoH j%NO);’H
%NOWS on _ou )gwowgiou

\\ //



Chapter 1

In the case of pendant-group-modification for a diblock copolymer (A-bH-B), the repeating units
of one block are partially or fully converted to yield A-b-(B-r-C) or A-b-C type BCPs, respectively, where A,
B, and C are distinct components. When the segregation strength of A—C is sufficiently stronger than that of
A-B, the y values of the A-b-(B-r-C) and A-b-C are higher than that of the A-b-B. Importantly, for the A-b-
(B-r-C), the incompatibility between the blocks is easily controllable by changing the composition of the
comonomer (C). Thus, the A-b-(B-r-C) type BCPs are suitable materials to obtain small microphase-separated
structures and to control the morphologies while keeping the polymer backbone of the original BCP. Russell
showed the simple chemical transformation from poly(solketal methacrylate)-block-polystyrene to
poly(glycerol monomethacrylate)-block-polystyrene to enhance the effective interaction parameter (yer),
enabling the microphase separation (Scheme 1.1a).> In addition, they demonstrated the fine-tuning of ycs by
simply adjusting the conversion of the solketal. Mahanthappa and coworkers designed a new BCP system
consisting of polystyrene and poly(vinyl azlactone), which undergoes selective and quantitative reactions
with functional primary amines, to yield the corresponding PS-b-poly(acrylamide)s (Scheme 1.1b).5%57 The
xefr value of the BCP clearly increased after the conversion from poly(vinyl azlactone) to poly(acrylamide),
thereby leading to the microphase separation even at a low N. Importantly, the y.sr can be controlled by
changing the functional amines. Hayakawa also developed the postpolymerization modification of
polysiloxane-based BCPs by the thiol-ene reaction to control yes (Scheme 1.1¢).%8

Recently, several studies about the chain-end modification for controlling the BCP morphologies
have been reported. Park et al. demonstrated a simple way of tuning the microphase-separated structures
generated from polystyrene-block-poly(ethylene oxide) (PS-6-PEO) by modification of the PEO chain-end
structure (Scheme 1.1d).3>%° For example, PS-b-PEO bearing sulfonic acid groups at the PEO chain end
formed a lamellar nanostructure, while the unmodified PS-b-PEO with a terminal hydroxyl group was less
ordered, demonstrating that the block incompatibility can be controlled by the end groups. In addition, the
morphology transition was clearly observed from the lamellar to cylindrical phase as the end group was
changed from sulfonic acid to lithium sulfonate.

These pioneering studies suggested that modifications of the pendant-group and chain-end

structures enable the enhancements in y and fine-tuning of the BCP morphology. However, the preparation

10
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of such BCP systems capable of postpolymerization modifications generally includes a complicated synthetic
route to produce a sufficient reactivity, resulting in a poor accessibility. Thus, the development of a
postpolymerization method using classical BCPs, which are composed of commercially-available monomers
and prepared by a conventional polymerization process, is of great interest for controlling the morphologies.
In particular, the facile and effective transformation from the commercially-available low-y BCPs to high-y

BCPs is expected as a practical approach to realize the downsizing of the microphase-separated structure.

11



Chapter 1

1.3 Polystyrene-block-poly(methyl methacrylate)

Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA), one of the classical BCPs, is a
leading candidate for the BCP nanofabrication because of its practical advantages, such as the commercial
availability of its monomers; its synthetic accessibility; and the fact that it can be mass produced on a pilot
scale.®!"% In fact, there have been a number of fundamental studies about the nanofabrication using PS-b-
PMMA as a template.!!:12:14716.64.65 I addition, PS-b-PMMA is the current industry standard as a nanotemplate
for the BCP lithography process because of the following characteristics: the comparable surface energies
between the PS and PMMA blocks enables the perpendicular orientation of the microdomains to the substrate
by a simple thermal annealing;%® and the sufficient difference in etch rate between the blocks leads to the
selective removal of the PMMA component from the thin film by dry etching.’”%® These remarkable
characteristics of PS-b-PMMA are important requirements for the pattern transfer to the substrate during the
BCP lithography process. Nealey and co-workers demonstrated the pattern-transfer strategy from the
microphase-separated PS-b-PMMA thin film to the underlying silicon substrate (Figure 1.4).°® The thin film
of PS-b-PMMA spun-coated onto the silicon substrate was thermally annealed to form a microphase-
separated structure. The PMMA domains in the thin film were selectively removed by the reactive ion etching
with oxygen or argon plasmas as the chemical and physical etching gasses, respectively, to fabricate a PS
nanopattern as a lithographic template. The PS nanopattern was then transferred to the underlaying silicon
substrate by dry etching using C,H»F4/SFs plasma followed by the PS removal. So far, significant efforts have
been made to the BCP lithography based on PS-b-PMMA, providing a deeper understanding of BCP thin film
physics, material design, and processing.%® 7> However, the insufficient incompatibility between the PS and
PMMA blocks is a major drawback of the PS-b-PMMA system, which prevents the system from having a
microphase separation with a d value of <20 nm.”"’# 76 Accordingly, the high-y BCPs have been developed
to fabricate a much smaller feature size, although the use of the new high-y BCPs requires reoptimization of
the lithographic processes for each system. Therefore, for further advancement of nanofabrications based on
the BCP self-assembly, development of a slightly modified version of PS-b-PMMA that retains the original
backbone is of great interest as it enables both achieving a high-y character and applying it to the established

standard nanofabrication process.

12



General Introduction
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Figure 1.4. Schematic illustration of the BCP lithography process.

PS-b-PMMA can be synthesized by sequential monomer addition via the living/controlled radical
polymerization (LCRP) including nitroxide-mediated polymerization (NMP), reversible addition-
fragmentation chain transfer (RAFT) polymerization, and atom transfer radical polymerization (ATRP) and
living anionic polymerization (Scheme 1.2).”7-3 The LCRPs have been widely used as facile and efficient
techniques to synthesize vinyl polymers with controlled molecular weights because of the simple
experimental procedure, broad range of applicable monomers and solvents, and commercial availability of
the initiators and catalysts.33"%7 In addition, the suitable design of the initiator and postpolymerization reaction
lead to the production of the functional polymers having a mono- or bi- functional group at the chain ends.
For the polymer synthesis by LCRPs, particularly for the BCPs, however, the dispersity tends to be broader
due to the unstable nature of the active propagating species during the polymerization. The broad dispersity
often causes the disordering in the low-N and even high-y regions.?® Furthermore, in the synthesis of BCP by
LCREP, the purification processes are required after each polymerization to remove the unreacted monomers,

resulting in a time-consuming process and decrease in the product yield.
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Scheme 1.2. Synthesis of PS-5-PMMA by living/controlled radical polymerizations.

Living/controlled radical polymerization

« Nitroxide-mediated radical polymerization (NMP)77
X
Bu t Bu methyl { Bu
methacrylate N.
No styrene (S _(MvA) 'm O
initiator PS b-PMMA

* Reversible addition-fragmentation chain transfer (RAFT) polymerization’®

S

MMA PMMA PMMA-b-PS

- Atom transfer radical polymerization (ATRP)81

b ‘
0 0%o JO )
I
/\OJI\rBr MMA o W’Br st “o A
CuCl 00

/bipyridine

initiator (|3 (0]
PMMA PMMA-b-PS
' Advantages Disadvantages i
1 + Simple experimental procedure * Broad dispersity 3
' « Broad range of applicable monomers and solvents * Instability of growing end !
i+ Commercial availability of initiators and catalysts + Multiple polymerization processes ;
1 « Efficient functionalization of chain ends for block copolymer :

In contrast, the anionic polymerization technique provides PS-b-PMMAs with an extremely
narrow dispersity of ca. 1.02 with well-defined structures in a one-pot process due to the excellent livingness,
indicating its suitability for the synthesis of PS-b-PMMAs for the systematic investigation of microphase-
separation behaviors (Scheme 1.3).% The fact that the synthesis of PS-h-PMMA via anionic polymerization
90,91

has been achieved on a pilot scale demonstrates its feasibility of mass production on an industrial scale.

However, anionic polymerization suffers from a narrow range of applicable reagents including the monomer,
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initiator, and solvent, due to the high sensitivity of the growing chain end, which sometimes cause difficulty
in the optimization of the synthesis condition and process when the polymer designs, such as chain-end
structure and comonomer compositions, were changed. Therefore, the postpolymerization modification
approach should be a suitable strategy to make a series of modified PS-b-PMMA systems for the systematic
investigations of the microphase-separation behavior. Whereas the postpolymerization modifications of the
PS and PMMA homopolymers have been well studied, direct postpolymerization modification of the PS-b-

PMMA for the fine-tuning and reduction of the microphase separated structure is still lacking.

Scheme 1.3. Synthesis of PS-b-PMMA by living anionic polymerization.®’

Living anionic polymerization Y
Q) o y
AN o L.@ | H
sec-BuLi n-1 ! diphenyl ethylene MMA MeOH n Ph m
O O LiCl ) Cl)
St PS-b-PMMA

' Advantages Disadvantages E

i+ Extremely narrow dispersity * High sensitivity of anion to impurities |

: « Excellent livingness of growing end + Narrow range of applicable reagents !

+ = One-pot process for block copolymer (monomer, initiator, terminator,...) ;
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1.4 Objective and Outline of the Dissertation

The nanofabrication techniques using the BCP microphase separation is a promising strategy as a
“bottom-up” fabrication for producing functional nanomaterials, such as nanopatterned materials, nanoporous
materials, and flexible devices, as mentioned in Section 1.1. In particular, the next-generation lithography
technique using the microphase-separated BCP thin film as the template has attracted much attention to
achieve a higher resolution than that achievable by the conventional photolithography process. The
morphological control and reduction of the feature size in the microphase separation is of significant
importance toward further development of these practical applications. The combination of the enhancement
in y and reduction in N is the most reasonable and widely accepted strategy to reduce the size of the
microphase separation because its feature size mainly depends on the N while the BCP undergoes disordering
in the low yN region. As described in Section 1.2, although the postpolymerization modification strategy has
been expected as a facile method to produce high-y/low-N BCPs, the synthetic process is usually complicated
because highly-reactive sites must be incorporated into the parent BCPs. Therefore, this dissertation is
directed toward the development of a facile and efficient postpolymerization modification for the classical
BCP, which is composed of common monomers and synthesized by a conventional polymerization process,
to endow it with a high y character, leading to extremely small microphase-separated structures. PS-6-PMMA
is one of the classical BCPs having many practical advantages and used for the BCP lithography as the current
industry standard of nanotemplate material as mentioned in Section 1.3. However, the weak incompatibility
between the blocks of PS-b-PMMA makes it difficult to microphase-separate at a molecular weight of <30
kg mol ™!, thereby leading to the lower limit of the d value of ca. 20 nm. Increasing the y value of PS-b-PMMA
by a slight chemical modification at a low N would allow forming small microphase-separated structures
while keeping the original polymer backbone. This strategy enables the modified PS-b-PMMAs to form
extremely small nanopatterns by the established nanofabrication techniques that is optimized for PS-b-
PMMA, leading to further development of the next-generation bottom-up nanotechnology. For this
contribution, therefore, the author aimed to establish facile postpolymerization modifications of PS-b-PMMA
to induce the microphase separation even in the low N region and to fabricate sub-20-nm-scale nanostructures

by the modified PS-6-PMMA. Specifically, the author proposes the “pendant group” and “chain-end”
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modifications of PS-b-PMMA as facile and efticient methods for realizing the fine-tuning of the size and
morphology of the microphase separation. These developments should provide a significant insight into the

suitable modification techniques of PS-b-PMMA and great benefits in the nanotechnology field.
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An outline of this dissertation is as follows:

Chapter 2 describes the simple and efficient method for the postpolymerization modification of
PS-b-PMMA to effectively increase the incompatibility between the two blocks, so that microphase

separation can be achieved even at a low degree of polymerization (Figure 1.5). The ester—amide exchange

reactions of PS-b-PMMA with primary and secondary amines were performed to introduce a small number
of methacrylamides into the PMMA block to increase its hydrophilicity. The results of small-angle X-ray
scattering measurements performed on the bulk samples showed that the modified PS-6-PMMA self-

assembled to form a lamellar phase even at the extremely low molecular weight of 8.5 kg mol™! due to the

increased incompatibility between the blocks. The smallest domain spacing of the modified PS-b-PMMA
observed in this chapter was 11.1 nm. That is to say, the smallest feature size was 5.6 nm. The modified PS-
b-PMMA thin film created well-aligned line patterns by the combination with the graphoepitaxy directed
self-assembly process, demonstrating that these materials obtained from PS-b-PMMA have the potential to

be used for sub-10 nm nanofabrication applications.

Ph 3
H :

Tn T In PS-b-PMMA

0 c|> (Low y / Low N) :
BP0 disordered "§
Ester-Amide . :
Exchange :

ca. 6 nm

Dl

Ph N
: H
n * T _ (High y/Low N)

RZ
YN @methacrylamide  ordered

Figure 1.5. Schematic representation of the ester-amide exchange reaction of PS-6-PMMA for increasing the

e

incompatibility between the PS and PMMA blocks.
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Chapter 3 describes the development of the chain-end modification by the terminal-selective
transesterification of PMMA and PS-b-PMMA (Figure 1.6). Starting from the anionically-synthesized
PMMA and PS-b-PMMA, the ester side chains of the MMA units at the w-chain end were selectively
transesterified in the presence of various alcohols with the aid of the corresponding titanium alkoxides to
yield the end-functionalized PMMAs and PS-b-PMMAs. The wide range of alcohols having various
functional groups, such as an alkyl chain, aromatic ring, and fluorocarbon chain, were applicable for the
terminal-selective transesterification. The azido-functionalized alcohol was also successfully incorporated
into the ester side chain of the w-terminal MMA unit, leading to the further functionalization by the click
reaction with ethynyl-functionalized compounds. Importantly, even hydroxy-functionalized polymers, i.e.,
the poly(ethylene glycol) monomethyl ether, as well as oligo(ethylene glycol) monomethyl ether, can be used
for the terminal-selective transesterification of PS-6-PMMA to yield triblock terpolymers. The present
transesterification system can be a powerful tool for the chain-end functionalization of the apparently inactive
chain-ends of PMMA and PS-b-PMMA, enabling the systematic investigation to extract the pure effect of the

chain-end structure on the microphase-separation behaviors.

-’ Non-living |
\ Chain End |

PS-5-PMMA
Ti(OR)4 Terminal-Selective
R-OH Transesterification

Figure 1.6. Schematic representation of the terminal-selective transesterification of PMMA and PS-b-PMMA.
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Chapter 4 describes the preparation of well-defined PS-b-PMMAs bearing highly hydrophilic
mono/oligosaccharide moieties at their PMMA chain ends and demonstrates the impact of the
mono/oligosaccharide on the microphase-separation behavior (Figure 1.7). The PS-b-PMMAs were terminal-
selectively transesterified using the titanium alkoxide of 6-azido-1-hexanol to incorporate an azido group into
the side chain of the terminal MMA unit. The azido-functionalized PS-b-PMMAs were subsequently reacted
with ethynyl-functionalized mono/oligosaccharides via click chemistry to incorporate a saccharide segment
into the w-chain end. Small-angle X-ray scattering and microscopy experiments revealed that PS-b-PMMAs

bearing maltotrioses at their chain ends, with total molecular weights of ca.10 kg mol ™!, successfully form

microphase-separated structures, although the unmodified PS-b-PMMAss exist in miscible states. Interestingly,
the maltotrioses-incorporated PS-b-PMMA with equivalent PS- and PMMA-MT-block volume fractions
microphase-separated to form a hexagonally close-packed cylinder with a domain spacing of 11.5 nm, rather
than a lamellar structure, implying that the phase diagram for microphase separation is significantly affected
by the strong maltotriose aggregation. Hence, the results presented herein demonstrate that the incorporation
of oligosaccharide moieties at chain ends is an efficient means of fine-tuning the size features as well as the

morphologies of the BCP microphase-separated structures.

Ph )
n m O[
Ph igo-
? 0 saccharide |

\

Completely Cylinders Spheres
disordered Well-ordered

| @: NN
. PS-b-PMMA PS-b-PMMA-saccharide

Figure 1.7. Schematic representation of the microphase-separation behavior of the classical PS-6-PMMA and

saccharide-modified PS-b-PMMA.
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The concluding Chapter 5 summarizes the methodology of the postpolymerization modification

for the PS-b-PMMA and the microphase-separation behavior of the modified PS-b>-PMMAs.
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Chapter 2

2.1 Introduction

The microphase-separated structures of a block copolymer (BCP) varies depending on several
factors, such as the volume fraction of the constituent polymers (f), the incompatibility of the blocks, the
degree of polymerization, and the molecular architecture.!? The domain spacing (d) of a microphase-
separated structure is a function of its statistical segment length (a), the Flory-Huggins interaction parameter

6 N233 where the

(1), and the degree of polymerization (V) that can be estimated using the expression d = ay
x value is related to the index of incompatibility between the blocks.>> An increase in y allows a BCP having
a low N to be microphase-separated while an insufficient y value causes disordering. Consequently, various
high y BCPs have been designed for achieving features smaller than 10 nm.® Such high y BCPs consist of
a specific combination of hydrophobic polymers (e.g., polystyrene and polydimethylsiloxane) with highly
polar polymers (e.g., polylactide, polydihydroxystyrene, and oligosaccharides) and thus generally suffer from
industrial issues, such as low productivity and high cost due to the difficulty in the synthesis and poor
accessibility of the monomers, as described in Section 1.1.3. Therefore, the development of a simple and
efficient strategy to produce high-y BCPs from readily-available starting materials is of significant interest.
Polystyrene-block-poly(methyl methacrylate) (PS-6-PMMA) is a leading candidate for the BCP
nanofabrication because of its practical advantages as described in Section 1.3, whereas its insufficient
incompatibility, i.e., low y, between the PS and PMMA blocks is a significant disadvantage in the fabrication
of the microphase-separated structures with a sub-20 nm domain spacing (d)." Since the PS-5-PMMA system
has been widely employed as an industrial standard in the practical nanofabrications, the BCP system having
both a high-y character and chemical structure resembling PS-b-PMMA can be a new standard material,
leading to the further advancement of the BCP nanofabrication technologies.!*?® For producing a series of
PS-b6-PMMA derivatives, postpolymerization modification is a suitable procedure because the comonomer
compositions and substituent groups can be easily controlled while keeping the original NV and dispersity (D).
The methyl ester side chains of PMMA can be transesterified to produce the random copolymers
consisting of MMA and modified methacrylate units. Although the transesterification reaction is one of

simple modification methods for PMMA, it generally requires base catalysts because of the low reactivity of

34



Ester-Amide Exchange Reaction of Polystyrene-block-Poly(methyl methacrylate)
for Achieving Sub-10 nm Feature Size

the methyl esters in the PMMA..!® In contrast, the ester-amide exchange (aminolysis) reaction is ideal for the
straightforward modification of PMMA, allowing the direct conversion of the methyl ester group into a
functional amide or imide group without any catalyst.?>23 In this study, the author investigated the ester-
amide exchange reaction of the PS-b-PMMAs with various primary and secondary amines to produce high-
x/low-N PS-b-PMMA analogues in a single step (Scheme 2.1). A small number of polar side chains was
introduced into the PMMA block of PS-b-PMMA to increase the incompatibility between the two blocks and
thus realize microphase-separated structures even at a low N. This strategy allows to systematically screen a
series of high-y/low-N PS-b-PMMA analogues that vary in terms of their comonomer composition, side-chain
structure, and N to determine the most promising materials. Various amines, such as ethanolamine, 2-
methoxyethanolamine, 2-(2-aminoethoxy)ethanol, N-methylethanolamine, benzylamine, and »n-hexylamine,
were used for the ester-amide exchange reaction to introduce a small number of methacrylamide groups into
the PMMA block of the parent PS-5-PMMA. A small-angle X-ray scattering (SAXS) analysis revealed that
a tiny amount of the methacrylamide substituent led to a significant increase in the incompatibility between
the blocks. Consequently, the author obtained a lamellar microphase-separated structure with a d-spacing as
low as 11.1 nm through the simple postpolymerization modification of PS-6-PMMA. More importantly, some
of the modified PS-6-PMMAs indeed formed line patterns in the thin film state with the aid of the directed
self-assembly (DSA) technique, thus highlighting the practical utility of the proposed method in

nanofabrication such as BCP lithography.
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Scheme 2.1. Ester-amide exchange reaction of PS-5-PMMA with various amines
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2.2 Experimental Section

2.2.1 Material

Ethanolamine (>99.0%), 2-methoxyethylamine (>98.0%), 2-(2-aminoethoxy)ethanol (>98.0%),
N-methylethanolamine (>99.0%), benzylamine (>99.0%), n-hexylamine (>99.0%), diethylene glycol
dimethyl ether (diglyme; >99.0%), propylene glycol 1-monomethyl ether 2-acetate (PGMEA; >98%), and 1-
methoxy-2-propanol (PGME; >98.0 %) were purchased from Tokyo Chemical Industry Co., Ltd., and used
as received. Dimethyl sulfoxide (DMSO; >98.0%) was purchased from Kanto Chemical Co., Inc., and used
as received. The cellophane tube (Spectra/por® 6 Membrane; MWCO: 1,000) was purchased from Spectrum
Laboratories and was washed with water before use. The solutions of PS-b-PMMAs (S21M21, 42 kg mol !,
fst=0.54; S14M14, 28 kg mol !, f5: = 0.54; S10M10, 20 kg mol !, fs; = 0.54; STM7, 14 kg mol !, f5; = 0.52;
and S4M4, 8.5 kg mol !, fs; = 0.52) in PGMEA and random copolymer brushes (PS--PMMA) were provided

by Tokyo Ohka Kogyo Co., Ltd. The PS-b-PMMAs were precipitated in methanol and dried before use.

2.2.2 Characterization

The size exclusion chromatography (SEC) experiments were performed at 40 °C in THF using a
Shodex GPC-101 gel permeation chromatography system (Shodex DU-2130 dual pump, Shodex RI-71
reflective index detector, and Shodex ERC-3125SN degasser) equipped with a Shodex KF-804L columns
(linear, 8 mm x 300 mm linear; particle size, 5 um; exclusion limit, 4 x 10°) and two Shodex KF-804L
columns (linear, 8 mm % 300 mm) at a flow rate of 1.0 mL min~!. The number-average molecular weight
(Mhy,sec) and dispersity (D) values of the polymers were calculated based on the calibration of the polystyrene
standards. The '"H NMR (400 MHz) spectra were recorded using a JEOL JNM-ECS400 instrument. The FT-
IR analysis was performed at room temperature using a Perkin-Elmer Frontier MIR spectrometer equipped
with a single-reflection diamond universal attenuated total reflection attachment. The DSC measurements
were performed in a nitrogen atmosphere from 30 to 180 °C at the heating rate of 10 °C min! and cooling
rate of =20 °C min ! using a Bruker AXS DSC 3100 system. The SAXS measurements of the bulk samples
were performed at room temperature using a Bruker AXS NanoSTAR (light source, Mo-Ka; 4 = 0.71 A;

detector, Hi-star: a gas-filled multiwire proportional counter; sample-to-detector distance, 1.06 m) system.
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The bulk samples were placed in 1.5-mm-diameter glass capillaries and annealed under vacuum at 200 °C
for 24 h. The SAXS profiles were obtained as the plot of the scattering intensity versus scattering vector (g),
where g = (47/4)sin(6/2) (1, wave length; 6, scattering angle). The SEM images were obtained using a Hitachi
SU8000 system. The thin films for the static contact angles measurement were prepared by spin-coating (2000
rpm, 60 s) 1% (w/v) polymer solutions in PGME onto Si (100) substrates with a native oxide surface. The
static contact angles of water and diiodomethane (CAy and CAy, respectively) were measured using a DM-
700 system (Kyowa Interface Science Co., Ltd.); the volume of a single droplet was 2 pL. The SFE was

calculated from the static contact angles of water and diiodomethane using Wu’s equation.*

2.2.3 Ester-Amide Exchange Reaction of PS-b-PMMA
Ester-Amide Exchange Reaction of PS-b-PMMA with Ethanolamine (S10M10-A18).

A typical procedure is described as follows (Procedure A): S10M10 (1.00 g, 50.0 umol),
ethanolamine (415 pL, 25.0 mmol), diglyme (3.0 mL), and DMSO (3.0 mL) were placed in a round-bottom
flask. The mixture was stirred at 120 °C for 18 h in a nitrogen atmosphere, then dialyzed with a cellophane
tube in methanol; this yielded SI0M10-A18 as a white solid. Yield: 94%; My sec = 19.4 kg mol™!; D = 1.02.
Ester-Amide Exchange Reaction of PS-5)-PMMA with 2-Methoxyethylamine (S10M10-B18).

Procedure A was used for the reaction of S10M10 (1.00 g, 0.500 g, 25.0 pumol) with 2-
methoxyethylamine (1.08 mL, 12.5 mmol) in diglyme (1.5 mL) and DMSO (1.5 mL); this yielded S10M10-
B18. Yield: 65 %; Masec = 15.9 kg mol™!; D = 1.03.

Ester-Amide Exchange Reaction of PS-b-PMMA with 2-(2-Aminoethoxy)ethanol (S10M10-C18).

Procedure A was used for the reaction of S1I0M10 (1.00 g, 0.50 g, 12 pmol) with diethylene
glycolamine (1.25 mL, 12.5 mmol) in diglyme (1.5 mL) and DMSO (1.5 mL); this yielded S1I0M10-C18
(0.37 g). Yield: 92 %; My sec = 17.8 kg mol™!; B =1.04.

Ester-Amide Exchange Reaction of PS-5)-PMMA with N-Methylethanolamine (S10M10-D18).
Procedure A was used for the reaction of S10M10 (1.00 g, 0.50 g, 12 pmol) with N-
methylethanolamine (1.00 mL, 12.5 mmol) in diglyme (1.5 mL) and DMSO (1.5 mL); this yielded S10M10-

D18. Yield: 76 %. My sec = 14.9 kg mol™!; D =1.09.
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Ester-Amide Exchange Reaction of PS-b-PMMA with Benzylamine (S10M10-E18).

Procedure A was used for the reaction of S10M10 (1.00 g, 0.50 g, 12 umol) with benzylamine
(1.37 mL, 12.5 mmol) in diglyme (1.5 mL) and DMSO (1.5 mL); this yielded S1I0M10-E18. Yield: 84 %.
Musec = 19.5 kgmol™!; B=1.02.
Ester-Amide Exchange Reaction of PS-5)-PMMA with n-Hexylamine (S10M10-F18).

Procedure A was used for the reaction of S10M10 (1.00 g, 0.50 g, 12 pmol) with n-hexylamine
(1.65 mL, 12.5 mmol) in diglyme (1.5 mL) and DMSO (1.5 mL); this yielded S10M10-F18 (0.45 g). Yield:

90 %. My sec = 18.5 kg mol™!; B =1.03.

2.2.4 Thin Film Processing for SEM study

PS-r-PMMAs with different compositions were grafted onto the surfaces of silicon substrates
before the spin-coating of the polymer solutions. The thin films were prepared by spin-coating a 0.8 wt%
polymer solution in PGMEA or PGME onto the substrates using a Mikasa 1H-360S system and thermal
annealing at 140 °C for 10 min. Oxygen plasma ashing (200 mL min!, 40 Pa, 40 °C, 200 W, 20 s) was
performed on the thin films using a Tokyo Ohka TCA-3822 system to the remove PMMA domain. The film
thickness was adjusted to be ca. 20 nm. In the DSA study, a 0.4 wt% polymer solution in PGMEA or PGME
was spin-coated onto substrates having a guide pattern and a PS-preferential layer. The film thickness was

adjusted to 18 nm. The annealing and ashing of the thin films were performed in the same manner.
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2.3. Results and Discussion

2.3.1 Ester-Amide Exchange Reaction of PS-b-PMMA with Ethanolamine

The author initially subjected PS-b-PMMAs to the ester-amide exchange reaction using
ethanolamine to introduce a small number of hydroxyethyl methacrylamide groups into the PMMA block
(Scheme 1). It was assumed that the incorporation of the hydroxy and amide groups into the PMMA block
would increase its incompatibility with the PS block. PS-b-PMMAs with the number-average molecular
weights of 42, 28, 20, 14, and 8.5 kg mol™! (labeled as S21M21, S14M14, S10M10, STM7, and S4M4,
respectively) were used as the starting materials. The volume fraction of styrene (fs;) was fixed at 0.5 to ensure
the formation of lamellar structures. The ester-amide exchange reactions were conducted in a mixture of
diethylene glycol dimethyl ether (diglyme) and dimethyl sulfoxide (DMSO) (1/1 (v/v)) at 120 °C for 6, 12,
18, and 24 h, wherein a 5-fold molar excess of ethanolamine was added with respect to the MMA units of the
PS-b6-PMMA sample in question. The molecular characteristics of the ethanolamine-modified PS-6-PMMAs
and the parent PS-b-PMMA are shown in Table 2.1. As a representative example, the size exclusion
chromatography (SEC) traces of the reaction products from S10M10, are depicted in Figure 2.1 along with
that of S10M10. The products obtained by the reaction of S10M10 with ethanolamine for 6, 12, 18, and 24 h
(S10M10-A6, S10M10-A12, S1I0M10-A18, and S10M10-A24, respectively) displayed a unimodal elution
peak with very narrow P values of <1.03. In the FT-IR spectra of the products, the absorption peaks due to

the O—H and C=0 stretching vibration were newly observed at around 3,400 and 1,670 cm™!, respectively,

whose intensity increased with the increasing reaction time (Figure 2.2).2%2527 In the '"H NMR spectra of the
obtained products, the signal due to methylene protons adjacent to the amide group was newly observed at
3.5 ppm after the reaction (Figure 2.3). The signal due to the methyl protons adjacent to the unreacted ester
group was broadened and diminished with the increasing reaction time, while the side reaction on the PS
moiety did not occur because the aromatic signals were still clearly observed without any change. Quantifying
the conversion of ester by 'H NMR was unsuccessful due to the broadened signals, and elemental analysis
was therefore employed as an alternative mean. The nitrogen contents of the obtained polymers were found
to be 0.11, 0.30, 0.45, and 0.81% for S10M10-A6, S1I0M10-A12, S10M10-A18, and S10M10-A24 and the

degrees of substitution (DSs) were calculated to be 2, 4, 7, and 12 mol-MMA %, respectively. The ester-
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amide exchange reactions of the S21M21, S14M14, S7TM7, and S4M4 with ethanolamine were also
performed for the four different reaction times in the same manner (Figure S2.1—S2.9). Importantly, the
obtained polymers retained the narrow P values after the reaction and the DSs were in the range of 1-30 %
depending on the reaction time (Table 1). Thus, the author confirmed that the hydroxyethyl amide group was

introduced into the PMMA block of PS-b-PMMAs by the ester-amide exchange reaction.

J\/ S10M10-A18

S10M10-A12
S10M10-A6
S10M10

I I 1
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elution time (min)
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Figure 2.1. SEC traces of the ethanolamine-modified S10M10s and the parent PS-b-PMMA (eluent, THF;

flow rate, 1.0 mL min™!).
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Figure 2.2. FT-IR spectra of S10M10 (black), SI0OM10.A6 (blue), SI0OM10-A12 (green), SI0M10-A18

(yellow), and S10M10-A24 (red).
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Figure 2.3. '"H NMR spectra of the ethanolamine-modified S10M10s and the parent PS-5-PMMA in CDCl;

(400 MHz).
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Table 2.1. Ester-amide exchange reaction of PS-b-PMMAs with ethanolamine”

parent reaction time My sec? b DS¢ Tet/Te sample
polymer (h) (kg mol™") (%) (°C)? name
- 293 1.05 - 104/124 S21M21
6 21.9 1.12 4 106/158 S21M21-A6
PSZ‘&?E&%{*”" 12 26.0 1.08 3 107/168  S21M21-A12
18 28.5 1.06 5 105170  S21M21-A18
24 27.0 1.09 11 106/ - S21M21-A24
- 21.4 1.04 - 104/126 S14M14
6 243 1.03 1 102/ - S14M14-A6
PSl4k'b'_P(1;451\fAl4" 12 24.1 1.03 6 106/168 S14M14-A12
(5e=059 18 21.6 1.07 19 102/161 S14M14-A18
24 21.7 1.07 30 103/ - S14M14-A24
- 19.8 1.02 - 109/ - S10M10
6 19.5 1.02 2 102/135 S10M10-A6
Ps“’k'b'_P(l;?fAmk 12 19.4 1.02 4 103/146 S10M10-A12
(5 =0.54) 18 19.4 1.02 7 101/143 S10M10-A18
24 19.3 1.03 12 101/167  S10M10-A24
- 13.2 1.02 - 98/ - STM7
6 13.1 1.02 6 102/128 STM7-A6
Ps“’k'b'_P(l;?gA"gk 12 13.2 1.04 15 100/155 STM7-A12
(5:=052) 18 13.1 1.03 21 100/159 STM7-A18
24 13.2 .04 22 101/165 STM7-A24
- 8.70 1.03 - 101/ - S4M4
6 8.60 1.03 5 101/ - S4M4-A6
PS4-2k'b'_P(1;451\§A4'3k 12 8.60 1.06 12 100/158 S4M4-A12
(5=052) 18 8.60 1.05 13 099/149 S4M4-A18
24 8.70 1.04 29 098/159 S4M4-A24

“Reaction condition: nitrogen atmosphere; solvent: DMSO/diglyme = 1/1 (v/v); temperature: 120 °C
’Determined by SEC in tetrahydrofuran (THF) using PS standards. ‘Degree of substitution of ester group was
calculated from nitrogen content as determined by elemental analysis. “Dtermined by DSC measurement
during second heating (10 °C min™") after first heating (10 °C min™") and cooling (20 °C min™").

Prior to a morphological study, the author performed differential scanning calorimetry (DSC)
measurements on the modified PS-»-PMMA s and their starting materials to obtain insights into their thermal
behaviors. Figure 2.4 displays the DSC curves corresponding to the second heating stage of the products
obtained by the reaction of S1I0M10 with ethanolamine for 6, 12, 18, and 24 h (S10M10-A6, S1I0M10-A12,
S10M10-A18, and S10M10-A24, respectively). The DSC curve of S1I0M10 exhibits a baseline shift at
approximately 110 °C; this is attributable to the glass transition of the mixed phase of the PS and PMMA

blocks and is in keeping with the fact that low-molecular-weight PS-5-PMMASs do not phase-separate. In
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contrast, two baseline shifts can be clearly observed in the DSC curves of S10M10-A6 (DS = 2%), S1I0M10-
A12 (DS = 4%), S1I0M10-A18 (DS = 7%), and S10M10-A24 (DS = 12%) (Table 2.1). These correspond to
the glass transition temperatures (7,s) of the PS and PMMA blocks (731 and Ty, respectively), suggesting
that the two blocks underwent microphase separation. The enhanced hydrophilicity of the PMMA block
increased the incompatibility between the two blocks, resulting in the microphase separation. The baseline
shift observed at approximately 102 °C (7g1) can be assigned to the PS block; 751 was not affected by the
reaction time for the ester-amide exchange. Meanwhile, T2, which was related to the modified PMMA block,
lay between 135 to 167 °C and shifted to a higher temperature with an increase in the DS value. The hydroxy
and amide groups, which were incorporated during the ester-amide exchange reaction, formed inter- and

intramolecular hydrogen bonds that retarded the chain mobility, leading to the observed increase in 7.

Tg1 =PS domain

o — __ modified
V101°C T2 = priVIA domain

S10M10-A24

S10M10-A18

S10M10-A12
S10M10-A6

S10M10

50 100 150
temperature (°C)

Figure 2.4. DSC curves of S10M10, S10M10-A6, S10M10-A12, S10M10-A18, and S10M10-A24 during

second heating stage in nitrogen atmosphere at heating rate of 10 °C min ™.
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2.3.2 Microphase Separation of Ethanolamine-modified PS-b-PMMAs in Bulk

The microphase separation of the modified PS-b-PMMAss in the bulk state was investigated using
SAXS measurements along with that of the corresponding starting materials. The samples were subjected to
thermal annealing at 200 °C for 24 h and subsequently rapidly quenched. Their SAXS profiles were acquired
at room temperature. The SAXS profile of S21M21 clearly showed a primary scattering peak (g*) along with
higher-ordered scattering peaks at the 2¢* and 3¢* positions (Figure 2.5a), indicating the formation of a
microphase-separated structure with a lamellar phase. This is in line with the fact that S21M21 has an N value
high enough to be microphase-separated (N > 300). The domain spacing (d) was calculated from the g*
position, as d = 2x/g*, and was determined to be 23.9 nm. The bulk samples of S21M21-A6 and S21M21-
A18 were also microphase-separated and had lamellar structures with their d values being 29.0 and 29.2 nm,
respectively. Based on the SAXS results, it can be concluded that the introduction of the polar side-chains
into the PMMA block had a negligible effect on the lamellar morphology of the microphase-separated
structure. On the other hand, the d value significantly increased after the incorporation of the polar side-chains.
This should be related to the increase in the effective interaction parameter (yer) as well as the volume change
in the PMMA block after the post-polymerization modification. It is known that the d value of the microphase-
separated structure is proportional to ¥/ as well as N3, i.e., d ~ ay'/®N?. Given that the value of the constant
a remained unchanged after the post-polymerization modification process because of the low DS value, it can
be seen that the yesr value increased 3.3-fold when only 5% of the methacrylate moieties were replaced by the
methacrylamide ones.

The author then examined the nanostructures of the modified PS-6-PMMAs with an M, value of
28.0 kg mol !, i.e., S14M14-A6 and S14M14-A18 (Figure 2.5b). The parent PS-b-PMMA, S14M14, seems
to be microphase-separated as evidenced by the sharpness of the primary SAXS scattering peak, albeit
without a highly-ordered structure like a lamellar. This was mainly because the N value was not high enough
to induce the sharp microphase separation. In contrast, distinct higher-ordered scattering peaks were present
at the 2¢* and 3¢* positions in the SAXS profiles of S14M14-A6 and S14M14-A18, indicating the formation
of microphase-separated structures with a lamellar phase. Although the SAXS profiles of SI0M10 and STM7

only contained a single broad scattering peak (¢*), peaks associated with a lamellar phase were observed in
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the case of the corresponding modified PS-6-PMMAs (S10M10-AY and STM7-AY) (Figure 2.5¢c, d). The
emergence of the higher-ordered scattering patterns in the case of the modified PS-b-PMMAs strongly
suggested that the low-molecular-weight PS-b-PMMAs, which are intrinsically phase-inseparable because of
their low N values, had yerr values high enough to meet the condition yN > 10.5 after the hydroxyethyl
methacrylamide groups had been introduced into the PMMA block. It is important to note that a low number
of hydroxyethyl methacrylamide groups were enough to induce the microphase separation of PS-6-PMMA.
For example, SI0M10-A6 microphase-separated into a lamellar phase with a d value of 17.0 nm despite its
very low DS of 2% (Figure 2.5¢). A d value of 17 nm is already beyond the lower limit of the bare PS-b-
PMMA 1428

To achieve even lower d values using the proposed strategy, the microphase separation of the
ethanolamine-modified PS-b-PMMAs having the smallest molecular weight was then examined. Notably, the
parent PS-b-PMMA, S4M4, showed a featureless SAXS profile, suggesting that the PS and PMMA blocks
were in a completely miscible state in this molecular-weight range (Figure 2.5¢). This indicated that a higher
DS is required to ensure microphase separation in the case of these low-N PS-b-PMMAs. Indeed, the SAXS
profile of S4M4-A6, which had a DS value as low as 5%, showed only a broad scattering peak (¢*); this was
reflective of the insufficient incompatibility between the blocks. In contrast, increasing the DS beyond 12%
(as in the cases of S4M4-A12, S4M4-A18, and S4M4-A24) resulted in the formation of a lamellar phase, as
evidenced by the higher-ordered scattering peaks at positions corresponding to integer multiples of the
position of the primary peak (¢*). More importantly, the d values for the lamellar phases of S4M4-A12,
S4M4-A18, and S4M4-A24 were calculated to be 11.3, 11.1, and 12.0 nm, respectively; these are nearly half
the minimum d value that can be successfully pattern transferred to silicon substrate (~20 nm).'*?! Therefore,
the ethanolamine-modified PS-6-PMMAs, whose parent polymer did not phase-separate due to its low N
value, successfully formed microphase-separated structures with extremely low d values because of the
simple ester-amide exchange reaction.

To satisfy the requirement for microphase separation, i.e., yN > 10.5, the yesr value of S4M4-A12
(N = 83) must be greater than 0.127, under the assumption that the volume of the PMMA block was

maintained even after the modification. Note that the y value of the bare PS-b-PMMA was reported to be
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approximately 0.036 at 200 °C.? In order to briefly estimate the yesr values of the ethanolamine-modified PS-
b-PMMAs, the author used the following equation:30-3!

diam = 1.10 ay/°N?3

where diam are the characteristic lamellar domain spacing (at /= 0.5). Although this equation is rigorously
valid only for the strong segregation regime, the earlier studies suggested that it give plausible estimates even
close to the order-to-disorder transition.>?* The average a value for PS-5-PMMA is 0.708 nm, as determined

using the following equation:

-1/2

a4 = (fps N fPMMA)

aps®  apmma’
where aps and apmma are the statistical segment lengths of PS (0.68 nm) and PMMA (0.74 nm), respectively.?’
Here, the author assumed that apmma is the same as the incorporated methacrylamide unit because of the low
DS value of the samples. In addition, statistical segment length of structurally related polymers is known to
be very similar each other (are typically less than 10 %).>>3¢ Taking the d value of S4M4-A12 (DS = 12%)
to be 11.3 nm, the y.rr value was estimated to be 0.193 (at 200 °C), which is approximately five times that of
bare PS-b-PMMA (0.036) and is much greater than 0.127, which is the minimum y.s value that satisfies the
requirement yN > 10.5. It should be noted that the calculated y.rr values in this chapter represent a slight
overestimation because of the difference in the volume between MMA and the incorporated methacrylamide
units in the PMMA block. Nevertheless, the significant increase in the y.rr value is undoubtedly due to the

presence of a number of hydrophilic moieties, including amide and hydroxyl groups, in the PMMA block.
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Figure 2.5. SAXS profiles of ethanolamine-modified PS-5-PMMAs (a: S21M21-AY, b: S14M14-AY, c:

S10M10-AY, d: STM7-AY, and e: S4M4-AY) and the corresponding PS-6-PMMAs (S21M21, S14M 14,

S10M10, S7TM7, and S4M4) after thermal annealing at 200 °C for 24 h. Degrees of substitution (DSs) were

calculated from the nitrogen content as measured by elemental analysis. Domain spacings (d values) were

determined from the position of the primary peak (¢*) in the SAXS profiles.
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2.3.3 Preparation and Microphase Separation of Various Amine-Modified PS-b-PMMAs

To further probe the role of the substituents in the PMMA block responsible for the microphase
separation, the author prepared a series of modified PS-6-PMMAs with various methacrylamide substituents
(Scheme 2.1). Thus, the ester-amide exchange reactions of S14M14 with 2-methoxyethanolamine (B), 2-(2-
aminoethoxy)ethanol (C), N-methylethanolamine (D), benzylamine (E), and n-hexylamine (F) were
performed for 18 h to produce S14M14-B18 (DS = 2%), S14M14-C18 (DS = 11%), S14M14-D18 (DS =
22%), S14M14-E18 (DS = 4%), and S14M14-F18 (DS = 11%), respectively, with an N value of 274 (Table
2.2). These polymers were then characterized by SEC, FT-IR, and 'H NMR measurements as well as
elemental analysis (Figure S2.11-2.15). Notably, the DSC thermograms of S14M14-B18, S14M14-C18,
S14M14-E18, and S14M14-F18 exhibited two baseline shifts corresponding to the 7,s of the PS and
modified PMMA blocks (Figure S2.16 and Table 2.2); this was indicative of the formation of a microphase-
separated structure. On the other hand, only a single baseline shift was observed in the DSC thermogram of
S14M14-D18, suggesting that the PS and modified PMMA blocks were not phase-separated. The ester-amide
exchange reactions of S10M10 were also performed under the same conditions to obtain SI0M10-B18 (DS
= 2%), S10M10-C18 (DS = 9%), S10M10-D18 (DS = 21%), S10M10-E18 (DS = 3%), and S10M10-F18

(DS = 4%) (Table 2.2).
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Table 2.2. Ester-amide exchange reaction of PS-b-PMMA with various amines”

. M, sEcC . DS Tei/Te
parent polymer amine (kg mol") %) °C) sample name
B 24.4 1.03 2 105/143 S14M14-B18
C 24.3 1.03 11 104/157 S14M14-C18
S14M14 D 26.2 1.02 22 102/ - S14M14-D18
E 25.0 1.03 4 105/150 S14M14-E18
F 25.1 1.03 11 104/150 S14M14-F18
B 15.9 1.03 2 102/133 S10M10-B18
C 17.8 1.04 9 101/150 S10M10-C18
S10M10 D 14.9 1.09 21 100/ - S10M10-D18
E 19.5 1.02 3 102/139 S10M10-E18
F 18.5 1.03 4 102/139 S10M10-F18

“Reaction condition: nitrogen atmosphere; solvent, DMSO/diglyme = 1/1; temperature, 120 °C; reaction time,
18 h. ’Amines: A, ethanolamine; B, 2-methoxyethylamine; C, 2-(2-aminoethoxy)ethanol; D, N-
methylethanolamine; E, benzylamine; F, n-hexylamine. “Determined by SEC in THF using PS standards.
Nitrogen content was determined by elemental analysis, measurement error, 0.3 %. ¢ Degree of substitution
of ester group: calculated from the N composition. /Determined by DSC measurement during second heating
(10 °C min ") after first heating (10 °C min™') and cooling (20 °C min™').

Microphase separation in the S14M14s modified with various amines was investigated by
subjecting the thermally-annealed samples (200 °C for 24 h) to a SAXS analysis. The SAXS analysis of the
S14M14-C18 sample with a 2-(2-hydroxyethoxy)ethyl methacrylamide group indicated the formation of a
microphase-separated structure with a lamellar phase (Figure 2.6a). It is likely that the strong polarity of the
2-(2-hydroxyethoxy)ethyl methacrylamide group led to a sharp increase in the incompatibility between the
PS and modified PMMA blocks. Interestingly, the modified PS-b-PMMA bearing a 2-methoxyethyl
methacrylamide group (S14M14-B18) also displayed a SAXS pattern attributable to a microphase-separated
structure with a lamellar phase. This implied that the hydroxyl group is not an essential structural requirement
for inducing microphase separation in this system, although hydroxyl group is effective to enhance the
interaction parameter.®3”-® Indeed, S14M14-E18 and S14M14-F18, which contained benzyl methacrylamide
and n-hexyl methacrylamide groups, respectively, also microphase-separated into a lamellar phase, as
evidenced by the presence of higher-ordered scattering peaks at the integer multiples of the position of the
primary peak (¢*). Based on these SAXS results, it can be said that the primary factor responsible for

inducement of the microphase separation in the modified PS-5-PMMAss is the presence of amide protons and
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not the presence of hydroxyl groups. The fact that S14M14-D18 without amide proton did not form a well-
ordered microphase-separated structure supports this hypothesis. Similarly, SI0M10-D18 exhibited a broad
peak while S10M10-B18, S10M10-C18, S10M10-E18, and S10M10-F18 clearly displayed characteristic
scattering patterns corresponding to a microphase-separated lamellar structure (Figure 2.6b). This significant
contribution of the amide group to enhancing the microphase separation is attributable to the attractive self-
interactions within the PMMA blocks. While the chemical incompatibility between the blocks affects the yerr,
the attractive self-interactions within blocks also lead to the increasing y.rr.* Nevertheless, the author
demonstrated that a wide variety of amines can be used to modify PS-b-PMMA so that it exhibits a
microphase separation even in the low-N region. This should allow for the fine-tuning of the y value, thus
making the modified PS-b-PMMA system a promising candidate for use in nanofabrication with a sub-10 nm

feature size.
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Figure 2.6. SAXS profiles of various amines-modified PS-6-PMMAs (a: S14M14-X18 and b: S10M10-X18)
after thermal annealing at 200 °C for 24 h. The degrees of substitution (DSs) were calculated from the nitrogen

content as measured by elemental analysis. Domain spacings (d values) were determined from the position

of the primary peak (¢*). (c) Structures of modified PS-b-PMMAs.

2.3.4 Effect of Side-Chain Structures on Incompatibility

To further understand the influence of the DS value and the side-chain structure on the
incompatibility between the PS and modified PMMA blocks, d/N*? values of the modified PS-b-PMMAs
were plotted as functions of the DS (Figure 2.7). Note that the d/N?? value is the proportionality factor for
the ye value based on the rearrangement of the relationship “d ~ y'°N*3”. The d/N*? value for the
ethanolamine-modified PS-b-PMMAss clearly increased with the increasing DS, suggesting that the yfr value
also tended to increase with the increasing DS (Figure 2.7a). Such relationship between yerr and DS is in
disagreement with the previous experimental results: some of diblock copolymer consisting of homopolymer
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(A) and random copolymer (B-r-C), i.e., A-b-(B-r-C), are known to show a minimum y.f at intermediate level
of the composition of C (or DS).3>3 Theoretically, the yefr of A-b-(B-r-C) type copolymer is described as

_ DS (1. DS ps . DS

where the subscripts of A, B, and C refer to each segment and C is the minor comonomer in the random
copolymer B-7-C.>**! When ya.c > yas and (ya-c—yaB) < ys.c, such as the case of polystyrene-b-
poly(isoprene-r-epoxidized isoprene)*> and polystyrene-b-poly(isoprene-r-fluorinated isoprene)®®, a
minimum yefr is observed at an intermediate level of the random copolymer composition. In contrast, when
xa-c> ya-s and (ya-c—ya-B) > xs-c, the yefr increases with the increasing DS. Our result and some literatures>+?
are consistent with the latter case. This demonstrated that the y.sr value can be simply controlled by adjusting
the DS value. In addition, the author found that the side-chain structure also had a pronounced effect on the
d/N?3 value of the modified PS-b-PMMAs (Figure 2.7b). The fact that the modified PS-b-PMMAs prepared
by the ester-amide exchange reaction with 2-methoxyethanolamine (S14M14-B18 and S10M10-B18), 2-(2-
aminoethoxy)ethanol (S14M14-C18 and S10M10-C18), benzylamine (S14M14-E18 and S10M10-E18),
and n-hexylamine (S14M14-F18 and S10M10-F18) microphase-separated into a lamellar structure
demonstrated that these BCPs also have y.N values higher than 10.5. Of these, S14M14-C18 and S10M10-
C18 showed particularly higher d/N*? values than the others. Therefore, the incorporation of amide units into
the PMMA block can induce microphase separation even at a very small DS. Overall, the author confirmed
that the yesr value of the modified PS-6-PMMASs can be controlled to the desirable level based on the DS as

well as the choice of the introduced side chain.
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Figure 2.7. DS dependency of d/N*? of (a) ethanolamine-modified PS-b-PMMAs having M, values of 42,
28, 20, 14, and 8.5 kg mol™! and (b) various amines-modified PS-b-PMMAs having M, values of 28 and 20

kg mol!. The plotted data were the averaged values of d/N*? of each sample having same DS values.

2.3.5 Microphase Separation in Thin Film

The author next investigated the microphase-separated structure of the modified PS-6-PMMAs
thin films on silicon substrates to evaluate their practical applicability for nanofabrication applications.
Therefore, the main purpose of this part of the study was to evaluate the morphology and microdomain
orientation in the thin film state. The BCP thin films were prepared by spin-coating a 0.8 wt% propylene
glycol methyl ether acetate (PGMEA) solution on silicon substrates modified with polystyrene-random-
poly(methyl methacrylate) (PS--PMMA) brushes and subsequently thermally annealed at 140 °C for 10 min.
The PS-r-PMMA brushes, which had the PS mole ratio ranging from 0 to 99% and thus would have different
preferences for PS and PMMA, were used as the underlayer for the thin films to control the orientation of the
microphase-separated structure.**** Top-view SEM images of the thin films were acquired after oxygen
plasma ashing to selectively remove the modified PMMA domain. As shown in Figure 2.8, S14M14-A6,

S14M14-A6, and S10M10-A12 showed a fingerprint-like pattern when the PS-r-PMMASs with styrene
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contents of 60, 40, and 20 mol%, respectively, were used as the underlayer. The difference in the neutral range
of the underlayer composition implies significant change in the surface energy of the modified block even at
the low DS. The fast Fourier transformation images of the SEM images showed that the distances between
the strips of the obtained fingerprint patterns were 20, 20, and 17 nm for S14M14-A6, S14M14-A12, and
S10M10-A12, respectively. These values are in good agreement with the d values calculated from the SAXS
results. The corresponding half-pitches were 10, 10, and 8.5 nm, respectively. In addition, S14M14-E18 and
S14M14-F18, which contained benzyl and n-hexyl methacrylamide moieties, respectively, also exhibited a
fingerprint-like pattern (Figure 2.9). These morphological investigations of the modified PS-5-PMMA thin

films further supported the SAXS analysis.

(a) S14M14-A6 (b) S14M14-A12 (a) SI0M10-A12

e

on PS60-»-PMMA40 brush on PS40-»-PM

MAGs0 brush on PSO-r—PMMA80 brush

Figure 2.8. Top-view SEM images of (a) S14M14-A6, (b) S14M14-A12, and (c) SI0M10-A12 on PS-r-
PMMA-grafted (styrene composition = 60, 40, and 20 mol%, respectively) silicon wafers. Oxygen plasma
was used to selectively remove the PMMA block before the observations. Scale bars are 200 nm. The film

thickness is 22 nm.
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(a) S14M14-E18 (b) S14M14-F18

on PS20-»-PMMAG$0 brush  on PS50--PMMA 50 brush
Figure 2.9. Top-down SEM images of (a) S14M14-E18 and (b) S14M14-F18 on PS-r-PMMA (styrene
composition = 20 and 50 mol %, respectively)-coated silicon wafer after annealing at 140 °C for 10 min. An
oxygen plasma was used to selectively remove the PMMA block. Scale bars are 200 nm. The domain
distances of S14M14-E18 and S14M14-F18 were determined to be 20 and 18 nm, respectively, from FFT

images.

2.3.6 Investigation of Surface Neutrality in Modified PS-b-PMMA Thin Film

In the thin film state, the surface neutrality of BCP at both the substrate and free surfaces is one
of important factors to control the orientation of the microdomain. Therefore, the author first evaluated the
surface free energy (SFE) of the modified PMMA via contact angle (CA) measurements. A PMMA
homopolymer with an M, value of 20 kg mol! (M20) was treated with ethanolamine to produce the modified
M20s with DS values of 1-10% (Figure S2.17—S2.19 and Table 2.3). The contact angle measurements were
performed on the thin films of these modified PMMAs, which were prepared by spin-coating a 1% 1-
methoxy-2-propanol (PGME) solution of them. The test liquids were water and diiodomethane. The SFE of
M20 and the modified M20s with DS values of 2, 8, and 10% (M20-A6, M20-A12, and M20-A24,
respectively) were determined to be 48.4 (which was in agreement with the literature data®’), 48.8, 51.0, and
50.9, respectively. It is noteworthy that the SFE values of the modified PMMAs with a DS lower than 10%

were comparable to that of M20, even though the incorporation of the hydroxyethyl methacrylamide groups
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increased the incompatibility of the PMMA with PS in the BCPs. This contradictory result can be attributed
to the enhanced intrablock attraction in the modified PMMA block.>® The author then studied the thickness
of the island and hole relief structures for the S14M14-6A and S10M10-6A thin films on the PS-r-PMMA
underlayers with the different compositions to understand the interfacial neutrality of both blocks at the
substrate and free surfaces.***” The test results suggested that these samples have the preferential surface at
the free surface, while they exhibited a neutral surface to the PS--PMMA underlayer at certain compositions.
Therefore, the perpendicular lamellae formation in the modified PS-5-PMMAs seem not to be driven by the
surface neutrality. To determine the other possibilities, the author investigated the as-cast thin films of
S14M14-A6 and S14M14-A12. Interestingly, perpendicular lamellae were observed in both of the as-cast
thin films. This observation implied that the solvent vapor created a neutral environment at the free surface
during the spin-coating process, so that the perpendicular lamellae was observed in the modified PS-b-PMMA

thin films.

Table 2.3. Statistical contact angles and surface free energies of the ethanolamine-modified PMMAs“

polymer reaction time M sec? o DS¢ CA CA¥ SFE¢
name (h) (kg mol™) (%) (deg) (deg) (Jm?)
M10 - 20.3 1.02 - 65.1 35.5 48.4
M10-A6 6 20.4 1.02 2 63.4 36.7 48.8
M10-A12 12 20.4 1.03 8 58.4 37.8 51.0
M10-A24 24 20.5 1.03 10 58.4 37.9 50.9

“Reaction condition: nitrogen atmosphere; solvent, DMSO/diglyme = 1/1 (v/v); temperature, 120 °C.
’Determined by SEC in THF using PS standards. ‘Degree of substitution of ester group was calculated from
the nitrogen content. “Static contact angles of water (CA) and diiodomethane (CAy). “Surface free energy
was calculated from CAy and CA; using Wu’s equation.

2.3.7 Directed-Self Assembly

Finally, the author examined the compatibility of the modified PS-b-PMMAs with the directed
self-assembly (DSA) process. With respect to the nanofabrication applications, DSA using chemical or
topographical guide patterns is necessary for producing the device-relevant nanostructures. In this study, the
author employed the graphoepitaxy technique while using topographically prepatterned silicon substrates

with PS brush underlayers (Figure 2.9a). After optimizing the various parameters, including the film thickness
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(FT), guide pattern width, and brush underlayer, the author finally succeeded in obtaining the desired line-
and-space pattern using several samples of the modified PS-5-PMMAs. Figure 2.9b shows top-view SEM
images of an S10M10-A6 thin film (FT = 18 nm) prepared by spin-coating and subsequent thermal annealing
at 200 °C for 10 min (after the O, plasma ashing process). It can be seen that a well-aligned line-and-space
pattern was formed by PS along the guide pattern. The half-pitch of the line patterns was 10 nm, which is
almost equal to half the d-spacing value calculated from the SAXS results. In addition, line-and-space patterns
with a half-pitch of 9 nm could also be produced with the SI0M10-E18 and S10M10-F18 thin films using
the same process (Figure 2.9¢ and d). These thin film experiments revealed that the modified PS-b-PMMA
system is amenable to the existing DSA process and can be a suitable candidate for nanofabrication materials

that allow for the realization of the sub-10-nm patterning.

(b) SIOM10-A6 (c) S10

¥
Ly

M10-E18

(d) SI0M10-F18

¥

(a) Sabstrate for
graphoepitaxy DSA

e oesm—
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o 0 st o 8 Mo e

Immobilized
PS-preferential layer 1

{
i
i
;
¥
¥
¥
i

Silicon wafer
with guide pattern

FT =18 nm FT =19 nm .
guide = 47 nm guide = 50 nm guide = 50 nm

Figure 2.9. Demonstration of graphoepitaxy DSA. (a) Illustration of the substrate for DSA. Top-view SEM
images of (b) SI0M10-A6, (c) S1I0M10-E18, and (d) S10M10-F18 aligned by graphoepitaxy DSA process
on the PS-preferential layer. The film thicknesses (FT) and widths of the guide patterns were 18, 19, and 21
nm and 47, 50, and 50 nm, respectively. Oxygen plasma was used to selectively remove the PMMA block

before the observations. Scale bars are 200 nm.
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2.4. Conclusion

In this chapter, the author demonstrated that the ester-amide exchange reaction of PS-5-PMMA
with various amines is a facile and efficient modification technique for controlling the incompatibility
between the PS and PMMA blocks. The methacrylamide groups incorporated in the PMMA block resulted in
a high incompatibility between the blocks and allowed for the microphase separation even at low N values.
The modified PS-6-PMMA with an N value of 83 and DS of 21%, namely, S4M4-A18, produced a lamellar
phase with the smallest size features (half-pitch) of 5.6 nm. This is markedly smaller than the lower limit of
the pattern size obtainable using the bare PS-b-PMMA. More importantly, the author found that the modified
PS-b-PMMAs form fingerprint-like nanopatterns in the thin film state via a simple thermal annealing process.
Furthermore, the modified PS-6-PMMAs were compatible with the graphoepitaxy DSA process, which
allowed the formation of a line-and-space pattern along the prepattern, thus confirming their possible
application in nanofabrication processes. Hence, the proposed technique is an easy way of achieving a high-

x/low-N BCP system from the industrially-useful BCP, PS-6-PMMA.
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2.6 Appendix
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Figure S2.1. SEC traces of the ethanolamine-modified PS-b-PMMAs (a: S21M21-AY, b: S14M14-AY, c:
S7TM7-AY, and d: S4M4-AY) and the corresponding parent PS-b-PMMAs (eluent, THF; flow rate, 1.0 mL

min!).
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Figure S2.2. FT-IR spectra of S21M21 (black), S21M21-A6 (blue), S21M21-A12 (green), S21M21-A18

(yellow), and S21M21-A24 (red).
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Figure S2.3. FT-IR spectra of S14M14 (black), S14M14-A6 (blue), S14M14-A12 (green), S14M14-A18

(yellow), and S14M14-A24 (red).

67



Chapter 2

—STM7-A24

STM7-A18
ﬁ —STM7-A12
—S7TM7-A6

—ST™™M7

U T SO SU S JUNL L N L e UL e S
4000 3500 3000 2500 2000 1750 1700 1650
wavelength (cm™) wavelength (cm™)

Figure S2.4. FT-IR spectra of STM7 (black), STM7-A6 (blue), STM7-A12 (green), STM7-A18 (yellow), and

S7TM7-A24 (red).
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Figure S2.5. FT-IR spectra of S4M4 (black), S4M4-A6 (blue), S4M4-A12 (green), S4M4-A18 (yellow), and

S4M4-A24 (red).
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Figure S2.6. 'H NMR spectra of S21M21, S21M21-A6, S21M21-A12, S21M21-A18, and S21M21-A24 in

CDCl; (400 MHz).
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Figure S2.7. 'H NMR spectra of S14M14, S14M14-A6, S14M14-A12, S14M14-A18, and S14M14-A24 in

CDCl; (400 MHz).
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Figure S2.8. '"H NMR spectra of STM7, STM7-A6, STM7-A12, STM7-A18, and STM7-A24 in CDCl; (400

MHz).
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Figure S2.9. '"H NMR spectra of S4M4, S4M4-A6, S4M4-A12, S4M4-A18, and S4M4-A24 in CDCI; (400

MHz).
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Figure S2.10. DSC curves of the ethanolamine-modified PS-b-PMMAs (a: S21M21-AY, b: S14M14-AY, c:

S7TM7-AY, and d: S4M4-AY) during second heating under a nitrogen atmosphere at heating rate of 10 °C

min L.
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Figure S2.11. SEC traces of the various amine-modified PS-6-PMMAs (a: S14M14-X18 and b: S10M10-

X18) and the corresponding parent PS-b-PMMAs (eluent, THF; flow rate, 1.0 mL min™").
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Figure S2.12. FT-IR spectra of S14M14 (black), SI4M14-A18 (blue), S14M14-B18 (purple), SI4M14-C18

(green), S14M14-D18 (yellow), S14M14-E18 (orange), and S14M14-F18 (red).
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Figure S2.13 FT-IR spectra of S10M10 (black), SI0M10-A18 (blue), SI0M10-B18 (purple), SIOM10-C18

(green), S1I0M10-D18 (yellow), SI0M10-E18 (orange), and S10M10-F18 (red).
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Figure S2.14. 'H NMR spectra of S14M14, S14M14-A18, S14M14-B18, S14M14-C18, S14M14-D18,

S14M14-E18, and S14M14-F18 in CDCl; (400 MHz).
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Figure S2.15. 'H NMR spectra of S1I0M10, S10M10-A18, S10M10-B18, S10M10-C18, S10M10-D18,

S10M10-E18, and S10M10-F18 in CDCl; (400 MHz).
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Figure S2.16. DSC curves of the various amine-modified PS-6-PMMAs (a: S14M14-X18 and b: S10M10-

X18) during second heating under a nitrogen atmosphere at heating rate of 10 °C min™".
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Figure S2.17. SEC traces of the M20, M20-A6, M20-A12, M20-A18, and M20-A24 (cluent, THF; flow rate,

1.0 mL min™1).
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Figure S2.18. FT-IR spectra of M20 (black), M20-A6 (blue), M20-A12 (green), M20-A18 (orange), and

M20-A24 (red).
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Figure S2.19. '"H NMR spectra of M20, M20-A6, M20-A12, M20-A18, and M20-A24 in CDCl; (400 MHz).

76



Chapter 3

Terminal-selective Transesterification of
Polystyrene-block-Poly(methyl methacrylate) for
Chain End Modification



Chapter 3

3.1 Introduction

The fine-tuning of the morphology and size of the microphase-separated structures is of great
importance for further advancements in the block copolymer (BCP) nanofabrication technologies. While
significant efforts have been made to control the BCP microphase separation by various molecular designs
including the degree of polymerization (N), Flory-Huggins interaction parameter (y), volume fraction (f)
related to the monomer composition, dispersity (P), polymer chain conformation, and polymer architecture,
several recent reports have revealed that the modification of the polymer-chain ends as well as the junction
points between the two blocks has significant impacts on the BCP self-assembly behaviors.!™ For example,
Bang’s group showed that the incorporation of a short self-attracting units at the junction point between the
blocks in the PS-5-PMMA enhanced the incompatibility between the blocks.® In the study by Park, the three
types of polystyrene-block-poly(ethylene oxide) (PS-b-PEO)-based BCPs having a dissimilar structure at the
PEO-chain end showed the microphase separation with the different morphologies, as described in Section
1.2.%7 Most importantly, even though the conventional PS-b-PEO having a low N showed a less-ordered
structure, the incorporation of the highly-polar chain end enabled it to microphase-separate into the ordered
structures, suggesting that suitable adjustments of the chain-end structure enhance the incompatibility
between the blocks of the BCP. Hence, the author expected that the chain-end modification can be a facile
and efficient strategy for fine-tuning the microphase-separated structures of PS-b-PMMA. To establish such
a morphological control, systematic investigation of the relationship between the various chain-end structures
and morphologies in the PS-b-PMMA is required.

The chain-end functionalization of PMMA by anionic polymerization relies on the termination
reaction at the end of the polymerization.> !! The termination reaction using suitable terminators is a powerful
tool to give PMMAs and PS-5-PMMA s possessing the targeted chain-end group with sufficient fidelity due
to the high reactivity of the living chain end. However, it is necessary to conduct a polymerization each time
to synthesize the PS-b-PMMAs having different chain ends, which causes variations in the N and D values
among the samples. It would be difficult to extract the pure effect of the chain-end structure on the

microphase-separation behaviors. Therefore, the postpolymerization modification strategy should be a
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suitable method to obtain a series of PS-b>-PMMAs with various chain-end structures while retaining the
original parameters including N and D.

Recently, Sawamoto’s group reported a novel end-functionalization strategy for PMMA, which is
termed “terminal-selective transesterification”.'> In this reaction, a chlorine-terminated PMMA is
transesterified only at the terminal MMA units in the presence of the alcohol and the corresponding titanium
alkoxide, thereby yielding the chain-end-functionalized PMMA. Importantly, such a terminal selectivity is
mainly caused by the lower steric hindrance of the terminal ester than that of the pendant ester in the polymer
chain. This suggested that the terminal-selective transesterification can be expandable to the proton-
terminated PMMAs and BCP systems bearing PMMA w-chain ends. Titanium alkoxide is widely used as a
catalyst for the transesterification reactions on an industrial scale because of its practical advantages, such as
commercial availability, low cost, tolerance to a small amount of water, and the fact that it is easily removed
from the system by water addition followed by filtration. In addition, for the transesterification reaction, a
broad range of alcohols can be used due to the neutrality of the reaction. Therefore, the terminal-selective
transesterification using titanium alkoxides should be a good candidate for the chain-end modifications of
PMMA and PS-b-PMMA even in industrial areas.

In this chapter, the author aims to establish the terminal-selective transesterification as a platform
approach for the facile and efficient chain-end modification of PMMA and PS-b-PMMA. A broad range of
applicable alcohols for this reaction system enables the incorporation of various functional groups and even
polymer segments into the PMMA-chain end. The screening of the chain-end structures of PS-b-PMMAs
having the same A, f; and P values provides insights into the pure effect of the chain-end structures on the
microphase-separation behavior. The PMMA having a molecular weight of 3,300 g mol™! and PS-b-PMMA
having a molecular weight of 42,000 g mol! and PS volume fraction of ~0.5 were treated with various
alcohols, such as 2-propanol, 1-pentanol, benzyl alcohol, 1-naphthalenemethanol, 1-pyrenemethanol,
1,1,1,3,3,3,-hexafluoro-2-propanol, 4,4,5,5,5-pentafluoropentanol, pentafluorobenzyl alcohol, 6-azido-1-
hexanol, ethylene glycol, triethylene glycol monomethyl ether, and poly(ethylene glycol) monomethyl ether.
Importantly, the functionalization by the azido-functionalized alcohol endowed the non-living and inactive

PMMA-chain ends with a click reactivity leading to the further chain-end modifications. Furthermore, the
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transesterification of PS-b-PMMA using poly(ethylene glycol) monomethyl ether yielded the triblock
terpolymer, i.e., PS-block-PMMA-block-poly(ethylene glycol) (PS-b-PMMA-bH-PEG), which is a novel
methodology for the synthesis of BCPs. A small-angle X-ray scattering (SAXS) analysis revealed the slight
difference in the d values depending on the chain-end structures even though the ratios of the chain ends to

the whole PS-6-PMMAs are extremely small (0.31-13wt%).

Scheme 3.1. Terminal-selective transesterification of PMMA and PS-b-PMMA using titanium alkoxide
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3.2 Experimental Section

3.2.1 Material

Titanium isopropoxide (Ti(OiPr)s), 1-pentanol (>99.0%), benzyl alcohol (>99.0%), 1-
naphthalenemethanol (>95.0%), 1-pyrenemethanol (>98.0%), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP;
>99.0%), 4.,4,5,5,5-pentafluoro-1-pentanol (>93.0%), pentafluorobenzyl alcohol (>96.0%), and triethylene
glycol monomethyl ether (>98.0%) were purchased from Tokyo Chemical Industry Co., Ltd., and used as
received. Poly(ethylene glycol) monomethyl ether (Mnnmr = 5,450 g mol ™!, M, sec = 8,650, P = 1.02) was
purchased from Sigma-Aldrich Chemicals Co., and used as received. Ethylene glycol (>99.5%) was
purchased from FUJIFILM Wako Pure Chemical Corp., and used as received. Methyl methacrylate (stabilized
with 6-tert-butyl-2,4-xylenol; >99.8%) was purchased from Tokyo Chemical Industry Co., Ltd., and purified
by distillation over calcium hydride. sec-Butyllithium (sec-BuLi; in cyclohexane and n-hexane, 1.0 mol L)
and 2-propanol (>99.5%) were purchased from Kanto Chemical Co., Inc., and used as received. 1,1-
Diphenylethylene (DPE; stabilized with hydroquinone; >98.0%) were purchased from Tokyo Chemical
Industry Co., Ltd., and purified by distillation over sec-BuLi. Lithium chloride (LiCl; >99.0%) was purchased
from Kanto Chemical Co., Inc., and used after drying under reduced pressure at 180 °C for 24 h. PS-b-PMMA
(S21M21, 42,000 g mol™, fps = 0.54) was provided in the form of propylene glycol methyl ether acetate
(PGMEA) solutions by Tokyo Ohka Kogyo Co., Ltd., and precipitated in methanol and dried prior to use.
The cellophane tube (Spectra/por® 6 Membrane; MWCO: 1,000) was purchased from Spectrum Laboratories
and washed with water and methanol before use. The cation-exchange resin (Dowex® 50WX2, hydrogen
form, 50-100 mesh) was purchased from Sigma-Aldrich Chemicals Co., and washed with methanol before

use.

3.2.2 Characterization
The SEC experiments were performed at 40 °C using a Shodex GPC-101 gel-permeation
chromatography system (Shodex DU-2130 dual pump, Shodex RI-71 reflective index detector, and Shodex

ERC-3125S5N degasser) equipped with a Shodex KF-G guard column (4.6 mm x 10 mm; particle size, 8 um)

and two Shodex KF-804L columns (linear, 8 mm x 300 mm linear; particle size, 5 pm; exclusion limit, 4 x
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10%) in THF at a flow rate of 1.0 mL min~'. The number-average molecular weight (M, sec) and dispersity
(P) values were calculated using PS standards for PS---PMMAs and PMMA standards for the PMMAs. 'H
NMR (400 MHz) spectra were recorded using a JEOL JNM-ECS400 instrument. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) of the polymers was performed
using an Applied Biosystems ABSCIEX MALDI TOF/TOF 5800 instrument in reflector mode (for PMMA
samples). The samples were prepared by depositing a mixture of the polymer, matrix, and cationic agent in
THF onto a sample plate. A 5:5:1 (v/v) ratio of [PMMA (1.0 g L' in THF)]/[dithranol (40 g L™! in

THF)]/[sodium trifluoroacetate (5.0 g L™ in THF)] was used for the sample preparation.

3.2.3 Anionic Polymerization of Methyl Methacrylate

sec-BuLi (0.98 mol L™}, 2.57 mL, 2.52 mmol), DPE (664 uL, 3.78 mmol), and a solution of LiCl
in THF (500 mmol L', 7.55 mL, 3.78 mmol) were sequentially added to THF (132 mL) at —78 °C, and the
mixture was stirred for 30 min. Methyl methacrylate (MMA; 8.00 mL, 75.5 mmol) was added to the mixture
and polymerization was terminated after 1 h by the addition of a small amount of methanol. The mixture was
diluted with THF and passed through a short column of alumina. After removal of the solvent, the crude
product was dialyzed with a cellophane tube (Spectra/Por® 6 Membrane; MWCO: 1,000) in acetone and
finally precipitated three times from THF solution into hexane to give PMMA (M3) as white powder (Yield:
38.6%; Mynvr = 3,300 g mol™!; My sec = 3,760 g mol™!, B = 1.08 (THF)). 'H NMR (CDCls): 6 7.32—7.08
(br, 10H, aromatic), 3.82—3.38 (br, —OCH3), 2.49 (br, w-terminal, —CH(CH3)COO-), 2.24—1.36 (br, main

chain —CH,C-), 0.59-0.52 (m, 6H, a-terminal —CH3, —CH.CH3).

3.2.4 Terminal-Selective Transesterification of PMMA and PS-b-PMMA using Titanium Alkoxides
Transesterification of M3 with 2-Propanol

The following is a typical terminal-selective transesterification procedure (Procedure A):
Ti(OiPr)s4 (81.1 pL, 277 pmol), 2-propanol (137 pL, 3.69 mmol), M3 (300 mg, 92.3 pmol) and toluene (5.43
mL) were added to a Schlenk flask under an argon atmosphere. The mixture was stirred at 100 °C for 24 h.

After cooling to room temperature, a small amount of water was added. The mixture was further stirred for
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30 min, then diluted with THF, and filtrated using a membrane filter (0.45 um pore size) to remove the catalyst
as titanium oxide. After evaporating the solvent, the residue was dialyzed using a cellophane tube
(Spectra/Por® 6 Membrane; MWCO: 1,000) against acetone and finally reprecipitated from THF solution
into hexane to give M3-A as a white powder. Yield: 47.7%. Maxvr = 3,290 g mol™!, My sec = 4,080 g mol ™!,
D = 1.06 (THF). 'H NMR (400 MHz, CDCl3): § 7.25-7.08 (br, 10H, —C(Ph)2), 4.94 (m, J = 6.2 Hz, w-
terminal, 1H, ~OCH(CHs)»), 3.60 (—OCH3, PMMA), 2.42 (br, w-terminal, 1H, ~CH(CH3)COO-), 0.60—2.12
(br, main chain —CH,C—, —CCHs), 0.59—-0.52 (m, 6H, a-terminal —CH3, —CH,CH3).
Transesterification of S21M21 with 2-Propanol

By following the Procedure A, the transesterification of S21M21 (500 mg, 11.9 pmol) with 2-
propanol (17.7 uL, 476 mmol) was performed using Ti(OiPr)s (10.5 puL, 35.7 pmol) in toluene (3.00 mL) to
give S21M21-A as a white powder. Yield: 23.2%. M, sec = 35,200 g mol™!, © = 1.03 (THF). '"H NMR (400
MHz, CDCl»): d 7.32—6.26 (br, aromatic), 4.94 (m, J = 6.4 Hz, w-terminal, 1H, —-OCH(CH3).), 3.82—3.38 (br,
—OCH3, PMMA), 2.42 (br, w-terminal, 1H, —CH(CH3)COO-), 2.24—0.77 (br, main chain —CH,C—, —CCHs,
—CH-CH—, —CH>CH—-, PMMA, PS).
Transesterification of M3 with 1-Pentanol

The following is a typical terminal-selective transesterification procedure (Procedure B):
Ti(OiPr)s (81.1 pL, 277 pumol), 1-pentanol (200 pL, 1.85 mmol), and toluene (1.00 mL) were added to a
Schlenk flask an under argon atmosphere. The mixture was stirred at 80 °C for 1 h and then cooled with liquid
nitrogen. The solvent and the 2-propanol generated from Ti(OiPr)s were removed by evaporation under high
vacuum, to yield the titanium alkoxide of 1-propanol. A solution of M3 (300 mg, 92.3 umol) and 1-pentanol
(200 pL, 1.85 mmol) in toluene (5.43 mL) was added to the Schlenk flask containing the titanium alkoxide.
then the mixture was stirred at 100 °C for 24 h. After cooling to room temperature, a small amount of water
was added. The mixture was stirred for 30 min, then diluted with THF, and filtrated using a membrane filter
(0.45 pm pore size) to remove the catalyst as titanium oxide. After evaporating the solvent, the residue was
dialyzed using a cellophane tube (Spectra/Por® 6 Membrane; MWCO: 1,000) against acetone and finally
reprecipitated from THF solution into hexane to give M3-B as a white powder. Yield: 51.3%. Myxmr = 3,290

g mol™!, Mysec = 4,040 g mol™!, D = 1.06 (THF). 'H NMR (400 MHz, CDCls): 6 7.25-7.08 (br, 10H,
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—C(Ph)2—), 4.02 (m, w-terminal, 2H, —OCH>(CH);CH3), 3.60 (—OCH3, PMMA), 2.47 (br, w-terminal,
—CH(CH3)COO-), 0.60—2.12 (br, main chain —CH>,C—, —CCH3), 0.59-0.52 (m, 6H, a-terminal —CHs,
—CH2CH3).
Transesterification of S21M21 with 1-Pentanol

By following the Procedure B, the transesterification of S21M21 (500 mg, 11.9 pmol) with 1-
pentanol (25.8 pL, 238 mmol) was performed using the titanium alkoxide, which had been prepared from
Ti(OiPr)s (10.5 pL, 35.7 pmol) and 1-pentanol (25.8 pL, 238 mmol) in toluene (1.00 mL), in toluene (3.00
mL) to give S21M21-B as a white powder. Yield: 79.0%. M, sec = 36,700 g mol™!, D = 1.03 (THF). '"H NMR
(400 MHz, CDCls): 6 7.32—6.26 (br, aromatic), 4.02 (m, w-terminal, 2H, —OCH»(CH>)3CH3), 3.82—3.38 (br,
—OCH3, PMMA), 2.47 (br, w-terminal, —CH(CH3)COO-), 2.24-0.77 (br, main chain —CH>C—, —CCHs,
—CH-CH—, -CH,CH—-, PMMA, PS).
Transesterification of M3 with Benzyl Alcohol

By following the Procedure B, the transesterification of M3 (300 mg, 92.3 umol) with benzyl
alcohol (123 pL, 1.85 mmol) was performed using the titanium alkoxide, which had been prepared from
Ti(OiPr)s4 (81.1 pL, 277 pmol) and benzyl alcohol (123 pL, 1.85 mmol) in toluene (1.00 mL), in toluene (3.00
mL) to give M3-C as a white powder. Yield: 48.3%. Maxumr = 3,340 g mol ™!, My sec = 4,090 g mol™!, D =
1.06 (THF). '"H NMR (400 MHz, CDCls):  7.37 (br, w-terminal, 5H, ~OCH,Ph), 7.25-7.08 (br, 10H,
—C(Ph)-), 5.07 (m, w-terminal, 2H, —OCH,Ph), 3.60 (—OCH;, PMMA), 2.53 (br, w-terminal,
—CH(CH3)COO-), 0.60—2.12 (br, main chain —CH>,C—, —CCH3), 0.59-0.52 (m, 6H, a-terminal —CHs,
—CH:CH3).
Transesterification of S21M21 with Benzyl Alcohol

By following the Procedure B, the transesterification of S21M21 (500 mg, 11.9 umol) with benzyl
alcohol (15.9 pL, 238 mmol) was performed using the titanium alkoxide, which had been prepared from
Ti(OiPr)s (10.5 pL, 35.7 pmol) and benzyl alcohol (15.9 pL, 238 mmol) in toluene (1.00 mL), in toluene
(3.00 mL) to give S21M21-C as a white powder. Yield: 62.2%. M, sec = 35,400 g mol ™!, © = 1.03 (THF). 'H

NMR (400 MHz, CDCls): 6 7.37 (br, w-terminal, SH, —OCH,P#h), 7.32—6.26 (br, aromatic), 5.07 (m, w-
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terminal, 2H, —OCH,Ph), 3.82-3.38 (br, —OCH3;, PMMA), 2.54 (br, w-terminal, —CH(CH3)COO-),
2.24-0.77 (br, main chain —-CH,C—, —CCH3, -CH,CH—, —CH,CH—, PMMA, PS).
Transesterification of M3 with 1-Naphthalenemethanol

The following is a typical terminal-selective transesterification procedure (Procedure C):
Ti(OiPr)s (81.1 pL, 277 pumol), 1-naphthalenemethanol (583 mL, 3.69 mmol), and toluene (1.00 mL) were
added to a Schlenk flask under an argon atmosphere. The mixture was stirred at 80 °C for 1 h and then cooled
with liquid nitrogen. The solvent and the 2-propanol generated from the Ti(OiPr)s were removed by
evaporation under high vacuum, to yield the corresponding titanium alkoxide. A solution of M3 (300 mg,
92.3 umol) in toluene (5.43 mL) was added to the Schlenk flask containing the titanium alkoxide, then the
mixture was stirred at 100 °C for 24 h. After cooling to room temperature, a small amount of water was added.
The mixture was stirred for 30 min, then diluted with THF and filtrated using a membrane filter (0.45 pm
pore size) to remove the catalyst as titanium oxide. After evaporating the solvent, the residue was dialyzed
using a cellophane tube (Spectra/Por® 6 Membrane; MWCO: 1,000) against acetone and finally reprecipitated
from THF solution into hexane to give M3-D as a white powder. Yield: 40.0%. Maxvr = 3,060 g mol™!,
M, sec = 3,890 g mol™!, B = 1.07 (THF). 'H NMR (400 MHz, CDCl3): § 7.91-7.70 (br, 3H, naphthalene),
7.55-7.40 (br, 3H, naphthalene), 7.25-7.08 (br, 10H, —C(Ph)—), 5.23 (m, w-terminal, 2H,
—OCH;—naphthalene), 3.60 (—OCH3z, PMMA), 2.56 (br, w-terminal, —CH(CH3)COO-), 0.60—2.12 (br, main
chain —CH,C—, —CCHs), 0.59-0.52 (m, a-terminal —CH3, —CH.CH}3).
Transesterification of S21M21 with 1-Naphthalenemethanol

By following the Procedure C, the transesterification of S21M21 (500 mg, 11.9 pmol) with 1-
naphthalenemethanol (75.3 mg, 476 mmol) was performed using Ti(OiPr)s (10.5 pL, 35.7 umol) in toluene
(3.00 mL) to give S21M21-D as a white powder. Yield: 66.2%. My sec = 37,000 g mol ™!, © = 1.03 (THF). 'H
NMR (400 MHz, CDCls): 6 7.91-7.70 (br, 3H, naphthalene), 7.55—7.40 (br, 3H, naphthalene), 7.32—6.26 (br,
aromatic), 5.23 (m, w-terminal, 2H, —OCH,—naphthalene), 3.82—3.38 (br, —-OCH3, PMMA), 2.57 (br, w-
terminal, —CH(CH3)COO-), 2.24—0.77 (br, main chain -CH>C—, —-CCH3, -CH,CH—, -CH,CH—, PMMA,

PS).
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Transesterification of M3 with 1-Pyrenemethanol

By following the Procedure C, the transesterification of M3 (300 mg, 92.3 pmol) with 1-
pyrenemethanol (81.1 pL, 277 pumol) was performed using Ti(OiPr)s (10.5 pL, 35.7 pmol) in toluene
(5.43mL) to give M3-E as a white powder. Yield: 67.0%. Maxumr = 3,410 g mol™!, My sec = 3,770 g mol™!, D
= 1.07 (THF). '"H NMR (400 MHz, CDCls): 6 8.43-8.00 (br, 9H, pyrene), 7.25-7.08 (br, 10H, —C(Ph)>-),
5.80 (m, w-terminal, 2H, —OCH>—pyrene), 3.60 (—OCH3, PMMA), 2.55 (br, w-terminal, ~-CH(CH3)COO-),
0.60—2.12 (br, main chain —CH,C—, —CCH3), 0.59-0.52 (m, 6H, a-terminal —CH3, —CH,CHs).
Transesterification of S21M21 with 1-Pyrenemethanol

By following the Procedure C, the transesterification of S21M21 (500 mg, 11.9 pmol) with 1-
pyrenemethanol (75.3 mg, 476 mmol) was performed using Ti(OiPr)s (10.5 pL, 35.7 umol) in toluene (3.00
mL) to give S21M21-E as a white powder. Yield: 76.2%. My sec = 36,300 g mol™!, ® = 1.03 (THF). '"H NMR
(400 MHz, CDCl3): 6 7.32—6.26 (br, aromatic), 3.82—3.38 (br, “OCH3, PMMA), 2.24—0.77 (br, main chain
—CH-.C—, -CCH;, —-CH,CH—, —-CH,CH—, PMMA, PS).
Transesterification of M3 with HFIP

By following the Procedure B, the transesterification of M3 (300 mg, 92.3 pmol) with HFIP (192
pL, 1.85 mmol) was performed using the titanium alkoxide, which had been prepared from Ti(OiPr)s (81.1
pL, 277 pmol) and HFIP (192 pL, 1.85 mmol) in toluene (1.00 mL), in toluene (5.43 mL) to give M3-F. The
reaction progress was monitored by MALDI-TOF mass analysis.
Transesterification of M3 with 4,4,5,5,5-Pentafluoro-1-pentanol

By following the Procedure B, the transesterification of M3 (300 mg, 92.3 umol) with 4,4,5,5,5-
pentafluoro-1-pentanol (244 pL, 1.85 mmol) was performed using the titanium alkoxide, which had been
prepared from Ti(OiPr)s (81.1 pL, 277 pmol) and 4,4,5,5,5-pentafluoro-1-pentanol (244 pL, 1.85 mmol) in
toluene (1.00 mL), in toluene (5.43 mL) to give M3-G as a white powder. Yield: 19.7%. Maxmr = 3,430 g
mol ™!, My sec = 4,280 gmol ™!, D =1.05 (THF). 'H NMR (400 MHz, CDCl5): § 7.25-7.08 (br, 10H, —C(Ph),-),
410 (m, w-terminal, 2H, —OCH»(CH;):CF,CF3), 3.60 (—OCHs, PMMA), 2.50 (br, w-terminal,
—CH(CH3)COO-), 2.16 (m, w-terminal, 2H, —O (CH2),CH>CF>CF3), 0.60—2.12 (br, main chain —CH>C—,

~CCHj), 0.59-0.52 (m, 6H, a-terminal —~CHs, —~CH.CHs).
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Transesterification of S21M21 with 4,4,5,5,5-Pentafluoro-1-pentanol

By following the Procedure B, the transesterification of S21M21 (500 mg, 11.9 pmol) with
4,4,5,5,5-pentafluoro-1-pentanol (31.4 uL, 238 mmol) was performed using the titanium alkoxide, which had
been prepared from Ti(OiPr)4 (10.5 pL, 35.7 pmol) and 4,4,5,5,5-pentafluoro-1-pentanol (31.4 uL, 238 mmol)
in toluene (1.00 mL), in toluene (5.43 mL) to give S21M21-G as a white powder. Yield: 47.4%. M, sec =
36,000 gmol™!, D= 1.03 (THF). '"H NMR (400 MHz, CDCl5): 6 7.32—6.26 (br, aromatic), 4.10 (m, w-terminal,
2H, —OCH»(CH2),CF:CF3), 3.82-3.38 (br, —OCH3, PMMA), 2.50 (br, w-terminal, —CH(CH3)COO-),
2.24-0.77 (br, main chain —-CH,C—, —CCH3, —-CH,CH—, —CH,CH—, PMMA, PS).
Transesterification of M3 with Pentafluorobenzyl Alcohol

By following the Procedure C, the transesterification of M3 (300 mg, 92.3 umol) with
pentafluorobenzyl alcohol (731 mg, 3.69 mmol) was performed using Ti(OiPr)s (81.1 pL, 277 umol) in
toluene (5.43 mL) to give M3-H as a white powder. Yield: 47.7%. Muxmr = 3,370 g mol™!, Mnsec = 4,040 g
mol™!, b =1.06 (THF). 'H NMR (400 MHz, CDCls): 6 7.25-7.08 (br, 10H, ~C(Ph)>~), 5.15 (m, cw-terminal,
2H, —~OCH,CsFs), 3.60 (—OCH3, PMMA), 2.50 (br, w-terminal, —CH(CH3)COO-), 0.60—2.12 (br, main chain
—CH-C—, —CCH}3), 0.59-0.52 (m, 6H, a-terminal —CH3, —CH>CH}3).
Transesterification of S21M21 with Pentafluorobenzyl Alcohol

By following the Procedure C, the transesterification of S21M21 (500 mg, 11.9 pmol) with
pentafluorobenzyl alcohol (94.3 mg, 476 mmol) was performed using Ti(OiPr)4 (10.5 pL, 35.7 pmol) in
toluene (3.00 mL) to give S21M21-H as a white powder. Yield: 39.8%. M, sec = 37,500 g mol™!, D = 1.03
(THF). 'H NMR (400 MHz, CDCls): 6 7.32—6.26 (br, aromatic), 5.07 (m, w-terminal, 2H, —OCH,CsFs),
3.82-3.38 (br, “OCH3, PMMA), 2.54 (br, w-terminal, —CH(CH3)COO-), 2.24—0.77 (br, main chain —CH>C—,
—CCH;, ~-CH,CH—-,—~CH,CH—, PMMA, PS).
Transesterification of M3 with 6-Azido-1-hexanol

By following the Procedure C, the transesterification of M3 (300 mg, 92.3 pmol) with 6-azido-1-
hexanol (513 pg, 3.69 mmol) was performed using Ti(OiPr)4 (81.1 pL, 277 umol) in toluene (5.43 mL) to
give M3-I as a white powder. Yield: 47.7%. Mnnvr = 3,310 g mol™!, M, sec = 3,890 g mol ™!, B =1.07 (THF).

'H NMR (400 MHz, CDCls): 6 7.25-7.08 (br, 10H, —C(Ph)>-), 4.02 (m, cw-terminal, 2H, —~CH>(CH2)sN3),
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3.60 (~OCHs, PMMA), 3.29 (t, w-terminal, 2H, —~CH>N3), 2.47 (br, w-terminal, ~-CH(CH3)COO-), 0.60—2.12
(br, main chain —CH,C—, —CCHs), 0.59—-0.52 (m, 6H, a-terminal —CH3, —CH,CH}3).
Transesterification of S21M21 with 6-Azido-1-hexanol

By following the Procedure C, the transesterification of S21M21 (300 mg, 7.14 pumol) with 6-
azido-1-hexanol (12.6 mg, 143 mmol) was performed using Ti(OiPr)4 (6.28 pL, 12.4 pmol) in toluene (2.00
mL) to give S21M21-I as a white powder. Yield: 86.3%. M, sec = 35,200 g mol™!, © = 1.03 (THF). 'H NMR
(400 MHz, CDCls): 6 7.32—6.26 (br, aromatic), 4.02 (m, w-terminal, 2H, “CH>(CH>)5N3), 3.82—3.38 (br,
—0OCH3, PMMA), 3.29 (t, J = 6.6 Hz, w-terminal, 2H, —CH:N3), 2.47 (br, w-terminal, —CH(CH3)COO-),
2.24-0.77 (br, main chain —-CH,C—, —CCH3, -CH,CH—, CH,CH—, PMMA, PS).
Transesterification of M3 with Ethylene glycol

By following the Procedure B, the transesterification of M3 (300 mg, 92.3 umol) with ethylene
glycol (35.4 pL, 1.85 mmol) was performed using the titanium alkoxide, which had been prepared from
Ti(OiPr)s (81.1 pL, 277 pumol) and ethylene glycol (35.4 uL, 1.85 mmol) in toluene (5.43 mL), in toluene
(5.43 mL) to give M3-J. The reaction progress was monitored by MALDI-TOF mass analysis.
Transesterification of M3 with Triethylene Glycol Monomethyl Ether

By following the Procedure B, the transesterification of M3 (300 mg, 92.3 umol) with triethylene
glycol monomethyl ether (289 pL, 1.85 mmol) was performed using the titanium alkoxide, which had been
prepared from Ti(OiPr)4 (81.1 puL, 277 pmol) and triethylene glycol monomethyl ether (289 pL, 1.85 mmol)
in toluene (1.00 mL), in toluene (5.43 mL) to give M3-K as a white powder. Yield: 56.0%. Mynmr = 3,150 g
mol ™!, My sec = 4,030 gmol !, D =1.06 (THF). 'H NMR (400 MHz, CDCl5): § 7.25-7.08 (br, 10H, —C(Ph),~),
4.20 (m, w-terminal, 2H, —CH>CH2(O(CH2)2)20OCH3), 3.60 (—OCH3, PMMA), 3.34 (s, w-terminal, 3H,
—(O(CHz)2)30CH}3), 2.50 (br, w-terminal, ~-CH(CH3)COO-), 0.60—2.12 (br, main chain -CH>C—, —CCH3),
0.59-0.52 (m, 6H, a-terminal -CH3, ~CH2CH3).
Transesterification of S21M21 with Triethylene Glycol Monomethyl Ether

By following the Procedure B, the transesterification of S21M21 (500 mg, 11.9 pmol) with
triethylene glycol monomethyl ether (37.2 uL, 238 mmol) was performed using the titanium alkoxide, which

had been prepared from Ti(OiPr)4 (10.5 pL, 35.7 pmol) and triethylene glycol monomethyl ether (37.2 uL,
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238 mmol) in toluene (1.00 mL), in toluene (3.00 mL) to give S21M21-K as a white powder. Yield: 78.2%.
M sec = 36,800 g mol™!, P =1.03 (THF). 'H NMR (400 MHz, CDCls): 6 7.32—6.26 (br, aromatic), 4.20 (m,
w-terminal, 2H, —CH>CH2(O(CH2),).OCH3), 3.82-3.38 (br, —OCH3, PMMA), 3.39 (s, w-terminal, 3H,
—(O(CHz)2)30CH}3), 2.50 (br, w-terminal, “CH(CH3)COO-), 2.24-0.77 (br, main chain —CH>C—, —CCHj,
—CH-CH—, -CH,CH—-, PMMA, PS).
Transesterification of M3 with Poly(ethylene Glycol) Monomethyl Ether

By following the Procedure C, the transesterification of M3 (150 mg, 46.2 umol) with
poly(ethylene glycol) monomethyl ether (5.04 g, 923 mmol) was performed using Ti(OiPr)s4 (40.6 pL, 139
umol) in toluene (2.71 mL) to give M3-L. The reaction progress was monitored by SEC and 'H NMR mass
analysis.
Transesterification of S21M21 with Poly(ethylene Glycol) Monomethyl Ether

By following the Procedure C, the transesterification of S21M21 (300 mg, 7.14 pmol) with
poly(ethylene glycol) monomethyl ether (780 mg, 143 mmol) was performed using Ti(OiPr)4 (6.28 pL, 12.4
pumol) in toluene (2.00 mL). The obtained crude product was precipitated three times from THF solution into
hot water to give S21M21-L as a white powder. Yield: 32.9%. M, sec = 42,000 g mol™!, ® = 1.04 (THF). 'H
NMR (400 MHz, CDCls): 6 7.32—6.26 (br, aromatic), 4.20 (m, w-terminal, 2H, —CH>CH2(O(CH>)2),OCH3),
3.82-3.38 (br, —OCH3, PMMA), 3.38 (s, w-terminal, 3H, —(O(CH).),0CH3), 2.50 (br, w-terminal,

—CH(CH3)COO0O-), 2.24—0.77 (br, main chain -CH>C—, —-CCH3, -CH,CH—, -CH.CH—, PMMA, PS).

3.2.5 Small-Angle X-ray Scattering Experiments

Small-angle X-ray scattering (SAXS) experiments for the bulk samples were performed on BL-
6A beamline of the Photon Factory at High Energy Accelerator Research Organization (KEK, Tsukuba,
Japan). The X-ray wavelength and exposure time were 1.50 A (8.27 keV) and 60 s, respectively. A PILATUS
IM (Dectris Ltd., Switzerland) detector, with 981 x 1043 pixels at a pixel size of 172 X 172 um, and a counter
depth of 20 bits (1,048,576 counts), was used for data acquisition. The sample-to-detector distance was
calibrated using the scattering patterns of silver behenate (Nagara Science Co., Ltd., Japan). Bulk samples

for SAXS experiments were placed in 1.5-mm-diameter soda glass capillaries (Hilgenderg, Germany) and
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annealed under vacuum at 200 °C for 24 h. The SAXS data were acquired under ambient conditions, and 1D

profiles were obtained as plots of scattering intensity as functions of scattering vector (g), where g =

(4n/2)sin(6/2) (A, wave length; 6, scattering angle).
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3.3 Results and Discussion

3.3.1 Terminal-Selective Transesterification of PMMA using Titanium Alkoxides

The titanium alkoxide-catalyzed transesterification of the PMMA homopolymer with 2-propanol
was initially investigated to identify its terminal-selectivity and quantitativeness. An anionically-synthesized
PMMA having a My nmr of 3,300 g mol™! (M3) was used as the starting material. The transesterification of
M3 was conducted in the presence of a catalytic amount of Ti(OiPr)s and large excess of 2-propanol (A) in
toluene at 100 °C for 24 h to yield the PMMA having an isopropyl methacrylate unit at the w-end (M3-A).
The SEC trace of the product showed a monomodal elution peak with the narrow dispersity (D) of 1.06,
suggesting the absence of any unexpected side reactions, such as degradation and intermolecular coupling
(Figure 3.1a and entry 1 in Table 3.1). The 'H NMR spectrum of the product displayed a new signal at 4.94
ppm due to the methine proton of the isopropyl ester (proton d in Figure 3.2). Importantly, the minor signal
due to the w-terminal proton of the main chain clearly shifted from 2.49 to 2.42 ppm upon the reaction, which
strongly indicated that the methyl ester of the w-terminal MMA unit had been substituted with the isopropyl
ester (proton ¢ in Figure 3.2). The extent of transesterification (f.,) was calculated to be 94% by comparing
the peak areas of the proton d due to the isopropyl group and proton a due to the a-terminal aromatic protons.
In the MALDI-TOF MS spectrum of the product, only one series of peaks was observed with a regular interval
of m/z 100 corresponding to the molar mass of the MMA unit (Figure 3.3). The mass change from M3 to the
product was 27.99, which is in good agreement with the theoretical difference in the molar mass between
MMA and isopropyl methacrylate (28.03). These data confirmed that the obtained product has the expected
structure of M3-A, demonstrating that Ti(OiPr)4 promoted the transesterification of the w-terminal MMA

ester with 2-propanol in a quantitative manner.
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Figure 3.1. SEC traces of the modified (a) PMMASs and (b) PS-b-PMMAs and the corresponding parent

polymers (eluent, THF; flow rate, 1.0 mL min™?).
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Table 3.1. Terminal-selective transesterification of PMMA using titanium alkoxides”

reaction My NMR® o M, sec® ield sample
enry alcohol” time (h) (g mol ) &) @moly y(%) pame

- (parent PMMA) - 3,300 - 3,760 1.08 - M3

1 2-propanol (A) 24 3,290 94 4,080 1.06 477 M3-A

2 1-pentanol (B) 24 3,260 >99 4,040 1.06 51.3 M3-B

3 benzyl alcohol (C) 24 3,340 96 4,090 1.06 48.3 M3-C

4 I-naphthalenc- 30 3,060 71 3890 107 400 M3-D

methanol (D)
5 1-pyrene-methanol (E) 168 3,410 10 3,770 1.07 67.0 M3-E
6 HFIP (F) 24 n.d. 0 n.d. n.d. nd. MS3-F
44,5,3,5-pentafluoro- 24 3430  >99 4280 105 197 M3-G
pentanol (G)
8 pentafluorobenzyl 24 3370 76 4040 106 477 M3-H
alcohol (H)

9 6-azido-1-hexanol (I) 24 3,310 >99 3,890 1.07 40.0 M3-1
10 ethylene glycol (J) 24 n.d. 0 n.d. n.d. nd. M3-J
11 TEG (K) 24 3,150 98 4,030 1.06 56.0 M3-K
12 PEG (L) 30 n.d. 88 n.d. n.d. nd. M3-L

¢Argon atmosphere; solvent, toluene; temperature, 100 °C; [Ti(OR)4]o/[PMMA], = 3/1. ?Alcohols: HFIP,
1,1,1,3,3,3-hexafluoro-2-propanol; PFP, 4,4,5,5,5-pentafluoropentanol; TEG, triethylene glycol monomethyl
ether; PEG, poly(ethylene glycol) monomethyl ether. “Determined by 'H NMR in CDCls. “Chain-end
functionality is determined by '"H NMR on the presumption that only one MMA unit was transesterified.
*Determined by SEC in THF using PMMA standards.
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Figure 3.2. 'H NMR spectra of the modified PMMAs and the corresponding parent polymer in CDCl;3 (400

MHz).
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Figure 3.3. MALDI-TOF mass spectra of the modified PMMAs and the corresponding parent polymer. The

found and theoretical m/z values of 27-mer are shown without and with brackets, respectively.
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To extend the applicable range, the terminal-selective transesterifications of M3 were further
performed using various alcohols, such as 1-pentanol (B), benzyl alcohol (C), 1-naphthalenemethanol (D), 1-
pyrenemethanol (E), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, F), 4.,4,5,5,5-pentafluoropentanol (G),
pentafluorobenzyl alcohol (H), 6-azido-1-hexanol (I), ethylene glycol (J), triethylene glycol monomethyl
ether (TEG, K), and poly(ethylene glycol) monomethyl ether (PEG, L). Prior to the transesterification
reactions, Ti(OiPr)s was treated with the alcohols to form the corresponding titanium alkoxides (Ti(OR)a4),
which were then directly subjected to the transesterification reaction. The SEC traces of all the products
displayed a monomodal elution peak with a narrow D, suggesting the absence of any unexpected side
reactions (Figure 3.1a). The 'H NMR spectra of M3-B with a pentyl ester, M3-C with a benzyl ester, and
M3-D with a naphthalenemethyl ester showed the appearances of new signals due to the methylene protons
adjacent to the newly formed ester unit (proton e, f, and / in Figure 3.2, respectively). In addition, the w-
terminal proton signals clearly shifted after the reaction, indicating the high terminal-selectivity (protons c&,
%, and P in Figure 3.2, respectively). Although the MALDI-TOF MS spectra of M3-B, M3-C, and M3-D
revealed the presence of a small amount of byproducts whose two MMA units were transesterified, the major
products were found to be the target products (Figure 3.3). In the 'H NMR spectrum of M3-E, whereas new
signals due to methylene and aromatic protons of the incorporated pyrenemethyl group were observed, the
small peak areas indicated a low f,, value (Figure 3.2). Unfortunately, the author failed to quantify the extent
of the reaction in M3-E by the MALDI-TOF MS analysis because the molar mass of the reaction product is
overlapped with that of the starting material. The low reactivity of the 1-pyrenemethanol is attributed to the
low solubility of the corresponding titanium alkoxide in toluene. The transesterification reactions using
4,4,5,5,5-pentafluoropentanol and pentafluorobenzyl alcohol efficiently provided the corresponding products,
i.e., M3-G and M3-H, respectively, as characterized by 'H NMR and MALDI-TOF MS. On the other hand,
the reaction product of M3 and HFIP (M3-F) revealed that no reaction occurred. The high acidity of HFIP is
responsible for this result.

The incorporation of reactive functional groups into the polymer chain end is significantly
important from the polymer synthesis point of view because it allows polymers to undergo a further chain-

end modification. To incorporate the reactive functional group into the PMMA-chain end, 6-azido-1-hexanol

96



Terminal-selective Transesterification of Polystyrene-block-Poly(methyl methacrylate)
for Chain End Modification

was used for the terminal-selective transesterification. In FT-IR spectrum of the product, an absorption peak
was newly observed at 2098 ¢cm™!, which indicated the incorporation of the azido group into the PMMA
(Figure 3.4). The 'H NMR spectrum of the product (M3-I) showed a new signal assignable to the methylene
protons adjacent to the ester group of the 6-azidohexyl methacrylate, suggesting the progress of the
transesterification (proton n in Figure 3.2). The MALDI-TOF MS spectrum of the product showed two series
of peaks regularly separated by m/z 100 corresponding to the molar mass of an MMA unit (Figure 3.3). A
series of peaks with higher intensities was assigned to the structure of the target M3-I with a 6-azidohexyl
ester. Another series of peaks with lower intensities was assigned to the fragmentation product of M3-I
formed during the MALDI-TOF MS measurement by the decomposition of the azido group.!® These results
confirmed the successful synthesis of M3-I possessing an azido group. The azido group at the chain end
enables further chain-end modifications with ethynyl-functionalized low-molecular-weight compounds and

polymers via the click chemistry.
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Figure 3.4. FT-IR spectra of the M3-I and M3.

The incorporation of a hydroxyl group at the polymer chain end is also highly beneficial. Although

the author tried the transesterification of M3 with ethylene glycol aiming at providing M3-J, no reaction
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occurred because the titanium catalyst was deactivated by its polycondensation with ethylene glycol. To avoid
such an issue, the terminal-selective transesterification should be performed with diols having a longer
spacer.!?

The terminal-selective transesterification of M3 with triethylene glycol monomethyl ether (TEG)
effectively yielded the target product, i.e., M3-K, as evidenced by the 'H NMR and MALDI-TOF MS
analyses (Figures 3.2 and 3.3). To further extend the utility of the terminal-selective transesterification, a
hydroxy-functionalized polymer was then employed as an alcohol. The SEC trace of the crude reaction
product of M3 with a PEG having the My numr of 5,450 g mol™! clearly showed a new elution peak in the
higher molecular weight region as compared to the starting materials, suggesting the formation of a BCP
consisting of PMMA and PEG (PMMA-b-PEG, i.e., M3-L) (Figure 3.5). Although the removal of the excess
PEG from the BCP failed, this result suggested that the terminal-selective transesterification system works
even with hydroxy-functionalized polymers, thus leading to a novel synthetic method for the PMMA-based

BCPs.
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Figure 3.5. SEC traces of the crude product of M3-L (upper), PEG (middle), and M3 (lower) (eluent, THF;

flow rate, 1.0 mL min™!).
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3.3.2 Terminal-Selective Transesterification of PS-b-PMMA using Titanium Alkoxides

The terminal-selective transesterification of PS-b-PMMA was then investigated to synthesize a
series of end-functionalized PS-b-PMMAs. The transesterification reactions were performed under the same
conditions as for PMMA. The PS-b-PMMA having the M, of 42,000 g mol™' (S21M21) was used as the
starting material and 2-propanol (A), 1-pentanol (B), benzyl alcohol (C), 4,4,5,5,5-pentafluoropentanol (G),
pentafluorobenzyl alcohol (H), 6-azido-1-hexanol (I), TEG (K), and PEG (L) were used as the alcohols to
yield S21M21-A, S21M21-B, S21M21-C, S21M21-G, S21M21-H, S21M21-I, S21M21-K, and S21M21-
L, respectively. In the SEC traces of all the products, the monomodal elution peak with a narrow P was
maintained even after the reaction (Figure 3.1b). Importantly, the SEC traces of S21M21-L shifted to the
higher molecular weight region as compared to that of the original S21M21, suggesting the formation of the
triblock terpolymer, i.e., PS-b-PMMA-b-PEG. The '"H NMR spectra of the products showed that the signals
due to the w-terminal protons of the main chains were shifted after the reaction, supporting the terminal-
selectivity (Figure 3.6). In addition, the signals due to the newly-formed ester moieties were also observed.
The f.,s value for the products was determined to be 62—99% based on the end group analysis of the 'H NMR
spectra (Table 3.2). Thus, the transesterification using titanium alkoxides can be applied to the PS-b-PMMA
systems with the various alcohols. Importantly, the transesterifications with 6-azido-1-hexanol endowed PS-
b-PMMA with a clickable end group. The transesterifications with PEG also effectively incorporated the PEG
segment into the PMMA-chain end of the PS-b-PMMA to yield the triblock terpolymer, which can be a novel
synthetic methodology for the BCPs. The fact that the PS-5>-PMMA-b-PEG triblock terpolymer is reported
to form a highly-ordered PS nanopattern further supports the utility of this synthetic approach.'*!> The present
facile and efficient chain-end modification technique allows one to systematically investigate the relationship

between the chain-end structures and polymer properties including the microphase-separation behavior.
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Figure 3.6. Partial 'H NMR spectra of the modified PS-b>-PMMAs and the corresponding parent polymer in

CDCl; (400 MHz).
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Table 3.2. Molecular characteristics of the modified PS-5-PMMASs“

c d e
polymer alcohol” (]:2) (gﬁlsslc N b (riim)
S21M21 (parent PS-6-PMMA) - 35,500 1.03 23.7
S21M21-A 2-propanol (A) 77 35,200 1.03 23.2
S21M21-B 1-pentanol (B) 96 36,700 1.03 23.2
S21M21-C benzyl alcohol (C) 99 35,400 1.03 23.7
sava1.g > pemtafluore- >99 36,000 1.03 24.1
pentanol (G)
entafluorobenzyl
samzin P i Y 62 37,500 1.03 237
S21M21-1 6-azido-1-hexanol (I) >99 35,200 1.03 25.1
S21M21-K TEG (K) 94 36,800 1.03 23.6
S21M21-L PEG (L) 85 42,000 1.04 26.2

¢Argon atmosphere; solvent, toluene; temperature, 100 °C; [Ti(OR)s]o/[PMMA] = 3/1. ®Alcohols: TEG,
triethylene glycol monomethyl ether; PEG, poly(ethylene glycol) monomethyl ether. “Determined by 'H
NMR in CDCls. “Determined by SEC in THF using PMMA standards. ¢Calculated from primary peak position
(g*) in SAXS profile using equation d = 27/g*.
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3.3.3 Microphase Separation of End-Functionalized PS-b-PMMAs

A series of the chain-end functionalized PS-5-PMMAs as well as the corresponding starting
materials were subjected to the small angle X-ray scattering (SAXS) experiments to investigate the effect of
the chain-end structures on the microphase-separation behavior in the bulk. After the thermal annealing at
200 °C for 24 h and rapid quenching, the SAXS profiles were acquired at room temperature. The SAXS
profile of S21M21 showed the characteristic scattering pattern corresponding to the microphase separation
(Figure 3.7). In addition to the principle scattering peak (¢*) observed at 0.265 nm™!, higher-order scattering
peaks appeared at the g/q* =2 and 3 positions, which indicated the lamellar structure with the domain spacing
(d) of 23.7 nm (Table 3.2). The SAXS profiles of S21M21-A, S21M21-B, S21M21-C, S21M21-G, S21M21-
H, and S21M21-K showed scattering patterns similar to S21M21 without significant changes in the
morphology and d value. Although S21M21-1 with an azido group also displayed the SAXS pattern
associated with the lamellar structure, the principle scattering peak was observed in the lower g region than
that of S21M21, indicating that the d value increased to 25.1 nm after incorporation of the azido group. This
result suggested the remarkable effect of the chain-end structures on the microphase-separation behavior even
though the weight fractions of the incorporated chain end are less than 1.0 wt%. Since the degrees of
polymerization have not been changed after the transesterification, the increase in the d value is due to the
enhancement of the incompatibility between the blocks. It is believed that the polar character of the azido
group contributed to increasing the incompatibility between the blocks. The SAXS profile of S21M21-L with
a PEG segment indicated the clear increase in the d value from 23.7 to 26.2 nm upon incorporation of a PEG
segment into the PMMA-chain end. The increase in the d value should be attributed to the following two
factors: one is the increase in the total degree of polymerization (polymer volume) and the other is the

enhancement of the effective y because of the strong segregation strength between PS and PEQ.'413
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Figure 3.7. SAXS profiles of the modified PS-b-PMMAs and the corresponding parent polymer after thermal

annealing at 200 °C for 24 h.
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3.4 Conclusion

The author demonstrated the facile and efficient chain-end modification of PMMA and PS-b-
PMMA by the terminal-selective transesterification with various alcohols in the presence of the corresponding
titanium alkoxides. The reaction can be conducted by using various alcohols having alkyl, aromatic ring,
fluoroalkyl, and azido groups, and even a polymer chain. The terminal-selective transesterification approach
offers easy access to the end-functionalized PMMA and PS-b-PMMA as well as the PMMA-based diblock
copolymers and PS-b-PMMA-based triblock terpolymers, which is of significant importance in view of the
polymer synthesis. A screening of the chain-end structure by the postpolymerization modification without
any change in the degree of polymerization and dispersity enables the systematic investigation of the chain-
end effect on the microphase-separation behavior. The PS-b-PMMAs having an azido group and polyethylene
glycol segment at the w-chain end presented in this chapter showed the clear increase in the domain spacing

of the microphase-separated structures, suggesting the remarkable chain-end effects.
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Chapter 4

4.1 Introduction

The chain-end structure of the block copolymer (BCP) has a significant impact on the self-
assembly behavior, as described in Chapter 3. However, induction of microphase separation from a classical
BCP, which is completely disordered, by a simple chain-end modification has never been achieved. In this
context, the author postulated that the introduction of a highly-hydrophilic component at the BCP chain end
would be an efficient way of inducing microphase separation of classical BCPs having a low incompatibility
between the blocks, thus leading to extremely small features.

Saccharides are useful building blocks for designing BCPs capable of microphase separation into
extremely small features because the dense array of hydroxyl groups provides a strong hydrophilicity, leading
to the strong segregation strength with the hydrophobic polymers. In fact, several polymer systems containing
oligosaccharides have been reported as suitable BCP materials for fabricating the small microphase separation
with a domain spacing (d) of <20 nm.' Borsali, Kakuchi, and Satoh’s groups reported the preparation of
oligosaccharide-containing polystyrenes, polycaprolactones, and poly(J-decanolactone)s and showed that
these BCP systems indeed formed microphase-separated structures with 10-nm-scale d values.* ® Considering
such a strong segregation between the saccharides and hydrophobic polymers, the saccharides at the chain
end of the hydrophilic block in the low-y BCP should promote the microphase separation with small size
features. Therefore, in this study, the author aimed to install mono/oligosaccharide moieties at the chain ends
of polystyrene-block-poly(methyl methacrylate) (PS-6-PMMA) to fabricate the 10-nm-scale microphase-
separated structure. The strong hydrophilicity of the mono/oligosaccharide at the PMMA chain end increases
the effective hydrophilicity of the overall PMMA block, which in turn, permits the saccharide-incorporated
PS-b-PMMA to microphase-separate even at a low N due to the enhanced incompatibility between the PS
and mono/oligosaccharide-incorporated PMMA blocks.

The author now reports the efficient synthesis of a series of PS-6-PMMA having a
mono/oligosaccharide at the PMMA chain end (PS-b-PMMA-mono/oligosaccharides). The synthesis
involves two steps starting from the anionically-prepared PS-b-PMMAs, namely, the terminal-selective
transesterification and click reaction (Scheme 4.1). The PS-b-PMMA-oligosaccharides were found to

microphase-separate with a d of ca. 10 nm in both the bulk and thin-film states, even though their unmodified
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classical PS-6-PMMAs exist in miscible states due to their low-y and low-N values. The results of this study
revealed that the installation of an oligosaccharide segment at the PMMA chain end of a PS-5-PMMA induces
microphase separation. Hence, the author successfully produced extremely small patternings from PS-b-
PMMA, which intrinsically exist in completely disordered states, by installing an oligosaccharide as a

hydrophilic component.

Scheme 4.1. Synthesis of PS-b-PMMAs bearing mono/oligosaccharides at their PMMA chain ends by

terminal-selective transesterification and click chemistry
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4.2 Experimental Section

4.2.1 Material

Titanium isopropoxide (Ti(OiPr)s), N,N,N’,N”’,N’-pentamethyldiethylenetriamine (PMDETA;
>99.0%), propargyl amine (>97.0%), and (1-bromoethyl)benzene (1-PEBr; >95.0%) were purchased from
Tokyo Chemical Industry Co., Ltd., and used as received. Methyl methacrylate (stabilized with 6-ters-Butyl-
2,4-xylenol; >99.8%) and styrene (stabilized with 4-tert-butylcatechol; >99.0%) were purchased from Tokyo
Chemical Industry Co., Ltd., and purified by distillation over calcium hydride. sec-Butyllithium (sec-BuLi;
in cyclohexane and n-hexane, 1.0 mol L™!) and sodium azide (NaN3; >97.0%) were purchased from Kanto
Chemical Co., Inc., and used as received. 1,1-Diphenylethylene (DPE; stabilized with hydroquinone;
>98.0 %) were purchased from Tokyo Chemical Industry Co., Ltd., and purified by distillation over sec-BuL.i.
Copper(I) chloride (CuCl; 99.995% trace metals basis) and copper(I) bromide (CuBr; 99.999% trace metals
basis) were purchased from Sigma-Aldrich Chemicals Co., and used as received. Lithium chloride (LiCl;
>99.0%) was purchased from Kanto Chemical Co., Inc., and used after drying under reduced pressure at
180 °C for 24 h. Maltotriose (MT; >97.0%) was purchased from Hayashibara Co., Ltd., and used as received.
6-Azido-1-hexanol'’, N-maltoheptaosyl-3-acetamido-1-propyne (HC=C-MH)", and 1-propargyl-p-D-
glucopyranoside (HC=C-Glc)'? were synthesized according to the literature. The PS-5-PMMAs (S6M3, 9.20
kg mol ™, f5; = 0.68; S4M4, 8.50 kg mol !, f5; = 0.52; S3M6, 9.20 kg mol ', f5; = 0.35) were provided in the
forms of propylene glycol methyl ether acetate solutions by Tokyo Ohka Kogyo Co., Ltd., and precipitated
in methanol and dried prior to use. The cellophane tube (Spectra/por® 6 Membrane; MWCO: 1,000) was
purchased from Spectrum Laboratories and washed with water and methanol before use. The metal scavenger

(QuadraSil™ AP) was purchased from FUJIFILM Wako Pure Chemical Corp., and used as received.

4.2.2 Characterization
The SEC experiments were performed at 40 °C using a Shodex GPC-101 gel-permeation
chromatography system (Shodex DU-2130 dual pump, Shodex RI-71 reflective index detector, and Shodex

ERC-3125SN degasser) equipped with a Shodex KF-G guard column (4.6 mm x 10 mm; particle size, 8 um)

and two Shodex KF-804L columns (linear, 8 mm x 300 mm linear; particle size, 5 pm; exclusion limit, 4 x
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10%) in THF at a flow rate of 1.0 mL min!, or an Agilent 1260 Infinity GPC/SEC system (Agilent quaternary
pump, 1260-MDS refractive index detector) equipped with a Shodex Asahipak GF-310 HQ column (linear,
7.6 mm x 300 mm; pore size, 20 nm; bead size, 5 um; exclusion limit, 4 x 10* g mol™') and a Shodex Asahipak
GF-7 M HQ column (linear, 7.6 mm x 300 mm; pore size, 20 nm; bead size, 9 um; exclusion limit, 4 x 107 g
mol™!) in DMF containing lithium chloride (0.01 mol L") at a flow rate of 0.60 mL min'. The number-
average molecular weight (M, sec) and dispersity (D) values were calculated using PS standards for PS-b-
PMMA- and PS-based polymers and PMMA standards for the PMMA-based polymers. 'H NMR (400 MHz)
spectra were recorded using a JEOL JNM-ECS400 instrument, and FT-IR spectra were acquired using a
PerkinElmer Frontier MIR spectrometer equipped with a single-reflection diamond universal attenuated total
reflection attachment. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) of the polymers was performed using an Applied Biosystems ABSCIEX MALDI TOF/TOF 5800
instrument in linear mode (for PMMA samples) and reflector mode (for PS samples). The MALDI-TOF MS
samples were prepared by depositing a mixture of the polymer, matrix, and cationic agent in THF onto a
sample plate. A 5:5:1 (v/v) ratio of [PMMA (1.0 g L™ in THF)]/[dithranol (40 g L"! in THF)]/[sodium
trifluoroacetate (5.0 g L™! in THF)] was used, while a 1:5:1 (v/v) ratio of [PS (5.0 g L™! in THF)]/[dithranol

(10 g L™" in THF)]/[silver trifluoroacetate (2.0 g L' in THF)] was used.

4.2.3 Synthesis of N-Maltotriosyl-3-acetamido-1-propyne

MT (5.0 g, 9.91 mmol) and propargyl amine (12.9 g, 234 mmol) were added to a round-bottom
flask, and the mixture was stirred under a nitrogen atmosphere for 72 h. The excess of propargyl amine was
removed by co-evaporation with a mixed solvent of toluene and methanol (9/1 (v/v)). The obtained residue
was dissolved in a mixture of methanol (200 mL) and acetic anhydride (40 mL). After stirring at room
temperature for 48 h, the solvent and excess of acetic anhydride was removed by co-evaporation with a mixed
solvent of toluene and methanol (1/1 (v/v)). The obtained residue was freeze dried from its aqueous solution
to give HC=C-MT as a white solid (5.08 g). Yield: 90.2%. [a]p = + 126.0 (¢ 1.0, H,0). '"H NMR (400 MHz,
D»0): 6 5.54 and 5.09 (rotamers, 1H, H-1), 5.39-5.44 (m, 2H, H-1), 3.24-4.32 (m, 20H, H-2,-3,-4,-5,-6,-

NCH2-), 2.74 and 2.58 (t, 1H, rotamers, J = 2.3 Hz, J = 2.3 Hz, -CCH), 2.32 and 2.25 (s, 3H, -CH;). 3C
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NMR (100 MHz, D,0): & (ppm) 177.2 (-COCH3), 102.4 and 102.1 (C-1), 89.0 (C-1), 79.7, 79.4, 79.3, 79.1,
78.5, 75.9, 75.5, 75.3, 74.3, 74.1, 73.8, 72.8, and 71.9 (C-2,-3,-4,-5,-6,-CCH,-CCH), 63.2 and 63.0 (C-6),

41.7 (NCHz-), 23.8 (-CH3HH). HRMS (ESI-TOF) (m/z) Calcd. for [M+Na]*: 606.2004. Found: 606.2003.

4.2.4 Synthesis of PS-b-PMMA bearing A Mono/oligosaccharide at the w-Chain End.
Terminal-Selective Transesterification of PS-)-PMMA using 6-Azido-1-hexanol

The following is a typical terminal-selective transesterification procedure. Titanium isopropoxide
(Ti(OiPr)s; 155 pl, 529 umol), 6-azido-1-hexanol (981 uL, 7.05 mmol), and toluene (1.0 mL) were added to
a Schlenk flask under argon. The mixture was stirred at 80 °C for 1 h and then cooled with liquid nitrogen.
The solvent and the isopropanol generated from the Ti(OiPr)s were removed by evaporation. A solution of
S4M4 (1.50 g, 177 umol) in toluene (10.4 mL) was added to the flask. The mixture was stirred at 100 °C for
1 week and cooled with liquid nitrogen. THF and QuadraSil™ AP were added to the mixture, which was
subsequently stirred for 1 h. The mixture was passed through a short column with combined alumina and
silica gel. After removal of the solvent, the residue was dialyzed with a cellophane tube (Spectra/Por® 6
Membrane; MWCO: 1,000) in acetone and finally reprecipitated from THF solution into hexane to give
S4M4-N; as a white powder. Yield: 63.0%. My sec = 9,380 g mol™!, B = 1.03 (THF). 'H NMR (400 MHz,
CDCls): 67.32-6.26 (br, aromatic), 4.02 (m, 2H, —~CH>(CH>)sN3), 3.82-3.38 (br, -OCH;, PMMA), 3.29 (t,
J = 6.6 Hz, 2H, -CH,N3), 2.47 (br, w-terminal proton), 2.24—0.77 (br, main chain —~CH>C—, —CCHs,
—CH>CH—, -CH.CH—, PMMA, PS), 1.13 (d, J = 7.3 Hz, 2H, —CH>CH(CH3)(COO(CH2)sN3)). S6M3-N3
(Yield: 65.8%; My sec = 9,470 g mol™!, = 1.03 (THF); My,sec = 8,780 g mol ™!, B =1.07 (DMF)) and S3M6-
Ns (Yield: 45.0%; My sec = 9,590 g mol™!, D = 1.03 (THF); My sec = 8,640 g mol™!, ® = 1.07 (DMF)) were
prepared by following the above-described procedure.
Click Reaction of Azido-Functionalized PS-)-PMMA and  Ethynyl-Functionalized
Mono/oligosaccharides

The following is a typical click-reaction procedure (Procedure A). S4M4-N3 (300 mg, 35.3 pmol),
HC=C-MT (30.9 mg, 52.9 umol), and CuCl (10.5 mg, 106 pmol) were added to a Schlenk flask, and purged

with argon. PMDETA (44.3 uL, 212 umol) and DMF (5.0 mL) were added to the flask. The reaction mixture
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was stirred at room temperature for 24 h and then passed through a short column of silica gel with THF as
the eluent. The solvent was removed to give S4M4-MT as a white powder. Yield: 66.7%; My sec = 11,900 g
mol™!, D = 1.14 (DMF). '"H NMR (DMF-d»): & 8.25 (br, triazole methine), 7.49—6.41 (br, aromatic), 6.08,
5.85,5.72,5.62,5.21-5.11, 5.06, 5.00, 4.75, 4.66, 4.57—4.38 (sugar protons), 4.06 (br, “CH>(CHz2)sN3), 3.60
(br, —OCH3, PMMA), 2.28-0.80 (br, main chain -CH>,C—, —CCH3, -CH.CH—, —-CH>CH—-, PMMA, PS).
S4M4-MH (Yield: 64.6%; Mnsec = 16,400 g mol™!, B = 1.16 (DMF)), S4M4-Glec (Yield: 48.5%; Mnsec =
10,000 g mol™!, ® =1.12 (DMF)), S6M3-MT (Yield: 60.4%; Mnsec = 12,500 g mol !, D = 1.12 (DMF)), and
S3M6-MT (Yield: 70.0%; Mnsec = 12,300 g mol™!, D = 1.07 (DMF)) were prepared by following the above-

described procedure.

4.2.5 Synthesis of Poly(methyl methacrylate) bearing A Maltotriose at the w-Chain End
Anionic Polymerization of Methyl Methacrylate

The following is a typical procedure for the anionic polymerization of methyl methacrylate. sec-
Butyllithium (sec-BuLi; 0.98 mol L', 771 uL, 755 pumol), 1.1-diphenylethylene (DPE; 199 uL, 1.13 mmol),
and a solution of LiCl in hexane (1.0 mol L™!, 1.51 mL, 1.51 mmol) were sequentially added to THF (69.0
mL) at =78 °C, and the mixture was stirred for 30 min. Methyl methacrylate (MMA; 4.00 mL, 37.8 mmol)
was added to the mixture and polymerization was terminated after 1 h by the addition of a small amount of
methanol. The mixture was diluted with THF and passed through a short column of alumina. After removal
of the solvent, the crude product was dialyzed with a cellophane tube (Spectra/Por® 6 Membrane; MWCO:
1,000) in acetone and finally precipitated from THF solution into hexane to give M4 as white powder (Yield:
86.9%; Munvr = 4,170 g mol™!; M, sec = 4,860 g mol™!, D = 1.07 (THF)). 'H NMR (CDCls): & 7.32-7.08
(br, 10H, aromatic), 3.82—3.38 (br, ~OCHs), 2.49 (br, “CH(CH3)(COOCH3), 2.24—1.36 (br, main chain
—CH-C-), 1.36—0.77 (br, a—CHs), 1.13 (d, J = 6.7 Hz, 2H, -CH>CH(CH3)(COO(CH3)). M6 (Yield: 29.7%;
Muxmr = 6,340 g mol™!; My sec = 6,710 g mol™!, ® = 1.06 (THF)) was prepared by following the above-

described procedure.
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Terminal-Selective Transesterification of PMMA using 6-Azido-1-hexanol

Titanium isopropoxide (Ti(OiPr)s) (211 pL, 719 pmol), 6-azido-1-hexanol (1.33 mL, 9.59 mmol),
and toluene (1.0 mL) were added to a Schlenk flask under argon. The mixture was stirred at 80 °C for 1 h and
then cooled with liquid nitrogen. The solvent and the isopropanol generated from the Ti(OiPr)s were removed
by evaporation during return to room temperature. A solution of M4 (1.00 g, 240 umol) in toluene (12.8 mL)
was added and the mixture was stirred at 100 °C for 1 week and cooled with liquid nitrogen to terminate the
reaction. THF and QuadraSil™ AP were added to the mixture after which it was stirred for 1 h. The mixture
was passed through a short column with combined alumina and silica gel. After removal of the solvent, the
residue was dialyzed with a cellophane tube (Spectra/Por® 6 Membrane; MWCO: 1,000) in acetone and
finally reprecipitated from THF solution into hexane to give M4-N3 as white powder. Yield: 70.0%. My nmr
=4,350 g mol ™!, My sec = 4,920 g mol ™!, B = 1.06 (THF), M, sec = 4,480 g mol™!, B = 1.08 (DMF). 'H NMR
(400 MHz, CDCls): 67.25-7.08 (br, 10H, —C(Ph)2), 4.02 (m, 2H, “CH>(CH>)5N3), 3.60 (—OCH3, PMMA) ,
3.29 (t, J = 6.6 Hz, 2H, —CH:N3), 0.60—2.12 (br, main chain —CH,C—, —~CCH3), 0.59—0.52 (m, a-terminal
~CH3;, —CH,CHs). M6-N3 (Yield: 48.4%; My nmvr = 6,290 g mol™!; M, sec = 6,860 g mol™!, & = 1.04 (THF); ;
M sec = 5,910 gmol™!, D = 1.06 (DMF)) was prepared by following the above-described procedure.
Click Reaction of Azido-Functionalized PMMA and Ethynyl-Functionalized Maltotriose

The click reaction described in Procedure A was followed using M4-N3 (350 mg, 35.3 umol),
HC=C-MT (30.9 mg, 52.9 umol), CuCl (10.5 mg, 106 pmol), and PMDETA (44.3 pL, 212 umol) in DMF
(5.0 mL) to give M4-MT as white powder. Yield: 66.7 %; My sec = 8,690 gmol™!, ® = 1.19 (DMF). M6-MT
(Yield: 33.3 %; Mysec = 10,500 g mol™!, D = 1.17 (DMF)) was prepared by following the above-described

procedure.

4.2.6 Synthesis of Polystyrene bearing A Maltotriose at the w-Chain End
Atom Transfer Radical Polymerization of Styrene

CuBr (17.9 mg, 125 umol) was added to a round-bottom flask. The flask was sealed with a septum
and purged with argon. Degassed styrene (11.0 mL, 1.25 mmol), PMDETA (26.0 pL, 125 umol), and 1-PEBr

(169 pL, 125 umol) were sequentially added to the flask, and the reaction mixture was stirred at 110 °C for
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11 h. Polymerization was quenched by cooling with liquid nitrogen. The mixture was diluted with THF and
passed through a short column of silica gel to remove the copper complex. After removal of the solvent by
evaporation, the residue was reprecipitated three times from THF solution into methanol to give S5 as a white
powder. Yield: 27.3%. Mnnvr = 4,730 g mol™'; My sec = 3,930 g mol™!, P = 1.09 (THF). '"H NMR (CDCls)
07.32-6.26 (br, aromatic), 4.62—4.33 (br, 1H, ~CH,CH(Ph)Br), 2.15-1.69 (br, main chain —-CH,CH—, PS),
1.69—1.22 (br, main chain -CH>CH—, PS), 1.12—0.94 (br, 1H, CH3CH-). S3 (Yield: 12.0%; Mynwvr = 3,430
g mol™'; Mysec = 2,350 g mol™!, D = 1.14 (THF)) was prepared by following the above-described procedure.
End-Functionalization of Polystyrene using Sodium Azide

S5 (2.00 g, 423 pmol), NaN3 (137 mg, 2.11 mmol), and DMF (10.0 mL) were added to a round-
bottom flask. The reaction mixture was stirred at room temperature for 24 h. After the addition of water, the
mixture was extracted three times with diethyl ether. The combined organic layers were washed with water
and dried over MgSQOy4. The crude product was reprecipitated from THF solution into methanol to give S5-N3
as a white powder. Yield: 85.0%. Mnnvr = 4,940 g mol™'; My sec = 3,950 g mol™!, D = 1.07 (THF), My sec =
3,490 g mol!, ® = 1.08 (DMF). 'H NMR (CDCls) & 7.40-6.28 (br, aromatic), 4.05-3.82 (br, 1H,
—CH>CH(Ph)N3), 2.50—1.15 (br, main chain —CH,CH(Ph)-), 1.12-0.92 (br, 1H, CH3;CH(Ph)—). S3-N3
(Yield: 12.0%; Mnnwvr = 3,430 g mol™!; My sec = 2,430 g mol™!, D = 1.14 (THF); Mysec = 2,710 g mol™!, D
=1.07 (DMF)) was prepared by following the above-described procedure.
Click Reaction of Azido-Functionalized PMMA and Ethynyl-Functionalized Maltotriose

The click reaction described in Procedure A was followed using S5-N3 (300 mg, 35.3 umol),
HC=C-MT (30.9 mg, 52.9 umol, CuCl (10.5 mg, 106 umol), and PMDETA (44.3 pL, 212 pmol) in DMF
(5.0 mL) to give S5-MT as white powder. Yield: 66.7%; Mnsec = 5,160 g mol™!, ® = 1.10 (DMF). S3-MT
(Yield: 22.7%; Mysec = 4,760 g mol™!, B = 1.13 (DMF)) was prepared by following the above-described

procedure.

4.2.7 Small-Angle X-ray Scattering Experiments
Small-angle X-ray scattering (SAXS) experiments for bulk samples were performed on BL-6A

beamline of the Photon Factory of High Energy Accelerator Research Organization (KEK, Tsukuba, Japan).
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The X-ray wavelength and exposure time were 1.50 A (8.27 keV) and 60 s, respectively. A PILATUS3 IM
(Dectris Ltd., Switzerland) detector, with 981 x 1043 pixels at a pixel size of 172 x 172 um, and a counter
depth of 20 bits (1,048,576 counts), was used for data acquisition. The sample-to-detector distance was
calibrated using the scattering patterns of silver behenate (Nagara Science Co., Ltd., Japan). Bulk samples
for SAXS experiments were placed in 1.5-mm-diameter Lindemann glass capillaries (Hilgenderg, Germany)
and annealed under vacuum at 180 °C for 3 h. The SAXS data were acquired under ambient conditions, and
1D profiles were obtained as plots of scattering intensity as functions of scattering vector (g), where g =

(4n/2)sin(6/2) (A, wave length; 6, scattering angle).

4.2.8 Thin-Film Preparation

Polymer thin films for morphological analyses were prepared by spin-coating (2000 rpm, 60 s) a
2-wt% polymer solution in DMF onto Si (100) substrates with native oxide surfaces under ambient conditions.
The thin-film samples were thermally annealed at 180 °C for 3 h under reduced pressure. The film thickness

was measured by ellipsometry (JASCO M-5008S).

4.2.9 Atomic Force Microscopy Experiments.

Atomic force microscopy (AFM) was performed using a PicoPlus atomic force microscope and
operated in tapping mode using a silicon cantilever (NANOSENSORS™ PPP-NCH, NanoWorld AG,
Switzerland) with a resonance frequency of 330 kHz and a force constant of 42 N m!. Image data were

processed with Gwyddion software.

4.2.10 Grazing-Incidence SAXS Experiments.

Grazing incidence SAXS (GISAXS) experiments on the polymer thin films were performed at the
BL-6A beamline of KEK using 1.50 A (8.27 keV) X-ray radiation. The sample-to-detector distance was
calibrated using the scattering patterns of silver behenate (Nagara Science Co., Ltd., Japan). The GISAXS

profiles were acquired under ambient conditions for 20 s at a variety of incidence angles.
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4.3 Results and Discussion

4.3.1 Synthesis

PS-b-PMMAs bearing mono/oligosaccharides, i.e., maltoheptaose (MH), maltotriose (MT), and
glucose (Glc), at the PMMA chain ends (SM-MH, SM-MT, and SM-Glc, respectively) were synthesized by
chain-end functionalization followed by click chemistry, as shown in Scheme 4.1. Recently, Sawamoto ef al.
reported a novel end-functionalization strategy for chlorine-terminated PMMA, which is referred to as
“terminal-selective transesterification”.!* Titanium alkoxide transesterifies PMMA only at the w-terminal
MMA unit to give the w-chain-end-functionalized PMMA. Importantly, since terminal selectivity is mainly
due to differences in steric hindrance, the terminal-selective transesterification is expandable to BCP systems
bearing PMMA w-chain ends.

Transesterification was carried out on a PS-5-PMMA with a molecular weight of 8.50 kg mol™!
and a PS volume fraction (fs;) of 0.52 (S4M4) using the titanium alkoxide (Ti(OR)4) of 6-azido-1-hexanol in
toluene at 100 °C under an atmosphere of argon. Note that S, M, and the numbers in the polymer name refer
to PS, PMMA, and the molecular weight (kg mol™') of each block, respectively. Size-exclusion
chromatography (SEC) of the product revealed a narrow dispersity (P), even after the reaction, consistent
with a lack of side reactions, such as degradation and intermolecular coupling (Figure 4.1a). The FT-IR
spectrum of the product indicated that the azido group had been introduced into the PS-b-PMMA, as
evidenced by the new absorption peak at 2098 cm™! that corresponds to the azido stretching vibration (Figure
4.2). The '"H NMR spectrum displays minor signals at 4.02 and 3.29 ppm due to the methylene protons
adjacent to the ester and azido groups of the incorporated azidohexyl moiety, respectively (protons D and E
in Figure 4.3). In addition, the integration ratio of these signals reveals that transesterification proceeded in
almost quantitatively. Importantly, the minor signal due to the w-terminal proton of the main chain clearly
shifted from 2.49 to 2.47 ppm following reaction (proton C” in Figures 4.3), which indicates that the methyl
ester moiety of the w-terminal MMA unit had been replaced by the azidohexyl group. Additional
investigations using a PMMA homopolymer provided further evidence in support of the quantitative and -
terminal-selective transesterification reaction (see Chapter 3). Importantly, matrix-assisted laser

desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS) revealed that the modified
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PMMA does indeed possess an azidohexyl-ester group and that PMMA units with multiple azidohexyl-ester

groups did not form (Figure 4.4). Therefore, the author confirmed that a well-defined w-azido-functionalized

S4M4 (S4M4-N3) was produced.

(2) in THF

Mhsec = 8,780
P =1.03

(b) in DMF

Mhsec =11,900
P =114

S4M4-N3 S4M4-MT
Mhsec = 8,480 Mhsec = 7,760
b =1.03 b =1.08
S4M4 S4M4-N3
I | | ] 1 | | ] | |
14 15 16 17 18 16 18 20 22 24
elution time (min) elution time (min)

Figure 4.1. SEC traces of (a) S4M4-N3 (upper) and S4M4 (lower) (eluent, THF; flow rate, 1.0 mL min™")
and (b) S4M4-MT (upper) and S4M4-N3 (lower) (eluent, DMF containing 0.01 mol L™! LiCl; flow rate, 0.60

mL min ).

S4M4-MT

S4M4-N3

S4M4

R R e
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Figure 4.2. FT-IR spectra of S4M4-MT (upper), S4M4-N3 (middle), and S4M4 (lower).
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Figure 4.4. (a) MALDI-TOF mass spectra and (b) expected chemical structure of M4-N3 and M4.
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S4M4-N; was then click reacted with N-maltotriosyl-3-acetamido-1-propyne (HC=C-MT) to
produce an S4M4 bearing an MT moiety at the PMMA chain end (S4M4-MT). The click reaction was
performed in DMF at 40 °C under argon in the presence of the CuCI/PMDETA (N,N,N'.N”,N’-
pentamethyldiethylenetriamine) catalyst, with a slight excess of HC=C-MT with respect to the azido groups
of S4M4-N3. The SEC trace of the product following the reaction exhibited a peak that was shifted to higher
molecular weight compared to the starting material, while maintaining a narrow P (Figure 4.1). The peak at
2098 cm™! in the initial FT-IR spectrum, which is due to the azido group, was completely absent in the
spectrum of the product, while a new absorption peak at around 3400 cm ™, due to O-H stretching vibrations
of the MT moiety, appeared following the reaction (Figure 4.2). The 'H NMR spectrum of the product
revealed the proton signals that correspond to the PS, PMMA, and MT moieties (Figure 4.3). More
importantly, a signal attributable to the triazole proton was observed at 8.25 ppm (proton F in Figure 4.3),
confirming the successful formation of the triazole linkage between the PMMA and MT blocks to afford the
desired S4M4-MT. The click reactions of S4M4-N3 with N-maltoheptaosyl-3-acetamido-1-propyne (HC=C-
MH) and 1-propargyl-f-D-glucopyranoside (HC=C-Glc) were also performed under the same conditions to

yield S4M4-MH and S4M4-Gle, respectively.

Table 4.1. Properties of the synthesized polymers bearing mono/oligosaccharide at their w-chain ends

Polymer M gotat® Mo sec’ . c c
name (g mol™) (g mol™) v Jsi Sioa S
S4M4-MH 10,000 16,400 1.16 0.46 0.43 0.11
S4M4-MT 9,360 11,900 1.14 0.49 0.46 0.05
S4M4-Glc 9,040 10,000 1.12 0.51 0.47 0.02
S6M3-MT 10,100 12,500 1.12 0.65 0.30 0.05
S3IM6-MT 10,200 12,300 1.12 0.33 0.62 0.05
S5-MT 5,310 5,160 1.10 0.91 0.00 0.09
S3-MT 4,020 4,760 1.13 0.88 0.00 0.12
M6-MT 6,930 10,500 1.17 0.00 0.93 0.07
M4-MT 4,700 8,690 1.19 0.00 0.89 0.11

“Calculated as (M, of SM-N3, S-N3, and M-N3) + (M.W. of HC=C-MT). *Determined by SEC in DMF
(containing 0.01 mol L™! LiCl) using PS standards for SM-MT and S-MT, and PMMA standards for M-
MT. “Volume fractions (f) were calculated using dps = 1.05 g cm ™, dpmma = 1.18 g cm ™3, and damylose =
1.36 g cm™.
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SM-MTs with different compositions, namely S6M3-MT and S3M6-MT, were also prepared in
the same manner, starting from S6M3 (M, of PS-b-PMMA = 9.20 kg mol ™!, fs; = 0.68) and S3M6 (M, of PS-
b-PMMA = 9.20 kg mol ™, f5; = 0.35), respectively (Table 4.1). All prepared SM-MTs have comparable MT
volume fractions (faugar = 0.05). The author also synthesized PS and PMMA homopolymers bearing MT
moieties at their w-chain ends (S-MTs and M-MTs, respectively; Table 4.1) to gain a better understanding

of the microphase-separation behavior of the prepared BCP systems.

4.3.2 Microphase Separation in Bulk

Mono/oligosaccharide-terminated polymers, as well as the corresponding starting materials, were
investigated in their bulk states by the small angle X-ray scattering (SAXS) technique. The samples were
thermally annealed at 180 °C for 3 h and then rapidly quenched, after which their SAXS profiles were
acquired at room temperature. The author initially investigated the effect of the degree of polymerization of
the mono/oligosaccharide moiety on microphase separation. Figure 4.5a displays the SAXS profiles of a
series of S4M4 polymers with various mono/oligosaccharides at their PMMA chain ends (S4M4-MH, S4M4-
MT, and S4M4-Glc), as well as their precursors. The SAXS data for S4M4 and S4M4-Nj3 reveal completely
disordered states, as evidenced by a lack of characteristic scattering. However, the mono/oligosaccharide-
terminated S4M4s clearly exhibited scattering patterns consistent with microphase separation, which
indicates that the introduction of mono/oligosaccharide units significantly promotes microphase separation.
Although the weak scattering peak observed in the SAXS profile of S4M4-Gle suggested a slight
enhancement in segregation strength between the blocks for PS-5-PMMA with low N, Glc was unable to
induce a well-ordered microphase-separated structure. On the other hand, S4M4-MT exhibits a principle
scattering peak (¢*) together with higher-order scattering peaks that are related to a well-ordered microphase-
separated structure, indicating that the MT component strongly assists S4M4 microphase separation.
Although S4M4-MH also exhibits a characteristic scattering pattern due to microphase separation, the
broadness of the scattered peaks are suggestive of the lack of a long-range ordered structure. This unexpected

S4M4-MH result should be attributable to the following reasons: the strong aggregation of MH component
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decreased the whole chain mobility; the rigid nature of MH resulted in distorting the phase diagram; and
S4M4-MH may locate near the order-disorder phase boundary due to the increased volume fraction of the
PMMA-MH block.>'*!15 As a result, the author conclude that MT has suitable characteristics for inducing the
microphase separation of low-N PS-b-PMMA. To the best of the knowledge, this is the first experimental
report of an intrinsically completely disordered BCP forming a well-ordered morphology solely as a result of
the installation of a hydrophilic component at the chain end, and without any other chemical alterations. This
result can be ascribable to several reasons, such as the improvement in the segregation strength between the
PS and PMMA-saccharide blocks due to increased hydrophilicity of the PMMA-saccharide block, promotion
of interchain aggregation to form core-shell type structure by the intermolecular hydrogen bonding between
the saccharide segments, and enhancement of the self-attraction within the PMMA block via the hydrogen

bonding with the saccharides.
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Figure 4.5. SAXS profiles of (a) S4M4-MH, S4M4-MT, S4M4-Glc, (b) S6M3-MT, and (c) S3M6-MT,
and the corresponding SM-N3s and PS-b-PMMAs. The profiles of all bulk samples were acquired at room

temperature after thermal annealing at 180 °C for 3 h.

The author next further investigated the impact of the MT moiety on microphase separation by
examining a series of SM-MTs of different composition (S6M3-MT, S4M4-MT, and S3M6-MT). The
SAXS profile of S6M3-MT exhibits a characteristic scattering pattern attributable to microphase separation,

while those of the corresponding precursors, S6M3 and S6M3-Nj, reveal the absence of microphase-
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separated structures (Figure 4.5b). In addition to the principal scattering peak (¢*) observed at a value of
0.616 nm™', higher-order scattering peaks appeared at ¢/q* = V2, V3, V4, V5, V6, and V7, which correspond
to a body-centered cubic (BCC) phase. The domain spacing (dsaxs) was calculated to be 10.2 nm based on
the relationship: dsaxs = 27/g*, which corresponds to the (110) lattice spacing of BCC. The spherical
microdomain should be a composite of PMMA and MT blocks because the PS blocks have significantly
greater volumes than the remaining blocks, and the volume fraction of the MT (fsugar) itself is insufficient for
microdomain formation. The spherical radius (Rs) of the BCC was calculated to be 5.0 nm by the relationship:
Rs = [3(fommatfrugar)dsaxs®/(N8m)] 2.

S4M4-MT, with a comparable fugear to S6M3-MT, was expected to form a lamellar (LAM)
structure because of the symmetric PS- and PMMA-MT-block volume fractions. However, contrary to our
expectations, the SAXS profile of S4M4-MT exhibits a scattering pattern characterized by peak positions at
qlg* =1, V3, V4, N7, and V9 that correspond to a hexagonally close-packed cylinder (HEX) (Figure 4.5a).
Given that the microdomain shifted from BCC for S6M3-MT to HEX for S4M4-MT in response to an
increase in the PMMA volume fraction (fpmma), the cylindrical microdomain of S4M4-MT should be
composed of PMMA and MT segments. If the microphase-separation behavior of S4M4-MT is governed by
the phase diagram of a typical diblock copolymer, a LAM structure should be generated because of the
volume-fraction symmetries of the PS and MT-terminated PMMA blocks. The strong aggregation of MT
results in an increase in the packing density of the PMMA-MT domain and a decrease in its effective volume
fraction, which leads to the formation of HEX, but not LAM. The dsaxs was calculated to be 11.3 nm from
the ¢* value of 0.555 nm™!, where the dsaxs of HEX corresponds to the (100) lattice spacing. The cylinder
radius (Rc) was calculated to be 4.9 nm using the relationship: Rc = [(4/3)"?(fommatfur)dsaxs>/]"2. Hence,
the author successfully produced a markedly small periodic structure using PS-b-PMMA with only minor
chain-end modifications.

A principal scattering peak due to microphase separation was observed in the SAXS profile of
S3M6-MT; however, the morphology could not be determined owing to a lack of higher-order scattering
peaks (Figure 4.5¢), which is ascribable to the insufficient ability of MT to enhance the hydrophilicity of the

relatively large PMMA block.
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Overall, these results indicate that terminal MT moieties at the PMMA chain ends of SM-MTs
lead to enhanced segregation strength between the PS and PMMA blocks, which contributes to microphase
separation even in the low N region. It should be noted that microphase-separated structures with such small
domain spacings are particularly beneficial for 10-nm-scale nanofabrication purposes using BCPs as
nanotemplates.

To confirm the importance of installing an oligosaccharide at the chain end, the author studied
blended samples of PS-b-PMMA and MT by SAXS. The blended samples were prepared by dissolving PS-
b-PMMA and MT in DMF at the same weight ratio as the corresponding SM-MTs, followed by removal of
the solvent and thermal annealing under the same conditions as described above. The SAXS profiles of the
blended samples exhibited featureless scattering similar to those of the corresponding PS-6-PMMAs (Figure
4.6), which suggests that free oligosaccharide molecules segregate from the polymer phase to facilitate
macrophase separation. Therefore, tethering the oligosaccharide and PMMA segments is an essential

structural requirement for producing microphase-separated structures from low-N PS-6-PMMAs.
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Figure 4.6. SAXS profiles of MT-blended PS-6-PMMAs and the corresponding PS-b-PMMAs. All blended
samples were prepared by blending in DMF followed by drying under reduced pressure at 180 °C for 3 h.

The SAXS profiles were acquired at room temperature.
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In addition, the author investigated the bulk morphologies of PS and PMMA homopolymers with
MT segments at their chain ends (S-MTs and M-MTs, respectively) by SAXS to gain further insight into the
microphase-separation behavior of the SM-MTs. The bulk S-MT and M-MT samples were prepared using
the same process described for the preparation of the SM-MTs. Interestingly, the SAXS profiles of S-MTs
with PS molecular weights of 3.4 and 4.7 kg mol™! (S3-MT and S5-MT, respectively) clearly exhibit
scattering patterns that correspond to BCC phases (Figure 4.7). Although M-MTs with PMMA molecular
weights of 4.1 and 6.3 kg mol™! (M4-MT and M6-MT, respectively) exhibit scattering due to microphase
separation, the broadness of the scattering peaks suggest a lack of well-ordered microphase-separated
structures. These results reveal that the PS block is strongly incompatible with the MT moiety, and that the
segregation strength between PMMA and MT is insufficient to drive well-ordered microphase separation.
This further supports the hypothesis that the microdomains in the microphase-separated S6M3-MT and
S4M4-MT are composed of PMMA and MT; the PMMA blocks and MT moieties are possibly weakly

segregated in the microdomain (Figure 4.8).
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Figure 4.7. SAXS profiles of the S-MTs and M-MTs. Profiles of all bulk samples were acquired at room
temperature after thermal annealing at 180 °C for 3 h.
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PS I/natrix

microdomain

Figure 4.8. Schematic illustration of plausible chain packing structure in a SM-MT microdomain.

4.3.3 Microphase Separation in Thin Film

The author next subjected thin films of S6M3-MT and S4M4-MT to atomic force microscopy
(AFM) to visualize their surface morphologies. The thin films were prepared by spin coating 2.0-wt% DMF
solutions onto silicon substrates and subsequent thermal annealing at 180 °C for 3 h. The thin film thicknesses
are 43 and 44 nm for S6M3-MT and S4M4-MT, respectively. The AFM phase image of S6M3-MT displays
circular microdomains that appear to be arranged on a distorted hexagonal lattice that corresponds to the (110)
plane of BCC (Figure 4.8a).!°"!8 The intersphere distance (ds-s.arm) was determined to be 10.2 nm from the
fast Fourier transform (FFT) image, which is similar to the dsaxs value. The AFM phase image of S4M4-MT
exhibits a fingerprint-like pattern that corresponds to the horizontal HEX structure (Figure 4.8b). The
intercylinder distance (dc-c,arm) Was determined to be 12.9 nm from the FFT image, which is consistent with

the value calculated from the SAXS profile of the bulk material (dc-c.saxs = 2/\3dsaxs = 13.0 nm).
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Figure 4.8. Morphological analyses of (a, ¢) S6M3-MT and (b, d) S4M4-MT thin films after thermal
annealing at 180 °C for 3 h. (a, b) AFM phase images are displayed along with the corresponding FFT images.
GISAXS patterns were acquired at a; values of (¢) 0.20° and (d) 0.15°. “R” and “T” refer to scatterings due

to reflected and transmitted beams, respectively.

Grazing-incidence small-angle X-ray scattering (GISAXS) experiments were performed to further
examine the morphologies inside the thin-film samples employed in the AFM experiments. The GISAXS
data were acquired at several different incident angles (a;s) to identify horizontally oriented component. The
GISAXS image of S6M3-MT showed several scattering patterns splitting into reflected and transmitted ones
at the a; of 0.20° (Figures 4.8c) while the scattering patterns without the splitting were observed at the a; of

0.15°. Note that the scattering spots marked by “T” and “R” represent the transmitted and reflected scatterings,

respectively. The relative scattering vector lengths of R(011), R(020), and R(121) were found to be 1, V2,
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and 3, respectively, from the specular reflection position, suggesting that a BCC lattice had formed in the
(110) plane parallel to the substrate, which supports the hexagonal packing observed by AFM. The d value
was calculated to be 10.5 nm from the principal peak position observed at as= 0.539 and 26;= 0.730, which
corresponds to the (110) plane.'®!2! The GISAXS pattern of S4M4-MT exhibited five sets of splitting
scatterings at the a; of 0.15° (Figures 4.8d) while the unsplitting scatterings were observed at the a; of 0.10°.
The relative scattering vector lengths of R{10}, R{11}, R{20}, and R{12} were found to be 1, 3, V4, and
\7, respectively, from the specular reflection position, consistent with a HEX lattice in which the {10} plane
of the cylindrical microdomain is oriented parallel to the substrate. The d value was determined to be 11.1
nm from the scattering position due to the {10} plane, which is in good agreement with the {10} spacing
(darm) calculated from de-c apm (darm = V3/2dc-c.arv = 11.2 nm). Hence, the author confirmed that S6M3-
MT and S4M4-MT formed extremely small well-ordered patterns even in their thin-film states due to the

contributions of the incorporated MT.
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4.4 Conclusion

In summary, the author demonstrated that the incorporation of an oligosaccharide at the PMMA
chain end is a facile and efficient modification technique for controlling the microphase-separation behavior
of PS-b-PMMA. The terminal-selective transesterification demonstrated in this chapter is an extremely
valuable tool for the introduction of an azido group at the PMMA chain end of PS-b-PMMA and facilitates
further modification with a wide range of functional molecules through the use of click chemistry. The
incorporation of a suitable oligosaccharide at the chain end induces a low-N PS-5-PMMA microphase
separation with a sub-10-nm domain spacing; notably, the classical PS-6-PMMA is completely disordered
prior to modification. This remarkable microphase-separation enhancement is attributed to the presence of
the densely-integrated hydroxyl groups of the oligosaccharide segment. The strong aggregation of
oligosaccharides at the chain ends contributes to a shift in the phase diagram of the diblock copolymer. The
present strategy provides opportunities for PS-6-PMMA to form 10-nm-scale patternings that would lead to

the development of further nanofabrication applications in light of their practical advantages.
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Chapter 5

In this dissertation, the author proposed the ester-amide exchange reaction and terminal-selective
transesterification as facile and efficient postpolymerization modification strategies of polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA) to enable the microphase separation with a sub-20-nm-scale
domain spacing. The ester-amide exchange reaction was utilized to convert a tiny amount of the methacrylates
in the PMMA block into the methacrylamide units. The terminal-selective transesterification was performed
to incorporate various functional groups into the w-chain end of the PS-b-PMMA.. These postpolymerization
modifications produced a series of PS-5-PMMAs with different side-chain and chain-end structures without
any change in the degree of polymerization and dispersity, allowing one to extract the pure effect of these
structures on the microphase-separation behaviors. A summary of the important achievements and findings

in the present study is as follows:

Chapter 2 “Ester-Amide Exchange Reaction of Polystyrene-block-Poly(methyl methacrylate) for Achieving
Sub-10 nm Feature Size”

The syntheses of the PS-6-PMMA derivatives having a series of methacrylamide units in the
PMMA blocks were achieved by the ester-amide exchange reactions of PS-b-PMMA using various amines.
Such PS-b6-PMMA derivatives successfully formed microphase-separated structures with extremely small
domain spacings unachievable by the bare PS-b-PMMA because of the presence of a tiny amount of the amide
protons as well as hydroxy groups. Although several researchers designed the block copolymer (BCP)
systems enabling the formation of the extremely small microphase-separated structures by using highly
hydrophobic or hydrophilic segments, these BCPs suffer from practical disadvantages, such as complicated
synthetic routes and high cost of the monomers. The side-chain modification strategy proposed in this chapter
is a facile and efficient way to prepare BCP systems having a strong incompatibility from readily available
BCP, i.e., PS-b-PMMA. In addition, the prepared PS-6-PMMA derivatives can be applied to the established

standard nanofabrication process used for the bare PS-5-PMMA, thus demonstrating their practical utility.
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Chapter 3 Terminal-selective Transesterification of Polystyrene-block-Poly(methyl methacrylate) for Chain
End Modification

The chain-end modifications of the PMMA and PS-6-PMMA were accomplished by the terminal-
selective transesterification. The terminal methacrylate unit in PMMA and PS-b-PMMA was selectively and
efficiently transesterified in the presence of the alcohols and the corresponding titanium alkoxides. In this
reaction system, various alcohols having hydrophobic, hydrophilic, and reactive functional groups can be
used to synthesize a series of chain-end functionalized PMMAs and PS-b-PMMAs. The incorporation of the
reactive functional groups into the polymer chain end of the unliving polymer is significantly important from
the polymer synthesis point of view because it allows polymers to undergo a further chain-end modification.
In addition, the author found that the hydroxy-functionalized polymers, i.e., the poly(ethylene glycol)
monomethyl ether, can also be applied to the reaction system to incorporate a polymer segment into the
PMMA-chain end. The chain-end modification strategy established in this chapter provides a wide array of
BCP systems with various chain-end structures and used as a novel synthetic approach for the PMMA-based
BCPs. In addition, this strategy enables the investigation of the pure effect of the chain-end structure on the

microphase-separation behaviors.

Chapter 4 Chain-End Functionalization with a Saccharide for 10-nm Microphase Separation: “Classical”
PS-b-PMMA versus PS-b-PMMA-Saccharide

A series of PS-b-PMMA s having an oligosaccharide at the PMMA-chain end was synthesized by
the terminal-selective transesterification with the azido-functionalized alcohol followed by the click reaction
using the ethynyl-functionalized oligosaccharides. This novel BCP design that incorporates the
oligosaccharide into the PMMA-chain end induces the microphase separation even in the low-molecular-
weight region, producing extremely small nanostructures. The strong aggregation of the oligosaccharide at
the chain end significantly affects the microphase-separation behavior of PS-6-PMMA, enabling the
morphological fine-tuning. The proposed chain-end modification using an oligosaccharide is a powerful tool
to fabricate the microphase-separated structures with a 10-nm-scale domain spacing from the readily-

available PS-b-PMMA.
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In conclusion, the author established the postpolymerization modification strategies enabling the
PS-b-PMMA to form microphase-separated structures with a 10-nm-scale domain spacing. The findings
obtained in the present study provide an insight into the BCP design for increasing the incompatibility
between the blocks while keeping the original polymer backbones. Especially, the incorporation of the
hydrophilic moieties into the side chain and chain end of the PMMA block was proved to be a powerful tool
for increasing the incompatibility between the blocks, leading to the microphase separation in the low-
molecular-weight-region. The PS-b-PMMA derivatives prepared in this dissertation are amenable to the
established nanofabrication process using the bare PS-5>-PMMA because they retain the original polymer
backbone. Therefore, the author believes that the results obtained from the present study offer a better
guidance to the fabrication of the extremely small nanostructures from the industrially-useful BCP, PS-b-

PMMA, which leads to further development of the nanotechnologies based on the BCP microphase separation.
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