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Abstract

Materials Design for Block Copolymer Lithography

Daniel Patrick Sweat

Under the supervision of Professor Padma Gopalan

at the University of Wisconsin-Madison

Block copolymers (BCPs) have attracted a great deal of scientific and technological interest
due to their ability to spontaneously self-assemble into dense periodic nanostructures with a typical
length scale of 5 to 50 nm. The use of self-assembled BCP thin-films as templates to form
nanopatterns over large-area is referred to as BCP lithography. Directed self-assembly of BCPs is
now viewed as a viable candidate for sub-20 nm lithography by the semiconductor industry.
However, there are multiple aspects of assembly and materials design that need to be addressed in
order for BCP lithography to be successful. These include substrate modification with polymer
brushes or mats, tailoring of the block copolymer chemistry, understanding thin-film assembly and

developing epitaxial like methods to control long range alignment.

The rational design, synthesis and self-assembly of block copolymers with large interaction
parameters (y) is described in the first part of this dissertation. Two main blocks were chosen for
introducing polarity into the BCP system, namely poly(4-hydroxystyrene) and poly(2-

vinylpyridine). Each of these blocks are capable of ligating Lewis acids which can increase the



etch contrast between the blocks allowing for facile pattern transfer to the underlying substrate.
These BCPs were synthesized by living anionic polymerization and showed excellent control over

molecular weight and dispersity, providing access to sub 5-nm domain sizes.

Polymer brushes consist of a polymer chain with one end tethered to the surface and have
wide applicability in tuning surface energy, forming responsive surfaces and increasing
biocompatibility. In the second part of the dissertation, we present a universal method to grow
dense polymer brushes on a wide range of substrates and combine this chemistry with BCP
assembly to fabricate nanopatterned polymer brushes. This is the first demonstration of introducing
additional functionality into a BCP directing layer and opens up a wide slew of applications from

directed self-assembly to biomaterial engineering.
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Chapter 1. Introduction: Self-Assembly of Block

Copolymers and Polymer Brushes

Since the proposal by Hermann Staudinger in the early 1920s on the existence of
macromolecules or polymers, the ensuing rise of synthetically derived polymeric materials has
undeniably influenced civilization in the past century. From commodity polymers such as
polyethylene which comprise a vast array of consumer goods to specialty polymers used in
photolithographic processing, these materials all derive their properties from the multitude of
repeat units from which they are made. As with most organic (carbon-based) materials, these
properties can be tuned to an almost infinite degree through variation of the repeat unit structure.
Polymers also display broadly different properties depending on their architecture from linear
homopolymers all the way to star copolymers. This ability to tune properties through monomer
structure and synthetic technique allows the incorporation of desired functionality into existing
systems while preserving the beneficial properties of that system. In this way, it is possible to
create a variety of materials for various applications which can aid in solving issues faced in fields
as diverse as nanotechnology and cell biology. Some outstanding challenges in the field of
nanotechnology consist of scaling down feature sizes for nanolithography to increase transistor
count in accord with Moore’s Law,! which involves both materials design and processing
challenges. With that in mind, more detailed background is provided on several of these subjects

in the following sections.



1.1. Self-Assembly of Block Copolymers in Bulk and Thin Film

Self-assembly of block copolymer materials (BCPs) in bulk? and the subsequent translation
of these ordered domains into thin-films* 4 has emerged as a powerful method for creating
functional nanostructures and templates for various applications. BCPs consist of two or more
chemically distinct polymer chains which are covalently linked to each other. In spite of being
chemically distinct, they cannot macrophase separate as in a blend of homopolymers and instead
self-assemble into dense periodic nanostructures on a typical length scale from 5-50 nm. The self-
assembly of the most commonly used diblock copolymers such as poly(styrene-b-methyl
methacrylate) [P(S-b-MMA)],>° poly(styrene-b-ethylene oxide) [P(S-b-PEO)],%* poly(styrene-
b-4-vinylpyridine) [P(S-b-4VP)]**® and poly(styrene-b-dimethylsiloxane) [P(S-b-DMS)]??* is
well studied in bulk and to some extent in thin films. The most important parameters that govern
the bulk self-assembly or microphase separation are the degree of polymerization (N) of each
block, the relative volume fraction (fa = 1 —fg) and the Flory-Huggins interaction parameter (y ag).
The final morphology results from a compromise between the enthalpic and entropic factors of the

two blocks (Figure 1.1.).

As the size of the domains scale with N?3, N must be lowered to access smaller domain
sizes as desired in nanolithography. However, yasN must be greater than or equal to 10.5 in order
to self-assemble which sets a lower limit on N for any given BCP system. Typically yas shows
both an enthalpic and entropic contribution. The enthalpic contribution is more easily estimated
through differences in polarity and can be used for the design of BCPs with a high yas and will be

discussed in the following sections.
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Figure 1.1. (a) Phase diagram of A-b-B diblock copolymer showing the transition from disordered
(DIS) to ordered nanostructures. Phases are labeled: closed packed spheres (CPS), cylinders (C),
hexagonally packed cylinders (H), lamellar (L), Qimsm (BCC spheres) and Qiazd (Bicontinuous

cubic).? (b) Schematic representation of microstructures formed at varying fa.?®

1.1.1. Synthesis of Block Copolymers

BCPs can be synthesized in a variety of different ways including living anionic
polymerization, living cationic polymerization, group transfer polymerization, ring-opening
metathesis polymerization and controlled radical polymerization (CRP).2® The most easily applied
techniques are the various CRP methods that have been developed such as nitroxide-mediated
polymerization (NMP),?” atom-transfer radical polymerization (ATRP) and its derivatives,?® and
reversible addition-fragmentation chain-transfer (RAFT) polymerization.?® These CRP
methodologies broadly rely on increasing the polymerizing radical lifetime through either a
reversibly trapped intermediate or a stabilized radical. Due to the radical-based mechanism, CRP
displays a vastly increased monomer scope in comparison to other polymerization mechanisms.*
Despite the success of CRP in the past 15 years, the resulting BCPs typically display broader

dispersity (B = Mw/M,) than those derived from living anionic polymerization.® Anionic



polymerization also benefits from quantitative conversions enabling facile control over molecular
weight and rapid kinetics which simplifies the synthesis of BCPs.*? As an illustrative example, the
synthesis of P(S-b-MMA) by three different methods (RAFT, ATRP and anionic) is given in

Figure 1.2.
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Figure 1.2. Synthetic schemes for the formation of P(S-b-MMA\) by (a) RAFT, (b) ATRP and (c)

Br(Cl)

living anionic polymerization. Note the reversed order of block formation for the radical methods

from anionic polymerization.® 3% 34

While there is currently interest in the community on the use of BCPs with broader
dispersity for self-assembly,®-% having a BCP with narrow dispersity still has its advantages in
using well-established theories in the field to fully understand the thermodynamic factors driving
self-assembly. The main drawbacks to anionic polymerization are the stringent conditions
necessary during the synthesis (water and oxygen must be rigorously excluded) and the relatively

limited monomer scope (e.g. styrenes, dienes, vinylpyridines and methacrylates) due to the need



for carbanion stabilization.?® Due to the previously mentioned benefits of anionic polymerization,

expanding the monomer scope is also a worthwhile endeavor.

Traditional living anionic polymerization was introduced by Szwarc in 1956 using styrene
in tetrahydrofuran (THF), initiated by the complex of sodium and naphthalene.*® Living anionic
polymerization has no formal termination step in the mechanism meaning that absent inadvertent
or deliberate termination, the chain end anion persists and will react with monomer. In order for
the polymerization to proceed in a controlled manner, the rate of initiation should be faster than
the rate of propagation so that all chains are started at the same time. The solvent and initiator used
affect the relative rates greatly with hydrocarbon solvents generally showing slower rates of
initiation and propagation relative to polar solvents such as THF.*! Polar monomers have generally
been an issue for anionic polymerization due to their propensity for side reactions which cause
termination of the chain end. While using THF at -78 °C slows down the rate of most side reactions,
it was the introduction of additives and capping agents which allowed the controlled
polymerization of polar monomers such as vinylpyridines and methacrylates.*?** Lithium chloride
has proven invaluable in preventing back-biting reactions during the polymerization of
methacrylates and also aids in preventing side reactions during vinylpyridine polymerization. 1,1-
diphenylethylene is a sterically hindered alkene which cannot homopolymerize, thus it can be used
in excess to quantitatively cap a reactive chain end, generating a bulky anion which prefers
conjugate addition rather than direct addition to polar monomers. These techniques have
broadened the scope of anionic polymerization considerably beyond the first demonstrations with

styrene and dienes.



1.1.2. High y Block Copolymers

Typically, the product xasN determines if the segregation tendency is weak, intermediate
or strong. The strong segregation limit (SSL) is defined as yasN tending to oo, the intermediate
segregation region (ISR) as 10 < yasN < 50% and weak-segregation limit (WSL) as yasN ~10.
Well established mean field theories posit that BCPs will not self-assemble below yasN = 10.5.%
47 If we consider the simplest of these BCPs, namely P(S-b-MMA), the magnitude of interaction
1B between the blocks is low (0.038 at 373 K),*® hence self-assembly of symmetric compositions
with molecular weights less than 28 kg/mol has not been demonstrated by thermal annealing.
Oddly, yas for P(S-b-MMA) shows only a slight dependence on temperature (yae = 0.0294
+3.2/T).® This behavior is anomalous in many respects due to the large positive entropic
contributions to the free energy of mixing. If the second block is changed from PMMA to PEO,
Pl, P4AVP or PDMS, yag steadily increases. The increasing unfavorable interaction between the

blocks can reduce the self-assembled domain sizes to approximately 5 nm.°

For a rough approximation of polarity, solubility parameters can be useful as they have
been tabulated for a broad range of homopolymers (Table 1.1). In the traditional Flory-Huggins
solution theory, there is a direct correlation between y and the solubility parameter,*® however this
equation only accounts for the enthalpic contributions. For macromolecules, the entropic factors
also come into play which can have unanticipated effects on the segregation strength between
blocks.® Nevertheless, solubility parameters can be used as a rough guide to estimate yas. For
example, the solubility parameters for polystyrene, poly(dimethylsiloxane) (PDMS) and poly(2-
vinylpyridine) (P2VP) are 18.5, 14.9 and 20.6 (J/cm®)Y?, respectively. Compared to P(S-b-MMA),
both P(S-b-DMS) and P(S-b-2VP) exhibit much larger yas, 0.26 and 0.18, respectively.?® 5!

Further exemplifying this methodology, P(2VP-b-DMS) demonstrates an even larger yas,



estimated at 0.4.°% Thus, barring unusual enthalpic interactions such as hydrogen bonding, the

magnitude of yas tracks well with the difference in solubility parameters.

Table 1.1 List of solubility parameters®® > for selected polymers from the literature.

Polymer 8 (J/cm?®)12

poly(tetra-fluoroethylene) 12.7

poly(dimethylsiloxane) 14.9
poly(butadiene) 16.2
poly(isoprene) 16.6
poly(styrene) 18.5
poly(ethylene oxide) 20.2
poly(2-vinylpyridine) 20.6

poly(4-hydroxystyrene) 24.55

An important factor to consider during BCP self-assembly is the yag between the two
blocks which determines both the minimum N necessary for formation of an ordered phase and
also the interfacial width according to & ~ 2a/(6y)*? which is crucial for achieving a low line-edge
roughness.*” % yag often takes the expression ¥(T) = A/T + B where A encompasses the enthalpic
contribution to the free energy of mixing and B the entropic contribution. As yas is inversely
related to temperature and a BCP requires a yagN greater than 10.5 to self-assemble, elevated
temperatures can cause a BCP to go through the order-to-disorder transition (ODT) which can
affect control over the long range order of the domains.®® A high yas offers several advantages in
terms of achieving small domain sizes, sharpening the interfacial width of the domains and

increasing the distance from the ODT of the BCP.



In order to achieve a high yas, some design guidelines can be used to not only achieve
small dimensions in bulk and thin-film self-assembly but also engineer in other pre-selected
properties. Primarily, the polymer needs to have a high effective interaction parameter in order to
reach domain sizes in the sub 5-nm regime. Ideally, the BCP synthesis should be facile, high
yielding with controlled molecular weights and dispersity and preferably from commercially
available monomers. Scale-up is facilitated if processing of the material can be accomplished using
straightforward techniques such as thermal annealing on a hot plate.>” As small domain sizes
generally necessitate thinner films to provide uniform surfaces, a high bulk Tg is useful for
maintaining domain integrity. In addition, the degradation temperature should be sufficiently high
above the Ty that there is headroom for thermal processing. In order to successfully transfer the
pattern from the BCP to the substrate, either intrinsic etch contrast is required or the proper
functional groups present in the BCP to increase the etch contrast through seeding techniques.
BCPs which have limited intrinsic etch contrast (e.g. P(S-b-2VP)) can be seeded with metal ions
to yield metallic nanostructures upon plasma treatment either through a solution deposition or a

vapor-phase deposition.®8 %

1.1.3. Thin-film Self-Assembly

The process of self-assembling a BCP thin film on a substrate and transferring the pattern
to the underlying substrate by a subtractive or additive method is known as BCP lithography
(Figure 1.3).5% 6061 A5 BCPs self-assemble into dense periodic nanostructures on a length scale
between 5 and 50 nm, they are prime candidates to serve as ordered templates for bottom-up
patterning as well as growth of nanomaterials. BCP lithography offers both cost and processing
advantages over current photolithography. First, BCPs self-assemble into sub 20-nm domain sizes

through a thermodynamically driven process, forming densely packed nanostructures which is an



area where photolithography struggles to realize dense line/space or hole patterns.t? ¢ While the
semiconductor industry has developed techniques to overcome this limitation (e.g. multiple
patterning), introducing extra steps into the patterning process increases cost and lowers the
ultimate yield. The second benefit of BCP lithography is that it is a bottom-up self-assembly
process without the requirement of expensive photolithography equipment and is inherently
scalable due to the nature of the process. Self-assembly can be performed simply by spin-coating
the BCP on a Si wafer and heating the substrate on a hot plate, for example. A third benefit of
using BCPs for nanolithography is that the interface between the domains is sharp, thus reducing
line-edge roughness which increases in importance as the overall feature size decreases, though
there is an eventual physical limit to the feature size defined by the interface length.®* Importantly,
BCP lithography is also compatible with currently used semiconductor processing techniques such

as spin-coating and baking.®®
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Figure 1.3. Typical process flow for the transfer of the BCP pattern to the underlying substrate

through a subtractive process® for P(S-b-MMA) (scale bars are 200 nm).
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1.2. Polymer Brushes

Polymer brushes are coatings which consist of polymer chains tethered to the surface by
one chain end.®” Due to the steric crowding of the polymer chains in close proximity, they adopt a
stretched conformation which changes their fundamental properties compared to bulk polymers.
Polymer brushes are highly effective at tuning the surface energy of surfaces to which they are
attached. The lack of chain entanglement means that the brushes display rapid response to changes
in their environment including solvent,®®"* pH, ion concentration,’?"" and temperature.’”®%® In
addition, polymer brushes have found wide applications in nonbiofouling®®" and cell adhesive

surfaces.88-0

There are two general methods to create polymer brushes, grafting to and grafting from
(Figure 1.4). Grafting to involves preferential interaction of the polymer or part of the polymer
with the surface which is known as physisorption (Figure 1.4a).6” Alternatively, a defined end-
group can react with the surface to form a bond which is known as chemisorption (Figure 1.4b).
Grafting to offers some advantages in that the polymers being grafted can be thoroughly
characterized for their molecular weight and composition before attachment and it is
experimentally straightforward. However, the technique suffers from slow grafting Kinetics,
limited chain density and limitations on overall film thickness. As chains graft to the surface, their
steric bulk prevents other chains from diffusing to the surface, limiting the ultimate chain density
on the surface. The grafting from technique overcomes some of those disadvantages by growing
the polymer brushes directly from initiators immobilized on the surface. Grafting from can be
accomplished by a variety of different polymerization techniques including anionic,% 2
cationic,® % ring-opening,® ° ring-opening metathesis polymerization®”:*® and conventional free

radical polymerization.®® 1% However, controlled radical polymerizations have largely become the
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workhorse in polymer grafting due to their broad monomer scope, easily tuned polymerization
conditions and excellent control over the polymerization. Grafting from allows for control over

the rate of brush growth and the thickness of the film.

()
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Figure 1.4. Methods of forming polymer brushes by grafting to and grafting from. (a) and (b)
demonstrate the two different grafting to methods, while (c) shows the general scheme for grafting

from.%’

Another parameter which is of importance in brush characterization is the chain density or
number of polymer chains in a given area. As the distance between grafting points becomes short
relative to the polymer radius of gyration (Rg), steric crowding forces the chains to become
extended which is what provides some of the unique properties of a brush.'®* Accordingly, the
density of initiating sites immobilized on the substrate is important to characterize in order to
achieve a brush of high chain density. “High” chain density is also a relative term as each unique
polymer will have a different maximum possible chain density. Therefore, a repeat unit with a
longer side-chain (e.g. poly(ethylene glycol) monomethyl ether methacrylate) will have a lower
maximum chain density than methyl methacrylate and will enter the dense brush regime at lower

chain densities.

Surface-initiated atom transfer radical polymerization (SI-ATRP) is a widely used
technique for the growth of polymer brushes from substrates due to the wide scope of functionality
in the monomer, ease of initiator immobilization on a variety of substrates and experimental

conditions that can be tuned.!®> Control in SI-ATRP derives from several factors including the
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ratio of Cu' to Cu'"!, the ligand, the initiating group, the halide and the solvent.1 The initiator is
typically immobilized on the surface using a self-assembled monolayer (SAM) such as
alkanethiols for gold surfaces!® or silyl chlorides!® for silicon surfaces. SAMs have some
drawbacks in their lack of substrate independence necessitating the use of a new system for every

new substrate material and typically have limited stability.’

1.2.1. Application of Polymer Brushes to Block Copolymer Lithography

A general application of polymer brushes is to create a homogenous energetically non-
preferential substrate to control the domain orientation of block copolymers in thin film. Control
over the domain orientation is one of the most important criterions for using BCPs in thin film as
templates.’®® P(S-b-MMA) is the most widely used BCP for lithographic purposes due to the
similar surface energy of the domains and the selective removal of the PMMA block by UV-
etching. The domain orientation of P(S-b-MMA\) can be controlled in a variety of ways including
electric field,'°” blends of homopolymers or block copolymers,t® solvent annealing,*®® electro-
spray,'® and chemical modification of the substrate.> %17 Chemical modification, typically
through immobilization of random copolymers of styrene and MMA, has emerged as the primary
method for control of the domain orientation for P(S-b-MMA) typically in combination with
thermal annealing.'*® Following the seminal work by Mansky et al to control the domain
orientation of P(S-b-MMA) by modifying the substrate to be non-preferential to either block
through the grafting of hydroxyl-terminated random copolymers of styrene and methyl
methacrylate (Figure 1.5a),° a number of important advances have emerged. Low molecular
weight brushes formed from P(S-b-MMA) BCPs were found to be effective at directing the domain
orientation for an overlying P(S-b-MMA) BCP thin film and they exhibited a different non-

preferential window with respect to the fraction of styrene (Figure 1.5b).!%® Rather than end-
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functionalized polymers, In et al utilized side-chain based hydroxyls for grafting random
copolymers!!® and the chemistry was further advanced by the inclusion of photo-patternable
acrylate side chains''? and thermally cross-linkable epoxide side chains.!’® Bates et al
demonstrated that the non-preferential layer was not required to contain the same monomers as the
block copolymer assembled on it.1*° Interestingly, brushes have also been effective for other block
copolymer systems including poly(styrene-block-dimethylsiloxane)?® and poly(styrene-block-d, |-

lactide) (Figure 1.5¢,d).*?°
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Figure 1.5. Use of polymer brushes or cross-linked films to control BCP domain orientation. (a)
P(S-b-MMA) domain orientation using a hydroxyl-terminated random copolymer of P(S-r-
MMA).> (b) P(S-b-MMA) domain orientation using a hydroxyl-terminated BCP of P(S-b-
MMA).116 (¢) P(S-b-dimethylsiloxane) parallel cylinder orientation through a hydroxyl-terminated
poly(dimethylsiloxane) brush.? (d) P(S-b-d,l-lactide) domain orientation through a cross-linkable
random copolymer of P(S-r-MMA-r-glycidyl methacrylate) with schematic demonstrating

perpendicular and parallel orientations of lamellae.?°
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As discussed previously in section 1.1.2, high y BCPs offer small feature sizes and sharp
interfacial boundaries which are necessary in high resolution nanolithography. However, the large
difference in polarity between the blocks often extends to a large difference in surface energy as
well. Silicon containing blocks such as PDMS and poly(4-trimethylsilylstyrene) have low surface
energies and consequently segregate to the free surface readily.?% 121122 Therefore, even if a non-
preferential mat is created for these systems on the substrate, the free surface will still be
preferential to one block, leading to a parallel orientation or dewetting of the film. One method
being investigated to overcome this involves the use of a top-coat which can grant a non-
preferential top surface but the design parameters are not clear yet on how to tune the polarity.?®
Increasing attention has been given to non-equilibrium methods (e.g. solvent annealing) rather
than thermal annealing due to this inability to readily control the energy of both the substrate and
the free surface.* 10-109.124-126 A the domains continue to decrease in size, another challenge arises
in addition to simply ordering the BCP thin film, which is to actually transfer the pattern to the
substrate. This is an aspect of BCP lithography which is of active interest to the community and is
being explored in different ways: silicon-containing blocks, incorporation of metal ions or metal

oxide precursors and cleavable junction points or easily etched blocks.

1.2.2 Patterned Brushes

Brushes can also be patterned on micron and nano-length scales to further applications in
analytical sensors, nonbiofouling surfaces and controlled cell adhesion.'?” Brushes can be grown
homogeneously on the surface and then patterned via a top-down method such as e-beam
lithography® or the initiator itself can be patterned before or after deposition (Figure 1.6), often

involving multiple steps using advanced lithography tools.*?® In an alternative method, von Werne
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et al used a photocurable mixture of monomers and inimer to generate nano-sized features on the

substrate and then amplified the feature size through SI-ATRP with MMA 1%

(a) Mold Photopolymer (b) Spin Coat (c
—
—_—

Substrate
/ y

* ‘ Cure
o
Alignment (Optional Heatng)
T — o
+ t ¢ 0O

Release / Pattern Transfer

(d) (e) o
polymer brush  e-beam patterning patterned
polymer brush O

Figure 1.6. (a) Schematic for amplifying feature size through surface-initiated polymerization.?°

(b) Process of forming a nanopattern on the surface by using a photocurable mixture with
embedded inimers and imprint lithography (c, top) Shows AFM characterization of the pattern
after photocuring, (c,bottom) shows the pattern amplification after SI-ATRP of MMA to increase
the feature-size from 60 nm to 75 nm. (c) Schematic depicting the process of patterning a
homogeneous polymer brush layer by electron beam lithography.'® (e) Chemical structure of
poly(isobutyl methacrylate) brushes grown from a silyl chloride based initiator. (f) Resulting line
and space patterns in poly(isobutyl methacryalate) brushes characterized by AFM at (left) 50 nm

lines/100 nm pitch and (right) 80 nm lines/160 nm pitch.
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An important application for patterned polymer brushes lies in the field of directed self-
assembly (DSA) and specifically the technique known as chemo-epitaxy. This process generates
a pattern on the surface with defined geometry and polarity to preferentially interact with one block
of a BCP which, under the right conditions, can generate long-range order and reduce defects in
the assembled thin film.%* 13 A typical procedure involves grafting a polymeric brush on the
surface (or cross-linking a thin film), applying an electron beam resist such as PMMA and writing
a pattern on the resist using E-beam lithography (Figure 1.7a). After development, the pattern is
exposed to oxygen plasma in order to generate a polar surface in that area and the remaining resist
is stripped to reveal the underlying brush. The exposed region can then be backfilled with a non-
preferential brush layer to assemble the BCP in a perpendicular fashion. In order to avoid the
necessity of using advanced lithography to pattern every substrate, Ji et al developed a technique
called molecular transfer printing (MTP) where hydroxyl-functionalized homopolymers are
blended into the BCP and through thermal annealing, graft to the surface and transfer the pattern

from the assembled BCP (Figure 1.7c).

One of the primary challenges remaining in the field of polymer brushes to address is the
lack of substrate independence.?’ Being able to use the same chemistry on multiple substrate types
would simplify the growth of polymer brushes over large areas on atypical substrates, opening up
a slew of new applications. Additionally, polymer brushes which have been patterned on the nano-
scale and over large areas at high density would show promise for biomedical applications with

the precise locating of cell-adhesive markers and cytophobic background.
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Figure 1.7. (a) Schematic for the creation of a guiding pattern for P(S-b-MMA) with density
multiplication.®®! (b) SEM image of a lamellar P(S-b-MMA) assembled on the pattern showing
long range order and registration to the pattern. (c) Cross-sectional SEM images of structures
formed after assembly on varying fractions of styrene in the brush. (d) Process flow for MTP where
functionalized homopolymers are included in the assembled BCP and designed to react with the
substrate, thus transferring the chemical pattern in a 1:1 manner.t3? (e) SEM images demonstrate
transfer of the original chemical pattern and DSA of P(S-b-MMA) with ability to generate arbitrary

shapes.

1.3. Scope of the Dissertation
This dissertation addresses outstanding challenges in the design of appropriate block
copolymers to achieve sub 10 nm features in bulk and thin-film, the growth of polymer brushes on

atypical substrates and developing methods for their nanopatterning.
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In the first half of this dissertation, the synthesis and self-assembly of BCPs predicted to
have a high x parameter between the two blocks is examined through anionic polymerization. The
design challenges for high y BCPs are relatively straightforward in concept; however meeting the
criteria necessary for pattern transfer is a more significant challenge. Poly(4-hydroxystyrene)
(PHS) is a highly polar polymer with the capability to ligate Lewis acids, significantly increasing

its etch resistance but requires a protecting group in order to be polymerized.

In Chapter 2, the synthesis of a monomer, 4-(2-tetrahydropyranyloxy)styrene [OTHPSt],
is described which shows excellent control by living anionic polymerization, and allows for
deprotection to (PHS) under mild conditions. The versatility of this monomer for living anionic
polymerization is aptly demonstrated by the synthesis of four different BCPs, namely P(OTHPSt-
b-S), P(OTHPSt-b-tert-butylstyrene), P(OTHPSt-b-dimethylsiloxane) and P(OTHPSt-b-
MAPQSS). After thorough characterization by various techniques, the chemoselective removal of
the tetrahydropyranyl group even in the presence of the acid-sensitive siloxane and silsesquioxane
blocks was achieved. The mild conditions for deprotection allowed for the first reported synthesis
of P(HS-b-DMS) and P(HS-b-MAPOSS), BCPs which are likely to show high y parameters and

excellent intrinsic etch contrast due to the presence of the silicon-rich block.

Though the OTHPst monomer has been known in the photoresist community since the
early 1990’s, even basic thermal and chemical characterization of the homopolymers are not
documented. The P(OTHPSt) system is further explored in Chapter 3 by the synthesis of a series
of P(OTHPSt) homopolymers via living anionic polymerization to quantitatively examine the
control over dispersity and molecular weight. For higher molecular weight P(OTHPSt), the Ty
plateaus at a value around 125 °C and even for a degree of polymerization around 15, the T4 was

still remarkably high, allowing facile isolation of the polymer as a powder. To investigate the
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reason for this surprising rigidity, the NMR spectrum was analyzed and found that the THP ring
has a pronounced effect on the axial vs equatorial preference with the sterically demanding alkoxy
phenyl group only being in the axial position. Even for the simplest of the P(HS) BCPs there are
no accurate estimates of interaction parameters in the literature. We have quantitatively evaluated
the self-assembly of a series of P(HS-b-S) BCPs to estimate the effective interaction parameter
between the two blocks. Using temperature dependent small angle X-ray scattering (SAXS), a
disordered diblock was characterized at elevated temperatures and then modeled to determine yeff
between the blocks. The yefr demonstrated a remarkably small dependence on temperature and a
large entropic contribution. Our studies show that the interaction parameter of this BCP is vastly

overestimated in the literature.

While PHS demonstrates remarkable polarity, the high T4 of the PHS block complicates
assembly of the BCP. In Chapter 4, the synthesis and detailed characterization of poly(tert-
butylstyrene-b-2-vinylpyridine) [P(tBuSt-b-2VP)] is described. This BCP, made from
commercially available monomers by living anionic polymerization, shows properties amenable
to thermal annealing with a decomposition temperature around 280 °C and Tg’s between 100 and
145 °C. Symmetric copolymers showed the ability to generate sub 5-nm domains. A series of
asymmetric BCPs were also synthesized ranging from PtBuSt spheres to P2VP cylinders. The bulk
self-assembly of these BCPs was examined by SAXS and TEM with the smallest cylindrical
domains corresponding to a diameter of 5.9 nm. Examining the thin film assembly of the P2VP
cylinder forming BCPs yielded parallel arrays of cylinders that were seeded with Pt metal ions and
etched to yield arrays of Pt nanowires that were less than 6 nm in diameter. This we believe is an

especially promising route to sub 10 nm features.
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In Chapters 5, we examine the enabling chemistry for block copolymer lithography,
namely the chemistry of surface modifying brushes/mats or copolymers. A single component
random copolymer was developed which has an embedded initiator to grow polymer brushes and
can be crosslinked into an ultra-thin coating on a range of substrates. This provides a clear
advantage over currently used SAMs of initiators which have significant drawbacks in substrate
dependence and relatively poor long-term stability. X-ray photoelectron spectroscopy (XPS) was
used to characterize the cross-linked surface and determine the absolute concentration of Br
(coming from the initiator) in the film. Theoretically, every Br can serve as an initiator for a
polymer chain so in order to characterize the initiating efficiency, we quantitatively studied the
growth of poly(methyl methacrylate) brushes by surface initiated atom transfer radical
polymerization (SI-ATRP). A consistent high chain density was found over the whole time period
indicating the control over the polymerization Kinetics. We further demonstrated the substrate
independence of this system by coating four different surfaces including Si, SiO., Au and
aluminum oxide. The efficacy of the coating and brush growth on modifying the surface energy
was judged by the static water contact angle. This study laid the groundwork for the following

system designed with BCP lithography in mind.

The versatility of this chemistry is further exemplified in Chapter 6, where the composition
of this initiator embedded coating can be changed on demand to adjust the energetics on the
substrate to allow vertical orientation of BCP domains in an overlying film. The dual-functional
layer where the cross-linked film serves both as a non-preferential surface for the self-assembly of
a P(S-b-MMA) BCP and contains embedded initiators for the growth of brushes from the surface.
An array of hexagonal PMMA cylinders was generated on the surface and a subtractive process

was used to access the initiators on the surface. Through the nanopores, growth of polymer brushes
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by SI-ATRP achieved a 15 nm spot size and a dot density (patterned brush domain) of 5 x 10%°
cm2. This is the highest density of patterned brushes by any method reported so far. This is a large
area approach, which overcomes many of the limitations of other approaches based on patterning
a SAM of initiators by serial top-down lithographic techniques. The chemistry developed through
this work on dual functionality lays the groundwork for potentially incorporating a whole range of

electronic, biological or optical functionalities in non-preferential layers.
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Chapter 2. Synthesis of Poly(4-hydroxystyrene)-based Block
Copolymers Containing Acid-Sensitive Blocks by Living

Anionic Polymerization

The contents of this chapter have been published in J. Polym. Sci. Part A: Polym. Chem. 2014,

52, 1458-1468. Authors are: Sweat, Daniel. P.; Yu, Xiang; Kim, Myungwoong; Gopalan, Padma.

Author contributions: Daniel did the synthesis and characterization of the OTHP monomer,
developed anionic polymerization, synthesis of the PS diblocks, developed deprotection conditions
and characterized all diblocks. Xiang Yu synthesized the MAPOSS, PDMS and PtBS diblocks and
developed deprotection conditions for the PDMS and MAPOSS diblocks. Myungwoong
participated in the design of experiments and data interpretation. All authors contributed towards

writing the manuscript.

2.1. Abstract

Living anionic polymerization of an acetal protected 4-hydroxystyrene monomer, (4-(2-
tetrahydropyranyloxy)styrene) (OTHPSt), and the chain extension of the poly(OTHPSt) anion
with a variety of monomers including styrene, 4-tert-butylstyrene, methacryloyl polyhedral
oligomeric silsesquioxane (MAPOSS) and hexamethylcyclotrisiloxane is demonstrated. The
P(OTHPSt) homopolymer has a glass transition temperature well above room temperature which
facilitates handling and purification of the protected poly(4-hydroxystyrene) (PHS). The resulting
diblock copolymers have narrow dispersities <1.05. Chemoselective mild deprotection conditions

for the P(OTHPSt) block were identified to prevent simultaneous degradation of the MAPOSS or
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dimethylsiloxane (DMS) block, thus allowing for the first reported synthesis of P(HS-b-DMS) and

P(HS-b-MAPOSS).

2.2. Introduction

Block copolymers (BCPs) have attracted considerable scientific interest due to their ability
to spontaneously self-assemble into a variety of dense, periodic nanostructures with a typical
length scale of 5-50 nm.% In the last two decades, advances in controlled radical polymerization
have provided for an ever-widening degree of functionalities to be incorporated into BCPs;®
however, living anionic polymerization does provide a high degree of control over polymer
structure, near quantitative conversions and rapid kinetics.” Although anionic polymerization is a
powerful technique, one of its major limitations is the strongly basic environment resulting from
the carbanions present in solution, which necessitates the use of only certain classes of monomers
and protecting groups.® For carbanionic propagating species, the monomer scope is generally
limited to dienes, styrenes, vinylpyridines and (meth)acrylates as these groups are able to stabilize
the carbanion through resonance delocalization.® Various substituents can be placed on the
monomer (e.g. 4-tert-butylstyrene) to change the polymer properties as long as they remain

compatible with the basic environment.

Of the numerous substituted polystyrenes commonly encountered, poly(4-hydroxystyrene)
(PHS) is a highly polar (Hildebrand solubility parameter 24.55 (J/cm®)*2) derivative of polystyrene
(PS) which has been used more commonly as a chemically amplified resist.!% 1! In addition to
conferring solubility in basic aqueous solutions, the phenol group is amenable to a wide array of
transformations, thus opening up a facile pathway for post-functionalization. Due to the acidic
phenol proton, 4-hydroxystyrene itself is not stable to most polymerization conditions, therefore a

variety of protected derivatives such as 4-acetoxystyrene (AcOS), and 4-tert-butoxystyrene
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(tBuOS) have been developed. AcOS is the preferred monomer for controlled radical
polymerization and has been used with all three major techniques (nitroxide-mediated
polymerization, atom transfer radical polymerization and reversible addition fragmentation chain
transfer polymerization).121# The acetoxy group is however not stable to anionic polymerization,
hence tBuOS and 4-tert-butyldimethylsiloxystyrene are commonly employed protected monomers
for synthesis of PHS containing polymers by anionic polymerization.'>8 These protecting groups
while stable during the anionic polymerization, also require relatively drastic post synthesis
deprotection conditions, such as refluxing with 5% HCI in 1,4-dioxane or reaction with
tetrabutylammonium fluoride which limits the options for added functionalities in the second block

of the BCP.

In small molecule chemistry, acetals are well-known protecting groups for alcohols due to
the facile protection chemistry as well as removal under mild conditions.® Of the acetal protected
styrenic monomers, recently Natalello et al.?° reported the anionic polymerization of 4-(1-ethoxy
ethoxy)styrene using THF at -90 °C. This first report on the use of an acetal protected
hydroxystyrene to create functional BCPs through an anionic route resulted in fairly well-
controlled BCPs, although the dispersity at lower molecular weights was relatively broad (1.09 at
3.1 kDa). They successfully demonstrated chain extension using 2-vinylpyridine (2VP) to
generate P(HS-b-2VP) BCPs after rapid deprotection at room temperature with HCI. The BCPs
were subsequently used to grow poly(ethylene oxide) from the hydroxystyrene block for use as
pH-sensitive surfactants. This method offers a new anionic route through acetal protected
monomers for functional BCPs and subsequent functionalization of PHS. The resulting 4-(1-
ethoxy ethoxy)styrene polymer has a glass transition temperature (Tg) below room temperature,

making isolation of the product after polymerization cumbersome.
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Another acetal protecting group is the 2-tetranydropyranyl (THP) ether, which is stable to
a wide variety of bases and nucleophiles and is removed easily under a variety of conditions. THP-
protected 4-hydroxystyrene, [4-(2-tetrahydropyranyloxy)styrene] (OTHPSt), has been used as a
chemically amplified resist since the early 90s where the polymer P(OTHPSt) was synthesized by
free radical polymerization.?! P(OTHPSt) exhibits a T4 of 110 °C and good thermal stability up to
280 °C.%! Remarkably, to date, there are no published studies in the literature on the details of
anionic polymerization of this monomer to synthesize BCPs. We believe that OTHPSt monomer
is an ideal protected 4-hydroxystyrene derivative for anionic polymerization due to the relatively
high T4 of the polymer combined with the mild deprotection conditions afforded by the acetal

protecting groups.

In this article, we describe a THP-protected derivative of 4-hydroxystyrene (OTHPSt), that
is, stable to living anionic polymerization in THF at -78 °C and demonstrate chain extension to
form a variety of different BCPs. The deprotection conditions for P(OTHPSt) can be tuned such
that even acid-sensitive Si-O-Si linkages in dimethylsiloxane (DMS) and methacryloyl polyhedral
oligomeric silsesquioxane (MAPOSS) were stable, thus allowing for the first reported synthesis of
P(HS-b-DMS) and P(HS-b-MAPOSS). We examine the reactivity of the P(OTHPSt) anion to
show efficient crossover to a variety of monomers. All of the BCPs exhibited excellent control by
anionic polymerization with dispersities of 1.02-1.05 as measured by gel permeation
chromatography (GPC). Due to the well-controlled anionic polymerization and ease of polymer
purification and deprotection, OTHPSt is an excellent monomer for the preparation of PHS
containing monodispersed polymers, thus allowing the synthesis of BCPs previously not possible

by sequential living anionic polymerization.
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2.3. Experimental Section

Materials. All reagents were purchased from Aldrich Chemical Co. and used as received
unless otherwise stated. Polymerizations were performed under argon atmosphere or by using
home-built high-vacuum break seal glassware.??  Tetrahydrofuran (THF) was dried over
sodium/benzophenone ketyl and freshly distilled before use. Benzene was stirred over H.SO4 for
1 week then separated, washed with ag. NaOH, dried over Na,SO4 and distilled from CaHz. 1 mL
of styrene and a small amount of n-butyllithium were added and stirred overnight to generate
poly(styryl)lithium which was used as an indicator in the benzene solution, yielding a red color
while dry. 4-(2-tetrahydropyranyloxy)styrene (OTHPSt) was prepared according to a modified
literature procedure.?! Styrene (St) and 4-tert-butylstyrene (tBuSt) were distilled first from CaH.
under vacuum and then di-n-butylmagnesium and stored at -20 °C. 1,1-diphenylethylene (DPE)
was distilled from n-butyllithium under vacuum and stored in ampoules after diluting with THF.
3-(3,5,7,9,11,13,15-Heptaisobutylpentacyclo-[9.5.1.3,915,1517,13]octasiloxan-1-yl)propyl
methacrylate (MAPOSS) was purchased from Hybrid Plastics and recrystallized from methanol
(MeOH) and dried in a vacuum oven at 60 °C for 24 h then dissolved in THF at 1.0 M concentration
and stored in ampoules at -20 °C. Hexamethylcyclotrisiloxane (D3) was stirred over CaH> at 50 °C
overnight then distilled under vacuum. Dz was then added to a solution of poly(styryl)lithium in
benzene and stirred for 2 hours. The Ds solution in benzene was distilled into ampoules under
vacuum and stored at -20 °C. Lithium chloride (LiCI) was heated at 110 °C for 48 hours, dissolved
into THF at 0.5 M concentration then degassed and sealed under vacuum. MeOH was degassed
under vacuum. sec-Butyllithium (s-BuLi, 1.4 M in cyclohexane) was diluted with hexanes to
approximately 0.2 M and stored in ampoules under vacuum at -20 °C. The solution was calibrated

by polymerization of a known volume of styrene in benzene overnight and determination of the
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molecular weight by gel permeation chromatography (GPC). Pyridine was stirred over CaH>
overnight before distillation into ampoules with chlorotrimethylsilane resulting in a pyridine/

chlorotrimethysilane solution (2/1 v/v).

4-(2-tetrahydropyranyloxy)benzaldehyde. To a suspension of 4-hydroxybenzaldehyde
(61.1 g, 0.5 mol) in 750 mL dichloromethane was added 3,4-2H-dihydropyran (58.9 g, 0.7 mol)
and pyridinium p-toluenesulfonate (0.67 g, 2.7 mmol). The reaction was stirred under nitrogen at
room temperature and monitored by thin layer chromatography (CHCIs eluent) until complete
conversion, approximately 1 h. The reaction was quenched with a saturated solution of sodium
carbonate and allowed to stir for 10 min. The layers were separated and the organic layer washed
with ag. sodium carbonate twice and water once. The organic layer was dried over sodium sulfate
and solvent removed by rotary evaporation. The resulting crude oil was used without further
purification. Typical yield, 98 g, 95%. *H NMR (400 MHz, CDCls3) § 9.89 (s, 1H), 7.87 — 7.78 (m,
2H), 7.20 - 7.12 (m, 2H), 5.54 (t, J = 3.1 Hz, 1H), 3.85 (ddd, J = 11.3, 9.9, 3.1 Hz, 1H), 3.63 (dtd,
J =114, 4.0, 1.4 Hz, 1H), 2.10 — 1.92 (m, 1H), 1.89 (ddd, J = 7.6, 4.9, 3.2 Hz, 2H), 1.81 — 1.53

(m, 3H).

4-(2-tetrahydropyranyloxy)styrene (OTHPSY). 4-(2-
tetrahydropyranyloxy)benzaldehyde (93 g, 0.45 mol) was dissolved in 1200 mL of THF and
methyltriphenylphosphonium bromide (250 g, 0.7 mol) was added with vigorous stirring under
nitrogen. The flask was cooled via an external ice bath and a solution of potassium tert-butoxide
(200 g, 0.89 mol) in 300 mL THF was added dropwise over 30 minutes. After the addition was
complete, the reaction was stirred overnight at room temperature. The reaction was then filtered
over celite to remove various salts and the filtrate was concentrated to approximately 500 mL. This

suspension was then poured into 1500 mL hexanes with vigorous stirring and the suspension
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filtered over celite. Concentration, precipitation and filtration steps were repeated once more.
Solvent was removed by rotary evaporation and the orange residue was distilled under high
vacuum (b.p. ~110-120 °C (oil bath temperature), approx. 1 torr) to yield a colorless oil (60 g, 65%
yield). For anionic polymerization, OTHPSt was distilled further from CaH2 and then NaH under
high vacuum and sealed into ampoules after diluting with THF to approximately 50% v/v. *H NMR
(300 MHz, CDCl3) 6 7.37 — 7.31 (m, 2H), 7.04 — 6.96 (m, 2H), 6.65 (dd, J = 17.6, 10.8 Hz, 1H),
5.60 (dd, J = 17.6, 1.0 Hz, 1H), 5.41 (t, J = 3.3 Hz, 1H), 5.12 (dd, J = 10.9, 1.0 Hz, 1H), 3.89 (ddd,
J=11.3,9.3,3.2 Hz, 1H), 3.59 (dtd, J = 11.4, 4.1, 1.6 Hz, 1H), 2.22 — 1.46 (m, 6H). 3C NMR (75

MHz, CDCl3) 6 157.07, 136.53, 131.50, 127.51, 116.70, 112.04, 96.54, 62.22,30.57, 25.45, 19.00.

Anionic Polymerization of OTHPSt and Chain Extension with St (Example
Procedure for St-1). A flame-dried round bottom flask with PTFE stopcock was cooled under
argon. 40 mL of THF was transferred to the flask by syringe and cooled to -78 °C. s-BuLi was
added until a yellow color persisted in solution and was used to wash the sides of the flask. The
THF solution was warmed to room temperature until the color disappeared. After cooling the
solution to -78 °C again, 0.11 mL s-BuL.i (1.4 M) was added to the flask. 4 mL of 50% v/v OTHPSt
(~10 mmol) was then added to the initiator solution and an orange color immediately appeared.
The polymerization was stirred for 30 minutes before an aliquot was taken by syringe and quickly
quenched in degassed MeOH. 3 mL (32 mmol) St was then added rapidly to the flask with no
apparent color change. The polymerization was stirred for an additional 30 minutes before being
quenched by degassed MeOH. The polymerization was slowly poured into 400 mL of MeOH to
precipitate the P(OTHPSt-b-St) BCP. The polymer was recovered by vacuum filtration as a white

powder. The resulting powder was dried under vacuum at room temperature (4.9 g, 95% yield).
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IH NMR (300 MHz, CDCl3) § 7.2 — 6.1 (Ar-H), 5.4 - 5.2 (C-H), 4 — 3.8 (C-H), 3.65 — 3.5 (C-H),

2.3 - 1.1 (C-H2 and backbone).

Anionic Polymerization of OTHPSt and Chain Extension with tBuSt (Example
Procedure for tBuSt-1). A reactor was made with ampoules containing 4 mL 50% v/v OTHPSt
solution (~10 mmol), 1.8 mL (10 mmol) tBuSt, 0.8 mL s-BuLi (0.2 M) and 2 mL MeOH sealed
by break-seals. The reactor was pumped down to high vacuum and flame dried. THF was cryo-
transferred into the reactor using liquid nitrogen (~50-75 mL). After finishing the THF transfer,
the reactor was sealed from the vacuum line using a torch and the THF melted at -78 °C. Once the
THF melted, s-BuLi was introduced to the solution before adding the ampoule of OTHPSt. An
orange color immediately developed and the reaction was stirred for 30 min. Then, an aliquot was
taken from the flask and sealed behind a stopcock for analysis by GPC. tBuSt was then added to
the solution which developed a red color immediately, then quickly faded back to orange and was
stirred for 30 min. MeOH was used to terminate the polymerization and the THF solution was
slowly poured into MeOH to precipitate the P(OTHPSt-b-tBuSt) BCP and the resulting white
powder was recovered by vacuum filtration. The powder was dried under vacuum at room
temperature (3.8 g, 98% yield). *H NMR (300 MHz, THF-ds) § 7.2 — 6.1 (Ar-H), 5.4 - 5.2 (C-H),

3.95-3.75 (C-H), 3.6 — 3.4 (C-H), 2.2 — 1.1 (C-Ha, backbone and tBu).

Chain Extension with D3 (Example Procedure for DMS-2). A reactor was made with
ampoules containing 4 mL 50% v/v OTHPSt solution (~10 mmol), 1.4 mL s-BuLi (0.2 M), 3.6
mL 40% w/v Ds/benzene solution (~ 6.6 mmol D3) and 2 mL pyridine/ 1 mL chlorotrimethylsilane.
The procedure in the previous section was followed to generate the P(OTHPSt) anion. An aliquot
of P(OTHPSt) anion was taken for GPC analysis and the solution of D3z in benzene was then added

to the P(OTHPSt) anion solution and the orange/red color of the OTHPSt anion slowly
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disappeared. The flask was warmed to 25 °C and stirred for 2 h to reach approximately 50%
conversion.?® The polymerization was terminated by adding the solution of chlorotrimethylsilane
and pyridine 1/2 v/v. The resulting solution was poured slowly into MeOH to precipitate the
P(OTHPSt-b-DMS) BCP and the resulting white powder was recovered by vacuum filtration and
dried at room temperature under vacuum (2.5 g, 75% yield). *H NMR (500 MHz, THF-dg) § 6.95
— 6.2 (Ar-H), 5.4 - 5.2 (C-H), 4 — 3.85 (C-H), 3.65 — 3.5 (C-H), 2.2 — 1.1 (C-H2 and backbone),

0.08 (s, C-Hs). 2°Si NMR (100 MHz, THF-ds) § -22.0 (s).

Chain Extension with MAPOSS (Example Procedure for MAPOSS-1). A reactor was
made with ampoules containing 4 mL 50% v/v OTHPSt solution (~10 mmol), 2.4 mL s-BuL.i (0.48
mmol, 0.2 M), DPE (0.45 g, 2.5 mmol), LiCl solution (5 mL, 2.5 mmol), MAPOSS solution (1.7
mL, ~1.7 mmol) and 5 mL MeOH. After achieving high vacuum in the reactor and transfer/melting
of THF at -78 °C, the LiCl solution was added to the flask, then s-BuLi. OTHPSt was then added
to the flask and stirred for 30 min. At this point, DPE was added to the flask which immediately
generated a dark red color. The reaction was stirred for 10 min and then an aliquot was removed
from the flask and sealed behind a stopcock. The solution of MAPOSS in THF was then added
rapidly to the polymerization and the solution immediately became colorless. The solution was
further stirred for 1 h and then quenched by the addition of degassed MeOH. The solution was
then poured slowly into MeOH to precipitate the P(OTHPSt-b-MAPOSS) BCP and the resulting
white powder was recovered by vacuum filtration and dried at room temperature under vacuum
(3.2 g, 95% yield). 'H NMR (500 MHz, THF-dg) & 7.3 — 6.1 (Ar-H), 5.45 - 5.2 (C-H), 4 — 3.75 (C-
H), 3.6 — 3.4 (C-H), 2.2 — 1.15 (CH> and backbone), 1.1 — 0.9 (C-Hz + C-H), 0.75 — 0.55 (C-H>).

295i NMR (100 MHz, THF-ds) 5 -67.6 (s), -67.9 (5).
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Deprotection of P(OTHPSt-b-St) or P(OTHPSt-b-tBuSt). 1.0 g of BCP was dissolved
in 50 mL THF and then an additional 50 mL of EtOH was added. It was not necessary to maintain
a clear solution for deprotection purposes. At this point, 0.1 mL of concentrated ag. HCI (12 M)
was added and the solution stirred overnight (cloudy solutions turned clear rapidly after addition
of acid). After *H-NMR spectroscopy confirmed complete deprotection, the solution was poured
into water and then the powder was collected by filtration which was dried at room temperature
under vacuum (yield = quantitative). *H NMR (P(HS-b-St), 400 MHz, THF-ds) § 7.95 — 7.65 (O-
H), 7.2 — 6.2 (Ar-H), 2.3 — 1.1 (backbone). *H NMR (P(HS-b-tBuSt), 300 MHz, THF-dg) & 7.95

—7.65 (0O-H), 7.25 - 6.1 (Ar-H), 2.3 — 1.0 (backbone and tBu)

Deprotection of P(OTHPSt-b-DMS) or P(OTHPSt-b-MAPQOSS). 1.0 g of BCP was
dissolved in 50 mL THF and then 50 mL of ethanol was added. More THF was added if the solution
became cloudy. 5 mL conc. ag. HCI was diluted to 50 mL with water. Approximately 0.06 mL
dilute HCI solution was added to the polymer solution and then stirred until *H-NMR spectroscopy
confirmed complete deprotection. Note that extended reaction time or higher acid concentration
led to Si-O-Si degradation for both siloxane and silsesquioxane. After deprotection was complete,
the solution was poured into water for precipitation followed by collecting the powder by vacuum
filtration and drying at room temperature under vacuum (yield = quantitative). *H NMR (P(HS-b-
DMS), 500 MHz, THF-dg) & 8.15 — 7.8 (O-H), 6.8 — 6.2 (Ar-H), 2.2 — 1.1 (backbone), 0.08 (s, C-
Hs). 2Si NMR (100 MHz, THF-dg) & -22.0 (s). *H NMR (P(HS-b-MAPOSS), 500 MHz, THF-ds)
§ 8.0 — 7.65 (O-H), 7.2 — 6.9 (Ar-H, DPE), 6.75 — 6.15 (Ar-H, PHS), 2.2 — 1.2 (backbone), 1.1 —

0.9 (C-Hs + C-H), 0.75 — 0.55 (C-H2). %°Si NMR (100 MHz, THF-ds) § —-67.6 (s), -67.9 (5).

Characterization. *H NMR, 3C NMR and ?°Si spectra were recorded in CDCl3 or THF-

ds using a Bruker Avance-400, Varian MercuryPlus 300 or Bruker Avance-500 spectrometer with
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the residual solvent peak as internal reference (CDCls 7.26 ppm, THF-dg 3.58 ppm). GPC was
performed using a Viscotek 2210 system equipped with three Waters columns (HR 4, HR 4E, HR
3) and a 1 mL/min flow rate of THF as eluent at 30 °C. Monodisperse PS standards ranging from
1 kDa to 400 kDa were used for calibration. Thermal gravimetric analysis was performed on a TA
Instruments Q500 using a heating rate of 10 °C per minute under a nitrogen atmosphere.
Differential scanning calorimetry was performed on a TA Instruments Q100 using a heating and
cooling rate of 10 °C per minute for three cycles. Glass transition temperatures were determined

from the third cycle.
2.4. Results and Discussion

To study the living anionic polymerization of OTHPSt, we first synthesized the monomer
in large quantities, with high yield and a high degree of purity. The literature procedure where the
first step is THP protection of 4-hydroxybenzaldehyde and the second step is a Wittig
methenylation reaction was modified, by using a more efficient acid catalyst (pyridinium p-
toluenesulfonate), and solvent for the first step. A yield of >95% in under an hour was achieved
compared to the 2-3 days as previously reported with HCI saturated ethyl acetate.?! 2 The Wittig
coupling was also modified by taking into account the exothermic nature of the reaction and
mixing the THP-protected benzaldehyde with methyltriphenylphosphonium bromide in THF
while cooling with an ice bath before slow addition of a solution of potassium tert-butoxide in
THF. This allowed for a typical yield of 60-70% over the two steps and excellent purity by

distillation under high vacuum.

In order to purify the monomer for anionic polymerization, a first distillation from CaH>

and a second distillation from NaH were carried out to remove residual traces of water. Due to its
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high boiling point (~110 °C), typical dehydrating agents such as di-n-butylmagnesium cannot be
used as they cause extensive polymerization before monomer can be recovered, possibly due to
Lewis acid catalyzed deprotection of the THP group. NaH, however, was found to be quite
effective for the removal of water without causing excessive polymerization during the distillation.
The viscous monomer was diluted with dry THF before use. To start with, we used the standard
anionic polymerization conditions for polar monomers, namely -78 °C in THF as solvent.® In fact,
the very first anionic polymerization worked extremely well giving a moderate molecular weight
of 6.4 kDa relative to PS standards with a very low dispersity of 1.03. While the efficient
homopolymerization of OTHPSt was encouraging, for sequential polymerization to be feasible,
chain extension of the living P(OTHPSt) anion with a second monomer should also be efficient.
To test this, we chose to use styrene due to its well-controlled anionic polymerization and high
propagation rate in THF (Figure 2.1).> BCPs were synthesized by the sequential addition of
styrene to the living OTHPSt anion. After terminating the polymerization with methanol and
precipitation, the resulting BCPs were characterized by GPC, 'H-NMR spectroscopy, TGA and
DSC. Given the fast propagation rate for styrene in THF at -78 °C, the narrow distribution of the
BCPs demonstrates fast initiation of styrene by the living P(OTHPSt) anion. The chain extension
proceeded with a remarkable lack of side reactions to yield P(OTHPSt-b-St) BCPs with molecular
weights around 34 kDa and low dispersities of 1.04 (Table 2.1). From these initial studies, the
control over polymerization was exceptional as the targeted degree of polymerization was attained
by varying the monomer to initiator ratio while maintaining narrow molecular weight distributions.
All polymers precipitated from methanol as white powders, making the handling more

straightforward than poly(4-(1-ethoxy ethoxy)styrene) which is a viscous o0il.?
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Figure 2.1. Synthetic route for P(HS-b-St) and P(HS-b-tBuSt) by anionic polymerization.

Table 2.1. Characteristic Data for BCPs Synthesized by Chain Extension of P(OTHPSt) as the
First Block.

Sample an block A\ I A\ I (BCP) b? FOTHPStb T (oc)c T (Oc)d
P(OTHPSt)  (kg/mol)? g g
(kg/mol)?
St-1 St 9.0 33.8 1.04 0.26 90,108 177,110
St-2 St 13.3 33.2 1.04 0.40 110 181, 110
tBuSt-1 tBuSt 9.8 20.1 1.02 0.49 134 177,152
tBuSt-2 tBuSt 8.3 29.8 1.03 0.32 140 175,150
tBuSt-3 tBuSt 42.1 54.7 1.03 0.78 130 188, 162
MAPOSS- MAPOSS 33 53 1.04 0.87 95 148
1
MAPOSS- MAPOSS 17.2 21.2 1.03 0.91 125 180
2
DMS-1 DMS 11.7 13.7 1.03 0.72 - 185

DMS-2 DMS 5.5 9.5 1.05 0.51 - 167
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aDetermined by GPC using PS standards. °Mol fraction of P(OTHPSt) determined using *H-NMR.
*Determined by DSC from the third heating cycle for the protected BCP. Determined by DSC

from the third heating cycle for the deprotected BCP.
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Figure 2.2. GPC chromatograms for P(OTHPSt) homopolymer (dashed) and after chain extension

(solid) with (a) St (St-2) and (b) tBuSt (tBuSt-2).

We also examined a styrene derivative with higher hydrophobicity, namely 4-tert-
butylstyrene (tBuSt) which also has a higher Tg than PS, making it a potentially interesting block
for applications in BCP lithography.2® The chain extension by tBuSt was equally well-controlled
as St, yielding BCPs with targeted molecular weights between 20 and 55 kDa with dispersities
between 1.02 and 1.03 (Table 2.1). Example GPC chromatograms for the St and tBuSt systems,

shown in Figure 2.2, depict a clean shift to lower elution volume upon chain extension while
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maintaining the narrow distribution of the homopolymer. The small shoulders at the high
molecular weight end in the homopolymer traces were an artifact due to dimerization of the highly

reactive living anion by oxygen during removal of the aliquot and termination by MeOH.

Thermal characterization by TGA showed a two-step degradation with the first step at ~280
°C corresponding to the loss of the THP group, followed by complete degradation of the polymer
(Figure 2.S1). DSC of the protected polymer gave the expected T4’s, ~110 °C for PS and 130 to
140 °C for PtBuSt. Interestingly, a transition for the P(OTHPSt) block was not observed except
for St-1 where an endothermic peak was observed at 90 °C. The P(OTHPSt) homopolymer itself

shows an endothermic transition around 110-120 °C (Figure 2.S2).

A wide variety of acids have been used for the deprotection of THP ethers with stronger
acids greatly increasing the rate.!® Typically, 1.0 g of BCP was dissolved in 50 mL of THF
followed by the addition of 50 mL of ethanol (EtOH). With the tBuSt BCPs, these conditions
resulted in a cloudy solution which rapidly turned clear upon the addition of 0.1 mL of
concentrated aq. HCI (12 M). Under these conditions, deprotection was quantitative by *H-NMR
in <15 min at room temperature. Figure 2.3 shows a comparison of *H-NMR spectra for a
protected and deprotected BCP (tBuSt-2). The peaks from the acetal were distinctly defined

making integration of the relevant regions straightforward.

The deprotected BCPs demonstrate remarkably different thermal characteristics compared
to the protected BCPs as the TGA shows a single step-degradation starting at ~ 340 °C and the
thermal transitions observed from DSC are in good agreement with the typical T4 for PHS (~ 180
°C). The solubility of the BCPs also changes considerably as the deprotected polymer is no longer

soluble in solvents which do not accept hydrogen bonds (e.g., chloroform), another indicator of
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successful deprotection. Thus, P(OTHPSt) provides a viable anionic route to rapid and

straightforward access to well-defined PHS based BCPs.
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Figure 2.3. 'H-NMR spectra for protected tBuSt-2 (top) and deprotected tBuSt-2 (bottom) in

THF-ds.

To demonstrate the versatility of this method, we examined the chain extension of
inherently acid-sensitive monomers that have previously not been synthesized with a PHS block.
As mentioned earlier, current methods for the deprotection of protected PHS derivatives tend to
be quite harsh, thus preventing the incorporation of acid-sensitive blocks into PHS-based BCPs.

In fact, some of the most useful and interesting blocks are inherently more sensitive due to the
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functionality they carry. PDMS, for example, is an extremely hydrophobic polymer known to have
strong segregation strength with most polymers, and oxidizes into SiO2 upon exposure to O
plasma making it useful for hybrid materials, compatibilizers in blends, as well as for fabrication

of hard masks for pattern transfer.?’

To synthesize P(HS-b-DMS), we followed a procedure typically used for P(S-b-DMS) as
the reactivity of the P(OTHPSt) anion is similar to the PS anion. While the growth of PDMS suffers
from an equilibration reaction at high conversion, 50% conversion can be achieved in two hours
while maintaining good control over the polymerization.?® Therefore, we first polymerized
OTHPSt in THF at -78 °C to generate the living anion and added a solution of D3 in benzene to
the polymerization mixture (Figure 2.4). The orange color of the anion slowly faded and the
reaction was warmed to room temperature while stirring in a water bath. After polymerizing for
two hours, the reaction was quenched by the addition of excess chlorotrimethylsilane (TMSCI)
and precipitated into methanol. After stirring for 15 minutes, the initially suspended white powder
dissolved into the methanol to form a clear solution. Upon evaporation of the methanol, only PHS
homopolymer remained. The HCI generated from the reaction of the excess TMSCI with methanol
likely drove two different reactions, both deprotecting the P(OTHPSt) to PHS and also degrading
the PDMS block of the BCP, yielding a methanol soluble polymer and aptly demonstrating the
acid-sensitivity of PDMS. Thus, we synthesized another P(OTHPSt-b-DMS) BCP, this time
quenching with a 2:1 mixture of pyridine and TMSCI, to absorb the generated HCI during polymer

precipitation.
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Figure 2.4. Synthetic scheme for P(HS-b-DMS).

With these modifications in the procedure, we obtained P(OTHPSt-b-DMS) BCPs with
varying fractions of P(OTHPSt) and narrow dispersities. Figure 2.5a shows a representative GPC
chromatograph with well-controlled chain extension from the P(OTHPSt) homopolymer to the
P(OTHPSt-b-DMS) BCP. For the deprotection of the OTHP block in the P(OTHPSt-b-DMS)
BCP, we had to reexamine the acidolysis method as our initial studies showed that adding even a
small amount (40 L) of concentrated HCI (12 M) was sufficient to degrade the PDMS block.
Varying the acid strength by using trifluoroacetic acid (TFA) and acetic acid (AcOH) also resulted
in complete degradation of the PDMS block. Serendipitously, we discovered that the addition of
60 pL diluted HCI (1.2 M) was able to deprotect the P(OTHPSt) block without degrading PDMS.
This roughly corresponds to 0.7 mM HCI in the solution, which quantitatively catalyzes the

deprotection of the THP groups within 3 hours with good chemoselectivity.
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Figure 2.5. GPC chromatograms of P(OTHPSt) homopolymer (dashed) and after chain extension

(solid) with (a) DMS (DMS-1) and (b) MAPOSS (MAPOSS-1).

The presence of the PDMS block was confirmed by both H-NMR (large singlet at
approximately 0.1 ppm) and 2°Si-NMR (singlet at -22 ppm) both before and after removal of the
THP groups (Figure 2.6, full 2°Si spectra are given in Figure 2.S3). Integration of the aryl peak to
PDMS peak ratio remained the same before and after deprotection (4.0:5.3 vs 4.0:5.4,
respectively), also providing clear evidence of an intact PDMS block. Thermal characterization
demonstrates the difference between the protected and deprotected BCPs as TGA again shows a
two-step degradation for the protected BCP and a single step degradation for the deprotected BCP.
Upon deprotection, the PHS T4 was observed readily (Figure 2.S4). Thus, we successfully

synthesized P(HS-b-DMS), a heretofore unknown BCP.
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Figure 2.6. 'H-NMR spectra (inset: 2°Si-NMR) for protected (top) DMS-2 and deprotected

(bottom) DMS-2.

Similar to PDMS, we were interested in other precursors for inorganic-organic hybrid

polymers. The anionic polymerization of a silsesquioxane-based block has been previously shown,

namely a methacrylate functionalized isobutyl substituted polyhedral oligomeric silsesquioxane

(MAPOSS).% 2 g far, the same Si-O-Si chemical stability issues as PDMS have prevented the

synthesis of a PHS-b-PMAPQOSS BCP. In order to maintain a controlled polymerization of

MAPOSS (and methacrylates in general), it was necessary to add LiCl to the polymerization which

aids in preventing back-biting reactions during methacrylate propagation as well as end-capping
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the P(OTHPSt) anion with 1,1-diphenylethylene (DPE) which serves to both increase the steric
bulk of the anion as well as lower the reactivity through increased delocalization (Figure 2.7).%°
By doing so, P(OTHPSt-b-MAPOSS) BCPs were successfully synthesized in a well-controlled
manner, maintaining a low dispersity even at low molecular weights (Table 2.1). Figure 2.5b
shows a clear shift to lower elution volume upon adding MAPQOSS to the polymerization solution

as well as the narrow peak shape during crossover and propagation.
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Figure 2.7. Synthetic scheme for P(HS-b-MAPOSS).

For deprotection, the optimized conditions for P(HS-b-DMS) were used, namely 0.7 mM
HCI in EtOH/THF. These conditions were equally effective for P(HS-b-MAPQOSS) as judged by

'H and 2°Si-NMR (Figure 2.8, full 2°Si spectra given in Figure 2.S5). The two peaks from the iso-



59

butyl substituents on MAPOSS are clearly intact at 1.0 and 0.6 ppm in the *H-NMR spectrum
while the 2°Si-NMR spectrum shows the expected set of two peaks around -68 ppm both before
and after deprotection. Integration of the aryl protons to the two iso-butyl proton peaks on
MAPOSS remained consistent before and after deprotection (4:6.6 and 2.6 vs 4:6.6 and 2.5,
respectively). The protected BCP shows the expected two-step degradation by TGA and a single-
step degradation after deprotection (Figure 2.S6). By DSC, going from the protected BCP to the
deprotected BCP, a clear shift in T4 to higher temperature was observed, consistent with

chemoselective removal of the THP groups to yield P(HS-b-MAPQSS).
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Figure 2.8. *H-NMR spectra (inset: 2°Si-NMR) for protected (top) MAPOSS-2 and deprotected
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(bottom) MAPQOSS-2.

2.5. Conclusions

In this article, we have demonstrated the well-controlled anionic polymerization of a THP
protected 4-hydroxystyrene, OTHPSt. This previously unexplored monomer, OTHPSt, constitutes
an ideal protected version of 4-HS for living anionic polymerization. While the THP ether has
excellent stability to both basic conditions and nucleophiles, it can be cleaved under mild acidic
conditions. This is particularly important as it opens up a broad spectrum of monomer
functionalities that can be incorporated in the second block. The glass transition temperature is
well above room temperature which facilitates handling and purification of the protected PHS
polymer. We examined the chain extension of the P(OTHPSt) anion to generate a variety of BCPs
including styrene, tert-butylstyrene, dimethylsiloxane and MAPQOSS blocks. By tuning the
deprotection conditions using catalytic amounts of HCI, THP groups were removed without
affecting the acid-sensitive Si-O-Si linkages in siloxane and silsesquioxane blocks. These BCPs
with DMS and MAPQOSS could not be accessed by any of the previous methods due to their acid

sensitivity. Detailed morphological studies for these BCPs are currently ongoing.
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Figure 2.S1. (a) and (c) TGA for tBuSt-3 before and after deprotection, respectively. (b) and (d)

DSC for tBuSt-2 before and after deprotection, respectively.
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Figure 2.S3. 2°Si NMR spectra for DMS-2 before (top) and after (bottom) deprotection.
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Figure 2.S5. 2°Si NMR spectra for MAPOSS-1 before (top) and after (bottom) deprotection.
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Chapter 3. Phase Behavior of Poly(4-hydroxystyrene-block-
styrene) Synthesized by Living Anionic Polymerization of an

Acetal Protected Monomer

The contents of this chapter have been accepted in Macromolecules (DOI: 10.1021/ma501126t)
with coauthors Sweat, Daniel P.; Kim, Myungwoong; Schmitt, Adam K_.; Perroni, Dominic V.;

Fry, Charles G.; Mahanthappa, Mahesh K.; Gopalan, Padma.

Author contributions: The synthesis and characterization of the BCPs were done by Daniel; NMR
analysis was done by Daniel in consultation with Dr. Fry. Calculation of interaction parameter was
done in collaboration with Prof. Mahanthappa’s group (Dominic and Adam). Experimental design
and interpretation of data was done by Daniel and Myungwoong. All authors contributed towards

writing the manuscript.

3.1. Abstract

We have synthesized a series of poly(4-(2-tetrahydropyranyloxy)styrene) [P(OTHPSt)]
homopolymers by living anionic polymerization of the protected monomer (OTHPSt) in
tetrahydrofuran at -78 °C, with excellent control over molecular weight and dispersity. The high
Ty of P(OTHPSt) led to facile purification and isolation of the polymer as a powder.
Characterization of the POTHPSt homopolymer by Nuclear Overhauser Effect Spectroscopy
confirms the strong preference for the axial position of the relatively sterically demanding alkoxy
phenyl group. By sequential monomer addition, a series of low to high molecular weight
P(OTHPSt-b-S) BCPs with narrow dispersities were synthesized. Quantitative deprotection of the

THP groups vyielded poly(4-hydroxystyrene-b-styrene) [P(HS-b-S)] with tunable molecular
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weights and compositions. The solid-state and melt-phase self-assembly of these diblocks was
investigated using synchrotron small angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). Mean-field theory analysis of the temperature-dependent correlation-hole
scattering for a disordered diblock was used to determine the interaction parameter as yus/s(7T) =
(4.39 £ 0.83)/T + (0.109 £+ 0.002), which is approximately four times larger than that of
poly(styrene-b-methyl methacrylate) with the same disproportionately high contribution of

entropy to the free energy of mixing.

3.2. Introduction

Block copolymers (BCPs) have attracted a great deal of interest for their ability to
spontaneously self-assemble into dense periodic nanostructures with accessible length scales of 5—
50 nm.1® In this thermodynamically-driven self-assembly process, the order parameters that
govern the resulting size of the domains are the copolymer volume fraction (composition) fa, and
the segregation strength yN, wherein N is the segment density normalized degree of polymerization
and y is the effective interaction parameter that quantifies the thermodynamic repulsion between
the homopolymer blocks.® Well-established mean-field theories predict that coil-coil diblock
copolymer self-assemble only when yN > 10.5,% neglecting monomer concentration fluctuation
effects.” Below this critical value of y&, the BCP is disordered. For a given segmental interaction
parameter y, the degree of polymerization may be adjusted so that yN > 10.5 to force the BCP to
self-assemble. The resulting domain sizes for lamellar diblock copolymers scale as d oc »/6N¢
wherein o = 2/3 for strongly segregated systems® and « = 1/2 for weakly segregated copolymers.®
Thus, this scaling relation establishes a lower limit on the accessible domain sizes of ordered block
copolymer morphologies.® 1% This domain spacing limitation is aptly demonstrated by

poly(styrene-b-methyl methacrylate) [P(S-b-MMA)], one of the most widely used BCPs for self-
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assembly in thin film and for pattern transfer. The small surface energy difference between the PS
and PMMA blocks facilitates P(S-b-MMA) thin film self-assembly, while the ability to selectively
remove the PMMA block simplifies pattern transfer to the underlying substrate.?* However, the
relatively small and temperature insensitive ywwmas = 2.87/T + 0.0209 for this system limits the

minimum feature size to ~ 24 nm pitch for a lamellar morphology.!*1®

One approach to accessing smaller feature sizes in nanotemplating and nanolithography
using BCPs is to develop copolymers with greater chemical incompatibility between the
homopolymer segments, i.e. to increase y between the blocks. A straightforward means of
increasing y is to increase the difference in polarity between the blocks. For example, poly(styrene-
b-dimethylsiloxane) [P(S-b-DMS)] has y ~ 0.26 at 22 °C, while poly(styrene-b-2-vinylpyridine)
[P(S-b-2VP)] exhibits y ~ 0.18, both of which are significantly higher than P(S-b-MMA).17-18
Tabulated values of the Hildebrand solubility parameters for various polymers allow a first-order
estimate of their relative polarities, and hence their chemical incompatibilities. For example, the
solubility parameters for PS, PMMA, PDMS and P2VP are 18.5, 19.0, 15.5 and 20.6 (J/cm?®)*?,
respectively, thus demonstrating that differences in solubility parameters track with the magnitude
of ».1%20 Poly(4-hydroxystyrene) [PHS] is a common polymer that has a high solubility parameter
(24.55 (J/cm®)Y?), indicating its relatively high polarity and hydrophilicity.?* Additionally, PHS
exhibits good solubility in a variety of common hydrogen-bond accepting solvents such as
tetrahydrofuran (THF) and acetone, rendering it easier to handle than other highly polar polymers
such as poly(4-vinyl pyridine). The phenolic OH provides a functional handle amenable to a wide
variety of transformations and post-functionalization reactions, while also conferring solubility in

basic aqueous solutions and the ability to ligate Lewis acids such as metal oxide precursors. These
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chemical attributes have made protected derivatives of PHS useful components in chemically-

amplified resists for photolithography.??

Surprisingly, ¥ has not been quantified for a wide variety of simple, well-known polymer
systems such as P(HS-b-S). From the solubility parameter formalism, one anticipates that y =
0.68.2% This large value of y was invoked to explain the prevalence of ordered microdomains over
large temperature ranges even when My is small.?* A recent paper by Jarnagin et al.® estimated
xsHs at 2.2 based on the scaling law, i.e. the ratio of observed domain size to calculated N for
P(HS-b-S). The polymers were made by nitroxide-mediated polymerization (NMP) (12.8 and 29.2
kg/mol, b = 1.2) and the self-assembly involved a non-equilibrium solvent annealing method
using acetone (a preferential solvent for PHS) to promote ordering which is known to swell domain
size considerably.?® Hence the exact extent of incompatibility even between PS and PHS blocks is

not known.

We recently demonstrated the facile synthesis of PHS-based BCPs by living anionic
polymerization of 4-(2-tetrahydropyranyl)oxystyrene (OTHPSt), a monomer readily synthesized
in two steps from 4-hydroxybenzaldehyde, followed by mild acetal deprotection to yield narrow
dispersity copolymers (B = 1.02-1.05) with predictable molecular weights.?” Due to its well-
controlled polymerization, ease of polymer purification, and mild acid-catalyzed deprotection,
OTHPSt is an extremely attractive monomer for the preparation of monodisperse PHS
homopolymers and BCPs previously inaccessible by sequential living anionic polymerizations.
Our initial report focused primarily on the synthesis and molecular characterization of several
previously unknown BCPs including P(HS-b-DMS), which exploit our mildly acidic acetal

deprotection conditions to unmask the latent PHS block.
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Here we present the synthesis and molecular characterization of a series of narrow
dispersity PHS and P(HS-b-S) BCPs with variable compositions and molecular weights derived
from anionic polymerization of OTHPSt monomer, along with studies of their bulk phase behavior.
As part of our studies, we also investigate the molecular weight-dependence of the Tg of
P(OTHPSt) and show that Tg >> 22 °C even at low My, thus facilitating convenient polymer
isolation and purification as a powder. Detailed NMR characterization of the monomer and the
POTHPSt homopolymer in solution highlights how the anomeric effect directs cyclic acetal ring
conformations, which when taken with the T4 data, indicates substantial rigidity of the resulting
polymer chains. Quantitative deprotection of the THP protected hydroxyl group with aqueous HCI
occurs within minutes at 22 °C, giving rapid access to a range of PHS copolymers. Bulk
morphological characterization of these BCPs by small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM) confirms their ability to microphase separate into
lamellar and cylindrical morphologies. By analyzing the temperature-dependent correlation-hole
scattering data associated with a disordered P(HS-b-S) BCP using mean-field theory, we estimate
the value of ysms to be four times larger than ymmass, with a similarly weak temperature-dependent

chemical incompatibility.

3.3. Experimental Section

Reagents. All solvents and reagents were purchased from Sigma-Aldrich Chemical
Company (Milwaukee, WI, U.S.A.) and used without further purification unless specified.
Tetrahydrofuran (THF) was freshly distilled from Na/benzophenone ketyl. 4-(2-
tetrahydropyranyloxy)styrene and block copolymers with styrene were synthesized according to
the literature procedure.?” Anionic polymerizations were terminated using MeOH that was sparged

with Ar for 10 min to remove dissolved oxygen.
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Anionic polymerization of OTHPSt. An oven-dried flask equipped with a PTFE stopcock
was cooled under argon and 40 mL of THF was added. The flask was cooled to -78 °C and sec-
butyllithium (1.4 M in cyclohexane) (caution: sec-butyllithium is a highly reactive, pyrophoric
reagent; handle with care) was added dropwise until a yellow color persisted. The flask was slowly
warmed to room temperature until the solution became colorless and then chilled to -78 °C. A
measured amount of sec-butyllithium (example: 0.11 mL, 0.154 mmol sec-BuLi) was added for
the desired molecular weight and the desired volume of OTHPSt/THF solution (example: 4 mL,
~10 mmol) was injected into the flask with stirring, yielding an orange/red color from the living
anion. After 30 min, methanol was added to quench the chain end and the THF solution was slowly
poured into 400 mL MeOH to precipitate the P(OTHPSt) homopolymer. The polymer was
quantitatively recovered by vacuum filtration as a white powder. The resulting powder was dried
under vacuum at 22 °C overnight. 'H NMR (CDCls, 500 MHz) § 7.00-6.15 (4H), 5.43-5.20 (1H),
4.01-3.79 (1H), 3.67-3.42 (1H), 2.35-1.00 (9H). 3C NMR (CDCls, 125 MHz) & 155.01, 139.59-
137.92, 128.43, 115.65, 96.3, 61.86, 46.90-41.80, 39.54, 30.48, 25.26, 18.84.

Typical method for deprotection of P(OTHPSt) and P(OTHPSt-b-S). 1.0 g P(OTHPSt) was
dissolved in 50 mL of THF and 50 mL of ethanol was added. A catalytic amount of concentrated
HCl g (typically, 0.1-1.0 mL) was added and the solution stirred until the *H NMR spectrum in
THF-dsg indicated complete deprotection. (Since the reaction is acid-catalyzed, the amount of acid
only affects the rate of the reaction.) The resulting solution was then precipitated into 500 mL of
hexanes to yield a white powder that was collected by vacuum filtration. The powder was
redissolved in 25 mL THF and precipitated into 300 mL of hexanes, isolated by filtration, and

dried under vacuum at 22 °C.
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Characterization. *H NMR and *3C NMR spectra were recorded in CDCls or THF-ds using a
Bruker Avance-500, Bruker Avance-400 or a Varian MercuryPlus 300 spectrometer with TMS as
internal reference. Quantitative *H NMR utilized a 10 s relaxation delay between pulses. 2-D
Nuclear Overhauser Effect Spectroscopy (NOESY) was performed on a Bruker Avance-500
spectrometer. Size exclusion chromatograhy (SEC) was performed using a Viscotek 2210 system
equipped with three Waters columns (HR 4, HR 4E, HR 3) and a 1 mL/min flow rate of THF as
eluent at 30 °C. SEC analysis relied on a calibration curve constructed from nine narrow dispersity
PS standards with My = 1-400 kg/mol. Tetra-detector SEC was performed using a Viscotek
VE2001 equipped with TDA-302 (light scattering detectors at 7° and 90°, and four capillary
viscometer in addition to a refractive index detector) with 1 mL/min THF eluent at 40 °C.
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500 using a heating rate
of 10 °C /min under a nitrogen atmosphere. Differential scanning calorimetry (DSC) was
performed on a TA Instruments Q100 using a heating and cooling rate of 10 °C/min for three
cycles. Glass transition temperatures were determined from the third heating cycle. SAXS samples
were solvent cast by the slow evaporation of THF solutions (5 wt% polymer in THF) and followed
by annealing at 160 °C for 48 h under vacuum. SAXS analysis employed either a Rigaku SMAX-
300 instrument with a MMO002+ micro-focus X-ray source operating at 40.5 W using Cu Ka
radiation or the 12-ID-B beamline at the Advanced Photon Source (APS) at Argonne National
Laboratory, using a beam energy of 12 keV (1.033 A). The sample-to-detector distance in both
cases was rigorously calibrated using a silver behenate standard (dooz = 5.838 nm). Temperature-
dependent SAXS studies used a Linkam DSC stage with a 5 min thermal pre-equilibration delay
prior to data collection at a given temperature. Synchrotron SAXS data were analyzed using

publicly available Igor Pro procedures.?® The SAXS samples were further prepared for TEM by
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embedding in epoxy (Eponate 12 with DMP-30, Ted Pella) and subsequently sectioned at 22 °C
using a diamond knife to produce 70-90 nm thick samples. The sections were placed on 200 mesh
Cu grids and exposed to either I, vapor overnight or immersed in 0.5 wt% Cs>COz(aq) for 15 min
to preferentially stain the PHS block. TEM samples were imaged using a Phillips CM120 operating

at 80 kV accelerating voltage in bright-field mode.

3.4. Results and Discussion

Synthesis and Thermal Characterization of the P(OTHPSt) homopolymer

The anionic polymerization of OTHPSt was carried out using sec-butyllithium as the
initiator in THF at -78 °C (Figure 3.1).%” For polymerization of styrene under identical reaction
conditions, faster chain propagation is typically observed and results in broader molar mass
dispersities (B = Mw/Mn = 1.07-1.25).2° However, OTHPSt polymerization exhibits a high degree
of control as evidenced by B < 1.04 for all reactions (Table 3.1). POTHPSt homopolymers with
Mn = 3-37 kg/mol were synthesized by this method. The “livingness” of these polymerizations
was further confirmed by the conformance of the experimentally observed molecular weight to
that theoretically calculated by M, = [OTHPSt]/[sBuL.i], as well as the observed narrow molecular

weight distributions (Figure 1a) even at molecular weights as low as M, = 3.1 kg/mol (Figure

=
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Figure 3.1. Synthesis of Narrow Dispersity PHS by Anionic Polymerization of OTHPSt and

Subsequent Acid-Catalyzed Deprotection.
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Table 3.1. Molecular Characterization of P(OTHPSt) Homopolymers from Anionic

Polymerization.

Sample M (kg/mol)2 Mn (kg/mol)® b2 Ty (°C)
1H 3.1 3.1 1.03 103
2H 5.6 7.5 1.04 114
3H 6.4 8.0 1.03 114
4H 10.4 13.6 1.04 122
5H 37.5 -C 1.02 126

aDetermined by GPC using polystyrene standards. "Determined by quantitative *H NMR end group
analysis comparing the sec-butyl methyl peaks from 0.5-0.8 ppm with the acetal peak at 5.3 ppm.

°End group could not be accurately integrated due to low *H NMR peak intensity.
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Figure 3.2. (a) Experimentally determined Mn versus the initial monomer to initiator ratio
(IMo]/[10]), and the resulting dispersities B. (b) GPC chromatograms for the P(OTHPSt)

homopolymers demonstrating narrow dispersities throughout the molecular weight range
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examined (data has been shifted vertically for clarity). (c) A plot of Tq versus My, for P(OTHPSt),

showing a plateau Ty ~ 126 "C when Mp > 15 kg/mol.

In order to assess the thermal stability and melt processability of P(OTHPSt), we conducted
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) on these
homopolymers. TGA indicates a two-step thermal decomposition, with the onset of the first
decomposition Tqr ~ 255 °C and the second decomposition Tq ~ 350 °C (Figure 3.S1).
Approximately 35% of the total sample weight is lost in the first step, which quantitatively
correlates with the loss of the THP ring. Hence, thermal deprotection of the THP group occurs
upon annealing the polymer at elevated temperatures. DSC measurements indicate that the T4’s for
these homopolymers range from 103-126 °C, showing a plateau value close to ~ 126 °C when My

> 15 kg/mol (Figure 3.1c, see Figure 3.S2 for DSC heating curves).

Spectroscopic Characterization of OTHPSt monomer and P(OTHPSt) homopolymer

Given the observed glassy nature of the P(OTHPSt) homopolymers at low molecular
weights and the presence of a stereo-center in the THP ring of every monomer unit, we sought to
gain deeper molecular insights into the conformational behavior of the OTHPSt monomer and its
homopolymers using solution *H NMR spectroscopy. Detailed assignments of the peaks for either
the monomer, or the homopolymers have not been reported so far. *H NMR spectra for the
monomer OTHPSt indicate that the proton located on the carbon stereocenter between the two
acetal oxygens (g proton in Figure 3.S3) is split into a triplet with J = 3.3 Hz, strongly suggesting
an equatorial orientation with slow ring inversion on the NMR time scale at room temperature.
The strong axial preference of the sterically demanding alkoxy phenyl group aptly demonstrates

how the anomeric effect can dictate ring conformations.*® The protons on the methylene adjacent
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to the ring oxygen (k protons in Figure 3.S3) show a large difference in chemical shift with the
downfield resonance exhibiting a ddd coupling pattern (J = 11.3, 9.3, 3.2 Hz) and the upfield
resonance exhibiting a dtd pattern (J = 11.3, 4.1, 1.6 Hz). The 11.3 Hz splitting likely arises from
the geminal coupling between the two protons, while the Karplus relationship shows that vicinal
protons with large dihedral angles or eclipsed conformations have larger coupling constants. Thus,
the downfield resonance for k corresponds to the axial proton and upfield corresponds to the
equatorial proton. To definitively assign the six aliphatic proton resonances (6 1.5-2.0 ppm) and
the aromatic protons, we used two-dimensional Nuclear Overhauser Effect Spectroscopy
(NOESY) to garner information on through-space dipole-dipole interactions over distances <5 A
(Figure S3). As would be expected from the resonance structures of the monomer, the aromatic
protons ortho to the oxygen (protons e) are shifted upfield relative to the meta protons (protons d).

With the information gained from analysis of the monomer spectrum, we examined the
2D-NOESY spectrum for P(OTHPSt), which exhibited similar features as the monomer (Figure
3.3). Protons g and k are still easily distinguished while h, i, and j remain in their relative locations
although the lines are broadened as expected for a polymer. One stark difference from the
monomer peak assignments is that the two aromatic resonances have essentially switched position
with e being downfield of d, most likely due to the polymer backbone strongly shielding the
protons ortho to it. Due to the line broadening arising from the increased conformational variability
of the polymeric species in solution, it is difficult to determine if the same preference for the axial
position is maintained in the polymer as in the monomer. While these NMR studies provide
previously unreported details of structural characterization for the monomer and the homopolymer,
the fact that these are solution derived structures limit its direct translation to bulk properties.

However from experimental observations by DSC it is clear that the tetrahydropyran (THP) ring
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confers rigidity upon the polymer, similar to the rigidity afforded by cyclohexyl substituents on
other polymers (e.g. cyclohexyl methacrylate vs n-hexyl methacrylate).3! As compared to another
acetal protected hydroxystyrene, poly(p(1-ethoxy ethoxy)styrene), that bears a flexible and acyclic

side-chain, the Tq of P(OTHPS) is over 100 °C higher.®?
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Figure 3.3. 2D-NOESY spectrum for P(OTHPSt) (2H), showing full assignment of the proton

peaks. Note that backbone proton b lies under the sharper i and h resonances (2.2 to 1.7 ppm).

Synthesis and Molecular Characterization of P(HS-b-S) Block Copolymers
We synthesized a series of BCPs with M, = 6.2-50.4 kg/mol and PHS volume fractions
fes ~ 0.3-0.6 by the sequential addition of styrene to the living P(OTHPSt) anion after

withdrawing an aliquot of the first segment for molecular weight analysis (Figure 3.4).2” Upon
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terminating the polymerization with methanol and subsequent isolation, the resulting BCPs were
characterized at a molecular level by a combination of GPC, 'H NMR spectroscopy, TGA and

DSC both prior to and after deprotection of the THP moiety (Table 3.2).

x
x> kr' J-Li Lr- . H H
sec-BuLi 1) HEI (cat)
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O U U o
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Figure 3.4. Synthesizing P(OTHPSt-b-S) and P(HS-b-S) BCPs by Sequential Living Anionic

Polymerization.

Table 3.2. Molecular and Morphological Characteristics of P(OTHPSt-b-S) BCPs.

Sample Mn,OTHPSt I\/In'overall b? fPHSb N° Tg (Oc)d Tg (OC)e Lo
(kg/mol)? (kg/mol)? (morphology)’
4k-2k 4.3 (6.5)¢ 6.2 (9.0)° 1.14 058 859 96, 107 157, 107 Disordered
Tk-6k 6.8 (12.5)9 13.0(17.9)¢ 1.07 055 116 96, 109 165, 117 11.8 nm
(LAM)
9k-25k 9.0 33.8 1.04 026 365 90, 108 177, 110 23.4nm
(HEX)
13k-21k 13.3 33.2 1.04 0.4 326 110 181, 110 21.7 nm
(LAM)
16k-35k 16.0 50.4 1.09 033 519 107 180, 107 33.1nm
(LAM)

2 Determined by SEC using polystyrene standards. ® PHS volume fraction determined using the
homopolymer densities at 25 °C: p(PHS) = 1.16 g/cm?® and p(PS) = 1.05 g/cm?®.2* ¢ Total segment
density normalized degree of polymerization based on 118 A2 reference volume. ¢ P(OTHPSt-b-
S) Tq determined by DSC during the third heating cycle. * P(HS-b-S) T4 determined by DSC during
the third heating cycle. f Determined by synchrotron SAXS at 25 °C. 9 Determined by quantitative
H NMR end group analysis comparing the sec-butyl methyl peaks from 0.5-0.8 ppm with the

acetal peak at 5.3 ppm.
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The thermal characteristics for the protected and deprotected diblocks are tabulated in
Table 3.2. The THP group in each of these protected BCPs was removed by acidolysis with 0.1
M HCI in THF/ethanol (50:50 v/v) at 22 °C. Quantitative deprotection of the THP moieties along
the block copolymer chains was verified using *H NMR (Figure 3.4). After deprotection, TGA
indicates a single degradation step with an onset near 350 °C (Figure 3.S4) that is consistent with
the polymer backbone decomposition observed in the above P(OTHPSt) homopolymers. The fully
deprotected polymer exhibited the higher Tq's expected for PHS at ~180 °C (Figure 3.5). We note
that each of these diblock copolymers exhibits two distinct glass transition temperatures
corresponding to those of the PHS and PS blocks, which suggests the possibility that they are
microphase separated. However, Lodge and co-workers have previously noted that the presence
of two Tgy's in the absence of any X-ray scattering data does not necessarily imply the melt

microphase separation of a block copolymer.?
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Figure 3.4. 'H NMR spectra of 9k-25k prior to (bottom, CDCls) and after (top, THF-ds)
deprotection with 0.1 M HCI in THF/ethanol (50:50 v/v). Inset shows GPC profiles of the quenched
P(OTHPSt) aliquot prior to styrene addition (black) and the resulting P(OTHPSt-b-S) diblock 9k-

25k (red) from the sequential chain extension block copolymerization.
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Figure 3.5. DSC heating curves for the deprotected BCPs showing the expected increase in Ty
with increasing PHS block My, which reaches a plateau value of ~180 °C. Data has been shifted

vertically for clarity.

Morphological Characterization of the BCPs

Given the interest in P(HS-b-S) diblock copolymers as self-assembling nanotemplates with
small domain sizes,*8 we studied the morphological behavior of the diblocks listed in Table 3.2.
We systematically examined the self-assembly of both the protected and deprotected BCPs using
small angle X-ray scattering (SAXS). None of the solvent-cast protected BCPs showed any signs
of microphase separation by SAXS, hence the samples were annealed under vacuum at 160 °C for
various amounts of time to partially thermally deprotect the P(OTHPSt) blocks (vide infra). After
annealing for only 3 h, 13k-21k showed characteristic scattering peaks for a lamellar morphology.
Increasing the annealing times led to sharper peaks and larger domain spacing (Figure 3.6),
consistent with an increase in the chemical incompatibility of the segments in the BCPs. Thus, the
annealed samples were dissolved in THF-dgs and characterized by *H NMR spectroscopy (Figure

3.55). NMR revealed the deprotection of the THP group during thermal annealing. After 24 h at
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160 °C, over 90% of THP was removed in a first-order reaction (Figure 5, inset), as discerned from
the linearity of the In(JOTHP]/[OTHP]o) versus time curve. As the samples were easily re-
dissolved for NMR analysis, this thermal deprotection is clearly a clean process with no side
reactions that yields microphase separated BCP morphologies in situ as well as at a temperature
below Tgof one of the blocks. This interesting observation furnishes a new means for dynamically
dictating the desired morphology by controlling the extent of deprotection, and the loss of
dihydropyran has a plasticizing effect on the BCP film which further facilitates long-range

ordering of the morphology.
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Figure 3.6. SAXS curves for protected 13k-21k annealed at 160 °C for (a) 1 hr, (b) 3 hrs, (c) 6

hrs, (d) 12 hrs and (e) 24 hrs (data has been shifted vertically for clarity), where the peak markers
indicated the calculated peak positions for a lamellar morphology based on the position of the

principal scattering peak. Inset shows plot of In(JOTHP]/[OHTP]o) as a function of annealing time
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as measured by *H NMR spectroscopy of the acetal proton at 5.3 ppm vs the total aryl protons

demonstrating the first-order nature of the thermal deprotection reaction.

While the ability to thermally deprotect the THP group during annealing may be beneficial
for in situ thin film self-assembly, we employed the chemical deprotection method in producing
samples for complete morphological characterization of P(HS-b-S) phase behavior. All of the
chemically deprotected diblocks were annealed at 160 °C for 48 h under vacuum and shown to
microphase separate into phase-segregated morphologies by SAXS, except for 4k-2k which
exhibited only correlation hole-scattering associated with a disordered diblock copolymer (Figure
3.7). 160 °C was chosen as a compromise between annealing kinetics and the propensity for
ordered PHS BCPs to self cross-link when heated above their Tq.3® Hence, the morphologies
observed may not reflect the true equilibrium morphology. 7k-6k, 13k-21k, and 16k-35k showed
lamellar morphologies while 9k-25k formed hexagonally-packed cylinders of PHS in a PS matrix.
The domain size ranges from Lo = 33.1 nm for 16k-35k to 11.8 nm for 7k-6k. This large range of
accessible Lo values suggests that the magnitude of the y parameter between PS and PHS is quite
large. Interestingly, the processing conditions can have a large effect on the resulting BCP
morphology. A sample of chemically deprotected 13k-21k cast from THF solution demonstrates
an ordered lamellar morphology with a Lo ~19 nm (Figure 3.S6). Annealing the sample at 160 °C
causes the SAXS profile to become broad, indicative of a microphase segregated morphology
lacking long-range order (Figure 3.7). Thermal deprotection of the P(OTHPSt-b-S) 13k-21k BCP
at 160 °C for 72 h yields a well-ordered lamellar morphology with a Lo = 21.9 nm and a
deprotection extent > 99% by 'H NMR spectroscopy (Figure 3.56). Thus, the relatively low
annealing temperature may not enable adoption of the equilibrium structure for the higher

molecular weight BCPs such as 13k-21k and 16k-35k.
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Figure 3.7. Synchrotron SAXS patterns for deprotected BCPs annealed at 160 °C for 48 h under

vacuum. Data has been shifted vertically for clarity.

Representative transmission electron microscopy (TEM) images of the two morphologies
formed by these polymers were obtained by using two different staining agents (Figure 3.8).
Attempts to stain these samples with RuO4 vapor did not yield the preferential staining required
for high contrast TEM imaging, as both blocks became overstained in only a 5 min exposure to
the metal oxide vapor. 9k-25k was successfully stained using Cs>COz(aq), which led to
incorporation of Cs* ions into the PHS domain and 13k-21k was stained with I>(g) as lamellae are
easier to visualize than dot structures. The periodicities measured from the images match well with

those ascertained from the synchrotron SAXS data.
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Figure 3.8. TEM micrographs of (a) 13k-21k and (b) 9k-25k. PHS is the darker phase. Scale bar

is 100 nm. Periodicities are 21.5 nm for (a) and 22.5 nm for (b).

Quantitative Determination of yHs/s

Domain sizes as small as approximately Lo ~14 nm have been previously reported in P(HS-
b-S) at temperatures up to 300 °C,>* which have been attributed to the large y = 0.68 measured in
polymer blend miscibility studies.’® 2 40 However, there are discrepancies in the reported yusis
values in the literature. The aforementioned ywss in conjunction with mean-field theory implies
that a symmetric copolymer would microphase separate at overall copolymer degree of
polymerization as low as N = 15, yet this claim contradicts our experimental observation that 4k-
2k with N = 85 is melt disordered. The value of N used was determined from quantitative *H-NMR
end-group analysis. The My values obtained from end group analysis are quite accurate as the
initiator peaks (0.5-0.8 ppm) for the low molecular weight samples do not have any overlap with
other peaks (see NOESY Figure 3.3 and Figure 3.S7). For the lowest molecular weight used for
yHsis determination, SEC with light scattering analyses were also conducted to determine the
absolute molecular weight (9.0 kg/mol from NMR end group analysis, 9.2 kg/mol from SEC with

light scattering), which agrees quite closely to the end group analysis values. Using this sample,
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we opted to directly estimate the y(T) using mean-field theory analysis of temperature-dependent
correlation-hole SAXS data for this polymer.® The correlation-hole scattering patterns for 4k-2k
were acquired at T = 170, 190, 210 and 230 °C (above the T4’s of the BCP). These data were fit
using the equations of state governing a disordered BCP (see section 3.6 for details of the
calculation). Plotting the calculated y values as a function 1/T (in degrees K) yields the
temperature-dependent expression yuss(T) = (4.39 + 0.83)/T + (0.109 + 0.002) (Figure 3.9a).
Thus, the ynsss is largely independent of temperature due to large entropic contributions to the free
energy of mixing. While P(S-b-MMA) copolymer phase behavior is governed by a similarly weak
temperature-dependent y parameter, there is no definitive explanation for the observed small
enthalpic and large entropic contributions.** At a reference temperature of 150 °C, the ysimma ~
0.028 while ynsis = 0.119 is four times larger. We note that although our observed yns/s is much
smaller than that previously reported, the value seems reasonable and comparable to other diblock
copolymer systems that are known to furnish small microphase separated domain spacings useful
in nanotemplating applications. We also note that Maurer et al. have previously reported that a
single y parameter may not consistently apply to both polymer blend and block copolymer phase
behavior.*?> For visual comparison, we have plotted »(T) for three other BCP systems containing

a PS block in Figure 3.9b as compared to the results presented here for P(HS-b-S).> 41
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Figure 3.9. (a) ynsis vs 1/T plotted using the values obtained from fitting the temperature-
dependent correlation-hole SAXS data and the line of best fit. (b) x vs 1/T plotted for three other

styrene-containing BCP systems.

3.5. Conclusions

In summary, we have used living anionic polymerization of a tetrahydropyranyl acetal
protected 4-hydroxystyrene (OTHPSt) to synthesize a series of P(OTHPSt) homopolymers and
P(HS-b-S) BCPs with excellent molecular weight and dispersity control over a broad Mn range.
The high T of P(OTHPSt) allows for its facile preparation, isolation, and purification as a powder.
These BCPs may be thermally deprotected by a controlled first-order reaction upon annealing at
160 °C under vacuum, which suggests a means for dynamically tuning the microphase separated
morphology in both bulk and thin films by analogy to poly(tert-butyl acrylate) block copolymers.*

For preparative purposes, complete and rapid deprotection may also be affected using dilute
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HCl(aq). SAXS and TEM studies demonstrated that these P(HS-b-S) copolymers self-assemble
into well-defined lamellar and hexagonally-packed cylindrical morphologies. Mean-field theory
fitting of the temperature-dependent correlation-hole scattering derived a P(HS-b-S) disordered
diblock enabled the determination of yuss(7) = (4.39 + 0.83)/T + (0.109 £ 0.002), which is four
times larger than ymmars and exhibits similarly large entropic and small enthalpic contributions to
the free energy of mixing. Although it is lower than most of the values previously reported in the
literature, the yns/s(T) is consistent with the experimentally observed molecular weight threshold
for microphase separation anticipated from mean-field theory. On the basis of this temperature-
dependent ynsis(T), we estimate that the smallest accessible domain spacing with the HS/S
monomer system is Lo = 11.6 nm. Thus, this well-defined anionic polymerization route provides

access to high y PHS-based BCPs with very small domain sizes.



91

3.6. Supporting Information
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Figure 3.S1. TGA curve for P(OTHPSt) polymer 4H demonstrating two thermal decomposition

waves: (1) Tq1 ~ 255 °C corresponding to the thermal deprotection of the THF moiety, and (2) Ta2

~ 350 °C corresponding to the PS backbone degradation.
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Figure 3.52. DSC curves for the five P(OTHPSt) homopolymers (taken from the third heating

cycle, endo is down), showing that T4 increases to a plateau value of ~ 126 °C as the

homopolymer My increases.
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Figure 3.S3. 2D-NOESY plot for OTHPSt showing full proton assignments.
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Figure 3.54. TGA curves for protected P(OTHPSt-b-S) (black) and deprotected P(HS-b-S) (red)

13k-21k with degradation onset temperatures listed. These data are consistent with the observed

thermal deprotection of the THP moiety at ~ 255 °C.
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Figure 3.S5. 'H NMR spectra for protected 13k-21k vacuum annealed at 160 °C from 3 h to 24
h.
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Figure 3.56. Synchrotron SAXS curves for (black) chemically deprotected 13k-21k cast from

THF solution, (red) the solvent cast sample annealed at 160 °C for 48 hours and (teal) protected



13k-21k cast from THF solution and annealed at 160 °C for 72 hours (>99% deprotection by

NMR).
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Figure 3.57. 'H NMR spectrum of 4k-2k showing the end group analysis. The chemical DP of

59.4 calculated above corresponds to a volume normalized DP of 85.

Determination of yHs/s by synchrotron SAXS
The equations governing the disordered state scattering of a block copolymer are shown below.
_ M
5(q) = (Sps,ps) + 2(Sps,pus) + (Spus,phs)
W(CI) = (SPS,PS> ' (SPHS,PHS> - (SPS,PH5>2
(5X,X(Q)) = chng(z)X(CI)

(Sps,pus(q)) = TCfPSfPHSg(l)pS(q)g(l)PHS (@

I(q) =

_ (vpsNps + vpysNpps)

‘r =
¢ (Vps * Vpps)?
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where 1(q) is the scattered intensity from the diblock copolymer melt, S(q) and W(q) together are the
correlation function of the diblock copolymer, Ay is a fitting variable, r. is the molar volume normalized
degree of polymerization of the diblock copolymer, g®(q) is a modified Debye function, and yx(q) is the
dimensionless wave vector. Additionally, f is the volume fraction occupied by a homopolymer segment, v
is the molar volume calculated using the bulk densities for each block at 140 °C (p(PHS) = 1.079 g/cm?,
p(PS) =0.969 g/cm?), N is the volume degree of polymerization calculated using a 118 A3 reference volume,
D is the dispersity index, and a is the statistical segment length (normalized by the homopolymer melt

density).

Table 3.S1. Fixed parameters used for determination of yHs/s

Segment f N v (cm®mol™) 1)
PS 0.44 374 107.5 1.10
PHS 0.56 47.4 1114 1.04

Because the diblock copolymer is very small and is expected to have a large y parameter, the copolymer
chains in the disordered phase remains stretched. In order to accommodate this high degree of chain
stretching (non-Gaussian chain conformations), the statistical segment lengths of each homopolymer
segment are allowed to vary in the fitting routine. In addition to fitting the statistical segment lengths of
each block, the background intensity, scattering intensity and y parameter were also adjustable. The final

fitted values of the statistical segment length are a(PS) = 7.6 A, and a(PHS) = 9.8 A.
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Figure 3.S8. Temperature-dependent synchrotron small-angle x-ray scattering data (dots) with disordered
scattering fits (lines).
The temperature-dependent X-ray scattering is shown in Figure 3.18 along with the theoretical fits

to determine y. As the temperature increases, the correlation-hole scattering intensity decreases and the
peak width increases corresponding to a decrease in interaction parameter. The fitting values for the

temperature-dependent x(T) parameters at the corresponding temperatures are shown in Table 3.S2.

Table 3.52. y(T) values from mean-field
fitting of the correlation-hole scattering for
Temperature (°C) xrsis(T)
170 0.1185
190 0.1184
210 0.1179
230 0.1174

From these values, we find that ynss(T) = (4.39 = 0.83)/T + (0.109 + 0.002).
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Chapter 4. Rational Design of a Block Copolymer with a

High Interaction Parameter

This work was done in collaboration with Kim, Myungwoong; Larson, Steven R.; Choi,

Jonathan W.; Choo, Youngwoo; Osuji, Chinedum O.; Gopalan, Padma. (Submitted August 2014)
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synthesis of low molecular weight samples. Jonathan contributed towards thin-film assembly
studies. The temperature dependent SAXS measurements were done in Prof. Osuji’s lab at Yale

with his student Youngwoo. All authors contributed towards writing the manuscript.

4.1. Abstract

A series of poly(4-tert-butylstyrene-block-2-vinylpyridine) [P(tBuSt-b-2VP)] block
copolymers (BCPs) with varying volume fractions, molecular weights and narrow dispersities was
synthesized from the commercially available monomers by sequential living anionic
polymerization. The copolymers were thoroughly characterized by *H NMR spectroscopy, size
exclusion chromatography, thermal gravimetric analysis and differential scanning calorimetry
(DSC). To examine the effect of the tert-butyl group on the effective interaction parameter (yefr)
relative to poly(styrene-block-2-vinylpyridine) [(P(S-b-2VP)], the self-assembly of symmetric
copolymers was characterized by small angle X-ray scattering (SAXS) and transmission electron
microscopy. Order-to-disorder transitions (ODTSs) were identified by both DSC and SAXS on five
copolymers, to define the equation yer(T) = (67.9 £ 1.3)/T — (0.0502 + 0.0029), which shows a

higher enthalpic contribution to yefr than P(S-b-2VP) and approximately 1.5 times larger yeft. This
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enables a minimum full pitch of 9.6 nm for the symmetric copolymers. Asymmetric copolymers
were also examined for bulk self-assembly by SAXS and TEM, exploring both P2VP and PtBuSt
cylindrical phases with diameters as small as 6 nm. Feasibility of thin film assembly by thermal
annealing was demonstrated for P2VVP cylinder forming BCPs to yield parallel cylinders that were

seeded with Pt ions and etched to yield Pt nanowires with diameters as small as 5.8 nm.

4.2. Introduction

Block copolymers (BCPs) are capable of self-assembling via a thermodynamically driven
process into a variety of nanostructures with typical domain sizes between 5 and 50 nm.* This
process is governed by several factors including the relative volume fraction of one block (fa=1
— fg), the degree of polymerization (N) and the Flory-Huggins interaction parameter (y).! The
volume fraction and degree of polymerization can be varied extensively for any given copolymer
system but y is a parameter which nominally depends on temperature only for that BCP, though in
practice molecular weight and composition dependencies also have been observed.>® A symmetric
(fa = fg) BCP will only self-assemble when yesr (effective segmental interaction parameter) is
greater than or equal to 10.5.% 1% This provides the lower limit of N for self-assembly of any given
copolymer system. The resulting domain sizes also scale with N?? for a strongly segregated system
(xN >> 10.5) which means that every BCP has a minimum feature size which can be achieved.
There is considerable interest in developing BCPs with sub-10 nm and even sub-5 nm features for

future nodes of nanolithography through the use of directed self-assembly.*1-1

There are some basic design guidelines that can be followed to achieve these small
dimensions in bulk and thin-film self-assembly of BCPs along with engineering in other desirable
properties. Fundamentally, the polymer should exhibit a large effective interaction parameter in

order to achieve small domain sizes. In order to successfully compete with mainstream BCPs such



105

as poly(styrene-b-methyl methacrylate) [P(S-b-MMA)], poly(styrene-b-2-vinylpyridine) [P(S-b-
2VP)] and poly(styrene-b-dimethylsiloxane) [P(S-b-DMS)], the BCP should be straightforward to
synthesize in high yield with controllable molecular weights and dispersity and preferably from
commercially available monomers. It is also beneficial if processing of the material is
accomplished with conventional methods such as thermal annealing with a hot plate in order to
facilitate scale-up.® The glass transition and degradation temperatures should be suitable for
needed processing conditions. Finally, it is necessary to have the right functional moieties to
provide etch contrast between the domains in order to facilitate pattern transfer. BCPs which have
limited intrinsic etch contrast (e.g. P(S-b-2VP) or poly(styrene-b-4-vinylpyridine) [P(S-b-4VP)])
can be seeded with metal ions to yield metallic nanostructures upon plasma treatment either

through a solution deposition or a vapor-phase deposition.!’: 18

In order to achieve smaller domain sizes, high-yest BCP systems have been developed by
increasing the difference in polarity between the blocks.'% %21 Poly(dimethylsiloxane) (among
other silicon-containing blocks such as poly(4-trimethylsilylstyrene)!®) has been effective at
increasing the segregation strength with other blocks including styrene (8 nm diameter
cylinders),?> 2 2-vinylpyridine (6 nm diameter cylinders)?* and d,I-lactide (12 nm diameter
cylinders).?! Despite their usefulness in pattern transfer through conversion to silicon oxide,
silicon-containing blocks have low surface energies which promote segregation to the free
surface.? This complicates thin film assembly through the formation of a silicon-rich layer at the

free surface.

P(S-b-2VP), on the other hand, is a common all-organic BCP that is considered to have a
high yerr parameter.?® 27 P(S-b-4VP) is equally valuable, though the position of nitrogen in the

pyridine ring and the resultant higher polarity of P4VP leads to complications in synthesis and
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characterization.?®3° Thus, P(S-b-2VP) has been mainly used for a variety of different applications
including photonic gels, ordered gold dot arrays through micelle templating and the formation of
metal nanowire arrays mainly due to the easily functionalized pyridine unit.!” 31 32 Recently,
poly(4-tert-butylstyrene) [P(tBuSt)] was introduced as a more hydrophobic version of styrene in a
variety of BCPs including with ethylene oxide, 4-vinylpyridine and methyl methacrylate.>*° In a
seminal work, Kennemur et al. synthesized P(tBuSt-b-MMA) and thoroughly investigated the
effect of PtBuSt on yefr compared to P(S-b-MMA) which demonstrated a 10-fold increase in the
enthalpic contribution to ye.33 In our work, we examine a new BCP, namely P(tBuSt-b-2VP), to
see if the yerr can be significantly increased compared to P(S-b-2VP) and how that translates to
bulk and thin film self-assembly. From the previously stated design guidelines, P(tBuSt-b-2VP)
should be an ideal BCP as it can exhibit a high yefr, can be synthesized using sequential anionic
polymerization with commercially available monomers, processed by thermal annealing and can
be seeded with metal ions by a solution treatment™® or subjected to vapor-phase deposition of metal

oxide precursor to seed oxides to increase etch contrast between the domains.®% 7

Using sequential living anionic polymerization, we synthesized a series of P(tBuSt-b-2VP)
BCPs with varying molecular weights and symmetric compositions to determine the yefs by order-
to-disorder transition (ODT) analysis. Using differential scanning calorimetry (DSC) and
temperature-dependent small angle X-ray scattering (SAXS), we identified five BCPs with
accessible ODTs which allowed determination of yefr for the system. The replacement of PS with
PtBuSt increased the yefr 1.5 times mainly through a larger enthalpic contribution to yetf Which
furnished sub-5 nm domains (full pitch 9.6 nm). We also examine asymmetric BCPs for their self-
assembly in bulk and in thin film. BCPs ranging from PtBuSt spheres to P2VP cylinders were

synthesized via the same sequential anionic polymerization method and showed cylinder diameters
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as small as 5.9 nm. Thin film self-assembly was accomplished via spin-coating from a toluene
solution and thermal annealing on the native oxide to form arrays of P2VP cylinders parallel to the
substrate. The cylinders were seeded with Pt metal ion complexes and etched to yield arrays of Pt

nanowires with 5.8 + 0.5 nm diameter.

4.3. Experimental Section

Reagents. All reagents were purchased from Sigma-Aldrich Co. (Milwaukee, WI) and
used as received unless otherwise specified. Tetrahydrofuran (THF) was freshly distilled from
Na/benzophenone ketyl. 4-tert-butylstyrene (tBuSt) was sequentially distilled from CaH2 and di-
n-butylmagnesium under vacuum and then stored at 0 °C under argon. 2-vinylpyridine (2VP) was
sequentially distilled from CaH> and triethylaluminum under vacuum and then stored at 0 °C under
argon. Lithium chloride was dried in the oven at 140 °C under vacuum for 48 hours then stored in
the desiccator. 1,1-diphenylethylene (DPE) was distilled from n-BuLi under vacuum and stored at

22 °C under argon. Methanol was sparged with argon for 10 minutes to remove dissolved oxygen.

Anionic polymerization of P(tBuSt-b-2VP). The following is a general procedure for the
synthesis of P(tBuSt-b-2VP). An oven-dried flask was loaded with 30 mg LiCl and cooled under
argon to room temperature. 40 mL of THF was added to the flask and cooled in a -78 °C bath. sec-
butyllithium (1.4 M in cyclohexane) was added dropwise until a yellow color persisted. The flask
was then removed from the bath and kept at room temperature until colorless. At this point, the
flask was chilled to -78 °C and a measured amount of sec-BuLi was added (typical 0.11 mL, 0.154
mmol) with vigorous stirring. tBuSt (typical 1.0 mL, 5.5 mmol) was then injected rapidly into the
center of the flask using a syringe and stirred for 30 minutes. At this point, 0.1 mL DPE was added
to the flask and the orange anion turned dark red immediately. A small aliquot was removed from

the solution and rapidly quenched in methanol for analysis. 2VVP (typical 1.5 mL, 9.2 mmol) was
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then injected rapidly into the center of the flask and polymerized for 20 minutes. No color change
was noticed after the addition of 2VP. Sparged MeOH was used for terminating the polymerization
and the resulting colorless solution was poured into water to precipitate the block copolymer. The
BCP was dried under vacuum at 60 °C for 24 to 48 hrs and yield was typically quantitative. ‘H
NMR (500 MHz, CDCl3) & 8.5-8.0 (1H from 2VP), 7.25-6.0 (3H from 2VP, 4H from tBuSt), 2.5-

1.0 (3H from 2VP, 12H from tBuSt).

Chemical and physical characterization. *H NMR and **C NMR spectra were recorded
in CDCl3 using a Bruker Avance-500 spectrometer with TMS as internal reference. Quantitative
H NMR utilized a 10 s relaxation delay between pulses. Heteronuclear single quantum coherence
(HSQC) spectra were acquired using standard parameters. Size exclusion chromatography (SEC)
was performed using a Viscotek 2210 system equipped with three Waters columns (HR 4, HR 4E,
HR 3) and a 1 mL/min flow rate of THF as eluent at 30 °C. SEC analysis relied on a calibration
curve constructed from nine narrow dispersity PS standards with M, = 1-400 kg/mol.
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500 using a heating rate
of 10 °C /min under a nitrogen atmosphere. Differential scanning calorimetry (DSC) was
performed on a TA Instruments Q100 using a heating and cooling rate of 10 °C/min for two cycles.
Glass transition temperatures and order to disorder transitions (ODTs) were determined from the
second heating cycle. Matrix assisted laser desorption ionization time of flight (MALDI-TOF)
mass spectrometry of low molecular weight P(tBuSt-b-2VP) BCPs was performed using o-cyano-

4-hydroxycinnamic acid as the matrix on a Bruker Ultraflex-111 instrument operating at 20 kV.

Bulk self-assembly. SAXS samples were solvent cast by the slow evaporation of THF
solutions (5 wt% polymer in THF) and followed by annealing at 190 °C for 24 h under vacuum.

SAXS analysis used a Rigaku SMAX-300 instrument with a MMO002+ micro-focus X-ray source
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operating at 40.5 W using Cu Ka radiation (A = 0.15418 nm). The resulting 2D SAXS patterns
were rigorously calibrated using a silver behenate standard (dooz = 5.838 nm). The patterns were
integrated azimuthally to provide intensity versus q plots (q = 4nsin(0)/L) where 20 is the scattering
angle and A is the X-ray wavelength. Temperature-dependent SAXS studies used a home-built
temperature controlled stage with the sample sandwiched between two thin Kapton windows. A
10 min thermal pre-equilibration delay was employed prior to data collection at a given
temperature. The SAXS samples were further prepared for TEM by embedding in epoxy (Eponate
12 with DMP-30, Ted Pella) and subsequently sectioned at 22 °C using a diamond knife to produce
70-90 nm thick samples. The sections were collected onto 200 mesh Cu grids and exposed to I»
vapor overnight to preferentially stain the P2VP block. TEM samples were imaged using a Phillips

CM120 operating at 80 kV accelerating voltage in bright-field mode.

Thin film self-assembly. Si wafers were cleaned using piranha acid (7:3 H2S04:30%
H>0>, caution: strongly oxidizing solution) at 75 °C for 30 minutes then washed copiously with
DI water before being dried under a stream of air. P2VP cylinder forming BCPs were dissolved in
toluene at 1 wt% concentration and then spin-coated on the Si wafers at 4000 rpm and acceleration
rate of 4000 rpm/s. The substrates were then annealed at 190 °C for 24 hours under vacuum
followed by slow cooling to room temperature. The substrates were then submerged in an aqueous
solution of 0.9% HCI and 10 mM Na2PtCl4 for 18 hours before being rinsed with DI water and
blown dry with a stream of air. The films were then imaged using a LEO 1530 scanning electron
microscope operating at 1 kV accelerating voltage. Metal ion seeded films were exposed to 20 W

oxygen plasma.
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4.4. Results and Discussion

Synthesis. Poly(tert-butylstyrene-block-2-vinylpyridine) P(tBuSt-b-2VP) BCPs were
synthesized by living anionic polymerization using the sequential addition of monomers (Figure
4.1). In fact, tBuSt can be used in an identical manner as styrene for the synthesis of most BCPs
but in general remains more well-controlled than styrene under the same conditions.?® 1,1-
diphenylethylene (DPE) was used to end-cap the P(tBuSt) anion before the addition of 2VP to
reduce the chance of chain termination during cross-over from the highly nucleophilic styrenyl
anion.?® 3 Lithium chloride was also included as an additive to reduce side reactions from the
reactive 2VP group.3® These techniques were successful for the synthesis of well-controlled BCPs
with dispersity (B = Mw/My) less than 1.10. The main difference at this point from P(S-b-2VP) is
that the BCPs do not precipitate in hexanes due to the greater solubility of PtBuSt in non-polar
solvents, thus water was used for precipitation as it is a non-solvent for the two blocks. A series of

both symmetric and asymmetric compositions were synthesized as listed in Table 4.1 and 4.3

respectively.

e Kelfs
.

Figure 4.1. Synthetic scheme for the living anionic polymerization of P(tBuSt-b-2VP) by

sequential addition.
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Table 4.1. Chemical and morphological characterization for the symmetric compositions of

P(tBuSt-b-2VP).

Sample M, PtBuSt (kg/mol)® M, BCP (kg/mol)? D* T4 (°C)* feave® Lo (nm)?

1.7k-0.9k 1.7 2.6 1.08 71 0.44 -
2.2k-1.4k 2.2 3.6 1.07 76 0.47 -
2.5k-1.9k 2.5 4.4 1.07 77 0.49 -
3.0k-1.5k 3.0 45 1.09 94,81 0.52 9.6
2.8k-2.0k 2.8 4.8 1.07 107,90 0.46 9.7
3.1k-1.9k 3.1 5.0 1.07 107,89 0.54 10.1
3.2k-2.8k 3.2 6.0 1.06 103,86 0.49 111
4.2k-3.7k 4.2 7.9 1.08 108,91 0.59 13.3
4.4k-4.5k 44 8.9 1.05 117,93 0.52 14.4
5.3k-4.7k 5.3 10 1.04 134,98 0.44 16.8
6.0k-4.9k 6.0 10.9 1.03 134,99 0.53 17.3
5.3k-6.2k 5.3 11.5 1.04 128,98 0.56 18.1
8.4k-7.6k 8.4 16 1.05 142,100 0.48 23.2
7.3k-11.6k 7.3 18.9 1.04 138,100 0.65 26.9
17.4k-23.2k 17.4 40.6 1.08 147,102 0.69 50.3

a — Determined by SEC using PS standards. b — Determined by DSC from the second heating cycle. ¢ —
Determined by *H NMR using the bulk densities of PtBuSt and P2VP at 25 °C (p(PtBuSt) 0.95 g/cm? and

p(P2VP) 1.15 g/cm®).% 7 d — Determined from the principal SAXS scattering peak (D = 2n/q).

Spectral and thermal characterization. To characterize the BCPs, we first used size
exclusion chromatography (SEC) to determine the molecular weight and the dispersity relative to
PS standards and *H NMR spectroscopy to calculate the volume fraction (Figure 4.2). Due to the
low bulk density of PtBuSt, a larger mole fraction of P2VP was necessary to achieve a symmetric

volume fraction. There are a few distinguishing features in the NMR spectrum, such as: one of the
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P2VP protons is far downfield at 8.0 to 8.5 ppm (proton d in Figure 4.2) while there is a prominent
singlet at 1.2 ppm for the tert-butyl protons (proton b in Figure 4.2). This provides a

straightforward way to determine the molar ratio between the two blocks through both the aryl and

i

aliphatic proton regions.

Normalized Rl (a.u.)

18 220 2 24 2% 28
Retention Volume (mL)

N L/L:‘-\_J

9.0 85 80 75 70 6.5 6.0 55 50 45 4.0 35 30 25 20 15 10 05 00 -05
f1 (ppm)

Figure 4.2. *H NMR spectrum in CDClIs of 5.3k-6.2k showing relevant labeled peaks. Inset: SEC
chromatogram showing the PtBuSt homopolymer (black) and the chain-extended P(tBuSt-b-2VP)

(red) (4.4k-4.5K).

In order to further analyze the NMR spectrum, we used the two-dimensional technique
heteronuclear single quantum coherence (HSQC) spectroscopy which correlates proton and carbon
signals (Figure 4.S1, quaternary carbons do not show any cross peaks, red peaks are CH and CHs3

groups, blue are CH). In the HSQC, several prominent peaks are split out allowing better
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resolution of the protons that comprise the 1D proton spectrum (Figure 4.S1). The two methyls in
the sec-butyl initiating group are clearly visible at 0.5 to 0.8 ppm and do not overlap with other
resonances. The tert-butyl group overlaps with the backbone CH> peaks which exhibit a broad
resonance in the aliphatic region. Interestingly, the CH backbone carbons are quite different
between the PtBuSt and P2VP blocks (about 5 ppm different in the *C spectrum). These
resonances overlap with each other and the broad methylene backbone peaks in the proton 1D
spectrum while the HSQC allows for direct visualization of the relative intensities. More
importantly, the lack of overlapping peaks with the initiator protons (marked as ‘a’ in Figure 4.2)
shown in HSQC enables us to rely on quantitative integration from *H NMR to directly determine

N for the lower molecular weight BCPs.

Thermal gravimetric analysis (TGA) was used to quantify the thermal headroom of the
polymer for thin film processing. TGA indicated that the degradation onset began at 280 °C
(Figure 4.S2) so we limited our maximum temperature to 265 °C. We then used differential
scanning calorimetry (DSC) for determination of the glass transition temperatures (Tg) for the
various symmetric BCPs (Figure 4.3). The three lowest molecular weight BCPs exhibited only a
single Tg possibly indicating a disordered morphology. As the molecular weight increases, two
Tg’s appear and gradually increase in temperature up to their respective maximums for the two
blocks (~100 °C for P2VP and ~145 °C for PtBuSt). Interestingly, a small endothermic peak was
observed at temperatures above the Tg’s for five of the lower molecular weight BCPs (Figure
4.53). These are indicative of an order-to-disorder transition (ODT),*® and will be discussed further

in the ODT analysis section.
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Heat Flow

80 100 120 140
Temperature (°C)
Figure 4.3. DSC heating curves for the symmetric BCPs. T4 values from the midpoint of the
transition are listed below each curve. Data was shifted vertically for clarity. (a) 17.4k-23.2k, (b)
7.3k-11.6k, (c) 8.4k-7.6k, (d) 5.3k-6.2K, (€) 6.0k-4.9K, (f) 5.3k-4.7K, (g) 4.4k-4.5Kk, (h) 4.2k-3.7K,
(i) 3.2k-2.8K, (j) 3.1k-1.9K, (k) 2.8k-2.0k, (I) 3.0k-1.5k, (m) 2.5k-1.9K, (n) 2.2k-1.4k, (0) 1.7k-0.9K.

Red circles indicate ODTs seen in (1) and (k).

Bulk self-assembly of the symmetric BCPs. In order to examine the molecular weight
limits for self-assembly for the P(tBuSt-b-2VP) system, we used small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) to confirm the dimensions and morphology

present. After annealing the BCP samples at 190 °C for 24 hours, the samples were examined by
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SAXS at room temperature (Figure 4.4). The three lowest molecular weight copolymers showed
a disordered or “correlation hole”® type scattering while the rest correspond to a lamellar
morphology. The smallest ordered sample has a Lo of 9.6 nm, indicating the ability of the
copolymer to make sub-5 nm domains. TEM also confirmed the lamellar morphologies for the

BCPs examined and the domain sizes correlate well with that measured by SAXS (Figure 4.5).
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Figure 4.4. Room temperature SAXS patterns for the symmetric copolymers. Triangles indicate
calculated lamellar peak positions based upon g*. Data was shifted vertically for clarity. (a) 17.4k-

23.2k, (b) 7.3k-11.6K, (c) 8.4k-7.6k, (d) 5.3k-6.2K, (€) 6.0k-4.9K, (f) 5.3k-4.7K, (q) 4.4k-4.5k, (h)
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4.2k-3.7k, (i) 3.2k-2.8K, (j) 3.1k-1.9K, (k) 2.8k-2.0K, (I) 3.0k-1.5K, (m) 2.5k-1.9K, (n) 2.2k-1.4k,

(0) 1.7k-0.9K.

Figure 4.5. TEM images of the symmetric copolymers (black scale bar = 200 nm, white scale bar
=100 nm). (a) 17.4k-23.2k, (b) 7.3k-11.6k, (c) 8.4k-7.6k, (d) 5.3k-6.2k, (e) 6.0k-4.9K, (f) 5.3k-

4.7k, (g) 4.4k-4.5k, (h) 3.2k-2.8K, (i) 2.8k-2.0k.
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ODT analysis for the symmetric BCPs. Well-established mean field theories posit that
when yefN > 10.5 for a symmetric (fa = 0.5) BCP, it will self-assemble into a lamellar
morphology.’® ODTs can be observed by a variety of different methods including variable
temperature SAXS, dynamic mechanical analysis and more recently, DSC.1% 3% 40 By analyzing
the ODTs for a series of BCPs as a function of molecular weight, an equation for y(T) = o/T +
can be readily established. However, this analysis is vitally dependent on an accurate value for the
degree of polymerization (N), which we have referenced to a volume of 118 AS to allow direct
comparisons with other systems. In order to determine N, we employed quantitative *H NMR
spectroscopy to analyze the six methyl protons in the initiator fragment to the total polymer peaks
(Table 4.2). This method is effective for low molecular weight copolymers where the initiator or
end-group can be cleanly integrated. End-group analysis is quite accurate for this particular system
as the HSQC shows that no other signals reside in the same area of the proton spectrum, thus
allowing for reliable integration (vide supra). To confirm that the NMR analysis gave an accurate
value, we used matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry to quantitatively determine the molar mass and distribution for two of the BCPs
(3.2k-2.8k and 2.8k-2.0k, spectra are given in Figure 4.S4). Analysis of the MALDI-TOF spectra
showed almost identical results as the NMR quantification (the difference was less than one

normalized repeat unit for each), thus providing additional confidence in the NMR method.

Table 4.2. Experimental values for M, and ODT for selected symmetric BCPs.

M r|a Bb NC O DTd Xeffe

3.0k-1.5k 6820 1.09 90.0 132 0.1167

2.8k-2.0k 6736 1.07 915 140 0.1148
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3.1k-1.9k 6995 1.07 925 142 0.1135

3.2k-2.8k 8113 1.06 111.0 195 .09460

4.2k-3.7k 9700 1.08 127.8 240 .08216

a — Determined by quantitative 'H NMR using the six methyl initiator protons at 0.5-0.8 ppm. b —
Determined by SEC relative to PS standards (2.8k-2.0k and 3.2k-2.8k also confirmed by MALDI-TOF). c
— Based on 118 A? reference volume. d — Determined from DSC heating curves, confirmed by SAXS. e —

Calculated via the equation et = 10.5/N.

DSC can be used to determine ODT by examining small reversible endothermic peak in
some systems.'® 4! To further confirm the transition as an ODT, we employed temperature-
dependent SAXS to directly observe the ordering of the BCP. By heating the BCP to a disordered
state, followed by slow cooling, we were able to clearly identify the ODT for all five BCPs using
the plot of It vs. T to find mid-point temperature of the transition,®® and the temperatures
coincided well with those obtained from DSC (Figure 4.S4 shows the DSC traces, Figure 4.6

shows an example of ODT determination by SAXS, other SAXS curves in Figure 4.S5).

_é\ N
B SN
- 1 N M\N
5 H - 0
S A
_B‘ E\\.—/\\l i wo OC
e
o \'*\,__d/\\ i 145 °C
= - ” .
= g\‘ % -
— 4 % o}
] \Mxlsg,oc

005 010 015 0.20

q(A?)



119

Figure 4.6. SAXS spectra showing the discontinuous rise in intensity of the g* peak upon cooling

through the ODT (2.8k-2.0k, ODT at 145 °C by DSC). Data was shifted vertically for clarity.

Using the calculated values for yefr at the determined ODTs to plot yerr VS T shows the

expected linear relationship (Figure 4.7a). Analysis by linear regression gives the expression

67.9 +1.3
Xefr =——F——— (0.0502 % 0.0029)

which shows a large enthalpic contribution and a negative entropic contribution. The large
enthalpic contribution allows for a considerable range of temperature (132 °C to 240 °C) to
encounter accessible ODTs for a range of N from 90 to 128. In order to compare with the calculated
et for P(S-b-2VP), we recalculated the expression for P(S-b-2VP) using a reference volume of
118 A3 from the original yer(T) = 63/T — 0.033 (derived from chemical degree of polymerization
estimated using SEC and NMR) to yer(T) = 45.4/T — 0.024.1% 2. 33 This indicates that P(tBuSt-b-
2VP) has a large increase to the enthalpic contribution in comparison to P(S-b-2VP) which enables
the BCP to self-assemble into sub-5 nm domain sizes. Interestingly, the increase in yeff iS perhaps
not as dramatic a change as that seen in P(tBuSt-b-MMA) where the enthalpic contribution
increased 10-fold relative to P(S-b-MMA). This suggests that the nature of the interaction between
PS and P2VP is different from PS and PMMA as the interaction parameter for P(S-b-MMA) is
characterized by a small enthalpic contribution and positive entropic contribution while P(S-b-
2VP) has the more standard negative entropic contribution and moderate temperature
dependence.® 33 We postulate that the tert-butyl group is successful at screening weak noncovalent
interactions between the aryl and ester moieties in PS and PMMA respectively, that are not present

in P(S-b-2VP).2® Therefore, the increase in yer likely stems from the increased hydrophobicity of
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PtBuSt relative to PS. As a visual comparison, we present a plot of yesr vs T for a variety of BCPs

(Figure 4.7b).
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Figure 4.7. (a) Linear dependence of yeff Vs T using experimental ODTs and yeN = 10.5. (b)

Comparison of yerr Vs T for a variety of relevant BCPs showing the increased yest for P(tBuSt-b-

2VP).

Synthesis and self-assembly of asymmetric BCPs in bulk. A series of asymmetric
P(tBuSt-b-2VP) BCPs was synthesized following the same general scheme as previously given
(Table 4.3). We targeted a variety of volume fractions going from PtBuSt sphere forming to P2VP

cylinder forming BCPs in order to comprehensively study the self-assembly of this BCP.

Table 4.3. Chemical and morphological characterization of the asymmetric compositions of

P(tBuSt-b-2V/P).
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Sample I\(/tgljr;Bollj)Sat (I\I</Ig:;/rl?1g>:llia D To(C) foove’ (morplr;glogy)GI
3.0k- 3.0 18.8 1.05 100 0.87  16.8 nm (sphere)
15.8k

2.7k-5.8k 2.7 8.5 1.04 80 071  14.1nm (cyl)
7.7k-4.3k 7.7 11.4 1.04 136,101 0.31  20.2nm (cyl)
6.1k-1.6k 6.1 7.7 1.04 128,98 023  14.2nm (cyl)

1;3:: 11.9 14.9 1.04 139,100 0.9  23.0 nm (cyl)

a — Determined by SEC using PS standards. b — Determined by DSC from the second heating cycle. ¢ —
Determined by *H NMR using the bulk densities of PtBuSt and P2VP at 25 °C (p(PtBuSt) 0.95 g/cm?® and
p(P2VP) 1.15 g/cm®).> 7 d — Determined from the principal SAXS scattering peak (D = 2m/q) then
multiplying by 2/\3 for cylindrical phases, D for spheres is given as 2r/q due to the low degree of long

range order.

Four of the five BCPs display well-resolved cylindrical morphologies by SAXS while the
most asymmetric BCP (3.0k-15.8k, frovp 0.87) presented a relatively ill-defined higher order peak
(Figure 4.8c). Examination by TEM revealed that this BCP was phase segregated but the
morphology did not exhibit long range order or regularity. Instead, it was more a collection of
disordered spheres (Figure 4.9a).*> The smallest copolymers achieved domain sizes of 14.1 and
14.2 nm which correspond to cylinder diameters of 5.9 nm. The domain sizes measured from TEM

correlated well with those calculated from SAXS.
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Intensity (a.u.)

Figure 4.8. SAXS curves for the various asymmetric BCPs. (a) 11.9k-3.0k, (b) 7.7k-4.3Kk, (c) 3.0k-
15.8k, (d) 6.1k-1.6k, (e) 2.7k-5.8k. Black triangles represent calculated peak positions for a
hexagonal cylinder morphology (i.e. q*, V3q*, V4q*, V7q* etc.). Data was shifted vertically for

clarity.



Figure 4.9. TEM micrographs of the asymmetric BCPs showing the morphologies provided by

increasing the volume fraction of PtBuSt, P2VP was preferentially stained with I, vapor and
appears dark. White scale bar = 100 nm, black scale bar = 200 nm. (a) 3.0k-15.8k (disordered
PtBuSt spheres), (b) 2.7k-5.8k (PtBuSt cylinders), (c) 7.7k-4.3k (P2VP cylinders), (d) 6.1k-1.6k
(P2VP cylinders, inset: FFT showing hexagonal packing), (e) 6.1k-1.6k showing a grain boundary,

(f) 11.9k-3.0k (P2VP cylinders).

Self-assembly of asymmetric BCPs in thin film. With the bulk morphology well-
characterized, we studied the self-assembly of P2VP cylinder forming BCPs in thin film. We used
conditions reported!’ for the assembly of P2VP parallel cylinders in P(S-b-2VP), namely spin-
coating from a toluene solution onto an oxide surface and then thermal annealing at elevated

temperatures. We chose 190 °C as it is well above the two Tg’s for the BCP and annealed for 24
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hours to reach thermodynamic equilibrium. In order to improve contrast between the blocks to
image by top-down scanning electron microscopy (SEM), we used the metal seeding technique
developed for P(S-b-2VP) using a solution of sodium chloroplatinate in 0.9% HCI.'” Well-ordered
parallel cylinders were observed over the entire surface after thermal annealing (Figure 4.10a).
Lower molecular weight BCPs showed a hole and island type morphology. With the small domain
size for 6.1k-1.6k yielding cylinders in sub 6-nm dimension (Figure 4.10b), the seeded film was
etched approximately halfway using oxygen plasma to reveal an array of Pt nanowires which
exhibited a diameter equivalent to the parent BCP (5.8 £ 0.5 nm, before and after etching) (Figure
4.56). Therefore, this result strongly suggests that it is feasible to utilize this BCP to define

nanostructures in sub-10 nm dimension that can be used as a template for nanolithography.

Figure 4.10. Top-down SEM micrographs for thermally annealed thin films of (a) 11.9k-3.0k with

a cylinder diameter of 11.1 + 1.6 nm and (b) 6.1k-1.6k with a cylinder diameter of 5.8 £ 0.5 nm.
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4.5. Conclusions

We have demonstrated the synthesis of a series of P(tBuSt-b-2VP) BCPs by sequential
anionic polymerization which yielded BCPs with controllable molecular weight and low
dispersity. P(tBuSt-b-2VP) is a glassy copolymer with good thermal stability up to 280 °C that can
be easily synthesized from commercially available monomers. Thorough analysis of the self-
assembled morphology by SAXS and TEM demonstrated a minimum full pitch of 9.6 nm for a
symmetric BCP. Through mean-field analysis of five BCPs with accessible ODTs, we determined
that yere(T) = (67.9 = 1.3)/T — (0.0502 + 0.0029) which is approximately 1.5 times larger in
magnitude in comparison with P(S-b-2VP). We also demonstrated the self-assembly of
asymmetric BCPs with both PtBuSt and P2VP minority domains with cylinder domains as small
as 5.9 nm and a Lo of 14.1 nm. Preliminary results show the feasibility of thin-film assembly of
these new BCPs using thermal processing. Using a solution of anionic Pt complexes in aqueous
HCI, the P2VP domains were seeded and partially etched with oxygen plasma to yield Pt nanowire
arrays. In summary, the facile synthesis of this BCP from commercially available monomers, high
Yeff leading to sub 5-nm domains, and the easily tunable and accessible ODTs make it an appealing
candidate for high-resolution block copolymer lithography. The BCP has all the properties which
have made P(S-b-2VP) a widely used system while increasing the interaction parameter between

the blocks substantially.
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4.6. Supporting Information
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Figure 4.S1. Heteronuclear single-quantum coherence (HSQC) of 2.8k-2.0k, clearly showing the
initiator methyl peaks along with the tert-butyl groups as separate from the backbone and the

aryl protons. X denotes peaks from unreacted DPE.



Figure 4.S2. Thermal gravimetric analysis (TGA) curve for 6.1k-1.6k showing an initial

degradation at 280 °C.

Figure 4.S3. DSC heating scans demonstrating the small endothermic peaks corresponding to

280 °c/
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Figure 4.54. MALDI-TOF spectra for (a) 2.8k-2.0k and (b) 3.2k-2.8k.
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Figure 4.S5. Temperature dependent SAXS data to determine ODTSs. (a) 4.2k-3.7k, (b) 3.1k-

1.9k, (c) 3.0k-1.5k, (d) 3.2k-2.8k. Data was shifted vertically for clarity.
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Figure 4.S6. Top-down SEM images of ~6 nm Pt nanowires derived from a thin film of 6.1k-

1.6k that was seeded with Pt and etched with oxygen plasma.
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Chapter 5. A Single Component Inimer Containing Cross-
linkable Ultra-thin Polymer Coating for Dense Polymer

Brush Growth

The contents of this chapter have been published in Langmuir 2013, 29, 3805-3812. Authors are:

Sweat, Daniel P.; Kim, Myungwoong; Yu, Xiang; Gopalan, Padma.

Author Contributions: Daniel designed and synthesized the inimer and the copolymers,
Myungwoong did the XPS quantification studies, thin film processing and characterization, Xiang
performed the ATRP brush growth optimization. Daniel and Myungwoong interpreted the

experimental data. All authors contributed towards writing the manuscript.

5.1. Abstract

We have developed a highly versatile universal approach to grow polymer brushes from a
variety of substrates with high grafting density by using a single component system. We describe
a random copolymer which consists of an inimer, p-(2-bromoisobutyloylmethyl)styrene (BiBMS),
copolymerized with glycidyl methacrylate (GMA) synthesized by reversible addition-
fragmentation chain-transfer (RAFT) polymerization. Thermal cross-linking created a mat that
was stable during long exposure in organic solvent even with sonication or during Soxhlet
extraction. The absolute bromine density was determined via X-ray photoelectron spectroscopy
(XPS) to be 1.86 + 0.12 Br atoms/nm?®. The ratio of experimental density to calculated absolute
initiator density suggests that approximately ~25% of the bromine is lost during cross-linking.
Surface-initiated ATRP (SI-ATRP) was used to grow PMMA brushes on the substrate with

sacrificial initiator in solution. The brushes were characterized by ellipsometry, XPS and atomic
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force microscopy (AFM) to determine thickness, composition and homogeneity. By correlating
the molecular weight of polymer grown in solution with the brush layer thickness, a high grafting
density of 0.80 + 0.06 chains/nm? was calculated. By synthesizing the copolymer before cross-
linking on the substrate, this single-component approach avoids any issues with blend miscibility
as might be present for a multi-component curable mixture, while resulting in high chain density

on a range of substrates.

5.2. Introduction

Polymer brushes are a broad class of materials consisting of a polymer chain tethered by
one chain end to a surface.! These brushes have a variety of applications especially in their ability
to tune and modify surface properties such as bioadhesion, wettability, and surface activity.> Two
main methods for their preparation have emerged, namely grafting “to” and grafting “from”.® The
grafting “to” methodology involves the reaction of an end-functionalized polymer chain with an
appropriate surface (e.g. hydroxyl-terminated polymer with an oxide surface) to anchor the
polymer. Although grafting “to” allows for full characterization of the polymer before grafting, it
is only applicable to limited substrates and requires terminal functionality on the polymer chain-

end, and the grafting efficiency decreases with increasing molecular weight.*

Grafting “from” overcomes some of these limitations and has been used extensively with
a variety of polymerization techniques such as living anionic, cationic, ring-opening, and
conventional free-radical polymerization but perhaps the most widely used are the controlled free
radical polymerization techniques, namely atom transfer radical polymerization (ATRP),
nitroxide-mediated polymerization (NMP) and reversible addition-fragmentation chain-transfer
(RAFT) polymerization.! By anchoring a suitable initiator to the substrate, polymer chains can be

grown directly by the use of these various polymerization conditions. The vast majority of surface-
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anchored initiators involve the formation of a self-assembled monolayer (SAM) on an appropriate
substrate.! For silicon surfaces, this involves the use of chlorosilanes or alkoxysilanes, whereas for
noble metal surfaces such as gold almost exclusively thiol-functionalized initiators are used.!
While this strategy has obviously worked well ;, SAMs have limited stability to various reagents

and are not substrate-independent, as they require a new initiator for every substrate type.!

Surface-initiated ATRP (SI-ATRP) has become the workhorse in the grafting “from”
literature due to the ease in polymerizing a wide variety of monomers containing an array of
functional groups with a high degree of control.? Control in ATRP comes from the reversible redox
activation of a dormant polymer chain-end (halide functionalized) by a halogen transfer to a
transition metal complex.> Many parameters are involved which can be tuned for better control
such as type of ligand, Cu' to Cu' ratio, halide, solvent or initiator.® This large degree of variability
provides an impressive window in which well-controlled polymers of numerous different

monomers can be synthesized.

While the most common method for anchoring ATRP initiators to the substrate involves
the formation of a SAM (siloxane or thiol based for Si and Au substrates, respectively), some
alternative methods have been presented in the literature. von Werne et al. describe the inclusion
of 10 ~ 20% ATRP inimer in a mixture of curable monomers suitable for photopolymerization.®
This multi-component solution was designed for microcontact printing or nanoimprint lithography
but required a siloxane-based SAM, 3-methacryloxypropyltrichlorosilane, as an adhesion
promoter. This work was further extended by the use of an acid-cleavable ATRP inimer, allowing
for direct measurement of surface grown brushes and their comparison with polymer grown from
sacrificial initiator in solution.” An alternate method for creating an inimer layer is to form an

adhesive coating which contains moieties for initiator incorporation. For example, layers of
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poly(allylamine) (deposited by pulsed plasma polymerization) or catechol-amine (deposited by
solution incubation) on various substrates were used for functionalizing the surface with ATRP
initiators.8%1% Alternatively, a homopolyer of glycidyl methacrylate was deposited on a Si wafer
by dip coating and then ATRP initiator was incorporated by ring-opening with bromoacetic acid.!
More recently, a catechol-functionalized methacrylamide and a methacrylate ATRP inimer were
copolymerized by free radical polymerization and was then deposited on Ti substrates for polymer

brush growth.*?

Here we present a highly versatile universal approach to grow polymer brushes from a
variety of substrates with high grafting density by using a single component system. Our previous
work has shown that a random copolymer with 4% or less glycidyl methacrylate (GMA) can be
thermally cross-linked into a stable cross-linked thin film (mat) on a plethora of surfaces.'® In this
paper, we describe a random copolymer which was designed to have an ATRP inimer as the
majority component with a small amount of GMA for cross-linking. Thermal cross-linking created
a mat that was stable to long-term exposure to organic solvent even with sonication or Soxhlet
extraction. We further present detailed characterization of the mat by X-ray photoelectron
spectroscopy (XPS) to determine the absolute initiator density (i.e., the number of initiators per
unit volume) after thermal cross-linking. We find that this single component system, synthesized
from readily available monomers, has a high initiator density which allows for the growth of
grafted polymer brushes with high chain density. We study the chain density by correlating the
molecular weight of polymer formed in solution and dry brush thickness. Through optimization of
the polymerization conditions, excellent control over the grafting density was achieved. By

synthesizing the copolymer before cross-linking on the substrate, this single component approach
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avoids any issues with blend miscibility as might be present for a multicomponent curable mixture,

while resulting in high chain density on a range of substrates.

5.3. Experimental Section

Materials. All chemicals were purchased from Sigma-Aldrich and used without further
purification unless otherwise noted. 4-vinylbenzyl alcohol was synthesized according to a
literature procedure.** Copper(l) bromide (99.999%) was stirred in acetic acid overnight, suction-
filtered, washed with ethanol and then dried under vacuum. Styrene, glycidyl methacrylate and
methyl methacrylate (MMA) were stirred over calcium hydride and then distilled under vacuum.
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid was synthesized according to a
literature procedure.® 2,2°-Azobis(2-methylpropionitrile) (AIBN) was recrystallized from acetone

and dried under vacuum.

Synthesis of p-(2-bromoisobutyloylmethyl)styrene (BiBMS). 4-vinylbenzyl alcohol
(28.18 g, 210 mmol) was dissolved in 750 mL of dichloromethane and chilled via an external ice
bath under a nitrogen atmosphere. 4-(dimethylamino)pyridine (1.28 g, 10.5 mmol) and
triethylamine (38.47 g, 380 mmol) were added to the solution and stirred until dissolved. 2-
bromoisobutyryl bromide (59.5 g, 259 mmol) was added slowly by syringe and the reaction stirred
at 0 °C until thin-layer chromatography (TLC) showed complete conversion. The reaction was
quenched via the addition of water and the layers separated using a separatory funnel. The organic
layer was washed twice with water, 1 M HCI and 1 M NaOH, then dried over sodium sulfate and
the solvent was removed by rotary evaporation. The resulting oil was distilled under reduced
pressure (~1 Torr) at 130 °C to give a near colorless oil with a yield of 50 g (84% of theoretical

yield). 'H NMR (400 MHz, CDCls) 5: 7.41 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 6.71 (dd,
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J =17.6, 10.9 Hz, 1H), 5.76 (dd, J = 17.6, 0.9 Hz, 1H), 5.27 (dd, J = 17.6, 0.9 Hz, 1H), 5.19 (s,
2H), 1.94 (s, 6H). 3C NMR (101 MHz, CDCls) §: 171.49, 137.71, 136.33, 134.89, 128.24, 126.43,

114.44, 67.38, 55.72, 30.81.

Synthesis of p-(2-bromoisobutyloylmethyl)ethylbenzene. 4-ethylbenzyl alcohol (5.0 g,
36.7 mmol) was dissolved in 100 mL dichloromethane with 4-(dimethylamino)pyridine (22.4 mg,
0.18 mmol) and triethylamine (6.72 g, 66 mmol) under nitrogen and chilled to 0 °C. 2-
bromoisobutyryl bromide (10.4 g, 45.2 mmol) was added slowly by syringe and the reaction stirred
at 0 °C until TLC showed complete conversion. The reaction was quenched via the addition of
water and the layers separated using a separation funnel. The organic layer was washed twice with
water, 1 M HCl and 1 M NaOH, then dried over sodium sulfate and the solvent was removed by
rotary evaporation. The resulting oil was then passed through a column of basic alumina to yield
9 g (86% yield). 'H NMR (400 MHz, CDCls) &: 7.30 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.3 Hz, 2H),

5.17 (s, 2H), 2.65 (q, J = 7.6 Hz, 2H), 1.94 (s, 6H), 1.24 (t, J = 7.6 Hz, 3H).

Synthesis of P(BiBMS-r-GMA). BiBMS (2.55 g, 9 mmol), GMA (0.14 g, 1 mmol), 4-
cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (40.3 mg, 0.1 mmol), and AIBN
(4.1 mg, 0.025 mmol) were added to 1 gram anisole in a 10 mL Schlenk flask equipped with a
magnetic stir bar. The mixture was degassed via three freeze-pump-thaw cycles and placed in an
oil bath at 85 °C for 16 hours. The polymerization was quenched by cooling the flask with cold
water and exposure to air. The resulting viscous oil was then diluted with THF and precipitated
into hexanes. The polymer was collected as a yellow powder and dried under vacuum. The relative

composition of the two monomers was determined by *H NMR spectroscopy.
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Synthesis of P(S-r-BiBMS-r-GMA). BiBMS (0.849 g, 3 mmol), GMA (0.071 g, 0.5
mmol), styrene (0.68 g, 6.5 mmol), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid (40.3 mg, 0.1 mmol), and AIBN (4.1 mg, 0.025 mmol) were added to 1 gram anisole in a 10
mL Schlenk flask equipped with a magnetic stir bar. The mixture was degassed via three freeze-
pump-thaw cycles and placed in an oil bath at 75 °C for 16 hours. The polymerization was
quenched by cooling the flask with cold water and exposure to air. The resulting viscous oil was
then diluted with THF and precipitated into hexanes. The polymer was collected as a yellow
powder and dried under vacuum. The relative composition of the three monomers was determined

by *H NMR spectroscopy.

Substrate preparation and thin film formation. A solution of P(BiBMS-r-GMA\) or P(S-
r-BiBMS-r-GMA) (0.3% w/w) in toluene was spin-coated onto silicon wafers that had been
cleaned using piranha acid (7:3 H2S04:H202, caution: reacts violently with organic compounds).
The substrate was then annealed under vacuum at 200 °C for various times to produce a cross-
linked thin film. After annealing, the substrate was soaked in toluene and rinsed copiously with

fresh toluene to remove uncross-linked polymer.

Surface-initiated atom transfer radical polymerization (SI-ATRP). MMA (4 grams, 40
mmol), tris-(2-pyridylmethyl)amine (60 mg, 0.21 mmol), CuBr (4.0 mg, 0.028 mmol), CuBr> (6.4
mg, 0.028 mmol), p-(2-bromoisobutyloylmethyl)ethylbenzene (7.6 mg, 0.027 mmol) and anisole
(40 g) were mixed and sonicated until the copper completely dissolved into the brown solution.
Equal amounts of the polymerization mixture was then added to four different flasks containing
substrates covered with the cross-linked inimer mat and magnetic stir bars. The flasks were then
degassed via three freeze-pump-thaw cycles. After warming to room temperature using a water

bath, the flasks were immersed in a 60 °C oil bath for the requisite amount of time. After the
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requisite amount of time elapsed, the flasks were cooled to room temperature using running water
and the flask opened to atmosphere. The substrate was then removed from the flask and washed
copiously with THF and water. After washing, the substrate was further soaked in THF for 2 hours,
then sonicated in THF for 10 minutes, followed by rinsing with THF to remove any ungrafted
polymer chains and dried using a stream of nitrogen. Some samples were further subjected to
Soxhlet extraction using acetone for 18 hours to ensure that the THF treatment removed any

ungrafted polymer.

Characterization. *H NMR and *C NMR spectrums were recorded in CDCIs using a
Bruker Avance-400 spectrometer with TMS as internal standard. Gel-permeation chromatography
(GPC) was performed using a Viscotek 2210 system equipped with three Waters columns (HR 4,
HR 4E, HR 3) and a 1 mL/min flow rate of THF as eluent at 30 °C. Monodisperse PS standards
were used for calibration. The film thickness of the samples was measured by ellipsometry
(Rudolph Research Auto EL). The surface topography of the cross-linked mat and brush layer was
examined using a Nanoscope 111 Multimode atomic force microscope (Digital Instruments) in
tapping mode. Thermal gravimetric analysis was performed on a TA Instruments Q500 using a
heating rate of 10 °C per minute under a nitrogen atmosphere. X-ray photoelectron spectroscopy
(XPS) was done on a PerkinElmer 5400 ESCA spectrometer Phi model using a Mg X-ray source
(300 W, 15 kV) at a takeoff angle of 45° from the substrate normal. The hemispherical energy
analyzer was used in hybrid mode with a 1 mm x 3.5 mm area aperture. Survey spectra were
collected at pass energy of 89.45 eV with a scan step size of 1.0 eV. High-resolution multiplex
spectra were collected with pass energy of 35.75 eV and a step size of 0.05 eV. Water contact

angle was measured with a Dataphysics OCA 15 Plus.
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5.4. Results and discussion

Synthesis of random copolymer. Following the pioneering work by Matyjaszewski et.
al.'* on an ATRP-functionalized methacrylate, namely 2-(2-bromoisobutyryloxy)ethyl
methacrylate (BIEM), a whole range of inimers have been developed.! The main focus of the work
so far with BIEM has been growing bottlebrush type copolymers in solution via the “grafting from”
method.1"18 A styrenic version using the same a-haloester type ATRP initiator, namely p-(2-
bromoisobutyloylmethyl)styrene (BiBMS), has been recently developed for growing bottlebrush
copolymers!® or hyperbranched polymers.2’® We found that BiBMS is more easily controlled by
conventional free radical or RAFT polymerization when copolymerized with GMA. Thus, we
synthesized a random copolymer consisting of BiBMS and GMA by RAFT polymerization where
the inimer is the majority component of the copolymer and GMA allows for the formation of a
cross-linked mat (Figure 5.1). The polydispersity of this polymer (2.07, Figure 5.S1) was much
higher than usual for a RAFT polymerization and the reasons for this are currently under
investigation. For the purpose of this work however, the PDI was not of utmost importance as the
copolymer was meant to be cross-linked on the surface where the PDI has shown to have little
effect on the overall film properties.’® The composition of the copolymer was determined to be

84% BiBMS and 16% GMA by *H NMR spectroscopy (Figure 5.S1).
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Figure 5.1. Schematic illustration of the process followed for the formation of the inimer mat and

the brush growth.

Formation of Cross-linked mat and XPS quantification. TGA shows an initial
decomposition step at 230 °C, likely due to decarboxylation and subsequent loss of propylene
through bromide elimination (Figure 5.S2). Therefore, a cross-linking temperature of 200 °C was
chosen to avoid unintentional degradation of the polymer during cross-linking while maintaining
a rapid cross-linking rate. A 0.3% w/w solution in toluene of random copolymer was spin-coated
onto silicon wafers to yield ~ 9 nm thick films. The substrates were then heated under vacuum at
200 °C for predetermined times and quenched to room temperature. After repeated washing in
toluene, the samples were dried under nitrogen and the remaining thickness measured by
ellipsometry. The film thickness after cross-linking but prior to washing was used as the initial

thickness for determining cross-linking efficiency (Figure 5.2).
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Figure 5.2. The normalized thickness as a function of time for evaluation of cross-linking

efficiency at 200 °C.
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After 10 minutes, the normalized thickness starts to plateau at approximately 90% of the
original value. Despite the relatively low molecular weight (11.8 kDa), extensive cross-linking is
achieved through a comparatively large amount of GMA.'® To determine the effect of this
processing on the initiating units, the amount of bromine in the mat was quantified by XPS. A
typical XPS survey spectrum is shown in Figure 5.3, clearly showing the presence of bromine and
the film thickness was controlled to be less than the typical XPS sampling depth (~ 10 nm) so that

Si peaks from the substrate are also visible.
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Figure 5.3. XPS spectra of the inimer mat showing: (a) Br(3d), (b) Si(2p), (c) C(1s), (d) survey

scan.

The absolute elemental concentration can be determined from the intensity ratio of the

element in the organic thin film to an element in the underlying substrate whose atomic density is
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known.?122 We employed the native oxide layer as a reference as the density of silicon in the oxide
is well known and the oxide thickness can be determined experimentally.
In general, the intensity of the XPS signal is given by the equation

d
Is=1lo-e #cs? (1)

where Is is the detected intensity, lo is the incident electron intensity, d is the depth of the electrons
emitted in the material, A is the inelastic mean free path (IMFP) of electrons in the material and 0
is the take-off angle. In these sample, signal from emitted electrons in three different layers
contribute to the XPS spectrum: emitted electrons from silicon atoms in the silicon substrate, from
silicon atoms in the native oxide and from various elements (C, O and Br) in the cross-linked mat.
The intensity of emitted electrons from silicon atoms in the native oxide, Isisio, can be calculated

by integrating the exponential equation

Isi,sioz = NSi,SiOZ-Tfe_Wdz )
0
through the native oxide layer, typically 1.1 nm in our experiments, where Ns;sio, IS the number
density of silicon atoms in native oxide layer (22.06 atoms/nm?),23 Ty is the thickness of the native
oxide, and Asisio, is the IMFP of the electrons from silicon in the native oxide layer. The emitted
electrons further travel through the organic thin film layer, and then escape from the material and

reach the detector, resulting in the Si(2p) peak at 101.5 ~ 104.5 eV. Therefore, the intensity of the

peak is:

AS' L Tox z

i — —

? = NSi, Si02 - @ /si,organieC0S6 Ie Asi,si02:c086 dz (3)
Si 0
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where As; is the integrated intensity of the Si(2p) peak of SiO., Ss; is the relative sensitivity factor
of Si(2p), L is the thickness of the organic thin film and Asiorganic 1S the IMFP of the electrons
emitted from silicon traversing the organic thin film layer.

The electrons emitted from the organic layer, specifically from the bromine atoms in the
cross-linked mat, travel through the organic layer and reach the detector, resulting in a Br(3d) peak

at 69.0 ~ 72.5 eV. Thus, the intensity of the Br(3d) peak can be formulated by the equation of

z

ABI’ e_/IBr‘organicCOSGdZ (4)

SBr

= NBr, organic*

O e ™

where Ag; is the integrated intensity of Br(3d) peak, Seg; is the relative sensitivity factor of Br(3d)
and Agrorganic 1S the IMFP of the electrons from bromine in the organic thin film layer. The intensity

ratio of Si(2p) to Br(3d) is given by

L Tox z
& NSi,SiOz'e ASi,organicCOSE J‘e /ISi,Sioz-cosadZ
Ssi _ 0
Asr B N (5)

Ser Ner, organic | € /IBr,organlecosé?dZ

O e

from equation (3) and (4). Equation (5) can be rewritten as

L Tox z
ABr NSi Si02- @ Asi,organieCOSO | J‘e Asnsm-cosﬁdz
NBr,organic: SBr . 0 6
Asi L SR z : (6)
g J'e Br,0rganiccos dZ
0

Where, NBrorganic 1S the number density of bromine in the cross-linked mat.

The thickness of the cross-linked mat was 5.8 + 0.4 nm, and Asisio,, Asi,organic and Agr,organic
values were obtained from the literature.?*?° From the high resolution XPS spectra of Br(3d) and
Si(2p), the integrated intensity ratio, corrected for the relative sensitivity factors of Br(3d) and

Si(2p) (Ser = 1.053 and Ssi = 0.339), was found to be 2.23 £+ 0.26 [(Aer/Ser)/(Asi/Ssi) in equation
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(6)]. From this result, the calculated density of bromine in the cross-linked mat, Ngrorganic, IS 1.86
+ 0.12 Br atoms/nm?3. For comparison, the theoretical amount of initiator per unit volume (pini)
calculated using the number average molecular weight (Mn) and the number of inimer units per
chain (the same as Ng;), as determined from GPC and 'H NMR, respectively can be calculated
from the equation
pini = pp'NavNe/Mn  (7)

where, Nay is Avogadro’s number and py is the density of copolymer which is 1.30 g/cm? (assuming
the density of copolymer is similar to the weighted average density of the two monomers).
Calculated pini is 2.53 initiators/nm?, which is slightly higher than the experimentally determined
value. The ratio of experimental density to calculated absolute initiator density is 0.735, suggesting
that approximately 25% of the bromine is lost during processing.

We next compared the calculated results with the relative initiator concentration by looking
at the ratio of bromine to carbon. To do so, we examined the calculated intensity ratio of Br(3d) to
C(1s) peaks from high resolution XPS spectra (N(Br)/N(C)) and the theoretically estimated value
from the compositional information obtained from 'H NMR. The experimental data gave a
N(Br)/N(C) of 0.0523 = 0.001, while the theoretical value was 0.0700, resulting in the ratio of
experimental value to theoretical value of 0.747. This value obtained from the relative intensity
ratio is in excellent agreement with the values of Ng/pini of 0.735 obtained from the quantitative
comparison with the Si(2p) peak above.

In order to further verify the quantitative XPS analysis model, we synthesized a different
copolymer which reduces the amount of inimer by incorporating an additional monomer that does
not have bromine e.g. styrene. This copolymer consisted of styrene, BiBMS and GMA (M, = 11.7

kDa, PDI = 1.61, Fst = 0.62, Fgigms = 0.29, Fema = 0.09, determined by GPC and *H NMR). The
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cross-linked mat (5.0 £ 0.2 nm) was formed in the same manner as before on native oxide/Si
substrate, followed by XPS characterization. Using equation (6) and (7), the experimental (Ngr)
and the theoretical (pini) number density of initiator were 0.90 + 0.18 Br atoms/nm? and 1.15
initiators/nm?®, respectively. This, again confirms the experimental value to be lower than the
theoretical estimate (ratio of experimental to theoretical values is 0.78, comparable to the 0.735
from the previous calculation). Furthermore, it shows that the amount of initiator on the surface
can be easily tuned by introducing a comonomer and thereby changing the molar ratio of inimer
in the copolymer.

Surface initiated ATRP of PMMA. Following the quantitative analysis of inimer in the
cross-linked film, we examined the growth of polymer brushes from this mat. Specifically, we
were interested in the resulting chain density of grown polymer brushes considering the sheer
density of initiating groups available for polymerization (1.86 Br/nm®). Therefore, we
quantitatively determined the chain density on the surface by correlating the molecular weight of
sacrificial polymer grown in solution to the resulting brush layer thickness of the substrate using a
well-known monomer, MMA. There is still some debate on the validity of this method?%%"-28 put
several papers have cleaved the brushes from the surface for further analysis and shown the
molecular weight is quite similar to that grown in solution.” 2% 30

In our first experiments, we used standard ATRP conditions for the solution growth of
PMMA (ethyl-2-bromoisobutyrate, CuBr and PMDETA) and indeed, we were able to control the
sacrificial polymer grown in solution (PDI <1.2). However, under these conditions, the solution
molecular weight did not reasonably correlate to the measured brush thickness. The polymer brush
height implied a length longer than the fully-extended contour length of a polymer with the

solution molecular weight that was measured. Therefore, several parameters needed to be
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optimized.

First, we needed to ensure that the initiating species had as similar a reactivity between
solution and substrate as possible. Even though ethyl 2-bromoisobutyrate (Figure 5.4a) has the
same o-haloester type ATRP initiating moiety as BiBMS (Figure 2.6b), Matyjaszewski et al. have
shown that going from methyl 2-bromoisobutyrate to ethyl 2-bromoisobutyrate almost halves the
ATRP equilibrium constant keeping everything else constant.3%:3? Therefore, it was important to
account for this possible reactivity difference. A new ATRP initiator p-(2-
bromoisobutyloylmethyl)ethylbenzene (Figure 5.4c) was thus synthesized to mimic the
propagating reactive sites on the surface by having the same molecular structure with an ethyl
moiety instead of vinyl. Secondly, as the monomer is depleted in solution, it is likely that any
discrepancy in molecular weight between the surface and the substrate will be magnified due to
viscosity and other kinetics issues.?® A very small amount of initiator (target 1500 DP) was used
to initiate the sacrificial polymer in solution which allowed the monomer concentration to stay as
constant as possible. A magnetic stir bar was used to promote a homogeneous solution,
maintaining consistent concentrations without gradients. Also, copper (1) bromide was found to
be the most effective parameter for controlling the brush growth rate. However, by including
CuBra, this slowed the solution growth of the PMMA to an unreasonable extent, hence a stronger
ligand (tris-(2-pyridylmethyl)amine, TPMA) was used to counteract this effect.3? The combination
of strong ligand and stoichiometrically large amount of CuBr. allowed for the solution grown

PMMA to have a PDI of less than 1.10.
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Figure 5.4. Structure of (a) ATRP initiator ethyl 2-bromoisobutyrate, (b) initiating sites on the

surface, and (c) the synthetic scheme for the initiator p-(2-bromoisobutyloylmethyl)ethylbenzene.

With the conditions for SI-ATRP thus optimized, kinetic studies were done to examine the
brush growth over time and its correlation to solution molecular weight. First, the PMMA
polymerized in solution exhibits excellent control and linear kinetics as evidenced by the linear
increase in Mn with time (due to the low overall conversion of monomer) and the narrow PDI
(Figure 5.5). The brush thickness also exhibited a linear relationship with polymerization time,
showing a well-controlled polymerization on the surface as well. Ungrafted polymer was removed
by soaking the substrates in THF for two hours and followed by sonication for 10 minutes. To
ensure this THF treatment was efficient at removing ungrafted polymer, we subjected substrates
to Soxhlet extraction with acetone for 18 hours. After extraction, the thickness was identical to the
previous results from sonicating in THF, confirming the successful removal of ungrafted polymer,

as well as the stability of the mat.
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Figure 5.5. Plots showing (a) M, and PDI of the PMMA grown in solution as a function of
polymerization time during SI-ATRP of MMA, and (b) the linear increase in brush thickness as a

function of time.

By correlating the dry brush thickness (h) with the My of PMMA grown in solution, the
chain density (o) can be calculated using a standard equation (8),
6 =h-Navp/Mn (8)
where p = 1.19 g/cm?® (bulk density of PMMA).®® As p and N, are constant, the relationship
between brush thickness and molecular weight is linear, with the chain density as the slope of the
line (equal to o/(Nav'p)). In Figure 5.6a, the graph showing brush thickness as a function of
molecular weight exhibits a clear linear trend over the experimental time examined. Using

equation (8), the chain density is calculated to be 0.80 + 0.06 chains/nm?, which is considerably
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higher than other “very dense” brushes prepared by SI-ATRP.3* The chain density can also be
calculated for each polymerization time by directly applying equation (8) and the resulting data is
also plotted in Figure 5.6b, demonstrating a high chain density that was constant for the entire

polymerization time.
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Figure 5.6. Kinetics data from SI-ATRP of MMA showing () a linear correlation between the
brush thickness and the M, of the PMMA grown in solution, and (b) the uniform average chain

density at various polymerization times.

We also used atomic force microscopy (AFM) to examine the surface morphology of both
the inimer mat and grown polymer brush films. Figure 5.7 shows the AFM height data for the

inimer mat and after 3 hours of SI-ATRP. The inimer mat exhibits extremely low roughness with
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an average height variation of less than 0.4 nm over a 5 x 5 um? area. All polymer brush films
examined showed similar AFM micrographs with a roughness of 1.82 nm, 3.73 nm and 3.56 nm
for 1 hour, 2 hours and 3 hours of polymerization, respectively. Typically, there were large flat
areas with occasional divots which traversed the full brush thickness down to the inimer mat. The
reason for these holes is still under investigation, probably due to inefficient and incomplete

initiation in those areas. A slower polymerization rate could allow for an even more uniform film.

Figure 5.7. Tapping-mode AFM height images of the inimer mat (a) before growth and (b) after

3 hours of polymerization (scale bar is 1 um).

We also examined the effect of different substrates on the polymer brush growth. In
addition to the piranha treated bare Si discussed extensively, we prepared inimer mats on SiO2/Si,
Au/Si and aluminum oxide/Si substrates. SiO2, Au and aluminum oxide substrates were prepared
by evaporation of source materials using e-beam dielectric or metal evaporators onto Si wafers.
While the bare silicon was cleaned with piranha acid, the other substrates were not chemically
cleaned to preserve their inherent properties. The inimer mat was formed in the same manner as
before, through spin-coating and thermal cross-linking. The mats were then subjected to two hours
of PMMA polymerization under the optimized conditions discussed earlier. Static water contact

angle measurements of the bare substrate, the inimer mat and the brush layer were taken to judge
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the efficacy of the film at growing brushes on various substrates (Figure 5.8). All of the bare
substrates show the expected contact angles while post-deposition of the mat and growth of
PMMA brushes, the contact angles for the various substrates became equivalent. The contact angle

measured for the grown PMMA brush layer matches well with previous reports.*
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Figure 5.8. Static water contact angles for various substrates before inimer mat formation, after

cross-linking and after growth of PMMA brushes.

To further confirm the growth of PMMA on the surface, XPS was used to characterize the
brush films (Figure 5.S3). The intensity ratio of deconvoluted C-C or C-H, C-O and O=C-0O peaks
show good agreement with the theoretical ratios for PMMA, providing additional evidence for

polymer brush growth.

5.5. Conclusions

In summary, we have developed a new approach to create a cross-linked thin film from a
single component system containing an inimer as a comonomer. A random copolymer of BiBMS
and GMA was synthesized, fully characterized and cross-linked into an “inimer bearing mat” on a
range of substrates. The amount of initiator on the surface can be readily tuned by introducing an

additional monomer to reduce the percentage of inimer, providing a facile method to tailor the



157

surface properties. After thermally cross-linking a thin film of the copolymer which contains 84
mol% BiBMS, the absolute initiator density in the resulting ultra-thin mat characterized using XPS
showed a value of 1.86 + 0.12 Br atoms/nm*. A uniform polymer chain density over the entire
polymerization time frame was achieved by optimization of conditions for SI-ATRP, including the
synthesis of a new initiator. Kinetic studies on the growth of PMMA from the surface gave an
average chain density for these PMMA brushes of 0.80 + 0.06 chains/nm?, which is quite high
given the theoretical maximum chain density of PMMA (about 1.4-1.6 chains/nm?). The inimer
containing cross-linkable copolymer can be viewed as a single component ultra-thin polymeric
coating which can be applied to a range of substrates to grow high chain density polymer brushes
by ATRP. The ease of synthesis, chemical tunability, homogeneity of composition, stability in
organic solvents and applicability by simple spin-coating to a wide range of substrates makes this
a versatile approach to create functionalized interfaces. We are currently exploring this system for
the growth of poly(ethylene glycol)methyl ether methacrylate brushes to resist non-specific cell

adhesion.3®
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Figure 5.S3. XPS spectra of a PMMA film grown from the inimer mat.
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Figure 5.54. Pictures of sessile water drops on (a) SiOz, (b) after inimer mat formation and (c)

after growth of PMMA brushes.
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Chapter 6. A Dual Functional Layer for Block Copolymer
Self-Assembly and the Growth of Nanopatterned Polymer

Brushes
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of dual functional layer and Jonathan contributed towards thin-film studies. Daniel and

Myungwoong interpreted the experimental data.

6.1. Abstract

We present a versatile method for fabricating nanopatterned polymer brushes using a cross-
linked thin film made from a random copolymer consisting of an inimer (p-(2-
bromoisobutyloylmethyl)styrene), styrene, and glycidyl methacrylate (GMA). The amount of
inimer was held constant at 20 or 30% while the relative amount of styrene to GMA was varied to
induce perpendicular domain orientation in an overlying P(S-b-MMA) block copolymer (BCP)
film for lamellar and cylindrical morphologies. A cylinder forming BCP blend with PMMA
homopolymer was assembled to create a perpendicular hexagonal array of cylinders, which
allowed access to a nanoporous template without the loss of initiator functionality. Surface-

initiated ATRP of 2-hydroxyethyl methacrylate was conducted through the pores to generate a
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dense array of nanopatterned brushes. Alternatively, gold was deposited into the nanopores, and
brushes were grown around the dots after removal of the template. This is the first example of
combining the chemistry of nonpreferential surfaces with surface initiated growth of polymer

chains.

6.2. Introduction

Patterned polymer brushes have been synthesized by a variety of techniques for
applications in stimuli responsive coatings, photonic crystals, microelectronics and nanofluidics.’-
% The synthesis of polymer brushes can be accomplished through the use of grafting “to” and
grafting “from” strategies, with grafting “from” being the most common.* Most polymer brushes
are grown from self-assembled monolayers (SAMs) of initiators, which can be combined with top-
down patterning, such as electron-beam lithography,® to create nanopatterned brushes.
Nanopatterned brushes have been defined by many different methods such as e-beam patterning
of pregrown brushes,? spatially localized photopolymerization of initiators,® and by selective
placement of initiators on the surface through contact molding.” However, the drawbacks of serial
processes such as e-beam lithography towards large area applications are well-known.? Likewise,
the limitations of using SAMs to grow polymer brushes such as lack of long-term stability in
various biological mediums® as well as lack of substrate independence limits its utility.® Ideally,
we would like to have a method which can create dense periodic array of nanopatterned polymer
brushes in a substrate-independent manner, over large areas using nonlithographic approach,
which also addresses the stability issues.

For nanopatterning, block copolymer (BCP) lithography has been used in a variety of
applications as it overcomes many of the limitations of serial processes, resulting in high density,

large area arrays of nanostructures with feature sizes typically between 5 and 50 nm.'%> Among
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the various BCP systems, poly(styrene-block-methyl methacrylate) [P(S-b-MMA)] is most widely
used for thin film self-assembly due to the nearly equal surface energies of the two blocks and the
ability to selectively degrade the PMMA domains.®*® One of the first steps for BCP lithography
is to control the domain orientation in thin film. We and others have done an extensive amount of
work in developing the chemistry and a fundamental understanding of the factors that control the
domain orientation of P(S-b-MMA).18: 2025 The grientation of the microdomains in thin films is
mainly controlled by the interaction of each block with the substrate and the free surface through
wetting energetics and polymer confinement effects (resulting from the film thickness).?® 2527
Balancing the interfacial interactions of A-b-B BCPs using A-r-B or A-r-B-r-C random
copolymers, so-called “surface neutralization”, provides a simple route for the fabrication of
perpendicularly oriented domains in thin BCP films.? 28 We will refer to these neutral surfaces as
nonpreferential surfaces for the purpose of this article. For P(S-b-MMA), random copolymers
with varying ratios of styrene and MMA can be used to modify and create a nonpreferential
substrate. In fact, different morphologies such as PS cylinders, lamellae and PMMA cylinders have
been found to have a distinct “nonpreferential window” based on the fraction of styrene in the
copolymer. While this methodology is well-established, the underlying nonpreferential layer offers
no additional functionality besides controlling the domain orientation. However, these studies have
shown that the composition and the molecular architecture of the nonpreferential layer can be
tuned to a large extent, potentially allowing for the incorporation of functionalities.?

Recently, we demonstrated the use of a single component, cross-linked thin film (mat) to
grow high density polymer brushes from a variety of substrates.®® This approach of inimer
containing mats overcomes both the limitations of SAM based methods simultaneously, namely

instability of the SAM over long-term period as well as the lack of substrate independence. The
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cross-linked mat consisted of a random copolymer of an ATRP inimer (p-(2-
bromoisobutyloylmethyl)styrene or BiBMS) and glycidyl methacrylate (GMA), a cross-linkable
monomer. We further showed that the initiator density can be tuned by the incorporation of a third
comonomer, such as styrene (S). If the surface energy can be tuned by adjusting the ratio of S to
BiBMS and GMA, then nonpreferential conditions can be identified to direct the assembly of an
overlying BCP film. In this paper, we present a versatile chemistry for fabricating nanopatterned
polymer brushes over large areas from these nonpreferential inimer containing mats. Our approach
is the very first to combine nonpreferential brush chemistry for controlling BCP domain orientation
with inimer chemistry to grow dense periodic arrays of patterned brushes. The spot size of these
nanopatterned brushes is very small, ~ 15 nm, which is difficult to achieve by any of the existing
methods. This is a large area approach, which overcomes many of the limitations of other

approaches based on patterning a SAM of initiators by serial top-down lithographic techniques.

6.3. Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich and used without further
purification unless otherwise noted. P(S-b-MMA) BCPs (46 kDa (PS) — 21 kDa (PMMA), 50 kDa
(PS) — 20 kDa (PMMA) and 18 kDa (PS) — 18 kDa (PMMA)) and PMMA homopolymer (20 kDa)
were purchased from Polymer Source and used as received. Styrene, glycidyl methacrylate (GMA)
and 2-hydroxyethyl methacrylate (HEMA) were stirred over calcium hydride and then distilled
under vacuum. Poly(ethylene glycol) methyl ether methacrylate (M» 300) was passed through an
alumina column to remove inhibitor. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was
recrystallized from acetone and dried under vacuum. p-(2-bromoisobutyloylmethyl)styrene
(BiBMS) was synthesized according to the literature procedure.®® 4-vinylbenzyl alcohol was

synthesized according to the literature procedure.®
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Synthesis of P(S-r-BiBMS-r-GMA). A series of P(S-r-BiBMS-r-GMA) was synthesized
via free radical polymerization with varied feed ratio of styrene (0.79-0.55), BiBMS (0.20-0.30)
and GMA (0.01-0.15). As a typical example, BiBMS (0.849 g, 3 mmol), GMA (0.071 g, 0.5
mmol), styrene (0.68 g, 6.5 mmol), and AIBN (4.1 mg, 0.025 mmol) were added to 3 g anisole in
a 10 mL Schlenk flask equipped with a magnetic stir bar. The mixture was degassed via three
freeze-pump-thaw cycles and placed in an oil bath at 60 °C for 16 hours with vigorous stirring.
The polymerization was quenched by cooling the flask with cold water and exposure to air. The
resulting viscous oil was then diluted with tetrahydrofuran (THF) and precipitated into hexane.

The polymer was collected as a white powder and dried under vacuum.

Substrate preparation and thin film formation. A solution of P(S-r-BiBMS-r-GMA)
(0.3% wi/w) in toluene was spin-coated onto silicon wafers that had been cleaned using piranha
acid (7:3 H2SO4:H.02, caution: reacts violently with organic compounds). The substrate was then
annealed under vacuum at 220 °C for 5 min. After annealing, the substrate was soaked in toluene
and rinsed copiously with fresh toluene to remove un-cross-linked polymer, resulting in 5-11 nm
thick cross-linked thin films. On these cross-linked mats, a solution of cylinder forming P(S-b-
MMA) (Mn(PS) ~ 46k, My(PMMA) ~ 21k) in toluene (1.0 wt%) or a binary blend of cylinder
forming P(S-b-MMA) (Mn(PS) ~ 50k, Mn(PMMA) ~ 20k) and PMMA (Mn ~ 20K) in toluene (1.0
wit% or 1.5 wt%, weight ratio of PMMA to P(S-b-MMA) = 0.114) was spin-coated at 4000 rpm to
produce films with BCP thicknesses of 25 nm or 37 nm. All BCP films were annealed at 220 °C
for 10 min under vacuum to drive self-assembly of BCP domains. Annealed samples were further
treated with acetic acid for 20 min, followed by DI water rinsing, to create porous structure by
extracting PMMA homopolymer. For Au dot arrays, 2.5 nm of Cr (0.4 A/sec) and 4.5 nm of Au

(0.4 A/sec) were subsequently deposited onto the nanoporous template made from 1.5 wt% P(S-
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b-MMA) and PMMA blend solution using an e-beam evaporator under vacuum (~2 x 10 Torr).
Lift-off of P(S-b-MMA) template and overlying metal layer was carried out by soaking the
samples in boiling acetone for 10 min and subsequent sonication for 30 ~ 60 min. Resulting

samples were further rinsed with acetone, isopropyl alcohol and toluene prior to use.

Surface-initiated atom transfer radical polymerization (SI-ATRP). HEMA (2.5 grams,
19.21 mmol), tris-(2-pyridylmethyl)amine (100 mg, 0.34 mmol), CuCl (35 mg, 0.35 mmol), CuCl>
(6 mg, 0.45 mmol), and methanol (100 ml) were mixed and sonicated until the copper completely
dissolved into the yellow-green solution. The mixture was then added to the flask containing
substrates covered with porous BCP template. The flasks were then degassed via three freeze-
pump-thaw cycles. After warming to room temperature using a water bath, the flasks were
immersed in a 35 °C oil bath for various amounts of time. After the requisite amount of time
elapsed, the flasks were cooled to room temperature using running water and the flask opened to
atmosphere. The substrate was then removed from the flask and washed copiously with water.
After washing, the substrate was further soaked in THF for 2 hours, then sonicated in THF for 10
minutes, followed by rinsing with THF to remove porous BCP template and ungrafted polymer

chains and dried using a stream of nitrogen.

SI-ATRP from Au-dot arrays. Poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA) (4.0 g, 13.3 mmol), tris-(2-pyridylmethyl)amine (100 mg, 0.34 mmol), CuBr (30
mg, 0.21 mmol), and isopropanol (100 ml) were mixed and sonicated until the copper completely
dissolved into the yellow-green solution. The mixture was then added to the flask containing
substrates covered with Au dot arrays sample and magnetic stirring bar. The flasks were then
degassed via three freeze-pump-thaw cycles. After warming to room temperature using a water

bath, the flasks were immersed in a 35 °C oil bath for the requisite amount of time. After the
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requisite amount of time elapsed, the flasks were cooled to room temperature using running water
and the flask opened to atmosphere. The substrate was then removed from the flask and washed
copiously with water. After washing, the substrate was further soaked in THF for 2 hours. The
resulting sample was soaked in 0.02 M HCI aqueous solution for 10 min, then rinsed with DI water

and blow-off. Finally, the sample was immersed in ethanol for 24 h and then rinsed with ethanol.

Characterization. *H NMR spectra were recorded in CDCI3 using a Bruker Avance-400
spectrometer with TMS as internal reference. Gel-permeation chromatography (GPC) was
performed using a Viscotek 2210 system equipped with three Waters columns (HR 4, HR 4E, HR
3) and a 1 mL/min flow rate of THF as eluent at 30 °C. Monodisperse PS standards ranging from
1 kDa to 400 kDa were used for calibration. The film thickness of the samples was measured by
ellipsometry (Rudolph Research Auto EL). The surface topography of the cross-linked mat and
patterned brushes was examined using a Nanoscope Il Multimode atomic force microscope
(Digital Instruments) in tapping mode. Top-down scanning electron microscope (SEM) images of
the BCP microdomains were acquired using a LEO-1530 field-emission instrument using an
accelerating voltage of 1 kV. X-ray photoelectron spectroscopy (XPS) was done on a PerkinElmer
5400 ESCA spectrometer Phi model using a Mg X-ray source (300 W, 15kV) at a takeoff angle of
45° from the substrate normal. The hemispherical energy analyzer was used in hybrid mode with
a1l mm x 3.5 mm area aperture. Survey spectra were collected at pass energy of 89.45 eV with a
scan step size of 1.0 eV. High-resolution multiplex spectra were collected with pass energy of
35.75 eV and a step size of 0.05 eV. The resulting spectra were deconvoluted and analyzed using
AugerScan software. Integrated intensity and peak positions were analyzed by fitting multiplex

spectra with Voigt function after a baseline correction of the raw data.
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6.4. Results and Discussion

In a previous paper, we demonstrated the applicability of cross-linkable random
copolymers containing ATRP inimers towards the substrate-independent growth of dense polymer
brushes.*® A styrenic version of a a-haloester type ATRP initiator, namely BiBMS, was
copolymerized with GMA by reversible addition-fragmentation chain-transfer (RAFT)
polymerization to yield a copolymer where the inimer is the majority component with a small
amount of GMA to facilitate thermal covalent cross-linking of the film. The resulting mat was
highly polar in nature due to the high percentage of GMA (84% BiBMS and 16% GMA by H
NMR spectroscopy). In order to design an inimer mat which is also nonpreferential to an overlying
P(S-b-MMA) BCP film, the first step is to decrease the polarity by incorporating a nonpolar
monomer such as styrene as a third comonomer. Hence, we synthesized a range of copolymers
using free radical polymerization (Figure 6.1) with varying ratios of styrene (S), BiBMS (SI) and
GMA (G) (denoted as SSIG fst), with number average molecular weights (Mn) between 16 kDa
and 23 kDa and polydispersities (PDI) between 1.7 and 2.1 (Table 6.1). BiBMS was held constant
at either 20% or 30% of the monomer feed while the ratio of styrene to GMA was varied. Using
the method in our previous paper,® we calculated the bromine density on a SSIG 78 mat of 0.83

Br atoms/nm?, which is sufficient to ensure a high chain density in grown brushes.
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Figure 6.1. Scheme for synthesis of the sytrenic inimer containing random copolymers.



Table 6.1 Characteristic data for the various polymers synthesized.

Polymer | fs® FStb faigms® FBiBMSb M, (kDa)® PDI
SSIG55 | 055 045 0.30 0.32 22.8 2.0
SSIG60 | 0.60 0.48 0.30 0.34 23.3 2.1
SSIG65 | 0.65 0.55 0.30 0.32 16.0 2.1
SSIG76 | 0.76  0.69 0.20 0.22 23.9 19
SSIG77 | 0.77 0.71 0.20 0.21 15.9 2.1
SSIG78 | 0.78 0.71 0.20 0.23 20.5 1.8
SSIG79 | 0.79 0.72 0.20 0.23 195 1.7

2 fstand feigms are the mole fractions of styrene and BiBMS in the feed,

mole fractions in the resulting copolymer as determined by *H-NMR. ¢ Molecular weights and

PDIs were determined by GPC.

172

b Fsiand Fgigwms are the

Following the synthesis and characterization of the random copolymers, we tested their

nonpreferentiality towards the self-assembly of an overlying P(S-b-MMA) film. 10 nm thick cross-

linked random copolymer thin films were prepared by spin-coating the copolymer solution onto

silicon wafers and heating the substrates at 220 °C for 5 minutes under vacuum. Toluene was used

to remove un-cross-linked chains and then either a lamellar (18 kDa-18 kDa) or PMMA cylinder

(46 kDa-21 kDa) forming BCP thin film was deposited onto the cross-linked surface and then

annealed at 220 °C under vacuum for 10 minutes to drive the self-assembly of the BCP. SEM was

used to determine the nonpreferentiality of the surfaces for P(S-b-MMA) assembly (Figure 6.S1).
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From the SEM micrographs, compositional windows for the nonpreferential surface were
identified for both lamellar and PMMA cylinder forming BCPs. SSIG 65 showed perpendicular
lamellar orientation while the less polar copolymers SSIG 76 through 79 all showed perpendicular
orientation of PMMA cylinders. These results are consistent with our previous studies on
nonpreferential layers where the compositional window for perpendicular PMMA cylinders is
shifted to higher PS compositions compared to that for a lamellar BCP.2 We thus used SSIG 78
for all further experiments involving PMMA cylinder forming P(S-b-MMA).

The minority PMMA cylinder block of the assembled BCP was removed by UV exposure
and subsequent acetic acid immersion.!” The selective removal of PMMA by this process was
verified by SEM where an observed increase in contrast confirms the formation of a nanoporous
template. However, no growth of polymer brushes was observed after SI-ATRP through the
nanopores, indicating that the inimer had been degraded in the process of removal of the PMMA
cylinders. This was confirmed by XPS examination of the inimer film, where the concentration of

bromine was undetectable after exposure to UV (Figure 6.2).
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Figure 6.2. (a) XPS survey spectra of a SSIG 78 film after processing steps and removal of
overlying BCP template by toluene with UV (A =254 nm, 1 J/cm?) etching (red trace) and without

UV etching (black trace). (b) Multiplex spectra for C(1s) and Br(3d).
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To avoid this incidental bromine cleavage by UV etching, we elected to use a blend of BCP
and PMMA homopolymer (40 wt % homopolymer relative to the PMMA block), as the
homopolymer is incorporated into the PMMA cylinders and can then be extracted using acetic acid
as a selective solvent (Figure 6.3).32 After treatment with acetic acid, there is a large increase in
contrast between PS and the cylindrical areas in the SEM, indicating the formation of nanopores.
After PMMA removal, XPS confirmed that bromine was still present on the surface (Figure 6.2).
This process was attempted with lamella forming BCP as well but we were unable to generate a
well-ordered nanoporous structure due to pattern collapse during the homopolymer removal.

PMMA block
in P(S-b-MMA)

PMMA
removal

b Exposed
PS block ilistine — — ATRP |

in P(S-b-MMA) lATRP initiator

Crosslinked mat bearing ATRP initiator

Figure 6.3. Scheme for the formation of BCP nanoporous template and subsequent brush growth.

The choice of solvent and monomer for brush growth through the nanopores is important
to prevent dissolution of the PS template itself. We therefore chose 2-hydroxyethyl methacrylate
(HEMA) as a model monomer for brush growth due to its ease of polymerization by ATRP as well

as solubility in alcohols.3 ** Polymerization times from 1 to 4 h were examined and the resulting
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brushes characterized by SEM, atomic force microscopy (AFM) and XPS. Before BCP deposition,
the cross-linked thin film exhibited a RMS roughness of ~0.35 nm as measured by AFM (Figure
6.4a). After PMMA homopolymer removal and SI-ATRP, a small difference in contrast can be
seen in SEM before the removal of PS template (Figure 6.4d). This contrast is due to copper being
trapped by the P(HEMA) brushes as metals tend to be bright when imaged by SEM. After the PS
template is removed by THF, AFM clearly showed height and phase variations which mirror the
pattern from the nanoporous template itself (Figure 6.4g,h). After 1 h of polymerization, the height
of the polymer dots is approximately 1.5 nm. The periodicity of the dots matches well with the
BCP template (~45 nm). The size of brush dots is impressively small, a diameter of ~15 nm, which
is not trivial to accomplish with conventional photolithography or nanoimprint lithography over

large areas.
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Figure 6.4. AFM height (a, g), AFM phase (h) and SEM (c, d) images of the films of (a) inimer
mat after cross-linking and washing, (b) assembled blend of P(S-b-MMA) and PMMA

homopolymer on inimer mat, (c) nanoporous template before brush growth, (d) template after
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brush growth, (e) XPS C(1s) multiplex spectrum of bare inimer mat, (f) XPS C(1s) multiplex

spectrum after SI-ATRP for 1 h, and (g, h) polymer brushes after removal of the PS template.

When polymerized for longer than two h, the substrates no longer exhibit regular features
by AFM (Figure 6.5b). As the PS template is still intact (as seen from the SEM before lift-off
using THF, Figure 6.5a), it is likely that the brushes grew long enough to generate an essentially
featureless surface after removal of the PS template with THF. The solubility parameter of
P(HEMA) is around 26.93 MPa'’2 and that of n-hexane is 14.93 MPa'’? (compared to THF with a
solubility parameter of 18.61 MPa'?).2> Hence, n-hexane can act as a better non-solvent than THF
towards PHEMA to collapse the brushes. Thus, the patterned brushes were incubated in n-hexane
overnight, thereby collapsing the brushes to their minimum feature size. After overnight
immersion in hexanes, a regular dot array was observed by AFM with an increase in height from
5.75 nm (Figure 6.5d) to 6.45 nm (Figure 6.S2) as the polymerization time increased from 3 to 4
h. XPS was used to further characterize the growth of P(HEMA) brushes, showing clear increases
in C-O and O-C=0 energy regions which corresponds to the higher concentrations of P(HEMA)

on the surface (Figure 6.4e,f and Figure 6.S3).
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(c)

lH ‘

Figure 6.5. SEM (a) and AFM height (b, d) images: (a) after 3 h polymerization, (b) after template

removal with THF, (d) same substrate after soaking in n-hexane overnight, and (c) an illustration

of brush collapse via hexane treatment.

It would be ideal to know the grafting density of these patterned brushes; however, the
most common way to do so is to compare the molecular weight of polymer grown from free
initiators in solution with the height of the polymer brushes.® The validity of this method is already
a subject of debate: polymerization kinetics on surfaces would differ from that in bulk or solution,
and also in nanoconfined areas, the molecular weight of brushes grown can often be
overestimated.®” The only alternative would be to cleave the grown brushes from the substrate and
analyze them separately but the practical issues of extremely low amounts of polymer and
difficulty in separating the brush from the inimer mat make this approach challenging as well. As
an example, assuming a 1 cm? substrate, a grafting density of 0.5 chains/nm? and a P(HEMA)
degree of polymerization (DP) of 100 on an unpatterned substrate, we expect ~1.1 ug of P(HEMA)

brush on the surface. Patterning the substrate would further decrease the amount of polymer. In
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addition, the grafting density and even the molecular weight of the P(HEMA) brushes are likely
to vary across the diameter of the dot itself as the edge of the nanopore would have larger steric
constraints in comparison to the center. This is a fundamental question which we are interested in
pursuing for future studies as to the best of our knowledge the growth of patterned brush dot arrays
of this small size (15 nm) and high density (~5 x 10'° cm) has not been investigated before. One
possibility to address this will be the use of cleavable inimers such as those pioneered by Koylu et
al. for the direct determination of molecular weight and grafting density.®

The processing conditions used here preserve the initiators in the mat underneath the
template while allowing for the directed assembly of a BCP/homopolymer blend and the
subsequent growth of nanopatterned polymer brushes. The activity of the initiators in the mat can
be further verified by growing brushes from the area under the majority PS domains of the BCP
(Figure 6.6). To do so we deposited Au in the nanoporous template after PMMA homopolymer
removal and lifted off the polymer layer to leave Au nanodots on the inimer mat (Figure 6.7a).
Poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) brushes were then grown by Sl-

ATRP around the Au dots, yielding an “antidot” array of PEGMEMA brushes.

Figure 6.6. Process for forming Au dot arrays followed by surrounding brush growth.
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Figure 6.7. (a) Top down SEM image of Au dot arrays after template lift off. (b) AFM height
image after growth of PEGMEMA brushes for 30 min. Top-down SEM images of PEGMEMA

brushes grown around Au dot arrays after (c) 30 min and (d) 1.5 h.

After the growth of PEGMEMA, AFM showed no regular features in the height image
while SEM clearly showed the presence of the Au dots (Figure 6.7b-d). After Au deposition and
lift-off of the BCP template, ellipsometry gave a thickness of 20 nm. This thickness increases to
31 nm and 38 nm after SI-ATRP of PEGMEMA for 30 min and 1.5 h, respectively. As previously
discussed, the bromine density for this inimer mat is estimated at 0.83 Br/nm?® which should be
sufficient for dense brush growth.® Although determining the chain density is still challenging as
mentioned earlier, by examining the ratio of initiator density to the theoretical maximum chain
density of PEGMEMA, we can estimate if a high PEGMEMA chain density is feasible for this
surface. We assume that a fully extended single PEGMEMA chain forms a cylinder perpendicular
to the surface. The radius of this cylinder is assumed to be the size of a ~ 300 g/mol pendant PEG

coil (2Rq ~ 1.06 nm, estimated from the literature®®) plus the ester linkage between the PEG side
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chain and the polymer backbone (~0.3 nm). As a consequence, a single PEGMEMA chain
occupies an area of ~ 5.8 nm? [r(1.06 + 0.3)?], resulting in a theoretical maximum chain density
of 0.17 chains/nm? for PEGMEMA. These calculations show that the inimer surface used here
contains about 5 times higher density of initiators (0.83 initiators/nm?) than what is needed to
achieve the maximum chain density for PEGMEMA. Thus, the dual functional layer is expected
to provide sufficient initiating sites for high grafting density. XPS was also used to characterize
the Au dot arrays before and after PEGMEMA growth. Peaks from the Au (4f) and (4d) orbitals
were clearly observed in the survey spectrum before PEGMEMA growth and disappeared after Sl-
ATRP with a concomitant rise in C-O and O-C=0 intensities (Figure 6.8a,b). The sampling depth
of XPS is approximately 10 nm, and the lack of Au peaks is consistent with the measured thickness
from ellipsometry. SEM can penetrate more deeply into the film and the Au dots are clearly visible

due to their high electronic contrast compared to the surrounding materials.*°
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Figure 6.8. (a) XPS survey and (b) multiplex C(1s) spectra confirming the growth of PEGMEMA
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brushes (red trace) around Au dot arrays (black trace).
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6.5. Conclusions

In this paper, we have successfully demonstrated an organic thin film with dual
functionality, namely nonpreferentiality for controlling BCP domain orientation and an embedded
inimer to grow dense periodic arrays of patterned brushes. This is a large area approach, which
overcomes many of the limitations of other methods based on patterning a SAM of initiators by
serial top-down lithographic techniques. By varying the ratio of styrene, BiBMS and GMA,
nonpreferential surface compositions were found for both lamellar and PMMA cylinder forming
P(S-b-MMA) BCPs that promoted perpendicular domain orientation. A binary blend of BCP and
homopolymer was used to circumvent problems associated with UV etching, generating a
nanoporous template over large areas while maintaining initiator functionality as XPS confirmed
the presence of bromine after all the processing steps were completed. Furthermore, the resulting
template was stable to polymerization in methanol for over 4 h without degradation. P(HEMA)
brushes were grown through the nanopores in the template, and the height of the brushes was
controlled by varying the polymerization time. XPS also showed an increase in C-O and O-C=0
bonding regions in the C(1s) region, further confirming the growth of P(HEMA) brushes. We also
demonstrated the growth of PEGMEMA brushes around Au nanodots generated from the
nanoporous template, showing the versatility of this technique. The chemistry developed through
this work on dual functionality lays the groundwork for potentially incorporating a whole range of

electronic, biological or optical functionalities in nonpreferential layers.
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6.6. Supporting Information

(a)  ssIG SSIG 60 SSIG 65

SSIG76  SSIG77 __ SSIG78  _ SSIG79

(b)  SSIG 55 SSIG 60 SSIG 65

Figure 6.S1. Top view SEM images of self-assembled BCP. (a) C4621 on crosslinked mats from

SSIG 55 ~ SSIG 79, (b) L1818 on crosslinked mats from SSIG 55 ~ SSIG 65.
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Figure 6.52. SEM (a) and AFM height (b, ¢) images of the template and brushes after SI-ATRP.
AFM z-axis scale is 0 - 15 nm. (a) SEM images show the substrate before PS lift-off after
polymerization for 4 h. AFM images show the substrate (b) after PS lift-off using THF after

polymerization for 4 h and (c) after immersion in hexane.
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Figure 6.S3. XPS C(1s) multiplex spectra of P(HEMA) brushes grown for various times: (a) 2 h,

(b) 3hand (c) 4 h.
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